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Povzetek

Povzetek

V Zivih organizmih imajo membrane celic in celicnih organelov klju¢no vlogo. Sestavljene so iz
razlicnih lipidnih in beljakovinskih molekul. Naloga celicne membrane je vzdrZevati kemijsko
ravnovesje v celici, ter selektivno prepuscati molekule in ione, ki lahko vstopijo v celico. Lipidne
molekule so sestavljene iz polarne hidrofilne glave ter nepolarnega hidrofobnega repa. Skupek
molekul v vodi tvori energijsko ugodno strukturo tako, da hidrofobni repi nikoli niso izpostavljeni
vodnim molekulam. Ravno zaradi teh lastnosti obstaja Siroka paleta umetnih lipidnih struktur:
enoslojev, dvoslojev, vecslojev, zaprtih dvoslojev oziroma veziklov in zaprtih enoslojev oziroma micel.
Lastnosti celicne membrane lahko preucujemo tudi na omenjenih strukturah; vezikel, na primer,
ohranja geometrijo celice, ravninski lipidni dvosloj, pa lahko ponazarja majhen koscek celi¢ne
membrane. Umetne lipidne strukture so seveda mnogo bolj preproste kot celice zaradi geometrije,

sestave in odsotnosti aktivnih procesov.

Elektroporacijo raziskujemo na razlicnih podrocjih bioloske kompleksnosti: ravninskem lipidnem
dvosloju, lipidnih veziklih ter celicah v in vitro in in vivo pogojih. Raziskave na ravninskih lipidnih
dvoslojih so postavile temelje teorije vodnih por, katerih pa kasnejsi eksperimenti niso neposredno

potrdili niti na lipidnih dvoslojih niti na kompleksnejsih modelih.

Lastnosti, ki jih opazujemo na ravninskem lipidnem dvosloju, so: kapacitivnost, debelina, upornost
oziroma prevodnost, pretok snovi in porusitvena napetost. Vsaka lastnost zahteva svoj nacin
merjenja. Signale, s katerimi ravninski lipidni dvosloj vzbujamo, delimo na napetostne in tokovne.
Ena najpomembnejsih in najdlje opazovanih lastnosti ravninskih lipidnih dvoslojev je kapacitivnost. Z

merjenjem kapacitivnosti ravninskega lipidnega dvosloja ugotavljamo njegovo kvaliteto.

Kadar raziskujemo pojav elektroporacije v biomedicini in biotehnologiji, je porusitvena napetost ena
izmed pomembnejsih lastnosti ravninskega lipidnega dvosloja. Znano je, da je porusitvena napetost
odvisna od sestave ravninskega lipidnega dvosloja, okoliskega elektrolita in trajanja izpostavitve

elektricnemu polju.

V doktorski disertaciji smo predlagali metodo, s katero bi omejili vlogo pred-izpostavitve ter
nakljucnosti Zivljenjskega Casa ravninskega lipidnega dvosloja in mu dolociti najmanjSo porusitveno
napetost. Predlagali smo merilni protokol, ki je sestavljen iz dveh korakov. V prvem koraku izmerimo
kapacitivnost ravninskega lipidnega dvosloja s pravokotnim pulzom nizke napetosti. Le-ta mora biti
dovolj nizka, da ravninskega lipidnega dvosloja ne porusi. V drugem koraku izmerimo porusitveno

napetost ravninskega lipidnega dvosloja z linearno narascajoc¢im signalom.
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Za dolocitev viskoelasti¢nih lastnosti ravninskega lipidnega dvosloja smo uporabili model, ki ga je
postavil Dimitrov s sodelavci. Model povezuje kapacitivnost, elasticni modul, viskoznost, povrsinsko
napetost, Zivljenjski dobo in porusitveno napetost ravninskega lipidnega dvosloja. Modelu so bile
ocitane pomanijkljivosti, ker ne uposteva stohasticne narave procesa porusitve ob izpostavitvi
konstantni napetosti. Ker z merjenjem porusitvene napetosti ravninskega dvosloja z uporabo
linearno narascajoCega signala naklju¢nost pojava mocno zmanjSamo, se model bolje prilega
eksperimentalnim rezultatom. Ujemanje izracunanih vrednosti Youngovega modula elasti¢nosti in
povrsinske napetosti z vrednostmi iz literature je potrdilo pravilno izbiro linearno narascajocega

signala kot metodo za doloc¢anje porusitvene napetosti ravninskega lipidnega dvosloja.

Do sedaj rezultati med molekularno dinamiko in poizkusi na ravninskih lipidnih dvoslojih Se niso bili
primerjani in ovrednoteni. V nasih poizkusih smo uporabili linearno narascajoce tokovne signale
razlicnih naklonov, s katerimi smo se Zeleli izogniti dlje trajajocemu odpiranju in zapiranju por v
ravninskem lipidnem dvosloju ter doseci ¢imprejSnje porusenje ravninskega lipidnega dvosloja. Iz
primerjave simulacij molekularne dinamike ter poizkusov smo ocenili prevodnost, Stevilo in gostoto

por v ravninskem lipidnem dvosloju.

X Peter Kramar
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Abstract

Biological membranes play a crucial role in living organisms. They are soft condensed matter
structures that envelope the cells and their inner organelles. Biological membranes maintain relevant
concentration gradients by acting as selective filters for ions and molecules. Besides their passive
role, they also host a number of metabolic and biosynthetic activities. Artificially built planar lipid
bilayer can be considered as a small fraction of total cell membrane. It represents the simplest model

for experimental studies of membrane properties; especially because it is accessible from both sides.

An exposure of a cell to an electric field of an adequate strength and duration leads to a transient
increase of cell membrane permeability. This phenomenon, termed electroporation allows various
otherwise nonpermeant molecules to cross the membrane and enter the cell. It is believed that
structural changes, which are the reason for increased permeability, are formed in lipid part of
biological membranes. Therefore electroporation is studied on all levels of biological complexity:
form planar lipid bilayers and vesicles to cells in vitro, in vivo, and tissues. Experimental and
theoretical studies performed on planar lipid bilayers gave an idea of water pores formation due to
external electric field. Although water pores were later confirmed by molecular dynamic simulations,

there is still gap between model parameters and experimental results.

Breakdown voltage is one of the most important properties of a planar lipid bilayer when biomedical
and biotechnological applications of electroporation are under consideration. It has been known that
the breakdown voltage depends on the lipid membrane composition, ionic bath solution, amplitude
and electric field exposure duration. The breakdown voltage of the lipid bilayer is usually determined
by repeatedly applying a rectangular voltage pulse. The amplitude of the voltage pulse is
incremented in small steps until the breakdown of the bilayer is obtained. Using such a protocol each
bilayer is exposed to a voltage pulse many times and the number of applied voltage pulses is not
known in advance. Such a pre-treatment of the lipid bilayer affects its stability and consequently the

breakdown voltage of the lipid bilayer.

We suggested a new measurement protocol for breakdown voltage determination. According to our
measuring protocol each planar lipid bilayer is exposed to a voltage signal only twice. In the first step
bilayer capacitance is determined by a rectangular low voltage signal. The capacitance measurement
reveals an intact planar lipid bilayer before inducing its breakdown. In the next step, the planar lipid
bilayer breakdown is induced by the linearly rising voltage signal. Different slopes of linear rising
signal have been used in our experiments. The breakdown voltage depends on the slope of the linear

rising signal. Results show that gently sloping voltage signal electroporates the lipid bilayer at a lower

Elektricna porusitev ravninskega lipidnega dvosloja Xl
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voltage then steep voltage signal. Linear rising signal with gentle slope can be considered as having
longer pre-treatment of the lipid bilayer; thus, the corresponding breakdown voltage is lower. With
decreasing the slope of linear rising signal, minimal breakdown voltage for specific lipid bilayer can
be determined. Better reproducibility and lower scattering are obtained due to the fact that each

bilayer is exposed to electroporation treatment only once. Moreover, minimal breakdown voltage

To determine the viscoelastic properties of planar lipid bilayer, we used the model proposed by
Dimitrov et al. Viscoelastic model links capacitance, elastic modulus, viscosity, surface tension, life
time and voltage breakdown of planar lipid bilayer. The model has been criticized due to ignorance of
the stochastic nature of the process failure when exposed to constant stress. Since the voltage
breakdown of the planar bilayer was measured by means of linearly rising voltage signal, the
occurrences of random events were significantly reduced. The model fits well enough to the
experimental results and gives comparable values of Young's modulus and surface tension to the

values listed in the literature.

So far, the results of molecular dynamics and experiments on planar lipid bilayers have not been
compared and evaluated. By exposure of planar lipid bilayer to linear rising current signals of
different slopes, we were able to detect small voltage drops before planar lipid bilayer breakdown
occurred. We related them to pores in planar lipid bilayer. Comparison of experimental results and
molecular dynamics simulation gives an estimation of the number and density of the pores in planar

lipid bilayer as well as of pore conductivity.

Xl Peter Kramar
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1 Uvod

V Zivih organizmih imajo membrane celic in celicnih organelov klju¢no vlogo. Sestavljene so iz
razlicnih lipidnih in beljakovinskih molekul. Naloga celichne membrane je vzdrZevati kemijsko
ravnovesje v celici, ter selektivno prepuscati molekule in ione, ki lahko vstopijo v celico ali izstopijo iz
nje [Gennis 1989]. Lipidne molekule so sestavljene iz polarne hidrofilne glave ter nepolarnega
hidrofobnega repa. Skupek molekul v vodi tvori energijsko ugodno strukturo tako, da hidrofobni repi
nikoli niso izpostavljeni vodnim molekulam. Ravno zaradi teh lastnosti obstaja Siroka paleta umetnih
lipidnih struktur: enoslojev, dvoslojev, veclslojev, zaprtih dvoslojev oziroma veziklov in zaprtih
enoslojev oziroma micel [Tien in Ottova 2003]. Mnoge lastnosti celicne membrane lahko preucujemo
tudi na omenjenih strukturah; vezikel, na primer, ohranja geometrijo celice, ravninski lipidni dvosloj,

pa lahko ponazarja majhen koscek celicne membrane.

V zadnjih dvajsetih letih je bilo narejenih veliko Studij, v katerih so celicno membrano izpostavili
elektricnemu polju [Neumann et al. 1999; Chang et al. 1992]. Moc¢no elektricno polje lahko
destabilizira celicno membrano ter zacasno spremeni njeno strukturo. Klju¢ni parameter je z
zunanjim elektricnim poljem vsiljena transmembranska napetost, ki nastane zaradi Maxwell-
Wagnerjeve polarizacije. Pod vplivom elektricnega polja naj bi se lipidne molekule reorientirale in
oblikovale vodne pore [Chizmadzev et al. 1979]. Le-te povecajo prevodnost membrane ter njeno
prepustnost za molekule, ki v obicajnem stanju ne bi mogle vstopiti v in preko membrane. Pojav je
poznan pod imenom elektroporacija, v€asih pa uporabljajo tudi termin elektropermeabilizacija ali
dielektri¢na porusitev celicne membrane. DoseZzena sprememba prepustnosti membrane je lahko
reverzibilna. V tem primeru se celicha membrana obnovi in celica preZivi. Kadar je sprememba

prepustnosti ireverzibilna, celica odmre.

Prvi je o reverzibilni dielektri¢ni porusitvi membrane porocal Stampfli leta 1958 [Stampfli 1958].
Skoraj desetletje kasneje sta Sale in Hamilton porocala o netoplotnem elektricnem unicenju
mikroorganizma z uporabo mocnega elektricnega polja [Sale in Hamilton 1967]. Leta 1972 sta
Neumann in Rosenheck pokazala, da elektri¢ni pulzi spremenijo prepustnost membrane veziklov
[Neumann in Rosenheck 1972]. Za¢etnim pionirskim Studijam, so sledila tri pomembna dela, ki so
vzpodbudila nadaljnje raziskave na podrocju elektroporacije. Kot prvi je leta 1982 Neumann s
sodelavci dosegel vnos genov v celico z uporabo eksponentno padajoe napetosti nastale pri
razelektritvi kondenzatorja [Neumann et al. 1982]. Leta 1987 sta Okino in Mohri pokazala vnos
molekul v celico z elektri¢nimi pulzi v in vivo ter in vitro pogojih [Okino in Mohri 1987]. Leto dni za

tem je rezultate njune Studije potrdil Mir s sodelavci [Mir et al. 1988]. V zacetku je bila vecina

Elektricna porusitev ravninskega lipidnega dvosloja 1
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poizkusov narejena na posameznih celicah in vitro. Manj je bilo znano, da je veliko aplikacij
ucinkovitih tudi v in vivo pogojih. Z uporabo elektroporacije je namre¢ mozno vnesti velike in majhne
molekule v celico, v membrano lahko vgradimo proteine, celice lahko zlivamo med seboj. Nastete
moznosti so elektroporacijo umestile v uporabo na mnogih podrocjih kot so biokemija, molekularna
biologija in medicina [Kramar in Miklavci¢ 2003; Kramar in Miklavci¢ 2005, Kramar et al. 2007;

Kramar et al. 2009; Pakhomov et al. 2010].

Pokazali so, da je nastajanje por in uinkovitost elektroporacije odvisna od Stevila pulzov (N), trajanja
posameznega pulza (T), ponavljalne frekvence (f) in napetosti (U) posameznega pulza. Pri uporabi
pojava vpeljemo tako imenovan prag poracije. To je napetost, ki jo moramo preseci, ¢e Zelimo
vzpostaviti transport preko celicne membrane pri izbranih T, f in N. Pokazali so tudi, da dovedena
elektricna energija kot tudi naboj elektri¢nih pulzov nista klju¢na za razvoj por v membrani, ampak je
povezava med U, f, N in T precej bolj kompleksna [Cantella et al. 2001; Macek Lebar in Miklavcic
2001; Miklavcic in Kotnik 2004]. Glede na to ali je elektroporacija reverzibilna ali ireverzibilna lo¢imo
funkcijske oziroma destruktivne aplikacije [Miklavci¢ in Puc 2006]. Funkcijske aplikacije morajo
ohranjati Zivljenjske lastnosti celice, tkiva ali mikroorganizmov. Pri destruktivnih aplikacijah
uporabljamo ireverzibilno elektroporacijo. Elektri¢ni pulzi so namenoma uporabljeni za unicenje celic
in mikroorganizmov. Tako se ireverzibilna elektroporacija uporablja za netoplotno konzerviranje
hrane in vode, kjer zahtevamo trajno uni¢enje mikroorganizmov [Teissie et al. 2002; Haas in Aturaliye

1999; Rowan et al. 2000].

Trenutno najpomembnejsa funkcijska aplikacija je vnos majhnih ali velikih molekul v citoplazmo
preko membrane [Mir 2001; Gehl 2003; Sersa et al. 2008]. Elektrokemoterapija je ena od oblik
zdravljenja raka, ki temelji na kombinaciji kemoterapije in elektroporacije. Prisotnost elektricnega
pulza ob ¢asu, ko koncentracija kemoterapevtika doseze najvisjo vrednost v zunaj celicnem prostoru,
poveca transport v notranjost celice, kjer kemoterapevtik ucinkuje. Na ta nacin povecamo
ucinkovitost kemoterapevtika. Predklinicne Studije na Zivalih in klinicne Studije so pokazale, da
elektrokemoterapijo lahko uspesno uporabljamo za lokalno zdravljenje raka [Mir et al. 1995; Ser3a et
al. 1989; Heller et al. 1999]. Z elektroporacijo lahko v celico vnesemo tudi molekule DNK. Postopek se
imenuje genska elektrotransfekcija [Mouneimne et al. 1990; Raffy in Teissie 1997]. Zlivanje celic so
opazovali med skupki celic v suspenziji [Abidor in Sowers 1992; Sowers 1993, Trontelj et al. 2010] ter
celo med celicami v tkivu [Mekid in Mir 2000]. Za uspesno fuzijo celic v celi¢ni suspenziji, moramo
zagotoviti, da sta obe celici dovolj blizu, da se lahko zdruZita. To naprimer lahko zagotovimo z
dielektroforezo [Abidor in Sowers 1992]. Pokazali so, da z elektrozlivanjem celic lahko uspesno

tvorimo cepiva [Scott-Taylor et al. 2000] in protitelesa [Schmidt et al. 2001].
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Elektri¢ni impulzi visokih amplitud povzrodijo tudi povecanje pretoka ionov in molekul skozi kozo
[Prausnitz et al. 1993]. Na ta nacin lahko vnasamo razlicne zdravilne ucinkovine skozi koZo, ki drugace
koZe ne prehajajo [Vanbever et al. 1994]. Princip elektroporacije lahko uporabimo tudi pri vnosu
vecjih molekul v koZo ali preko koZe, kot so na primer nukleotidi [Zewert et al. 1995, Pavselj in Preat

2005].

Elektroporacijo raziskujemo na razlicnih podrocjih bioloske kompleksnosti: ravninskem lipidnem
dvosloju, lipidnih veziklih ter celicah v in vitro in in vivo pogojih. Raziskave na ravninskih lipidnih
dvoslojih so postavile temelje teorije vodnih por, katerih pa kasnejsi eksperimenti niso neposredno
potrdili niti na lipidnih dvoslojih niti na kompleksnejsih modelih [Pavlin et al. 2009]. Umetne lipidne
strukture so mnogo bolj preproste kot celice zaradi geometrije, sestave in odsotnosti aktivnih
procesov. Liposomi ali vezikli s svojo preprostostjo in kroglasto obliko sluZijo kot dober model celicne
membrane, ki pa je brez ionskih kanalckov ali drugih vgrajenih komponent. Geometrijsko drugacen in
Se bolj preprost model celicne membrane je ravninski lipidni dvosloj, s katerim predstavimo koscek
celicne membrane. Njegova prednost je v tem, da je dostopen z obeh strani. Leta 2001 je bila 40.
obletnica prve uspesne postavitve ravninskega lipidnega dvosloja kot modela celiche membrane
[Ottova in Tien 2002]. Vendar se je zgodovina lipidnih dvoslojev zacela Ze mnogo pred tem. Eden
prvih mejnikov v zgodovini je bilo leto 1672, ko je Robert Hooke, fizik, ki je dal ime »celici« in je znan
predvsem po preucevanju elasti¢nih lastnosti snovi, opazoval ¢rne lise na milnih mehurckih in filmih.
Raziskovanje umetnih membran je potekalo vzporedno z odkrivanjem lastnosti bioloskih celic,

odkritjem osmoze in preucevanjem pretoka snovi skozi membrano.

Ravninske lipidne dvosloje obicajno pripravimo v posebni komori, ki je sestavljena iz dveh prekatov.
Prekata locuje teflonska folija, v kateri je majhna luknjica s premerom od 0,1 do 1 mm. Na rob
luknjice napnemo ravninski lipidni dvosloj z eno od naslednjih metod: metodo barvanja, metodo

dvigovanja gladine ali metodo potopitve konice [Smeyers et al. 2003, Erlich 1992].

t (min)

Slika 1. Metoda barvanja. A) Komora z vodo in nanos lipidov na teflonsko folijo, ki deli prekata
komore. B) Gmota nanesenih lipidov se enakomerno razporedi po teflonski foliji, odvecni
odplavajo na gladino. C) Po dolo¢enem casu nastane lipidni dvosloj.
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Metoda barvanja (ang. painted bilayer) ali Muller - Rudinova metoda se je razvila med prvimi [Muller
et al. 1962]. Vodna raztopina soli je pripravljena v komori, s pipeto pa nanesemo (obarvamo) lipide
na teflonsko folijo, ki loCuje prekata komore (slika 1A). V zacetku so lipidne molekule zdruzene v
veliko gmoto (slika 1B), sCasoma pa se enakomerno porazdelijo po teflonski foliji in na luknjici

nastane ravninski lipidni dvosloj (slika 1C).

>

t(s) -

Slika 2. Metoda potopitve konice. A) V kopel potopimo ozko cevko in nanesemo molekule lipidov.
B) Cevko dvignemo, C) in jo ponovno potopimo, tako da se na njej tvori ravninski lipidni dvosloj.

Pri metodi potopitve konice (ang. Tip-Dip bilayer) potrebujemo kopel, v katero potopimo cevko
premera nekaj milimetrov. Na gladino vodne raztopine soli nanesemo lipidne molekule, ki se
porazdelijo po celotni gladini in na rob cevke (slika 2A). Ko cevko, dvignemo iz kopeli, na njej nastane
lipidni enosloj, nato po¢akamo nekaj ¢asa, da se molekule lipidov na gladini ponovno razporedijo

(slika 2B). Ko cevko ponovno potopimo, nastane na njeni konici ravninski lipidni dvosloj (slika 2C).

..........................................
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Slika 3. Metoda dviganja gladine. A) Gladino vode postavimo tik pod luknjico v teflonski foliji. Na
povrsino nanesemo lipidne molekule in po¢akamo, da se porazdelijo enakomerno po gladini. B) V
obeh prekatih enakomerno dvignemo gladino vode. C) Na luknjici teflonske folije tvorimo lipidni
dvosloj.

Metoda dvigovanja gladine (ang. folded bilayer) oziroma Montal - Muellerjeva metoda je ena od
najpogosteje uporabljenih metod za preucevanje lipidnih dvoslojev [Montal in Mueller 1972]. Pri tej
metodi oba prekata komore napolnimo z vodno raztopino soli pod nivojem luknjice v teflonski foliji.
Na gladino obeh prekatov nanesemo lipide in poCakamo, da se enakomerno porazdelijo po gladini
(slika 3A). Obe gladini nato soc¢asno dvignemo tako, da je luknjica potopljena v tekocini (slika 3B). Na

luknjici v teflonski foliji med dvigovanjem obeh gladin nastane lipidni dvosloj (slika 3C). Prednost te
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metode pred metodo barvanja je predvsem v tem, da lahko s spus¢anjem in dviganjem gladine v

prekatih tvorimo lipidne dvosloje enega za drugim, brez daljSega ¢akanja.

Ravninski lipidni dvosloj lahko modeliramo s preprostim elektricnim vezjem (slika 4) in sicer kot
vzporedno vezavo upora in kondenzatorja. Ena najpomembnejSih in najdlje opazovanih lastnosti
ravninskih lipidnih dvoslojev je kapacitivnhost. Z merjenjem kapacitivnosti ravninskega lipidnega
dvosloja ugotavljamo njegovo kvaliteto. Zgodi se, da se namesto dvosloja lahko tvori veésloj, ki ga

prepoznamo po nizji vrednosti kapacitivnosti.

T

RBLM

I

Slika 4. Elektricni model ravninskega lipidnega dvosloja, ki je sestavljen iz kapacitivnosti (Cg) in
upornosti (Rg v)-

Tako so zanimive in najveckrat preucevane lastnosti ravninskih lipidnih dvoslojev so kapacitivnost,
upornost, debelina, viskoznost, elasti¢cnost in porusitvena napetost (slika 5) [Kramar et al. 2010].
Lastnosti ravninskih lipidnih dvoslojev vecinoma dolo¢amo z meritvijo toka oziroma napetosti preko
ravninskega lipidnega dvosloja ali z optiénim opazovanjem, kjer opazujemo odklon Zarka ter
absorpcijo svetlobe v ravninskem lipidnem dvosloju. Obe vrsti meritev lahko med seboj tudi
kombiniramo. Za vzbujanje ravninskih lipidnih dvoslojev so razli¢ni avtorji uporabljali tako napetostno
[Troiano et al. 1998; Sharma et al. 1996; Meier et al. 2000; Diederich et al. 1998; Benz in Janko 1976]
kot tokovno [Ridi et al. 1998; Robello in Gliozzi 1989; Ridi et al. 2000; Genco et al. 1993; Kalinowski et
al. 1998; Koronkiewicz et al. 2004] vzbujanje. Pregled vseh sistemov je zbran v poglavju v knjigi,

priloga 4 [Kramar et al. 2010].

Napetostno vzbujanje ravninskih lipidnih dvoslojev se je zgodovinsko pojavilo pred tokovnim
vzbujanjem. Predstavlja neposredno vzpostavitev elektricnega polja na ravninskem lipidnem
dvosloju. Sprva je napetostno vzbujanje najverjetneje posnemalo mirovalno napetost, ki je prisotna
na membrani Zivih celic. Ko vsilimo napetost, je ravninski lipidni dvosloj le-tej izpostavljen prakti¢no v
hipu. Nasprotno se pri tokovnem vzbujanju, nosilci nabojev naberejo na eni strani ravninskega
lipidnega dvosloja v odvisnosti od vrednosti toka ter postopoma ustvarijo potencialno razliko in s tem

napetost na ravninskem lipidnem dvosloju.

Elektricna porusitev ravninskega lipidnega dvosloja 5



1 Uvod

V literaturi zasledimo, da so za merjenje elektri¢nih lastnosti ravninskih lipidnih dvoslojev uporabljali
razlicne oblike signalov [Troiano et al. 1998; Sharma et al. 1996; Meier et al. 2000; Diederich et al.
1998; Benz in Janko 1976; Ridi et al. 1998; Robello in Gliozzi 1989; Ridi et al. 2000; Genco et al. 1993;
Kalinowski et al. 1998; Koronkiewicz et al. 2004]. V vecini primerov so uporabili pravokotne pulze
Sirine 10 ps [Troiano et al. 1998; Sharma et al. 1996; Meier et al. 2000; Diederich et al. 1998; Benz in
Janko 1976; Ridi et al. 1998; Robello in Gliozzi 1989; Ridi et al. 2000; Genco et al. 1993]. Zasledimo
tudi uporabo sestavljenega signala iz pravokotnega pulza ter linearno padajocega signala [Sharma et
al. 1996]. Opisano pa je bil tudi vzbujanje ravninskega lipidnega dvosloja s trikotno obliko signala

[Robello in Gliozzi 1989].

ravninski
lipidni dvosloj

Slika 5. Pregled razlicnih nac¢inov dolo¢anja lastnosti ravninskih lipidnih dvoslojev. I je tokovno
vzbujanje, U napetostno vzbujanje. Oblika signala vzbujanja je narisana v kroicu. S takimi
vzbujanji lahko merimo veli¢ine kot so fluktuacije lipidov v membrani-( ¥#), porusitveno napetost
(Up,), debelina (d), kapacitivnost (C) in upornost (R) [Kramar et al. 2009].

V literaturi zasledimo tri razlicne metode merjenja kapacitivnosti: merjenje ¢asovne konstante
razelektritve ravninskega lipidnega dvosloja, merjenje z izmeni¢no napetostjo sinusne oblike in
merjenje s pretvorbo kapacitivnosti v periodo. Pri vseh treh metodah izmerjeno kapacitivnost
normiramo na povrsino lipidnega dvosloja. Normirano kapacitivnost tako lahko primerjamo s

poizkusi, narejenimi na razlicnih sistemih z razlicnimi povrsinami ravninskih lipidnih dvoslojev.

Znano je, da je porusitvena napetost odvisna od sestave ravninskega lipidnega dvosloja, sestave in
koncentracije okoliskega elektrolita ter od trajanja izpostavitve elektricnemu polju [Gallucci et al.
1996]. Porusitvena napetost ravninskega lipidnega dvosloja je odvisna tudi od trajanja izpostavitve
elektricnemu polju [Troiano et al. 1998, Abidor et al. 1979]. V teoriji elektromehanike je ravninski
lipidni dvosloj predstavljen kot homogen elasti¢ni medij, s kon¢no vrednostjo proZznostnega modula
[Helfrich 1973]. Ko sila elektricne kompresije preseZe silo elasti¢nosti, se membrana porusi. Rezultate

dobimo ob predpostavki, da za omejene deformacije velja Hookov zakon [Abidor et al. 1979].
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Najpogosteje uporabljen protokol za merjenje porusitvene napetosti je vzbujanje ravninskega
lipidnega dvosloja s pravokotnimi napetostnimi pulzi (slika 6). Trajanje pulza je bilo izbrano med 10 in
100 ps, njegovo amplitudo pa so povecevali po vsakem pulzu, dokler se ravninski lipidni dvosloj ni
porusil [Troiano et al. 1998]. Z meritvijo porusitvene napetosti na ravninskem lipidnem dvosoju
dobimo oceno o njegovi stabilnosti v elektricnem polju. Napetost prvega pulza je nizka, tako da Se ne
porusi ravninskega lipidnega dvosloja. Vsak naslednji pulz, ko ravninski lipidni dvosloj Se ni porusen,
povecamo za izbrani napetostni korak. Amplituda pulza, pri katerem se ravninski lipidni dvosloj

porusi, je definirana kot porusitvena napetost ravninskega lipidnega dvosloja [Troiano et al. 1998].

ufv) -
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Slika 6. Protokol za dolocitev porusitvene napetosti ravninskega lipidnega dvosloja.
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Pri uporabi takSnega protokola Stevilo pulzov, ki jih pritisnemo na ravninski lipidni dvosloj, ni vnaprej
znano. Ravno tako ni znano, koliko bo znaSal sesStevek Casov vseh pritisnjenih signalov, ki ga
definiramo kot pred-izpostavitev ravninskega lipidnega dvosloja. Cas znotraj pulza, v katerem
porusimo ravninski lipidni dvosloj, je abidor s sodelavci definiral kot Zivljenjsko dobo [Abidor et al.
1979]. Ugotovil je, da zZivljenjska doba ravninskega lipidnega dvosloja znotraj pravokotnega
napetostnega pulza ni enolicno dolocena. Merilni protokol ima tri slabosti, in sicer odvisen je od
koraka amplitude, dolZine napetostnega pulza ter pred-izpostavitve ravninskega lipidnega dvosloja.
DaljSa pred-izpostavitev ravninskega lipidnega dvosloja napetostnemu signalu povzroci niZjo
porusitveno napetost [Abidor et al. 1979]. Prav tako se zaradi pred-izpostavitve, katero povzrocijo
zaporedne izpostavitve vecjim napetostnim pulzom, ravninski lipidni dvosloj porusi pri nizji napetosti
[Troiano et al. 1998]. Ce je ¢as med dvema izpostavitvama zadosti dolg, pred-izpostavitev na
ravninskem lipidnem dvosloju izzveni in jo obravnavamo, kot da ravninskega lipidnega dvosloja ne bi

izpostavili elektricnemu stresu [Macek Lebar et al. 2002].

Dimitrov [Dimitrov 1984] je preuceval povezavo med porusitveno napetostjo in materialnimi
lastnostmi ravninskega lipidnega dvosloja. Porusitvena napetost se spreminja glede na strukturo in
sestavo ravninskega lipidnega dvosloja. Le-to spreminjamo z dodajanjem razli¢nih kemikalij.
Porusitvena napetost ni odvisna od stopnje pH v okoliski raztopini, ce je le ta v obmocju od 5-9.
Dimitrov je casovni potek porusitve ravninskega lipidnega dvosloja zaradi elektricnega polja razdelil

na tri stanja:
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e zaradi vsiljene napetosti na ravninskem lipidnem dvosloju se poveca nihanje povrsine
membrane;

e reorientacija molekul ustvari deformacije v membrani, kjer se lahko za kratek cas tvorijo
vodne pore;

e ekspanzija por privede do mehanske porusitve ravninskega lipidnega dvosloja.

Tokovno vzbujanje se od napetostnega razlikuje v tem, da posredno nadzorujemo pritok nabojev v
raztopino. Posledica tega je, da se zaradi visoke upornosti na ravninskem lipidnem dvosloju vzpostavi
transmembranska napetost. Pri napetostnem vzbujanju vsilimo napetost, tok ni omejen, njegova
amplituda pa je odvisna od upornosti ravninskega lipidnega dvosloja. Ko nastanejo na ravninskem
lipidnem dvosloju strukturne spremembe, pore, se pri napetostnem vzbujanju amplituda toka poveca
ter dokoncno unic¢i membrano. Pri tokovnem vzbujanju pa ob nastanku por v ravninskem lipidnem
dvosloju amplituda transmembranske napetosti pade, s tem pa tudi moZnost za porusitev
ravninskega lipidnega dvosloja. Na ta nacin enostavneje opazujemo spremembe prevodnosti na

ravninskem lipidnem dvosloju, ki nastajajo zaradi transmembranske napetosti.

Sistemi s tokovnim vzbujanjem so se pojavili Ze dokaj zgodaj v zgodovini poizkusov na ravninskih
lipidnih dvoslojih. Ze leta 1972 sta raziskovalca Montal in Mueller opisala sistem, ki ima moZnost
izbiranja med tokovnim in napetostnim vzbujanjem [Montal in Mueller 1972]. Kmalu zatem leta 1976
je sledil Carius s sodelavci [Carius 1976]. Po vec letnem premoru sta Robelo s sodelavci in Kalinowski
s sodelavci predstavila dva nova sistema zasnovana s tokovnim vzbujanjem [Robelo in Gliozzi 1989;
Kalinowski in Figaszewski 1992]. Opazovala sta spreminjanje napetosti na ravninskem lipidnem

dvosloju, ki sta ga povezala z nastajanjem in fluktuacijo por v ravninskem lipidnem dvosloju.

Obicajno so ravninski lipidni dvosloj izpostavili konstantnemu toku [Koronkiewicz et al. 2004;
Kotulska 2007]. Naboj se pocasi, v sekundnem obmodcju opazovanja, akumulira na ravninskem
lipidnem dvosloju ter gradi napetost. Ko nastane pora ali strukturna sprememba, zaradi povecanja
prevodnosti ravninskega lipidnega dvosloja nabrani naboj stece preko pore, amplituda napetosti pa
se posledicno zmanjsa. Zaradi padca napetosti se pora pricenja oziti, pri tem pa se ponovno
prevodnost zmanjsa. Naboji se ponovno pri¢nejo nabirati na ravninskem lipidnem dvosloju, ker vsi ne
morejo skozi poro in vrednost napetosti ponovno zraste. Ko preseie nek napetostni prag, se cikel
ponovi. Tak cikliéni dogodek na ravninskem lipidnem dvosloju so poimenovali fluktuacija pore (slika

7) [Koronkiewicz et al. 2004; Kotulska 2007].

Kljub razmeroma Siroki uporabi elektroporacije v biologiji, biotehnologiji in medicini, nastanek por v
celicni membrani ob prisotnosti elektricnega polja Se ni docela pojasnjen. Elektroporacijo lahko
preucujemo na vseh nivojih bioloske kompleksnosti, pa Se vedno najdemo razli¢na tolmacenija, ali se

tvorijo pore, ali pa gre le za spremembo prepustnosti membrane zaradi drugacnih deformacij v
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membrani. Ravno ravninski lipidni dvosloj je sam po sebi enostaven model celicne membrane, na
katerem pa zelo tezko eksperimentalno opazujemo in dokazemo obstoj por ali kakrsnih koli drugih
deformacij. Teoreti¢ni opisi [Neumann et al. 1989; Zimmermann 1982; Rols in Teissie 1990; Tsong
1991; Weaver in Chizmadzev 1996] in modeli zgrajeni na osnovi molekularne dinamike [Tarek 2005;
Delemotte et al. 2008; Tieleman et al. 2003; Bockman et al. 2008] sicer podpirajo idejo o nastanku in
razvoju por pri izpostavitvi ravninskega lipidnega dvosloja elektricnemu polju [Tarek 2005; Tieleman
et al. 2003, Bockman et al. 2008], a Se vedno manjkajo neposredne povezave in primerjave z

eksperimentalnimi podatki.
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Slika 7. Odziv napetosti na ravninskem lipidnem dvosloju pri konstantnem toku 2nA [Koronkiewicz
et al. 2004; Kotulska 2007]

V doktorski disertaciji smo se posvetili tudi tem povezavam. Na podlagi rezultatov molekularne
dinamike in rezultatov poizkusov na ravninskih lipidnih dvoslojih vzbujanjih z linearno narascajo¢im

tokovnim signalom smo ocenili prevodnost in gostoto por.

Porusitvena napetost je odvisna od viskoelasti¢nih lastnosti ravninskega lipidnega dvosloja. Izbrali
smo ustrezen model, ki to povezavo predvideva. Viskoelasticne lastnosti ravninskega lipidnega

dvosloja smo dolodili iz meritev porusitvene napetosti z linearno naras¢ajoc¢im napetostnim signalom.

Ker je porusitvena napetost ravninskega lipidnega dvosloja odvisna od ¢asa trajanja posameznega
napetostnega pulza ter celotne predhodne izpostavitve, metoda merjenja porusitvene napetosti z
napetostnimi pulzi vnasa v merjene rezultate preveliko stohasti¢nost. Predlagali smo novo metodo
dolocanja porusitvene napetosti ravninskega lipidnega dvosloja z linearno narascajo¢im signalom, s
katero se izognemo veckratni izpostavitvi in je ucinkovitejSa od metod, ki so bile uporabljene do

seda;j.
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2 Materiali in metode

2.1 Priprava ravninskega lipidnega dvosloja

Za postavitev ravninskega lipidnega dvosloja smo uporabili Montal — Muellerjevo metodo [Montal in
Mueller 1972]. Oba prekata komore smo napolnili z prevodno raztopino pod nivojem luknjice v
teflonski foliji. Na gladino obeh prekatov smo nanesli lipidne molekule. Obe gladini smo socasno
dvigovali in na luknjici v teflonski foliji tvorili ravninski lipidni dvosloj. S spus¢anjem in dviganjem

gladine prevodne raztopine smo tvorili ravninske lipidne dvosloje brez daljSega ¢akanja.

Prevodno raztopino smo pripravili iz 0,1 molarne KCI (MERCK, Nemcija) in 0,01 molarne raztopine
Hepes (MERCK, Nemcija). Zmesali smo ju v enakem razmerju in jima dodali nekaj kapljic eno
molarnega NaOH (MERCK, Nemcija), tako da smo dobili kislost raztopine pH 7,4. Na injekciji smo
pritrdili igli premera 0,8 mm. Na igli smo nataknili cevki z zunanjim premerom 2,4 mm in notranjim
premerom 0,8 mm. Prek cevk smo vnasali prevodno raztopino v oba prekata komore. Pred

prikljucitvijo smo iz injekcijskih igel in cevk odstranili vse zracne mehurcke.

Za pripravo ravninskih lipidnih dvoslojev smo uporabili POPC (1-pamitoil 2-oleil 3-fosfatidilholin) ter
POPS (1-palmitil 2-oleil 3-fosfatidilserin), ki smo ju kupili v prahu (Avanti Polar-Lipids, inc., ZDA). POPC
oziroma POPS smo raztopili v mesanici heksana (Riedel-de Haén, Nemcija) in etanola (Riedel-de
Haén, Nemcija) v razmerju 9:1. Me3anico heksadekana (MERCK, Nemcija) in etanola v razmerju 3:7
smo uporabili za podporni torus. Kadar smo poizkus pripravljali z mesanico obeh lipidov (POPC in
POPS), smo poprej zmesali lipida v Zelenem razmerju v mikro centrifugirkah s pokrovckom (Ependorf,
Nemcdija). S zaprtjem mikro centrifugirke smo omejili izhlapevanje organskega topila iz lipidne

mesanice.

Poizkuse smo izvedli s petimi razlicnimi sestavami ravninskega lipidnega dvosloja, dvema
enokomponentnima in tremi dvokomponentnimi. Enokomponentni dvosloji so bili zgrajeni iz ene
vrste lipida POPC ali POPS. Dvokomponentni ravninski lipidni dvosloji so bili zgrajeni iz meSanice
POPC in POPS v razmerjih 3:1, 1:1 in 1:3. Za vsak ravninski lipidni dvosloj, ki je uposStevan v raziskavi,

smo izmerili kapacitivnost in dolodili porusitveno napetost ter Zivljenjski ¢as.

Teflonska komora (slika 8-2) je bila sestavljena iz dveh delov. Teflon je omogocal preprosto Ciscenje,
saj smo komoro med poizkusi hranili v Zvepleni kislini (H,SO,) (MERCK, Nemcija), ki je odstranila vse
ostanke lipidov. Tik pred poizkusom smo vzeli oba prekata komore iz kisline in ju sprali z deionizirano
vodo. Med teflonska dela komore smo vstavili teflonsko folijo debeline 25,4 um (DF100, CHEMFILM),

ki je imela majhno luknjico premera 117(1 £+ 0,01) um. V vsakem delu komore je vdolbina velikosti

Elektricna porusitev ravninskega lipidnega dvosloja 11
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(17,8 x 15,1 x 19,75) mm oziroma 5,3 cm®. V oba prostora sta bila speljana dodatna kanala premera
0,8 mm, skozi katera smo vbrizgavali prevodno raztopino. Med prekata komore smo namestili tanko
folijo, ki je bila pred tem shranjena v kloroformu (Riedel-de Haén, Nemcija). Pri tem smo pazili, da je
majhna luknjica ¢im bolj na sredini zaslonke komore. Ce je bila luknjica preve¢ pri robu odprtine
komore, se je zaradi razlike v omocevanju folije in komore ravninski lipidni dvosloj tezje tvoril. Oba
prekata komore smo stisnili in privili z vijakoma. Prepricali smo se, da je bila luknjica ¢im bolj na
sredini, v nasprotnem primeru smo folijo namestili ponovno. Na vsako stran folije, ¢im blizje luknijici,
smo dodali 1 pl raztopine lipida. Pocakali smo, da se je topilo posusilo, nato pa dodali 1,5 pl
heksadekana in etanola ter pocakali, da se je tudi ta mesanica posusila. Komoro smo pritrdili na
pali¢no stojalo in jo postavili pred stereolupo. Skozi stranska kanala smo vstavili cevki s prevodno
raztopino KCl. Na komoro smo polozili poseben pokrovcéek, na katerega smo pritrdili elektrode iz Ag-

AgCl (IVM, ZDA).

Pri postavitvi elektrod je bilo potrebno paziti, da te niso prekrivale luknjice in da je bila le-ta Se vedno
vidna skozi stereolupo. Elektrode smo morali vedno vstaviti v komoro pred nanosom lipidnih molekul
na povrsino prevodne raztopine, tako da nismo ”“zmotili” lipidne plasti. V prekata komore smo
vbrizgali toliko prevodne raztopine, da je gladina segla tik pod rob luknje v komori. V vsak prekat smo
kanili po 2 ul lipida oziroma lipidne mesanice. Gladine smo se poizkusali dotakniti le s kapljico, da
smo omogocili enostavnejse raztezanje lipidne plasti po gladini prevodne raztopine. Ocenili smo, da

so se po dvajsetih minutah lipidi razporedili po gladini.
2.2 Napetostno vzbujanje ravninskega lipidnega dvosloja

2.2.1 Sistem za elektroporacijo ravninskih lipidnih dvoslojev

Sistem za elektroporacijo ravninskih lipidnih dvoslojev je bil sestavljen iz signalnega generatorja,
teflonske komore z elektrodama, merilnikov toka in napetosti ter osciloskopa za zajem podatkov
[Kramar et al. 2009]. Podatke smo shranili v pomnilnik osciloskopa, kasneje pa smo jih analizirali z

osebnim racunalnikom (slika 8).

Signalni generator (slika 8-1) je omogocal tvorjenje napetostnih signalov poljubnih oblik. Sestavljen je
iz krmilnika z mikroprocesorjem MCF5204, modula za tvorjenje signalov ter modula za frekvenéno
razSiritev. Mikroprocesorski krmilnik smo upravljali z osebnim racunalnikom preko RS-232
komunikacije. Prek te komunikacije smo prenesli obliko signala ter ukaze za pred nastavitev
izhodnega ojacenja in frekvence. Modul za tvorjenje signalov je spremenil digitalni zapis signala v
analogno obliko in ga primerno ojacil. Modul za frekvenc¢no razsiritev nam je omogocil spreminjanje

izhodne frekvence signala.
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Slika 8. Sistem za elektroporacijo ravninskih lipidnih dvoslojev. (1) Signalni generator sestavljen iz
krmilnika z mikroprocesorjem MCF5024 in moduloma za tvorjenje signalov ter frekvencno
razSiritev. (2) Teflonska komora za tvorjenje ravninskih lipidnih dvoslojev z dvema Ag-AgCl
elektrodama ter prevodno raztopino. (3) Merilnik toka in napetosti. (4) Digitalni osciloskop, za
shranjevanje meritev in nadaljnjo obdelavo.

Merilni del sistema (slika 8-3,4) je bil sestavljen iz merilnika toka, diferenénega merilnika napetosti
ter osciloskopa za shranjevanje ¢asovnih potekov obeh koli¢in. Merilnik toka je deloval po principu
tokovno napetostnega pretvornika. Napetost na lipidnem dvosloju smo merili z diferenénim
ojacevalnikom LeCroy Instruments 1822. Nastavitve ojacevalnika smo v celoti krmilili z osciloskopom.
Njegova dodatna dobra lastnost je bila ta, da smo lahko razliko dveh signalov ojadili tudi za faktor
1000. Casovne poteke toka in napetosti smo shranili z osciloskopom LeCroy Waverunner-2 LT354M.
Vzoréna frekvenco smo lahko nastavljali, pasovna Sirina osciloskopa pa je bila 500 MHz. Na prvem
kanalu smo merili signal iz signalnega generatorja. Drugi kanal je bil namenjen opazovanju napetosti
diferencialnega ojacevalnika, s Cetrtim kanalom pa smo merili tok oziroma izhodno napetost
tokovnega merilnika. Osciloskop smo nastavili na normalno proZenje, na pozitivni prag. Signal smo
opazovali z nekaj deset mikrosekundnim pred-proZzenjem. Merjene signale smo shranili v ANSI tabelo

ter jih kasneje analizirali s programskim orodjem Matlab.

2.2.2 Merilni protokol
Merilni protokol je sosledje merjenja kapacitivnosti lipidnega dvosloja ter merjenja porusitvene
napetosti lipidnega dvosloja (slika 9). Kapacitivnost in porusitveno napetost smo dolocili za vsak

lipidni dvosloj posebe;j.

tvo_rjelr:je merjeje vzbujanje in

ravninskega .l . o,

lipidnega —| kapacitivnosti [~ porusitev
dvosloja Gt u, t,

Slika 9. Merilni protokol. Tvorimo ravninski lipidni dvosloj ter izmerimo kapacitivnost Cg .
Podatek o kapacitivnosti odlodi, ali je meritev upostevana v analizi. Na ravninski lipidni dvosloj
pritisnemo napetost, ter opazujemo tok. Ob porusitvi ravninskega lipidnega dvosloja tok naraste;
odcitamo porusitveno napetost U,, in Zivljenjski ¢as t,, ravninskega lipidnega dvosloja.

Elektricna porusitev ravninskega lipidnega dvosloja 13
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2.2.3 Porusitvena napetost in Zivljenjska doba ravninskega lipidnega dvosloja ob
napetostnem vzbujanju
Porusitveno napetost ravninskega lipidnega dvosloja U, smo dolocili z linearno narascajocim
signalom. Naklon k ter kon¢no napetost linearno narasc¢ajocega signala smo predhodno izbrali. Izbira
kon¢ne napetosti je morala zagotavljati, da se je ravninski lipidni dvosloj zagotovo porusil. Za
dolocitev porusitvene napetosti ravninskega lipidnega dvosloja smo uporabili sedem razli¢nih
naklonov: 4,8 kV/s, 5,5 kV/s, 7,8 kV/s, 11,5 kV/s, 16,7 kV/s, 21,6 kV/s in 48,1 kV/s. Porusitveno
napetost U,, smo definirali kot napetost ob ¢asu t,, ko pricne preko ravninskega lipidnega dvosloja
te¢i tok. Cas od zacetka dvigovanja vsiljenega napetostnega signala do nara$¢anja tokovnega signala

zaradi procesa porusitve ravninskega lipidnega dvosloja, imenujemo Zivljenjska doba t,, (slika 10).

'
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Slika 10. Dolocitev Zivljenjske dobe in porusitvene napetosti ravninskega lipidnega dvosloja. Rdec
linearno narascajoci signal predstavlja pritisnjeno napetost. Zelena krivulja kaZe potek
elektriénega toka skozi dvosloj. €as od zacetka naras$canja pritisnjene napetosti do pojava toka je
definiran kot Zivljenjska doba lipidnega dvosloja t,,. Porusitveno napetost U,, od¢itamo z linearno
narascajocega signala ob casu, ko pricne teci tok.

Meritev toka in napetosti smo shranili na trdi disk osciloskopa v formatu Matlab. Po koncanih
poizkusih smo podatke vnesli v okolje Matlab in dolocili ¢as zacetka narascanja napetosti in toka.
Napisali smo program v Matlab-u, ki je iz izmerjenih signalov toka in napetosti poiskal koleno, tocko,
ko pricne tok narascati. Algoritem je za iskanje kolena potreboval dve tocki. Prvo tocko je postavil na
zaCetek merjenega signala, kjer je bila vrednost amplitude toka 0 mA, druga tocka pa se je iterativno
premikala po signalu. Izracun naklona daljice med zacetno tocko ter premikajoco se tocko je podal,
ali je tocka Ze pri kolenu signala. Koleno signala smo dolodili na podlagi predhodno nastavljene

vrednosti naklona. Ker algoritem ni dovolj optimiziran, smo omogocili tudi ro¢no dolocanje tocke v
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kolenu toka. Za vsak izmerjen ravninski lipidni dvosloj smo v tabelo shranili ¢as kolena napetostnega
signala in Cas kolena tokovnega signala ter amplitudo napetosti ob tokovnem kolenu. Tabelo smo

uporabili pri statisti¢ni obdelavi.
2.3 Tokovno vzbujanje ravninskega lipidnega dvosloja

2.3.1 Sistem za opazovanje ravninskih lipidnih dvoslojev s tokovnim vzbujanjem

Pri eksperimentalnem delu smo uporabljali merilni sistem, ki ga je predstavil Kalinowski s sodelavci
(slika 11) [Kalinowski in Figazewski 1995(l in II)]. Sistem vsebuje dva modula. Prvi je merilnik
kapacitivnosti, ki deluje na osnovi pretvorbe kapacitivnosti v ¢as [Kalinowski in Figazewski 1995(1)]. Z
drugim modulom vzbujamo ravninski lipidni dvosloj s tokom ali napetostjo ter merimo napetost ali
tok [Kalinowski in Figazewski 1995(Il)]. V nasih poizkusih smo z omenjenim sistemom ravninski lipidni
dvosloj izpostavili tokovnemu vzbujanju, ter merili napetost. Oba modula lahko krmilimo prek
osebnega racunalnika [http://pracownicy.uwm.edu.pl/kalinow/ksp/index.html]. Za merjenje smo
uporabili Stiri elektrode, dve tokovni elektrodi ter dve referencni elektrodi za merjenje diferen¢ne
napetosti. Uporabili smo enako teflonsko komoro in Ag-AgCl (IVM, ZDA) elektrode kot smo jih

uporabljali v poizkusih z napetostnim vzbujanjem.

KSP

<y

programabilni
galvanostat

W

CEl  |RE1 RE2 |CE2

Slika 11. Sistem Kalinowski s sodelavci 1995 [Kalinowski in Figazewski 1995(1 in 11)]. Tok tvorimo s
programirljivim galvanostatom. V komoro tok tece preko tokovnih elektrod CE1 in CE2. Referencni
elektrodi RE1 in RE2 uporabljamo za merjenje diferenc¢ne napetosti na ravninskem lipidnem
dvosloju.
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2 Materiali in metode

2.3.2 Merilni protokol

Merilni protokol je bil sestavljen iz dveh delov: merjenja kapacitivnosti lipidnega dvosloja ter
merjenja porusitvene napetosti oziroma porusitvenega toka ravninskega lipidnega dvosloja (slika 12).
Kapacitivnost, porusitveno napetost in tok smo dolocili za vsak lipidni dvosloj posebe;j. Lipidni dvosloj

smo postavili z metodo dviganja gladine (slika 3) [Montal in Mueller 1972].

tvorjenje

ravniriské*ga merjeje vzbujanje in
lipidnega —»| kapacitivnosti [ porusitev
dvosloja Cu I, U, t,

Slika 12. Merilni protokol. Tvorimo ravninski lipidni dvosloj ter izmerimo kapacitivhost Cgy,.
Podatek o kapacitivnosti odloci, ali je meritev upostevana v analizi. Na ravninski lipidni dvosloj
pritisnemo tok, ter opazujemo napetost. Ob porusitvi ravninskega lipidnega dvosloja se napetost
sesede; odcitamo najvisjo vrednost napetosti in jo definiramo kot porusitvena napetost U,,, ob
enakem trenutku dolo¢imo porusitveni tok /,, in Zivljenjski ¢as t,, ravninskega lipidnega dvosloja.

2.3.3 Porusitvena napetost in porusitveni tok ravninskega lipidnega dvosloja ob
tokovnem vzbujanju
Ravninski lipidni dvosloj smo vzbujali z linearno narascajo¢im tokom ter opazovali napetost, ki se je
vzpostavljala na ravninskem lipidnem dvosloju zaradi njegove visoke upornosti (slika 13). Uporabili
smo devet razliénih naklonov linearno narascajocih tokovnih signalov: 0,2 uA/s, 0,5 pA/s, 4 uA/s, 8
pA/s, 10 pA/s, in 20 pA/s. Ko je bila na ravninskem lipidnem dvosloju prisotna dovolj velika napetost,
se je ravninski lipidni dvosloj porusil. Upornost ravninskega lipidnega dvosloja se je zaradi porusitve
zmanjSala, napetost pa se je »sesedlak. NajvisSjo tocko napetosti smo definirali kot porusitveno
napetost ravninskega lipidnega dvosloja U,. Vrednost vzbujalnega linearno narascajocega toka pa
smo definirali kot porusitveni tok /,. Cas od zacetka vzbujanja linearno nara$¢ajocega signala do

porusitve smo definirali kot Zivljenjsko dobo ravninskega lipidnega dvosloja t,,.
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Slika 13. Dolocanje porusitvene napetosti U, porusitvenega toka /,, in Zivljenjskega Casa t,,
ravninskega lipidnega dvosloja s tokovno narasc¢ajoc¢im signalom.

2.3.4 Opazovanje por v ravninskem lipidnem dvosloju

Ob izpostavitvi ravninskega lipidnega dvosloja linearno naras¢ajo¢emu tokovnemu signalu smo med
narascanjem transmembranske napetosti opazili kratkotrajne majhne padce napetosti (slika 14A).
Napetost je v trenutku t,, padla za vrednost U, (slika 14B). Predpostavili smo, da padcu napetosti
botruje sprememba upornosti oziroma prevodnosti ravninskega lipidnega dvosloja. Na sliki 14C smo
upornost membrane predstavili z razmerjem med tokom in napetostjo. Ocenili smo, da so bile v
ravninskem lipidnem dvosloju v obdobju, ko se je upornost ravninskega lipidnega dvosloja znizala,
prisotne strukturne spremembe ali pore. Cas, ko so bile v ravninskem lipidnem dvosloju prisotne
pore smo oznacili kot t,. V nekaterih primerih se je vrednost upornosti obnovila na zafetno vrednost,
v drugih pa se je ravninski lipidni dvosloj porusil. Trenutek obnovitve ravninskega lipidnega dvosloja

smo oznacili s t,,.
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Slika 14. A) Tokovno vzbujanje ravninskega lipidnega dvosloja je predstavljeno z rdeco krivuljo.
Napetost na ravninskem lipidnem dvosloju je predstavljena z zeleno krivuljo. Na napetostnem
odzivu smo opazili napetostne padce, ki smo jih pripisali strukturnim spremembam oziroma
poram v ravninskem lipidnem dvosloju. B) Povecan signal napetosti iz sivega okvircka. V trenutku
t,, na ravninskem lipidnem dvosloju pade napetost U, za vrednost U,. Pore so odprte cas t,.
Opazimo, da se v trenutku t,, pore najverjetneje zaprejo. C) Z razmerjem toka in napetosti
opazujemo krivuljo spremembe prevodnosti, ki jo v delu A opazimo v sivem okvircku. Prevodnost
G ustreza prevodnosti sistema in ravninskega lipidnega dvosloja. V prevodnosti G’ je vklju¢ena
prevodnost por v ravninskem lipidnem dvosloju.

Prevodnost pore smo ocenili v trenutku t,, ko je napetost iz vrednosti Uy padla za vrednost U,,.

Trenutek pred padcem lahko izrazimo prevodnost G:

I(t,
G= ( P) (1)
Ud
Takoj, ko pade napetost za vrednost U, pa imamo novo prevodnost G"
It
G'= —( ) : (2)
U, —Up
Prevodnost G je skupna prevodnost sistema Gg; in ravninskega lipidnega dvosloja Ggu:
1 1
G=G, +Gy, =—+ (3)
Rsis RBLM
Ko napetost pade, se v sistemu spremeni prevodnost. Dolo¢imo, da se je ta povecala za prevodnost
G,, kar ustreza prevodnosti por(e) v ravninskem lipidnem dvosloju:
G'=G, +Gyy, +G,. (4)

Prevodnost por(e) G, lahko torej ocenimo kar z razliko prevodnosti med G'in G:
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Da bi prevodnost zapaZzenih por ocenili ¢im bolj natan¢no, smo uporabili simulacijsko orodje SPICE
OPUS [Tuma in Buermen 2009, www.spiceopus.si], kjer smo ravninski lipidni dvosloj ter komoro
predstavili z elektriénim vezjem (slika 15). Upor Rgy je predstavljal upornost ravninskega lipidnega
dvosloja, kondenzator Cgy pa kapacitivnost ravninskega lipidnega dvosloja. Upornost in
kapacitivnost komore sta predstavljala elementa Ry; in Cg;. Za vzbujanje smo uporabili tokovni vir I, z
linearno narascajocim signalom. Napetostni viri v vezju: Vegim, Vesim, Vesiss Vasis in Vg so bili uporabljeni
za merjenje toka prek posameznega elementa. Elektricnemu vezju smo dodali upor R,, ki je v vezje
prikljucen prek stikala, katerega smo vkljuili ob ¢asu t,, za €as t,, in tako simulirali pore v ravninskem
lipidnem dvosloju (slika 14). Krmiljenje stikala smo izvedli s napetostnim virom V,, s katerim smo za
¢as t, tvorili napetostni pulz, ki je vkljudil stikalo.
Ve

©

o]

()
1 N 1°

0

Slika 15. SPICE model ravninskega lipidnega dvosloja. Elementa Ry, in Cg,, predstavljata
upornost in kapacitivnost ravninskega lipidnega dvosloja. Elementa R, in C,, predstavljata
komoro. S tokovnim generatorjem I, tvorimo linearno naras¢ajo¢ tokovni signal. Upornost R,
predstavlja pore v ravninskem lipidnem dvosloju, ki jih priklju¢imo v vezje s stikalom. Stikalo je
krmiljeno z napetostnim generatorjem V,, kjer za cas pore t, tvorimo napetostni pulz. Napetostne
generatorje Vg, Viss, Vs Vesis in Vg nastavimo na napetost 0 V in prek njih merimo tok v
posamezno vejo vezja.

Elektricna porusitev ravninskega lipidnega dvosloja 19
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Vrednosti elementov v SPICE modelu smo dolocili z merjenjem ali pa smo jih povzeli iz literature.
Kapacitivnost ravninskega lipidnega dvosloja Cgs smo izmerili, upornost ravninskega lipidnega
dvosloja Rgy = 10® Q smo povzeli iz literature [Tien in Ottova 2003]. Elementa Ry, in Cs, ki
predstavljata komoro, smo dolocili z RLC merilnikom Agilent 4284 A. Med meritvijo ni bilo
ravninskega lipidnega dvosloja, gladina vodne raztopine pa je bila pod luknjico. Pri frekvenci 20 Hz
smo izmerili Ry = 73 kQ ter C,is = 400 nF. Eksperimentalno in v modelu smo s tokovnim vzbujanjem
pri izbranem naklonu dosegli enak napetostni odziv. Ob napetostnem padcu smo vrednost upora R,
iterativno spreminjali. Ko sta se odziva napetosti eksperimenta in SPICE simulacije ujemala, smo

dolocili upornost oziroma prevodnost por.

2.4 Merjenje kapacitivnosti ravninskega lipidnega dvosloja

Uporabili smo dve razlicni metodi merjenja kapacitivnosti: merjenje ¢asovne konstante razelektritve
ravninskega lipidnega dvosloja in merjenje s pretvorbo kapacitivnosti v periodo. Primerljiv podatek z
eksperimenti drugih avtorjev dobimo, ko izracunano kapacitivnost Cg;), normiramo na povrsino Ag
lipidnega dvosloja:

C

BLM
Cprayr = . (6)
Ay

Premer luknjice v teflonski foliji je pri nasih poizkusih znasal dg;\; = 117 um, zato je povrsina lipidnega

dvosloja Agy znasa 1,08x10° m.

2.4.1 Merjenje kapacitivnosti s casovno konstanto razelektritve

Ob pregledu literature zasledimo, da je najbolj pogosto uporabljena metoda za merjenje
kapacitivnosti ravninskega lipidnega dvosloja prav meritev ¢asovne konstante razelektritve [Troiano
et al. 1998; Sharma et al. 1996; Meier et al. 2000; Diederich et al. 1998; Benz et al. 1976; Wilhelm et
al. 1993; Benz et al. 1979; Kramar et al. 2007]. Ravninskemu lipidnemu dvosloju smo vsilili napetostni
pulz pravokotne oblike. Naboj Q, ki se je pri tem nakopicil v sistemu, je bil Q(t) = C-u(t). Ob koncu
pulza smo elektrodo na izhodu generatorja preklopili na upor znane vrednosti. Razelektritev

ravninskega lipidnega dvosloja smo opazovali z osciloskopom (slika 16).
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Slika 16. A) Ravninski lipidni dvosloj je izpostavljen napetostnemu pulzu. B) Razelektritev
ravninskega lipidnega dvosloja preko znanega upora R.

Potek napetosti u(t) pri razelektritvi ravninskega lipidnega dvosloja opisemo z enacbo:

t

u(t)= —eri;.

U, je amplituda vsiljene napetosti, T pa je ¢asovna konstanta sistema, ki je odvisna od kapacitivnosti

sistema Cin upornosti R,qq:

=R , -C.

nad

Casovno konstanto T smo dolo¢ili iz izmerjenega signala v podro¢ju razelektritve z uporabo funkcije

nlinfit v programskem okolju Matlab. Upornost R,,s je dolofena z znanim uporom R ter vhodno

upornostjo osciloskopa Rosc.

U (V)
I (mA) —
03 | i vV
— 1 (mA)
02 f
01 r
A | B »
L > =
g P
01 T
0 100 t 200 300 400 t (:15)

Slika 17. Napetost na ravninskem lipidnem dvosloju pri merjenju kapacitivnosti z metodo
razelektritve. Podrocje A ustreza vezju na sliki 16A, ko na ravninski lipidni dvosloj pritisnemo
pravokotni napetostni signal. Ob casu t, preklopimo elektrode na znan upor R. 1z eksponentnega
odziva s prileganjem eksponentne funkcije dolo¢imo ¢asovno konstanto t.
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V trenutku t, se je naboj, nabran na ravninskem lipidnem dvosloju, razelektril preko upora R in
osciloskopa (R,sc) (slika 17). Razelektritveni upor R = 1 MQ in upornost sonde osciloskopa R, = 1 MQ
sta vezana vzporedno, kar da nadomestno upornost R,.q = 500 kQ (slika 18A). Izracun kapacitivnosti
lipidnega dvosloja poenostavi velika upornost ravninskega lipidnega dvosloja (Rgw ~ 10% Q), tako da
skupna nadomestna upornost sistema R,.y ostane priblizno 500 ®, kar je posledica vzporedne

vezave R, in Rgy, kot je prikazano z nadomestnim vezjem na sliki 18B.

— =

R Csis Rosc Csis Rnad
Y \%
A
— — — =
Csis Rnad CBLM RBLM CSBLM Rnad
V \ Vv
B

Slika 18. Nadomestni vezji za merjenje kapacitivnosti z metodo razelektritve v dveh korakih. A.)
Nadomestno vezje sistema brez ravninskega dvosloja. B.) Nadomestno vezje sistema in
ravninskega dvosloja. Pri obeh vezjih upornost ravninskega lipidnega dvosloja lahko zanemarimo,
ker je mnogo vecja od upornosti sonde osciloskopa in upora preko katerega razelektrimo sistem.

Kapacitivnost lipidnega dvosloja dolo¢imo z meritvijo, ki je sestavljena iz dveh delov [Benz et al.
1976]. Najprej izmerimo kapacitivnost sistema C,; brez lipidnega dvosloja nato pa kapacitivnost
sistema z lipidnim dvoslojem Csgps. Kapacitivnost ravninskega lipidnega dvosloja Cg,y, je razlika obeh

izmerjenih kapacitivnosti:
Conr = Ciis = Coppay-

Da se je lipidna membrana zares tvorila, vidimo iz spremembe poteka razelektritve in nespremenjene
amplitude toka. Ob nastopu pulza elektricni tok ne stece, ker je lipidna membrana skoraj
neprepustna za ione. lzracunani kapacitivnosti C;; in Csgp Smo med seboj odsteli (enacba (9)) in

dobili oceno kapacitivnosti lipidnega dvosloja Cg.

2.4.2 Merjenje kapacitivnosti s pretvorbo kapacitivnosti v periodo
Shema merilnega sistema, ki smo ga uporabljali za tovrstno merjenje kapacitivnosti, je predstavljena
na sliki 19 [Kalinovski in Figazewski 1992]. Enakomerno naelektrimo lipidni dvosloj do neke

napetostne vrednosti. Ko jo preseZzemo, ravninski lipidni dvosloj praznimo. Periodi¢no polnjenje in
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praznjenje ravninskega lipidnega dvosloja da na izhodu vezja pravokoten signal s periodo, ki je

odvisna od kapacitivnosti lipidnega dvosloja Cg .

+1,6V
oV’ +5V A /\ =

R, 5k
R, 5
8,3M ~
D 2
~ + T
c o w1087 A
Com —— ! 7
160pF L1°0W
A

Slika 19. A) Vezje za pretvorbo kapacitivnosti v periodo. B) Potek signalov na posameznih tockah
oznacenih v vezju [Kalinovski in Figazewski 1992].

Kondenzator Cgy na sliki 19 predstavlja kapacitivnost lipidnega dvosloja. Na kondenzatorju merimo
napetost v tocki D in jo oja¢imo z operacijskim ojacevalnikom. Ta ima oja¢enje k doloceno z uporoma

Rl in Rz:

KRR
-2

k (10)

1

Izhod ojacevalnika je pripeljan v integrirano vezje NE555, v katerem sta dva napetostna
primerjalnika. Vhod prvega je merjena napetost v tocki A, drugega pa razdeljena napetost, ki gre prek
delilnika treh uporov. Glede na nivo napetosti se preklopi izhod RS spominske celice. Izhod iz
spominske celice invertiramo. Rezultat je pravokoten signal, kateremu zlahka izmerimo periodo T,.
Napetost na lipidnem dvosloju lahko izrazimo z enacbo:

2-V-R

1
I A T 11
k 3(R +R,) .

2
Upive = E
Merjenje razdelimo v dve fazi. Prva faza je polnjenje kondenzatorja, kjer tece tok iz napajalnika prek
uporov R, in R; v kondenzator. Tranzistor T je zaprt. V drugi fazi se zaradi preklopa RS celice tranzistor
T odpre in kondenzator Cgy, se razelektri. Tok tece prek upora R; in tranzistorja T v negativni pol
napajanja. Zaradi ohranjanja energije velja, da je produkt napajalne napetosti V in ¢asa v eni periodi

T, enak:

Tp V= UBLM (R3 +R4)CBLM +UBLMR3CBLM : (12)
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V vezju izberemo simetri¢no napajanje V = V' = |V | ter vrednost upora R; > R,. Iz enacbe (12)
izrazimo periodo, pri ¢emer zanemarimo upornost R, (zaradi R; > R,). Kapacitivnost ravninskega

lipidnega dvosloja je tore;j:

VT,

= (13)
2. UBLM 'R3

BLM
S to merilno metodo smo opazovali spremembo kapacitivnosti v odvisnosti od ¢asa (slika 20).
Kapacitivnost smo priceli meriti, ko je bila gladina prevodne raztopine pod luknjico. Nato smo gladino
prevodne raztopine dvignili prek luknjice in postavili ravninski lipidni dvosloj. Sprememba
kapacitivnosti ob dvigu gladine prevodne raztopine je bila hipna. Kapacitivnost ravninskega lipidnega
dvosloja smo dolocili z razliko izmerjene vrednosti kapacitivnosti pri spus¢eni oziroma dvignjeni
gladini. Kapacitivnost izmerjena pri spusceni gladini prevodne raztopine predstavlja kapacitivnost
sistema, kapacitivnost izmerjena pri dvignjeni gladini pa kapacitivnost sistema z ravninskim lipidnim

dvoslojem.

C(nF) A
1,341

C,.+C

1,33+ (H sis '+ ~BLM
A

132

131

1,30 Com

inskega lipidnega dvosloja

1,29+

1,28

1’27 1 1 1 1 L 1 1 1 >
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Slika 20. Merjenje kapacitivnosti ravninskega lipidnega dvosloja s pretvorbo v ¢as. Sivo polje
predstavlja cas tvorjenja ravninskega lipidnega dvosloja z Montal-Muellerjevo metodo. Pred tem
odcitamo vrednost kapacitivnosti sistema C;;.. Ko se ravninski lipidni dvosloj stabilizira, od¢itamo
vrednost, ki predstavlja sestevek kapacitivnosti sistema C,; in ravninskega lipidnega dvosloja Cg, .

2.5 Statistika
Porusitveno napetost U,, porusitveni tok /., Zivljenjski ¢as t,, in specificno kapacitivhost cg
ravninskih lipidnih dvoslojev razlicnih sestav smo izmerili veckrat. Posamezne skupine meritev smo

predstavili s povpre¢no vrednostjo in standardno deviacijo. Vrednosti, ki so izpolnjevale zahteve po
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normalni porazdelitvi vzorcev znotraj skupine in enaki varianci med skupinami, smo statisticno
primerjali z enosmernim ANOVA testom. Ob ugotovitvi znacilne razlicnosti srednjih vrednosti (p <
0,05) med skupinami smo s Tukey-evim testom analizirali statisticno znacilno razlicnost med vsemi

moznimi pari skupin.

V primeru, ko skupine niso izpolnjevale pogojev za enosmerni ANOVA test, smo uporabili
neparametricni Kruskal-Wallis-ov enosmerni test. Pare skupin smo med sabo statisticno primerjali z

Dunn-ovo metodo.

2.5.1 Dolocitev porusitvene napetosti ravninskega lipidnega dvosloja

Porusitvena napetost ravninskega lipidnega dvosloja je odvisna od naklona linearno narascajocega
napetostnega signala; bolj ko je strm je napetostni signal, viSja napetost je potrebna za porusitev. Da
bi opisali omenjeno odvisnost smo na izmerjene vrednosti porusitvene napetosti pri posameznih
naklonih linearno naras¢ajo¢ega napetostnega signala napeli Lapicque-Blair-Hillovo dvoparametersko
intenzivnostno casovno krivuljo, ki je najbolj znana relacija za opis pragovnega pojava [ldris in

Biktashev 2009]:

a
U= —t/b ?

_l—e 14)

pri ¢emer je U enak porusitveni napetosti U,, ki je bila merjena pri razlicnih naklonih; t ustreza
zZivljenjski dobi ravninskega lipidnega dvosloja ty,,; konstanti a in b pa sta prosta parametra. Parameter
a podaja asimptoto krivulje, ki ustreza minimalni porusitveni napetosti Upvza specifiCen ravninski
lipidni dvosloj. Parameter b doloca ukrivljenost krivulje. Zgornjo in spodnjo mejo 95% intervala
zaupanja koeficientov a in b, ki smo jih dobili z Matlab-ovo funkcijo nlinfit, smo ocenili z Matlab-ovo

funkcijo niparci [http://www.mathworks.com/access/helpdesk/help/toolbox/stats/nlparci.html].

Za prileganje viskoelasticnega modela izmerjenim tockam smo uporabili posploseno nelinearno
neanaliti¢no x* funkcijo v programskem okolju Matlab [Bevington in Robinson 1992; Brahms 2008;
Press et al. 1986]. Za vse regresijske krivulje smo izracunali spodnjo in zgornjo mejo 68% intervala

zaupanja. Na slikah smo intervala zaupanja oznacili s pika-¢rto krivuljo.

2.6 Simulacije molekularne dinamike

Z besedno zvezo molekularna dinamika poimenujemo posebno obliko racunalniske simulacije, ki
omogoca spremljanje interakcij med atomi in molekulami v dolo¢enem ¢asovnem intervalu na osnovi
fizikalnih zakonov. Je specializirana veja molekularnega modeliranja in ra¢unalniske simulacije na
osnovi statisticne mehanike. Rezultat molekularne dinamike je zapis energije ter poloZaja atomov ali

molekul v modelu za posamezen casovni korak. Omogoca nam vpogled v premikanje posameznih
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atomov, na nacin, ki ni mogoc¢ pri laboratorijskih poizkusih. V zadnjih desetletjih je molekularna
dinamika mocno napredovala z razvojem racunalniske strojne opreme. Na podrocju ravninskih
lipidnih dvoslojev so prvi modeli vsebovali preproste strukture obdane z vodnimi molekulami,
trajanje opazovanja simulacije pa je bila najvec do 8 ps [Kjellander in Marchja 1985]. Z dandanasnjimi
modeli lahko zaradi boljSe strojne opreme racunamo zapletene probleme z veliko atomi oziroma
molekulami. Tako nastajajo naprimer tudi modeli ravninskih lipidnih dvoslojev, proteinov vgrajenih v
ravninski lipidni dvosloj in veziklov; trajanje opazovanja pa se je podaljsalo tudi nad 10 ns [Marrink et

al. 2009].

V molekularni dinamiki obravnavamo osnovne gradnike modela na tri nacine. V nacinu »vsi atomi«
(ang. all atoms) je v modelu zastopan vsak posamezni atom. V nacinu »skupki atomov« (ang. united
atoms) so doloceni atomi zdruZeni v skupine, za katere ni nujno, da so molekule. Na ta nacin
optimiziramo racunski Cas, ker se skupki atomov navzven obnasajo kot en element. Tretji nacin je
»grobozrnato« racunanje; tako da zajamemo v modelu ve¢ molekul in jih obravnavamo kot en
element (ang coarse grain). S to metodo molekule, ki se podobno vedejo, opiSemo s samo enim
elementom. Ta postopek sicer zmanjsa resolucijo, vendar pa je racunsko precej manj potraten, kar

omogoca daljSe ¢asovno opazovanje modelov.

Vse interakcije med gradniki modela, tako intermolekularne kot intramolekularne, so predstavljene z

resitvami harmonicnih funkcij potencialnih energij, ki jih lahko zapiSemo na vec razli¢nih nacinov.

Intramolekularne interakcije povezujejo atome v molekulo, zato so sile med posameznimi atomi
velike. Energijski potencial intramolekularnih interakcij zapiSemo za vezi med atomi, koti med vezmi
atomov ter za dihedralne (torzijske) kote. Le-ti so pomembni zlasti v vecjih verizno povezanih atomih,

kot je to v lipidni molekuli (slika 21).

A B C
r v / —
— 4

Slika 21. Intramolekularne interakcije med atomi. A) Vez med atomoma, kjer je r, razdalja med
atomoma v ravnovesnem stanju, r pa trenutna razdalja. B) Kot med vezema dveh sosednjih
vezanih atomov, kjer je ¥, kot med vezema v ravnovesnem stanju, ¥ pa trenutni kot. C)
Dihedralni kot @ opisuje premik atomov vezanih v verigi. Na skici je prikazan zasuk ¢ okoli vezi
prvega in drugega atoma z leve. Crtkana ¢rta ob zadnjem atomu z leve ponazarja njegovo gibanje.

Energijski potencial vezi v sistemu E(r) (slika 21A) opiSemo z vsoto razlik med trenutno razdaljo med

atomoma r in dolZzino med atomoma v ravnovesnem stanju ry, za vse vezane pare atomov:
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2
E(r)=Y k. (r-r), (15)
vezi
kjer je k, predstavlja polje sil med dvema atomoma, r trenutno razdaljo med atomoma in r, razdaljo
med atomoma v ravnovesnem stanju. Za energijski potencial na enem atomu, sestejemo prispevek

vseh vezanih atomov.

Energijski potencial kotov med dvema vezema v sistemu E(y) (slika 21B) opiSemo z vsoto funkcij
razlik trenutnega kota win kota v ravnovesnem stanju :
EWw)=) k,(v-v,), (16)
kotov

kjer je k, predstavlja amplitudo polje sil med dvema vezema. Za prispevek energijskega potenciala

kotov vezi sestejemo prispevek po posameznih kotih.

Energijski potencial vseh dihedralnih kotov v sistemu E(¢) (slika 21C) opiSemo z enacbo:

E(g)= Y. k,[cos(np—d,)+1], (17)
dihed .kotov
kjer je n Stevilo vezi v verigi, k, pa predstavlja polje sil v verigi. Kot ¢ je dihedralni kot v ravnovesnem
stanju, ¢ pa trenutni dihedralni kot. Za prispevek energijskega potenciala dihedralnih kotov v verigi

seStejemo prispevek po posameznih dihedralnih verigah, ki so pripete na atom.

Vrednosti konstant so bile dolo¢ene s simulacijo posameznih parov atomov, oziroma z merjenjem
strukturnih lastnosti z rentgensko svetlobo [Armen et al. 1998] in infra rdeCo spektroskopijo
[Mendelsohn in Snyder 1996]. Vrednosti teh konstant obi¢ajno podajajo razvijalci programske
opreme za molekularno dinamiko. Obstaja kar nekaj profilov, kot so na primer AMBER [Pearlman et
al. 1991], CHARMM [Brooks et al. 1983] in GROMOS [Gunsteren in Brendesen 1987], ki se medseboj

razlikujejo predvsem po podrocjih uporabe.

Intermolekularne interakcije povezujejo med seboj molekule in so Sibke v primerjavi z
intramolekularnimi interakcijami. Za elektricno nabite atome v sistemu zapiSemo Coulombov

elektrostatic¢ni potencial E oymp:

Ecolumb = Z qur—qj ’ (18)

i g<i Ty

kjer sta g; in g; naboja atoma v sistemu, r; pa razdalja med njima Za izracun elektrostati¢cnega

potenciala atoma seStejemo prispevke vseh nabitih atomov v okolici.
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Interakcije med ostalimi atomi, ki niso elektricno nabiti, opisujemo z Van der Waalsovo silo. Silo lahko
opiSemo z interakcijskim parskim potencialom, ki vsebuje privlacno in odbojno komponento. Obe se
spreminjata z razdaljo med atomoma oziroma molekulama. Van der Waalsovo interakcijo

modeliramo z uporabo Lennard-Jonesovega potenciala E,

12

Eu=>>w, Sl _[4 ) (19)

p
TN 7y
kjer w; predstavlja privla¢no silo med posameznima atomoma, ¢ je dolocen z velikostjo atomov, r;

pa je razdalja med atomi.

Pri modeliranju lahko racunamo le z omejenim prostorom, osnovno celico, kjer rob predstavlja
konec, ki ga v resnici ni. Zaradi tega se na robu pojavijo nehomogenosti. V izogib temu na robu
uporabimo periodi¢ne robne pogoje (slika 22). To pomeni, da se interakcije med gradniki na desnem
robu preslikajo v levega, iz zgornjega v spodnjega in obratno. Ce pogledamo na okolidki prostor iz

gradnika v modelu, obravnavamo sistem z neskoncéno prostornino.

« ‘
A A A
o o m
0 0 0
A A A
RN ﬂ/\g\ N
4
A A A
15, 15, 15,
o/ 0 0
/

osnovna celica

Slika 22. Periodic¢ni robni pogoji. V sredini je osnovna celica (LxL). Zaradi periodi¢nih robnih
pogojev, so enaki gradniki v vseh sosednjih gradnikih. Gradnik na skrajni levi »€uti« gradnike iz
skrajne desne. Obravnavanemu gradniku pripiSemo vsoto vseh prispevkov intermolekularnih
interakcij. Zaradi neskoncnega prostora, omejimo prostor, do koder bomo Se racunali Van der
Waalsovo in Coulombovo potencialno energijo.

V periodi¢nih sistemih racunamo prispevek potencialnih energij interakcij med gradniki z Ewaldovo
vsoto. Pri tem postopku sestevamo prispevke energij v Fourierevem prostoru. Njegova prednost je
izredno hitra konvergenca v primerjavi z realnim prostorom. Vpliv okoliskih gradnikov v sistemu na i-

ti gradnik izracunamo z vsoto energijskih potencialov.
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Vrednost prispevkov energijskih potencialov se z oddaljenostjo zmanjsuje. Zaradi »neskoncne«
prostornine pri racunanju vrednosti vsote energijskih potencialov dolo¢imo razdaljo, na kateri imajo
Se vpliv r,.,, ki je manjsa od velikosti osnovne celice L. Pri gradnikih, ki so od obravnavanega gradnika

oddaljeni za vec kot r,,, vrednost vsote energijskih potencialov postavimo na vrednost nic (slika 23).

0.2

o
'S

E (kcal/mol)

o
()

8 9 r(A)

Slika 23. Potek funkcije Lennard-Jonesovega potenciala za zapis Van der Waalsove interakcije med
atomi, ki niso vezani z vezjo, kjer w;; predstavlja privlacno silo med posameznima atomoma, ¢ je
dolocen z velikostjo atomov. Zaradi periodi¢nih robnih pogojev, moramo dolociti razdaljo, kjer
bodo imeli gradniki Se vpliv na opazovanje r,.,. Da preprecimo tezave pri odvajanju funkcije se
nezveznosti pri rezu znebimo z dodatno preklopno funkcijo ob razdalji rs (r; < r.,), ki upogne
krivuljo pred rezom in jo naredi zvezno.

Osnovni postopek modeliranja z molekularno dinamiko je iterativno premikanje atomov glede na
medatomske interakcije (slika 24). Obravnavamo sistem z N elementi. Energijski potencial

posameznih atomov ali gradnikov izraunamo z vsoto posameznih potencialnih energij, ki delujejo na

atome oziroma gradnike E(r) (15), E(y) (16), E(#) (17), Ecorump (18) in Eyqy (19):

E(7. BTy )= E(FY), (20)

kjer je 7. koordinata (x,y,z) i-tega atoma oziroma gradnika v modelu.
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izbira zacetnih polozajev gradnikov: 7(0)
izbira koraka racunanja ot

v

izracun sil in pospeskov gradnikov:

> 7 )_755( ) :=f§(r‘v)

I

i

premik gradnlkov

F(t+80)=27 ()7 (1- 8:)+—f(t)+0(6:)
v

zapis koordinat

v

— naslednji korak: t=¢+6¢

Slika 24. Osnovni postopek racunanja v molekularni dinamiki. 1z zacetnih polozajev gradnikov ter
energij med njimi izracunamo silo. Iz izracunane sile in atomske mase lahko izracunamo pospesek
gradnika. V naslednjem koraku premaknemo delec ter povec¢amo cas za izbran interval. ZapiSemo
nove koordinate premaknjenih gradnikov ter ponovimo racunanje.

Za opis gibanja i-tega gradnika resimo diferencialno enacbo drugega Newtonovega zakona:
L (FY)=m (21)

kjer je m; masa i-tega gradnika modela ?l pa pospesek istega gradnika. Enacbe (21) ne moremo

reSevati analiticno, numeri¢no pa jo lahko enostavno resimo z Verletovim integracijskim algoritmom

[Verlet 1967]:

2

7(t+ot)=27(t)-7 (1~ 5t)+5—tf.(t)+0(§t4). (22)

m.

l

Na ta nacin izraCunamo trenutni polozaj posameznega gradnika v naslednjem trenutku t+6t, glede na
njegova polozZaja v predhodnih trenutkih t in t-6t. Verletov algoritem je izpeljan iz razvoja vektorja

poloZaja gradnika v Taylorjevo vrsto okoli 7:(¢) :

F (14 6t) = fl(t)+5ﬁi(t)+2§—;jifi() %b()+0(5t4) 23)
(- 5t)=}7i(t)—5t\7i(t)+%fi()—%b()+O(§t4). (24)
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Z seStevkom enacb (23) in (24) dobimo enacbo (22), ki opisuje premik gradnika. Za spremljanje
premikanja gradnikov ne potrebujemo podatka o njihovi hitrosti. Izracune hitrosti potrebujemo pri
racunanju tlakov in kineticnih energij v sistemu. V tem primeru lahko enacbi (23) in (24) odsStejemo in

dobimo enacbo za hitrost:
_ | _
v, (1) :E[ri(t+5t)—i;(t—5t)]+0(5t3). (25)

Uporabo enacbe za hitrost moramo prilagoditi stanju v sistemu. V molekularni dinamiki se
uporabljajo najpogosteje tri stanja: konstantno Stevilo delcev, prostornina ter temperatura (NVT),
konstantno Stevilo delcev, temperatura ter tlak (NTP) in konstantno Stevilo delcev, prostornina in

energija (NVE).

V letih razvoja tovrstnega modeliranja je nastala vrsta racunalniskih programov za racunanje in
vizualizacijo molekularne dinamike. Na podrocju modeliranja struktur zgrajenih iz lipidnih molekul,
sta najbolj pogosta NAMD [Philips et al. 2005] in GROMAX [Lindahl et al. 2001]. Ker smo pri delu
uporabljali NAMD bodo v naslednjem razdelku uporabljeni formati datotek pripadali temu programu,
vendar pa obicajno tak tip datotek potrebujemo pri katerem koli raCunanju z molekularno dinamiko.
Prvi korak modeliranja je zapis datotek, v katerih opiSemo zacetni poloZaj molekul, za¢etno energijo
med posameznimi gradniki, nastavitvene parametre modela ter velikost prostora v katerem model
raCunamo. Za zagon simulacije racunanja potrebujemo datoteke s konc¢nicami: *.pdb, *.psf, *.conf,

* XSC.

Koordinate vseh atomov oziroma gradnikov v modelu podamo v *.pdb datoteki. V tabeli 1 beseda
»ATOM« v prvem stolpcu predstavlja ukaz, v naslednjem stolpcu so zaporedne Stevilke atomov oz
gradnikov, v naSem primeru od 1407 do 1480, kar predstavlja eno lipidno molekulo. S Stevilkami od
1407 do 1448 so predstavljeni gradniki glave lipidnih molekul, ki je predstavljena z vsemi atomi. S
Stevilkami 1477 do 1480 so predstavljeni gradniki repov lipidnih molekul, ki so predstavljeni s skupki
atomov, saj so vezave vodika in ogljika zdruZzene v en gradnik. V tretji koloni so kemijski elementi z
indeksi: N-dusik, C-ogljik, H-vodik, O-kisik, P-fosfor. Cetrti in zadnji stolpec »POUN« opiseta, katere
parametre uporabljamo. V peti koloni, pomeni Stevilka 20 dvajseto lipidno molekulo. Naslednji trije

stolpci predstavljajo x, y in z komponento poloZaja posameznega gradnika 7:(¢). Deveti in deseti

stolpec vsebujeta kota a in B kristalne strukture, ki jih pri modeliranju ravninskih lipidnih dvoslojev

nismo uporabljali.
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Tabela 1. Levo vsebina datoteke *.PDB, v kateri opiSemo polozaj atomov v posameznih molekulah
v sistemu. Desno Lipidna molekula, ki ustreza opisu na levi stani. Barve posameznih atomov se
skladajo z barvami vrstic v katerih so opisani.

ATOM 1407 N POUN 20 28.729 -0.181 31.956 1.00 0.00 POUN

ATOM 1426 P1 POUN 20 28.715 1.710 27.787 1.00 0.00 POUN
ATOM 1427 O3 POUN 20 30.040 1.270 27.265 1.00 0.00 POUN
ATOM 1428 04 POUN 20 28.524 3.157 28.059 1.00 0.00 POUN
ATOM 1429 O1 POUN 20 28.535 0.877 29.048 1.00 0.00 POUN
ATOM 1430 02 POUN 20 27.479 1.066 27.002 1.00 0.00 POUN

ATOM 1436 021 POUN 20  27.341 -0.902 23.982 1.00 0.00 POUN

ATOM 1438 022 POUN 20  25.084 -1.274 24.146 1.00 0.00 POUN

ATOM 1445 031 POUN 20 27.749 1.787 22.817 1.00 0.00 POUN

ATOM 1447 032 POUN 20 26.318 3.310 23.597 1.00 0.00 POUN

Datoteka *.psf je razdeljena na vec odsekov (tabela 2). V prvem delu »!NATOM« imamo za vsak
posamezen gradnik, ki je naveden v *.pdb datoteki; podatek o tipu molekule »POUN«, zaporedno
Stevilko gradnika, kemijski element, povezavo z sosednjimi elementi. V sedmem stolpcu so navedeni
elektri¢ni naboji gradnikov izraZeni z osnovnimi naboji e, v osmem pa njihova masa. Ko so vsi gradniki
v modelu definirani, se datoteka nadaljuje s poimenovanjem vezi med gradniki »NBOND«, kotov
med vezmi »INTHETA« in dihedralnih kotov »!NPHI«. Eno vez med dvema gradnikoma predstavljata
dve zaporedni Stevilki. Kot med vezema opiSemo s tremi zaporednimi Stevilkami, dihedralne kote pa z

zaporedjem Sstirih Stevilk.
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Tabela 2. Odseki posameznih delov datoteke *.PSF, v kateri imamo podano povezanost
posameznih gradnikov *.PDB datoteke, maso gradnikov in njihov osnovni naboj. Eno vez med
dvema gradnikoma predstavljata dve zaporedni Stevilki. Kot med vezema opiSemo s tremi
zaporednimi Stevilkami, dihedralne kote pa z zaporedjem Stirih Stevilk.

65320 INATOM

1407 POUN20 POUNN  NTL -0.600000  14.0070
1408 POUN 20 POUN C11 CTL2 -0.100000  12.0110
1409 POUN 20 POUN C12 CTL5 -0.350000  12.0110
1410 POUN 20 POUN C13 CTL5 -0.350000  12.0110
1411 POUN20 POUN C14 CTL5 -0.350000  12.0110
1412POUN20 POUNH11 HL ~ 0.250000  1.0080
1413POUN20 POUNH12 HL  0.250000  1.0080
1414POUN20 POUNH21 HL  0.250000  1.0080
1415POUN20 POUNH22 HL  0.250000  1.0080

OOOOOOOOO

64752 INBOND: bonds

1407 1408 1407 1409 1407 1410 1407 1411 1408

1412 1408 1413 1408 1423 1409 1414 1409 1415
46256 INTHETA: angles

1407 1411 1422| 1407 1411 1421 1407 1411 1420

1407 1410 1419 1407 1410 1418 1407 1410 1417
1407 1409 1416 1407 1409 1415

37152 INPHI: dihedrals

[1407 1408 1423 1424] 1407 1408 1423 1425 1407
1408 1423 1429 1408 1423 1429 1426 1408 1407
1409 1414 1408 1407 1409 1415

Za izraCun potrebujemo Se datoteko topologije molekule, kjer so definirane konstante sil k,, k,, in k.
V datoteki *.xcs nastavimo zacetno velikost prostora, v katerem bo model ravninskega lipidnega
dvosloja. Glede na izbiro adiabatnega stanja se lahko velikost prostora tudi spreminja in s tem tudi
vrednosti v datoteki *.xcs. Nastavitve racunanja modela molekularne dinamike se nahajajo *.conf
datoteki. Tu so parametri racunanja kot ¢asovni korak racunanja, imena vhodnih in izhodnih datotek,

adiabatno stanje modela ter nastavitev temperature in tlaka v modelu.

Ko imamo pripravljene vse datoteke, lahko priécnemo z racunanjem. Obicajno ga izvajamo na vec
procesorskih super racunalnikih, ki se nahajajo v super racunalniskih centrih. Program za ra¢unanje
NAMD [http://www.ks.uiuc.edu/Research/namd/] ima vgrajen algoritem, s katerim deli racunanje

premikanja molekul med posamezne procesorje.

Ob posameznem izvedenem koraku raéunanja se rezultati koordinat zapisejo v datoteki *.dcd Ze med
samim racunanjem lahko opazujemo kaj se dogaja z modelom, ne da bi racunaje prekinili. Vsi podatki
se namreC zaporedno v ANSII obliki zapisujejo v datoteko. Odprtje datoteke, nam poda vse

izracunane korake do trenutnega stanja, paralelno pa racunalnik izracunava nove premike in jih
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dodaja v isto datoteko. Gibanje molekul in atomov racunanih s programskim paketom NAMD

vizualiziramo z VMD programom (slika 25) [http://www .ks.uiuc.edu/Research/vmd/]

'VMD 187 OpenGL Displa

[nfo) OpenGl

[nfo)

[nfo)

[nfo)
. Spaceball interface disahled.
interface disabled

of plugins MIN32/molfile’ .
> In sing plugin psf for structure File C:/Users/peter/Documents POPC/Eql
uilibriun/menbrane . psf
lps £ plugind ross—terms defined in PSF File.
I a ..

Dihsdrals: 32152 Inmpropers: 576  Gross—te
Angletypes: @ Dihedraltypes: @ Improperty)
144

11
15144 Protein: @ MNucleic: A
pdb for coordinates from file C:/Users/peter/Documents/POPC/E]

“pdb
[nfo> Finiched with coordinate file C:Alsers/peter/Documents /POPC/Equilibriun/me]
Inhrane . pdb.

—
1 VMD Main - =B

File Molecule Graphics Display Mouse Extensions Help

ID T A D F Molecule Atoms Frames Vol
0 T A DF membrane.pst 65320 1 0

- I
1

44| z0om T Jloop x] step d| speed [}

Slika 25. Zaslonski pogled na program VMD (Visual Molecular Dynamics). Razvit na Univerzi
lllinois, ZDA.

2.6.1 Gradnja modela ravninskega lipidnega dvosloja

Opis vseh molekul v modelu naredimo v datoteki s kon¢nico *.pdb, ki smo jo predstavili v tabeli 1.
Vsaka vrstica vsebuje Stevilko atoma, kemijski element, njegov poloZaj (x,y,z) ter tip molekule
(POUN), v katerem se atomi nahajajo in jo definiramo v topoloski datoteki. Lipidno molekulo POPC
(1-pamitoil 2-oleoil 3-fosfatidilholin) smo zgradili iz dveh delov. Glavo lipidne molekule smo opisali z
vsemi atomi (5t.1 do 41). V obeh repih lipidne molekule (5t 42 do 73) smo posamezne atome ogljika,
ki so imeli nase vezan vodik, zdruzZili v en skupek. V datoteki s parametri je tak tip lipidne molekule

oznacen kot POUN.

Ce Zelimo iz lipidne molekule zgraditi ravninski lipidni dvosloj, moramo izvorno kodo lipidne molekule
razmnoziti. Ko razmnoZujemo izvorno kodo moramo za vsako molekulo napisati novo Stevilko ter
spremeniti vrednosti koordinat posameznih atomov. To ponavljamo toliko ¢asa, da zgradimo celoten
ravninski lipidni dvosloj. Tak postopek je precej zamuden. Zato lahko uporabimo posebno
programsko orodje, ki na osnovi ene molekule zgradi celoten lipidni dvosloj z Zeleno gostoto lipidnih
molekul. Pri naSem delu smo uporabili programsko orodje Packmol, ki ga je razvila skupina iz Drzavne
Univerze v Campinasu, Brazilija [Martinez et al. 2009]. Z vhodnimi parametri dolo¢imo geometrijo

ravninskega lipidnega dvosloja ter gostoto lipidnih molekul na povrsini. Program zgradi ravninski
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lipidni dvosloj, ter zapise *.pdb datoteko. Dobra lastnost programa je, da lipidne molekule med
kopiranjem in premikanjem tudi obraca po vzdolZni osi in poizkusa optimizirati njihovo postavitev. V
vhodno definicijsko datoteko dodamo tudi molekulo vode in jo glede na Zeleno gostoto razmnozimo
nad in pod ravninskim lipidnim dvoslojem. Ko je model ravninskega lipidnega dvosloja in okoliske
raztopine zgrajen (slika 26A), s skripto psfgen med posameznimi atomi dolo¢imo zacetne pospeske, ki

so obicajno v zacetku nakljucni, in molekulsko maso kemijskih elementov (*.psf datoteka).

Slika 26. A Model ravninskega lipidnega dvosloja z lipidi in vodo. B Model ravninskega lipidnega
dvosloja z vodo in ioni soli natrijevega klorida - Natrija Na* in Klora CI".

Ko dolo¢imo zaceten polozaj molekul (*.pdb) in energijo med atomi (*.psf), imamo popoln model. V
programu VMD dodamo v raztopino ione v Zeleni koncentraciji, tako da je raztopina elektri¢cno
nevtralna (slika 26B). Elektricno nevtralen model prenesemo na super racunalnik, kjer zaZzenemo
minimizacijo modela, katere rezultat je ravnovesno stanje gradnikov modela. Pri minimizaciji modela
uporabljamo NPT razmere (N — konstantno Stevilo gradnikov, P — konstanten tlak, T — konstantna
temperatura). Kot rezultat minimizacije modela opazujemo Stevilo lipidnih molekul na izbrani
povrsini. Le-ta se od zacetka racunanja pocasi ustali na konstantni vrednosti, ki pa mora biti

primerljiva z meritvami z metodo magnetne resonance [Nagle 1993].

Ko je ravninski lipidni dvosloj v ravnovesnem stanju, preizkusimo model Se s »toplotnim Sokom«.
Nastavljeno temperaturo modela pove¢amo na 350 K in ponovno zaZzenemo racunanje. Vrednost
razmerja povrine na lipidno molekulo bi se morala povecati. Ce je potrebno lahko gretje
nadaljujemo na 400 K. Ko sistem postavimo nazaj na temperaturo 300 K, se mora model ravninskega
lipidnega dvosloja postaviti nazaj v ravnovesje. Ce temu ni tako, moramo preveriti, ali so vhodni

parametri modela ustrezni.
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Ravninski lipidni dvosloj je dovolj kvaliteten, ce je primerljiv z eksperimentalno dolo¢enimi podatki iz
literature. Izracunani model nato Stirikrat preslikamo in prestavimo vzdolZ osi x in y, tako da je
povrsina modela Stirikrat vecja. Pri nasih izracunih je bila povrsina modela ravninskega lipidnega
dvosloja 100x100 A%. Ponovno zazenemo minimizacijo modela z namenom, da dobimo ravnovesje
novega sistema. Tako velika povrsina membrane je primerna za opazovanje razlicnih pojavov na

ravninskem lipidnem dvosloju. Mednje sodi tudi nastajanje por ob izpostavitvi elektricnemu polju.

2.6.2 RavninskKi lipidni dvosloj v elektricnem polju

Pojav elektroporacije so z modeli molekularne dinamike opisali Ze mnogi avtorji. Leta 2001 je
Tieleman s sodelavci objavil ¢lanek, v katerem so avtorji prvi¢ pokazali strukturo pore v ravninskem
lipidnem dvosloju [Tieleman et al. 2001]. Sledilo mu je vec raziskovalcev z velikim Stevilom novih
simulacij [Marrink et al. 2009]. Vzpostaviti transmembransko napetost na ravninskem lipidnem
dvosloju v molekularni dinamiki ni trivialno. Zavedati se moramo, da imamo omejen prostor in
periodi¢ne robne pogoje. Tielman s sodelavci je predlagal, da bi ob vsak atom pripeli naboj g; in s tem

ustvarili pravokotno silo na ravninski lipidni dvosloj:

F=gq E (26)

1

kjer je E ustvarjeno zunanje elektricno polje [Tieleman et al. 2003; Tieleman 2004].

Transmembranska napetost na ravninskem lipidnem dvosloju pa je posledica elektricnega polja:
U(L,)=|E|L., (27)

kjer je L, Sirina modela v z smeri.

Sachs s sodelavci je predlagal ionsko neravnovesje v vodni raztopini, ki vzpostavi transmembransko
napetost [Sachs et al. 2004]. V modelu z ravninskim lipidnim dvoslojem ter ionsko raztopino Na* in CI’
ionov v ravnovesju, prestavimo en ion iz spodnje strani ravninskega lipidnega dvosloja na zgornjo
stran. S premikom tvorimo neravnovesje nabojev 2e. Vel ionov kot premaknemo, vecje je
neravnovesje. Toda, ¢e uporabljamo periodi¢ne robne pogoje, se prestavljeni ioni »Cutijo« med seboj
in jih je potrebno razdeliti. Zgraditi je potrebno dvojni lipidni dvosloj in postaviti tri prekate prevodne
raztopine ionov (slika 27A). V tem primeru, se zgornji in spodnji prekat med seboj »Cutita«, za ionsko
ravnovesje je moral biti seStevek nabojev v zgornjem in spodnjem prekatu enak vsoti nabojev v
srednjem prekatu [Sachs et al. 2004, Gurtovenko et al. 2005, Kandasamy in Larson 2006]. Vendar pa
dvojni lipidni dvosloj racunanje zelo podaljSa, saj imamo Stevilo atomov ravninskega lipidnega

dvosloja podvojeno. Ta metoda je zato posledi¢no racunsko zelo potratna.
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ravninski lipidni dvosloj

+— ravninski lipidni dvosloj —*

Slika 27. A) Dvojni ravninski lipidni dvosloj. B) Ravninski lipidni dvosloj z dodanim zrakom.

Delemotte s sodelavci je predlagala drugacno metodo vzpostavitve ionskega neravnovesja
[Delemotte et al. 2008]. Na spodnji in zgornji strani modela so dodali zrak (slika 27B). Kemijsko to ni
bil pravi zrak, ampak prazen prostor z definiranim tlakom. Zaradi zraka, se ioni iz spodnje in zgornje
vodne raztopine ob periodi¢nih robnih pogojih niso »cutilic. Racunanje je tako mogoce ob prisotnosti

enega samega ravninskega lipidnega dvosloja.

Z molekularno dinamiko ravninskih lipidnih dvoslojev pridemo do nekaterih podatkov, ki jih z
eksperimenti ne moremo neposredno dokazati. Nastanek pore ob izpostavitvi ravninskega lipidnega

dvosloja elektricnemu polju ter njena struktura sta le dva iz med teh.

2.6.3 Model ravninskega lipidnega dvosloja zgrajen iz lipidnih molekul POPC

Ravninski lipidni dvosloj smo zgradili z lipidov POPC (1-pamitoil 2-oleoil 3-fosfatidilholin). Posamezna
molekula POPC vsebuje 79 gradnikov. Glavo lipidne molekule smo sestavili v nainu »vsi atomi«, repe
lipidnih molekul pa kot »skupke molekul«. Ravninski lipidni dvosloj smo iz dveh strani obdali s 150
mM raztopino NaCl. Pri minimizaciji ravninskega lipidnega dvosloja smo uporabili 288 lipidnih
molekul oziroma 21.024 atomov. Skupaj z vodo in ioni natrija ter klora je model obsegal 65.000
atomov. Ko smo izra¢unali ravnovesje ravninskega lipidnega dvosloja, smo obstojec sistem Stirikrat
povecali, kar naj bi zadostovalo za simulacijo elektroporacije [Delemotte et al. 2008]. Novi sistem je

vseboval 1.152 lipidnih molekul, 576 v zgornji plasti in 576 v spodnji plasti, 58.304 vodnih molekul,
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560 ionov natrija ter 560 atomov klora. Skupaj je sistem obsegal 261.280 atomov. Nad in pod plastjo
vode smo dodali plast zraka, tako da se ioni iz spodnje polovice raztopine niso »Cutili« v zgorniji
polovici in obratno (slika 27B). S tako geometrijo smo omogocili, da bomo kljub tri dimenzionalnim
periodicnim robnim pogojem ravninski lipidni dvosloj izpostavili ionskemu neravnovesju. Velikost
celotnega prostora modela je obsegala (16,8 x 18,3 x 20,1) nm®. Za minimizacijo sistema in postavitev
v ravnovesje smo uporabili NVT pogoje (konstantno Stevilo delcev, konstantna prostornina in
konstantna temperatura). Pri modeliranju ravninskega lipidnega dvosloja smo morali zaradi zraka v
modelu imeti konstanten tlak ene atmosfere (1,01 10° Pa). Uporabili smo NPT pogoje (konstantno
Stevilo delcev, konstanten tlak in konstantna temperatura). Temperatura, pri kateri smo model

racunali, je bila 300 K.

Napetost na membrani smo vzpostavili z neravnovesjem ionov. Za vsak ion, ki smo ga iz spodnjega
sloja vodne raztopine premaknili v zgornji sloj, smo tvorili 2e neravnovesja naboja, kjer je e osnovni

naboj enak 1,602.176.462(63) 10 As.

Kapacitivnost ravninskega lipidnega dvosloja smo dolocili iz transmembranske napetosti [Delemotte
et al. 2008], ki se je vzpostavila zaradi ionskega neravnovesja. Razmerje naboja Q zaradi ionskega
neravnovesja in transmembranske napetosti AV je ustrezalo kapacitivnosti C ravninskega lipidnega

dvosloja:

== (28)

Pri dovolj velikem neravnovesju ionov smo opazili v ravninskem lipidnem dvosloju strukturne
spremembe oziroma pore. Preko por je ravninski lipidni dvosloj prepuscal ione. Pretok ionov je
ravninski lipidni dvosloj razelektril ter zmanjsal transmembransko napetost, ki je nastala pri
postavljanju neravnovesja z ioni. Da bi lahko izmerili prevodnost pore v ravninskem lipidnem
dvosloju, smo morali neravnovesje ionov ohranjati. S tem smo obdrzali transmembransko napetost.

Prehod ionov preko pore v asovnem intervalu je predstavljal tok:

d dz
=99 _4q4z (29)
dt L_dt
kjer je g linijskaporazdelitev nabojev vzdolZ pore in L, Sirina modela v z smeri.
Prevodnost pore smo definirali kot razmerje med tokom in transmembransko napetostjo:
1
G,=—. (30)
AV
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3 Merjenje kapacitivnosti ravninskega lipidnega dvosloja

Za merjenje kapacitivnosti ravninskega lipidnega dvosloja smo uporabljali dve metodi: merjenje

casovne konstante razelektritve ravninskega lipidnega dvosloja in merjenje s pretvorbo kapacitivnosti

v periodo.

3.1 Merjenje kapacitivnosti s casovno konstanto razelektritve

Ravninske lipidne dvosloje smo tvorili iz molekul lipidov POPC in POPS. Enokomponentni dvosloji so

bili zgrajeni iz ene vrste lipida, ali iz POPC ali iz POPS. Dvokomponentni ravninski lipidni dvosloji so bili

zgrajeni iz meSanice POPC in POPS v razmerjih 3:1, 1:1 in 1:3. V tabeli 3 so prikazane povprecne

vrednosti specificne kapacitivnosti cg, in Stevilo meritev N za posamezno sestavo lipida [Sabotin

2008].

Tabela 3. Povprecne vrednosti specificne kapacitivnosti cgy, in Stevilo meritev N za posamezno
sestavo ravninskih lipidnih dvoslojev izmerjenih z metodo dolocanja casovne konstante

razelektritve.

Lipidi: Caum (LF/cm?) N
POPC:POPS =1:0 0,51+0,17 80
POPC:POPS = 3:1 0,17+0,06 103
POPC:POPS = 1:1 0,31+0,07 60
POPC:POPS = 1:3 0,24+0,14 66
POPC:POPS = 0:1 0,41+0,13 76

Kruskal-Wallisov enosmerni test je pokazal, da obstajajo statisticno znacilne razlike med srednjimi

vrednostmi specificne kapacitivnosti ¢z pri razliénih mesanicah lipidov (tabela 3, slika 28).
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Slika 28. Specificna kapacitivnost cg;,, za posamezne mesanice lipidov v odvisnosti od deleza POPS
v mesanici. Podane so srednje vrednosti in standardne deviacije.

3.2 Merjenje kapacitivnosti s pretvorbo kapacitivnosti v periodo
Ravninske lipidne dvosloje smo tvorili iz molekul lipidov POPC, POPS ter mesanice POPC:POPS 1:1. V
tabeli 4 so prikazane povprecne specificne vrednosti kapacitivnosti cg, in Stevilo meritev N

ravninskih lipidnih dvoslojev za posamezno sestavo lipidnih molekul.

Tabela 4. Povprecne vrednosti specificne kapacitivnosti cg,y, in Stevilo meritev N za posamezno
sestavo ravninskih lipidnih dvoslojev izmerjenih z metodo pretvarjanja kapacitivnosti v periodo.

Lipidi: Caum (LF/cm?) N

POPC:POPS = 1:0 0,51+0,16 58
POPC:POPS = 1:1 0,34+0,17 25
POPC:POPS = 0:1 041+0,13 34

Kruskal-Wallisov enosmerni test je pokazal, da obstajajo statisticno znacilne razlike med srednjimi

vrednostmi specificne kapacitivnosti ¢z pri razlicnih mesanicah lipida (tabeli 4).

3.3 Zakljucek

Namen Studije je bil preveriti kapacitivnost ravninskih lipidnih dvoslojev z dvema razlicnima
metodama, merjenjem casovne konstante razelektritve in s pretvorbo kapacitivnosti v periodo.
Kruskal-Wallisov enosmerni test je pokazal, da ni statistichno zancilne razlike med srednjimi
vrednostmi specifi¢ne kapacitivnosti cg, pri enakih mesanicah lipida, dolocena z dvema razlicnima

metoda merjenja.
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4 Merjenje porusSitvene napetosti ravninskega lipidnega dvosloja z

linearno narascajocim signalom

Ravninske lipidne dvosloje smo izpostavili sedmim razlicnim naklonom linearno naraséajocih
napetostnih signalov. Vrednosti uporabljenih naklonov od najbolj poloznega do najbolj strmega so:
4,8 kV/s, 5,5 kV/s, 7,8 kV/s, 11,5 kV/s, 16,7 kV/s, 21,6 kV/s in 48,1 kV/s. Vrednost porusitvene
napetosti pri izbranem naklonu vzbujanja smo dolocili iz povprecja meritev. Pri vsakem naklonu smo
opravili vsaj 6 meritev (POPC:POPS 1:1, naklon 16,7 V/ms), a ne ve¢ kot 18 meritev (POPC:POPS 0:1,
naklon 48,1 V/ms). V naslednjih podpoglavjih so zbrane tabele povprecnih vrednosti in standardnih
odklonov za specifiéno kapacitivnost cgy, porusitveno napetost U, in Zivljenjsko dobo t,, pri
posameznem naklonu k napetostnega signala za izbrano sestavo lipida. Podane so tudi tabele
statisticnih odvisnosti porusitvene napetosti U, med izmerjenimi vrednostmi pri posameznih

naklonih k.

4.1 POPC:POPS (1:0)
Povprecna temperatura okolice, pri kateri so bile meritve izvedene, je bila 28,6 °C. Najvecja relativna
napaka meritev je prisotna pri naklonu 5,5 V/ms in znese za porusitveno napetost 9,3%, za Zivljenjsko

dobo pa 10,0%. Podatki meritev so zbrani v tabeli 5 in grafi¢no prikazani na sliki 29.

Tabela 5. Povprecne vrednosti specificne kapacitivnosti (cg.,), porusitvene napetosti (Up,) in
zivljenjske dobe (t,,) ravninskih lipidnih dvoslojev sestavljenih iz 1- palmitil 2 - oleil fosfatidilholina
(POPC). V tabeli je zajeto tudi Stevilo meritev (N) pri posameznem naklonu (k) linearno
narascajocega napetostnega vzbujanja. Podane so povprecne vrednosti in standardne deviacije.

N k (kV/s) ceum (MF/cm?) Usr (V) tor (us)

17 4.8 0,50£0,12  0,54+0,04 112,92 +832
16 5,5 0,50+0,14  0,54+0,05 99,24+9,93
16 7.8 0,60£0,22  0,54+0,04 70,74 +5,07
12 11,5 0,514£0,11  0,59+0,05  52,25%4,65
12 16,7 049+0,09  0,65+0,06 39,38 +3,87
17 21,6 0,40 £ 0,1 0,67 +0,05 30,50t 2,60
16 48,1 0,54+0,10  0,76+0,05 16,76+1,14

POPC:POPS (1:0)

Z napenjanjem intenzivnostno ¢asovne krivulje (14) na izmerjene vrednosti porusitvenih napetosti pri
razlicnih naklonih (tabela 5) smo ocenili parametra a = 0,56 V in b = 13,43 us. Parameter a doloca

asimptoti¢no vrednost porusitvene napetosti za lipidne dvosloje zgrajene iz POPC. Poimenovali smo
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jo kot najmanjso porusitveno napetost Uyn. Na sliki 29 je oznacena kot siva ¢rtkana ¢rta. Oceno
zaupanja v prosta parametra napete krivulje smo izracunali z Matlab-ovo funkcijo niparci. 95%
interval zaupanja za parameter a znasa a = 0,56 V + 0,05 V in za parameter b = 13.4 pus + 4.3 us. Na

sliki 29 je pas zaupanja omejen s ¢rnima pika-Crta krivuljama.

1,0

Usan

U, (V)

I.  4.8kV/s
Il 5.5kV/s
. 7.8kV/s
IV. 11.5kV/s
V. 16.7 kV/s
VI. 21.6 kV/s
VII. 48.1 kV/s

T T T T
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Slika 29. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,,) ravninskih lipidnih
dvoslojev iz 1- palmitil 2 — oleil fosfatidilholina (POPC). Rdece crte predstavljajo naklone (k)
linearno naras¢ajotega napetostnega vzbujanja. Crna krivulja predstavlija napeto krivuljo na
izmerjene vrednosti po enacbi (14). 95% interval zaupanja za koeficienta a in b predstavlja pas
med ¢rnima pika-Crta krivuljama. Siva ¢rtkana crta je asimptota napete krivulje, ki podaja
najmanjso porusitveno napetost U,n = 0,56 V.

Enosmerni ANOVA test porusitvenih napetosti pri razlicnih naklonih je pokazal statisti¢no razlicnost
srednjih vrednosti U,, (p <0,001). Srednje vrednosti izmerjenih porusitvenih napetosti smo med seboj

paroma statisticno primerjali s Tukey-evim testom (tabela 6).

Tabela 6. Statisticna odvisnost porusitvenih napetosti. Statisticha odvisnost porusitvenih
napetosti U, ravninskih dvoslojev iz POPC med izmerjenimi vrednostmi pri posameznih naklonih
k. Vrednosti v spodnjem delu tabele predstavljajo verjetnost p, da sta srednji vrednosti U, (k;) in
U,,(k;) enaki. Za p<0,05 smatramo, da sta vrednosti statisticno znacilno razlicni. V zgornjem delu
tabele so statisticno znacilno razli¢ne vrednosti oznacene z 'da’ ostale pa z 'ne'.

U, (k) k=4,8 kV/s k=5,5 kV/s k=7,8 kV/s k=11,5kV/s k=16,7kV/s k=21,6 kV/s k=48,1 kV/s

k=4,8 kV/s

ne ne ne da da da

k=5,5 kV/s 1,000 ne ne da da da
k=7,8 kV/s 1,000 1,000 ne da da da
k=11,5 kV/s 0,085 0,104 0,098 ne da da
k=16,7 kV/s <0,001 <0,001 <0,001 0,159 ne da

=21,6 kV/s <0,001 <0,001 <0,001 0,004 0,920 da
k=48,1 kV/s <0,001 <0,001 <0,001 <0,001 <0,001 <0,001

POPC:POPS =1:0
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4.2 POPC:POPS (3:1)

Meritve na ravninskih lipidnih dvoslojih zgrajenih iz mesanice lipidov POPC in POPS v razmerju 3 proti
1 so bile izvedene pri povprecni temperaturi okolice 24,5 °C. Meritev porusitvene napetosti z
najvecjo relativno napako zasledimo pri naklonu 11,5 V/ms in znasa 10,5%. Relativna napaka meritve
Zivljenjske dobe pri istem naklonu znaSa 9,9%. Podatki meritev so zbrani v tabeli 7 in grafi¢no
prikazani na sliki 30.
Tabela 7. Povprecne vrednosti specificne kapacitivnosti (cg,), porusitvene napetosti (U,,) in
Zivljenjske dobe (t,,) ravninskih lipidnih dvoslojev sestavljenih iz meSanice 1- palmitil 2 — oleil
fosfatidilholina (POPC) in 1- palmitil 2 — oleil fosfatidilserina (POPS) v razmerju 3 proti 1. V tabeli je

zajeto Stevilo meritev (N) pri posameznem naklonu (k) linearno narascajoega napetostnega
vzbujanja. Podane so povprecne vrednosti in standardne deviacije.

N k (kv/s) Ceum (MF/cm?) Upr (V) tor (us)

16 4.8 0,22+0,06  0,54+0,05 113,26 +9,97
12 5,5 0,20£0,09  0,52+0,04  9595¢6,28
16 7.8 0,18+0,05  0,52+0,05 68,846,30
10 11,5 0,19+0,08  0,57+0,06 50,29 5,25
15 16,7 0,22+0,05  0,59+0,05 36,28+2,92
12 21,6 0,22+0,08  0,66+0,03 30,03+1,44
8 48,1 0,18+0,04  0,76+0,04 16,68+0,89

POPC:POPS (3:1)

Koeficienta krivulje (14) napete na izmerjene porusitvene napetosti (tabela 7) s podanim 95%
intervalom zaupanja sta a = 0,54 V £ 0,04 V in b = 14,3 us = 3,3 us. Parameter a je enak »pravi«
porusitveni napetosti ravninskega lipidnega dvosloja Uy in je na sliki 30 oznacen s sivo crtkano

¢rto. Crni pika-¢rta krivulji dolo¢ata pas zaupanja krivulji, ki jo dolo¢ata parametra a in b.
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Slika 30. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,) ravninskih lipidnih
dvoslojev sestavljenih iz mesanice 1- palmitil 2 — oleil fosfatidilholina (POPC) in 1- palmitil 2 - oleil
fosfatidilserina (POPS) v razmerju 3 proti 1. RdeCe crte predstavljajo naklone (k) linearno
naraséajoega napetostnega vzbujanja. €rna krivulja predstavlja napeto krivuljo na izmerjene
vrednosti po enacbi (14). 95% interval zaupanja za koeficienta a in b predstavlja pas med ¢rnima
pika-€rta krivuljama. Siva ¢rtkana crta je asimptota napete krivulje, ki podaja najmanjso
porusitveno napetost U,n = 0,54 V.

Enosmerni ANOVA test je pokazal statisticno znacilno razliko srednjih vrednosti (p<0,001)
porusitvenih napetosti dolocenih pri razlicnih naklonih vzbujanja. Vse mozne pare U,, smo med sabo

primerjali s Tukey-evim testom (tabela 8).

Tabela 8. Statisticna odvisnost porusitvenih napetosti U,, ravninskih dvoslojev iz mesanice lipida
POPC:POPS = 3:1 med izmerjenimi vrednostmi pri posameznih naklonih k. Vrednosti v spodnjem
delu tabele predstavljajo verjetnost p, da sta srednji vrednosti U,(k;) in U,(k,) enaki. Za p<0,05
smatramo, da sta vrednosti statisticno znacilno razlicni. V zgornjem delu tabele so statisti¢cno
znacilno razli¢éne vrednosti oznacene z 'da’ ostale pa z 'ne’.

Uy, (k) =4,8 kV/s =55kV/s  k=7,8kV/s k=11,5kV/s k=16,7kV/s k=21,6kV/s k=48,1 kV/s

k=4,8 kV/s

ne ne ne da da da

=5,5 kV/s 0,916 ne ne da da da
k=7,8 kV/s 0,945 1,000 ne da da da
k=11,5 kV/s 0,608 0,132 0,133 ne da da
k=16,7 kV/s 0,016 <0,001 <0,001 0,834 da da
k=21,6 kV/s <0,001 <0,001 <0,001 <0,001 da
=48,1 kV/s <0,001 <0,001 <0,001 <0,001

POPC:POPS =3:1
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4.3 POPC:POPS (1:1)

Meritve na ravninskih lipidnih dvoslojih zgrajenih iz meSanice lipidov POPC in POPS v razmerju 1 proti
1 so bile izvedene pri povprecni temperaturi okolice 23,1 °C. Pri naklonu 16,7 V/ms zasledimo
najvecjo relativno napako meritve porusitvene napetosti 10,2% in relativno napako meritev
Zivljenjske dobe 10,4%. Podatki meritev so zbrani v tabeli 9 in grafi¢no prikazani na sliki 31.
Tabela 9. Povprecne vrednosti specificne kapacitivnosti (cg,), porusitvene napetosti (U,,) in
Zivljenjske dobe (t,,) ravninskih lipidnih dvoslojev sestavljenih iz meSanice 1- palmitil 2 — oleil
fosfatidilholina (POPC) in 1- palmitil 2 — oleil fosfatidilserina (POPS) v razmerju 1 proti 1. V tabeli je

zajeto Stevilo meritev (N) pri posameznem naklonu (k) linearno narascajoega napetostnega
vzbujanja. Podane so povprecne vrednosti in standardne deviacije.

N k (kV/s) Ceum (MF/cm?) Upr (V) tor (us)

13 4.8 0,36 £ 0,09 0,48+0,03 101,24 +7,39
9 5,5 0,38 0,10 0,53+0,05 96,68+9,12
11 7.8 0,42 £ 0,08 0,53+0,04 69,66+ 4,60
7 11,5 0,35 + 0,06 0,55+0,04 48,49 +3,55
6 16,7 0,37 £ 0,12 0,59+0,06  3573+3,70
7 21,6 0,34 £ 0,09 0,63+0,05 28,90 2,30
7 48,1 0,42 £0,11 0,72+0,03  15,73+0,73

POPC:POPS (1:1)

Z napenjanjem intenzivnostno casovne krivulje (enacba (14)) na izmerjene vrednosti porusitvenih
napetosti pri razlicnih naklonih (tabela 9) smo ocenili parametra a = 0,56 V in b = 13,43 ps. Parameter
a doloca asimptoti¢no vrednost najmanjse porusitvene napetosti U,n. Na sliki 31 je oznacena kot
siva €rtkana €rta. Oceno zaupanja v prosta parametra napete krivulje smo izra¢unali z Matlab-ovo
funkcijo niparci. 95% interval zaupanja za parameter g znasa a = 0,56 V £ 0,05 V in za parameter b =

13.4 ps + 4.3 ps. Na sliki 31 je pas zaupanja omejen s ¢rnima pika-Crta krivuljama.
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Slika 31. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,) ravninskih lipidnih
dvoslojev iz 1- palmitil 2 — oleil fosfatidilholina (POPC). Rdece crte predstavljajo naklone (k)
linearno naras¢ajotega napetostnega vzbujanja. Crna krivulja predstavija napeto krivuljo na
izmerjene vrednosti po enacbi (14). 95% interval zaupanja za koeficienta a in b predstavlja pas
med c¢rnima pika-Crta krivuljama. Siva ¢rtkana crta je asimptota napete krivulje, ki podaja
najmanjso porusitveno napetost U,y = 0,56 V.

Statisticno smo srednje vrednosti porusitvenih napetostih preverjali z enosmernim ANOVA testom
(p<0,001). Statisticne primerjave dvojic porusitvene napetosti U,, pri razlicnih naklonih smo izvedli s
Tukey-evim testom (tabela 10). Za znacilno razlicne smo imenovali tiste, pri katerih je test hipotezo o
enakosti srednjih vrednosti U,, zavrgel z verjetnostjo p manjso od 0,05 (p<0,05).

Tabela 10. Statisticna odvisnost porusitvenih napetosti U,, ravninskih dvoslojev iz mesanice lipida

POPC:POPS = 3:1 med izmerjenimi vrednostmi pri posameznih naklonih k. Vrednosti v spodnjem

delu tabele predstavljajo verjetnost p, da sta srednji vrednosti U,(k;) in U,(k,) enaki. Za p<0,05

smatramo, da sta vrednosti statisticno znacilno razlicni. V zgornjem delu tabele so statisticno
znacilno razli¢éne vrednosti oznacene z 'da’ ostale pa z 'ne’.

Uy, (k) =4,8 kV/s =55kV/s  k=7,8 kV/s =11,5kV/s k=16,7kV/s k=21,6kV/s k=481 kV/s

k=4,8 kV/s

ne ne da da da da

=5,5 kV/s ne ne ne da da

k=7,8 kV/s 0,176 1,000 ne ne da da
k=11,5 kV/s 0,018 0,874 0,881 ne da da
k=16,7 kv/s <0,001 0,119 0,110 0,784 ne da
k=21,6 kV/s <0,001 <0,001 <0,001 0,009 0,366 da
=48,1 kV/s <0,001 <0,001 <0,001 <0,001 <0,001 0,008
POPC:POPS = 1:1
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4.4 POPC:POPS (1:3)

Meritve na ravninskih lipidnih dvoslojih zgrajenih iz meSanice lipidov POPC in POPS v razmerju 1 proti
3 so bile izvedene pri povprecni temperaturi okolice 26,4 °C. Najvecja relativna napaka porusitvene
napetosti v tej seriji meritev znasa 12,3% pri naklonu vzbujanja 5,5 V/ms. Najve¢jo relativnho napako
meritve Zivljenjske dobe 12,3% zasledimo pri naklonu 11,5 V/ms. Podatki meritev so zbrani v tabeli
11 in grafi¢no prikazani na sliki 32.
Tabela 11. Povprecne vrednosti specificne kapacitivnosti (cg), porusitvene napetosti (U,,) in
Zivljenjske dobe (t,,) ravninskih lipidnih dvoslojev sestavljenih iz meSanice 1- palmitil 2 — oleil
fosfatidilholina (POPC) in 1- palmitil 2 — oleil fosfatidilserina (POPS) v razmerju 1 proti 3. V tabeli je

zajeto Stevilo meritev (N) pri posameznem naklonu (k) linearno narascajoega napetostnega
vzbujanja. Podane so povprecne vrednosti in standardne deviacije.

N k (kv/s) Ceum (MF/cm?) Upr (V) tor (us)

14 4.8 0,27+0,18  0,59+0,05 126,02+11,91
11 5,5 0,34+0,16  0,57+0,07 105,58 +11,67
12 7.8 0,34+0,16  0,60+0,05 79,34%7,35
10 11,5 0,27+0,14  0,63+0,07 5580+6,86
8 16,7 0,30£0,14  0,69+0,07 42,73+4,13
11 21,6 0,31£0,19  0,72£0,07 32,98+3,36
9 48,1 0,35+0,19  0,84+0,09 1851+1,91

POPC:POPS (1:3)

Koeficienta a = 0,60 V £ 0,04 V in b = 15,5 us * 3,8 us dolocata potek napete krivulje (enacba (14)) za
ravninske lipidne dvosloje zgrajene iz meSanice POPC in POPS v razmerju 1 proti 3. »Prava«
porusitvena napetost U= 0,60V je na sliki 32 prikazana s sivo ¢rtkano ¢rto. Crni pika-¢rta krivulji

dolocata pas zaupanija krivulji, ki jo doloCata parametra a in b.
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Slika 32. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,) ravninskih lipidnih
dvoslojev sestavljenih iz mesanice 1- palmitil 2 — oleil fosfatidilholina (POPC) in 1- palmitil 2 - oleil
fosfatidilserina (POPS) v razmerju 1 proti 3. RdeCe crte predstavljajo naklone (k) linearno
naras¢ajoega napetostnega vzbujanja. €rna krivulja predstavlja napeto krivuljo na izmerjene
vrednosti po enacbi (enacba (14)), ¢rni pika-crta krivulji pa 95% pas zaupanja ocene parametrov
krivulje a in b. Siva ¢rtkana crta je asimptota napete krivulje, ki podaja najmanjSo porusitveno
napetost Uy = 0,60 V.

Porusitvene napetosti pri razlicnih naklonih se statisti¢no znacilno razlikujejo (enosmerni ANOVA test,
p<0,001). S Tukey-evim testom smo ocenili statisti¢cno odvisnost izmerjenih porusitvenih napetosti pri

posameznih naklonih (tabela 12).

Tabela 12. Statisticna odvisnost porusitvenih napetosti U, ravninskih dvoslojev iz mesanice lipida
POPC:POPS = 1:3 med izmerjenimi vrednostmi pri posameznih naklonih k. Vrednosti v spodnjem
delu tabele predstavljajo verjetnost p, da sta srednji vrednosti U,(k;) in U,(k,) enaki. Za p<0,05
smatramo, da sta vrednosti statisticno znacilno razlicni. V zgornjem delu tabele so statisticno
znacilno razli¢éne vrednosti oznacene z 'da’ ostale pa z 'ne’.

U, (k) k=4,8 kV/s k=5,5 kV/s k=7,8 kV/s k=11,5kV/s k=16,7 kV/s k=21,6 kV/s k=48,1 kV/s

=4,8 kV/s ne ne ne da da da

k=5,5 kV/s 0,984 ne ne da da da
k=7,8 kV/s 1,000 0,952 ne ne da da
k=11,5 kV/s 0,891 0,499 0,964 ne ne da
k=16,7 kv/s 0,027 0,005 0,061 0,425 ne da
k=21,6 kV/s <0,001 <0,001 0,002 0,052 0,984 da
k=48,1 kV/s <0,001 <0,001 <0,001 <0,001 <0,001 0,002
POPC:POPS =1:3
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4.5 POPC:POPS (0:1)

Meritve na ravninskih lipidnih dvoslojih zgrajenih iz lipida POPS so bile izvedene pri povprecni

temperaturi okolice 26,1 °C. Najvecjo relativho napako meritev porusitvene napetosti U,, zasledimo

pri naklonu 11,5 V/ms in znasa 13,6%. Relativha napaka meritev Zivljenjske dobe t,, je najvedja pri

naklonu 7,8 V/ms in znese 13,5%. Podatki meritev so zbrani v tabeli 13 in graficno prikazani na sliki

33.

Tabela 13. Povprecne vrednosti specificne kapacitivnosti (cg.), porusitvene napetosti (U,,) in
Zivljenjske dobe (t,,) ravninskih lipidnih dvoslojev sestavljenih iz 1- palmitil 2 — oleil fosfatidilserina
(POPS). V tabeli je zajeto tudi Stevilo meritev (N) pri posameznem naklonu (k) linearno
nara$cajocega napetostnega vzbujanja. Podane so povprecne vrednosti in standardne deviacije.

N k (kv/s) Ceum (MF/cm?) Usr (V) tor (us)

15 4.8 043+0,11  0,61£0,04 129,24+7,86
13 5,5 0,53+0,16  0,59+0,05 108,78 8,72
15 7.8 048+0,13  0,62+0,08 81,05+ 10,92
12 11,5 0,53+0,18  0,66+0,09 5866771
13 16,7 047+0,16  0,67+0,05 41,24+3,34
14 21,6 0,50£0,14  0,72+0,06 33,15+2,76
18 48,1 044+0,13  0,80+0,04 17,59+0,86

POPC:POPS (0:1)

Koeficienta eksponentne krivulje (enacba (14)) s 95% intervalom zaupanja staa=0,63V +0,04 Vin b

= 12,2 us £+ 3,5 us. To pomeni, da je »prava« porusitvena napetost za membrane zgrajene iz POPS

Upmav = 0,63 V in je na sliki 33 prikazana s sivo ¢rtkano ¢rto. Crni pika-¢rta krivulji dolocata pas

zaupanja krivulji, ki jo dolocata parametra a in b.
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Slika 33. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,) ravninskih lipidnih
dvoslojev sestavljenih iz 1- palmitil 2 — oleil fosfatidilserina (POPS). Rdece ¢rte predstavljajo
naklone (k) linearno naras¢ajocega napetostnega vzbujanja. Crna értasta krivulja predstavlja
napeto krivuljo na izmerjene vrednosti po enacbi (14), ¢rni pika-crta krivulji pa 95% pas zaupanja
ocene parametrov krivulje a in b. Siva ¢rtkana crta je asimptota napete krivulje, ki podaja
najmanjso porusitveno napetost U,y = 0,63 V.

Enosmerna ANOVA statistika pokaze statisticno znacilno razliko med srednjimi vrednostmi
porusitvene napetosti Uy, pri razlicnih naklonih vzbujanja (p<0,001). Medsebojne primerjave srednjih

vrednosti Uy, smo opravili s Tukey-evim testom (tabela 14).

Tabela 14. Statisticna odvisnost porusitvenih napetosti U, ravninskih dvoslojev iz lipida POPS med
izmerjenimi vrednostmi pri posameznih naklonih k. Vrednosti v spodnjem delu tabele
predstavljajo verjetnost p, da sta srednji vrednosti U, (k) in U,(k,) enaki. Za p<0,05 smatramo, da
sta vrednosti statisticno znacilno razlicni. V zgornjem delu tabele so statisticno znacilno razlicne
vrednosti oznacene z 'da’ ostale pa z 'ne'.

U, (k) k=4,8 kV/s k=5,5 kV/s k=7,8 kV/s k=11,5kV/s k=16,7 kV/s  k=21,6 kV/s =48,1 kV/s

k=4,8 kV/s ne ne ne ne da da

=5,5 kV/s 0,983 ne ne da da da
k=7,8 kV/s 1,000 0,916 ne ne da da
k=11,5 kV/s 0,267 0,057 0,449 ne ne da
k=16,7 kv/s 0,097 0,015 0,200 1,000 ne da
=21,6 kV/s <0,001 <0,001 0,002 0,158 0,320 da
k=48,1 kV/s <0,001 <0,001 <0,001 <0,001 <0,001 0,006

POPC:POPS =1:3
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4.6 Primerjava porusSitvenih napetosti razlicnih mesanic ravninskega
lipidnega dvosloja
Izmerjene vrednosti porusitvenih napetosti vseh mesanic ravninskih lipidnih dvoslojev smo grafi¢no

prikazali na sliki 34.
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Slika 34. Prikaz porusitvenih napetosti U,, v odvisnosti od Zivljenjske dobe t,, za vse uporabljene
mesanice lipidov (obarvane tocke). Rdece ¢rte predstavljajo naklone (k) linearno narascajocega
napetostnega vzbujanja. Sive polne krivulje predstavljajo podatkom prilagojene funkcijske
odvisnosti (enacbha (14)) za posamezno mesanico lipida.

Statisti¢no primerjavo porusitvenih napetosti med lipidnimi membranami sestavljenimi samo iz POPC
in samo iz POPS smo izvedli s t-testom (tabela 15). Vrednosti U,, pri naklonih 7,8 kV/s in 11,5 kV/s
smo primerjali z Mann-Whitney-evim testom, ker populaciji nista izkazali statisticne enakosti varianc,
ki jo zahteva t-test.

Tabela 15. Statisticna primerjava srednjih vrednosti U,, pri razlicnih naklonih k za lipidne dvosloje

iz POPC (1-pamitoil 2-oleoil 3-fosfatidilholin) in POPS (1-palmitil 2-oleil 3-fosfatidilserin) s t-

testom. Vrednosti za k = 7,8 kV/s in k = 11,5 kV/s sta zaradi neizpolnjenega pogoja enakosti
varianc primerjani z Mann-Whitney-evim testom.

k p Stat. razli¢na?
4,8 kV/s <0,001 da
5,5 kV/s 0,013 da
7,8 kV/s 0,010 da
11,5 kV/s 0,069 ne
16,7 kV/s 0,259 ne
21,6 kV/s 0,010 da
48,1 kV/s 0,025 da
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Koeficienti a in b za vse meSanice so zbrani v tabeli 16 in grafi¢no predstavljeni na sliki 35.

Tabela 16. Parametri krivulje a in b (enacba (14)) za vse meSanice lipidov.

Lipidi: parameter a (V) parameter b (us)
POPC:POPS = 1:0 0,56 + 0,05 134+43
POPC:POPS =3:1 0,54 + 0,04 14,3+33
POPC:POPS =1:1 0,53 +0,04 12,7 £3,7
POPC:POPS =1:3 0,60 + 0,04 155+3,8
POPC:POPS =0:1 0,63 £ 0,04 12,2+35
08 2

0,6 E ]
P :

0,4 1

10 A

parameter a (V)
parameter b (us)

0,2 1

0,0 - T T T T T 0 - T T T T T
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Slika 35. Levo: vrednosti parametra a (enacba (14)), ki je enak »pravi« porusitveni napetosti Uy
v odvisnosti od deleza POPS v mesanici lipida. Podrocje odstopanja je 95% interval zaupanja.
Desno: vrednosti parametra b (enacba (14)), ki doloc¢a ukrivljenost napete krivulje v odvisnosti od
deleza POPS v mesanici lipida. Podrocje odstopanja je 95% interval zaupanja.

4.7  Zakljucki

Kadar raziskujemo metodo elektroporacije v biomedicini in biotehnologiji, je porusitvena napetost
ena izmed pomembnejsih lastnosti ravninskega lipidnega dvosloja. Ravninski lipidni dvosloj je sicer le
preprost model celicne membrane, a predvidevamo, da so osnovni principi pojava elektroporacije
enaki. Cilj te raziskave je bil poiskati merilni protokol za dolocitev porusitvene napetosti, s katerim bi
se izognili veckratni izpostavitvi ravninskega lipidnega dvosloja elektricnim pulzom in napetostnemu
stresu, ki se pri tem ustvari. Ker je iz literature znano, da prihaja pri izpostavitvah elektri¢nim pulzom
do velike razprsenosti meritev, si Zelimo vecjo ponovljivost pri dolocanju Zivljenjske dobe ravninskih

lipidnih dvoslojev.

V okviru doktorske disertacije sem Zelel poiskati metodo, s katero bi omejil vlogo pred-izpostavitve

ter zmanjsal naklju¢nost pojava. S predstavljenim merilnim protokolom je ravninski lipidni dvosloj
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izpostavljen elektricnemu stresu le dvakrat. Prvic je izpostavljen elektricnemu pulzu amplitude 300
mV med merjenjem kapacitivnosti. Z meritvijo kapacitivnosti najlazje kontroliramo kvaliteto
ravninskega lipidnega dvosloja. V naslednjem koraku uporabimo linearno narascajo¢ napetostni
signal ter porusimo ravninski lipidni dvosloj. Trenutek, ko pri¢ne skozi ravninski lipidni dvosloj teci
tok, doloca porusitveno napetost ter Zivljenjsko dobo ravninskega lipidnega dvosloja pri izbranem

naklonu linearno naras¢ajoega napetostnega signala.

Pri poizkusih smo uporabili sedem razlicnih naklonov linearno narascajocega napetostnega signala.
Za izbiro razlicnih naklonov smo se odlocili na podlagi ¢lankov, ki opisujejo dolo¢anje porusitvene
napetosti ravninskih lipidnih dvoslojev ter njihovo Zivljenjsko dobo glede na amplitudo pulza [Troiano
et al. 1998, MacekLebar et al. 2002] in vpliva pred-izpostavitve ravninskih lipidnih dvoslojev na
Zivljenjsko dobo [Abidor et al. 1979]. Nasi rezultati kaZejo, da sta porusitvena napetost ter Zivljenjska
doba ravninskega lipidnega dvosloja funkciji naklona linearno narasc¢ajo¢ega napetostnega signala.
Linearno narascajoca napetost z manjsim naklonom izpostavlja ravninski lipidni dvosloj napetosti dlje
Casa (daljSa pred-izpostavitev), zato je porusitvena napetost niZja kot pri signalih z bolj strmim
naklonom. Pri strmem naklonu linearno narascajocega signala krajSo pred-izpostavitev ravninskega
lipidnega dvosloja napetosti. Zaradi krajse pred-izpostavitve ima ravninski lipidni dvosloj visjo
porusitveno napetost. Joshi s sodelavci je predstavil teoretiéni model, v katerem je preuceval
nastajanje por v celi¢éni membrani v odvisnosti od membranske napetosti ter ¢asa izpostavitve [Joshi
in Schoenbach 2000]. S simulacijami sta pokazala, da visokonapetostni pulzi ne povzrocijo
ireverzibilne poracije na celici, ¢e so le ti dovolj kratki. Leontiadu s sodelavci je z simulacijami pokazal,
da je za porusitev ravninskega lipidnega dvosloja potrebno preseci prag [Leontiadu et al. 2004]. Zato
smo za opis odvisnosti uporabili matemati¢ni zapis, ki prag predpostavlja. Asimptota dvo-
parametrske krivulje enacbe (14) ustreza porusitveni napetosti specificnega lipidnega dvosloja. Za
ravninske lipidne dvosloje, tvorjene iz lipidnih molekul POPC in POPS, smo izmerili statisticno znacilne

razlike porusitvenih napetosti.

Elektricna porusitev ravninskega lipidnega dvosloja 53



4 Merjenje porusitvene napetosti ravninskega lipidnega dvosloja z linearno narascajocim signalom

54 Peter Kramar



5 Dolocitev viskoelasti¢nih lastnosti ravninskega lipidnega dvosloja

5 Dolocitev viskoelasticnih lastnosti ravninskega lipidnega dvosloja
na podlagi porusSitvene napetosti izmerjene 2z linearno

narascajocim signalom

Mehanske lastnosti ravninskih lipidnih dvoslojev opiSemo makroskopsko z uporabo teorije trdnih
teles in tekocih kristalov. Helfrich s sodelavci je leta 1973 predlagal teorijo ter moZne eksperimente
za merjenje elasti¢nih lastnosti ravninskih lipidnih dvoslojev [Helfrich 1973]. Zaradi anizotropije
ravninskega lipidnega dvosloja, je za opis viskoelasti¢nih lastnosti potrebnih nekaj elasti¢nih

modulov, ki se razlikujejo glede na smer deformacije membrane.

Do sedaj eksperimentalno na ravninskih lipidnih dvoslojih mehanske lastnosti niso bile merjene.
Materialne lastnosti lipidnih dvoslojev so dolocevali na orjaskih unilamelarnih veziklih z vzpostavitvijo
tlacne razlike [Evans in Needham 1987; Kwok in Evans 1981; Olbrich et al. 2000; Rawicz et al. 2000;
Schneider et al. 1984], z magnetno resonanco ter odklonom X-zZarkov [Koenig et al. 1997]. Meleard s
sodelavci je uporabil tehniko video mikroskopije za analizo termi¢nih nihanj membrane veziklov
orjaskih unilamelarnih veziklih [Meleard et al. 1992]. Genova s sodelavci je z aspiracijo mikropipete
na membrani orjaskega unilamelarnega vezikla ustvarjal razliko tlaka, odziv lipidnega dvosloja pa so
opazovali z video mikroskopijo [Genova et al. 2006]. Na ravninskih lipidnih dvoslojih je Winterhalter s
sodelavci ocenil viskoelasticne lastnosti brez dodatnega vzbujanja z dinami¢no svetlobno
spektroskopijo [Winterhalter 2000]. Zehl s sodelavci je predstavil Monte Carlo simulacijo za
preucevanje fizikalnih lastnosti ravninskih lipidnih dvoslojev [Zehl et al. 2006]. Zaradi izredno majhne
debeline lipidnega dvosloja ter ekstremno majhnih sprememb debeline ob njegovih deformacijah ne
moremo neposredno izmeriti transverzalnega modula elasti¢nosti. Ocenimo ga lahko preko meritve
kapacitivnosti s posebno metodo, ki temelji na merjenju visokih harmonskih frekvenc v amplitudi

toka [Hianik 2006].

Sestava ravninskega lipidnega dvosloja vpliva na mehanske lastnosti, kot sta modul elasti¢nosti ter
povrsinska napetost [Evans in Needham 1987; Rawicz et al. 2000; Hianik 2006]. Pri ravninskih lipidnih
dvoslojih, zgrajenih iz mesSanice lipidnih molekul, privzamemo, da je mesanje lipidov enakomerno.
Modul elasti¢nosti ravninskega lipidnega dvosloja se spreminja ob uporabi razlicnih topil ter ob
dodajanju razlicnih povrsinsko aktivnih molekul, kot je na primer holesterol [Evans in Needham 1987;

Hianik 2006].

Cilj raziskave je bil dolociti mehanske lastnosti ravninskega lipidnega dvosloja. Uporabili smo

rezultate meritev, ki so bile opisane v prejSnjem razdelku. Na izmerjene tocke porusitvene napetosti
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in Zivljenjske dobe posamezne mesanice ravninskega lipidnega dvosloja smo napeli krivuljo modela ,
ki ga je razvil Dimitrov [Dimitrov 1984]. Model povezuje porusitveno napetost in porusitveni cas
ravninskega lipidnega dvosloja, pri ¢emer uposSteva odvisnost teh parametrov od mehanskih
lastnosti: Youngovega modula elasti¢nosti (E), povrsinske napetosti (o) in viskoznosti (u). Glavno
vprasanje, ki smo si ga zastavili ob racunanju, je bilo ali so iz meritev porusitvene napetosti U, in
Zivljenjskega Casa t,, prek modela dobljene vrednosti Youngovega modula elasti¢nosti E in povrsinske
napetosti o primerljive s tistimi, ki so Ze objavljene v literaturi. Raziskovali smo tudi vpliv mesanice

lipidnih molekul na elasti¢nost in povrsinsko napetost ravninskega lipidnega dvosloja.
5.1 Viskoelasti¢cni model ravninskega lipidnega dvosloja

5.1.1 Predstavitev modela

Predpostavljamo, da je ravninski lipidni dvosloj tanek viskoelasti¢ni film sestavljen iz dveh plasti A in
B debeline H, in Hg. Notranji ravnini obeh plasti sta sklenjeni, zunanji pa nihata z amplitudo . Za
model veljajo predpostavke, da je amplituda povrSinskega nihanja plasti A in B (slika 36A) manjsa od
debeline ravninskega lipidnega dvosloja ({, 5 « h). Odklone povrsine ravninskega lipidnega dvosloja od
mirovne lege H, oziroma H; predstavimo s superpozicijo povrsinskih valov z valovno dolzino A, ki je
mnogo daljsa od debeline ravninskega lipidnega dvosloja h. Opazovali bomo poljubni povrsinski val in

valovno dolzino izrazali z valovnim Stevilom k.
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Slika 36. Viskoelasticni model ravninskega lipidnega dvosloja. A) Predpostavljamo, da je ravninski
lipidni dvosloj sestavljen iz dveh plasti A in B. Debelini posameznih plasti H, in Hg sta enaki in
skupaj znasata h. Amplitude odklonov so ponazorjene z {, in {z. B) Osnovni linearni model trdnega
telesa, kjer sta G, in G elastic(ha modula, u pa viskoznost telesa. C) Viskoelasticni model
ravninskega lipidnega dvosloja predstavljen z osnovnim linearnim modelom trdnega telesa za
plast A in B posamezno.

Predpostavimo tudi, da je ravninski lipidni dvosloj nestisljivo telo in se vede kot viskoelasticni in
izotropni material predstavljen z osnovnim linearnim modelom trdnega telesa (slika 36B), kjer G in G,
predstavljata elasticna modula, u pa viskoznost telesa. Deformacijo ravninskega lipidnega dvosloja
povzroci tlak, ki ga ustvarimo s pritisnjeno napetostjo U na ravninski lipidni dvosloj. Gostoto
elektricne energije na ravninskem lipidnem dvosloju izrazimo z enacbo:

UZ

H:H ==& & —. 31
el m 02h2 ( )
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Z odvajanjem gostote elektricne energije po debelini ravninskega lipidnega dvosloja h dobimo tlak na
ravninskem lipidnem dvosloju, ki ga povzroci zunanja napetost:
_d1 U’

=& & . (32)

m=""= il
dh "R

Predpostavimo tudi, da so tangencialne komponente povrsinske napetosti izredno majhne in da jih
lahko zanemarimo. PovrSinsko napetost ravninskega lipidnega dvosloja predstavimo z dvema

vzporednima vzmetema A in B plasti (slika 36C):
(33)

Nihanje zgornje , in spodnje {z plasti ravninskega lipidnega dvosloja opisuje kompleksni parameter

.
w=pB+iy, (34)

kjer realni del Bdolo¢a odmik ravninskega lipidnega dvosloja od osnovne ravnine, imaginarni del y

pa nihanje ravninskega lipidnega dvosloja. Vrednost koeficienta [ nam predstavlja stanja

ravninskega lipidnega dvosloja:

e >0 na ravninskem lipidnem dvosloju se pojavijo motnje, poviSa se upognjenost membrane
in posledi¢no porusitev ravninskega lipidnega dvosloja,
e =0 ravninski lipidni dvosloj je labilno stabilen,

e <0 ravninski lipidni dvosloj je stabilen.

Poljubno obliko lahko opiSemo kot superpozicijo valov, ki jih okarakterizirajo valovna Stevila k.
Valovno stevilo k, ki ustreza labilni stabilnosti imenujemo kriticno valovno Stevilo k.. Obi¢ajno so
valovi kK manjsi od k., kar pomeni, da je ravninski lipidni dvosloj stabilen. Poleg teh valov imamo
opravka Se z dominantnim valom, dolo¢enim z valovnim Stevilom kg, pri katerih ima £ maksimum. Ti
valovi povzrotijo, da se memrbrana porusi. Cas poruditve 7 je obratno sorazmeren koeficientu S

[Dimitrov 1984]:

TR— (35)

Elektricna porusitev ravninskega lipidnega dvosloja 57



5 Dolocitev viskoelasti¢nih lastnosti ravninskega lipidnega dvosloja

12G+ 1’k (Ek2 —H’)
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(36)

Vpeljemo poenostavitve viskoelasticnega modela [Dimitrov 1984]:
1. G,=o

. v o U
2. 0,=0, =0 = simetricnamembrana= & :E

V osnovno enacbo (36) vnesemo nastete predpostavke modela:
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GO GO
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h
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37.4— 2 2
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=0 =0 =0

Zaradi prve predpostavke, kjer smo dolocili, da obravnavamo Kelvinovo telo (G, = o°), so zadniji trije

¢leni vimenovalcu enaki nic. Sledi,

G hGk' ¢,kU°
+

P = o T 2a
30 ;4
__E_h Ek +8m80k2U2 58)
y7i 12u 12u

G hok' ¢&,kU°
+ :
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Porusitev membrane pricakujemo pri najvecji vrednosti koeficienta £, pri katerem je k = k,. V tem

primeru ravninski lipidni dvosloj najbolj zaniha in je verjetnost porusitve najvecja:

%

=0. 39
7 (39)

k=k,

Pois¢emo odvod rastnega koeficienta £ po valovnem Stevilu:

3 2 3 2
%:i[_g_ho—k4+gmeoU kz]:_hak3+emgoU . o)
ok Ok\ u 24u 121 ou 6u

in izpolnimo enacbo (39):
3 2
_h O'k3+€m80U k, =0
6u 6u
2 3
%z}iﬁakj, k,#0 (41)
k2= £,5U°
¢ Ko
Vrednost ky vstavimo v enacbo (38):
B, = ﬂ(k = kd)
G Ko e&gU' ¢eU° &6U’
- . + .
u 24y  h°c’ 121 Ko
_ G aaut aau )
U 24uh’c 12uh’c
_ G ggU
u 24uh’c
_&eUt -24Gh’o
24uh’c

Rezultat ustreza dominantnemu koeficientu f; Z upostevanjem enacbe (35) dobimo enacbo za

zZivljenjski ¢as ravninskega lipidnega dvosloja:

H
Tsz 3 22?”}130- 3 x G . (43)
B, €U -24Gh'oc [ &282U* .
24Gh’c
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5 Dolocitev viskoelasti¢nih lastnosti ravninskega lipidnega dvosloja

Da se znebimo znaka priblizno, privzamemo sorazmernostno konstanto «. Funkcijo naravnega

logaritma vpeljemo iz predpostavke, da je sistemu lastno nihanje zaradi Bravnovega gibanja {, « h, v

nasprotnem primeru pa bo Zivljenjski ¢as enak nic.

o7
a=In| —|.
2¢,

Enacbo (43) zapisemo:

U
_ G
o (ging“ ~ j
24Gh’c
Posledice:
I Porusitvena napetost U, pri 7 — ©

Iz enacbe (45) izpostavimo napetost:

2 2774
o BtV p ) B
24Gh’o G

getut _lza_u/
24Gh’c Gr / 24Gh’c

£2e2U* —24Gh o =2 2461 o

Gt
1

Ut = 24Gh30'(1 + “—”j
£,8) Gr

2.2

In dobimo koncno enacbo:

U= \/%{24(}/130(1 +“—“ﬂ.
£.& Gr

Poglejmo enacbo(46), v primeru ko se parameter 7 — o0:

(44)

(45)

(46)

(47)
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limU =U,

T—>0

. . 1 a
limU = lim 4| —— 24Gh’ o 1+—’u (48)
T—>0 T—>0 8m80 GT
——
=0
3
U =3 24(2}}120’
gmgo
oziroma
5 2h
U, =——60Gh (49)
£,&,
Il. Z narascajoco napetostjo se €as potreben za porusitev ravninskega lipidnega dvosloja 7
zmanjsuje.
Enacbo (45) preoblikujemo
-1
G | &&U*
T_: m<0 —— (50)
au 24Gh’oc
In naredimo substitucijo spremenljivk
_ G
T=—1r
a,
ILlZ 2rr4 (51)
=, &,5U
24Gh’c
Dobimo enacbo:
— -1
r=[U"-1]
—1 _ 774
=U"-1
° (52)
U'=7"+1
U=47"+1=0=41+10"")
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Upostevajmo Se, da je Youngov modul elasti¢nosti zaradi obravnavanja nestisljivega telesa enak

E =3-G [Dimitrov 1984] ter ga vstavimo v enacbo (49)

2
U= 2h V20 Eh = Eh ,/8—0 (53)

£, £,& VEh

m

5.1.2 Uporaba modela
V splosni enacbi viskoelasticnega modela (47) je zapisana relacija med porusitveno napetostjo U in
Zivljenjskim ¢asom t ravninskega lipidnega dvosloja. Privzamemo, da se vsi ostali parametri v enacbi

ne spreminjajo, zato lahko zapisemo enacbo:

U:4,/aD+b—D, (54)
T

kjer parametra ap in by ustrezata

oEh

2
ap :Uc4 = jzhgz
241 oo

b, :—8285 .

Specifi¢no kapacitivnost ravninskega lipidnega dvosloja izrazimo kot

&,E,
=t 56
h (56)

Coim

In jo lahko vstavimo v enacbi (55) za izracun parametrov ap in bp:

28 oEh

Com (57)
24

2
CBLM

a, =

b, = hoou

Krivuljo (54) smo napeli na rezultate meritev porusitvene napetosti ravninskega lipidnega dvosloja z
linearno narascajoCim signalom predstavljene v poglavju 4, kjer nam U predstavlja porusitveno
napetost Uy, 7 pa Zivljenjski ¢as ravninskega lipidnega dvosloja t,,. |z parametrov ap in by smo

izra¢unali Youngov modul elasti¢nosti (E) in povrSinsko napetosti (o) ravninskega lipidnega dvosloja.
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Preostale parametre smo privzeli po Dimitrovu [Dimitrov 1984]. Sorazmernostna konstanta osnovnih

fluktuacij a = 2, viskoznost 1 = 6 Ns/m2 in debelina ravninskega lipidnega dvosloja h = 3,5 nm.

Iz meritev porusitvene napetosti v poglavju 4 smo podali rezultate za specificno kapacitivnost cg,
porusitveno napetost U,, in Zivljenjski ¢as t, ravninskih lipidnih dvoslojev zgrajenih iz POPC (1-
pamitoil 2-oleoil 3-fosfatidilholin), POPS (1-palmitil 2-oleil 3-fosfatidilserin) in mesanic POPC in POPS
v petih razli¢nih razmerjih (1:0, 3:1, 1:1, 1:3 in 0:1). Z uporabo viskoelasticnega modela opisanega v
poglavju 5.1.1 smo dolocili Youngov modul elasti¢nosti (E) in povrSinske napetosti (o) ravninskega

lipidnega dvosloja za posamezno mesanico lipidov.

5.1.3 POPC:POPS (1:0)

Za ravninske lipidne dvosloje zgrajene izklju¢no iz POPC molekul smo naredili 106 uspesnih
poizkusov. Njihova povpre¢na vrednost specifi¢ne kapacitivnosti je bila 0,51 + 0,07 pF/cm® Na
povprecne vrednosti izmerjenih porusitvenih napetosti U,, pri posameznem naklonu k smo napeli
viskoelasti¢ni model ravninskega lipidnega dvosloja (enacba (54)). 1z parametrov modela ap = (3,20
1,37) 10 V* ter bp = 5,0 + 0,8 V*us smo izratunali Youngov modul elasti¢nosti £ = 23,09 + 0,37 N/cm?

ter povriinsko napetost o = (12,90 + 3,50)-10” J/m? (slika 37).

1,0
038 -
0,6 - ~ el
s | | /) F T
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. 4.8kV/s
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02 1 IV. 11.5 kV/s
V. 16.7kV/s
VI. 21.6 kV/s
VII. 48.1 kV/s
0,0 T T T T
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Slika 37. Porusitvena napetost (U,) v odvisnosti od Zivljenjske dobe (t,) ravninskih lipidnih
dvoslojev iz 1-palmitil 2—oleil 3-fosfatidilholina (POPC). Rdece crte predstavljajo naklone (k)
linearno naras¢ajocega napetostnega vzbujanja. €rna krivulja predstavlja napeto krivuljo na
izmerjene vrednosti po enacbi (54). Pas med ¢rnima pika-Crta krivuljama predstavlja 68% interval
zaupanja za koeficienta a, in bp,.
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5.1.4 POPC:POPS (3:1)

Za ravninske lipidne dvosloje zgrajene iz mesanice POPC in POPS v razmerju 3:1 smo naredili 89
uspesnih poizkusov. Njihova povpreéna vrednost kapacitivnosti je bila 0,17 + 0,06 pF/cm? Na
povprecne vrednosti izmerjenih porusitvenih napetosti U, pri posameznem naklonu k smo napeli
viskoelasti¢ni model ravninskega lipidnega dvosloja (enacba (54)). Iz parametrov modela ap, = (2,33
0,75) 10*V*ter bp= 4,8 £ 0,6 V4us smo izracunali Youngov modul elasti¢nosti £ = 17,61 £ 0,21 N/cm?
ter povriinsko napetost o = (12,90 + 3,50)-10° J/m? (slika 38).

1,0
0,8
0,6 e _
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VI. 21.6 kV/s
VII. 48.1 kV/s
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Slika 38. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,,) ravninskih lipidnih
dvoslojev sestavljenih iz mesanice 1-palmitil 2—oleil 3-fosfatidilholina (POPC) in 1-palmitil 2—oleil
fosfatidilserina (POPS) v razmerju 3 proti 1. Rdece crte predstavljajo naklone (k) linearno
naraicajotega napetostnega vzbujanja. Crna krivulja predstavlja napeto krivuljo na izmerjene
vrednosti po enacbi (54). Pas med ¢rnima pika-crta krivuljama predstavlja 68% interval zaupanja
za koeficienta ap in bp,.
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5.1.5 POPC:POPS (1:1)

Za ravninske lipidne dvosloje zgrajene iz meSanice POPC in POPS v razmerju 1:1 smo naredili 60
uspesnih poizkusov. Njihova povpreéna vrednost kapacitivnosti je bila 0,31 + 0,07 pF/cm?. Na
povprecne vrednosti izmerjenih porusitvenih napetosti U,, pri posameznem naklonu k smo napeli
viskoelasti¢ni model ravninskega lipidnega dvosloja (enacba (54)). Iz parametrov modela ap = (1,99 +
0,64) 102 V*ter bp=3,9+0,5 V4us smo izracunali Youngov modul elasti¢nosti £ = 18,48 + 0,24 N/cm?
ter povriinsko napetost o = (3,69 + 1,67)-10” J/m? (slika 39).
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Slika 39. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,,) ravninskih lipidnih
dvoslojev sestavljenih iz mesSanice 1-palmitil 2—oleil fosfatidilholina (POPC) in 1-palmitil 2—oleil
fosfatidilserina (POPS) v razmerju 1 proti 1. Rdece crte predstavljajo naklone (k) linearno
narai¢ajoega napetostnega vzbujanja. €rna krivulja predstavlja napeto krivuljo na izmerjene
vrednosti po enacbi (54). Pas med ¢rnima pika-crta krivuljama predstavlja 68% interval zaupanja
za koeficienta ap in bp.
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5.1.6 POPC:POPS (1:3)

Za ravninske lipidne dvosloje zgrajene iz mesanice POPC in POPS v razmerju 1:3 smo naredili 75

uspesnih poizkusov. Njihova povpreéna vrednost kapacitivnosti je bila 0,24 + 0,14 pF/cm? Na

povprecne vrednosti izmerjenih porusitvenih napetosti U, pri posameznem naklonu k smo napeli

viskoelasti¢ni model ravninskega lipidnega dvosloja (enacba (54)). Iz parametrov modela a, = (4,70 +

1,06) 102 V* ter bp=7,4 +1,5 V4us smo izracunali Youngov modul elasti¢nosti £ = 22,90 + 0,28 N/cm?

ter povriinsko napetost o = (4,22 +4,92)-10” J/m? (slika 40).
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Slika 40. Porusitvena napetost (U,,) v odvisnosti od Zivljenjske dobe (t,,) ravninskih lipidnih
dvoslojev sestavljenih iz mesanice 1-palmitil 2—oleil fosfatidilholina (POPC) in 1-palmitil 2—oleil
fosfatidilserina (POPS) v razmerju 1 proti 3. Rdece crte predstavljajo naklone (k) linearno
naraicajotega napetostnega vzbujanja. Crna krivulja predstavlja napeto krivuljo na izmerjene
vrednosti po enacbi (54). Pas med ¢rnima pika-crta krivuljama predstavlja 68% interval zaupanja

za koeficienta ap in bp,.
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5.1.7 POPC:POPS (0:1)

Za ravninske lipidne dvosloje zgrajene izklju¢no iz POPS molekul smo naredili 106 uspesnih poizkusov.
Njihova povpreéna vrednost kapacitivnosti je bila 0,41 + 0,13 pF/cm® Na povpreéne vrednosti
izmerjenih porusitvenih napetosti U,, pri posameznem naklonu k smo napeli viskoelasti¢ni model
ravninskega lipidnega dvosloja (enacba (54)). Iz parametrov modela a, = (8,36 + 2,14) 10> V* ter b, =
56 £+ 1,1 V4us smo izracunali Youngov modul elasti¢nosti £ = 53,37 + 0,65 N/cm? ter povrsinsko

napetost o = (9,41 + 0,60)-10 J/m? (slika 41).
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Slika 41. Porusitvena napetost (U,) v odvisnosti od Zivljenjske dobe (t,) ravninskih lipidnih
dvoslojev sestavljenih iz 1-palmitil 2—oleil fosfatidilserina (POPS). Rdece crte predstavljajo naklone
(k) linearno nara$cajocega napetostnega vzbujanja. Crna krivulja predstavlja napeto krivuljo na
izmerjene vrednosti po enacbi (54). Pas med ¢rnima pika-Crta krivuljama predstavlja 68% interval
zaupanja za koeficienta aj, in bp,.
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5.1.8 Primerjava mesanic
Parametra krivulje (enacba (54)) ap in bp, izmerjena specificna kapacitivnost cg ravninskega
lipidnega dvosloja ter izracunani vrednosti Youngov modul elasti¢nosti (E) in povrsinske napetosti (o)

so za vse obravnavane sestave ravninskih lipidnih dvoslojev podani v tabeli 17 ter prikazani na sliki

42.
Tabela 17. Zbrane vrednosti parametrov ap, in bp, izmerjena specificna kapacitivnost cg
ravninskega lipidnega dvosloja ter izracunane vrednosti elasticnosti E in povrsSinske napetosti o,
ravninskih lipidnih dvoslojev zgrajenih iz razli¢nih koncentracij lipidov POPC in POPS.

POPC:POPS N ap(10%V*Y)  bp(V*us)  cam (UF/ecm?)  E (Nfcm’) o (10° J/m?)
1:0 106 3,20+ 1,37 50+0,8 0,51+0,17 23,09+ 0,37 12,90 + 3,50
3:1 89 2,33+0,75 4,8+0,6 0,17 £ 0,06 17,61+£0,21 1,37 +£0,96
1:1 60 1,99 £ 0,64 3,9+£0,5 0,31 £0,07 18,48 £ 0,24 3,69 1,67
1:3 75 4,70 +1,06 7,4+1,5 0,24+0,14 22,90+0,28 4,22 +492
0:1 100 8,36%2,14 56+1,1 0,41+0,13 53,37 £ 0,65 9,41 £ 0,60
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Slika 42. Prikaz porusitvenih napetosti U,, v odvisnosti od Zivljenjske dobe t,, za vse uporabljene
mesanice lipidov (obarvane tocke). Rdece ¢rte predstavljajo naklone (k) linearno narascajocega
napetostnega vzbujanja. Sive polne krivulje predstavljajo podatkom prilagojene funkcijske
odvisnosti viskoelasticnega modela (enacba (54)) za posamezno mesanico lipida.

Na sliki 43 sta predstavljena parametra ap, in b, dolocena iz podatkov porusitvenih napetosti
prilagojenih na viskoelasti¢éni model ter izraCunan Yungov modul elasti¢nosti ter povrsinska napetost

ravninskega lipidnega dvosloja za razlicne meSanice. Enokomponentni ravninski lipidni dvosloji
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zgrajeni iz molekul POPS imajo znadilno vecji Youngov modul elasti¢nosti E. Ravninski lipidni dvosloji

zgrajeni iz POPC lipidnih molekul doseZejo visjo povrsinsko napetost o ob porusitvi.
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Slika 43. Zgoraj: parametera ap, (A) in by (B) izracunana iz viskoelasticnega modela napetega na na
rezultate merjenja porusitvene napetosti pri razlicnih mesanicah POPC in POPS ravninskih lipidnih
dvoslojih. Spodaj: Youngov modul elasti¢nosti E (C) in povrsSinska napetost o (D) na ravninskem
lipidnem dvosloju izra€unana iz parametrov ap in bp.

5.2  Zakljucki

Za dolocitev Youngovega modula elasti¢nosti E in povrSinske napetosti o ravninskega lipidnega
dvosloja smo uporabili viskoelasti¢ni model ravninskega lipidnega dvosloja, ki ga je opisal Dimitrov
[Dimitrov 1984]. Model povezuje kapacitivnost, Youngov modul elasti¢nosti, viskoznost, povrsinsko
napetost, Zivljenjski dobo in porusitveno napetost ravninskega lipidnega dvosloja. V preteklosti so
bile modelu ocitane pomanijkljivosti, ker ne upoSteva stohasticne narave procesa porusitve ob
izpostavitvi konstantni napetosti [Weaver in Chizmadzev 1996; Chen et al. 2006]. Z merjenjem
porusitvene napetosti ravninskega dvosloja z uporabo linearno narascajocega signala, mocno
zmanjSamo naklju¢nost porusitve ravninskega lipidnega dvosloja. Povezali smo eksperimentalne

rezultate porusitvene napetosti ter Zivljenjske dobe z viskoelasticnimi lastnostmi ravninskih lipidnih
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dvoslojev ter izraCunali vrednosti Youngovega modula elasticnosti in povrsSinske napetosti

ravninskega lipidnega dvosloja.

Izracunane vrednosti povrsinske napetosti ravninskega lipidnega dvosloja ob porusitvi smo primerjali
s tistimi, ki so jih objavili drugi avtorji. lzmerjene vrednosti povrsinske napetosti (o) merjene na
velikih unilamelarnih veziklih se nahajajo med 0,01 in 25 107 J/m?% odvisno od sestave membrane
[Evans in Needham 1987; Olbrich et al. 2000; Dimitrov 1984; Bloom et al. 1991, Hallett et al. 1993;
Mui et al. 1993; Needham et al. 1988]. Do sedaj eksperimentalno na ravninskih lipidnih dvoslojih
nobena od mehanskih lastnosti ni bila merjena. Nasi rezultati povrSinske napetosti se skladajo s
podatki za velike unilamelarne vezikle iz literature, ceprav moramo poudariti, da imajo ocene precej
velika stresanja, Se posebej pri mesanicah POPC:POPS 3:1 in 1:3. Eden od moznih razlogov je lahko
izbrana vrednost debeline (h) ravninskega lipidnega dvosloja, ki ni natancno dolocena za vsak
ravninski lipidni dvosloj posamezne mesSanice. Elektricno polje v ravninskem lipidnem dvosloju
povzroci lateralni stres, ki neposredno vpliva na povrSinsko napetost ter igra pomembno vlogo pri

postavitvi lipidnih glavic ter nastajanju por v ravninskih lipidnih dvoslojih [Lewis 2003].

V nasi raziskavi so bili ravninski lipidni dvosloji sestavljeni z dveh razli¢nih lipidnih molekul. Lipidna
molekula POPS (1-palmitil 2-oleil 3-fosfatidilserin) ima negativho nabito glavico, lipidna molekula
POPC (1-pamitoil 2-oleoil 3-fosfatidilholin) pa ima elektrostaticno nevtralno glavico. Zaradi odbojnih
elektrostati¢nih sil med lipidnimi molekulami smo pri ravninskih lipidnih dvoslojih sestavljenih iz
POPS lipidnih molekul, pri¢akovali nizje porusitvene napetosti (U,,) ter posledi¢no tudi niZje vrednosti
elasticnega modula (E) ter povrsinske napetosti (o). Vendar pa smo izmerili za POPS ravninski lipidni
dvosloj najvisje vrednosti porusitvene napetosti. V primeru veziklov je eden od klju¢nih napovednikov
membranske trdnosti elasti¢ni modul ukrivljenosti vezikla [Evans et al. 2003]. V nasem primeru je bil
ocenjen modul elasti¢nosti (E) za ravninske lipidne dvosloje zgrajene iz POPS statisticno znacilno visji
kot iz POPC. To ni bila le posledica visje porusitvene napetosti, ampak tudi ostalih parametrov, ki
nastopajo v modelu viskoelasticnosti Dimitrova. Meier s sodelavci je iz izsledkov svojih raziskav
zakljucil, da je porusSitvena napetost in posledicno stabilnost ravninskega lipidnega dvosloja
neodvisna od polarizacije glavic lipidnih molekul [Meier et al. 2000]. Tudi njihove meritve porusitvene
napetosti so pokazale, da imajo ravninski lipidni dvosloji zgrajeni iz POPS lipidnih molekul nekoliko
vis$jo vrednost kot ravninski lipidni dvosloji zgrajeni iz POPC lipidnih molekul. O podobnih rezultatih je
poroc¢al Winterhalter s sodelavci. V njihovi raziskavi so dolocali stabilnost ravninskih lipidnih

dvoslojev za elektri¢no nabite (PS) ter elektricno nevtralne (PC) skupine glavic [Winterhalter 2000].

V podporo nasim rezultatom je tudi simulacija z molekularno dinamiko, ki jo je opravil Pandit s

sodelavci [Pandit2003]. Simulirali so ravninski lipidni dvosloj zgrajen iz dipalmitoilphosphatidilcholina
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(DPPC) in dipalmitoilphosphatidilserina (DPPS). Ceprav so lipidne molekule druge vrste, pa lahko
zaradi enako nabitih glavic PC in PS potegnemo paralelo z naso Studijo. Iz rezultatov simulacij so
ugotovili, da posamezna molekula DPPC v ravninskem lipidnem dvosloju predstavlja povezavo z
dvema sosednjima lipidnima molekulama, DPPS molekula pa s Stirimi sosednjimi molekulami. Vec kot
je povezav s sosednjimi molekulami, bolj je stabilna struktura ravninskega lipidnega dvosloja. To pa je
lahko tudi razlaga zakaj so porusitvene napetosti ravninskih lipidnih dvoslojov zgrajenih iz POPS

lipidnih molekul visje.

Za ravninske lipidne dvosloje zgrajene iz meSanic molekul POPC in POPS so bile vrednosti izmerjene
porusitvene napetosti (U,,) ter ocenjene vrednosti Youngovega elasti¢nega modula (E) in povrsinske
napetosti (o), v obmocju kot za ravninski lipidni dvosloj zgrajen iz izklju¢éno POPC molekul. Na podlagi
teh ugotovitev lahko zaklju¢imo, da so mehanske lastnosti pri dvo komponentnih ravninskih lipidnih

dvoslojih dolocene z manj stabilno molekulo - v nasem primeru je to POPC.
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Ce Zelimo ravninski lipidni dvosloj izpostaviti elektricnemu polju v modelu molekularne dinamike,
moramo v modelu nastaviti primerne kemijske procese. Do sedaj so raziskovalci pokazali, da pripis sil
na posamezen atom v sistemu [Tieleman et al. 2003; Tarek 2005], ali pa ustvarjanje ionskega
neravnovesja [Gurtavenko et al. 2008; Delemotte et al. 2008] na ravninskem lipidnem dvosloju,
ustvari elektriéno polje preko membrane. Ce je bilo ustvarjeno elektricno polje dovolj veliko, so

opazili nastanek pore v ravninskem lipidnem dvosloju.

Tudi pri poizkusih z ravninskimi lipidnimi dvosloji so do sedaj Ze opazili strukturne spremembe v
ravninskem lipidnem dvosloju ob izpostavitvi ravninskega lipidnega dvosloja tokovnemu
[Koronkiewicz et al. 2004, Kotulska 2007] ali napetostnemu vzbujanju [Melikov et al. 2001]. Ravninski
lipidni dvosloj so v preteklosti izpostavili konstantnemu toku, ter opazovali spremembe v napetosti.
Fluktuacije so obicajno pripisali eni veliki pori, ki se Siri in oZi. Do sedaj rezultati med molekularno

dinamiko in poizkusi na ravninskih lipidnih dvoslojih Se niso bili primerjani in ovrednoteni.

V nasih poizkusih smo uporabili linearno narascajo¢ tokovni signal razli¢nih naklonov. Z linearno
narascajo¢im tokovnim signalom smo se Zeleli znebiti prestevilnemu odpiranju in zapiranju por v
ravninskem lipidnem dvosloju ter doseci CimprejSnje porusenje ravninskega lipidnega dvosloja.
Strukturne spremembe, ki smo jih opazili pred porusitvijo ravninskega lipidnega dvosloja, smo
ovrednotili s prevodnostjo in jih primerjali s prevodnostjo izraCunano na eni sami pori v modelu

molekularne dinamike. Iz teh podatkov smo ocenili gostoto por v ravninskem lipidnem dvosloju.

6.1 Molekularna dinamika

Model ravninskega lipidnega dvosloja je bil zgrajen iz POPC lipidnih molekul, ki je bila predstavljena z
zdruzenimi atomi. Glava lipidne molekule je bila opisana z vsemi atomi, repi pa so bili opisani kot
skupek molekul. Z modelom ravninskega lipidnega dvosloja smo zajeli v povprecju povrsino 100x100
A?. Kapacitivnost modela ravninskega lipidnega dvosloja smo normirali z velikostjo modela. Specifi¢na

kapacitivnost je znagala 0,85 pF/cm?’.

Pri vzpostavitvi ravninskega lipidnega dvosloja ionskemu neravnovesju Q = 8e smo opazili nastajanje
pore (slika 44). Simulacija obsega ¢asovni interval 30 ns. Po 10 ns so vodne molekule zacele vdirati v
ravninski lipidni dvosloj (slika 44b). loni v tem trenutku Se niso potovali preko membrane, lipidne
molekule pa so se reorganizirale v energijsko ugodnejso strukturo. Reorganizacija lipidnih molekul je

omogocila Se vecji prodor vode in pa prehod ionov preko pore (slika 44c)
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Slika 44. Nastanek pore v ravninskem lipidnem dvosloju v molekularni dinamiki. (a) Ravninski
lipidni dvosloj smo izpostavili ionskemu neravnovesju. (b) Po 10 ns so vodne molekule pricele
vdirati v ravninski lipidni dvosloj. (c) Lipidne molekule so zavzele energijsko ugodno strukturo in
tvorile poro v ravninskem lipidnem dvosloju. loni, predstavljeni z rumenimi in zelenimi kroglicami
so prehajali peko pore. (d) Pogled na ravninski lipidni dvosloj z vrha ob odsotnosti vodnih in
ionskih molekul. Struktura pore je dobro vidna.

Naboj na ravninskem lipidnem dvosloju ob nastanku pore je Q = 1,28 10™ As. Ce naboj normiramo
na povrsino ravninskega lipidnega dvosloja, imamo povrsinski naboj o = 1,28 uAs/cmZ. Za izraCun
prevodnosti pore v ravninskem lipidnem dvosloju izrazimo linijski naboj vzdolz pore g = Q/L, = 64
pAs/m Na ravninskem lipidnem dvosloju se je vzpostavila napetost 1 V. Prevodnost pore smo ocenili
na 160 pS. Ce jo normiramo na povrsino ravninskega lipidnega dvosloja v modelu, je prevodnost 160

S/cm?.

6.2 Tokovno vzbujanje ravninskega lipidnega dvosloja

Ker smo Zeleli primerjati poizkuse z simulacijami molekularne dinamike smo zaradi narave modela
uporabili tokovno vzbujanje. Ravninski lipidni dvosloj zgrajen iz POPC (1-pamitoil 2-oleoil 3-
fosfatidilholin) lipidnih molekul smo izpostavili linearno naraséajocim tokovnim signalom z nakloni k;
od 0,2 do 20 pA/s (tabela 18). Povprecna temperatura, pri kateri so bile meritve izvedene, je bila

22°C.

Zgradili smo 61 ravninskih lipidnih dvoslojev. Od teh jih je bilo v obdelavo vkljuc¢enih 58. Njihova
povprecna kapacitivnost je bila Cg = 57 £ 17 pF. Izmerjeno kapacitivhost smo normirali na povrsino

luknjice v teflonski foliji oziroma povrsino ravninskega lipidnega dvosloja. Specifi¢na kapacitivnost je
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Caw = 0,51 + 0,16 pF/cm?® lzmerjene napetosti Uy, (slika 45) in tokovi I, (slika 46) ob porusitvi
ravninskega lipidnega dvosloja se niso statisti¢no razlikovali med seboj. Porusitvena napetost U,, vseh

meritev je bila 308 £ 77 mV. Povprecni porusitveni tok vseh meritev je znasal 3,5 + 1,2 pA.

Tabela 18. Vrednosti porusitvenih napetosti U,, porusitvenih tokov I, in Zivljenjskih casov t,,
POPC ravninskih lipidnih dvoslojev vzbujanih z linearno narascajo¢im tokom naklonov k, Za
posamezni naklon je podana tudi povprecna kapacitivnost ravninskega lipidnega dvosloja Cg;y. Z
N pa je oznaceno stevilo meritev, ki so bila opravljena pri posameznem naklonu k.

k (nA/s) N U (MV) Iy (HA) th (s) Coum (UF/cm?)
0,2 9 333 +95 3,5+1,0 17,68 £4,91 0,51 £0,09
0,5 13 313 +£59 3,4+0,6 6,78 £1,25 0,50 +£0,09

4 5 324 +10 3,4+0,1 0,87 £0,04 0,47 £ 0,08
8 5 316 +7 3,4+0,1 0,43 £0,02 0,45 £ 0,06
10 6 325+ 18 3,4£0,2 0,35 +£0,02 0,55 + 0,05
20 8 339+ 22 3,7+0,3 0,18 £0,01 0,52 £0,07
500
400
300 1
s
= I
200 1
100
0 T T T
0 5 10 15 20
t, (s)

Slika 45. lzmerjene vrednosti porusitvene napetosti pri vzbujanju z linearno narascajocim
tokovnim signalom.
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Slika 46. Porusitveni tokovi izmerjeni pri linearno naras¢ajocem tokovnem vzbujanju. Rdece ¢rte
predstavljajo vzbujalni signal.

6.3 Opazovanje por v ravninskem lipidnem dvosloju

V statisticno obdelavo smo vkljucili 58 ravninskih lipidnih dvoslojev. Ob vzbujanju ravninskega
lipidnega dvosloja z linearno narascajo¢im tokom smo na merjeni napetosti pri sedemindvajsetih
primerih opazili padec napetosti potem pa skok napetosti pred porusitvijo ravninskega lipidnega
dvosloja, ko se je napetost sesedla. V nekaterih primerih je bilo padcev napetosti na enem
ravninskem lipidnem dvosloju vec¢. V koncni analizi smo vedno upostevali le prvi padec napetosti.
Napetost, pri kateri smo opazili prvi padec napetosti na ravninskem lipidnem dvosloju je bila
povprecno Uy = 255 + 87 mV. Pri teh vzorcih je bila porusitvena napetost ravninskega lipidnega
dvosloja Uy, = 331 £ 77 mV. Vsiljeni tok ob prvem pojavu padca napetosti je povpre¢no znasal I(t,,) =
2,7 + 0,8 pA. Porusitveni tok ravninskih lipidnih dvoslojev je znasal I,, = 4,0 + 1,7 pA. Ce ravninske
lipidne dvosloje, pri katerih so nastali padci napetosti razdelimo po naklonih linearno narascajocih
tokovnih signalov ugotovimo, da so v vseh primerih porusitvene napetosti U,, statisticno znacilno

visje od napetosti Uy, kjer smo izmerili padce napetosti (slika 47).
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Slika 47. Primerjava porusitvenih napetosti U,, ter napetosti U, ob katerih so se pojavile prve
strukturne spremembe, pore v ravninskem lipidnem dvosloju, po posameznih naklonih linearno
narascajocega tokovnega signala.

Padce napetosti smo sicer opazili na mnogih ravninskih lipidnih dvoslojih pri razliénih naklonih
linearno narascajocega tokovnega signala. A ker se v vseh primerih niso pojavili smo odstotni delez
padcev napetosti na ravninskem lipidnem dvosloju pri posameznem naklonu zbrali v tabeli 19. Zaradi
majhnega Stevila ponovitev, ne moremo z gotovostjo trditi, da je opazovanje padcev napetosti lazje
pri poloZnejSem naklonu linearno narascajocega tokovnega signala. Pri meritvah z zelo nizkimi
nakloni (*), smo zaradi omejitve sistema uporabili trapezni signal. Z gotovostjo pa lahko trdimo, da
pri strmi rampi ne moremo veC opazovati padcev napetosti, ker prehitro doseZzemo porusitev
ravninskega lipidnega dvosloja (slika 48).

Tabela 19. Odstotni delez padcev napetosti na ravninskem lipidnem dvosloju pri posameznem

naklonu k linearno narascajocega toka, kjer N predstavlja Stevilo vseh meritev, N, pa Stevilo

meritev, kjer smo opazili padce napetosti. Pri naklonih ozacenih z zvezdico (*) smo zaradi omejitve
sistema uporabili trapezni signal.

k(nA/s) N N, delei (%)
0,03* 3 3 100
0,05* 5 4 80
0,1* 4 1 25
0,2 9 3 33,33
0,5 13 10 76,92
4 5 4 80
8 5 2 40
10 6 0 0
20 8 0 0
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Slika 48. Odstotni delez padcev napetosti na ravninskem lipidnem dvosloju pri posameznem
naklonu k linearno narascajocega toka.

Padce napetosti ob tokovnem vzbujanju z linearno narascajo¢im tokom lahko razumemo kot
nastanek strukturnih sprememb oziroma por v ravninskem lipidnem dvosloju. Na sedemindvajsetih
ravninskeh lipidnih dvoslojih smo opazili 40 razliénih strukturnih sprememb. Povprecna vrednost
prevodnosti opaZenih strukturnih sprememb G, je bila 0,23 + 0,15 pS. Za prevodnosti vseh por v
ravninskem lipidnem dvosloju smo pripravili histogram (slika 49). Ocenili smo, da je najvisji modus

por pri Gy, pise = 100 NnS.

10

i ST

G, (nS)

Slika 49. Histogram porazdelitve prevodnosti strukturnih sprememb v ravninskem lipidnem
dvosloju ob posameznih padcih napetosti.
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6.4 Zakljucki

V tabeli 20 smo zbrali vrednosti specifi¢ne kapacitivnosti cgu, prevodnosti pore Gp in napetosti U,, ko

so se pore pricele pojavljati, dobljene z modelom molekularne dinamike oziroma s poizkusi.

Tabela 20. Vrednosti specifitne kapacitivnosti cg,, prevodnosti por G, in napetosti U, ko so se
pricele pojavljati pore, dobljene z modelom molekularne dinamike oziroma s poizkusi. Uporabili
smo lipidne molekule POPC. V modelu molekularne dinamike je stranica modela velikosti L, d pa je
premer luknjice na katero smo v poizkusih napenjali ravninski lipidni dvosloj. Povrsina ravninskega
lipidnega dvosloja je Ag;,. Kapacitivnost ravninskega lipidnega dvosloja normirana na povrsino je
v Prevodnost por v ravninskem lipidnem dvosloju smo oznacili z G,,. Pri molekularni dinamiki je
G, ocenjen za eno poro, pri poizkusih pa gre za hkraten nastanek vecih por, modus prevodnosti
por pa smo ocenili iz histograma.

Molekularna dinamika Eksperimenti
Lipidi POPC POPC
L/d 10 nm 117 um
A 110" m? 1,08 10° m?
Com 0,85 pF/cm’ 0,51 + 0,16 pF/cm’
G, 160 pS 100 nS
U, 1V 257 £ 85 mV

Ideja o vzbujanju ravninskega lipidnega dvosloja s tokovnim signalom ni nova [Carius 1976]. Ob
izpostavitvi ravninskega lipidnega dvosloja konstantnemu toku, so avtorji opazovali spremembe v
napetosti na ravninskem lipidnem dvosloju. Napetostne spremembe so obicajno pripisali eni veliki
pori, ki se Siri in oZi; zaradi nizkih vrednosti tokov in napetosti pa so fluktuacije velikosti pore v
ravninskem lipidnem dvosloju lahko opazovali tudi do nekaj ur [Kotulska 2007]. Do sedaj rezultati
med molekularno dinamiko in poizkusi na ravninskih lipidnih dvoslojih Se niso bili primerjani in
ovrednoteni. V nasSih poizkusih smo uporabili linearno nara$¢ajoe tokovne signale razli¢nih
naklonov. Z linearno narascajo¢im tokovnim signalom smo se Zeleli izogniti dlje trajajoéemu
odpiranju in zapiranju por v ravninskem lipidnem dvosloju ter doseci CimprejSnje porusenje

ravninskega lipidnega dvosloja.

Iz simulacij molekularne dinamike smo prevodnost ene pore ocenili na 160 pS. Pri poizkusih smo
opazili, da se najveckrat pojavi sprememba prevodnosti 100 nS, kar pomeni, da je v ravninskem
lipidnem dvosloju nastalo vecje Stevilo por N,. Stevilo por izratunamo iz razmerja med spremembo
prevodnosti izmerjeno med poizkusi ter prevodnostjo ene pore dolocene iz modela molekularne

dinamike:
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N p,hist
PG 160 pS
p>MD p

625. (58)

Ce predpostavimo, da so pore na ravninskem lipidnem dvosloju porazdeljene enakomerno, je gostota

por pp:
N
p,=—L"= 622 ~=578-10"1/m” (59)
Ay, 1,08-107 m
Posamezna pora torej v povprecju nastane na povrsini A:
1 2
A =—=17,28 ym". (60)

P
P

IzkaZe se, da bi moral ravninski lipidni dvosloj modeliran v molekularni dinamiki imeti stranico vecjo
od 4,16 um x 4,16 um, ¢e bi Zeleli v modelu opazovati ve¢ kot eno poro. Tako velikega ravninskega

lipidnega dvosloja pa si pri trenutni racunalniski moci Se ne moremo privosciti.
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Ravninski lipidni dvosloj je sicer le preprost model celicne membrane, a predvidevamo, da so osnovni
principi pojava elektroporacije enaki kot na celicni membrani. Njegova prednost je v tem, da je med
poizkusi dostopen z obeh strani. Ob izpostavitvi ravninskega lipidnega dvosloja elektrichemu polju
vsilimo na njem transmembransko napetost, ki nastane zaradi Maxwell-Wagnerjeve polarizacije. Pod
vplivom elektricnega polja se lipidne molekule reorientirajo, tako da se poveca prevodnost
ravninskega lipidnega dvosloja. Pravimo, da v ravninskem lipidnem dvosloju nastanejo pore. Kadar je
elektricno polje na ravninskem lipidnem dvosloju dovolj majhno, da se ravninski lipidni dvosloj ne
porusi, govorimo o reverzibilni elektroporaciji. Ko z vrednostjo elektricnega polja presezemo prag

dolocene vrednosti, se ravninski lipidni dvosloj porusi; takrat govorimo o ireverzibilni elektroporaciji.

Ravninske lipidne dvosloje smo tvorili iz 1-palmitil 2-oleil fosfatidilholin-a (POPC) in 1-palmitil 2-oleil
fosfatidilserin-a (POPS). Po atomski zgradbi sta si ti dve molekuli lipida zelo podobni. Razlikujeta se
samo po alkoholu vezanem na fosfat, torej po polarni glavici. V primeru POPC je alkohol holin, ki v
kompleksu s fosfatom izkazuje dipolno nabitost (zwitterion). To pomeni da je polarna glavica nabita s
pozitivnim in negativnim nabojem kar pogojuje elektricno nevtralnost lipidne glavice. Pri POPS pa je
alkohol serin, ki v kompleksu s fosfatom izkazuje negativno nabitost polarne glavice lipida [Diederich

et al. 1998].

Ravninski lipidni dvosloj v elektricnem polju lahko modeliramo s preprostim RC vezjem. Ravno zato je
ena od najdlje opazovanih lastnosti ravninskih lipidnih dvoslojev kapacitivnost, ki govori o njegovi
kvaliteti. V okviru Studije smo preverili kapacitivnost ravninskih lipidnih dvoslojev z dvema razli¢nima
metodama, merjenjem casovne konstante in s pretvorbo kapacitivnosti v periodo. Kruskal-Wallisov
enosmerni test je pokazal, da ni statisticno znacilne razlike med srednjimi vrednostmi specifi¢ne

kapacitivnosti dolocene z eno ali drugo metodo pri enakih mesanicah lipida.

Kadar raziskujemo metodo elektroporacije v biomedicini in biotehnologiji, je porusitvena napetost
ena izmed pomembnejsih lastnosti ravninskega lipidnega dvosloja. Porusitvena napetost je vrednost
napetosti, pri kateri se ravninski lipidni dvosloj porusi. Za merjenje porusitvene napetosti so
najpogosteje uporabljali pravokotne napetostne pulze; amplitudo pulzov so povecevali v majhnih
korakih vse dotlej, ko se je ravninski lipidni dvosloj porusil. Amplituda napetostnega pulza, kjer se je
ravninski lipidni dvosloj porusil, je bila dolo¢ena kot porusitvena napetost ravninskega lipidnega
dvosloja. Pri uporabi tega protokola ne vemo v naprej, kolikokrat bomo morali izpostaviti ravninski
lipidni dvosloj napetosti, da se bo le-ta porusil. Ravninski lipidni dvosloj je izpostavljen napetosti

veckrat ter ob razli¢nih ¢asovnih intervalih. Taka pred-izpostavitev vpliva na stabilnost, posledi¢no pa
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tudi na porusitveno napetost ravninskega lipidnega dvosloja [Abidor et al. 1979]. Abidor s sodelavci
je v svojem delu opisal veliko naklju¢nost v Zivljenjskem Casu ravninskega lipidnega dvosloja znotraj

pulza ob porusitvi [Abidor et al. 1979].

Cilj raziskave v okviru doktorske disertacije je bil poiskati merilni protokol za doloditev porusitvene
napetosti, s katerim bi se izognili veckratni in predvsem nedoloceni izpostavitvi ravninskega lipidnega
dvosloja elektri¢nim pulzom in napetostnemu stresu, ki se pri tem ustvari. Ker je iz literature znano,
da prihaja pri izpostavitvah elektricnim pulzom do velike razprSenosti meritev, smo si Zeleli vecje
ponovljivosti pri dolo¢anju porusitvene napetosti in Zivljenjske dobe ravninskih lipidnih dvoslojev.
Izoblikovali smo merilno metodo, s katero smo omejili pred-izpostavitev ravninskega lipidnega
dvosloja napetostnemu stresu, in zmanjsali naklju¢nost Zivljenjske dobe ravninskega lipidnega
dvosloja. Z novim merilnim protokolom je ravninski lipidni dvosloj izpostavljen napetostnemu stresu
le dvakrat. Prvic je izpostavljen elektricnemu pulzu amplitude 300 mV med merjenjem kapacitivnosti.
V naslednjem koraku za porusitev raninskega lipidnega dvosloja uporabimo linearno narascajoc
napetostni signal. Trenutek, ko zacne skozi ravninski lipidni dvosloj teci tok, dolo¢a porusitveno
napetost ter Zivljenjsko dobo ravninskega lipidnega dvosloja ob izbranem naklonu napetostnega

signala.

Pri poizkusih smo uporabili sedem razlicnih naklonov linearno naras¢ajo¢ega napetostnega signala.
Za izbiro razlicnih naklonov smo se odlocili na podlagi ¢lankov, ki opisujejo dolo¢anje porusitvene
napetosti ravninskih lipidnih dvoslojev ter njihovo Zivljenjsko dobo glede na amplitudo pulza [Troiano
et al. 1998, Macek Lebar et al. 2002] in vpliva pred-izpostavitve ravninskih lipidnih dvoslojev na
Zivljenjsko dobo [Abidor et al. 1979]. Nasi rezultati kaZzejo, da sta porusitvena napetost ter Zivljenjski
Cas ravninskega lipidnega dvosloja odvisna od naklona linearno narasc¢ajocega napetostnega signala.
Linearno narascajoca napetost z manjsim naklonom izpostavlja ravninski lipidni dvosloj napetosti dlje
Casa (daljSa pred-izpostavitev), zato je porusSitvena napetost nizja kot pri signalih z bolj strmim
naklonom. Joshi s sodelavci je predstavil teoreti¢ni model, v katerem je preuceval nastajanje pore v
celicni membrani v odvisnosti od membranske napetosti ter ¢asa izpostavitve [Joshi in Schoenbach
2000]. S simulacijami so pokazali, da visokonapetostni pulzi ne povzrocijo ireverzibilne poracije na
celici, ¢e so le ti dovolj kratki. V nasem primeru imamo pri strmem naklonu linearno narascajocega
signala krajSo pred-izpostavitev ravninskega lipidnega dvosloja napetosti. Zaradi krajSe pred-
izpostavitve ima ravninski lipidni dvosloj visjo porusitveno napetost. Rezultati so v skladu z modelom
Joshija s sodelavci, ki trdijo, da se bo membrana porusila, ¢e je pri doloceni velikosti pore na

membrani $e vedno prisotna napetost [Joshi in Schoenbach 2000].

82 Peter Kramar



7 Razprava

v

porusitveni napetosti ravninskega lipidnega dvosloja U,n. Evans s sodelavci je namesto ravninskega
lipidnega dvosloja opazoval lipidne vezikle, vzbujanje z elektricnim poljem pa je zamenjal s
mehanskim vzbujanjem s tlakom [Evans et al. 2003]. Tlak so ustvarjali s pipeto, ki je srkala membrano
vezikla v svojo notranjost. Tlak srkanja so nadzorovali in ga linearno povecevali. Pri poasnem
narascanju tlaka se je membrana vezikla porusila pri nizjem tlaku, kot ¢e so tlak povecevali hitro.
Opazimo analogijo rezultatov, le vzbujanje je v opisanem primeru »mehansko« v nasem pa
»elektri€no«. Pri poloZznem linearno naras¢ajocem signalu je porusitvena napetost niZja. Pri strmem
naklonu linearno narascajocCega signala pa je porusitvena napetost visja. Tudi Tieleman s sodelavci, ki
je z racunalniSko simulacijo modeliral mehanski stres in vpliv elektriénega polja na lipidni dvosloj, je
priSel do enakih zaklju¢kov; veéja hitrost povecevanja elektricne ali pa mehanske obremenitve
membrane, ki se kaze v strmini naklona linearne funkcije obremenitve, je povzrocila poracijo dvosloja
pri viSjih nateznih napetostih na membrani [Tieleman et al. 2003]. Podobnost ugotovitev z nasimi
rezultati nakazuje na podoben fizikalni proces porusitve lipidnega dvosloja neglede na to ali je

vzbujanje elektri¢nega ali pa mehanskega izvora.

Diederich s sodelavci je dolocila porusitveno napetost membran zgrajenih iz POPC in POPS pri
razlicnih koncentracijah okoliske vodne raztopine KCl z metodo razelektritve naboja (ang. charge
pulse) [Diederich et al. 1998]. Za POPC so izmerili porusitvene napetosti med 400 mV do 455 mV,
odvisno od koncentracije elektrolita. Za POPS so izmerili vrednosti med 410 mV do 480 mV v
odvisnosti od koncentracije okoliskega elektrolita. Ugotovili so, da se porusitvena napetost
membrane za obe vrsti lipida poveca v elektrolitu z viSjo koncentracijo raztopljenega KCI. Avtorji o pH
vrednosti vodnega medija ne porocajo, vendar je znano, da vodna raztopina KCl izkazuje rahlo kisel
pH. V ¢lanku zasledimo, da je bila posamezna membrana pred porusitvijo izpostavljena od 20 do 200
pulzom. Vrednosti porusitvenih napetosti so za priblizno 100 mV niZje od vrednosti, ki smo jih izmerili
v nasih poizkusih, kar je lahko posledica veckratne pred-izpostavitve lipidnih dvoslojev. Z novim
protokolom dolo¢imo porusitveno napetost in Zivljenjsko dobo ravninskega lipidnega dvosloja s

povprecno relativho napako 3,5%, kar je ponovljivo pri vseh naklonih k.

Primerjava izmerjenih porusitvenih napetosti za membrane sestavljene samo iz POPC in samo iz POPS
pokaZe statisticno znacilno razliko v visini porusitvene napetosti v odvisnosti od sestave lipida pri
petih od sedmih uporabljenih naklonov k. Polarna glavica lipida POPS je negativno nabita. V strukturi
lipidnega dvosloja se polarne glavice lipida orientirajo v smeri vodnega medija. Zaradi naboja glavic
iste polaritete prihaja med njimi do odbojne elektrostati¢ne sile zaradi ¢esar bi pri¢akovali manjso
stabilnost in niZjo porusitveno napetost membran zgrajenih iz POPS v primerjavi z membranami iz

POPC. Polarna glavica lipida POPC je fosfatidilholin (PC), ki zaradi dipolne nabitosti navzven izkazuje
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elektricno nevtralnost in ne povzroca elektrostati¢nih odbojnih sil med polarnimi glavicami. Odbojno
silo med polarnimi glavicami POPS zmanjsa prisotnost ionov v vodni raztopini, ki delno nevtralizirajo
jakost elektricnega polja med glavicami. Diederich in sodelavci so po Gouy-Chapman-ovi teoriji
izracunali, da so odbojne sile med polarnimi glavicami fosfatidilserina (PS) tako velike, da v
koncentraciji vodnega medija manjsi od 100 mM enovalentnih ionov ne bi bilo mogoce tvoriti
stabilnega vezikla [Diederich et al. 1998]. Kljub temu so uspesno tvorili lipidni dvosloj v mnogo niZji,
10 mM vodni koncentraciji KCI. 1z njihovih rezultatov je razvidno, da je pri vodnem mediju 2 M KClI
porusitvena napetost za POPC 455 mV, za POPS pa presenetljivo nekoliko viSja 480 mV. Tudi v nasem
primeru smo izmerili viSjo porusitveno napetost pri lipidnih dvoslojih zgrajenih iz POPS (630 mV) v

primerjavi s tistimi zgrajenimi iz POPC (560 mV).

V nasi raziskavi smo tvorili tudi ravninske lipidne dvosloje z meSanjem lipidnih molekul POPC in POPS
v razlicnih razmerjih. Iz teh rezultatov je razvidno, da se porusitvene napetosti nahajajo v bliZini
oziroma med vrednostmi, ki smo jih izmerili za enokomponentne ravninske lipidne dvosloje.
Organizacijo mesanice lipidov v lipidnem dvosloju opisuje raziskava Huanga in Feigenson-a [Huang in
Feigenson 1993]. S simulacijo PS in PC binarnih lipidnih mesanic po metodi Monte Carlo so proucevali
razporeditev lipidov v enosloj. Model temelji na izracunu preseZne energije mesanja (ang. excess
energy of mixing), ki je uposteval elektrostaticne odnose med polarnimi glavicami, in prosti
parameter, v katerega so zajeli vse ostale neidealne interakcije med molekulami lipidov. Rezultati
simulacije pri mesanju lipidov PC in PS v razmerju 1:1 so pokazali, da se lipidi organizirajo v domene
(ang. clusters) istovrstnega lipida. Omenjeno konfiguracijo avtorji predpostavijo kot zelo verjetno tudi
v bioloskih membranah, kjer je prisoten pojav neidealnega mesanja lipidov. Podobno razporeditev
binarne mesanice lipidov POPC in POPS v razmerju 4:1 zasledimo v ¢lanku Kastl-ove in sodelavcev
[Kastl et al. 2006]. Raziskovalci porocajo o domenah (zakljucenih podrocjih) POPS molekul znotraj bolj
zastopanih POPC molekul. 1z teh podatkov sklepamo, da sta se pri naSih poskusih z mesSanicami
lipidov oba enosloja membrane organizirala v obliko enokomponentnih domen na povrsini
membrane. Ob tej predpostavki je zelo verjetna tudi asimetrija sestave ravninskega lipidnega
dvosloja v obeh plasteh. Genco s sodelavci je izvedel poskuse na asimetri¢nih ravninskih lipidnih
dvoslojih, ki jih je vzbujal z elektricnim tokom [Genco et al. 1993]. Asimetrijo membrane so dosegli z
razlicnima sestavama enoslojev. Ena stran lipidnega dvosloja je bila zgrajena izklju¢no iz
fosfatidilserina, druga pa iz meSanice fosfatidilholina in holesterola v razmerju 4:1. Raziskava je
pokazala, da se zaradi negativho nabitih polarnih glavic PS vzpostavi elektricno polje znotraj
ravninskega lipidnega dovosloja, ki zniZa kriticno transmembransko napetost. ZniZanja porusitvene
napetosti membran sestavljenih iz meSanice POPC in POPS ne zaznamo. Omenjeni pojav pa bi bil

mozna razlaga za podobnost izmerjenih minimalnih porusitvenih napetosti Uy pri sestavi dvoslojev
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iz mesanic POPC:POPS v razmerjih 1:0, 3:1 in 1:1. Iz podatkov za minimalno porusitveno napetost
Uprviv = 0,56 V pri enokomponentni sestavi dvosloja iz POPC in Upuun = 0,63 V pri enokomponentni
sestavi dvosloja iz POPS bi namrec pric¢akovali, da se bodo minimalne porusitvene napetosti lipidnih

dvoslojev meSane sestave linearno razporedile med njima.

Porusitvena napetost je med drugim odvisna od viskoelasti¢nih lastnosti ravninskega lipidnega
dvosloja [Evans et al. 2003]. V doktorski disertaciji smo preucevali, ali lahko z merjenjem elektri¢nih
lastnosti ravninskega lipidnega dvosloja sklepamo kak$ne so njegove viskoelasti¢ne lastnosti, saj je
metod za merjenje le-teh malo. Dimitrov je zgradil teoreti¢ni model na osnovi viskoelasti¢nih
lastnosti ravninskega lipidnega dvosloja ter izracunal kriti€no napetost, kjer se le-ta porusi [Dimitrov
1984]. Predvideva minimalno potrebno napetost za porusitev ravninskega lipidnega dvosloja pri
dolgih elektricnih pulzih. Troiano s sodelavci je model ocenil kot neustrezen, ker ne uposteva

naklju¢nosti pojava porusitve ravninskega lipidnega dvosloja [Troiano et al. 1998].

Z uporabo linearno narascajocega signala izbranih naklonov, smo zmanjsali standardno deviacijo
porusitvene napetosti in Zivljenjskega Casa ravninskega lipidnega dvosloja lipida na 10% ali manj.
Ravno ponovljivost meritev porusitvene napetosti in Zivljenjskega €asa omogocata uporabo
viskoelasticnega modela Dimitrova za oceno Youngovega elasticnega modula (E) ter povrsinske

napetosti (o) ravninskega lipidnega dvosloja.

Youngov modul elasti¢nosti ravninskega lipidnega dvosloja (E) lahko dolo¢imo le z vzbujanjem na
mehanski ali elektri¢ni nacin. Hianik je Youngov modul elasti¢nosti modul izmeril z izpostavitvijo
ravninskega lipidnega dvosloja izmeni¢énemu elektricnemu polju ter merjenjem visjih harmonskih
komponent transmembranskega toka, ki so prehajale preko membrane [Hianik 2006]. Za ravninske
lipidne dvosloje sestavljene iz jajcnega fosfatidilholina (egg-PC) so izmerili Youngov modul elasti¢nosti
modul v intervalu od 10° Pa (10 N/cm?) pri niZjih frekvencah, do 10’ Pa (10® N/cm?) pri vi§jih
frekvencah (~ 2 kHz). Pri svojih raziskavah je Hianik opazoval tudi vpliv razlicnih topil na Youngovem
modulu elasti¢nosti (E). Za topila s krajSimi hidrokarbonskimi vezmi (n-heptan, n-dekan) so bile
vrednosti Youngovega modula elasticnosti primerljive z zgoraj navedenimi, pri topilih z daljSimi
hidrokarbonskimi vezmi (n-heksadekan) pa so bile vrednosti dvakratne. V nasi raziskavi smo za topilo
uporabili n-heksan. Izracunane vrednosti Youngovega modula elasti¢nosti (E) ravninskega lipidnega
dvosloja so primerljive vrednostim raziskave Hianik-a pri nizjih frekvencah in uporabi topil z manjso

hidrokarbonsko verigo.

Cilj nase raziskave je bil dolociti mehanske lastnosti ravninskega lipidnega dvosloja kot sta Youngov
modul elasti¢nosti (E) in povrsinska napetost (o) iz izmerjenih vrednosti porusitvene napetosti (U,,)

ter napovednega viskoelasticnega modela Dimitrova. Protokol meritve viskoelasti¢nih lastnosti
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ravninskega lipidnega dvosloja je casovno potraten. Predvsem zaradi razloga, da je potrebno
porusitveno napetost (U,,) in Zivljenjski cas (t,,) meriti pri razlicnih naklonih linearno narascajocega
signala. Ne glede na to slabost, pa so vrednosti Youngovega modula elasti¢nosti (E) in povrsinske
napetosti (o) dolocene s predlagano metodo primerljive z rezultati drugih metod, ki so objavljeni v

literaturi za meritve na velikih unilamelarnih veziklih.

Izpostavitev ravninskega lipidnega dvosloja elektricnemu polju povzro¢i v njem strukturne
spremembe imenovane pore, ki pa jih eksperimentalno zelo tezko opazujemo in dokazemo njihov
obstoj. Na podlagi rezultatov molekularne dinamike in rezultatov poizkusov na ravninskih lipidnih
dvoslojih vzbujanih z linearno narascajoc¢im tokovnim signalom smo ocenili prevodnost in gostoto

por.

Ideja o vzbujanju ravninskega lipidnega dvosloja s tokovnim signalom ni nova [Carius 1976]. Ob
izpostavitvi ravninskega lipidnega dvosloja konstantnemu toku, so avtorji opazovali spremembe v
napetosti na ravninskem lipidnem dvosloju. Predpostavili so, da so napetostne spremembe posledica
nastanka ene velike pore, ki se Siri in 0zi; zaradi nizkih vrednosti tokov in napetosti pa so fluktuacije
velikosti pore v ravninskem lipidnem dvosloju opazovali lahko tudi vec ur [Kotulska 2007]. Do sedaj
rezultati med molekularno dinamiko in poizkusi na ravninskih lipidnih dvoslojih Se niso bili primerjani
in ovrednoteni. V nasih poizkusih smo uporabili linearno narascajoCe tokovne signale razlicnih
naklonov. Z linearno narascajo¢im tokovnim signalom smo se Zeleli izogniti dlje trajajoemu
odpiranju in zapiranju por v ravninskem lipidnem dvosloju ter doseci ¢imprejSnje porusenje

ravninskega lipidnega dvosloja.

Neposredno primerjavo med ravninskim lipidnim dvoslojem zgrajenim eksperimentalno ter modelom
v molekularni dinamiki lahko naredimo le z ovrednotenjem specificne kapacitivnosti. Razlike med
povrsinami, na katere normiramo kapacitivnost so izredno velike in pri tem lahko pride do vedjih
odstopanj. Iz simulacij molekularne dinamike smo ocenili kapacitivhost ravninskega lipidnega
dvosloja z razmerjem neravnovesja nabojev ter transmembranske napetosti, ki je znasala 0,85
uF/cm?. Eksperimentalno smo kapacitivnost za ravninski lipidni dvosloj zgrajen iz POPC lipidnih
molekul izmerili 0,51 + 0,16 pF/cm? Tudi napetosti, kjer opazimo v ravninskem lipidnem dvosloju
strukturne spremembe, primerjamo le v obmocju meritve. Ravno tako sta oceni prevodnosti neko
povprecno stanje sistema, ki pa Se ni nujno vsakokrat ponovljivo. Kljub tem dejstvom lahko rezultate
simulacij molekularne dinamike in poizkusov poveZemo ter ocenimo dogajanje na ravninskem

lipidnem dvosloju ob izpostavitvi elektricnemu polju.

Ob izpostavitvi ravninskega lipidnega dvosloja linearno narascajocemu tokovnemu signalu smo med

narasc¢anjem transmembranske napetosti opazili kratkotrajne majhne padce napetosti. Predpostavili
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smo, da padcem napetosti botruje povecanje prevodnosti ravninskega lipidnega dvosloja. Ocenili
smo, da so bile v ravninskem lipidnem dvosloju v obdobju, ko se je prevodnost ravninskega lipidnega
dvosloja povecala, prisotne strukturne spremembe oziroma pore. Iz simulacij molekularne dinamike
smo prevodnost posamezne pore ocenili na 160 pS. Pri poizkusih smo opazili, da se najveckrat pojavi
sprememba prevodnosti 100 nS, kar pomeni, da je v ravninskem lipidnem dvosloju nastalo vecje
Stevilo por. Stevilo por izratunano iz spremembe prevodnosti izmerjene med poizkusi ter
prevodnostjo ene pore dolocene iz modela molekularne dinamike znasa 625. Ocenili smo, da je
gostota por v ravninskem lipidnem dvosloju 578 10®° 1/m’. Obmo¢je na ravninskem lipidnem
dvosloju, kjer nastane le ena pora je 17,28 um®. Iz tega sledi, da je razdalja med dvema porama v
ravninskem lipidnem dvosloju priblizno 4,16 um. Ob predstavitvi rezultatov molekularne dinamike
obi¢ajno predstavijo le eno samo poro v ravninskem lipidnem dvosloju. Ce bi Zeleli modelirati ve¢ por
bi moral biti model ravninskega dvosloja ve¢ji od 17,28 pm®. To pomeni, da bi morala biti povrsina
ravninskega dvosloja vsaj 10* ve¢ja. Tako velikega ravninskega lipidnega dvosloja pa si pri trenutni

racunalniski moci Se ne moremo privosciti.

Na podro¢ju modeliranja molekularne dinamike bi bilo v prihodnosti zanimivo preizkusiti, kako
nastajajo strukturne spremembe oziroma pore v ravninskih lipidnih dvoslojih sestavljenih z razli¢cnih
lipidnih molekul, predvsem POPS molekul, za katere vemo da imajo v glavici lipida dodan negativen
naboj. Ravno tako bi bilo mozno ravninski lipidni dvosloj v modelu izpostaviti tlacni razliki ter
opazovati viskoelasti¢ne lastnosti in jih primerjati z vrednostmi elasti¢nosti in povrSinske napetosti

izraZenih iz porusitvene napetosti in Zivljenjskega casa.
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Merjenje porusitvene napetosti ravninskega lipidnega dvosloja z linearno
narascajocim signalom

Ker je porusitvena napetost ravninskega lipidnega dvosloja odvisna od ¢asa trajanja posameznega
napetostnega pulza ter predhodne izpostavitve, metoda merjenja porusitvene napetosti z
napetostnimi pulzi vnasa v merjene rezultate preveliko stresanje rezultatov. Predlagali smo novo
metodo dolocanja porusitvene napetosti ravninskega lipidnega dvosloja z linearno narascajocim
signalom, s katero se izognemo veckratni izpostavitvi in zmanjsa stresanje rezultatov v primerjavi z

metodami, ki so bile uporabljene do seda;j.

Dolocitev viskoelasticnih lastnosti ravninskega lipidnega dvosloja na

podlagi porusitvene napetosti izmerjene z linearno narasc¢ajoc¢im signalom

Porusitvena napetost je odvisna od viskoelasti¢nih lastnosti ravninskega lipidnega dvosloja. Izbrali
smo ustrezen model, ki to povezavo predvideva. Ker so z uporabo linearno narascajoCega signala
rezultati porusitvenih napetosti ter Zivljenskih ¢asov bolj ponovljivi, jih lahko uporabimo tudi za
izracun viskoelasti¢nih lastnosti. Viskoelasti¢ne lastnosti ravninskega lipidnega dvosloja smo dolocili iz

meritev porusitvene napetosti z linearno naras¢ajo¢im napetostnim signalom.

Ocena prevodnosti in gostote por v ravninskem lipidnem dvosloju

Izpostavitev ravninskega lipidnega dvosloja elektricnemu polju povzro¢i v njem strukturne
spremembe imenovane pore, ki pa jih eksperimentalno zelo tezko opazujemo in dokazemo njihov
obstoj. Na podlagi primerjave rezultatov molekularne dinamike in rezultatov poizkusov na ravninskih
lipidnih dvoslojih vzbujanih z linearno naras¢ajoc¢im tokovnim signalom smo ocenili prevodnost

posamezne pore in gostoto por.
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Abstract

Electroporation is characterized by formation of structural changes within the cell membrane, which are caused by the presence of electrical
field. It is believed that “pores” are mostly formed in lipid bilayer structure; if so, planar lipid bilayer represents a suitable model for experimental
and theoretical studies of cell membrane electroporation. The breakdown voltage of the lipid bilayer is usually determined by repeatedly applying
a rectangular voltage pulse. The amplitude of the voltage pulse is incremented in small steps until the breakdown of the bilayer is obtained. Using
such a protocol each bilayer is exposed to a voltage pulse many times and the number of applied voltage pulses is not known in advance. Such a
pre-treatment of the lipid bilayer affects its stability and consequently the breakdown voltage of the lipid bilayer. The aim of this study is to
examine an alternative approach for determination of the lipid bilayer breakdown voltage by linear rising voltage signal.

Different slopes of linear rising signal have been used in our experiments (POPC lipids; folding method for forming in the salt solution of
100 mM KCIl). The breakdown voltage depends on the slope of the linear rising signal. Results show that gently sloping voltage signal
electroporates the lipid bilayer at a lower voltage then steep voltage signal. Linear rising signal with gentle slope can be considered as having
longer pre-treatment of the lipid bilayer; thus, the corresponding breakdown voltage is lower. With decreasing the slope of linear rising signal,
minimal breakdown voltage for specific lipid bilayer can be determined.

Based on our results, we suggest determination of lipid bilayer breakdown voltage by linear rising signal. Better reproducibility and lower
scattering are obtained due to the fact that each bilayer is exposed to electroporation treatment only once. Moreover, minimal breakdown voltage

for specific lipid bilayer can be determined.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electroporation is characterized by a formation of structural
changes within the cell membrane, which are caused by the
presence of electric field. These changes, named “pores”, increase
the plasma membrane permeability, and enable ions and
molecules to enter the cell [1]. Reversible electroporation is
used to introduce various substances into the cell and has many
practical applications like gene therapy, transdermal drug delivery
and electrochemotherapy [2—5]. If cell membrane collapses due
to too high electric field, the electroporation becomes irreversible.
This form of the phenomenon can be used for liquid food and

* Corresponding author. Tel.: +386 1 4768 770; fax: +386 1 4264 658.
E-mail address: alenka@lbk.fe.uni-lj.si (A.M. Lebar).
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water conservation [6,7]. The applicability of electroporation is
broad: from biotechnology and biology to medicine. Each
application has its own optimal electrical parameters [8], which
has to be determined beforehand [9].

It is stipulated that pores are mostly formed by rearranging of
lipid molecules in lipid bilayer structure; if so, planar lipid bilayer
is a good model for experimental and theoretical studies [ 10]. The
planar lipid bilayer can be considered as a small part of total cell
membrane. Lipid bilayer as an artificial model of the cell
membrane can be made of only one type of lipid molecules, their
mixtures or even lipids and proteins [11]. Lipid bilayers of
different compositions have different electrical properties that are,
due to their influence on membrane stability in electric field,
important for the use of electroporation.

Planar lipid bilayer stability in an electric field and conse-
quently the voltage that cause bilayer rapture is one of the most
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important properties of planar lipid bilayers. The breakdown
voltage of the lipid bilayer is usually determined by a rectangular
voltage pulse. The amplitude of the voltage pulse is incremented
in small steps until the breakdown of the bilayer is obtained [12].
Using such a protocol, the number of applied voltage pulses is
not known in advance and each bilayer is exposed to voltage
stress many times. Such a pre-treatment of the lipid bilayer
affects its stability and consequently the determined breakdown
voltage of the lipid bilayer [13]. In this study, another approach
for the breakdown voltage determination is suggested: using
linear rising signal, the breakdown voltage is determined by a
single voltage exposure.

2. Materials and methods
2.1. Electrical setup

Our system for following up electroporation of planar lipid
bilayers consists of a signal generator, a Teflon chamber and a
device, which is used for measurements of membrane current and
voltage (Fig. 1).

Signal generator is a voltage generator of an arbitrary type that
provides voltage amplitudes from —5 V to +5 V. It is controlled by
costume written software (Genpyrrha), specially designed for
drawing the voltage signal that is used for membrane electro-
poration. The last but not least part of the signal generator is an
analogue switch. The switch disconnects the output of the signal
generator and switches to the 1 M) resistor. The switch is fast, it
turns off the signal generator in 2 ns. In this way, a system
discharge voltage is measured and consequently the capacitance
of the lipid bilayer.

Two Ag-AgCl electrodes, one on each side of the planar lipid
bilayer, were plunged into the salt solution. Transmembrane
voltage was measured via a LeCroy differential amplifier 1822.
The same electrodes were used to measure transmembrane
current. Both signals were stored in oscilloscope LeCroy
Waverunner-2 354 M in Matlab format. All the signals were
processed offline. Chamber is made out of Teflon. It consists of
two cubed reservoirs with volume of 5.3 cm® each. In the hole
between two reservoirs, a thin Teflon sheet with a round hole
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Fig. 2. Measurement protocol: (A) capacitance measurement of lipid bilayer was
measured in two steps. In the first step, we measured capacitance of the
electronic system without lipid bilayer. Second step was measuring capacitance
of electronic system with lipid bilayer and salt solution. (B) Voltage breakdown
measurement with linear rising signal.

(105 pm diameter) is inserted. Lipid bilayer is formed by the
Montal-Muller method [14].

2.2. Chemical setup

The salt solution was prepared of 0.1 molar KCl and
0.01 molar Hepes in the same proportion. Some droplets of one
molar NaOH were added to obtain pH 4.7. The lipids were
prepared from POPC (1-pamitol, 2-oleiol phosphatdiholin) in
powder form (Avanti Polar-Lipids Inc. ZDA). The POPC was
melted in solution of hexane and ethanol in ratio 9:1. The
mixture of hexadecane and pentane in ratio 3:7 was used for
torus forming.

2.3. Measurement protocol

Measurement protocol consisted of two parts: capacitance
measurement (Fig. 2A) and lipid bilayer breakdown voltage
measurement (Fig. 2B). Capacitance and the breakdown voltage
were determined for each lipid bilayer.

The capacitance of lipid bilayer was measured in two steps
(Fig. 2). In the first step, we measured capacitance of the
electronic system without lipid bilayer (Csys). The resistance of
oscilloscope probes (1 M{)) and the special resistor (1 M()) were
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Fig. 1. System for electroporation of planar lipid bilayer. (1) The microprocessor board with MCF5024 processor and two modules. One module generates arbitrary
signals and the other that is realized in Xillinx is used for frequency extension. (2) Chamber for forming lipid bilayers and two Ag-AgCl electrodes. (3) Modules for

current and voltage amplification. (4) Digital oscilloscope for data storing.
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connected in parallel as shown on Fig. 3A. Therefore, the
resistance Rgys was approximately 500 k(). By finding the time
constant Tgys of the voltage discharge the capacitance Cgys was
determined considering the relation

_TSys (1)

Second step was measuring capacitance of electronic system
with lipid bilayer and salt solution (Csppy) (Fig. 3B). Equi-
valent resistor (Rgys) was still 500 k{2, because the resistance of
the lipid bilayer was greater than 10® Q [15].

By finding the time constant Tgpr \ Of the voltage discharge,
the capacitance Cgpyn was determined

T
»

The capacitance of lipid bilayer was obtained as a difference
between Cgys and Cggyvm:

Ceim = Ccys—Cspim- (3)

The specific membrane capacitance (c) was obtained by
dividing Cgp by the bilayer surface area.

We determined breakdown voltage (Uy,) of the lipid bilayer
by the linear rising signal. The slope of the linear rising signal
(k) and the peak voltage of the signal has to be selected in
advance. Six different slopes were selected. Breakdown voltage
was defined as the voltage at the moment #,, when sudden
increase of transmembrane current was observed. Time of
breakdown #,, was defined as a lifetime of the lipid bilayer at a
chosen slope of the linear rising signal (Fig. 2).

2.4. Statistics

To compare breakdown voltages and specific membrane
capacitances of the lipid bilayers exposed to voltage signals of
different slopes (k) Kruskal-Wallis, one-way analysis of
variance on ranks test was used. All pairwise multiple
comparisons were made by Tukey’s test. Descriptive statistics
include mean value and standard deviation.

— ' —
R CSYS ROS(‘ CSYS RSYS

B
—— —— ' ——
CSYS RSYS CBLM RBLM CSBLM RSYS

Fig. 3. Electric circuits: (A) system without lipid bilayer and salt solution; (B)
system with planar lipid bilayer and salt solution.

A

Table 1
Specific membrane capacitances (c¢), breakdown voltages (Uy,) and lifetimes (#,,)
for lipid bilayers exposed to linear rising voltage signals of different slopes (k)

N k (kV/s) ¢ (uF/em?) Upr (V) tor (11S)
18 48 0.5+0.1 0.51+0.02 104+4
6 55 0.5+0.1 0.48+0.01 86+3
4 7.8 0.6+0.1 0.49+0.01 61+2
3 16.7 - 0.57+0.01 34+1
5 216 0.4+0.1 0.59+0.02 27+1
3 48.1 - 0.74+0.02 15+1

Values given are mean+standard deviation. Number of measurements N in each
experimental group is given in the first column.

Using nonlinear regression, a two-parameter curve was fitted
to the data

a
U=—"p 4)
where U was U, measured at different slopes, ¢ was
corresponding f,, and @ and b are two parameters. Parameter
a is an asymptote of the curve, which corresponds to minimal
breakdown voltage Uy for specific bilayer. Parameter b
governs the inclination of the curve.

3. Results

Mean specific membrane capacitances (¢) and mean break-
down voltages (Uy,) of the lipid bilayers with their standard
deviations for six different slopes (k) are given in Table 1. Specific
membrane capacitances of membranes exposed to linear rising
signal of different slopes (k) were in the same range; no
statistically significant difference was obtained between different
experimental groups. The ¢ for all bilayers included in the study
was measured to be 0.5+0.1 pF/em?.

Breakdown voltage Uy, increased with increasing slope of
the linear rising voltage signal. U, measured at slope 4.8 kV/s is
not statistically different from Uy, measured at slope 5.5 kV/s
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Fig. 4. The breakdown voltage (Uy,) (black dots) of lipid bilayers as a function of
lifetime #,. The gray lines on the figure show six different slopes (k) of applied
liner rising voltage signal. Black dashed curve represents two parameters
equation fitted to data (Eq. (4)). An asymptote of the curve (a) with the value of
0.49 V corresponds to minimal breakdown voltage Upnn for lipid bilayers
made of POPC.
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(»=0.009) and it is not statistically different from Uy, measured
at slope 7.8 kV/s (p=0.305). Uy, measured at slope 5.5 kV/s is
not statistically different from Uy, measured at slope 7.8 kV/s
(»=0.941). Also U,,, measured at slopes 16.7 kV/s and 21.6 kV/
s are not statistically different (p=0.872). All other pairwise
multiple comparisons exhibited p<0.001; these means that Uy,
of all other experimental groups differ significantly.

The data are also presented in graphical form (Fig. 4). The
parameters a and b of the curve (4) are 0.49 V and 14.77 ps,
respectively. An asymptote of the curve (a) with the value of
0.49 V is considered as minimal breakdown voltage Uy for
lipid bilayers made of POPC.

4. Discussion

Breakdown voltage is one of the most important properties of a
lipid bilayer when biomedical and biotechnological applications
of electroporation are under consideration. Although planar lipid
bilayer differs in a number of characteristics from the biological
membrane, it is believed that general picture of the electroporation
is the same [16]. The aim of this study was to present a different
measuring protocol for determination of the lipid bilayer
breakdown voltage, which would avoid multiple exposure of
the lipid bilayer to a voltage stress.

According to our measuring protocol, each lipid bilayer is
exposed to voltage signal only twice. First bilayer capacitance is
determined by a rectangular voltage signal of 0.30 V.
Capacitance measurement reveals an intact lipid bilayer before
inducing its breakdown. In the next step, lipid bilayer
breakdown is induced by linear rising voltage signal.

Evans et al. used similar approach in their experiments on lipid
vesicles [17]. They applied tension at different loading rates and
they found out that tension needed for membrane rupture
increases with increasing loading rate. These results are in line
with the results of our study, with different stimulating signal. On
the other hand, Satkauskas et al. compared effectiveness of
different electrochemotherapy protocols in vivo on mice [18].
They used different durations and amplitudes of rectangular
voltage pulses and observed nonlinear dependence between
amplitude (strength) and duration of the signal for the same
electrochemotherapy effectiveness.

In our study, we selected six different slopes of linear rising
voltage signal due to already known experimental evidence that
lipid bilayer lifetime is dependent on the applied voltage [12,19]
and that the lipid bilayer breakdown voltage is dependent on the
lipid bilayer pre-treatment [13]. Our results show that lifetime of
lipid bilayer depends on the slope of linear rising voltage signal
and that also the breakdown voltage is a function of the slope of
the linear rising voltage signal; it increases with increasing slope.
This is comparable to results obtained by Evans et al. [17].
According to theoretical model proposed by Joshi and Schoen-
bach [20], the pore generation rate depends exponentially on the
membrane voltage; therefore, in the case of steep voltage signal,
breakdown voltage was achieved after shorter pre-treatment. On
the other hand, also because of shorter pre-treatment of the lipid
bilayer in the case of steep voltage signal the corresponding
breakdown voltage was higher. Strength-duration two-parameter

curve (Eq. (4)) was fitted to experimental data and an asymptote
corresponded to minimal breakdown voltage Uy, N of specific
lipid bilayer (POPC).

Troiano et al. [12] have used the same lipids (POPC) in their
experimental studies. With considerably long rectangular voltage
pulses (10 s), they had detected breakdown voltage of 0.17 V. This
value however is much lower then the Uy obtained in our
study (0.49 V). Because the entire pre-treatment (number of
applied voltage pulses) of the lipid bilayers in their experiments is
not known, it is possible that much low breakdown voltage was
detected.

Based on our results, we suggest determination of lipid bilayer
breakdown voltage by linear rising signal. Better reproducibility
and lower scattering are obtained due to fact that each bilayer is
exposed to electroporation treatment only once. Moreover, mini-
mal breakdown voltage for specific lipid bilayer can be determined.
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A System for the Determination of Planar Lipid
Bilayer Breakdown Voltage and Its Applications

Peter Kramar, Damijan Miklavcic, and Alenka Macek Lebar*

Abstract—In this paper, we focus on measurement principles
used in electroporation studies on planar lipid bilayers. In partic-
ular, we point out the voltage-clamp measurement principle that
has great importance when the breakdown voltage of a planar lipid
bilayer is under consideration; however, it is also appropriate for
the determination of other planar lipid bilayer electrical properties
such as resistance and capacitance. A new experimental system that
is based on the voltage-clamp measurement principle is described.
With the use of a generator that can generate arbitrary-type sig-
nals, many specific shapes of a voltage signal could be generated,
and therefore, the experimental system is appropriate for a broad
spectrum of measurements.

Index Terms—Biomechanics, capacitance measurement, dielec-
tric breakdown, electric field effects, isoelectric phenomena.

I. INTRODUCTION

LECTROPORATION is characterized by the formation
E of structural changes within the cell plasma membrane,
which are caused by the presence of an electric field. These
changes, most often described as “pores,” are estimated to be
in the order of 1-10 nm, increase the plasma membrane per-
meability, and enable transport of ions and molecules across
the plasma membrane [1]. Electroporation is either reversible
or irreversible. Reversible electroporation is used to introduce
various substances into the cell and has practical applications
in medicine, biology, and biotechnology, such as gene therapy,
transdermal drug delivery, and electrochemotherapy [2]-[5]. If
the cell membrane does not reseal due to a very high elec-
tric field, the electroporation is irreversible. Irreversible elec-
troporation was suggested for liquid food and water conserva-
tion [6], [7], and tissue ablation [8], [9]. The applicability of
electroporation is broad: from biotechnology and biology to
medicine. The exact molecular mechanisms of the phenomenon
are still not fully elucidated; however, it is believed that “pores”
in the cell membrane are mostly formed by the rearrangement
of lipid molecules. Therefore, artificial lipid bilayer structures
in the form of planar lipid bilayers or lipid bilayer vesicles can
be used as a model for experimental [10], [11] and theoretical
studies of electroporation [12].

Lipid bilayer structures can be made of one type of lipid
molecules or their mixtures. In more complex forms, they can
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planar
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Fig. 1. Electrical properties of a planar lipid bilayer: resistance (R), capaci-
tance (C), thickness (d), voltage breakdown (U}, ), and mass flux (¥); these are
measured with the application of current (/) signal and voltage (U) signal of
diverse shapes. Application of electromagnetic waves is an alternative.

be composed of different lipids and proteins [13]. Lipid bilayer
composition drives events during the electroporation process
and determines the electrical properties of a lipid bilayer struc-
ture. According to the broadly used electric circuit model of
the lipid bilayer, which consists of resistance (R) and capaci-
tance (C) in parallel, resistance and capacitance are the most
often measured electrical properties of the lipid bilayer. From
the electroporation point of view also, the breakdown voltage
(Uyy), i.e., the transmembrane voltage at which the lipid bi-
layer brakes, and the mass flux (¥) through the lipid bilayer are
important.

Synthetic liposomes and vesicles are natural models, which
mimic the geometry and topology of cell membranes. In some
recent papers, it was reported that the field induces elongation
of vesicles in the direction of the applied field prior to electro-
poration [10], and that the average rate of radius growth of the
reversible pores is about five orders of magnitude smaller than
that of irreversible electropores in planar lipid membranes of
similar phospholipids [11].

But if the planar lipid bilayer is considered as a small fraction
of the total cell membrane, it represents the simplest model for
experimental studies of electroporation; especially because it is
accessible from both sides.

Two measurement principles of planar lipid bilayer’s proper-
ties are mainly used: the voltage-clamp method [14]-[25] and
the current-clamp method [26]—-[37]. In addition, due to the
steadily growing use of wireless communication systems, appli-
cation of electromagnetic waves is their alternative (see Fig. 1).
By using different shapes of signals and frequencies, planar lipid
bilayer’s properties such as resistance, capacitance, thickness,
voltage breakdown, and mass flux can be measured.

1536-1241/$26.00 © 2009 IEEE



KRAMAR et al.: SYSTEM FOR THE DETERMINATION OF PLANAR LIPID BILAYER BREAKDOWN VOLTAGE AND ITS APPLICATIONS 133

In the voltage-clamp method, the voltage signal is applied to
the lipid bilayer. The simplest as well as the most often used
shape of the voltage signal is a square voltage pulse [14], [18],
but other shapes have also been used [15], [21], [38], [39].
Some experiments were done by using two sinus-shaped volt-
age signals: the first with a low frequency and large ampli-
tude, and the second with a high frequency and low amplitude
that was added to the first one. In this way, lipid bilayer con-
ductance and capacitance were determined at the same time
[37].

In the current-clamp method, the current is applied to the
lipid bilayer. Usually, this method is appropriate for measuring
the resistance of lipid bilayer and the mass flow. It is believed
that during these kinds of measurements, the lipid bilayer is
more stable due to less voltage stress [27], [30]; therefore, small
changes in the membrane structure can also be observed. Scalas
et al. [31], for example, reported on the time course of voltage
fluctuations that followed an increase of the membrane con-
ductance due to the opening and closing of hydrophilic pores
[28], [31], [40].

Under current-clamp conditions, the transmembrane voltage
increases slowly; therefore, stable pores could be formed [27],
[29], [32], [41]. The creation of the first pore in the planar lipid
bilayer causes a fast reduction in transmembrane voltage, which
decreases the probability of next pore creation [27]. Because
the pore size is voltage dependent, the pore size decreases. As a
consequence, the transmembrane voltage and the pore size in-
crease again. These fluctuations of transmembrane voltage and
pore size allow for maintenance of the electroporated planar
lipid bilayer. Therefore, such experimental conditions are ex-
tremely useful for investigations of membrane organization at
the molecular level.

Combination of electrical recording techniques with different
kinds of high-frequency electromagnetic fields offers additional
insights. For structure elucidation of lipid—water mesophases,
small- and wide-angle X-ray scattering methods were used [42].
Hanyu et al. [43] presented an experimental system that allows
measurement of current (function) and fluorescence emission
(structural change) of an ion channel in the planar lipid bi-
layer while the membrane potential is controlled like functional
relationships between the planar lipid bilayer and membrane
interacting peptides. Rapid and reversible changes in photore-
sponsive planar lipid bilayer’s electrical properties when irradi-
ated with light were studied by Yamaguchi and Nakanishi [44].
Planar lipid bilayers have also been exposed to an RF field of
about 900 MHz according to GSM standards, and the authors
reported that temperature oscillations due to the pulsed RF fields
are too small to influence planar lipid bilayer’s low-frequency
behavior [45].

In this paper, we focus on the voltage-clamp measure-
ment principle. We explain advantages and disadvantages of
this method and describe its measuring system requirements.
We present a new measuring system that has broad applica-
bility; the new system allows generation of arbitrary wave-
forms, and therefore, many existing experimental procedures
can be repeated and completely new measurements can be
planned.

CPU
MCF5204

Frq. extender module

Fig.2. Experimental system: 1) microprocessor board with MCF5024 proces-
sor and two modules. The signal generator module generates arbitrary signals.
The frequency extender module is realized in the programmable integrated cir-
cuit (FPGA) and is used for frequency extension; 2) chamber for forming planar
lipid bilayer and two Ag—AgCl electrodes; 3) modules for current and voltage
amplification; 4) oscilloscope for data collection and storage.

II. EXPERIMENTAL SYSTEM

The system consists of a signal generator, a Teflon chamber
where the planar lipid bilayer is prepared, a device for voltage
and current measurement and storage. Fig. 2 presents a typ-
ical structure of the experimental system: a signal generator
(see Fig. 2-1), a chamber for forming planar lipid bilayers and
electrodes (see Fig. 2-2), voltage and current amplifiers (see
Fig. 2-3), and an oscilloscope for data storage (see Fig. 2-4).

A. Signal Generator

Signal generator is a generator of an arbitrary type. It provides
voltage amplitudes from —5 to +5 V. It is controlled by custom-
designed software, specially designed for drawing the arbitrary
voltage signals that are used for membrane electroporation. In
the program, the gain of the output amplifier and the way of
triggering can be selected as single, continuous, or burst type.
The signal can be either monopolar or bipolar, and a different
number of pulses can be generated. The last but not least part of
the signal generator is an analog switch. The switch disconnects
the output of the signal generator and switches one electrode
to the 1-M(Q resistor. The switch is fast: it turns off the signal
generator in 2 ns. In this way, the system discharge voltage, as
well as the capacitance of the lipid bilayer, is measured. The
signal time resolution is 860 ns or 1.17 MHz; however, lower
and higher frequencies can also be obtained.

For higher frequencies applications, a special circuit for fre-
quency extensions that consists of a programmable integrated
circuit [field-programmable gate array (FPGA)] is added. The
highest sampling frequency is 33 MHz. Lower frequencies can
be selected by inner decades that are programmed in the pro-
grammable integrated circuit and separated by a 7-bit binary
counter.

B. Voltage and Current Amplification, and Storage

Two Ag—AgCl electrodes (IVM, USA), one on each side
of the planar lipid bilayer, are immersed into a salt solution.
The transmembrane voltage is measured by LeCroy differential
amplifier 1822. The same electrodes are also used to measure
the transmembrane current. An electronic circuit transforms the
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Fig. 3.  Montal-Miieller method for planar lipid bilayer formation [46]. (a)
Layer of lipid molecules on the salt solution. (b) Level of the salt solution is
slowly raised above the hole. (c) Planar lipid bilayer is made on the hole. (d)
Round hole in a Teflon sheet made by electrical discharge. The image of the
hole was captured by Olympus DP 10 Camera and Olympus DP soft programme
through Olympus CK 40 microscope at the 20x magnification. The diameter of
the hole (105 m) was determined by Olympus DP-soft programme measuring
tools.

transmembrane current into voltage, so that 1 V corresponds to
I mA of a transmembrane current.

Both signals are stored by the oscilloscope LeCroy
Waverunner-2 354M in the MATLAB format. All sampled sig-
nals are analyzed in MATLAB software after experiments.

C. Chamber

The chamber is made of Teflon. Teflon is highly resistant
to chemicals, and therefore, it may be cleaned with aggressive
chemicals such as sulfuric acid (H,SO,). Between experiments
the chamber is soaked in HySO,. The chamber consists of two
parts; each part is a cubed reservoir with a volume of 5.3 cm?.
Between the reservoirs a 25.40-um-thin Teflon sheet is inserted.
A round hole [see Fig. 3(d)] was made in the Teflon sheet by
electrical discharge. The diameter of the hole was measured (105
pum) and the area of the hole was calculated (8.66 nm?). The
lipid bilayer is formed on the hole by a folding method given
by Montal and Miieller [see Fig. 3(a)—(c)] [46]. This method
was selected due to its fast rebuilding ability of a planar lipid
bilayer after each breakdown. The membrane was assumed to
span 90% of the area of the hole, while the remaining 10% is
occupied by the torus of solvent that supports the membrane.

The salt solution is poured in both reservoirs through special
channels. The channels have a diameter of 0.8 mm and lies
below 50° with respect to the bottom of the reservoirs. Through
each channel, a pipeline is inserted into each reservoir. The level
of salt solution in the reservoir is regulated by using a syringe
filled with salt solution, which is attached to the outer side of
the pipeline.
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TABLE I
SPECIFIC MEMBRANE CAPACITANCES

Lipid mixtures C (uF/cM?) N
POPC 0.5%0.1 33
POPC+1uM Cj,Eq 0.2120.02 37
POPS:POPC (3:7) 0.29£0.07 42

Specific membrane capacitances (C) that have been measured for three lipid mixtures.
Values given are mean * standard deviation. The number of measurements (N) in each
experimental group is given in the third column.

D. Chemicals

The results presented in this paper were obtained by chemicals
described in this section. Our experiments were done using the
salt solution prepared of 0.1 molar KC1 (MERCK, Germany)
and 0.01 molar 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes) (MERCK, Germany) in the same proportion. Some
droplets of 1 molar NaOH (MERCK, Germany) were added to
obtain a pH value of 7.4.

Synthetic lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-
3-[phospho-L-serine] (POPS) were used in our experiments.
Both are common parts of experimental structures (lipid bilay-
ers and vesicles) and mimic at least one important constituent of
the cell membrane—glycerophospholipids. They were obtained
in powder form (Avanti Polar Lipids, Inc., ZDA), and melted in
the solution of hexane and ethanol (Riedel-de Haén, Germany)
in a ratio of 9:1. Octaethyleneglycol mono-n-dodecyl ether
(C12Eg) was obtained in crystal form (Fluka, Switzerland). The
mixture of hexadecane and pentane (Merck, Germany) in a
ratio of 3:7 was used for torus forming.

III. MEASUREMENT PRINCIPLES AND PROPERTIES OF PLANAR
L1pID BILAYERS

The system described has been tested with different exper-
imental protocols. Some of them were already proposed by
other authors. We have determined the capacitance of lipid bi-
layers [18] and the breakdown voltage of planar lipid bilayers
using rectangular pulses [14], [21], [24] as well as linear rising
signals [38].

A. Capacitance of Lipid Bilayer

The capacitance (C) is a parameter that is considered to be the
best tool for probing the stability and formal goodness of planar
lipid bilayers. Using the system described, C is determined by
the discharge method [18]. The data measured for each planar
lipid bilayer mixture are presented in Table I.

B. Conductance During Electroporation

Resistance (R) or conductance (G) as an electrical property
of planar lipid bilayers can be measured only during the appli-
cation of voltage or current signals. Measurement of the current
requires high sensitivity in the range of nanoamperes.

When a rectangular voltage pulse of a high amplitude is ap-
plied on the planar lipid bilayer, electroporation occurs and
the conductance of the lipid bilayer increases considerably (see
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(a) Voltage signal composed of an initial rectangular pulse and a negative slope ramp [15]. (b) Transmembrane current. / is a typical trace of the

transmembrane current during the electroporation. (c) and (d) Corresponding results of our experiments.

Fig. 4). Consequently, current through the planar lipid bilayer
also increases by several orders of magnitude, as shown in Fig. 4.
Due to the constant voltage amplitude during the pulse, the dy-
namic conductance [G(#)] is determined by
aw =10
u(t)
where i(f) is the current measured through the planar lipid bilayer
and u(?) is the applied voltage.

Sharma et al. have used a special waveform for measuring
the dynamic conductance of the lipid bilayer during the elec-
troporation [15]. The applied signal is composed of an initial
rectangular pulse and a negative-sloped ramp. Such a pulse pro-
tocol allows longer measurement of membrane conductance.
Due to the fact that with the system described in this paper

(D

an arbitrary shape of the voltage signal can be provided to the
electrodes, our system is applicable for such measurements also
(see Fig. 5).

C. Breakdown Voltage of the Planar Lipid Bilayer

Breakdown voltage (U, ) is one of the most important prop-
erties of a lipid bilayer when biomedical and biotechnological
applications of electroporation are under consideration.

Mostly, the breakdown voltage of the planar lipid bilayer is
determined by applying a rectangular voltage pulse (10 ps—10
s). The amplitude of the voltage pulse is incremented in small
steps until the breakdown of the bilayer is reached [14]. First, the
voltage pulse charges up the planar lipid bilayer. Above the crit-
ical voltage (Uy,), defects are caused in the planar lipid bilayer
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Fig. 6. Breakdown voltage (U}, ) (dots) of planar lipid bilayers with different

chemical composition as a function of lifetime ¢},,. The gray lines show seven
different slopes of the applied linear rising voltage signal. Dash, dotted, and
dash-dotted curves represent a two-parameter curve fitted to data (2).

allowing an increase of the transmembrane current. Usually, the
membrane collapses thereafter.

Using the rectangular voltage pulse measuring protocol, the
number of applied voltage pulses is not known in advance and
each planar lipid bilayer is exposed to a voltage stress many
times. Such a pretreatment of the planar lipid bilayer affects its
stability and consequently the determined breakdown voltage
of the planar lipid bilayer [24]. Another approach for the break-
down voltage determination was suggested by our group [38].
Using a linear rising signal, the breakdown voltage of each pla-
nar lipid bilayer is determined by a single voltage exposure.

The slope of the linear rising signal and the peak voltage of
the signal have to be selected in advance. Breakdown voltage is
defined as the voltage at the moment #,, when a sudden increase
of the transmembrane current is observed. Time #;,. was defined
as the lifetime of the planar lipid bilayer at a chosen slope of the
linear rising signal (see Fig. 6). Due to the already known exper-
imental evidence that the planar lipid bilayer lifetime depends
on the applied voltage [14], [47] and the planar lipid bilayer
breakdown voltage depends on the planar lipid bilayer pretreat-
ment [24], Uy, and t;,, were measured at six or seven different
slopes. Indeed, the lifetime of the planar lipid bilayer depends
on the slope of the linear rising voltage signal, and also the
breakdown voltage is a function of the slope of the linear rising
voltage signal; it increases with the increasing slope. Therefore,
using nonlinear regression, a two-parameter curve was fitted to
the data,

a

U= 1—et/b

@)
where U is the U}, measured at different slopes, ¢ is the cor-
responding t,,, and a and b are the parameters. Parameter a is
an asymptote of the curve that corresponds to minimal break-
down voltage Uy, \1n for a specific planar lipid bilayer chemical
composition. Parameter b governs the inclination of the curve.
The results obtained with the described measuring protocol
are presented in Fig. 6. Uy, and ¢, of POPC, POPC + 1 uM
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C12Eg, and POPS:POPC (3:7) planar lipid bilayers have been
measured, and Uy,\in for each planar lipid bilayer chemical
composition has been calculated: Uy, \n is 0.49, 0.58, and
0.55 V, respectively.

IV. DISCUSSION

In this paper, we focused on measurement principles used
in electroporation studies on planar lipid bilayers. We pointed
out the voltage-clamp measurement principle that has great im-
portance when the breakdown voltage of planar lipid bilayers is
under consideration; however, it is also appropriate for the deter-
mination of other planar lipid bilayer electrical properties such
as resistance and capacitance. A new experimental system that
is based on the voltage-clamp measurement principle was de-
scribed. Due to the signal generator of an arbitrary pulse shape,
many special shapes of the voltage signal could be generated,
and therefore, the experimental system is appropriate for a broad
spectrum of measurements. Values of planar lipid bilayer capac-
itance, dynamic conductance during irreversible breakdown of
the planar lipid bilayer, and lipid bilayer breakdown voltage are
given.

The most common and simple method for measuring planar
lipid bilayer capacitance is the discharge pulse method, which
was described in detail by Sharma et al. [15], and Benz and
Janko [18]. The method is easily applied using the described
system. Due to the fact that the capacitance of the planar lipid
bilayer depends on the bilayer composition as well as on the
concentration of the salt solution [39], many different values can
be found in scientific papers [48]; the results given in Table I
are in line with previous measurements of planar lipid bilayer
capacitance. The voltage-clamp method has also been used by
Gallucci et al., who have described a measurement system where
two sinus signals with frequencies 1 Hz and 1 kHz are mixed
and applied to the planar lipid bilayer. The amplitude and phase
of both signals govern the planar lipid bilayer capacitance and
resistance simultaneously [39]. Such continuous monitoring of
C may prove useful in tracking planar lipid bilayer electrical
properties that depend on the lipid composition and incorporated
nonphospholipids substances. This method allows measuring of
electrical properties of nonpermeabilized planar lipid bilayers
and during the process of defect formation—electroporation.
Capacitance of a planar lipid bilayer can also be determined by a
triangular voltage signal [26] that is controlled by the regulation
system that includes a charged planar lipid bilayer as a part. In
this way, the period of the triangular voltage signal is related to
the capacitance of the planar lipid bilayer.

Conductance measurements were presented by tracking dy-
namic conductance during the irreversible breakdown of the
planar lipid bilayer (see Fig. 4). Measurement of fluctuation
and transient pores in the planar lipid bilayer requires high-
sensitivity current measurements in the range of nanoamperes.
Melikov et al. [22] monitored fluctuations in the planar lipid
bilayer conductance induced by applying a voltage step of suf-
ficiently high amplitude. They demonstrated that the amplitude
of fluctuations varied in a rather broad interval (form 150 to
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1500 pS), and they related it to the formation of local conduc-
tive defects—hydrophilic pores.

Breakdown voltage (Uy,) is one of the most important prop-
erties of a lipid bilayer when biomedical and biotechnological
applications of electroporation are under consideration. Uy, de-
pends on the composition of the planar lipid bilayer, i.e., the type
of lipid hydrophilic chain and nonphospholipid substances. By
arectangular voltage pulse, Uy, of planar lipid bilayers made of
many different compositions was determined [48]. Meier ef al.
have reported that palmitoyl-oleoyl (PO) membranes require
~100 mV smaller breakdown voltages compared to diphy-
tanoyl (DPh) membranes [16]. Incorporation of nonphospho-
lipid substances into planar lipid bilayers changes Uy, as well.
The effect is a consequence of the surfactant molecular shape
acting to change the spontaneous curvature of the membrane,
which is especially important during the defects formation pro-
cess [12], [49], [50].

Uy, has been measured either by the voltage-clamp or the
current-clamp method using a rectangular, triangular, or step
shape of the signal (see Fig. 1). However, voltage-clamp meth-
ods provide great stress to the planar lipid bilayer and hence,
are not appropriate for observation of small defects—pores in
the membrane structure. Namely, the strong electric field caused
by the applied voltage usually generates a diverse population of
pores in the planar lipid bilayer [22] and eventually planar lipid
bilayer destruction. By means of a linear rising signal, Uy, is de-
termined by single voltage exposure that applies lower voltage
stress on the planar lipid bilayer than during the pulse measuring
protocol.

Therefore, the new experimental system, which is based on
the voltage-clamp measurement principle and allows genera-
tion of arbitrary waveforms, can be a great contribution to the
planning of new experimental procedures and makes it easier to
perform the existing procedures.
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Measurement Protocol
for Planar Lipid Bilayer Viscoelastic Properties

Izidor Sabotin, Alenka Maéek Lebar, Damijan Miklav€i€ and Peter Kramar
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ABSTRACT

This paper describes how to estimate planar lipid bilayer’s elasticity module E and
surface tension ¢ by means of measuring its breakdown voltage and using Dimitrov’s
viscoelastic model of electric field-induced breakdown of lipid bilayers. Planar lipid
bilayers (BLMs) were made of two components: 1-palmitoyl 2-oleoyl
phosphatidylcholine (POPC) and 1-palmitoyl 2-oleoyl phosphatidylserine (POPS) in
five different compositions. Folding method for forming planar lipid bilayers in the salt
solution of 100 mM KCI was used. Breakdown voltages Uy, and membrane life times t,
were measured by means of applying linear rising voltage signals of seven different
slopes. Specific capacitances cg;y of bilayers were measured with charge pulse method.
Then Dimitrov’s viscoelastic model was fitted to measured data allowing for estimation
of elasticity module and surface tension of the lipid bilayer. Our results show that one-
component bilayers composed from POPS were more stable and thus having higher
breakdown voltages and elasticity moduli then bilayers composed of POPC. Surface
tension values were similar regardless of the membrane composition. Values of the
elasticity (E) and surface tension (o) are comparable to those published in the
literature. We conclude that the protocol used, though time consuming, is an
alternative to other methods used for determination of bilayer’s mechanical properties.

Index Terms

— Bioelectric phenomena, biomechanics, dielectric breakdown,

capacitance measurement, electric field effects, electromechanical effects, membranes.

1 INTRODUCTION

BIOLOGICAL membranes play a crucial role in living
organisms. They are soft condensed matter structures that
envelope the cells and their inner organelles. Biological
membranes maintain relevant concentration gradients by
acting as selective filters for ions and molecules. Besides their
passive role, they also host a number of metabolic and
biosynthetic activities [1].

Lipid bilayers are important constituents of living cell. This
fact provokes a serious interest towards the study of the
mechanical properties of membranes and the influence of
different lipid bilayer compositions on these properties.
Artificially built planar lipid bilayer is considered as a small
fraction of total cell membrane, it represents the simplest
model for experimental studies of membrane properties;
especially because it is accessible from both sides. Latter fact
makes the planar lipid bilayer especially suitable for
experiments that apply electric voltage or current to the
membrane and measure its response. The idea of applying
voltage to lipid structures in order to determine their

Manuscript received on 27 February 2009, in final form 22 June 2009.

properties is almost a hundred years old [2]. In 1920s
physicist Fricke measured the electrical response of a red
blood cell suspension as a function of frequency. He proposed
a model for a biological membrane with electrically equivalent
circuit comprising of a resistor and a capacitor connected in
parallel. Using the equation for the parallel plate capacitor he
estimated the dielectric constant (g) and thickness (h) of the
membrane.

The interaction of electric fields with biological membranes
and pure phospholipid bilayers has been extensively studied in
the last decades [3, 4]. Strong external electric field can
destabilizes membranes and induce changes in their structure.
The key parameter is the induced-transmembrane voltage
generated by an external electric field due to the difference in
the electric properties of the membrane and the external
medium, known as Maxwell-Wagner polarization. According
to the most widely accepted theory the lipids in the membrane
are rearranged to form aqueous pores. This increases the
conductivity of the membrane and its permeability to water-
soluble molecules which are otherwise deprived of membrane
transport mechanisms. This phenomenon is known as
electroporation, sometimes referred to also as dielectric
breakdown or electropermeabilization of membranes.

1070-9878/09/825.00 © 2009 IEEE
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The stability of planar lipid bilayer is determined by the
breakdown voltage which is one of the most important
properties of artificial bilayers in studying electroporation. The
breakdown voltage of the lipid bilayer is usually determined by
a rectangular voltage pulse. The amplitude of the voltage pulse
is incremented in small steps until the breakdown of the bilayer
is obtained [5]. With this protocol the number of applied voltage
pulses is not known in advance and each bilayer is exposed to
voltage stress many times. Such a pretreatment of the lipid
bilayer affects its stability and consequently the determined
breakdown voltage of the lipid bilayer [6]. To avoid this
inconsistency we have suggested an approach using linear rising
voltage signal [7] that allows the breakdown voltage
determination in a single exposure to voltage.

A macroscopic approach using the theory of elasticity of
solid bodies and liquid crystals can be applied to describe
mechanical properties of lipid bilayers. In 1973 Helfrich
proposed a theory and possible experiments of measurement
elastic properties on planar lipid bilayers [8]. As the
anisotropy of lipid bilayers is clearly expressed several
elasticity modules are required to describe its viscoelastic
properties. Depending on the directions of the membrane
deformation we distinguish volume compressibility, area
compressibility, unilateral extension along membrane plane
and transversal compression.

Experimentally, the material properties of bilayers have
been determined using, for example, micropipette
pressurization of giant bilayer vesicles [9-13] and with nuclear
magnetic resonance and x-ray diffraction [14]. Analysis of the
thermal fluctuations of giant vesicles using video-microscopy
techniques were used by Meleard et al [15]. Lipid bilayer
mechanical properties were commonly measured on giant
unilamelar vesicles. Pressure was applied on a membrane with
micropipette aspiration method; the properties were measured
by means of video microscopy [16]. On planar lipid bilayer
Winterhalter et al reports that dynamics light scattering allows
to quantify viscoelastic properties in non-pertubative way.
Zehl et al presented Monte Carlo simulations for investigation
of the self assembly and physical properties of aggregated
structures involved in a model system [17].

Transversal elasticity modulus cannot be measured directly
due to small thickness of the membrane and extremely small
changes of the thickness upon deformation [18]. It can be
estimated through capacitance measurement with a special
electrostriction method which is based on measurements of
the amplitude of higher current harmonics.

It is known, that the composition of the bilayers influences
its mechanical properties such as elasticity modulus and
surface tension [9, 12, 18]. If the monolayer is composed of
the mixture of different phospholipids, then depending on the
structure of phospholipids the monolayer could be more or
less densely packed. It is also known that elasticity modulus is
dependent on solvent used for preparation of planar lipid
bilayers and on addition of different surface active chemicals
(e.g. cholesterol) [9, 18].

In our study, we measured the breakdown voltage of planar
lipid bilayers of five different compositions by means of linear
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rising voltage. The aim of the study was to estimate the planar
lipid bilayer mechanical properties such as transversal
elasticity and surface tension by means of measured planar
lipid bilayer electrical properties and a viscoelastic predictive
model. The main question that we addressed was how
comparable are the estimated mechanical properties obtained
from predictive model to reports by other researches.
Influence of planar lipid bilayer composition on elasticity (E)
and surface tension (o) of planar lipid bilayer was also
investigated. Proposed protocol, though time consuming, is an
alternative approach to investigation of mechanical properties
of planar lipid bilayers.

2 MATERIALS AND METHODS

2.1 ELECTRICAL SETUP

Our system for following up electroporation of planar
lipid bilayers consists of a signal generator, a Teflon
chamber and a device, which is used for measurements of
transmembrane current and voltage (Figure 1). Signal
generator is a voltage generator of an arbitrary type that
provides voltage amplitudes from —5 V to +5 V. It is
controlled by costume written software (Genpyrrha),
specially designed for drawing the voltage signal that is used
for membrane electroporation. Part of the signal generator is
also a fast analogue switch. The switch disconnects the
output of the signal generator and switches to the 1 MQ
resistor in 2 ns. In this way, a system discharge voltage is
measured and consequently the capacitance of the lipid
bilayer. Two Ag-AgCl electrodes, one on each side of the
planar lipid bilayer, were immersed into the salt solution.
Transmembrane voltage was measured via a LeCroy
differential amplifier 1822. The same electrodes were used
to measure transmembrane current. Both signals were stored
in oscilloscope LeCroy Waverunner-2 354 M in Matlab
format. All the signals were processed offline.

Chamber is made of Teflon. It consists of two cubed
reservoirs with volume of 5.3 c¢m® each. In the hole between
two reservoirs, a thin Teflon sheet with a round hole (117 pm
in diameter) was inserted. Lipid bilayer is formed by the
Montal-Muller method.

Sig. gen. module

Frq. extender module

1 2
Figure 1. System for electroporation of planar lipid bilayer. 1. The
microprocessor board with MCF5204 processor and two modules. One
module generates arbitrary signals and the other that is realized in Xillinx, is
used for frequency extension. 2. Chamber for forming lipid bilayers and two
Ag-AgCl electrodes. 3. Modules for current and voltage amplification. 4.
Digital oscilloscope for data storage [7].

CpPU
MCF5204
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2.2 CHEMICAL SETUP

The salt solution was prepared of 0.1M KCI and 0.01M
Hepes in the same proportion. Some droplets of 1M NaOH
were added to obtain pH 7.4. The lipids were prepared from
POPC (1-pamitoyl 2-oleoyl phosphatidylcholine) and POPS
(1-pamitoyl 2-oleoyl phosphatidylserine) in powder form
(Avanti Polar-Lipids Inc. ZDA). Lipids were melted in
solution of hexane and ethanol in ratio 9:1. The mixture of
hexadecane and pentane in ratio 3:7 was used for torus
forming. When preparing two-component bilayers both
species of lipids were mixed together in appropriate ratio in
small plastic tube before they were applied. Five different
compositions of lipids were used. Two of them were made
exclusively of one component. Two-component bilayers were
made of mixture of POPC and POPS in three different ratios:
3:1, 1:1 and 1:3.

2.3 MEASUREMENT PROTOCOL

Measurement protocol consisted of two parts: capacitance
measurement (Figure 2A) and lipid bilayer breakdown voltage
measurement (Figure 2B). Capacitance and the breakdown
voltage were determined for each lipid bilayer. The
capacitance of lipid bilayer was measured with discharge
method as previously described [7]. The membrane
capacitance (CpLy) was normalised to the surface area of the
orifice for comparison with other studies (cgpm).

We determined breakdown voltage (Uy,) of the lipid bilayer
by the linear rising signal. The slope of the linear rising signal
(k) and the peak voltage of the signal has to be selected in
advance. Seven different slopes were selected. Breakdown
voltage was defined as the voltage at the moment t,, when
sudden increase of transmembrane current was observed.
Time of breakdown t,, was defined as a lifetime of the lipid
bilayer at a chosen slope of the linear rising signal [7]

2.4 STATISTICS

To compare breakdown voltages and specific membrane
capacitances of the lipid bilayers exposed to voltage signals of
different slopes (k) one way ANOVA test was used. All
pairwise multiple comparisons were made by Tukey’s test.
When statistically analyzing data of bilayers composed of
POPS exclusively Kruskal-Wallis one-way analysis of

UWV)a

Uhr

k C
el

LI
- r r:l_t‘”_;

A B

Figure 2. Measurement protocol: A) capacitance measurement of lipid
bilayer was measured in two steps. In the first step we measured capacitance
of the electronic system without lipid bilayer. Second step was measuring
capacitance of electronic system with lipid bilayer and salt solution. B)
voltage breakdown measurement with linear rising signal [7].

)
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variance on ranks test was used, as the population did not
fulfil all the requirements for one way ANOVA test i.e. the
equality of variance between the compared populations.
Pairwise multiple comparisons were performed by Dunn’s
method.

When comparing the mean breakdown voltages at the same
slopes (k) between one component lipid bilayers unpaired t-
test was used. As the variances of mean breakdown voltages
at slopes k=7.8 kV/s and k=11.5 kV/s were statistically
different, the comparisons were made with Mann-Whitney’s
test. We rejected the null hypothesis of analyses if the p-value
of the test was less than 0.05 (p < 0.05) regardless of the test
used.

2.5 DETERMINATION OF ELASTICITY AND
SURFACE TENSION

For determination of viscoelastic properties we used the
model of Dimitrov [19]. The model considers the lipid bilayer
as a thin viscoelastic film with fluctuating surfaces, bounded
by two semi-infinitive bulk phases. The assumption that the
membrane behaves as a viscoelastic, isotropic material,
represented as a standard solid model, composed of a Kelvin
body in series with a linear spring, is made. Originally, this
model predicts the critical voltage (U.) and critical time (t.)
needed to collapse a membrane at applied voltage. In our
study critical voltage corresponds to breakdown voltage (Uy,)
and critical time to life time (t,;) of planar lipid bilayer. The
parameters of model are Young’s transversal elasticity
modulus (E), surface tension (o), viscosity (u), thickness of
the membrane (h) and permittivity of membrane (g,,). If the
bilayer’s life time limits to infinity, the model of Dimitrov
yields:

8E-o-h’
O P W
m<0

In our experimental protocol (Figure 2) planar lipid bilayer
lifetime (t,;) is measured and can not be infinitive. Therefore
generic model equation that still contains (t,) is more
adequate [19]:

&€ Et,,

In equation (2) we consider:

c=—" 3

. 3)

a= %O’Eh 4)
¢

b= %haa,u (5)
c

Where ¢ corresponds to planar lipid bilayer capacitance
normalized with the surface area cpp .
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Equation (2) can be written as:

U, = da+2 ©6)
tbr

Using nonlinear regression, the viscoelastic model in
equation 6 was fitted to the data by Generalized Nonlinear
Non-analytic Chi-Square Fitting function in Matlab [20-22].
Parameters a and b, which are obtained trough fitting, served
to calculate Young’s elasticity modulus (E) and surface
tension (o) of planar lipid bilayer according to following two
equations derived from (3.4,5):

a
E=3—« 7
, (7
2
o = bc )
24auh

Specific capacitance (cgLy) has been measured and can be
used in a model. Other parameters such as thickness (h = 3.5
nm), viscosity (n = 6 Ns/m”) and o = 2 were used in
calculation according to the reference [19].

3 RESULTS

We measured specific capacitance (cgpy), life time (t,,) and
breakdown voltages (Uy,) for five different planar lipid bilayer
compositions. By means of viscoelastic model we estimated
transversal elasticity (E) and surface tension (o) of planar

Table 1. Fitted parameters (a) and (b), measured capacitance (cppyv,) and
calculated Elasticity (E) and Surface tension (o) for five different planar lipid
bilayer compositions are gathered in table with their standard deviation.

Mixture a b CBLM E c

POPC:POPS| 102V* | Vius N/em? 10 J/m?

1:0 (n = 106) |3.20 + 1.37[5.0 £ 0.8|0.51 £ 0.07 | 23.09 £ 0.3712.90 £ 3.50
3:1(n= 89) [2.33+0.75(4.8£0.6{0.17£0.06|17.61 £0.21 | 1.37 £0.96
1:1 (n= 60) |1.99+0.64|3.9+0.5{0.31 +0.07|18.48 £0.24| 3.69 + 1.67
1:3(n= 75) |4.70+ 1.06|7.4+1.5(0.24 £ 0.14|22.90 + 0.28 | 4.22 +4.92
0:1 (n=100) [8.36+2.14[5.6+1.1[0.41 £0.13[53.37 £0.65| 9.41 £ 0.60

uF/em?

lipid bilayer. All measured data are in agreement with our
previously published data [7]. Fitted parameters (a) and (b),
measured capacitance cgry, and calculated elasticity (E) and
surface tension (o) data with their standard deviation are
collected in Table 1. For all regression curves in Figure 3 the
68% confidence interval of the fit upper and lower border has
been plotted by dot-dashed curves.

For membranes composed exclusively of POPC (n = 106)
membranes were included and mean cgpy value with standard
deviation was measured to be 0.51 + 0.07 uF/cmz. Upr
increased with increasing steepness (k) of the voltage applied
as seen in Figure 3 at POPC:POPS = 1:0. Pairwise statistical
comparison of the mean Uy, were made. In general, mean Uy,
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at steeper slopes of linear rising voltage applied were
statistically significantly higher from mean Uy, at less steep
voltage ramps applied. Uy, at k = 48.1 kV/s was statistically
significantly higher than U, measured at the rest of applied
slopes of voltage signal. At k = 21.6 kV/s Uy, was statistically
significantly higher from Uy, at slopes k = 11.5 kV/s or less
and at k = 16.7 kV/s Uy, was statistically significantly higher
from Uy, at slopes k = 7.8 kV/s or less. Mean Uy, values at
slopes k = 4.8 kV/s, k = 7.8 kV/s and k = 7.8 kV/s showed no
statistical ~ difference. Similar statistical analysis was
performed for mean breakdown voltages for all membrane
compositions and similar statistical results, with respect to the
voltage signal slopes were obtained irrespective of the
membrane composition. From the fitted Dimitrov model
function to the mean breakdown voltages we obtained the
elasticity modulus E and surface tension o for lipid
membranes composed of POPC. We estimated the elasticity
modulus to be 23.09 + 0.37 N/em” and surface tension (12.90
+3.50)x10” J/m®.

For membranes composed of POPS exclusively (n = 100)
membranes were included in defining mean cppy, ty, and Uy,
values. Mean specific capacitance cppy was measured to be
0.41 £ 0.13 pF/cm®. A trend of increasing Uy, with respect to
steeper applied voltage slopes is seen in Figure 3 at
POPC:POPS = 0:1. Between one component lipid bilayers i.e.
membranes composed of POPC and POPS exclusively,
statistical analysis of mean Uy, values at same voltage slopes
applied was made. Mean Uy, values at slopes k =4.8 kV/s, k =
5.5kV/s, k=7.8kV/s, k=21.6 kV/s, k =48.1 kV/s measured
on lipid bilayers composed of POPS were significantly higher
from mean U, values measured on membranes composed of
POPC only. At slopes k = 11.5 kV/s and k = 16.7 kV/s no
statistical difference was observed as the probability values
for rejection of the null hypothesis were p = 0.069 and p =
0.259 respectively. The estimated elasticity modulus E for
bilayers composed of POPS was 53.37 + 0.65 N/cm” and the
surface tension was evaluated to (9.41  0.60)x10” J/m®,

For membranes composed of POPC:POPS = 3:1 (n = 89)
membranes were used in the analysis. Measured cpry was
0.17 £ 0.06 pF/cm®. A trend of increasing Uy, with respect to
steeper applied voltage slopes is seen in Figure 3 at
POPC:POPS = 3:1. The estimated elasticity module was 17.61
+0.21 N/cm? and surface tension was (1.37 + 0.96)x10™ J/m*.

For membranes composed of POPC:POPS mixed in 1:1 (n
= 60) membranes were included in the analysis. The mean
specific capacitance cgy was 0.31 + 0.07 pF/ecm®. Distinctive
Uy, dependence on the linear rising voltage applied is seen in
Figure 3 at POPC:POPS = 1:1. The estimated elasticity
module was 18.48 + 0.24 N/cm? and surface tension was (3.69
+1.67)x107° J/m? respectively.

For membranes composed of POPC:POPS = 1:3 (n = 75)
membranes were used in the analysis. Measured cp y was
0.24 + 0.14 pF/cm?”. A trend of increasing Uy, with respect to
steeper applied voltage slopes is seen in Figure 3 at
POPC:POPS = 1:3. We estimated elasticity E to 22.90 £ 0.28
N/em® and surface tension o to (4.22 £ 4.92)x10” J/m’.
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Figure 3. Dependence of the membrane breakdown voltage Uy, and life time t,, on steepness of the applied linear rising voltage. All seven slopes used are
denoted with roman numbers and plotted in gray color. The error bars in Uy, measurements represent standard deviation of the data. Composition of the
membrane experimented on denotes the title of the graphs meaning the volumetric ratio of the two lipids used (1-pamitoyl 2-oleoyl phosphatidylcholine
POPC and 1-pamitoyl 2-oleoyl phosphatidylserine POPS). The black solid line represents the fitted Dimitrov model function on the data measured.
Corresponding dash-doted lines represent the 68% confidence interval of the fit (upper border and lower border). Fits for all compositions are plotted on the
graph in bottom-right corner.
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4 DISCUSION

The breakdown voltage of planar lipid bilayers of five different
compositions were measured by means of linear rising voltage. The
aim of the study was to estimate the planar lipid bilayer mechanical
properties such as transversal elasticity and surface tension by
means of measured planar lipid bilayer electric properties and a
predictive model.

Dimitrov’s viscoelastic model of electric field-induced
breakdown voltage of lipid bilayers predicts a dependence on
electric pulse length to the electroporation thresholds of the
electromechanical theory [19]. Originally it predicted a minimum
critical voltage, for which the membrane becomes unstable at
long pulse durations. Troiano et al. reported that this model did
not fit to their measured data. The breakdown voltage of the lipid
bilayer in their experiments was however determined by
repeatedly applying a rectangular voltage pulse; the amplitude of
the voltage pulse was incremented in small steps until the
breakdown of the bilayer was obtained [5]. Using such a protocol
the number of applied voltage pulses is not known in advance
and each bilayer is exposed to voltage stress several and different
times. Such a pretreatment of the lipid bilayer most probably
affects its stability and consequently the determined breakdown
voltage of the lipid bilayer [6]. By using a linear rising voltage
signal, as we proposed in our previous study, we avoid this
inconsistency. The breakdown of planar lipid bilayer is forced in
a single voltage exposure. As a result of this protocol standard
deviation of bilayer’s life-time ty, at particular voltage slope was
reduced to 10% or less. When a rectangular pulses are used, the
bilayer breaks down at a random life time during the pulse. The
consistency of t,, measuremnt enabled us to use generic model of
Dimitrov in order to estimate bilayer’s elasticity modulus (E) and
surface tension (o).

Lipid bilayers have been shown to rupture at surface tensions in
a range from ~0.01 to 25 107 J/m’ depending on the lipid
composition [9, 11, 19, 23-26]. Our results are within this interval
though it has to be stressed out that uncertainty of our estimation is
rather high, especially in the case of 3:1 and 1:3 mixtures. One of
the reasons for that could be also the selected value of the thickness
(h) which is not exactly determined for each lipid composition. On
the other hand, it has been argued [27] that the electric field causes
a lateral stress in the membrane that directly influences the
interfacial tension and therefore has a dominant role in determining
headgroup packing and pore formation.

Transversal elasticity of a planar lipid bilayer can be determined
only by stressing the membrane in some way. Hianik measured the
elasticity of planar lipid bilayer with electrostriction method based
on measurement of the amplitude of higher current harmonics [18].
For a bilayer composed of eggPC a transversal elasticity modulus
measured was on the interval from 10° Pa (10 N/cm?®) at lower
frequencies to 107 Pa (10° N/em®) at higher frequencies (~ 2 kHz).
He also observed the dependence of E on various solvent used. For
solvents with shorter hydrocarbon chains (n-heptan, n-decane)
elasticity values as mentioned above were measured, but for
solvents with longer hydrocarbon chains (n-hexadecan), two orders
of magnitude higher values of elasticity were reported. We used n-
hexan and thus our determined elasticity moduli are comparable
with Hianik’s results at low frequencies using solvents with shorter
hydrocarbon chains.
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The bilayers were composed of two lipid species that are present
in biological membranes. A lipid molecule of POPS has negatively
charged headgroup while a molecule of POPC has electrostatically
neutral headgroup (zwitterion). Lower breakdown voltages and
consequently lower elasticity modulus and surface tension were
expected for POPS bilayers due to repulsive electrostatic forces
between the lipid molecules. On the contrary higher breakdown
voltages for bilayers composed of POPS were measured. The
elastic bending moduli of vesicles is one of the key predictors of
membrane strength [28]. In our case estimated elasticity module for
POPS was higher than that of POPC planar lipid bilayers. This is
not only a consequence of higher breakdown voltage but also the
result of other parameters of Dimitrov’s viscoelastic model. Maier
et al. concluded that breakdown voltage and consequently
membrane stability is independent of the polarization of
headgroups of lipids [29]. Similar to our results they measured the
breakdown voltage for bilayers composed of POPS to be about the
same, or slightly higher than breakdown voltages of POPC
membranes. Similar Winterhalter et al. reports that the stability of
the membrane was the same for lipids with charged (PS) and
uncharged (PC) headgroups [30].

Another report that supports our findings comes from MD

simulations performed by Pandit el al. [31]. They simulated a lipid
bilayer composed of Dipalmitoylphosphatidylcholine (DPPC) and
Dipalmitoylphosphatidylserine (DPPS). As the polar headgroups of
the lipids under investigation were the same as ours we can draw
parallels between their and our conclusions. They discovered that a
single molecule of DPPC in the bilayers prefers complexation with
two other lipids, whereas DPPS molecule prefers complexation
with four. As complexation with more molecules means more
stabile bilayer structure, the reason why the POPS bilayers are
more stabile can be explained.
When two component lipid bilayers were investigated measured
Uy, and estimated E and o were in the range of obtained values for
pure POPC bilayers. This brings us to the conclusion, that the two-
component bilayer’s mechanical properties are predominantly
determined by the least stable component — in our case this is the
POPC.

5 CONCLUSION

The aim of our study was to estimate the planar lipid bilayer
mechanical properties such as elasticity and surface tension by
means of measured planar lipid bilayer electric properties using a
viscoelastic predictive model. The protocol of the measurement of
viscoelastic properties is time consuming due to the fact that planar
lipid bilayer breakdown voltage and life time have to be measured
at several steepnesses of linear rising signal. Nevertheless, the
values of the transversal elasticity (E) and surface tension (o)
obtained with our method are comparable with previously
published results in literature obtained with other methods. We also
found that POPS lipids form stronger bilayers in comparison to
POPC and have higher elasticity modulus. Furthermore this is
reflected in two-component bilayer’s mechanical properties which
are dominantly determined by the least stable component.
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Povzetek.Lipidne molekule so v naravi glavni sestavni del ek membrane. Sestavljene so iz polarne hidrofilne
glave in nepolarnega hidrofobnega repa. Zato skupek molekul Vaokid tvori energijsko ugodne strukture. Ena
takih je ravninski lipidni dvosloj, ki ga z obeh strani obdaja raztopina Sbtaztopino zlahka vstavimo elektrode
ter ravninski lipidni dvosloj vzbujamo s tokovnim ali napetostnim signalatjupne oblike in merimo odziv, ki ga
vzbujani signal povzrdi.

Lastnosti, ki jih na ta n@n na ravninskem lipidnem dvosloju opazujemo, so: kapacitivnost lidebepornost
oziroma prevodnost, pretok snovi in p8itvena napetost. Vsaka od3tetih lastnosti zahteva svoj&ia merjenja.
Kadar raziskujemo pojav elektroporacije v biomedicini in biotehnologiji, jesditvena napetost ena izmed
klju¢nih lastnosti ravninskega lipidnega dvosloja. Znano je, da jeSitvana napetost odvisna od sestave
ravninskega lipidnega dvosloja in koncentracije ogkdiga elektrolita ter od trajanja izpostavitve elektamu

polju.

V €lanku predstavljamo osnovne principe merjenjgtetih lastnosti ravninskih lipidnih dvoslojev.

Klju €ne besederavninski lipidni dvosloj, merilni sistemi, kapacitivhost, prevodnost
Measurement of planar lipid bilayer Properties

Extended abstract. Lipid molecules are an important part of 1 Uvod

the cell membrane. They are composed of polar hydrophobic

heads and nonpolar hydrophilic tails. Due to their physical proq:. . . . .

erties and simplicity they can form a wide constituent of self-iPidne molekule so glavni sestavni del cele mem-

assembly systems such as: monolayer, bilayer, vesicles and rbirane tako rastlinskih kozivalskih celic. Sestavljene
celles. We studied a planar lipid bilayer surrounded by a watefy i, polarne hidrofilne glave in nepolarnega hidrofob-

solution from both sides. . . .
. . L . _nega repa. Zato skupek molekul v vodi tvori energi-

The properties studied on the planar lipid bilayer were: ca- AN . .
pacity, thickness, conductivity, resistivity, fluctuations and volt{SkO ugodno strukturo tako, da nepolarni hidrofobni repi

age breakdown. Each property required its own measurememikoli niso izpostavljeni vodnim molekulam. Prav ta last-
method. The signal used was the voltage or current clamp.  post in njihova preprostost jim omogata uporabnost

_The voltage breakdown is one of the most important propng razlgnih podrdjih, kot so biologija, kemija, fizika
erties when studying the phenomena of electroporation in

biomedicine and biotechnology. It has been known that thi! Medicina. Siroko paleto lipidnih struktur: enoslojev,
breakdown voltage depends on the lipid membrane composivoslojev, véslojev, zaprtih dvoslojev oziroma veziklov
tion, ionic bath solution, amplitude and electric field exposurgn zaprtih enoslojev oziroma micel lahko tvorimo v ra-
duration. . .
- licnih okoljih [1].
In most cases, the breakdown voltage of the planar lipid blz- jih [1] - )
layer is determined by applying a rectangular voltage pulse. The Osnovna struktura céne membrane in membran

amplitude of the voltage pulse is incremented in small steps unialignih oraanel ie lipidni dvosloi. Ker ie notrani li
the breakdown of the bilayer is obtained. Using the rectanguI@re cnih organel je lipidni dvosloj. Ker je notranjost celice

voltage pulse measuring protocol, the number of applied voltagsik_o_ dosegljiva, je lastnosti njene membrane zapleteno
pulses is not known in advance and each planar lipid bilayer meriti.  Umeten lipidni dvosloj je sicer preprost, a

exposed to a voltage stress many times. Such a pre-treatmeglikokrat zadovoljiv model cefine membrane. Tvo-
of the planar lipid bilayer affects its stability and consequently.

the determined breakdown voltage of the planar lipid bilayefiMo lahko vezikle ali liposome, kjer je oblika strukture

Another approach to the breakdown voltage determination wggodobna celici, zgradba membrane pa zelo poenostavl-
suggested by our group. Using a linear rising signal, the breai(ena. Druga mbnost je ravninski lipidni dvosloj, ki si
down voltage of each planar lipid bilayer is determined by ga lahko predstavijamo kot majhen dek celtne mem
single voltage exposure [20,21]. ; 4 A
brane. Poglavitna prednost alega ravninskega lipid-

Key words: planar lipid bilayer, property measurement, capacnega dvosloja je, da je med merjenjem dostopen z obeh
ity, permeability strani [2]

Ravninske lipidne dvosloje ponavadi pripravimo v
posebni komori, ki je sestavljena iz dveh prekatov.

Prejet 27. oktober, 2009 Prekata Iguje teflonska folija, v kateri je luknjica s pre-
Odobren 9. november, 2009 merom od 0,1 do 1 mm. Na luknjici tvorimo ravninski
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lipidni dvosloj z eno od naslednjih metod: metodo barnivojem luknjice v teflonski foliji. Na gladino obeh preka-
vanja, metodo dvigovanja gladine ali metodo potopitvéov nanesemo lipide in @iakamo, da se enakomerno po-
konice [3, 4]. razdelijo po gladini (slika 3A). Obe gladini nato&sno
Metoda barvanjagng. painted bilayérali Mueller- dvignemo (slika 3B). Na luknjici v teflonski foliji nas-
Rudinova metoda je bila razvita med prvimi [5]. Vodnatane ravninski lipidni dvosloj (slika 3C). Prednost te
raztopina je pripravljena v komori, s pipeto pa nanesem@etode pred metodo barvanja je predvsem v tem, da brez
lipide na teflonsko folijo, ki IGuje oba prekata komore daljSegacakanja, s spitanjem in dviganjem gladine v
(slika 1A). V zaetku so lipidne molekule zdkene v ve- prekatih tvorimo ravninske lipidne dvosloje dleat za-

na gladino in na luknjici nastane ravninski lipidni dvosloj

(slika 1C).
% t(s)
C

Slika 3. Metoda dviganja gladine [7]. A) Gladino vode

postavimo tik pod luknjico v teflonski foliji. Na pogmo

. . . nanesemo lipidne molekule in gakamo, da se porazdelijo

Slika 1. Metoda barvanja [5]. A) Komora z vodo in nanosenakomerno po gladini. B) V obeh prekatih enakomerno dvi-

lipidov na teflonsko folijo, ki deli prekata komore. B) Gmota gnemo gladino vode. C) Na lukniici teflonske folije tvorimo
nanesenih lipidov se enakomerno razporedi po teflonski folijiayninski lipidni dvosloj.

odvecni lipidi odplavajo na gladino. C) Po ddlenemZasu nas- Figure 3. Folded planar lipid bilayer method [7]. A) A layer of
tane lipidni dvosloj. lipid molecules on the surface of a salt solution. B) The levels

Figure 1. Painted planar lipid bilayer method [5]. A) The chamy the salt solution are slowly rised above the hole. C) A planar
ber is filled with a water solution. Lipids are painted on a teflonpid bilayer is formed on the hole.

sheet. B) A cluster of painted lipid molecules is slowly spread
on a teflon sheet, excess lipids go to a water solution surface. C)

After some time, a planar lipid bilayer is formed. Lastnosti lipidnih dvoslojev, kot so prevodnost, ka-
pacitivhost, porgitvena napetost ali debelina,theoma

Pri metodi potopitve koniceafig. Tip-Dip bilayej dolotamo z meritvijo toka oziroma napetosti prek lipid-
potrebujemo kopel, v katero potopimo ozko cevko [6]nega dvosloja ali z ogthim opazovanjem, kjer opazu-
Na gladino nanesemo lipidne molekule, ki se porazdelijfiemo odklon Zarka ter absorpcijo svetlobe v lipidnem
po celotni gladini in na rob cevke (slika 2A). Ko cevkodvosloju. Elektréne in opténe meritve lahko med seboj
vzamemo iz kopeli, se na njej nabere lipidni enoslojudi kombiniramo.
(slika 2A). Cevko dvignemo nad gladino ingkamo, da  omenjene meritve so osnova za opazovanje tako enos-
se molekule lipidov ponovno razporedijo (slika 2B). Kotaynih lipidnih dvoslojev kot tudi dvoslojev, ki smo jim
cevko ponovno potopimo, nastane na njeni konici ravningogali razline molekule ter jim tako spremenili eno ali

t (min)

ski lipidni dvosloj (slika 2C). vet lastnosti [8, 9]. Sestavo lipidnega dvosloja lahko
poljubno spreminjamo in jo s tem priBhmo sestavi
prave celtne membrane [1]. Tako lahko na preprostem
modelu progdujemo, kako na catho membrano vplivajo

elektromagnetna valovanja [10]. Lipidne dvosloje lahko
uporabljamo tudi kot preprost model tankih plasti [11].

T V nadaljevanju se bomo osredinili na opazovanje
lipidnih dvoslojev in dol@anje njihovih lastnosti na pod-
Slika 2. Metoda potopitve konice [6]. A) V kopel potopimo lagi meritev napetosti in toka. Lipidni dvosloj nanire

ozko cevko in nanesemo molekule lipidov. B) Cevko dvignemoyghko predstavimo s preprostim elekiim vezjem; vz-
C) in jo ponovno potopimo, tako da se na njej tvori ravninski L ' .
lipidni dvosloj. poredno vezavo kondenzatorja in upora. Napetostno ali

Figure 2. Tip-Dip method [6]. A) When a small pipeline is in- tokovno vzbujanje takega preprostega vezja je lahko os-

serted into the bath of a salt solution lipid molecules are addgghyy3 73 izraun vrednosti elementov. ki ddlejo lastnosti
on the surface of the solution. B) The pipeline is lifted out of th '

bath solution. C) Insertion of the pipeline back to the bath solﬁjpidneﬁla_ dvosloja. Opisali bomo merjenje kapacitivnosti
tion forms the planar lipid bilayer on the edge of the pipeline. upornosti in por8itvene napetosti ravninskega lipidnega

dvosloja. Posamezne véie namré lahko merimo na
Metoda dvigovanja gladineafg. folded bilayer razlicne n&ine, s kombiniranjem meritev pa se znanje o
oziroma Montal-Muellerjeva metoda je ena najpogostejdolocenem ravninskem lipidnem dvoslage dopolnjuje.
uporabljenih metod za pr@evanje ravninskih lipidnih Natar€neje se bomo seznanili z napetostnim in tokovnim
dvoslojev [7]. Oba prekata komore napolnimo z vodo po#zbujanjem ravninskih lipidnih dvoslojev. Opisali bomo

AVA
RY,
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oblike signalov, ki jih uporabljamo pri posameznem vzbu- :J(r(‘://i)n
janju, ter katere lastnosti lahko z njimi opazujemo (slika o3| u )

a). — 1)
/\

o @ ,

0 NN i

@/% 1/ 01 ™ u(t) = Upe™

Al

0 100 200 300 400 t (us)

Slika 4. Pregled razthih n&inov dolcanja lastnosti ravnin- Slika 5. Napetost na ravninskem lipidnem dvosloju pri merjenju

skih lipidnih dvoslojev. ZI je ozn&eno tokovno vzbujanje, z kapacitivnosti z metodo razelektritve.

U napetostno vzbujanje. Oblika signala vzbujanja je narisarfeigure 5. Voltage on a planar lipid bilayer during capacitance

v krozcu. S takimi vzbujanji lahko merimo vélne, kot so ni- measurement made by using the discharge method.

hanje lipidov v membraniy), porwsitveno napetosti.), de-

belina (), kapacitivnost () in upornost R).

Figure 4. Review of the planar lipid bilayer properties measure-  x : P ; i

ments.I represents the current clamp alidhe voltage clamp. Ce poznf_;lmo u_pornost §|s_tema In je ta yehk(; rean

The shape of the clamping signal is drawn in the circle. we@d upornosti ravninskega lipidnega dvosloja (0° (2)

gan 0||(léeCt|y orlndl;r]eclily measure: lipid ﬂUCtuathg/S)(VQltage [1], lahko kapacitivnost ravninskega lipidnega dvosloja

(}r%e)a own ), thickness ), capacitanced) and resistance o ximo 2 meritvijo, ki je sestavijena iz dveh delov.
Najprej izmerimo kapacitivnost sistema brez ravninskega
lipidnega dvosloja(s;s), v drugem delu pa kapacitivhost

- sistema z lipidnim dvoslojem{sg ). Predpostavimo
2 Kapacitivnost (C) lahko, da je kapacitivnost ravninskega lipidnega dvosloja

) . . ) L (Cgr) razlika obeh izmerjenih kapacitivnosti:
V literaturi zasledimo tri razine metode merjenja ka-

pacitivnosti: merjenjeCasovne konstante razelektritve C —C..—C 3)
ravninskega lipidnega dvosloja, merjenje z iznieioi BLM sis = W SBLM:
napetostjo sinusne oblike in merjenje s pretvorbo ka- Metoda razelektritve ravninskega lipidnega dvosloja
pacitivnosti v frekvenco. Pri vseh treh metodah izmerje najpogosteje uporabljena zato, ker je njena izvedba
jeno kapacitivnost normiramo na pé&imo lipidnega preprosta; potrebujemo le napetostni vir, hitro stikalo
dvosloja. Normirano kapacitivnost tako lahko primerter spominski osciloskop za opazovanje razelektritve
jamo s poizkusi, narejenimi na raatih sistemih z ra- ravninskega lipidnega dvosloja.
zli€nimi poviSinami ravninskih lipidnih dvoslojev. Zasledimo tudi merilno metodo, v okviru katere vred-
Najpogosteje kapacitivnost merimo z doitwijo nost kapacitivnosti pretvorimo ®as [13]. Enakomerno
Casovne konstante razelektritve ravninskega lipidnegeaelektrimo lipidni dvosloj do neke napetostne vrednosti,
dvosloja [12]. Ravninskemu lipidnemu dvosloju vsilimoko jo preséemo, ravninski lipidni dvosloj praznimo. Pe-
napetost izbrane velikosti. Pri tem se na ravninskem lipicdodi¢no polnjenje in praznjenj€zrs da na izhodu
nem dvosloju nabere naboj. Ko je impulza konec, ravninvezja pravokotni signal s periodo, ki je odvisna od ka-
ski lipidni dvosloj razelektrimo prek upora znane vred-pacitivnosti lipidnega dvosloja (slika 6).
nosti. Razelektritev ravninskega lipidnega dvosloja ahk  KondenzatorCz;,, na sliki 6 predstavija kapac-

opazujemo kar z osciloskopom (slika 5). itivnost lipidnega dvosloja. Na kondenzatorju mer-
Napetost pri razelektritvi na ravninskem lipidnemimo napetost v téki D in jo oja€imo z operacijskim
dvoslojuu(t) lahko opsemo kot: ojatevalnikom. Ta ima ojéenjek doloceno z uporoma
Rqin Ry:
u(t) = Upe 7. (D] . Ryt Ry @
Uy je amplituda vsiljene napetosti; casovna kon- Ry
stanta, ki je odvisna od kapacitivhosti') in upornosti Izhod ojaevalnika je pripeljan v integrirano vezje

(R) ravninskega lipidnega dvosloja in merilnega sistemayesss v katerem sta dva napetostna primerjalnika.
Vhod prvega je merjena napetost \Ckb A, drugega pa
T=R-C. (2) razdeljena napetost, ki gre prek delilnika treh uporov.
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napetostjo, lahko z opazovanjem toka neposredno opazu-
jemo prevodnost. Nasprotno je pri tokovnem vzbujanju,
ko opazujemo upornost ravninskega lipidnega dvosloja z
merjenjem napetosti. Ustrezno razmerje obeh signalov
podaja upornost ravninskega lipidnega dvosloja, ki je
praviloma izredno velika (redkD® §2).
Pri metodi, ko ravninski lipidni dvosloj vzbujamo
A B s sinusnim signalom poljubne amplitude (0,1 - 1,5 V)
Slika 6. A) Vezje za transformacijo kapacitivnosti v periodo. B)In vfrekvenco 1 HZ’ mevr|-mo ugornpst 'r_] kapacnwngst
Potek signalov na posamezntto v vezju [13]. socasno. Temu S|gnalu [3tejemase sinusni S|gnal ampI|-
Figure 6. A) Capacitance to the time transformation circuit. Brude 2 mV in frekvence 1 kHz [14]. Z 1 kHz signalom me-
Voltage signal on selected points of the signal [13]. rimo kapacitivnost, kot smo opisali v razdelku o merjenju
kapacitivhosti. Nadomestno vezje za tak sistem vidimo
Glede na nivo napetosti se preklopi izhod RS spominsk2? Sliki 7. Zapsemo napetostni edhi za realni
celice. 1zhod iz celice invertiramo, rezultat pa je pra-

vokotni signal, kateremu zlahka izmerimo periodp.
Napetost na lipidnem dvosloju lahko izrazimo z éna:

i
l\’ -5V 15 mV

e

Vicos (¢ — 1)+ Verm cos (pprm — ) = Vs (8)

. - gvl  2.V.R © in imaginarni del napetosti
B = 3k T 3(Ri+ Ra)’
Merjenje razdelimo v dve fazi. Prva faza je polnjenje Visin(p — 1) = Vprusin(eprm —¢) . (9)

kondenzatorja, kjer t® tok iz napajalnika prek uporov . . . . L
R4 in R3 v kondenzator. Tranzistor T je zaprt. V drugi Iz kapac't'VHOSU_fflvnlnSkega I_Ipldnega dvo_sl(_)]a in
fazi se zaradi preklopa RS celice tranzistor T odpre ignanega toka lahko iz€anamo fazni kop 1., na lipid-
kondenzatof's s se razelektri. Tok tée prek upora R3 N€m dvosloju z eribo:

in tranzistorja T v negativni pol napajanja. Zaradi ohran-

janja energije velja, da je produkt napajalne napetdsi wCprmVeiym = Isingpru, (10)

in Casa v eni periodr}, enak: pri Eemer znani tok izrazimo z uporo; in kondenza-

torjemCy:
Tp'V:UBLM(R3+R4)CBLI\4+UBL]\/IRSOBLM. ; 5
V vezju izberemo simettihno napajanjd’ = V+t = 1
|V~| ter vrednost upordis > R,. |1z en&be (6) izraz- Z vsemi tremi enébami lahko izrdunamdse napetost

imo periodo, pricemer zanemarimo upornoRY (zaradi  na lipidnem dvosloju/z ., in fazni koty celotnega sis-
R3 > Ry). Kapacitivnost ravninskega lipidnega dvoslojatema. Prevodnost na lipidnem dvosloju fuaamo iz
je torej: relacije:

VT,

T (7 GprmVBLm = Icos . (12)
2Uprm B3

CerLm =

Taka metoda merjenja nam omdgos@asno spreml-

Kapacitivnost ravninskega lipidnega dvosloja merimganje kapacitivnosti in upornosti; tudi med spreminjanjem
tudi z uporabo izmene napetosti [14]. Usmerjena |3stnosti lipidnega dvosloja.

izhodna napetost se spreminja v odvisnosti od vrednosti

kapacitivnosti ravninskega lipidnega dvosloja. Merilni .. - .
sistem je treba najprej umeriti na spektru znanih kapaél- Porusitvena napetost lipidnega dvoslojac)

itivnosti, da dol@imo parametre parabétie krivulie, ka-  poq vplivom elektinega polja tako v cdini kot tudi
teri sledi odvisnost. Na omenjeni tia lahko s@asno y ymetni membrani nastanejo strukturne spremermbe
merimo tudi upornost ravninskega lipidnega dvosloja. pore, ki omog@ajo transport ionov in molekul skozi
ravninski lipidni dvosloj. Nataéni mehanizmi nasta-
3 Upornost (R) oziroma prevodnost (3) janjal por, njih_ova velikost, §truktura ip stabi!no;t niso v
celoti poznani [15]. V zadnjerasu vV literaturi najdemo
Upornost R) oziroma prevodnostd) lipidnih dvoslo- molekularne modele, ki nakazujejo dindmeo nastajanje
jev ponavadi oiemo z razmerjem izmerjenega in vzbupor in s tem delno pojasnjujejo tudi mehanizme nasta-
jalnega signala. Kadar vzbujamo lipidni dvosloj zjanja [16,17]. Z meritvijo porgitvene napetosti dobimo
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u(v)

podatek o trdnosti in stabilnosti ravninskega lipidnega (mA) —

dvosloja. Porgitveno napetost ponavadi merimo tako,
da opazujemo tok ob pravokotnih napetostnih pulzih,
ki jih dovedemo na ravninski lipidni dvosloj. Ampli- ﬂ ﬂ

tudo napetostnih pulzov po¥ejemo, dokler ne zaznamo 4 >
povetanja elektitnega toka (slika 8). Elekimi tok je (s

znak, da je ravninski lipidni dvosloj pogen. Ampli- g 8 polgitev portitvene napetosti ravninskega lipidnega
tudo napetostnega pulza, s katerim smo ravninski lipidrivosloja.

dvos|oj por@i", imenujemo poréitvena napetost [8] Pri Figure 8. Planar |Ip|d bilayer breakdown determination.

tako zasnovani meritvi je izmerjena p8itvena napetost
odvisna od trajanja pulza in odasa predhodnih iz-
postavitev ravninskega lipidnega dvosloja eléttamu
polju [18,19], ki pa ga vhaprej ne poznamo.

u (V)
— 1 (mA)

Zato smo predlagali novo metodo doénja
porwsitvene napetosti, ki bi bila predvsem preprosteja in
ucinkoviteja od tistih, ki so jih uporabljali do zdaj [20].
Porsitveno napetost ravninskega lipidnega dvosloja
dolo€imo z linearno naf&ajoCim napetostnim  sig-
nalom (slika 9). Naklon in katno napetost linearno
nar&Cajacega signala je treba prej izbrati. Izbira Kowe
napetosti mora zagotavljati, da se bo ravninski lipidni
dvosloj zagotovo po#il. lzkazalo se je, da je metoda
odlicna [20]. Z razlénimi nakloni linearno nai&ajatih

0,4

200 300 400 t (us)

signalov lahko doldimo celo prag porgitvene napetosti
za izbrani lipidni dvosloj— to je napetost, pri kateri
se ravninski lipidni dvosloj pofi, Ce ji je izpostavljen
daljSi ¢as. Med meritvijo je ravninski lipidni dvosloj

Slika 9. Dolcitev zivljenjske dobe ter poBitvene napetosti
ravninskega lipidnega dvosloja. Svetla krivulja predstavlja pri-
tisnjeno napetost, temna krivulja pa tok skozi ravninski lipidni

dvosloj. Cas med zéetkom nar&anja pritisnjene napetosti
ter z&etkom nar&anja toka definiramo kativljenjsko dobo

izpostavljen napetostnemu signalu le enkrat, tako gevninskega lipidnega dvosloja.. ObCasu ko zane nar&ati

izognemo vplivu vékratne izpostavitve ter zmagmo
stresanje vrednosti izmerjene psitvene napetosti [20].

5 Sklep

Ravninski lipidni dvosloj je preprost model cétie mem-

tok iz napetostnega signala @thmo porditveno napetost
ravninskega lipidnega dvoslof&.

Figure 9. Planar lipid bilayer breakdown and lifetime determi-
nation. The light curve on the plot represents the applied voltage
and the dark curve the current trough the planar lipid bilayer.
The lifetime of planar lipid bilayet,,. is defined as the time be-
tween the beginning of the rising applied linear rising voltage
and a time the current starts to flow across the membrane. Volt-
age breakdowi,. is defined as the value of the applied voltage
atty,.

brane. Njegova poglavitna prednost je dostopnost z obeh

strani. Zasnova modela omagm preprosto spremin-

6 Zahvala

janje kemijske strukture ravninskega lipidnega dvosloja

in merjenje njegovih lastnosti: kapacitivhosti, upormos
in porwsitvene napetosti.

Conn(t)
1 Hz+1 kHz
o)
u\/;

Slika 7. Nadomestno vezje sistema in kénaldiagram za mer-
jnje elektrenih lastnosti ravninskih lipidnih dvoslojev s sinus-
nim vzbujanjem [14].

Figure 7. Substitute circuit of the system and vector diagram
for measuring electrical properties of planar lipid bilayers with
a sinus signal [14].

tAvtorji se zahvaljujejo Agenciji za raziskovalno dejavhos

Republike Slovenije za fin&mo podporo.
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CHAPTER TWO

VOLTAGE- AND CURRENT-CLAMP METHODS
FOR DETERMINATION OF PLANAR LIPID
BILAYER PROPERTIES
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Abstract

Biological membranes, the barriers that envelope the cell and its inner organelles,
play a crucial role in the normal functioning of cells. The simplest model of these
biological membranes is the planar lipid bilayer. Because its geometry allows
chemical and electrical access to both sides of the bilayer, the physical properties
of this model membrane can be easily measured. Usually, a thin bimolecular film
composed of specified phospholipids and organic solvent is formed on a small
aperture in a hydrophobic partition separating two compartments containing
aqueous solutions. From the electrical point of view, a planar lipid bilayer can be
considered as an imperfect capacitor; therefore, two electrical properties,
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capacitance (C) and resistance (R), determine most of its behavior. Electrodes
placed in the aqueous compartments on each side of the planar lipid bilayer permit
the measurement of current and voltage across the model membrane. The two
measuring techniques most commonly used to measure the properties of planar
lipid bilayers are voltage-clamp methods and current-clamp methods.

The focus of this chapter is to review measurement systems and methods for
the determination of the physical properties of planar lipid bilayers.

1. INTRODUCTION

Biological membranes, the barriers that envelope the cell and its inner
organelles, play an important role in normal functioning of the cells. The
membranes maintain crucial concentration gradients by acting as a selective
filter for water-soluble ions and molecules [1]. Although biological mem-
branes are composed of lipids, proteins, and small amounts of carbohydrates,
the barrier function is assured by the thin layer of amphipathic phospholipids,
which in polar liquid environments spontaneously arranges in various forms
of lipid bilayers. A basic understanding of the properties and functioning of
biological membranes can be obtained by investigating model systems, such as
artificial liposomes or vesicles, which mimic the geometry and size of cell
membranes, but are void of ion channels and the multitude of other embed-
ded components commonly present in cells. The artificial planar bilayer lipid
membrane (BLM) is the simplest model of a lipid system. It is usually formed
across a small hole in a hydrophobic partition that separates two compart-
ments filled with aqueous solutions. The advantage of the BLM is that both
sides of the membrane can be easily altered and probed by electrodes.

Two methods of BLM formation are in common use. In one technique,
the BLM is created by spreading a solution of lipids dissolved in an organic
solvent. This method was introduced by Mueller and colleagues [2] and is
named the painting technique. Both compartments of the chamber are filled
with salt solutions and a dispersion of lipids is drawn across the hole in the
partition separating them using a small paintbrush or a plastic rod. The
cluster of lipids thins out in the center of the hole spontaneously forming a
bilayer (Fig. 1). In the other procedure, the bilayer is formed from the
apposition of two lipid monolayers [3]. A lipid solution in a volatile solvent
is spread on the water—air interface of each compartment. Evaporation of
the solvent creates a monolayer on the surface of the aqueous solution.
When the monolayer formation is completed the water level in both
compartments is raised above the hole and the bilayer is formed (Fig. 2).

A number of techniques have been developed to allow investigations of
the functions and physical properties of these thin and fragile structures.
Electrical measurements are a straightforward way to characterize the barrier
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t (min)

Figure 1 Planar lipid bilayer formation by the painted technique [2]. (A) Lipid mole-
cules are painted on the aperture by pipette or brush. (B) The cluster of lipid molecules
on the aperture. Lipid molecules are slowly spreading across the aperture. Nonused
lipid molecules flow to the water solution surface. (C) Planar lipid bilayer is formed on
the hole by thinning process.

t(s)

Figure 2 The folding method [3]. (A) Layer of lipid molecules on the salt solution.
(B) The levels of the salt solution are slowly raised above the hole. (C) Planar lipid
bilayer is formed on the hole.

function of a bilayer—its ability to prevent the flow of ions. From an
electrical point of view, a planar lipid bilayer can be easily imagined as an
imperfect capacitor, which means that the capacitance (C) has a finite
parallel resistance (R). The typical resistance is very high since the hydro-
phobic core is impermeable to any charged species, and it is called a gigaseal.
But the resistance drops dramatically even if a few nanometer-sized holes
are present in a lipid bilayer. Formation of pores can be induced by a strong
electric field externally applied to the BLM, and electrical measurements
permit determination of BLM breakdown voltage (Uy,). The electrical
properties of the BLM are dependent on the physical properties of the lipids
that compose the bilayer. Elasticity modulus and surface tension, for example,
can be calculated from the electrical characteristics of the BLM.

Two electrical measurement methods are common (Fig. 3): the voltage-
clamp method and the current-clamp method. When the voltage-clamp
method is used, a voltage signal is applied to the planar lipid bilayer: a
step change [4], pulse [5—7], linear rising [8], or some other shape of the
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Planar
lipid bilayer T

Figure 3 Measuring concepts and electrical properties of planar lipid bilayers. Resis-
tance (R), capacitance (C), thickness (d), voltage breakdown (U,.), and mass fluctuation
(V) are measured with application of current (I) or voltage (U) signals of various shapes.

voltage signal. When the current-clamp method is used, a current is applied
to the lipid bilayer [9]. Although these two methods are interchangeable
when applied to objects of constant impedance, the situation changes when
the electrical properties of a measurement subject are transient and related to
the electrical signal. Separation of these two methods is useful, for example,
in BLMs when electrically induced pores are studied. The shape of these
pores is very unstable and their conductance is constantly changing
throughout experiments.

A combination of electrical recording techniques with different kinds of
high-frequency electromagnetic fields offers additional possibilities of inves-
tigating the structure—function relationships of planar lipid bilayer and of
membrane interacting peptides [10-13].

In the following, we review electrical measuring principles and methods
that have been applied for determination of planar lipid bilayer properties.
According to the fact that each planar lipid bilayer property can be measured
in many ways (Fig. 3) and therefore by different measuring systems, the
main goal of the chapter is only to describe the existing measuring principles
and to point out their experimental abilities. The choice of the most
appropriate measuring system should be determined by combination of
planar lipid bilayer properties that has to be followed.

2. MEASUREMENT SYSTEMS

The first stable planar lipid bilayer membranes were reported by
Mueller and coworkers in 1962 [14]. Since then, a variety of measuring
systems have been designed for studying planar lipid bilayer properties.
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Measuring principles have been improved during the years, as well as the
lipid chambers and measurement instrument accuracies. This review of
measuring systems is divided into two parts according to the nature of the
stimulus—voltage or current. Some basic characteristics of the systems, such
as type of stimulating signal, number and material of electrodes volume of
the chamber, etc., are given in Appendix A.

2.1. Voltage Clamp

2.1.1. System Hanai-Haydon-Taylor

The system was published in 1964 [15]. Within this system, DC and AC
signals were applied to a planar lipid bilayer (Fig. 4). The DC signal was
supplied by an accumulator. The voltage was controlled by a potentiometer.
The current and resistance measurements were taken by electrometer.
In the AC measurements, the capacitance and conductance were measured
by two bridges, the Universal Bridge and Radio Frequency Bridge, which
were designed on the basis of the transformer ratio-arm principle. The
accuracy of the measurements was generally better than 1%. Two signal
generators covering the ranges 50 Hz—100 kHz and 100 kHz—5 MHz were
used, calibrated against standard frequencies. The bridge balance was
detected with an oscilloscope with a preamplifier and a communications
receiver. Two Ag—AgCl electrodes for DC measurements and two black
platinum electrodes for AC measurements were immersed in salt solution.

RF

Electrometer _| |_ =

Bridge RF bridge
{#D B

Planar
lipid bilayer ° Glass
Teflon pot chamber
Planar
lipid bilayer Glass
Ag-AgCl electrodes Teflon pot chamber

Pt-Pt electrodes

Figure 4 System Hanai-Haydon—-Taylor. The figure was drawn according to descrip-
tion in Ref. [15].
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The chamber had outer and inner parts. The outer part was made of glass
cell from tubing of 4 cm X 4 cm bore. The inner part was made out of
Teflon rod. The aperture for planar lipid bilayer was about 0.141 c¢m in
diameter made by punching. The thickness of Teflon around the aperture
was about 0.05 cm. The whole chamber was enclosed in a double-walled
box for temperature stabilization by a water shell. The temperature during
experiments was controlled with an accuracy of 0.5 °C. Planar lipid
bilayer was formed by the painted technique with a small brush.

The system was applied to quantitative assessment of the BLM molecular
composition. Membrane thickness was obtained from the capacitance mea-
surements that were obtained by a capacitance to voltage conversion method.

2.1.2. System Rosen-Sutton

The system was first published in 1968 [16]. Its main part was an AC signal
generator with amplitude of 5 mV and frequency range from 100 Hz to
2 MHz (Fig. 5). Electrodes were connected to the transformer ratio-arm
bridge. The bridge was initially balanced at a given planar lipid bilayer
capacitance, which allowed DC potential to be applied between the electro-
des during the AC measurements. The amplitudes of the DC potentials were
up to 200 mV. An oscilloscope monitored Lassajous figures to permit obser-
vation of the conductance and capacitance contribution. The AC signal was
applied through the bridge to planar lipid bilayer and to X channel of the
oscilloscope. The planar lipid bilayer response was traced on Y channel. Four
electrodes were immersed in salt solution. Two Calomel electrodes were used
for measurement of transmembrane voltage by electrometer while voltage
signal was delivered by two platinum electrodes. The planar lipid bilayer was
painted across a round hole of about 1 mm in diameter.

Electro-
Planar meter
lipid bilayer
Calomel electrodes
Platinum electrodes
,—V
Electro- Vo|tage
meter ° source
Ea =
Bridge
Signal [ Oscillo- [| Phase [ X-=Y
generator L scope |— detector | 1 plotter

Figure 5 System Rosen—Sutton [16].
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The system was applied to study an influence of the temperature and

concentration of the salt solution on the electrical parameters of planar lipid
bilayer [16].

2.1.3. System White

The system was first published in 1970 [17]. The basic idea follows the
construction of the Rosen—Sutton system. The planar lipid bilayer capaci-
tance was obtained from impedance measurements with an AC Winston
bridge (Fig. 6). The chamber was made of Plexiglas with Teflon partition.
Four platinized Ag—AgCl electrodes were used. A planar lipid bilayer was
painted across round aperture of about 1 mm in diameter [17,18].

The authors studied the influence of the BLM thickness changes on
BLM capacitance. They also investigated the planar lipid bilayer capacitance
in dependence of the transmembrane voltage. The capacitance measure-
ments were done by a capacitance to voltage conversion method.

2.1.4. System Wobschall

The system was published in 1971 [19,20]. The basic idea follows the construc-
tion of the Rosen—Sutton system but it was upgraded for planar lipid bilayer
elasticity measurements (Fig. 7). The volume of one compartment of the
chamber could be regulated by a flexible diaphragm with an acoustic oscillator.
Pressure changes were measured with a pressure-sensitive transistor. The AC
voltage signal was supplied by a function generator and a DC source. Both were
regulated by a feedback circuit. The bridge excitation voltage with a frequency
of 4 kHz varied from 5 to 15 mV. Four Ag—AgClelectrodes were immersed in a
salt solution. The planar lipid bilayer was formed by the painted technique.

al

— Bridge
I ' output
Planar
lipid bilayer B
R
L Voltage across
planar lipid
bilayer

Figure 6 System White [17].
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Planar o
lipid bilayer i
Carrier [ f ' é ame
oscillator
4kHz
[ ] @ )
AC bridge
g Oscilloscope
Membrane .
voltage DC bias
regulator — -
9 Capacitance | |
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The capacitance of planar lipid bilayer in dependence of voltage and
frequency was measured by a capacitance to voltage conversion method.

The construction of the chamber had a possibility of concaving the planar
lipid bilayer in the shape of lens, which extended the area of BLM. This idea
was employed to study the BLM capacitance in relation to its surface [20].
The elasticity of planar lipid bilayer at its breakdown was determined [19].

In the latter versions of this experimental system, the bridge was replaced
by an impedance meter [21].

2.1.5. System Montal-Mueller

Montal and Mueller published the design of their measuring system in 1972
[3]. It was one of the first measuring systems that combined concepts of both
measuring principles: voltage clamp and current clamp. The measuring
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principle was selected by two switches (Fig. 8). In the scheme, two amplifier
circuits are present; the circuit on the left is voltage amplifier while the
circuit on the right is current to voltage converter in the voltage-clamp
mode (the switches are in position u) and voltage to current converter in the
current-clamp mode (the switches are in position i). In voltage-clamp mode,
the applied voltage is measured at connecting point U and the voltage that
corresponds to current flowing through the planar lipid bilayer is measured at
connecting point I. In the current-clamp mode, the applied current is recorded
at connecting point I and the transmembrane voltage is measured at connecting
point U. For planar lipid bilayer stimulation and corresponding measurements,
two Calomel electrodes immersed in salt solution were used. The salt solution
filled the Teflon chamber, which was divided into two compartments by 25
um thick Teflon foil with an aperture of about 0.25 mm in diameter.
The dimension of each compartment was (18 x 12) mm?. The planar lipid
bilayer was formed by the folding method [3].

The system was used for measurement of BLM capacitance and resis-
tance. The capacitance was measured by charging method.

2.1.6. System Benz

The system was published in 1976 [6,7]. It is one of the simplest systems for
observing planar lipid bilayers (Fig. 9). It consists of DC signal generator with
the amplitude range from 10 mV to 5.4 V, switch, and battery supplied charge
generator. The function of the switch was accomplished with FET transistor
2N5653. The output signal was a square pulse with duration from 500 us to
500 ms. Oscilloscope Tektronix 7633 was used to measure the voltage
response on planar lipid bilayer. The signal was filtered to the band of 80 Hz
to 40 MHz. Two Ag-AgCl electrodes were immersed in a salt solution.
The volume of each compartment of the Teflon chamber was of about
3 cm’. In most cases, the area of the aperture was of about 2 mm?. The planar
lipid bilayer was formed by painted technique.
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Benz et al. studied the capacitance of planar lipid bilayers using a
discharge method. Most of the phospholipids used in their studies were
synthesized in their own laboratory. In most cases, they used 0.1 M NaCl as
the salt solution. They estimated thickness of the planar lipid bilayers and
observed the thinning process of the planar lipid bilayers by capacitance
measurement. The same system was used to investigate voltage breakdown
as a function of salt concentration and pH [7].

The system was applied by the group of Chernomordik, whose experi-
mental and theoretical studies made a great impact on understanding of the
planar lipid bilayer breakdown process and related phenomena [4,22,23[].
They observed fluctuations of the current with amplitude of about 10~
A as a consequence of applying the voltage (100 mV-1 V) to the BLM.
The membrane lifetime at a given voltage was also tested, defined as
the time corresponding to the onset of an irreversible growth of current.

2.1.7. System Alvarez-Latorre

The system was published in 1978 [24]. The construction of the system was
similar to the measuring systems based on the Winston Bridge [16,17,19].
Since the authors were interested in measuring changes in membrane
capacitance rather than the absolute capacitance, they used differential
amplifier to subtract the charging current of the membrane from the
charging current of the equivalent RC network (Fig. 10). The resistance
and capacitance of the equivalent RC network was set by the planar lipid
bilayer capacitance measurement. The method based on 5 kHz, 10 mV
peak-to-peak voltage waveform, which was only applied on a planar lipid
bilayer. Two Ag—AgCl electrodes, one on each side of planar lipid bilayer,
were immersed in the salt solution. The Teflon chamber consisted of two
parts; each part had an area of 4 cm®. A thin Teflon sheet of 19 um was
inserted between the reservoirs. The planar lipid bilayer was formed by the
folding method. The output of the differential amplifier was further ampli-
fied and recorded with a sampling frequency of 2 MHz.
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They observed the capacitance of a planar lipid bilayer as a function of
transmembrane potential and derived the thickness of planar lipid bilayers.

2.1.8. System Chanturya
The system proposed by Chanturya [25] was based on the system Benz [6].
The only difference in their designs is in a compensating capacitor, placed
between the input of the operational amplifier and the inverter of the trans-
membrane potential (Fig. 11). The capacitor compensated almost all the
reactive component of the current. Therefore, the author was able to use
high-speed potential changes and obtain high resolution of measurements.
The system was applied for a study on the capacitance and resistance
changes due to insertion of channel-forming proteins into the planar lipid
bilayer [25].

2.1.9. System Wilhelm-Winterhalter-Zimmermann-Benz

The system was published in 1993 [26]. It was used in many other subsequent
studies because it was simple and well defined [26—30]. The planar lipid
bilayer was charged by a short voltage pulse with a commercial pulse
generator. Instead of the switch, a diode with a reverse resistance > 1012 Q
was used to discharge the planar lipid bilayer only through the oscilloscope
(Fig. 12). The pulse generator produced square pulses with durations from
0.2 t0 10.0 us. Two Ag—AgCl electrodes were immersed in salt solution that
filled the Teflon chamber. Authors used different sizes of the apertures in the
wall between two compartments—their areas were between 0.3 and 3 mm”.
The planar lipid bilayers were formed by the painted technique. The actual
voltage on planar lipid bilayer was amplified with an operational amplifier
and recorded with an oscilloscope. The data was processed by a connected
computer.
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Because many studies were based on this measuring system, a palette of
lipids was tested [27-30]. Salt solutions differed from study to study as well
as the volume of the lipids. The influence of the planar lipid bilayer
composition on the breakdown voltage, capacitance, and rupture kinetics
[27-29] was investigated [26,30].
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2.1.10. System Yamaguchi-Nakanishi
The system was published in 1993 [12]. It used combination of electric and
optic measurements of planar lipid bilayer properties (Fig. 13). The authors
simultaneously measured electrical characteristics and molecular structures of
planar lipid bilayer as well as morphological changes. Planar lipid bilayer was
exposed to sinus signal 7 mVyps/1 KHz. The response was measured with
LCR meter. The measured data was acquired to the computer. During the
electric measurement, the halogen or xenon light was used. Light reflection of
planar lipid bilayer was observed and recorded by a color video camera. Two
platinum/platinum electrodes were immersed in a salt solution. Chamber
consisted of two quartz cells separated by Teflon 0.05 mm thick film, where
an aperture of 0.7 mm in diameter was formed. The planar lipid bilayer was
formed by the painted technique [12].

The authors measured changes in capacitance and resistance of planar
lipid bilayer upon the irradiation by light.

2.1.11. System Sharma-Stebe-Tung

The system was an upgrade of the Benz system and it was described in 1996
[5,31]. FET switch was replaced by fast two pole analog switch. One of the
switch poles was connected to the signal generator output and the other
pole was connected on resistor of 1 MQ. Voltage source consisted of an
arbitrary waveform synthesizer board interfaced to a computer (Fig. 14).
A square voltage pulse, which decayed linearly to zero to constitute a
negative sloped ramp, and square voltage pulses from 10 us to 10 s were
generated. Four Ag—AgCl electrodes were inserted in the Teflon chamber
via agar bridges. Two electrodes served to measure voltage across the bilayer
by differential amplifier and the other two to apply voltage across the planar
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lipid bilayer and measure the transmembrane current. The volume of each
compartment of the Teflon chamber was about 3 cm”. The diameter of the
aperture in the Teflon foil was 105 um. The planar lipid bilayers were
formed by the folding technique. Current and voltage signals were recorded
by a digital oscilloscope.

The system was used for studying the effects of nonionic surfactants
(poloxamer 188, C,Eg) on capacitance, conductance, and voltage break-
down of planar lipid bilayers [5,31]. Breakdown voltages of planar lipid
bilayers were determined by applying a rectangular voltage pulse.

2.1.12. System Gallucci—Micelli

The system was published in 1996 [32]. The dynamic capacitance and
resistance of a planar lipid bilayer could be measured simultaneously as is
described in Section 3.2. Voltage signal of 1 kHz and adjustable amplitude,
which was applied on planar lipid bilayer, was modulated by the signal of
amplitude 2 mV and frequency of 1 kHz (Fig. 15). The electrodes were
made of platinum. Experiments were performed in a Teflon chamber. The
volume of each compartment was 4 ml. The aperture between the two
compartments had a diameter of 1.3 mm. Current through the planar lipid
bilayer was measured and amplified. The output signal from the amplifier
was divided into two parts. In the first part, active two-stage 1 kHz band
filter was used. The signal was then amplified, level adjusted, and rectified.
Rectified voltage corresponds to the capacitance of planar lipid bilayer.
In the second part, two-stage 1 kHz low pass filter was used. The signal
was then amplified, level adjusted, and filtered to measure the resistance of
the planar lipid bilayer [32-34].
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The general aim of the authors was investigation of channel insertion
into planar lipid bilayer and corresponding electrical properties. The
dynamic capacitance and resistance of planar lipid bilayers were measured
simultaneously.

2.1.13. System Hanyu-Yamada—Matsumoto
Hanyu and coworkers [11] developed an experimental system that could
measure ionic current and fluorescence emission of an artificial planar lipid
bilayer, while controlling the membrane potential. Their experimental work
was mostly dedicated to structural changes and functioning of ion channels.
The main part of the measuring system was an Axopatch200A (Axon
Instruments, Inc. Foster City, USA). The program pClamp was used for
voltage generation as well as for measuring the current through the planar
lipid bilayer and analyses. Four Ag—AgCl electrodes were inserted in the
specially designed chamber via agar bridges. Two electrodes served to
measure current across the bilayer while the other two applied the voltage
across the planar lipid bilayer. As in the previous system designed by Sharma
et al. [31], the thin Teflon foil (25 pum thick) was inserted between two
symmetrical parts of Teflon chamber. The diameter of the hole in the foil
was 120 um. The planar lipid bilayer was formed by the folding technique.
Schematic diagram of the experimental system developed for measuring
the fluorescent emissions from the planar lipid bilayer is shown in Fig. 16.
The excitation light was focused on the planar lipid bilayer (80 um in
diameter) with an objective lens so that only an area of the planar lipid
bilayer was irradiated. The fluorescent emissions were collected through the
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objective lens and sent to the photomultiplier. Any fluorescence from other
areas was blocked and scattered light was eliminated. The intensity of
fluorescence was measured by photon-counting methods, while a multi-
channel analyzer was used for the emission spectrum measurements.

2.1.14. System Naumowicz—Petelska—Figaszewski
The system was published in 2003 [35]. It was similar to the system of
Wobschall and the Rosen—Sutton system. It allowed applying pressure to
planar lipid bilayer. Electrical properties of BLM were examined by imped-
ance spectroscopy (Fig. 17). Four electrodes were immersed in a salt solution:
two platinum current electrodes (CE) and two Ag—AgCl measuring electro-
des (RE). The volume of one side of the organic glass chamber was modu-
lated by external thread screw. The planar lipid bilayer was formed by the
painted technique. Impedance measurement was carried out using an AC
impedance system with a personal computer, two-phase lock-in amplifier,
and potentiostat/galvanostat. Measuring electrodes were connected with a
potentiostat via a high impedance input differential amplifier.

Impedance spectroscopy was used to measure planar lipid bilayer capac-
itance and resistance [35-37]. The interfacial tension of planar lipid bilayer
was measured [38].

2.1.15. System Kramar—Miklavcic—Macek Lebar

The system was published in 2007 [8,39]. It was based on the Sharma—Stebe—
Tung system. It included a signal generator, Teflon chamber, voltage and
current measurement circuit, and digital storage oscilloscope (Fig. 18). Signal
generator was a generator of an arbitrary type. It provided voltage amplitudes
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from — 5 to 45 V. It was controlled by custom designed software (Genpyrrha),
which allowed drawing of arbitrary voltage signals. On the output of the signal
generator was a switch that disconnected the output of the signal generator and
connected the electrodes to the 1 MQ resistor. The switch was able to turn off
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the signal generator in 2 ns. This way planar lipid bilayer capacitance was
measured. Two Ag—AgCl electrodes, one on each side of the planar lipid
bilayer, were inserted into the salt solution. The Teflon chamber consisted of
two parts—each part was a cubed reservoir of 5.3 cm” in volume. Between the
reservoirs a 25 pm thin Teflon sheet was inserted. A diameter of the aperture
was 105 pum. The planar lipid bilayer was formed by the folding method.
Transmembrane voltage was measured by LeCroy difterential amplifier 1822.
The same electrodes were also used to measure the transmembrane current.
Both signals were stored by the oscilloscope LeCroy Waverunner-2 354M in
Matlab format. All sampled signals could be analyzed in Matlab™ software
after the experiments.

The authors measured Uy, by means of a linearly rising signal and the
capacitance of the planar lipid bilayers of various compositions [8].

2.2. Current Clamp

2.2.1. System Carius
The system was published in 1976 [40]. Symmetric AC Bridge was the main
part of the measuring system (Fig. 19). The variable resistor Rx and the
capacitor decade Cy, used for compensation, were in series. Without a planar
lipid bilayer in the chamber, the electrode and electrolyte resistance were
compensated with Rg= R and Cg= C,, when the capacitor C, was in series
with the cell by means of switch S. With the planar lipid bilayer in the
chamber, the increase in the compensation resistance needed (Rg— Rp)
corresponded to the loss of the planar lipid bilayer capacitor, represented by
the equivalent series planar lipid bilayer resistance. A DC bias voltage up to
£+200 mV was provided at the planar lipid bilayer by a voltage controlled
current source. The bridge balance was controlled by a phase-sensitive
detector (lock-in amplifier) tuned to the frequency of the oscillator. When
the out-of-phase signal vanished at proper settings Ry, the in-phase signal
output of the lock-in amplifier was proportional to (Cspp — Ck), provided
that the difference was small compared to Cy. The AC voltage on the planar
lipid bilayer was 3 or 6 mVps, when only the capacitance was recorded.
Another lock-in amplifier was used for the detection of the second harmonic.
For these measurements, the AC voltage on the planar lipid bilayer was 20-60
mVps and the DC voltage varied between 0 and +160 mV. When the
second and third harmonics were measured simultaneously by the two lock-
in amplifiers, bridge balance was controlled by an AC voltmeter with a band
pass filter at the input. The electrodes were Ag—AgCl—platinum black
electrodes. The chamber was made of Teflon. In most cases, the diameter
of the aperture was about 0.9 mm. The planar lipid bilayer was formed by the
painted technique. The output signals were recorded.

The system was applied to measurements of the transmembrane voltage
dependence on the BLM capacitance.
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2.2.2. System Robello-Gliozzi

The system was published in 1989 [41]. The group performed experiments on
current—voltages relationship of planar lipid bilayer under voltage-clamp con-
dition in previous years [42]. Later on, they changed their measuring system to
a current-clamp mode. The planar lipid bilayer was in a feedback network of
the operational amplifier which acted as a current—voltage converter (Fig. 20).
The current value was selected with resistor on the amplifier input. The
current—voltage characteristics were obtained by exposing the planar lipid
bilayer to a triangular signal with 8—10 min period [41]. By constant current
of 1020 pA, the fluctuations in planar lipid bilayers were studied [43—45].
Two Ag—-AgCl electrodes were immersed in salt solution. The volume of each
compartment of the Teflon chamber was about 2 ml. The Teflon foil between
two compartments was 12 um thick. The diameter of the apertures was from
100 to 200 um. The planar lipid bilayer was formed by the folding method.
The output signal was low-pass filtered at 250 Hz (24 db/octave) and recorded
to the computer with a sampling frequency of 1 kHz.
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The authors observed voltage breakdown, current—voltage characteristic,
and fluctuations of planar lipid bilayer. The system was later on upgraded to
extremely low current value source (10 pA) [47].

2.2.3. System Kalinowski-Figaszewski

The system was published in 1992 [48]. The system included two modules
(Fig. 21). The first module was capacity to period converter, used for
measuring the BLM capacitance [48,49] (see Section 3.1). The second
module was a potentiostat—galvanostat for planar lipid bilayer studies under
current clamp [50]. Both modules were controlled with a personal computer.
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The output signal was programmable [51]. The potentiostat had a negative
feedback for equalization of operational amplifier input voltage. The chamber
was made of one piece Teflon with two compartments, each 10 cm® of
volume. Between the compartments was the aperture of 1 mm in diameter.
Four Ag—AgCl electrodes were immersed in a salt solution; two of them were
CE and two other reference electrodes (RE). The switch S1 disconnected the
current flowing through the electrodes. The switch S2 caused short circuit of
the CE and forced planar lipid bilayer potential to zero.

The system was applied for recording the transmembrane voltage, espe-
cially for the electroporation studies the trace of building voltage on planar
lipid bilayer was observed due to constant current clamp [9,52].

3. METHODS FOR DETERMINATION OF PLANAR LIPID
BILAYER PROPERTIES

3.1. Capacitance (C)

The capacitance (C) is the parameter considered the best tool for probing the
stability and integrity of planar lipid bilayers and for this reason it is measured for
every bilayer, even when other properties are the main focus of the measure-
ments. There are three main methods for determination of planar lipid bilayer
capacitance: a discharge method, a capacitance to period conversion method,
and a capacitance to voltage conversion method. For comparison between
different studies, the measured value of the capacitance must be normalized to
the size of the planar lipid bilayer surface and the specific capacitance of the
planar lipid bilayer, that is, the capacitance per unit area, is usually given.

3.1.1. Discharge method

The most common and simplest method for measuring planar lipid bilayer
capacitance is measurement of the voltage discharge time constant
[5,6,8,26,27,30,31,39,53]. Only a voltage generator, a fast switch, and an
oscilloscope are needed for its implementation. To make the measurement, a
planar lipid bilayer is first charged by a voltage pulse. At the end of the pulse,
the charged lipid bilayer is discharged through a resistor of known resistance
and the discharging process monitored with an oscilloscope (Fig. 22).

The voltage u(t) on the planar lipid bilayer decreases exponentially:

u(t) = erft/r. (1)
Here, U, is the amplitude of the voltage pulse and T is a time constant.

The time constant depends on the capacitance (C) and resistance (R) which
come from the planar lipid bilayer and the electronic system,
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7=RC. (2)

The resistance of the electronic system is usually known and is much
lower than the resistance of planar lipid bilayer (~10° Q); therefore, the
capacitance of planar lipid bilayer can be determined in two steps. First, the
capacitance of the electronic system is measured without the planar lipid
bilayer, Csys. Then, the capacitance of the electronic system with the planar
lipid bilayer and salt solution Cspp is determined. The capacitance of planar
lipid bilayer Cgy ps is then obtained as a difference between Csys and Cspy

Ciim = Csys — Csprm- (3)

In early experiments, the planar lipid bilayer charging process was also
used for planar lipid bilayer capacitance determination. Montal and Mueller
[3] calculated the capacitance of planar lipid bilayers from the current
records in response to a voltage step signal:

C= ! Jooldt (4)
AU,

where I is the current and AU the amplitude of the voltage. In the constant
voltage mode, the time constant and gain of the current record depends on the
value of the feedback resistor in the current measuring amplifier. Because the
capacity currents are small, the feedback resistance was kept about 100 kQ.
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3.1.2. A capacitance to period conversion method

The electrical parameters of the planar lipid bilayer can also be measured by
means of an alternating voltage signal, which offers the advantage of elim-
inating the effect of possible electrode polarization.

Kalinowski and Figaszewski [48] constructed an instrument (Fig. 23),
which converts planar lipid bilayer capacitance to a train of rectangular
pulses. During the measurement, the planar lipid bilayer is charged and
discharged with a constant current. The charge—discharge cycle duration is
proportional to the membrane capacitance.

In the circuit in Fig. 23, the capacitance of planar lipid bilayer is
represented by the capacitor Cpp . The voltage at the point D is amplified
by a noninverting amplifier with the gain k:

A oV*++5V
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Figure 23 Measurement of planar lipid bilayer capacitance by capacitance to period
conversion method. (A) Schematic diagram of the capacity-to-period converter [48].
(B) Voltage wave of the capacity-to-period converter [48].
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R+ R
R,

k (5)

The amplified signal is an input of the integrated circuit NE555. Two
voltage comparators are contained in the integrated circuit, both with one
of their inputs connected to the voltage from the amplifier output (A) while
the other input is one of the voltages from the voltage divider, which is
realized by three resistors. Depending on the voltage levels at the inputs R
and S, the output of the cell (B) is switched to a low or high state. The result
is a square wave signal, which has a well-defined period. The voltage across
the planar lipid bilayer can be calculated as

2 1 2VRy

Ui = Ve = — 2
PIMT 3 T T 3(Ry 4+ Ry)

(6)
The measurement is divided into two steps. First, the capacitor is charged
with the current passing across resistors Ry in R3 and transistor 71} is off. Then,
the capacitor is discharged due to the current across the transistor, which is a
consequence of a changed state of the cell. The current flows across resistor
R; and transistor T;. The product of the voltage and time in one period is:

TV = Ugtm(R3 + R4) Cpim + UstmR3 Cprm. (7)

IfR4<<R3and V= V+:|V7

, then the period is:

_ 2UpLmR3 Cim
—

T

(8)

3.1.3. A capacitance to voltage conversion method

When a sinusoidally varying signal is applied to the planar lipid bilayer, its
impedance is important. Since capacitors “‘conduct” current in proportion to
the rate of voltage change, they pass more current for faster changing voltages,
and less current for slower changing voltages. Therefore, the capacitive part of
the impedance—capacitive reactance in ohms for any capacitor is inversely
proportional to the frequency of the alternating current. According to this
theory, the capacitances of planar lipid bilayers were often measured using AC
‘Wheatstone bridge [15—17], which contain a variable resistor in parallel with a
variable capacitor in the known arm. When the bridge is balanced at a given
frequency, the settings of the known arm give the parallel equivalent capaci-
tance and resistance of the circuit connected to its unknown terminals. Since
the planar lipid bilayer is immersed in electrolyte, the bridge measures
the parallel equivalent impedance of the membrane—electrolyte system.
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The parallel equivalent capacitance can be represented by the membrane
capacitance and the stray capacitance associated with electrodes in series with
electrolyte resistance; therefore, appropriate equivalent circuit and transform
equations should be used to relate membrane capacitance to the elements of
the bridge. A convenient technique for displaying AC impedance data is the
Cole—Cole diagram.

Micelli ef al. [33] measured the capacitance of planar lipid bilayers by
applying sinusoidally varying voltage with amplitude of 2 mV and the
frequency of 1 kHz. At this high frequency, almost all of the current crosses
the reactive part of the planar lipid bilayer and its resistance is negligible.
The rectified voltage is proportional to the planar lipid bilayer capacitance.
By using a set of test values for the capacitance, which were one by one
included in measuring system, they parameterized the relation between
measured voltage and capacitance. The hyperbolic relation with two
known parameters a and b was obtained:

Vl h
b— V1 h

©)

Ceim = a

3.2. Resistance (R)

Planar lipid bilayer membranes exhibit resistance in the range of few gigaohms.
The resistance is usually calculated in accordance with Ohm’s law as a ratio of
voltage applied to (or measured on) the planar lipid bilayer and current which
flows through it. As mentioned earlier, the electrical parameters of planar lipid
bilayer can also be measured by means of an alternating current. The continu-
ous monitoring of capacitance is useful in tracking membrane thickness, while
the continuous monitoring of the resistance allows studies of protein—lipid
interactions and planar lipid bilayer fluctuations.

Gallucci and coworkers [32] presented an electrical circuit appropriate
for continuous monitoring of planar lipid bilayer capacitance and resistance
simultaneously. An input voltage was composed of two sinusoidally varying
signals: one with variable amplitude (0.1-1.5 V) and frequency of 1 Hz and
another with amplitude of 2 mV and frequency of 1 kHz. The planar lipid
bilayer and the measuring device are shown with equivalent circuits on the
left side in Fig. 24. According to the associated vector graph on the right side
in Fig. 24, the following relations can be written:

Vi cos(p — <P1) + VBm COS(‘PBLM —p) =T (10)
Visin(e — @) = Veim sin(@pry — @) (11)

@ Cpim Vv = I'singgp - (12)
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VBLm
ReLm(®)

Figure 24 Left: Equivalent circuit of the planar lipid bilayer (BLM) and of the
measurement device. V5 is an input voltage. I’gry and V/; are the planar lipid bilayer
and output voltages, respectively. R, is electrical resistance and C; the capacitance of
the measuring circuit; Rgyy and Cgpy are the resistance of planar lipid bilayer and
capacitance, respectively. Right: Vector scheme of the voltages and currents in the
circuit no the left [32-34].

The current I is the vector sum of the currents crossing the resistance R;
and capacitance C; of the measuring device:

=1/ (0C) + <Ri1> (13)

If the capacitance of the planar lipid bilayer has already been measured
(see Section 3.1), the phase angles gy n and ¢ as well as the voltage V51 m
can be determined. The resistance of the planar lipid bilayer is then obtained
from the relation:

~ Vem (14)

3.3. Breakdown Voltage (Uy,)

The electrical modulation of biological membrane physical properties
caused by electrical oscillations and excitations are natural processes in living
organisms. Applications of external electric fields, especially those based on
the phenomenon of electroporation, have gained increasing importance for
manipulations in biological cells and tissues [54]. The structural changes in
biological membranes induced by an external electric field involve rear-
rangement of the phospholipid bilayer and lead to the formation of aqueous
pores. If the electric field does not exceed some critical adequate strength
and duration, the membrane returns to its normal state after the end of the
exposure to the electric field; the electroporation is reversible. However, if
the exposure to the electric field is too long or the strength of the electric
field is too high, the membrane does not reseal after the end of the exposure,
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and the electroporation is irreversible. The underlying mechanisms for these
properties are dependent on the lipid component of biological membrane,
and can be studied on planar lipid bilayers.

Application of a steady voltage in the order of few hundred millivolts
across a planar lipid bilayer causes the membrane to break. Most often the
breakdown voltage (Uy,) of the planar lipid bilayer is determined by apply-
ing a rectangular voltage pulse (10 us—10 s) (Fig. 25). The amplitude of the
voltage pulse is increased in small steps until the breakdown of the bilayer is
obtained [5]. First, the voltage pulse charges up the planar lipid bilayer.
Above a critical voltage (Uy,) defects are created in the planar lipid bilayer
allowing an increase of the current through the bilayer [4]. Usually, planar
lipid bilayer collapses when the breakdown voltage is exceeded.

Using the rectangular voltage pulse measuring protocol, the number of
applied voltage pulses is not known in advance and each planar lipid bilayer
is exposed to a voltage stress many times. Such a pretreatment of the planar
lipid bilayer affects its stability and consequently the determined breakdown
voltage of the planar lipid bilayer [4]. Another approach for the breakdown
voltage determination was suggested by Kramar ef al. [8]. Using a linear
rising signal, the breakdown voltage of a planar lipid bilayer is determined
by only a single voltage exposure (Fig. 26).

The slope of the linear rising signal and the peak voltage of the signal
must be selected in advance. The breakdown voltage (Uy,,) is defined as the
voltage at the moment #,; when a sudden increase of the current through the
planar lipid bilayer is observed. Time (f,,) 1s defined as the lifetime of the
planar lipid bilayer at a chosen slope of the linear rising signal (Fig. 26).
Because the planar lipid bilayer lifetime depends on the applied voltage
[5,55] and the planar lipid bilayer pretreatment [4], Uy, and £, are measured
at a variety of slopes. Using nonlinear regression (Fig. 27), a two parameter
curve can be fitted to the data

a

(C (C (( ﬂ (( 1 >
7 7 J7 -

77 )

Figure 25 Measurement of planar lipid bilayer breakdown voltage (Uy,) by succes-
sional rectangular pulses. The amplitude of the voltage pulse (gray) is incremented in
small steps until the breakdown of the bilayer is observed as sudden increase of current

(black) [5].
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Figure 26 Measurement of planar lipid bilayer breakdown voltage (Uy,) by linear
rising signal. Breakdown voltage is defined as the voltage (gray) at the moment #,, when
sudden increase of the current (black) through the planar lipid bilayer is observed [8].
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Figure 27 The breakdown voltage (Uy,) (dots and triangles) of planar lipid bilayers
with different chemical composition as a function of lifetime #,.. The gray lines show
seven different slopes of applied liner rising voltage signal. Dash, dotted, and dash-
dotted curves represent two parameters curve [15] fitted to data.
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where Uis U, measured at different slopes; f is corresponding #,,; and a and b
are parameters. Parameter a is an asymptote of the curve which corresponds to
minimal breakdown voltage Uy, min for a specific planar lipid bilayer chemical
composition. Parameter b governs the inclination of the curve.

3.4. Fluctuations ()

Fluidity of the lipid membrane must produce local fluctuations of the mem-
brane microscopic parameters. Appearance of transient defects and pores in
the membrane structure affects its conductance, producing fluctuations. Tran-
sient changes of the membrane electrical properties also accompany protein
insertion into the membrane. Voltage-clamp studies with low-value fields
are typically applied for recording capacitance and conductance changes,
following insertion of channel-forming proteins into the planar lipid bilayer
(e.g., Ref. [25]).

The fluctuations are even more pronounced under a strong electric field
that is sufficient to electroporate the membrane. The pore appearance is
preceded by lipid reorganization resulting in the events of transient mem-
brane permeability to ions. Related to these phenomena, fluctuations of the
current were observed prior to an irreversible breakdown of a planar lipid
bilayer [4]; the fluctuation amplitude was about 10~ " A. After electropo-
ration, it is very unlikely for an electropore to maintain its rim fixed, hence
pore fluctuations are theoretically expected. Since the electroporation
under voltage-clamp conditions results in very fast pore expansion leading
to rapid membrane breakdown, an experimental study on the pore dynamics,
in the voltage-clamp mode, required application of very short pulses that
could protect the membrane from destruction [56,57]. The experiment
reported in Ref. [57] approximated a typical lifetime of an electropore
created under voltage-clamp conditions (250 mV) as 3 ms. Conductance
fluctuations recorded in these experiments were attributed to a pore
dynamics. In such a study, however, the voltage was clamped above the
breaking potential and, because of the high value of the potential,
the appearance of multiple pores is almost certain. The combined dynamics
of several pores may have accounted for the observed fluctuations and single
pore dynamics was blurred. At higher voltages, an irreversible membrane
breakdown was studied by voltage-clamp techniques [27,31].

Exposure of the planar lipid bilayer to a constant current (0.1-2.0 nA)
does not rupture the bilayer rapidly. The membrane slowly accumulates the
charge and when the first pore appears, the transmembrane potential
decreases, preventing subsequent electropore appearance, which permits
the hypothesis of a single pore formation. Fluctuations observed in these
current-clamp experiments are caused by opening and closing of a single
pore [9,49-52,58]. The natural electropore fluctuations are enhanced by a
negative feedback inherent to the current-clamp electroporation method.
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The feedback results from interplay between the pore surface and the
transmembrane voltage. As a consequence of the electropore expansion,
the membrane resistance decreases and the voltage across planar lipid bilayer
is reduced. This prevents further increase of the electropore, which usually
starts shrinking instead—increasing the transmembrane voltage. This chain
of events accounts for the pore stabilization and its fluctuations. The pore
can live for several hours. The fluctuations show regular stochastic proper-
ties, which are partly due to the feedback and partly due to the pore
dynamics and membrane elastic properties [58,59]. Elimination of the
feedback in the voltage-clamp experiment, before which the pore that is
formed and stabilized under current-clamp conditions, shows very interest-
ing non-Gaussian properties of the electropore dynamics. The parameters of
the long-tailed Levy-stable probability density function, which charac-
terizes electropore dynamics, are related to the lipid composition of the
membrane, salt properties, and the pore diameter (Fig. 28) [52].

3.5. Other Physical Properties
3.5.1. Thickness (d)

The thickness of planar lipid bilayer is usually determined from its capaci-
tance according to the relation valid for parallel plate capacitor:
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Figure 28 Time perspective of systems for planar lipid bilayer properties determination.
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(16)

d = &g
BLM

In this equation, A stands for the area of planar lipid bilayer and Cgy, €0,
and ¢ for its capacitance, the permittivity of the free space, and the relative
static permittivity, respectively. It is usually assumed that the relative static
permittivity inside lipid bilayer equals to 2.1 [24].

3.5.2. Elasticity (E) and surface tension (o)

A macroscopic approach using the theory of elasticity of solid bodies and
liquid crystals can be applied to describe mechanical properties of lipid
bilayers. In 1973, Helfrich proposed a theory and possible experiments of
elastic properties measurements on planar lipid bilayers [60]. As the anisot-
ropy of lipid bilayers is clearly expressed, several elasticity modules are
required to describe its viscoelastic properties. Depending on the directions
of the membrane deformation, we distinguish volume compressibility, area
compressibility, unilateral extension along membrane plane, and transversal
compression.

Experimentally, lipid bilayer mechanical properties were commonly
measured on giant unilamellar vesicles [61-64]. Pressure was applied on a
membrane with micropipette aspiration method; the properties were
measured by means of video microscopy [65]. From experiments on planar
lipid bilayer, Winterhalter and coworkers [66] reported that dynamics light
scattering allowed quantifying viscoelastic properties in nonperturbative
way, while Wobschall calculated membrane elasticity and breaking strength
from measurement of capacitance of the planar lipid bilayer as it was bowed
under a known pressure. Transversal elasticity modulus cannot be measured
directly due to small thickness of the membrane and extremely small
changes of the thickness upon deformation. It can be estimated through
capacitance measurement with a special electrostriction method which is
based on measurements of the amplitude of higher current harmonics [67].

Sabotin with coworkers [68] presented an estimation of the planar lipid
bilayer transversal elasticity (E) and surface tension (¢) by means of visco-
elastic predictive model of Dimitrov [69] and measured planar lipid bilayer
capacitance and break down voltage. The model considers the lipid bilayer
as a viscoelastic, isotropic material that can be represented as a standard solid
model, composed of a Kelvin body in series with a linear spring. Originally,
this model predicts the critical voltage and critical time needed to collapse a
membrane at applied voltage. Critical voltage corresponds to breakdown
voltage (Upmin) and critical time to life time (f,,) of planar lipid bilayer.
The parameters of model are Young’s transversal elasticity modulus (E),
surface tension (o), viscosity (), thickness of the membrane (h), and
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permittivity of membrane (g,,). If Uy, is measured by linear rising signal
(Fig. 26), the corresponding planar lipid bilayer lifetime (#,,) is always finite
[8]. Generic model equation that still contains #,,. [69] gives the relation:

4 k
Ube = {0+ — . (17)
for

The relation can be fitted to the data obtained experimentally by the
breakdown voltage determination using linear rising signal [8]. Parameters n
and k, which are obtained through fitting, served to calculate Young’s elasticity
modulus (E) and surface tension (o) of planar lipid bilayer. Specific capacitance
(csLm) has to be measured, while other parameters such as thickness (h = 3.5
nm) and viscosity (1t = 6 Ns/m?) can be taken from Ref. [69].

4, CONCLUSIONS

In this chapter, we have reviewed setups and experimental methods
applied to study of the properties of planar lipid bilayers. The planar lipid
bilayer presents a good model of the plasma membrane where the behavior
of the lipid part is not obscured by other components of the real cell
membrane. In particular, the influence of the conductive protein ion
channels could be eliminated. The development of measuring systems was
enabled by discovery of the first technique for forming stable planar lipid
bilayers in 1962. This discovery permitted design of a range of instruments
useful for measuring planar lipid bilayer characteristics by different methods,
allowing a more complete picture of planar lipid bilayer physical properties
and membrane-related phenomena like electroporation. The measurement
methods vary from simple electrical setups, which allowed for the first
experiments and demonstrated basic lipid bilayer characteristics, to more
recent advanced systems, frequently combining electrical and nonelectrical
methods, such as optical or mechanical.

In the field of electrical measurements on biological objects with non-
constant resistance, there are two major approaches to the topic. One
method is based on the voltage-controlled measurements, in which differ-
ent shapes of an alternating voltage are applied on the planar lipid bilayer.
In the other method, the current shape and value are controlled. The planar
lipid bilayer characteristics that are observed during the experiment dictate
the choice of the measuring principle. The experiments carried out by the
presented systems showed viscoelastic properties of planar lipid bilayers,
temporal changes in the electroporated membrane, and fluctuation char-
acteristics of an electropore.



APPENDIX A. REVIEW OF MEASURING SYSTEMS

Table 1 Description of measuring systems

Volume
Stimulating Salt Lipid of the Aperture
System signal Lipid solution preparation chamber Electrodes diameter Temperature (°C)
Rosen—Sutton [16] AC: 5 mV/500 Hz, Lecitin 1 mM, 1% (w/v) - 2 Calomel + 1 mm 22
DC: £200 mV 10 mM, 2 Pt
100 mM,
1 M KCl
or NaCl
White [17,18] AC: 20 mV/100 Hz Oxidized KCl, pH 7.1 35 mg/ml - 4 platinized 1.6 mm 20
cholesterol, Ag-AgCl
lecithin
‘Wobshall [19,20] AC: 5-15 mVp s/ Cholesterol, 40 mM KCl, 12 mg/ml - 4 Ag-AgCl 1.68 mm 30
4kHz HDTAC pH 6.7
Montal-Mueller [3] Voltage pulse 10 ms, Egg lecithin, 0.01 M - (18 X 12) mm?/ 2 Calomel 0.25 mm Room
37.5 mV; cholesterol, NaCl, compartment temperature
Constant current glyceroldioleate, pH 5.5
20 pA bovin cardiolipin,
gramicidin
Benz [6,7] 10 mV-2 V/500 us— PC, DPhPC, 1 M KCl, 2% (w/v) 3 em’/ 2 Ag-AgCl 2 mm? (area); 25
500 ms DOPC, POPC, 0.1 M compartment 0.2-0.3 mm
PE, Ox Ch NaCl,
pHO6
Abidor- 100 mV/1 us, 400 Egg lecithin; Ch: 0.1 M NaCl 40 mg/cm3 - — 1 mm 27
Chernomordik- mV/1 us lecitin 2:1 +10M
Chizmadzhev- Tris—
Pastushenko [4] HC],
pH 7.4

(continued)



Table 1 (continued)

Volume
Stimulating Salt Lipid of the Aperture
System signal Lipid solution preparation chamber Electrodes diameter Temperature (°C)
Alvares-Latore [24] 10 mV/5 kHz - - - 4 cm?/ 2 Ag-AgCl - -
compartment
Robello-Gliozzi Square waves 40 Egg lecithin:Ch 1:1, 10 mM 10 mg/ml 2ml/ 2 Ag-AgCl 100-150, 160, 25
[41,43-45] mV, current PC:Ch (4:1), PC, Tris—Cl, compartment 200 pum
ramp (0.17 pA/s), Ch, DPhPC, PS pH=7.5,
triangular signal 0.1 M,
2.5 x 1077 Hz 1 MKCl
Chanturya [25,70] 10 mV-1 V/10-100 PC:Ch 2:1 10 mM Tris, 20 mg/ml 9 ml Ag-AgCl 0.6 mm 2629
us pH=7.4
Kalinovski- Constant current: PC:Ch, lecithin, PS 0.1 M KCl, 20 mg/ml 10 cm®/ 4 Ag-AgCl 1 mm 23-25
Figazewski 0.005, 0.2, 0.3, pH 7.0 compartment 0.5 x 80)
[48-50] 2 nA; step 0.2 mm
nA/10s;
rectangular signal:
8 x 0.2nA/10s
Wilhelm— 10 mV-2 V/500 pus— Ox Ch (+ DOPCor 10 mM, 1 ul, 5 mg/ml, 5 ml/ 2 Ag-AgCl 100-200 um, 20, 22, 25, 30
Winterhalter— 500 ms + PE), azolectin, 100 mM, 10 mg/ml, compartment, 0.3-3 mm,
Zimmermann— DPHPC, PS, 1M,2M, 40 mg/ml 15 ml/ 1 mm,
Benz [26-30] DOPC, DOPE 3 M KCL compartment 2 mm?
pH=6,7 (area)
Yamaguchi— 7 mVipms/1 kHz GMO 0.1 MKCl 62 mg/ml - 2 Pt 0.7 mm 25
Nakanishi [12]
Sharma—Stebe— 100 mV/10 us, 510  POPC, azolectin 100 mM 10 mg/ml 20 3 ml/compartment 4 Ag-AgCl 75-100 um, 22-24
Tung [5,31] us J-\_ KCl, mg/ml 105 pm
pH=7.4




Gallucci—-Micelli Variable amplitude ~ PI, Ox Ch 0.1 M, 1% (w/v) 4 ml/compartment 2 Pt 1.3 mm 22-24
[32-34] V,p/1 Hz + 05 M,
2mV/1 kHz 1 M KCl,
pH 7.0
Hanyu—Yamada— 0.1-1V Azolectin - 5 mg/ml - 4 Ag-AgCl 120 um -
Matsumoto [11]
Naumowicz— 4 mV/0.01-10 kHz Lecithin, Ch, 0.1 M KCl, 20 mg/cm3 - 2 Ag-AgCl, 1 — -
Petelska— lecithin:Ch 1:1 pH 7.4 Pt
Figaszewski
[35-37]
Kramar [8,68] Linar rising voltage ~ POPC, POPS 0.1 MKCl 10 mg/ml 5.3 cm®/ 2 Ag-AgCl 105 um Room
(4.8-48.1 kV/s) compartment temperature

For each system the stimulating signal, number and material of electrodes, volume of the chamber, and a diameter of the aperture are given. Lipids, which were used in described
experiments, corresponding salt solutions and the temperature, at which the experiments were conducted, are also listed. Ch, cholesterol.



APPENDIX B. REVIEW OF MEASURED PROPERTIES ON PLANAR LIPID BILAYER

Table 2 Properties of planar lipid bilayers of various lipid compositions and parameters at which they were measured

Lipid
Azolecitin

DOPC
DOPE
DPhPC

DPhPS
Lecithin

Ox Ch

PC

PE

Salt solution

0.1 M KCl

0.1 M NaCl
0.1 M NaCl
0.1 M KCl
1 M KCl
0.1 M KCl
0.1 M NaCl
0.1 M KCl
0.1 M KCl
le-3-1 M
NaCl or KCI

1 M KCl
0.1 M KCl
0.5 M KCl
1 M KCl

1 M KCl
0.1 M KCl
0.1 M NaCl
0.1 M NaCl

T (us)

10
510

Shape of the
signal

e o D o oo e e

Ubr (mV)

423.44£29.4
441.61£23.2

390+£20

546£15

530£15

280430

C (uF/cm?)
0.5940.21

0.37£0.01
0.37£0.01
0.6-0.75
0.74-1.13
0.3610.02
0.9-1

0.32-0.64

0.40
0.45£0.01
0.47£0.04
0.40+£0.01
0.56
0.75
0.34£0.01
0.33£0.01

R (MQcm?)

0.40

0.40
7.85-17.76
24.3-54.9
0.40

1-10

0.25

0.2140.01
0.23£0.01
0.20+0.03

0.40
0.40

d (nm)

4.97£0.17
5.00£0.16

5.08+£0.21

3.3

5.48+0.17
5.67£0.22
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PI 1M KCl - n, - 0.25 0.4 - [34]
0.1 M KCl - n, - 0.30£0.01  0.37+£0.01 — [32]
0.5 M KClI 0.274£0.01  0.3440.01
1M KCl 0.25+0.01  0.38+0.06
POPC 0.1 M KCl 10 I 40046 - - - [27,30]
0.1 M KCl 10 I 450424 0.59+0.15 — - [5]
100 398419
10° 331420
10* 282426
10° 25849
106 213418
107 16746
POPS 0.1 M KCl 10 I 410420 - - - [27,30]
PS 0.1 M KClI - I 500 + 50 - - - [46]
PC + Ch 0.1 M KCl - I 270 £20 - - - [46]
PC + PE 0.1 NaCl - n, - 0.1 - - [25]
Lecithin 0.1 M KCl - n, - 0.38-0.61  0.014-2.12 -— [20]
+ Ch1:1 10 mM Tris—Cl — Il - - - - [21]

For each lipid composition break down voltage (Uy,,), capacitance (C), resistance (R), and thickens (d) are given. Salt solution that was used in experiments, as well as
shape and duration of the stimulating signal are also presented.
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