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ABSTRACT

In this thesis, we attempt to understand the mechanisms behind specific anion effects by
studying the effects of sodium salts (NaX) of different monovalent anions belonging to the
Hofmeister series on three model systems: (a) Langmuir monolayers of phospholipids at the
air-water interface, (b) bilayers of phospholipids dispersed in excess water, and (¢) micelles of
phospholipid compounds. The double-chain zwitterionic lipid 1,2-Dipalmitoyl-sn-Glycero-3-
Phosphocholine (DPPC) was used to form monolayers and bilayers, and the single-chain lipid
Dodecylphosphocholine (DPC) was used to form micellar solutions. The salts used were
NaCl, NaBr, NaNOs, Nal, NaBF,, NaClO4 and NaSCN.

The phase behavior and the morphology and structure of DPPC Langmuir monolayers in the
presence of electrolytes in the subphase were studied by surface pressure — area isotherms,
Brewster Angle Microscopy (BAM), Grazing Incidence X-ray Diffraction (GIXD) and
Infrared Reflection-Absorption Spectroscopy (IRRAS). The presence of salts was found to
increase the surface pressure at a fixed area per molecule at the low-pressure part of the
isotherm, indicating a stabilization of the liquid-expanded phase of the monolayer. This
increase depends on the type of the anion and the electrolyte concentration. X-Ray diffraction
and infrared spectroscopy experiments show that moderate concentrations of large polarizable
anions, such as I', do not significantly change the conformation and packing properties of the
hydrocarbon chains while smaller, less polarizable anions such as Br” do not alter the packing
properties at all. The lattice parameters and the ordering of the lipid molecules in the liquid-
condensed phase remain essentially unaffected even at quite high electrolyte concentrations,
suggesting that anions partition into or bind to the looser liquid-expanded phase, but do not
penetrate into or bind to the domains of the liquid-condensed phase.

The effect of the NaX salt solutions on the L, Phase of DPPC bilayers was investigated using
Small-Angle X-Ray Scattering (SAXS) and the Osmotic Stress (OS) technique. The plots of
the applied osmotic pressure, I1, versus the interbilayer separation, dy, (logll vs. dy) were
compared for different Hofmeister anions and different salt concentrations. It was observed
that for the same osmotic pressure the water bilayer separation increases in the presence of
salts, depending on the type of the anion and the concentration of the electrolyte used. The
effect of the different anions on the bilayer structural parameters follows the Hofmeister series

with SCN™ inducing the most pronounced changes. In addition, the maximum swelling



separation of DPPC bilayers increases in the presence of electrolytes in a manner following
the Hofmeister series.

The micellar properties of the surfactant DPC in the presence of different Hofmeister anions
were studied using Dynamic Light Scattering (DLS). The critical micelle concentration
(cmc), the hydrodynamic radius, the aggregation number and the surface headgroup area of
the DPC micelles are all affected by the type and concentration of anion used. The effect of
the anions is in the order of the Hofmeister series.

In order to obtain “binding constants” of anions on the lipid models examined in this thesis,
fitting of the experimental results was carried out with appropriate theoretical models. The
fitting results indicate that the monolayer experimental data cannot be explained with models
based on chemical binding of the anions on the headgroups of the lipid molecules. For both
the bilayer and micellar geometries the computed binding constants (using a binding model)
depend on the type of the anions but also on the concentration of the salt solutions. The
binding constants increase with electrolyte concentration and follow the Hofmeister series of
anions. In addition, the binding constants obtained for each anion, using the two geometries,
do not agree; those calculated for micelles were found to be greater by a factor of 50-100 than
those computed for the bilayer geometry.

The monolayer results can be fitted quite well with an ion-partitioning model, which assumes
that anions can penetrate a surface lipid layer. However, the computed partitioning constants
U. of anions cannot be correlated with individual physicochemical properties of anions
indicating that the Hofmeister effect may depend on their combination. The same partitioning
model when applied to lipid bilayers does not perform well providing results comparable to

those of the binding model.



HEPIAHYH

Xe outn Vv OwTpiPn EMYEPOVUE VO, KOTOAVONGOVUE TOVS UNYOVIGHOVUS TMOV EOKOV
EMOPAGEMVY ATADV OVIOVTOV GE PLGIKOYNUIKA Kol floAoyikd cuotiuata. ['o Tov 6Komd avtod
peAETOOE TIG EMOPACELS SPOP®V AAAT®V TOL vatpiov pe povosBevn aviovta (NaX) mov
avikovv ot ogpd Hofmeister ypnowonowdvtag 1tpion 7mpoOTLTO GvoTHUATO:  (O)
Movootoifédeg  poopoMmdiov ommv  dempavewn  vepov-oaépa. (B)  Authootoidoeg
QPOOEOMTOILV OleoTapuéveg o mepiooela vepov. (Y) Mikkvio pooeoMmdiov. o tov
CYNUATICUO TOV HOVOSTORAd®MV KOl TV SAOCTORAS®MV ¥pNCOTOmONKe T0 SUTOAIKO
(zwitterionic) @wo@oAnidlo 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) pe 600
OAELQOTIKEG OAVGIOEC, EVA Y10 TOV GYNUATIGUO HIKKVAI®V YpNGLOTomONnKe T0 GUYYEVEG
Mmoo Dodecylphosphocholine (DPC) pe o alewpoatiky oivoida. To GAato  mov
xpnowomomOnkav oty perétn avt) eivar: NaCl, NaBr, NaNOs, Nal, NaBF4, NaClO4 xot
NaSCN.

H @acum ocoumepipopd kot n dopn tov povostolfadwv tov DPPC oty diempdveia vepov-
aépo OTNV TOPOLGIN NAEKTPOAVTAOV GTO VOOTIKO LIOCTPMUO HEAETHONKOV pE 1000eppeg
EMUPOVELOKNG TECNG MG TPOG TNV €MPAvEIL avd poplo, pe pukpookorio yoviag Brewster
(BAM), pe mepibiaon axtivov X vrd pkpn yovia (GIXD) kot pe vrépubpn poacpatoskomio
avaxiaonc-oamoppdéenong (IRRAS). Xmv napovsio ardtwv onueiddnke onuavtikny avénon
™G EMQOVEWKNG Tieone o€ otabepn emMPAVE OvO HOPlO, VTOOEIKVOOVTOS £TOL
otafepomoinon g VYPNG-EKTETAUEVTG PACTG TG LOVOoTOPAdS. AvTi N avénon eEaptdral
amd o €i00G TOL OVIOVTOG KOt TV GLYKEVIP®OT ToL NAeKTpoAvTn. H mepiblaon axtivov X
Kol 1 vEpLOpN pacuatookomion £0e1Eav 0Tl GVYKEVTIPOGES HEYPL 0.5 M toov avidvtov pe
peydan molwootnra, onws to I, dev emnpedlovv onuavtikd t péon Sapdpe®o™n Kot TNV
otevfémon tev vopoyovavBpaxik®v aivcidmv tov Aumdiov DPPC, evd ta pikpotepa
avidvto pe HKpoOTeEPES TOAMOIUOTNTEG, OT™G T0 Br', dev aAldlovv xabolov tm doun g
povootolfadag kot tn péorn Spopemon tov Amwiov. Ot TopdueTpol TAEYUOTOS KOt 1
oldtaln TV MTOIKOV Hopiev OTNV VYPY-GUUTVKVOUEVT] QAGT] TOPOUEVOVY OVGLUCTIKE
OVETNPEAOTEG OKOUTN KOl OE APKETA VYNAES CLYKEVIPMOELG NAEKTPOAVTAOV. AVTO VTTOOEIKVVEL
OTL TaL aVIOVTOL OlaYEOVTOL 1] OECUEVOVTOL GTNV AMYOTEPO VKV VYPN-EKTETOUEVT] OACT], QALY
OV JATEPVOVV N OEV EGUEVOVTAL GTNV TEPLOYN] TNG VYPNG-CLUUTVKVAOUEVNG PACTG.

H enidpaon tov aldtov vatpiov (NaX) otnv vypn @uALodn @don L, tov duthostofadwv

DPPC pekemOnke pe oxédoon oxktivov X vmod pikpn yovie (SAXS) oe ocvuvovacpd e



emPBoi oopmtikng mieong (OS). Ta dwaypdppoto g epaprolopevns OOU®TIKNG Ttieong, 11,
ot1g dmhootoBades tov DPPC g mpog v amdctacn ddoytkdv dmiocstolBadmv, dy,
(logll - dy) ovykpibnkav oty wapovcio OaopeTikdv avidvtov Hofmeister kot
OLOLPOPETIKMY GLYKEVTIPOGE®MY OAdT®V. Alomotddnke 0Tl 6€ otofepn] OOUOTIKY Tieon 1
amOGTACT) TOV SMAOGTORAS®MV ALEAVEL GTNV TAPOLGIN AANTOV Kol 1) adENCT oVTH EEPTATOL
amd 10 €100G TOL AVIOVTOG KOl TH GLYKEVTIPMGT TOL AANTOG, pe To aviov SCN™ va gpeavilet ™
peyarvtepn enidpaon. EmmAéov, n amdctaon tov durhootoddwv tov DPPC e cuvOnkeg
péyotng Swwykwong (maximum swelling) oav&dvetoar mopovcios TOV  MAEKTPOALTAV,
axolovBmvtag kot At T oepd avidvtov Hofmeister.

Ot 1810TEG TOV WKKLAIOV Tov empoaveloevepyod DPC oty mapovsio tov Sagpdpmv
aviovtov Hofmeister peietnkav ypnotponowdviog duvopikn okédaon ¢otog (DLS). H
KPIoUN  OLYKEVTIP®OY WIKKVAOTOINoNG (cmc), 1 VOPOSUVOIKY OKTiva, O optBpuog
GLOOOUATOONG KoL 1 EMPAVELD TNG KEPAANS TV popiwv DPC ennpedlovtat and 1o €1d0¢ Kot
N GLYKEVIP®OT TOL aviovToc. H enidpaom tov avidvtov akoiovbel t oelpd Hofmeister.

["a Tov vroAoYIGHO GTaBEP®OV TPOGIECTG TOV OVIOVI®OV GTIC SAPOPES MTOKES YEOUETPIES
npaypatonoleitor Bewpntiky] mpocappoyn (fitting) oto TEPAUATIKA OTOTEAEGUOTO L
KataAANAa Bewpntikd mpdtuma. To amotedéspata detyvouv otL povtéra, ta omoia facilovot
o1 YNUIKT TPOGPOPNON TOV OVIOVTI®V OTIC KEPUAES TOV AMTIOIK®OV HOpiwV, dEV UTOPOVV Vi,
eENYNOOLV TO TEPAUATIKA ATOTEAECUATO TV HovoosTolBddwv. Téco yua T durthocTtolPdoeg
OGO KO Y10, TO LIKKOALKL, Ot DVTOAOYILOUEVEG «YMUKES» OTAOEPEG TPOGAESG EEAPTAOVTOL OO
TO €100G TOV OVIOVTOG OAAG Kol amd TN GLYKEVTPMOON TV aAdTev. Ot otabepés mpdGoeoTg
avEAVOVTAL LE TN CLYKEVTPMOT Kol 0koAovBovV TN cepd avioviov Hofmeister. EmmAéov, ot
«muikéey otabepég mov Aapupdvovior yuoo kdbe avidv, amd TG VO YyempeTpies, Oev
ocvpewvoly. Ot otabepéc mov vroAoyiomkay Yo To pkkOA Bpébnkav va eivor 50-100
QOPEG LEYOADTEPEG A0 OVTEC TOV VITOAOYIGTNKAY Y10 TN YEWUETPia TV durhoctoddmy. Ta
TEPOUATIKE OTOTEAEGLLOTO TOV LOVOSTORAOWV Uopovy va eEnynbovv ToAd 1KavoToumTikd
pe xpnon &vog evaALoKTIKOU Oempntikod poviédov mov Pociletor 6TV KOTOVOUN TOV
aviOVTOV PETOED TOV SLOADLOTOG KO OGS EMLPAVELNKNG MITOKNG oTOPAd0S ThyYoVs Aly®V =,
HEC® TOL OTOi0L OTOOEPEC KATOVOUNG TOV OVIOVTOV UETAED TV 000 PACEMV UTOPOVV Vi
vrohoyioBobv. Ta amoteléopata deiyvouv OTL 01 oTabePEG KOTAVOUNG TOV aVIOVTOV gV
ocvoyetilovtol pte TIC EMUEPOVS PLGTIKOYNMUIKES WOOTNTES TOV OVIOVIMV VTOJEIKVOOVTAG OTL M)
enidpaon tov ovioviov Hofmeister pmopet va e€aptdror and 10 cuvoLacUd TOV 1OVIIK®OV

010 TOV.



To 1010 poVTELO KATOVOUNG 0EV GUUTEPLPEPETAL TOCO TKOVOTOMTIKE OTav €papuUOlETOL OTIG
durhootoladec Mmidiwv, TapEYOVTAG OMOTEAEGUOTO CUYKPIGULO LLE TO HOVIEAO YMUIKNG

TPOGPOPNONG.
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EYXAPIXTIEX

‘Exelr mepaoer MOM apkem dpa and v otiyun mov kabica unpootd amd tnv 0Hovn tov
VTOAOYIGTN HOV Y10 VO YPAW® TO TEAELTOLO KOl 100G O SVGKOAO KOUUATL TG SLOUKTOPIKNG
pov dratpPng. Me €xovv KatakAHGEL SIAPOPES OVALVIGELS, XOPAS, AYMVING, AVUTOLOVNGLag,
AOTNG, Kovpaong oA Kot tKavoroinong Yo OAa 6o £xovv emtevydel Ta tedevtaia 5 ypdvia
otmv (of pov. ‘Hpbe n opa petd oamd S5 ypoévie yepdto amd HOVAOIKEG EUmEpieg va
EVYOPLOTHOW OAOVG oL Ppédnkav cTov dpdlo pov kot fondncav pe to d1kd TOLE TPOTO Yo
TNV 0AOKANP®GT QWTNG NG SOOKTOPIKNG dtoTptPrg. Avti 1 datpiPn dev Ba Mtav dvvatn
yopic v Ponderd Toug!

®a emBopovoa va gvyaplotnom tov eEMPAETOVTO GOUPOVASO pov, AvarAnpmt kabnynt) Ap
Enapewvavda Agovtion, ywo v kabodnynon, v vrostpien, Kot v evBéppuven mov Hov
€xel OoEL KaTd TN S1APKELD TOV TPOTTLYLOKAOV KOl TOV HETOTTUYLOUKDOV GTOLO®V pHov. O Kog
Aegovtiong pe evBappuve vo kabopico v kotevBouvon g €peuvdg HOL eV pE TNV
KkaBodnynon tov éuaba vo avalappdve mtpwtofoviiec TOG0 o€ BELTA TOL APOPOLGAV TNV
gPELVA LoV aAAG Kot og Bépata ™G Kadnuepvig pov Cmng. Eniong emdimée va ndbw OAeg
TIG UN-EPYOCTNPIOKES TTVYXEG TNG EMOTNUOVIKNAG €peuvag, CGLUTEPIAOUPAVOUEVOD  TOV
YPOYiLaTog TV ApOpmV Kol TG TPOETOAGiog TV mapovcsldcemv. H guyépela tov kov
Aegovtidn oTIC YpamTég Kot TPOPoPIkES Tapovstdcels Oa stvon mhvia évag 61d)0g TOV 0moio

0o eMOLOK®.

Idwiitepec evyopiotieg otov kabnynt Thomas Zemb kot ™ Ap Monique Dubois tov
Kévtpov Atopukng Evépysiag (CEA), Saclay, IN'oAAia yio tv mpoOoKANon ko v gukoupio
TOL MOV €0MCOV VO €PYNOT® oT0 gpyaoctnpld tovg (Ymnpeosio Moplaxng Xnueiog)
OAOKANp@VOVTAG £T0L €va peyGAo HEPOg NG OdaKTopikng oatppng pov. O Thomas pov
mapeiye yPNOUES CLUPOVAES Kol avOPOPES, KOL O YVINGL0G EVOOLGLOTUOG KOt TO EVILUPEPOV
TOV Y10 TNV EMIGTNUN YEVIKA KOTEGTNOOV EVYAPLGTO TO TEPPAAAOV VO cuVEPYAST® pHall Tov.
H Monique ftav xatt petald evoc cupfovrov emotnung ko pog "untépog” yio péva. ‘Hrtav
mévto moAD Pondntiky| oo TpoPANUaTe TOV TAPOVSIALOVIOV GTO £PYACTNPLO Kol £Em amd
aVTO, YEUATN CLUUTAPACTOCT Kol EVOAPPLVOT|, KOt 1) YEVVAL00mPia Kot 1) ELYEVELD NG glyav

kataotnoel T Con pov ot ['oAlia moAd Mydtepo dvokoAn. Emboud va guyapiotion kot



ToVg 00 cag yia T Pondeta Kot Yoo T QAle Gog KOt T OIGPKELD TNG TOPOLOVIG OV OTN

TaAAio.

Ewwég evyapiotieg oto Ap Luc Belloni tov Kévtpov Atoukng Evépyeiag (CEA), Saclay,
['oAMa, 0 omoiog pE TIG YVAGEIS TOV pE €0NYaye 0T0 Be@pnTIKO HEPOG TS SaTpIPng Hov

€101k otV e€lowon Poisson- Boltzmann kot Tig epoppoyég me.

®a embopovoa emiong va gvyapiotom tov kKanynt Gerald Brezesinski tov Ivetitovtov
Max Plank, Potsdam, Teppoviog, kot v opdda tov, pe tn Pondewe TV omoiwv
mpaypatorombnkov pe emrvyio to mepapota Grazing X-ray Diffraction, Brewster angle

microscopy kot Infrared Reflection Absorption Spectroscopy.

Emiong, Oa embopovoa va evyapiotiom tov Apa Miles Page mov ftav petomtuylokog
onovdaotn¢ ot ['aAla ™ mepiodo mov Pprokopovy ekel. Me tov Miles mepdacape vrépoya
1060 01O €PYACTNPO 060 Kol otV kadnuepvn pag Lon. Eivar dapiotog ¢idog. Eivar kadog
aKpoothg Kot Ppiokel mavta évav aotelo TPOTO Vo AmoeVYeL TIC O18popeg OLVOKOALES. Ze
ELYOPIOTA YO TN QA0 GOV KOl Yol TNV €VYAPIOTN ATULOGPAIPO TOV ONUOVPYOVGES GTO

EPYACTNPLO YL VO EPYOCTEL KATOL0G.

Oepég evyaprotieg oto Ap Sylvain Desert Tov Kévipov Atopukng Evépystog (CEA), Saclay,
ToAAia. Extog and ™ Ponbeld tov 6T0 £pYaoTnplo, TPAYUOTOTOINCE TEPAUATH LKEOAOTG
QeMOTOC Yoo pévo kol pe Pondnoce pe TIC peTPNoOElS OEIKTAOV OtdbAaong, MrTav TOAD
evBappuvtikdc kot pe Ponnce vo VIEPVIKNOC® TIG OIPOPES TPOCMMIKEG OVGKOAES.
[Mpaypatikd, aicBdvopor Tov Sylvain cav adel@d. Avtdg kot 1 cvluyog Tov Ba givarl mhva

GTNV KOPSLL LOV.

Ewwég evyopioties oto Ap Guillame Brotons tov Kévipov Atopwkng Evépyeswag (CEA),
Saclay, I'aAAio Tov pe kaBodnynoe ota mpdta Prpatd pov ot loAlio ko pe Bondnoe va

yePilopon TOALES TEPOAUATIKEG TEYVIKEG TTOV ElXA EAGYIOTN 1| U1 TPOYEVESTEPN EUTTELPIAL.

Oa emBopovca eniong va avayvopico tn cvveyny vroompién kot v evldppuven tov
KaAVTEP®V QIA®V pov. Avtég elvar 1 PodovAa MoAéokmn, n Podobia Mairovpn kot 1 Ap
Nriva Kieitov. Eivon exminktikég ilec. Av kot 0gv mepdcope molv ypovo pali, dedopévou

ott Nuovv otn [aAdia, tov tehevtaio 1 2 ypdvo Mpbape mo kovid kot amd TOTE LE



evBappivouy Kkal pe vrootnpilovy 6e 0moladNTOTE SVCKOAIN TOL £X® avTILETOTIoEL. Agv Oal
Eexdom moté TG oTLYHEG "Bepameiag opdadac" Ommg kael 1 Podovia MaAilobpn o xpodvo mov
0éAnca vo IANGK o€ KATolo Kot OAN 1 opddo poledtnke yio va Avoel 1o TpoPAnua. Agv Ba
Eexbow mOTE TO Ypovodudypappe mov Eptiayve N Podovdlo MoAéokn ywo va pe Pondnoet
omote acBavopovv mieon pe to podnuoata. H Ntiva pe pondnce pe tov dikd g tpomo.

Mmopovce TAvTo Vo LETATPETEL 0L KOKT GTLYUT| 6€ o aoteio otryun!

Téhog, 0EAM v EVYOPIGTNO® TNV OKOYEVELL OV Kot TO cVLLYO HOv.

Eipot evyvouwmv oty owoyéveld pov, kot £101ké 6Tovg YOVEig pov, Tov matépa pov TnAépoayo
Apot kar ™ untépa pov Ipa&oviia Apdtn yio TNV KATOVONOT) TOLG KoL Y1l TV OyAmn TOVG.
Me evBdppovay va okoAovONo® To EVOIAPEPOVTA OV, KOL TAVTA NTAV EKEL VO TPOGPEPOLY
™ Pondeia M TG cLVUPoVAEG Tovg. Aev Ba pmopéow TOTE vo EEMANPOVEO TNV oydmn Kot
VTOGTNPIEN TOV POV €YOVV TPOCPEPEL KATA TN Oldpkela TG (oG KoV, Kol E0IKA KOTA TN
OLAPKELN TOV TEAELTAIWV TEVTE YPOVOV.

Téhog, Ba emBupodoo va guyopIETHo® TOV KOADTEPO pov ¢ilo otn (wn, tov ovluyd pov
Mopivo Ioavvion. O povog Adyog mov pmodpeca vo avieneSeA0m ovTnG TG HOKPOXPOVING
OL001KOGT0G KOl VO DTTEPVIKNO® TIG OVGKOAEG GTIYUES TMOV UETOTTLYLOK®V ETOV EIVOL 1] OLYAmN
Kol 11 VTOoTHPIEN TOL LoV Topelye 0 Mopivog Katd Tn SIpKE AVTNG TS TEPLOOOV. XE
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SYMBOLS

A = Hamaker constant (kT or J), total surface area available to each DPPC molecule (A?),
headgroup area of DPPC molecules (A%)

Ao = excluded area per molecule (A?), chain cross-sectional area (A%

A,y = In-plane unit cell area (A%

a = total film area (A%

a; = angle of incidence (°)

a, = critical angle for total external reflection (°)

B = second virial coefficient

b = bilayer thickness (A)

C = aqueous solute concentration (M)

¢ = concentration of monolayer spreading solution (M), lipid weight concentration
D = distance between two surfaces (m or A), lamellar repeat spacing (A), diffusion coefficient
(cm?*/sec)

d = monolayer thickness (A), inter-plane distance of lattice planes (A)

dw, dr= aqueous bilayer separation (A)

dhead = headgroup thickness (A)

E = Electric field strength (Vm™)

F = Force (N), Faraday constant F = 9.649 x 10" Cmol™.

F, = free energy of micellization (kJ/mole)

K = association constant (M), optical constant

k = Boltzmann’s constant k = 1.380622 x 107 JK™', X-ray wavenumber k = 27t/

Lg, Ly = gel lamellar phase

Lgi = interdigitated lamellar phase

P, = undulated ripple phase

L, = liquid-crystalline lamellar phase

Lg = Bjerrum length

l; = critical hydrocarbon chain length (m)

l; = distance of each monolayer forming molecule from the nearest neighbours (A)
M = micellar mass

MW = Molecular weight

N = aggregation number



Nav = Avogadro’s number, Ny = 6.022 x 10% mol™

n=refractive index of a media, number of segments in a polymer chain, integer number of
wavelengths, viscosity of dispersing liquid (cP)

Py = hydration coefficient (Pa)

q = scattering vector (cm™ or A™), electron charge q = 1.6021892 x 10" C
R = molar gas constant R = 8.314 JK 'mol ™, average radius of a micelle
Ry = Rayleigh ratio

Ry = hydrodynamic radius (nm)

R, = radius of gyration (nm)

Rp = Pauling radius (A), reflection coefficient of p-polarized light

R, = reflection coefficient of s-polarized light

r. = electron radius, r.=2.82 x 10" cm

T = temperature (K or °C)

Tm = main transition temperature or melting temperature (°C)

T, = transmission coefficient of p-polarized light

T = transmission coefficient of s-polarized light

t, t4 = time (s), delay time (s or ps)

V = Ionic volume (cm’/mol), volume of monolayer spreading solution (L)

v = volume of hydrocarbon chains (m’)

Vw, vi=water and lipid partial specific volumes (ml/g)

w = weight percentage

xp = percentage of lipid molecules that have acquired a charge

z = valency

o = surface or headgroup area of a micellar molecule (A?), the incompressible area of chains
of a lipid molecule (A?)

a, = volume polarizability (A%

I' = decay rate (sec™)

y = surface tension of the monolayer (mNm™ or dyn/cm), distortion lattice angle (°)
vo = surface tension of water or electrolyte solution (mNm™ or dyn/cm)

& = diffuse layer thickness (A)

g0 = permittivity of vacuum &, = 8.854 x 107 C2J'm™.

& = solvent dielectric constant

0 = angle of incidence (°), Bragg angle (°)

Osa = Brewster angle (°)



0 = tilt angle with respect to the normal (°)

k' = Debye length (m or nm)

K = bending rigidity (kT)

L = wavelength (nm or A), line tension, characteristic decay length (A)
u = chemical potential, linear absorption coefficient

V, Vs, Vgs = vibration frequency of (s symmetric and os antisymmetric) stretching modes (cm™)
& = correlation length

p = electron density of a sample (e/A°)

o = surface charge density (Cm™)

@ = Electrostatic potential (V)

@, = Electrostatic surface potential (V)

¢ = refractive angle (°), volume fraction

IT = osmotic pressure (Pa)

© = surface pressure (mN/m)

x = Flory-Huggins interaction parameter

v = tilt azimuthal direction of the aliphatic chains (°)

T = characteristic decay time constant (us)
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1 CHAPTER

GENERAL INTRODUCTION - GOALS AND
ORIGINALITY OF THE THESIS

1.1 Aim

The starting goal of this work was to provide improved understanding of the mechanism of
action of Hofmeister anions. This was done by examining the interactions of Hofmeister
anions with three model-systems, in which lipids with the same choline headgroup arrange
themselves into the different geometries of monolayers, bilayers and micelles. The effects of
the anions on the structures and properties of these model systems have been examined, and a
number of theoretical models were applied to obtain “binding” or interaction constants of
anions with the lipids. Attempts were made to correlate the binding constants to analogous
binding constants on other interfaces or to potential local interactions (hydration, dispersion,

electrostatics etc.) in order to identify interaction mechanisms.



CHAPTER 1: GENERAL INTRODUCTION — GOALS AND ORIGINALITY OF THE THESIS

1.2 Specific ion effects and the Hofmeister series

The presence of ions in aqueous solutions and their influence on various physicochemical and
biological phenomena has been widely studied since 1888. More than 100 years ago,
Hofmeister (1888) and Lewith (1888) published experimental results showing the effect of
various salts solutions on the solubility of proteins. Specifically, it was found that (a) the
log(solubility) of many proteins in electrolyte solutions depends linearly on electrolyte
concentration, and that (b) a different log(solubility) vs salt concentration curve is obtained
for each electrolyte even for ions with the same charge. Since then, numerous experimental
studies have shown the importance of specific ion effects in a multitude of biological and
physicochemical phenomena; for example the presence of ions in aqueous solutions affects
polymer cloud points (Schott et al. 1984), the critical micelle concentration of surfactant
molecules (Ray et al. 1971; Zhang et al. 1996), pH measurements (Camoes et al. 1997;
Bostrom et al. 2002), zeta and surface potentials (McLaughlin et al. 1975; Tatulian 1983;
Clarke et al. 1999; Franks 2002), the surface tension of electrolytes (Jarvis et al. 1968;
Weissenborn et al. 1996), the enzymatic activity of biomolecules (Wright et al. 1977;
Hochachka et al. 1984; Hall et al. 1995) etc. Two very interesting reviews that were
published on the topic of specific salt effects by Collins et al. 1985 and Cacace et al. 1997
contain more than 900 references! Depending on their “importance” in different phenomena,
ions have been ordered into a sequence, which is called either the Hofmeister series or the

lyotropic series. Representative Hofmeister series for cations and anions are given below:
Mg> >Ca’ > H" >Na" >K" >Rb" >Cs" > NH;" > N(CH3),"
S04~ > HPO,” > OH > F" > CH;COO™ > CI' > Br > NO; > > BF; = ClO4y > SCN°
In these sequences, the ions are ordered depending on their ability to salt-out proteins, with

the strongest salting-out ions on the left side of the sequences. Anions were found to have a

much stronger impact on protein solubility than cations. This thesis will be exclusively

devoted to anion effects. In general, the anions that are located on the left of Cl” decrease

protein solubility, therefore they are called salting-out ions, while the ions on the right of CI’

have the opposite effect and thus they are called salting-in ions. The CI ion is said to be an
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indifferent ion and the sign of many specific anion effects is found to change around the CI

ion.

Despite the fact that the Hofmeister series plays a significant role in a dramatic range of
biological and physicochemical phenomena, the precise origin of action of the Hofmeister
ions has not yet been clarified and no generally accepted explanations exist at the molecular
level. This may be due to the fact that many phenomena involve the action of both ions of an
electrolyte or the fact that Hofmeister ions affect more than one significant interaction in the
same system, thus making it impossible to define appropriate Hofmeister parameters that can
explain the mechanism of ionic action in various experimental studies.

Different ideas about the nature of specific salt effects have been proposed: The main model
idea for many years was that ions interact with water very strongly and thus they modify the
structure of water (Chaplin 1999). This is why the ions on the left of CI" in the Hofmeister
series are also known as cosmotropes, meaning that they enhance water structuring (structure
makers), while the ions that are on the right of CI are called chaotropes or structure breakers.
Collins and Washabaugh (1985) have developed a molecular model based on the idea that
the water surrounding an ion can be divided into three layers. The first layer is adjacent to the
ion and the water properties (ordering) are defined by the ion, the third layer represents the
water in the bulk solution and the second layer has properties determined by the other two
layers. The disadvantage of this model is that it is very complicated (involving the
interactions between the three hydration shells) and provides no real quantitative information.
Based on a similar idea (water structure), many biologists (Chaplin 1999) refer to low-
density and high-density water close to biological interfaces and the way that ions affect the
two water regions.

A recent proposition by Ninham et al. 1997 suggests that the origin of the Hofmeister series
could be due to the existence of dispersion interactions between ions and surfaces. Since the
classical Gouy-Chapman theory cannot fully explain the mechanism of action of Hofmeister
ions, it is believed that an ionic dispersion potential acting between ions and interface must be
included in the theory; most Hofmeister phenomena can then be understood if ionic
polarizability is properly incorporated in double layer models. The model can be applied to
various experiments provided that ions do not interact through chemical bonds with surfaces.
Bostrom et al. 2001 explained the surface tension of electrolytes based on the idea of

dispersion forces. They were able to introduce ion specificity into their electrostatic
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calculation, which retained the basic picture of Onsager and Samaras (1934), which
postulated the existence of a layer free of ions close to the water surface. However these
results disagree with recent molecular simulations of electrolyte solution surfaces, which
show for example that ions like CI" have a higher affinity (higher concentration) for the
surface than Na' ions (Jungwirth et al. 2000) and that large, polarizable anions have strong
concentration peaks at the water surface (Jungwirth et al. 2002). It is particularly noteworthy
that these simulations use a polarizable model for water and ions.

An alternative qualitative model argues that ion specificity arises as a result of the fine
balance between ion-water and water-water interactions (Collins 1997). Recent computer
simulation studies using Monte Carlo and Molecular Dynamics giving emphasis to hydration
interactions support this idea and examine specific effects of ions on the hydrogen bond
network of water (Karlstrom et al. 2002; Hribar et al. 2002).

It is obvious from the above broad spectrum of alternative explanations that no consensus
exists today for the mechanism of specific ion effects, and it remains largely unclear whether
ions act through precisely defined, specific, local interactions, or through more delocalized
collective interactions. Elucidation of the mechanism of action of the Hofmeister ions in a
particular experimental situation will provide valuable insights for a multitude of ion-specific
phenomena, and will have a strong impact on biology and chemistry. In particular, the
following important questions that remain unanswered today must be addressed:

(a) Is there a concentration threshold for specific ion effects to appear?

(b) Are specific ion effects really interfacial phenomena?

(c) Are specific ion effects based on local or on collective interactions?

(d) Does a unique ion parameter exist to correlate ion effects?

In order to better understand the mechanism of action of Hofmeister anions, we need to work
with model interfaces as will be discussed below. However, before proceeding we must
discuss the fundamental properties of the Hofmeister anions. For ions of the same charge, the
next most important property is their size, quantified by their Pauling radius (Leontidis
2002). Generally, the cosmotropic ions have small Pauling radii and thus they are strongly
hydrated, losing their water of hydration with great difficulty. The opposite holds for
chaotropic ions, which are weakly hydrated. Another fundamental property of ions is their
polarizability. The polarizability of an ion is the ability of its electronic shells to undergo
deformation in an electric field. Although, the polarizability of an anion can be associated

with its size and internal structure, it is often considered as an independent parameter. In
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general, cosmotropic ions have small polarizabilities and chaotropic ions large
polarizabilities, although significant exceptions exist (SO4* is a cosmotropic ion with high
polarizability). Table 1-1 below gives different properties of Hofmeister anions, as they have

been determined experimentally.

Table 1-1. Properties of Hofmeister anions

Property R, \Y% ap
Hydration free
Pauling radius | Ionic Volume | Polarizability Softness®
a 3 b 3\¢ energy
TIons A) (cm’/mol) A% 4
(Kcal/mol)

SO, 2.30 25.0 5.46 6.33 -258.2 -0.38
OH 1.33 1.5 1.84 | 2.25 -102.8 0.00
F 1.33 4.3 0.88 1.30 -111.1 -0.66
CH;COO° 1.62 46.2 5.50 — -87.2 -0.22
Cr 1.81 23.3 3.42 3.76 -81.3 -0.09
Br 1.96 30.2 4.85 5.07 -75.3 0.17
NOs 1.79 34.5 4.13 4.48 -71.7 0.03
I 2.20 41.7 7.51 741 -65.7 0.50
SCN” 2.13 41.2 6.75 — -66.9 0.85
BF4 2.30 49.7 — — -45.4 -0.30
ClOg4 2.40 49.6 5.06 5.45 -102.8 -0.30

“Pauling radius taken from Babu et al. 1999 and Marcus 1997

®Jonic volume taken from Marcus 1997

‘Polarizabilities taken from Marcus 1997 (column A) and Pyper et al. 1992 (column B)
Free energies of hydration taken from Marcus 1991

‘Tonic softness taken from Marcus 1997

1.3 Model systems used in this thesis — previous work

Since we want to determine if the Hofmeister ions act primarily through dispersion or other
interactions with interfaces or solutes, or through some direct or indirect interaction with
water molecules, we must use simple model systems, which will yet allow the examination of
several possibilities. Three model systems are used in this work (a) Langmuir monolayers of
phospholipids at the air-water interface, (b) bilayers of phospholipids, and (c) micelles of
phospholipid compounds. These models provide various advantages such as: (i) Possibility to
study the effect of Hofmeister anions at three different geometries. (i1) Similar interactions
between ions and lipids are expected in the three different geometries, provided that the lipids

used have the same headgroups. (iii) We can achieve a regulated change of the hydration of
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surface (by changing the headgroups of the phospholipid molecules used). For the formation
of these three geometries we have used the phospholipids DPPC (1, 2-Dipalmitoyl-sn-
Glycero-3-Phosphocholine) and DPC (Dodecylphosphocholine) (see Chapter 4).

Figure 1-1. Different geometries - Langmuir monolayers, (a) bilayers, (b) micelles (c)

Phospholipids offer some significant advantages: They can be charged or uncharged (e.g.,
serine vs. choline headgroups) and they can be examined as bilayers in the form of vesicles or
lamellar phases, as monolayers at the air-water interface, and even as micelles (in the case of
single-tail-phospholipids). In addition, the phospholipids DPPC and DPC are bipolar
(zwitterionic) and thus they do not demonstrate strong Coulomb interactions with the anions.
As a result, the weaker interactions (Van der Waals and electrostatic other than Coulomb) can
be studied more easily. Moreover, phospholipids are important components of cellular

membranes and are very well characterized by many research groups over the past few years.

The simplicity of a Langmuir monolayer at the air-water interface offers a clear theoretical
advantage for the evaluation and comparison of interfacial models of ion binding. In addition,
the development of many new experimental techniques that provide details on the structure,
ordering and morphology at the mesoscopic and the molecular level, such as grazing X-ray
scattering, fluorescence microscopy and Brewster angle microscopy, renders DPPC
monolayers especially attractive for our purposes. Several investigations of the effects of
cations on monolayers (Shah et al. 1965; Goddard et al. 1967; Yamaouchi et al. 1968;
Gordziel et al. 1982; Grigoriev et al. 1999; Kmetko et al. 2001) and bilayers (Simon et al.
1975; Lis et al. 1981; Akutsu et al. 1981; Loosley-Millman et al. 1982; Afzal et al. 1983;
Altenbach et al. 1984; Kwok et al. 1986; Roux et al. 1990; Losche et al. 1989; Rappolt et
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al. 2001; Scarpa et al. 2002) exist in the literature, given the importance of H',Na", K', Ca*"
and Mg”" in altering biomembrane behavior. Relatively few studies have concentrated on
anions, which are of more interest in terms of the Hofmeister effect. The effects of anions on
lipid monolayers are mostly concentrated on positively charged lipids for which the Coulomb
interactions are overwhelmingly important (Langmuir et al. 1937; Mara 1986; Helm et al.
1986; Knock et al. 2000; Teppner et al. 2000; Kolsch et al. 2004). A long time ago, the
effect of very low electrolyte concentrations on the surface pressure of lecithin monolayers
was also examined, and was concluded that the anions in the subphase do not influence in any
significant way the surface pressure — area isotherms (Shah et al. 1965).

Phospholipid bilayers are very useful as model systems for the study of ion effects, since they
are excellent membrane mimics, and they can be viewed as the next modeling step after
monolayers. Anion effects, mainly on the structural properties of lipid bilayers, have been
examined in the past (McLaughlin et al. 1975; Jendrasiak et al. 1972; Chapman et al.
1977; Hauser et al. 1977; Loschilova et al. 1978; Tatulian 1983; Cunningham et al. 1986;
McDonald et al. 1988; Cunningham et al. 1988; Tatulian et al. 1991; Rydall et al. 1992;
Jendrasiak et al. 1993; Sanderson et al. 1991; Bartucci et al. 1996; Clarke et al. 1999;
Sachs et al. 2003; Sachs et al. 2004). Various methods have been used to study the structural
properties of lipid bilayers in the presence of electrolytes such as 'H-NMR, “H-NMR or *'P
NMR, Raman spectroscopy, EPR spectroscopy, as well as X-Ray Diffraction or Neutron
Diffraction, Zeta Potential measurements, Differential Scanning Calorimetry and recently
Molecular Dynamics Simulations.

Chaotropic anions have been found to “enhance” the binding of lanthanides and divalent ions
on PC membranes (Hauser et al. 1977). Jendrasiak (1972) has found by 'H-NMR studies
that the effectiveness of the anions follows the Hofmeister series. Specifically, I' and SCN”
interact strongly enough with phosphocholines, but the interaction cannot be characterized as
binding. Jendrasiak et al. 1993 studied the effect of the chaotropic anions SCN™ and SeCN"
on EPC bilayers with 'H-NMR and *'P NMR and found that both anions cause splitting of the
choline 'H resonances while no changes have been observed in the glycerol and phosphate
headgroup region. Loschilova et al. 1978 have used Raman spectroscopy and have also
concluded that the interaction of anions with PC lipids follows a Hofmeister series. However,
electrostatics alone could not explain the spectral changes in the presence of anions. Much has
been learned from *H-NMR experiments. The deuterium quadrupolar splitting of deuterated

cholines has been used to quantitate the degree of binding of ions to the headgroup.
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McDonald et al. 1988 and Rydall et al. 1992 have carried out an investigation of the
influence of Hofmeister series anions on POPC bilayers. They found that the chaotropic
anions produce the most significant changes of the deuterium quadrupolar splittings. The
effect of anions was found to follow the Hofmeister series. Using the DLVO (Derjaguin-
Landau-Verwey-Overbeek) theory, they estimated the surface potential of the bilayers and the
binding constants of the ions to the lipids by assuming that the bilayer ions adsorb and create
a double layer charge. The influence of anions on the zeta-potential of lipid bilayers (PE and
PC vesicles or PC bilayers) has been measured by McLaughlin et al. 1975, Tatulian 1983
and Clarke et al. 1999 using either electrophoretic mobility or fluorescence spectroscopy
(using fluorescent dyes). They have observed a decrease of the zeta-potential which followed
the Hofmeister series and thus they have concluded that the lipid membrane potential
becomes more negative through adsorption of the anions. Tatulian (1983) used the DLVO
theory (with some assumptions) to calculate surface potentials and binding constants of
anions to the lipids, while Clarke et al. 1999 have used the fluorescence shift of specific dyes
to obtain values of the intrinsic binding constant of C104” on DMPC.

Binding constants of several anions to PC lipid bilayers as estimated by different groups using
different experimental methods are summarized in Table 1-2. The binding constants
calculated by various binding models always follow the Hofmeister series, increasing for the
more chaotropic ions. However, they show significant variability between experiments of

different groups or between different experimental methods.

Table 1-2. Binding constants of anions to PC neutral bilayers

Anion CI' |Br |[NO; | I | SCN | ClO4
1.67 | 4.0 | 24.0 70
Binding constant | 0.2 | 3.6 | 2.0 |40 10 222
M) 20| 28 |32] 80 115
10, 23

The effect of anions on the phase transition temperatures of lipids has also been studied
repeatedly (Chapman et al. 1977, Cunningham et al. 1986, Sanderson et al. 1991;
Przyczyna et al. 2002). The general result is that the chaotropic ions have pronounced
effects on the main phase transition of lipids (Lg — L,). Structural information for lipid

bilayers in the presence of salt solutions has also been obtained using X-ray diffraction or
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Neutron diffraction measurements. Cunningham et al. 1986, have studied the influence of
monovalent anions on the structural properties of DPPC bilayers. In general, the DPPC
bilayers swell continuously in 1 M potassium salt solutions until the limiting bilayer repeat
distance is obtained. In the presence of SCN' ions, an interdigitated structure was reported. A
significant effect of the chaotropic anions I and SCN™ on DPPC bilayers was also observed by
Bartucci et al. 1994 with EPR measurements, who also concluded that the chaotropic anions
may induce an interdigitation of the DPPC hydrocarbon chains. Tatulian et al. 1991
performed similar experiments using Neutron diffraction. They observed that addition of
NaCl does not affect the DPPC lamellar structure while the effect of NaClO4 drastically
influences the lamellar repeat spacing. Information on atomic-level local interactions of
anions with lipid bilayers can be deduced by Molecular Dynamic Simulations. Recently
Sachs et al. (2003 and 2004) have studied zwitterionic phospholipid bilayers in contact with
electrolyte solutions. Anion penetration into zwitterionic lipid bilayers was found mostly for
large anions (chaotropic anions) that can penetrate deeply into the bilayers. They also found
that in the presence of the anions there is a significant change of the average headgroup tilt of

the lipids with respect to the lipid-water interface.

The literature on the effects of cations on negatively charged micelles is voluminous.
Research on cation binding has involved a wide range of surfactants, while the cations
investigated have ranged from monovalent to trivalent cations, including Cr3+, La3+, and AI*,
The effect of anions on micelles was also extensively studied over the years, especially on
positively charged micelles, where it was found that the presence of anions induces a
spherical to rodlike micelle transition (Ikeda et al. 1980; Imae et al. 1987; Lin et al. 1994).
The effect was attributed to the reduced repulsion among the micellar polar heads induced by
binding of the anions on the micellar headgroups. Recently, new methods have been
developed with which one can calculate the interfacial concentration (e.g. ion exchange
constants or selectivity coefficients) of ions or the fraction of charged sites due to ion
adsorption on the micellar surface. These methods are: chemical trapping (Loughlin et al.
1990; Chaudhuri et al. 1993; Cuccovia, et al. 1997; Cuccovia, et al. 1999; Keiper et al.
2001), ion flotation (Morgan et al. 1994; Thalody et al. 1995; Kellaway et al. 1997) and
several anion selective electrodes (Morini et al. 1996; Gaillon et al. 1999). In all of these
studies it was found that the chaotropic anions have a higher affinity for the micellar surface

than the cosmotropic anions and thus the ion exchange constant or the selectivity coefficient
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Kehaotkosm Was always larger than 1. In general, the presence of anions on the micellar surface
follows the Hofmeister series. Very few studies have concentrated on the effect of anions on
zwitterionic micelles. Ray et al. 1971 and Zhang et al. 1996 have shown that inorganic
anions can influence the critical micelle concentration (cmc) of zwitterionic micelles. The
effect of anions decreases in the order F > CI' > SO,* > Br > NO; > I' > SCN” which follows
the Hofmeister series. The effect of anions is explained on the basis of their structure-making
(salting-out) and structure-breaking (salting-in) properties. Either using kinetic nucleophilic
reactions (Bunton et al. 1989), or fluorescence spectroscopy (Brochsztain et al. 1990;
Baptista et al. 1991) it was shown that inorganic anions such as OH’, F°, CI, Br can
selectively concentrate and/or bind to the micellar surface following the Hofmeister series. A
very interesting series of investigations by Okada and co-workers (Okada et al. 1998;
Masudo et al. 1999; Iso et al. 2000) has recently used capillary electrophoresis or
potentiometric and chromatographic methods to evaluate ion uptake by zwitterionic micelles.
It was found that ion uptake by zwitterionic micelles e.g. by 3-(N-dodecyl-N,N-
dimethylammonium)propane-1-sulfonate (DDAPS) is in the order of ClIO4 > SCN" > 1 > Br’
> CI" which agrees with the Hofmeister series. Binding constants of the chaotropic anions
were computed using binding models; these were of the order of 1 M. Specifically, K; = 0.12

M Ksen=0.7 M and Kjoa = 1.2 M.

1.4 Originality of the present approach

Our study provides a fresh look into the interactions between anions and lipid monolayers,
bilayers and micelles in several respects. Regarding the monolayers, we examine salt effects
on zwitterionic lipid monolayers in a systematic way, using a range of ion concentrations of
several sodium salts of anions that cover the chaotropic side of the Hofmeister series. In
addition, we apply for the first time the powerful combination of the modern methods of
Brewster angle microscopy (BAM), Grazing Incidence X-ray Diffraction (GIXD) and
Infrared Reflection-Absorption Spectroscopy (IRRAS) to obtain extensive structural
information about the DPPC monolayers in the presence of high electrolyte concentrations.
Our strategy is to understand salt effects on DPPC monolayers by gradually reducing the
length scale of the investigation. We start from the macroscopic thermodynamic information
provided by the pressure-area isotherms (cm scale), then we examine the micrometer (um)

scale using BAM, and finally examine the nanometer (nm) scale with GIXD and the bond (=)

10
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scale with IRRAS. A range of theoretical models based on electrostatics is also applied to the

surface pressure isotherms to complement the experimental work.

The present work also provides a fresh look on salt effects on lipid bilayers. Until today no
detailed studies exist on how the interactions between bilayers are influenced by the presence
of anions. For the first time the osmotic stress method in combination with SAXS is used for
a large number of electrolytes providing an extensive experimental database for the
application of models. Also for the first time the experimental results are fitted using
different theoretical models in order to compute binding constants of anions on the lipid

bilayers.

Regarding micelles, the micellization properties of DPC in the presence of electrolytes have
been examined for the first time. We use light scattering and concentrate on the aggregation

numbers of the micelles and the area per surfactant molecule.

The unique aspect of this thesis however is that the effects of anions are examined in parallel
on a range of lipid geometries and the binding constants of the anions on all these interfaces

are calculated and correlated to each other for the first time.

1.5 Outline of the thesis

The thesis is divided in the following chapters:

Chapter 2 provides a general description of surfactant solutions and self-assembly including
the various factors affecting the critical micelle concentration, the thermodynamics of self-
assembly and the various lyotropic liquid crystalline phases that are formed in aqueous
solutions.

Chapter 3 describes the principles of the experimental techniques used for the experiments in
this thesis.

Chapter 4 gives a detailed description of the properties of the chemical substances (lipid
molecules) used in the different experiments.

Chapter 5 provides a short description of the different fundamental intermolecular and
surface forces. In this chapter we also describe the theoretical models for monolayers, bilayers

and micelles that have been used to fit the experimental results.
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Chapter 6 describes the monolayer experimental results of DPPC at the air-water interface in
the presence of various anions in the subphase. Moreover, the fitting results using the
monolayer theoretical models are presented.

Chapter 7 describes the influence of NaX salt solutions on DPPC bilayers. The chapter also
contains a description of the extensive fitting attempts on the experimental data using two
theoretical models.

Chapter 8 describes the experimental results of the effects of salts on the micellization of
DPC. The theoretical model used and the results of its application to the experimental data
are also discussed.

Chapter 9 discusses and compares the effect of anions on the three model systems.

12



2 CHAPTER

SURFACTANT SOLUTIONS AND SELF-ASSEMBLY

2.1 Surfactants

Surfactants are organic molecules that consist of a polar hydrophilic headgroup (water-
attracting) and a non-polar hydrophobic tailgroup (water-repelling) in their structure, and are

thus referred to as amphiphilic/amphipathic molecules as shown in Figure 2-1.

Hydrophilic headgroup

Hydrophobic tail

Figure 2-1. Hydrophilic — Hydrophobic parts of a single and double chain surfactant
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The hydrophobic tail can be short or long, linear or branched, and it interacts weakly with the
water molecules. The hydrophilic headgroup, which can be either ionic or non-ionic, interacts
strongly with the aqueous environment through solvation processes involving dipole-dipole or
ion-dipole interactions. In general, surfactants can be classified into four groups according to
the charge present in the polar head group part of the molecule in aqueous solutions. These
are: anionic (-), cationic (+), Zwitterionic (+/-) and non-ionic. Zwitterions are surfactants that
contain both a positive and a negative charge simultaneously. Phospholipids are an important
category of surfactant molecules, found mainly in biological membranes. A more detailed

description of these molecules is given in Chapter 4.
2.2 Surfactant Self-Assembly

Due to their amphiphilic nature, surfactants can self-assemble into a variety of complex
structures such as: monolayers at the air-water, air-oil and oil-water interfaces, micelles,

bilayers, vesicles etc, as shown in Figure 2-2.

monolayer

ERRTERTRRERANERERRIRNARESIRIE

N g
crystalliza‘trm ;f O??ii%

T
g

QIO

Hexagonal phase

Figure 2-2. Surfactant self-assembly
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In polar solvents, such as water, surfactant molecules initially migrate to the air-water
interface, where they form a monolayer, in which the hydrophobic tails are oriented away
from the aqueous phase while the hydrophilic heads are immersed in it. Because of their
ability to accumulate at interfaces in the form of monolayers, they are called “active surface
agents” and are capable of reducing the interfacial tension. As the surfactant concentration
increases, the interface becomes saturated with surfactant molecules, and it consequently
becomes thermodynamically favorable for these molecules to self-associate within the bulk
solution into colloidal aggregates called micelles. In these aggregates, the hydrophilic heads
remain exposed to water and shield the hydrophobic tails in the interior from the unfavorable
contact with water (Hiemenz et al. 1997).

The concentration threshold at which micellization begins is known as the critical micelle
concentration (CMC), below which surfactant molecules are predominantly dispersed as
monomers and above which they form micelles. The onset of micellization at the CMC is
marked by a sudden change in many physical properties of the solution including surface
tension, electrical conductivity, optical turbidity and osmotic pressure, Figure 2-3. The
thermodynamics of micellization shows that the aggregation process in water is accompanied
by an increase in the entropy of the system which is the major contributor to the negative

AG?® value for micellization.

A Turbidity

Physical Surface tension

property

Conductivity

Osmotic Pressure

»

Surfactant concentration

monomers CMC complex aggregates

Figure 2-3. Schematic drawing of the variation of physical properties of a surfactant
solution with surfactant concentration
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2.3 Factors affecting CMC

2.3.1 Chemical Structure (Hydrocarbon chain length and configuration)

The CMC decreases strongly with increasing alkyl chain length of the surfactant. The
dependence of CMC on the hydrocarbon chain length for surfactant molecules with a single
hydrocarbon chain is related to the number of carbon atoms N, in the hydrocarbon chain by

the following expression:
log (CMC) = by-b|N; Equation 2.3-1

where N, is the number of carbon atoms in the hydrocarbon chain, and by and b, are constants
specific for each surfactant. The nature of the head group influences by and b;. For non-ionic
surfactants b; is roughly equal to 0.5 while for ionic surfactants it has a value close to 0.3.

Modifications to the hydrocarbon chain such as introducing branching, double bonds or polar

functional groups in the hydrocarbon generally increase the CMC (Hunter 2001).

2.3.2 Counter ion

In the case of ionic surfactants, the CMC is greatly affected by the counter-ion valency. In
general, increasing the valence of the counter-ions (monovalent, divalent to trivalent)
decreases the electrostatic repulsion between the head groups of the surfactant molecules
(screened) and surfactant aggregates are formed more easily. Thus the CMC is decreased.

The CMC is also affected by the lyotropic series of counter-ions of the same valency. The
lyotropic series, also known as Hofmeister series (see Chapter 1), is an ordering of ions of
the same valency. For example, the lyotropic series for anions was constructed according to
their capability to salt-in proteins and organic compounds from aqueous solutions and is as

follows:
OH <F <CI'<Br <NO5 <I <SCN’

All ions have a number of water molecules bound to them. The smaller the ions are, the more

hydrated they tend to be, and thus they have larger hydrated radii than larger ions. As a result,
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the hydrated size of the above ions decreases roughly from left to right and thus it is easier
for ions on the right side of the series to neutralise the headgroup charge of the surfactant
molecules (because they can approach closer to the headgroup) and minimize the CMC
(Israelachvili 1991; Hiemenz et al. 1997). However, this argument based only on size and/or

hydration, is not the whole story as it is discussed in Chapter 1.

2.3.3 Temperature

For ionic surfactants below a certain temperature, known as the Krafft point, the surfactant
precipitates. Above the Krafft temperature, micelle formation becomes a dominant factor in
solution and thus there is a sudden increase in solubility of the surfactant. For non-ionic
surfactants, increasing the temperature causes the formation of large aggregates, which
separate out as a distinct phase at the cloud point. This is attributed to the reduction in

hydrogen bonding between head groups and water (Hiemenz et al. 1997; Hunter 2001).

2.3.4 Effect of added salt

The addition of an electrolyte to a surfactant solution has a major effect on the CMC
especially for ionic surfactants. The presence of an electrolyte reduces the electrostatic
repulsion between the headgroups of the surfactant molecules and thus the CMC decreases.
On the contrary, the salt concentrations required to significantly reduce the CMC of non-ionic
surfactants are much higher. Due to the high concentration of the electrolyte the surfactant

molecules can be “salted — in” or “salted — out” (Hunter 2001).

2.3.5 Organic Molecules

Organic molecules can influence the CMC and the properties of micellar solutions greatly.
The CMC is decreased in the presence of hydrocarbons such as cyclohexane, heptane,
toluene, benzene etc. Also, the micellar phenomenon of solubilization is very important,
whereby lipophiles are apparently dissolved in water by the addition of surfactants.
Incorporation of a hydrophobic material within a micelle may influence the value of the CMC

(Hunter 2001).
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2.4 Thermodynamics of self-assembly — Forces between

Amphiphilic molecules

The equilibrium structures (complex aggregates) formed by self-association or self-assembly
of surfactants can be determined by the thermodynamics of self-assembly and the forces that

act between the amphiphilic molecules within the aggregates.
2.4.1 Thermodynamic equations of self-assembly

In a system of molecules that form aggregate structures in solution the chemical potential of
all identical molecules in different aggregates must be the same. The chemical potential of a

surfactant molecule (monomer) free in solution is given by:
w=p) +RTlna, Equation 2.4-1

where a; is the activity of the monomer.
The chemical potential of a molecule (monomer) in a micelle of aggregation number N may

be expressed as:
0 RT, ( Xy .
N = Mpen F—In| — Equation 2.4-2
l’l mic,N H mic,N N N q

where ), is the standard chemical potential in aggregates of aggregation number N, and Xy

the mole fraction of monomer in micelles of aggregation number N. The term RTIn(Xn/N) is
the contribution of a whole micelle to the free energy, so this term is divided by N to
determine the free energy contribution of each monomer within the micelle.

Since the amphiphilic molecules equilibrate between the aqueous phase and the micelles, their

chemical potentials within the two regions must be equal:

X
Hoen —H; = RTIna, — %ln(ﬁj Equation 2.4-3
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The standard Gibbs free energy change of formation of one mole of micelles is then:

AG"(N)=-RTInK

X Equation 2.4-4
AG°(N)= —RTln(?Nj +NRTIna, 1

The free energy of formation per mole of surfactant (the free energy change associated with

the transfer of one monomer from the solution into a micelle) is given by:

X
=AG" =p.. -] =RTlna, —%ln(ﬁj Equation 2.4-5

If the aggregation number N is large (typically > 50) or the mole fraction of the monomers in
micelles Xy is small Xy = a;, then the final term in Equation 2.4-5 can be ignored. As a

result, one can calculate the cmc when Ap is known, using the following expression:

AGY, .
—X = RTlIn(cmc) = RTlna, Equation 2.4-6

(Israelachvili 1991; Hunter 2001)

2.4.2 Forces between amphiphilic molecules
(Israelachvili 1991; Hiemenz et al. 1997)

The self-association of surfactants into well-defined structures is initiated by the imbalance of
two opposite forces, the hydrophobic-hydrophilic interactions. The hydrophobic attraction
tends to help the molecules associate so that their hydrophobic chains avoid contact with
water, while the repulsion between the hydrophilic headgroups, which is of solvation, steric or
electrostatic origin, tends to keep the molecules in contact with water. These two interactions
compete, with one tending to decrease and the other tending to increase the surface area a
taken up by the headgroup of each surfactant molecule on the surface of a micelle exposed to
the aqueous solution. As a result, they determine the optimal area oy occupied by each

headgroup as shown in Figure 2-4.
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Hydrophilic repulsion

/ between headgroups

Hydrophobic attraction
between hydrocarbon tails

Figure 2-4. Schematic drawing of the geometric parameters of a surfactant molecule
2.5 Lyotropic Liquid Crystalline Phases of Surfactants

The self-association process is concentration dependent. As the concentration of the surfactant
increases, the micellar structure (size and shape) changes significantly. More complex
aggregates can then be formed, which can transform from one to another when the solution
conditions (for example, ionic strength, pH, temperature, pressure, surfactant composition etc)
are changed. Typically, the smaller micelles are spherical in shape while larger ones grow into

one-dimensional cylindrical aggregates or into two-dimensional lamellar phases.
2.5.1 Micelles

Micelles may be represented as globular, cylindrical or ellipsoidal clusters of individual
surfactant molecules in equilibrium with monomers. They have a hydrophilic exterior (polar
headgroups oriented towards the aqueous phase) and a hydrophobic core (hydrocarbon tails
pointing away from the aqueous phase). A typical length scale associated with micelles is
about 2 nm, corresponding to the radius of spherical micelles or the diameter of cylindrical
micelles, for example.

In ionic micelles, the hydrocarbon core is surrounded by a shell that resembles a concentrated
electrolyte solution. This is the interfacial region between the micellar surface and the
aqueous solution and contains counterions associated with the micelle. This region is called

the Stern layer (Figure 2-5).
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Besides counterions the Stern layer, which is usually 1-5 A thick, also includes free water
molecules and water of hydration. Beyond the Stern layer, the remaining counterions form the
Gouy-Chapman layer which is a portion of the electrical double layer and extends up to
several tens of A into the aqueous phase.

In non-ionic micelles the micellar structure is similar to that of ionic micelles, with the
notable absence of counterions in the Stern and Gouy-Chapman layer (Hiemenz et al. 1997;
Hunter 2001). However, the ions have the possibility of binding at the palisade layer of non-

ionic surfactants like DPC, which is zwitterionic.

Solvent

e, i >

Solvent

A

Gouy-Chapman layer

v

Hydrophobic core

Stern layer Shell

Figure 2-5. Internal structure of a micelle

2.5.2 Lamellae (Bilayers)

Within a critical range of concentrations, phospholipid molecules placed in water self-
organize to form lamellar phases. Lamellar mesophases are the most frequently observed
structures for double- and higher-chained amphiphiles. The most commonly observed
structure is the “bilayer”. A bilayer is composed of two opposing planar and parallel layers of

lipid molecules arranged so that their hydrocarbon tails face one another to form the oily
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bilayer core, while their electrically charged or polar heads face the watery or “aqueous”
solutions on either side of the membrane as shown in Figure 2-6. As a result, the headgroups
shield the hydrocarbon chains from the energetically unfavourable direct contact with the
aqueous exterior. Because of the oily core, a pure lipid bilayer is permeable to small
hydrophobic solutes but has a strong permeability barrier to inorganic ions and other
hydrophilic molecules. Water itself is an exception to this rule, and crosses freely. Lamellar
phases, exhibit diffraction patterns typical of a smectic lattice, and thus can be identified by

equally spaced Bragg peaks (see Chapter 3, Section 3.6.4).

Figure 2-6. Schematic drawing of a bilayer

In general, a mesophase is called “lamellar” when it is (a) optically anisotropic, and (b)
exhibits a smectic diffraction pattern (Hyde 2001). Phospholipid membrane structures

undergo thermotropic phase transitions and as a result, they can be found as a gel (Lg, L) or
interdigitated lamellar phase (Lgi), undulated ripple phase (P ), or as a standard fluid lamellar

phase (L), Figure 2-7.

2.5.2.1 Gel Lamellar Phases

Gel mesophases are characterized by a crystalline packing of the chains of the lipid
molecules, evident by the long-range ordering between lamellae resulting in a large number of

sharp Bragg diffraction peaks. Specifically, in the Lg gel phase the hydrocarbon chains are
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extended and ordered (all-trans), arranged parallel to the layer normal, having a value of about

20A? for the cross-sectional area per chain.

Figure 2-7. Phase transitions of lamellar mesophases

The L, phase is similar to Lg gel phase, but with tilted hydrocarbon chains. The tilting occurs

when the area available for the headgroups of the lipid molecules exceeds that of the chains.
By tilting the chains the packing mismatch is corrected. The untilted interdigitated Lp;
lamellar phase may occur when the tilting of the hydrocarbon chains becomes too large. The
Lgi phase has a similar cross-sectional area per chain to Lg, but approximately twice the area
available per headgroup.

In the Py phase the hydrocarbon chains form a triangular lattice. The long axes of the chains

are tilted with respect to the local plane of the membrane by about 30 degrees. The most
remarkable feature of this phase is the corrugated surface profile, also called ripple structure

(Hyde 2001; Seddon et al. 1995)

2.5.2.2 Fluid Lamellar Phases

The fluid lamellar L, phase is observed when the gel lipid phase is heated up to a temperature

specific for each lipid, called melting temperature, Tn. The Py — L, phase transition is

associated with the transition of the hydrocarbon chains from an essentially all-trans state to a
disordered liquid-like conformation, and it is therefore called chain-melting or main
transition. Water can penetrate rather deeply into the hydrocarbon region of the L, lamellar
phase making it impossible to define a sharp interface between the polar and non-polar

regions of the bilayer. The L, phase swells by the addition of water between the bilayers up to
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a limiting point called “equilibrium separation” (see Chapter 3, Section 3.6.5). The swelling
1s mainly an electrostatic effect (for charged bilayers), but it can also result from thermal

undulations if the lamellar phase is quite flexible (Hyde 2001; Seddon et al. 1995)

2.5.3 Hexagonal phase

The hexagonal phase is a high viscous fluid phase that can be visualized as a set of close-
packed cylindrical assemblies (micellar cylinders) of theoretically unlimited size in the axial
direction, forming a 2-D hexagonal lattice. The micellar structures may be “normal” in water,
that is, with the headgroups located at the outer surface of the cylinder, or “inverted”, with the

hydrophilic headgroups located internally (Jonsson et al. 1998).

2.5.4 Cubic phase

The cubic phase has several forms. In the bicontinuous cubic phase, for example, the aqueous
and surfactant phases are both continuous and arranged in a cubic pattern. That is, they
possess long range three dimensional structures. One way to visualize the cubic phase would
be a three-dimensional grid of pipes. A discontinuous cubic phase may exist to either side of
the hexagonal phase in the phase diagram, and exists as a three dimensional network of short

rods (Jonsson et al. 1998).

2.6 Packing Considerations — Shape of Aggregates

The geometric packing properties of the surfactant molecules depend on their optimal area oy,
which determines the number of surfactants that can be accommodated in an aggregate of any
shape, the volume v of their hydrocarbon chain or chains in the core, and the effective length,
l¢, of the hydrocarbon chains in the liquid state known as the critical chain length as shown in
Figure 2-8. A dimensionless factor known as the packing parameter can be defined using the
above parameters, which can be used as an indicator of the preferred aggregate shape. The

packing parameter is defined as:

— Equation 2.6-1
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Rmic9 lc

Volume, v \

Headgroup area, oy

Figure 2-8. Geometric parameters of a surfactant molecule

2.6.1 Spherical micelles

For surfactant molecules that assemble into spherical micelles the packing parameter must be

less or equal to 1/3:

v 1 Equation 2.6-2
al, 3

This occurs when the optimal surface area oy is sufficiently large and the hydrocarbon volume

v sufficiently small, so that the radius of the micelle R does not exceed the critical chain

length 1.

2.6.2 Non spherical and cylindrical micelles

Surfactant molecules that possess small headgroup areas, for example those that are
uncharged (non-ionic or zwitterionic) or possess charged headgroups in high salt, cannot pack
into spherical micelles but can form cylindrical (rod-like) micelles. The packing parameter in

this situation is in the range:

1 < < 1 Equation 2.6-3
3 al, 2

C

25



CHAPTER 2: SURFACTANT SOLUTIONS AND SELF - ASSEMBLY

2.6.3 Bilayers

Surfactant molecules with two hydrocarbon chains usually form bilayers and are described by

a packing parameter in the range:

—<—xl1 Equation 2.6-4

These molecules are characterized by a relatively small headgroup area oy, or by hydrocarbon
chains that are too bulky to fit into small aggregates, such as spherical micelles, while

maintaining the surface area at its optimal value.

2.6.4 Inverted micelles

The packing parameter of surfactant molecules that have very small optimal headgroup areas

or possess very bulky hydrocarbon chains exceeds unity.

AN Equation 2.6-5
aolc

Such surfactant molecules form “inverted” micellar structures or precipitate out of the

solution (Israelachvili 1991; Hiemenz et al. 1997).

2.7 Factors Affecting the Aggregate Structure

The aggregate structure (size and shape) formed by various surfactant molecules depends on
the molecular structure of the surfactant, nature of the solvent (temperature, pressure, ionic
strength, presence of additives), and concentration of the surfactant solution.

For surfactant molecules with charged headgroups, the headgroup area oy can be reduced by
increasing the salt concentration or lowering the pH and thus bilayers or inverted micelles can
be formed (v/opl; increases). Changes in temperature can increase or decrease the headgroup
area depending on the nature of the surfactant used to form aggregates. In general, it has been

observed that with increasing temperature non — ionic spherical micelles grow in size and
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become more cylindrical, while charged micelles shrink. Zwitterionic micelles appear to have
an intermediate behaviour.

The critical chain length 1, decreases by introducing chain branching and unsaturated bonds to
the hydrocarbon chain of the surfactant molecules. In addition, the penetration of organic
molecules into the chain region increases the effective volume v of the chains and similarly
decreases the critical chain length I, The temperature of the surfactant solution also influences
the critical chain length l.. For double-chained surfactants which are in the fluid state, the
increase of temperature increases the hydrocarbon chain motion and thus reduces the I..
Consequently, the packing parameter v/agl. increases. (Israelachvili 1991; Hiemenz et al.

1997).
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EXPERIMENTAL TECHNIQUES

3.1 Langmuir monolayers (LB)

Langmuir monolayers are formed when a solution of insoluble amphiphilic molecules is
spread at the air/water interface. When the solvent evaporates, a monomolecular film is left on
the water surface. These films are excellent model systems for membrane biophysics, since a
biological membrane can be considered as two weakly coupled monolayers. Langmuir
monolayers can also be used for studies of chemical and biological reactions in two
dimensions. They are necessary for the fabrication of Langmuir-Blodgett (LB) films, which
are multilayers transferred layer-by-layer from the water surface to a solid support; in this
way structured materials can be constructed for optical, electronic, or sensor applications. In
addition, Langmuir monolayers have important applications in technology, for example in

molecular electronics.

28



CHAPTER 3: EXPERIMENTAL TECHNIQUES

During the last 20 years, the LB technique has undergone a revolution, mainly due to the
development of novel experimental techniques for monolayer characterization. These are
Fluorescence and Polarized Fluorescence Microscopy (FM and PFM, respectively), Brewster
Angle Microscopy (BAM), Atomic Force Microscopy (AFM), Infrared Reflection Absortpion
Spectroscopy (IRRAS) and X-ray diffraction at grazing angle (GIXD). These techniques have
allowed a better understanding of Langmuir monolayers. For example, it has been possible to
observe mesoscopic structures at the surface and to determine their molecular order. It has
become possible to recognize a great variety of surface phases and directly observe transitions
between these phases, which are two-dimensional analogues of bulk liquid crystalline phases.

A large number of molecules can form Langmuir monolayers, arguably the most important of
which are phospholipids. These are amphiphilic molecules with a hydrophilic phosphorous
group and one or two hydrophobic hydrocarbon tails. Phospholipids are molecules of great
scientific interest, since they are major constituents of biological membranes. A better
understanding of their two-dimensional physicochemical behaviour is important for a better

understanding of biological systems.

3.1.1 Surface Tension at the air-water interface

The cohesive forces between liquid molecules are responsible for the property known as
surface tension. Surface tension is defined as the energy required to expand the surface of a
liquid by a unit area. The molecules inside a liquid (in the bulk) attract each other with forces
depending on the properties of the liquid substance. Molecules in the bulk interact equally
with other molecules in all directions, so that they feel a zero net force, whereas the molecules
at the surface experience a net attractive force towards the liquid phase, because they are not
symmetrically solvated, Figure 3-1. Therefore, surface molecules behave differently and try
to contract to the smallest possible area. This is the origin of surface tension. Polar liquids,
such as water, have strong intermolecular interactions and thus high surface tensions. Any
factor which decreases the strength of the intermolecular interactions or which provides
alternative surface structure will lower surface tension. Thus a presence of a monomolecular
organic layer at the air-water interface lowers the surface tension (Petty 1996; Hiemenz et al.

1997).
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Figure 3-1. Surface tension - Forces among the molecules in bulk and at interface

3.1.2 Surface Pressure

The surface pressure of a monolayer is defined as the lowering of surface tension of the pure

liquid due to the presence of the monolayer and is given by the relationship:

T="7,—Y Equation 3.1-1

where 7 is the surface tension of the pure liquid and vy is the surface tension of the monolayer-
covered surface. The surface tension and thus the surface pressure are expressed in mN/m (=
dyn/cm). The variation of @ with the area available to the surface active film is represented by

am— A diagram, where A (A?) is the area per molecule given by the equation:

Equation 3.1-2

a is the total film area (A%), ¢ is the molar concentration of the spreading solution (see Section
3.1.5) and V(L) is the volume of the spreading solution.
The maximum value of @ over aqueous solutions is 72.8mNm™ at 20°C, which is the surface

tension of water (Roberts 1990; Petty 1996).
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3.1.3 Wilhelmy plate method

The Wilhelmy plate method is used to measure the surface pressure. In this method, a
measurement is made by determining the force, due to surface tension, on a plate suspended
so that it is partially immersed in the subphase as shown in Figure 3-2. This force is then
converted into surface pressure (mN/m) by dividing with the dimensions of the plate, Figure
3-2. The plate used is very thin and usually made of platinum, but plates made of glass,
quartz, mica and filter paper have also been used. The forces acting on the plate when placed
on the liquid surface are gravity, downward surface tension, and upward buoyancy due to
displaced water. For a rectangular plate of length 1,, width wy, thickness t,, and plate density
pp, immersed to a depth h; in a liquid of density pi, the net downward force is given by the

following equation:

F=ppgl,wpty, + 2y (t, +wp) cosO - prg t, wp, hy Equation 3.1-3

where v is the liquid surface tension, 0 is the contact angle of the liquid on the solid plate and
g is the gravitational force constant. The surface pressure is then determined by measuring the
change in F for a stationary plate between a clean surface and the same surface with a
monolayer present. If the plate is completely wetted by the liquid (i.e. 6 = 0, cos® = 1) the

surface pressure is obtained from the following equation:

m=v, -y =-r-v,)=-Ay

Equation 3.1-4
n=-[AF2(t +w)] quation

If the plate is so thin that, w,>>t,

=-AF/2w, Equation 3.1-5

The force is determined by measuring the change in the apparent mass of the plate, which is

directly attached to a sensitive electrobalance (Birdi 1989; Petty1996)

31



CHAPTER 3: EXPERIMENTAL TECHNIQUES

Figure 3-2. Wilhelmy plate

3.1.4 The Langmuir Balance

The basic film balance is an instrument that allows the surface area to be varied and
accurately measured while changes in surface pressure are simultaneously monitored. Figure
3-3 shows a schematic picture of a Langmuir balance. The trough that comes into direct
contact with the subphase is usually made of Teflon, which has the advantage of being inert
and able to withstand the organic solvents used for monolayer spreading. Also, Teflon
prevents any leakage of the subphase over the edges. Temperature control of the liquid is
achieved by circulating water from a thermostated bath in channels placed underneath the
Teflon trough. The surface area of the trough can be varied by sweeping two hydrophobic
movable barriers over the surface of the trough. The barriers are also made of Teflon and they
are heavy enough to prevent any leakage of the monolayer beneath the barrier. The surface
pressure and the mean molecular area are continuously monitored during the compression

(MacRitchie 1990; Petty 1996).
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Water or
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Figure 3-3. The Langmuir Balance

3.1.5 Monolayer Spreading

Monolayer forming materials are spread at the air-water interface by first dissolving them in
an appropriate solvent. The solvent used must be able to dissolve an adequate quantity of the
monolayer material (0.1 — Img/ml), must not react chemically with the material or dissolve in
the subphase and also must evaporate within a reasonable period of time. Solvents which are
commonly used for monolayer spreading are chloroform, n-hexane, toluene, hexadecane etc.

A microsyringe is used to dispense the spreading solution on the subphase. The application of
the sample is generally accomplished by allowing drops of the spreading solution to fall near
the centre of the subphase surface. The volume spread is normally on the order of 50 — 150 pl

(Roberts 1990).

3.1.6 Formation and Stability of Monolayers

When a small quantity of an insoluble, non-volatile organic substance is placed on the water
surface, one of the following results may be observed: a) The substance may remain as a
compact drop leaving the rest of the liquid surface clean, or b) it may expand over the entire

water surface. The stability of the formed monolayer is determined by the interaction forces
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between the substance itself, the substance and the subphase, which is usually water or an
aqueous solution, and between the molecules of the subphase.

A stable monolayer is formed on water when the work of adhesion between the substance and
water is greater than the work of cohesion of the substance itself. Under these conditions, the
substance spreads over the entire water surface and forms a monomolecular film. When the
attractive forces between the molecules and the water subphase are small, the stability of the
two-dimensional film is very weak and it breaks down under a very small compression. On
the contrary, when strong interactions exist between the polar groups of the molecules and the
hydrocarbon chains of the molecules (Van der Waals forces) forming the monolayer, then the

film molecules cohere and they are not able to move freely. (Birdi 1989)

3.1.7 Monolayer Compounds

A wide variety of organic substances can form monolayers on the air-water interface, the
simplest ones being single-chain fatty acids and alcohols. However, many more complex
molecules have been proved to form monomolecular films at the air-water interface such as:
dyes, porphyrins, fullerenes, vitamins, sterols, polymers, proteins and phospholipids. Most
monolayer forming molecules are amphiphilic, see Chapter 2, Section 2.1. Phospholipids are
the most important type of amphiphilic molecules forming monolayers; see Chapter 4,

Section 4.2.

3.1.8 Surface — Pressure Isotherms and Monolayer Phases

(Davies et al. 1963; Birdi 1989; MacRitchie 1990; Roberts 1990; Petty 1996)

As the monolayer is compressed on the water surface, it will undergo several phase
transformations. The phase transitions or monolayer states that are observed are analogous to
the three-dimensional gas-liquid-solid states. The phase changes can be identified by
measuring the surface pressure as a function of the area of water surface available to each
molecule. This measurement is carried out at constant temperature and is known as a surface
pressure - area isotherm or simply "isotherm". Usually an isotherm is recorded by
compressing the film (reducing the area with the barriers) at a constant rate while
continuously monitoring the surface pressure. The surface pressure - area isotherm is the two-
dimensional equivalent of the pressure-volume isotherm in three-dimensional space. Figure

3-4 shows a theoretical 1 — A plot. Not all the phases shown in Figure 3-4 are always
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observed. The presence or absence of the various phases in the 1 — A curve depends on

various parameters as discussed in Section 3.1.9

3.1.8.1 Gas Phase

When the area available for each molecule on the air-water interface is many times larger than
the molecular dimension, a “gaseous” phase (G) is formed, which is the simplest phase of a
monolayer at the air-water interface. The film consists of molecules that are far apart on the
water surface, thus the interactions between the molecules are negligible, but the attraction of
the polar headgroups to the water phase and the hydrophobic effect of the apolar residues are
sufficient to keep the amphiphilic molecules at the surface.

The behavior of gaseous monolayers can be modeled by Equation 3.1-6 assuming that the

molecules have an average translational kinetic energy of %2 kT for each degree of freedom.

n(A-A,)=kT Equation 3.1-6

where A (A?) is the total surface area available to each molecule and A (A?) is the excluded
area per molecule, which depends on the compound used to form the monomolecular film.
This relation assumes that there is no attraction but only hard-core repulsion between the
molecules in the film and thus as 1 — 0, A — o (tA — kT) and as & increases, A — Ay
(hard-core interaction). In general, ideal gas behavior is observed only when the distance
between the amphiphilic molecules is very large and as a result the value of m is very small,

e.g., less than 0.5 mN/m.

3.1.8.2 Liquid expanded phase

As a gaseous monolayer is compressed on the subphase surface, the surface area of the
monolayer is reduced and the expanded (liquid-like) phase appears. The phase transition (G —
LE) is usually accompanied by a constant pressure (horizontal) region in the isotherm (a
“plateau’), in which the floating film is a mixture of the two phases. The hydrocarbon chains
of the molecules in such a film are randomly oriented, with liquid-like arrangement and
variable orientations. As the molecular area is progressively reduced the monolayer goes into

the liquid expanded state. The interactions of the hydrocarbon chains of the molecules
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(induced dipole or dispersion forces) and those between the polar headgroups (dipole or ionic

interactions) become important.

A
Surface Coexistence
Pressure LC/LE
Coexistence
(mN/m) LE/G

7 0./ 0

G
Z —

Area per molecule (A*mol)

Figure 3-4. Surface Pressure — Area Isotherm

The equation of state for the liquid expanded phase is often well represented by the following

relationship:
(n—m, JA-A,)=kT Equation 3.1-7

The pressure m, is contributed to the strong cohesion of the hydrocarbon chains, the origin of
which lies in the Van der Waals forces of attraction between the hydrocarbon chains. An

empirical equation for m, (dynes/cm) is given by:

_ —400m
a A%

L Equation 3.1-8
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where m is the number of methylene groups in the hydrocarbon chain of a molecule and A is

in A? per long-chain.

3.1.8.3 Liquid condensed phase

As the area per molecule is further decreased, the liquid condensed phase is observed. The
appearance of the liquid condensed phase is accompanied by a plateau as observed in the
transition from the gas phase to the liquid expanded phase. At the end of the plateau region
the liquid condensed phase is formed. In this phase the molecules are closely packed and are
oriented with their hydrocarbon chains pointing away from the water surface. In addition, the

hydrocarbon chains are usually tilted with respect to the surface normal at a fixed direction.

3.1.8.4 Solid phase

The solid phase is observed when the molecules at the air-water interface adhere very strongly
to each other through Van der Waals forces. The solid phase is found when the monolayers
are compressed to very high surface pressures. The onset of the solid phase is observed by a
sudden increase in the slope of the isotherm as shown in Figure 3-4. The film is characterized
as rigid with low compressibility and high viscosity. The molecules on the surface are ordered
and close-packed and create a compact 2D network. In this phase, the hydrocarbon chains of
the molecules are perpendicular to the air-water interface with an all-trans (straight) chain

configuration.

3.1.8.5 Collapsed phase

As the surface pressure continues to increase, with decreasing surface area, a point is reached
where the surface area per molecule becomes very small, and as a result, the monomolecular
film collapses. The forces acting on the monolayer at this point are very strong. The onset of
collapse depends on many factors, such as the rate at which the monolayer is compressed, the
nature of the substance and the interaction between the subphase and the polar headgroup of

the molecule.
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3.1.9 Parameters influencing the Phase Behavior of the monolayers

The phase behaviour of a monolayer is mainly determined by the physical and chemical
properties of the amphiphile (architecture of the hydrophobic chains and nature of the polar
group), the subphase temperature and the subphase composition (pH and counter ions). For
example, various monolayer states exist depending on the length of the hydrocarbon chain
and the magnitude of the attractive and repulsive forces existing between head groups. An
increase in the chain length increases the attraction between molecules, condensing the T — A
isotherm. On the other hand, if an ionisable amphiphile is used, the ionisation of the head
groups induces repulsive forces tending to oppose phase transitions. In addition, the
temperature has a great effect on the surface pressure behaviour of monolayers; the lower the
temperature, the smaller the surface area per molecule adopted by the monolayer. Thus, lower

temperatures induce solid compressed phases.

3.1.10 Precautions for 7 — A measurements

The presence of a surface-active contaminant, even in very small concentrations, can greatly
influence the surface tension if the proper conditions of cleanliness are not enforced. In order
to obtain reproducible and accurate m — A isotherms, many precautions must be taken into

account before and during the T — A measurement:

a) Adequate cleaning of the trough, the barriers and the subphase surface, before
monolayer spreading, is an essential requirement for obtaining accurate results. The
trough and the barriers are thoroughly cleaned with extra pure water, absolute ethanol
and acetone. The surface area is usually reduced to a minimum by compressing the
barriers over the surface and then cleaned by suction with a glass capillary tube
attached to a suitable pump.

b) Weighing and volumetric errors can affect the concentration of the spreading
solution. The volumetric flasks and the microsyringe used to spread the monolayer at
the air-water interface must be often calibrated. The concentration of the solution
depends also on the purity of the compound and the temperature of the environment.
The solutions must be made at the experimental temperature and maintained at this

temperature when the sample is spread on the water surface.
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c) Impurities in the spreading solvent as well as in the subphase solution can introduce
errors. The most commonly used subphase is water which can be deionized through a
reverse osmosis system that contains a final filter to remove bacteria (organic
contaminants) and residual dust. Other aqueous solutions may be used as subphase
solutions such as electrolyte solutions. The best method for destroying the organic
impurities present in salts is to heat them in a furnace at very high temperatures

(MacRitchie 1990; Ulman 1991).

3.1.11 Experimental Setup

Isotherm measurements were carried out with a KSV 3000 Langmuir trough (KSV
Instruments, Finland) equipped with a Wilhelmy plate for the determination of the surface
pressure with accuracy = 0.01 mN/m, as shown in Figure 3-5. The trough surface area was
864 cm” and the subphase volume was 0.95 L. All experiments were performed at 22.0 + 0.1
°C. The temperature of the subphase was maintained constant with a Julabo recirculating
thermostat. The surface pressure — area isotherms were registered while compressing the
monolayers with two barriers at a constant speed of 10 mm/min allowing the symmetric

compression of the film.

Figure 3-5. KSV Langmuir Blodgett 3000
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3.2 Brewster angle microscopy (BAM)

Brewster angle microscopy (BAM) is an increasingly important technique for the study of
thin films at interfaces. The principle of the observation of monolayers at the air-water
interface using BAM was introduced in 1991 by two separate groups, Honig — Maobius
(Honig et al. 1991) and Hénon — Meunier (Hénon et al. 1991). The method is based on the
minimum reflectance of light polarized parallel to the surface at the Brewster angle for a pure
air-water interface. When a monolayer is present on the air-water interface it alters the optical
properties of the interface, resulting in enhanced reflectivity in film-covered regions. Thus the
BAM technique probes the two-dimensional organization of monolayers, including domain
size and shape and heterogeneity in Langmuir films.

Compared to fluorescence microscopy BAM has several advantages. It does not need the
addition of a fluorescent probe, it has greater sensitivity than the fluorescence technique, any
film having a refractive index different from that of water can be observed, and the monolayer
is not perturbed by the absorption of light by fluorescent probes. Moreover, BAM allows a

more direct study of the optical anisotropy of monolayers than fluorescence microscopy.
3.2.1 Principles of Brewster Angle Microscopy

Brewster angle microscopy is based on the reflection of the “p-polarized light” when
travelling between two dielectric media of differing refractive index.

Fresnel's equations describe the reflection and transmission of electromagnetic waves at an
interface and are used to calculate the reflection coefficient R and transmission coefficient T,
which are the fraction of the incident light that is reflected and refracted from an interface.

In Figure 3-6 two media of refractive index n; and n; (n, > n;) meet at an interface. When
light moves from the medium of refractive index n; into the second medium of refractive

index np, both light reflection and refraction may occur.
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Plape of incidence

Figure 3-6. Incident, reflected and transmitted plane waves at an interface between
medium 1 and 2.

The reflection coefficient R and transmission coefficient T depend on the polarization of the
incident ray. If the light is polarized with the electric field of the light perpendicular to the
plane of incidence in Figure 3-6 (s-polarized), the reflection coefficient is given by (Lyklema

2000; Hecht 1987; Feder 1997):

2 . 2
R, = n,cosd —n,cos0 | _ s¥n(6 ~0) Equation 3.2-1
n,cos0 +n,cosp sin(0 + ¢)
where ¢ can be derived from 0 using Snell’s law:
n,sinf = n,sing Equation 3.2-2

If the incident light is polarized in the plane of incidence in Figure 3-6 (p-polarized), the
reflection coefficient is given by (Lyklema 2000; Hecht 1987; Feder 1997):

2 2
R, = n,c0s8 - n,cos¢ = M Equation 3.2-3
n,cos +n,cosp tan(@ + (p)
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The transmission coefficient in each case is given by Ts=1-Ryand T, =1 - R,
For a beam of p-polarized light there is an angle of incidence theta at which no reflection

occurs, R;, goes to zero and the p-polarized incident ray is purely refracted as shown in Figure

3-7.
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Figure 3-7. Reflectance R, and R, for p and s polarized light as a function of the incident
angle 0 for n; <n; (a) and n; > n; (b)

This angle is known as Brewster-angle and it was discovered by Sir David Brewster (1781-

1868). It can be calculated by Snell’s law, and is equal to:

Op0 = arctan(n—z] Equation 3.2-4
n,

When the incident angle of light is at the Brewster angle, Og4 of an interface, the reflectivity
R, of the p-polarized light vanishes. For a pure water surface the Brewster angle is 53.06°
according to Fresnel’s equations and based on the fact that the refractive index n; of air is 1.0
and n of pure water is 1.33. If we use p-polarized light (when R, is zero) there is no reflection
from the interface and the water surface appears as a dark phase to a CCD camera. Formation
of a thin layer at the interface with a refractive index different than that of water modifies the
Brewster angle condition of an interface. The reflectivity of a monolayer can be estimated by

modelling the surface as a three layer system.
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The model is based on the classical electromagnetic theory for a system of three parallel,
optically isotropic layers; a semi-infinite layer of air with refractive index n;, a monolayer
with complex refractive index (n, + iky) and thickness d, and a semi-infinite layer of water,
with refractive index (n3 + iks) where n; is the real refractive index and k; is the absorption

constant of the ith phase.

Reflectance!

No Reflectance!
|

0 =537 i

n
n, + ik,

n; + iky

Figure 3-8. Reflection and transmission of light by a multilayer system.

The reflection coefficient in the presence of a monolayer (three-layer system), regardless of

the polarization, is given by the following equation: (Hecht 1987; Dluhy 1986):

+ 2ip
I, = % Equation 3.2-5
1+1,1,,e”"
where
d .
B=2-m X n,cosd Equation 3.2-6

and A is the wavelength of the incident light, 0 the angle of incidence, d and n, the monolayer

thickness and refractive index respectively, and where

_ n,cosO, —n_ cosb,

b = Equation 3.2-7
n,cosf, +n, cosb,
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is the ratio of the reflected electric field to the incident electric field at the interface between
two semi-infinite media, a and b, and 0, is the angle that the light makes with the surface
normal in medium a.

The reflectance Rj,3 of the three-layer system is then found from the reflection coefficient ;3

with:
R = |r123|2 Equation 3.2-8

which holds for both p- and s-polarized light.

The reflectance R depends on the monolayer thickness. In particular, the reflectance R
increases as the monolayer thickness increases. Real interfaces have a nonzero thickness,
roughness and anisotropy. Their coefficient of reflection R, has a minimum at the Brewster
angle but is not perfectly zero; it has a low value (= 10° — 10™), which depends strongly on
the interfacial properties. The various contributions to this value are:

(1) The roughness of the interface, i.e. the variation to flatness. The roughness of liquid
interfaces is due to the thermal fluctuations (capillary waves). For monolayers on the air-
water interface surface tension is large, and the thermal fluctuations are of low amplitude, so
one can neglect this contribution. This approximation introduces a small error in the
calculated thickness of films of about 3A, which is equal to the roughness of the pure air-
water interface. (Braslau et al. 1985)

(11) The thickness of the interface. The interface can be considered as an “interfacial zone” of
transition between the two media rather than as a sharp dividing line. The interfacial zone is
in general of molecular thickness. Moreover, when a water-air interface or a water-oil
interface is covered by a monolayer, it has an additional thickness, due to the existence of the
monolayer.

(i11)) The optical anisotropy. The optical anisotropy of ordered monolayers at the air-water
interface is due to the orientational order of the lipid molecules with respect to the water
surface and its changes during the compression of the monolayer. Measurable changes in
anisotropy that can be observed by BAM are produced by (a) regions of the monolayer which
differ in density or orientation of the molecules with respect to the water interface, (b)
transitions from a phase in which the molecules are tilted to one in which molecules are
normal to the surface, (c) transitions between phases in which there are differences in the

molecular tilt order, and (d) domains with different reflectance having the same molecular tilt
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angle but with different orientations in the monolayer plane. It follows that the gas phase (G)
and liquid expanded phase (LE), which are isotropic, cannot be visualized with Brewster
angle microscopy. BAM is strictly useful for the anisotropic liquid condensed (LC) and solid
phase (S).

3.2.2 Domain Nucleation and Growth — Domain Shape Morphology

Domain shape depends on the monolayer compound used to form the monolayer and the
experimental conditions (temperature, pH of subphase, ionic conditions etc). Different
theories have been developed in attempts to predict the shapes of lipid domains. The most
successful theory for phospholipid domain growth to date, assumes a competition of
molecular interactions (McConlogue et al. 1999; Kriiger et al. 2000; Kane et al. 2000): the
line tension, A, (analogous to a two dimensional surface tension) which favours compact
circular domains and the long-range electrostatic dipolar repulsion, Fe;, which favours domain
elongation and narrowing. The shape of an individual solid domain is determined by the

interplay of these forces:

F=Ap+F, Equation 3.2-9

where p is the perimeter of the solid domain. The free energy is minimized with respect to the
2D-shapes of the solid domains.

In the “gaseous” state of the monolayer, the domains cover a small fraction of the area of the
air-water interface and are relatively far apart therefore the electrostatic interaction is small
and circular shapes result. As the monolayer is compressed on the water surface and the
surface area of the monolayer is reduced, the domains grow in area; they come closer to each
other and tend to thin in one dimension as a result of the long-range dipolar forces. In general,
in the absence of charged headgroups, the minimum energy domain shape is determined
entirely by line tension and is circular. In the other extreme, when the charge is large and the
line tension is weak, the minimum energy shape is highly elongated (if the domain does not
break into pieces).

Most theories for predicting domain shapes have made the approximation that the competition
between electrostatic dipole-dipole interactions and line tension fully determines the actual

domain shape. However, in recent studies (Kriiger et al. 2000; McConlogue et al. 1999;
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Kane et al. 2000) it was recognized that molecular chirality of the compound used (if it is
chiral) plays a significant role in determining the shape of lipid domains. For example, the
stereoisomers of the lipid DPPC form domains, which are precise mirror images. While
present theories can explain the domain shapes in many systems dominated by electrostatic
interactions and line tension only, the actual shapes produced by such models do not exhibit
the striking and specific chirality of the DPPC domains. DPPC domain shapes can be
understood by molecular packing considerations or by an induced chirality in the ordering of
the liquid-condensed domains.

There are many examples in the literature of the dependence of domain morphology on the
chemical nature of the compound forming the monolayer and the experimental conditions.
The effect of chain substitution by a hydroxyl group (OH) was demonstrated by (Weidemann
et al. 1995; Brezesinski et al. 1995; Gehlert et al. 1996; Vollhardt 2002) by a comparison
of the domain shape of l-monostearoyl-glycerol and 1-(12 hydroxyl-stearoyl)-glycerol as
shown in Figure 3-9. The substitution of the OH group has a dramatic effect on the domain
shape morphology changing the circular domains of 1-monostearoyl-glycerol into a stripe-like

domain shapes for 1-(12 hydroxyl-stearoyl)-glycerol.

\

200 um 200 pm

Figure 3-9. Effect of chain substitution on monostearoyl-glycerol

The effect of the hydroxyl group position (2- or 3- position) near the COOH group of
hydroxypalmitic acids was studied by Siegel et al. 2005. The domain shapes of the two
amphiphiles are similar but the domain shape for 3-hydroxypalmitic acid is more compact
with irregular domain shape of fractal-like arms, Figure 3-10, indicating a reduced long-range

orientational order.
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Figure 3-10. Condensed phase domains of 2- (a) and 3- (b) hydroxypalmitic acid
monolayers. Image size: 750pm x 750pm (Siegel et al. 2005)

Siegel et al. 2005 also studied the domain shape morphology for 9-hydroxypalmitic acid as a
function of temperature, which was found to have an important effect as shown in Figure
3-11. Grain-like domains are formed at low temperatures (5 °C) while as the temperature

increases six-arm structures with a six-fold symmetry are formed.

Figure 3-11. Temperature dependence of the domain shape of 9-hydroxypalmitic acid.
Image size: 750pm x 750pm (Siegel et al. 2005)

A dramatic effect on the domain shape morphology was also shown by Weidemann et al.
1996 with a small variation in the polar headgroup region of four phospholipids (DPPE,
DPP(Me)E, DPP(Me),E and DPPC. The domain shape is completely different as shown in
Figure 3-12. Following the substitution of a hydrogen by a methylene group, DPPE and
DPP(Me)E form dendritic structures, DPP(Me),E forms circular domains and DPPC forms

triskelion shape domains.
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DPP(Me)E

Figure 3-12. Effect of the headgroup variation on the domain shape. Image size: S00pm
X 500pm (Weidemann et al. 1996)

The effect of different polar headgroups on the structural characteristics of phospholipid
monolayers has been studied by Minones et al. 2002 who showed that by changing the
headgroup of a monolayer-forming compound the domain shapes change significantly. The
phospholipids used were phospatidylcholine DPPC, phospatidylglycerol DPPG and
phosphatidylserine DPPS. DPPC is zwitterionic while DPPG and DPPS are negatively
charged. The BAM images taken are shown in Figure 3-13. The domain size of the LC phase
of DPPC as shown in Figure 3-13 cannot be directly correlated with that found by
Weidemann et al. 1996 (Figure 3-12) because no details exist about the size of the domains

in the specific reference (Minones et al. 2002).

Figure 3-13. BAM images of phospholipid monolayers with different headgroup.
(Minones et al. 2002)
The molecular chirality of a compound was also found to influence the shape of domains as
mentioned above. Moy et al. 1986; Vollhardt 1996 and 2002 have shown that the
equilibrium domain shapes are triskelions curved oppositely for the two enantiomeric forms
(clockwise for D-DPPC and counter clockwise for L-DPPC) and non-curved for the racemic

mixture, Figure 3-14.
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Figure 3-14. Chiral discrimination in DPPC monolayers. [Vollhardt 2002(b)]

The domain shape can also be influenced by the presence of ions in the subphase solution,
especially when the monolayer forming compounds are charged. A polymerizable pyridine
amphiphile [4-(10,12-Pentacosadiynamidomethyl)pyridine] forms stable monolayers at the
air/water interface which are affected by the presence of Cu”" ions in the subphase solutions.
It was shown (Werkman et al. 1998) that copper ions form complexes with the pyridine

amphiphile changing the shape of the domains formed, Figure 3-15.

Figure 3-15. Pyridine amphiphile without (a) and with (b) Cu*" ions in the subphase.
(Werkman et al. 1998)
The injection of Ca®" ions under a DMPA monolayer was studied by Wu et al. 1998, who
showed that the domain shapes change (rather little) upon addition of Ca®" at a final
concentration of ImM. The domains grow in size and have a dendritic shape, Figure 3-16.
Nieto-Suarez et al. 2004 have found similar results, using ethyl palmitate (EP) as a nonionic
amphiphile in the presence of Ca®" ions in the subphase. The presence of ions does not change
greatly the domain shape of EP. The domains grow in size having a dendritic shape similar to

Figure 3-16(b).
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Figure 3-16. Pure DMPA (a) and DMPA in presence of Ca’" jons (b). Scale 250pm (Wu
et al. 1998)

3.2.3 Experimental Setup

The Brewster-angle microscope that we have used to study the morphology of the lipid
monolayers was the BAM2 from NanoFilm Technology, Géttingen, Germany, shown in
Figure 3-17. The lateral resolution of the BAM2 with a 20 mW He-Ne ion laser of
wavelength equal to 514 nm is 2 um. The reflected light is imaged using a high grade CCD
camera. A general BAM setup for studying the topography of Langmuir monolayers is shown

in Figure 3-18.

Figure 3-17. Brewster angle microscope
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Figure 3-18. Schematic drawing of BAM for a Langmuir monolayer study

BAM images of DPPC monolayer at the air-water interface for various surface pressures are
shown below. Figure 3-19(a) shows the liquid expanded (LE)/liquid condensed (LC)
coexistence region of the monolayer of DPPC. The bright domains in the picture correspond
to the denser liquid condensed (LC) phase and the dark background corresponds to the less
dense liquid expanded (LE) phase. As the monolayer is compressed further the pressure rises

steeply and the LC domains grow in size (Figure 3-19(b) to 3-19(e)).

Figure 3-19. DPPC domain shapes. Coexistence of LE/LC DPPC domains (a)
Growth of LC domains of DPPC (b) — (e)
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3.3 Infrared Reflection Absorption Spectroscopy (IRRAS)

The in situ and non-invasive characterization of monomolecular films spread on the air/water
interface is a fundamental issue of particular significance in the study of biological systems.
IR reflection absorption spectroscopy (IRRAS), also sometimes referred to as IR external
reflection spectroscopy, has been successfully used for many years as an analytical tool to
study the physical properties of thin and near-monomolecular films that have been transferred
to reflective metal substrates. In addition to thin films on reflective metals, another class of
macromolecular films that are studied with IRRAS 1is insoluble Langmuir-Blodgett
monolayers spread at the air-water interface. In these experiments the water surface acts as the
reflective element. The usefulness of these experiments stems from the fact that a wide variety
of monolayer systems (e.g. surfactants, proteins, polymers, steroids, lipids) can be studied in
situ on their native substrate and thus artifacts associated with transfer are avoided.

The IR reflection absorption spectroscopy is based on the reflectance properties of water in
the mid-infrared region of the electromagnetic spectrum. It was shown that it is possible to
measure in situ the infrared spectrum of monomolecular films at the air-water phase
boundary. IR absorptions are sensitive to changes of the permanent molecular dipole
moments, which in turn depend upon changes in conformation of the acyl chains and
configuration of the bonds making up the normal modes of vibration. The vibrational
frequencies that are detected are thus sensitive to molecular conformation. In addition, the
technique gives information on hydrogen bonding, ionic interactions in amphiphiles and
secondary structure and orientation in proteins. Unlike other spectroscopic methods, which
are restricted to monitoring certain molecular regions (e.g. *'P NMR), or are based on the
introduction of possibly perturbing probe molecules (e.g. fluorescence microscopy),
vibrational spectroscopy has the advantage of noninvasively monitoring absorptions from all
regions of the lipid molecule. Moreover, the time scale of the experiment (= 107 s) ensures
that the interpretation of experimental results is not complicated by time scale averaging of

anisotropic motions.
3.3.1 Principles of IRRAS

The IRRAS technique is based on the selective absorption of p- and s- polarized light by a

monolayer at the air-water interface. The p- and s-polarizations are defined as in Brewster
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angle microscopy as being parallel and perpendicular to the plane of incidence. The IRRAS
experiments consist of recording the reflectance, R(d), of the s or p-polarized light (Equation
3.2-8) on the thin film which is the reflective substrate and then normalizing it with respect to
the reflectance of the bare water subphase, R(0). An IRRAS spectrum is then calculated either
as a ratio, R(d)/R(0), or as a pseudo absorption spectrum 1- R(d)/R(0). The IR spectrum
obtained by this process is a function of the wavelength, the state of polarization, the
adsorbate thickness, the angle of incidence of the reflected light and the optical constants of
the three phases involved (air-monolayer-water subphase). The IRRAS bands observed may
be positive or negative depending on the state of polarization of the incident light, the
proximity of the angle of incidence to the Brewster angle, and the direction of the change of
the dipole moment during a normal mode vibration. This technique works well for relatively
thick films (> 300 A), for which the IRRAS signals are large and the surface bands appear
clearly on the IRRAS spectrum. However, if the sample is an ultra-thin film such as an LB
monolayer, the surface sensitivity of the IRRAS method is not sufficient and as a result the
IRRAS signals are extremely weak, and long data collection times are necessary to achieve an
acceptable Signal/ Noise (S/N) ratio. There is a practical limit to this data collection time,
since very small changes in the atmospheric content of CO, or H,0O, or a drift of the
spectrometer over long periods of time can drastically affect the IRRAS signals. To minimize
the environmental fluctuations (water vapor compensation) and improve the S/N ratio,
Mendelson et al. 2002 have proposed a “shuttle” IRRAS approach in which two Langmuir
troughs are used in tandem. The first contains the film-covered surface and the second
contains only the reference subphase. The IR beam is switched alternatively into the sample
trough and the reference trough after a pre-set number of scans using a computer control
motor. This approach was found to minimize the effect of humidity variations during the
course of the experiment and thus the S/N ratio is improved. (Dluhy 1986; Dluhy et al. 1995;
Blaudez et al. 1999; Mendelson et al. 2002; Buffeteau et al. 1990).

3.3.2 Vibration modes and frequencies

The physical property that is measured in infrared spectroscopy is the ability of some
molecules to absorb infrared radiation, through molecular vibrations. One type of vibration
possible for a molecule produces changes in bond length; such vibrations are called

stretching vibrations. Other vibrations result in changes in bond angles and are called
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bending vibrations. Only those vibrations that result in the change of the molecular dipole
moment can be observed. For each molecule, a variety of molecular vibrations is possible

Figure 3-20.
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Symmetric Asymmetric Bending Rotating
stretching stretching

Figure 3-20. Molecular vibration modes

In the IR spectrum a number of characteristic bands are obtained that give information on the
structure of the examined molecule, in our case of phospholipids. Different parts of the lipid
molecule can be studied both within the hydrophobic acyl chain part, and in the polar/apolar
boundary layer. The main disadvantages are the strong absorption bands of the solvent water,
which by the variation of the solvent (H,O and/or D,O) can become balanced (eliminate the
interference). The hydrocarbon chains of the phospholipids are characterized by the vibrations
of the symmetric stretching v¢(CH;) and antisymmetric stretching v,(CH>) of the CH, groups
which appear in the spectral range between 3000 and 2800 cm™. The symmetrical and
antisymmetric stretching oscillations are observed at 2854 and 2924 cm’ respectively Table
3-1. The frequency of these oscillations is conformation-dependent and can be used to provide
qualitative estimation of the trans / gauche bond ratio within the alkyl chains. When the
conformation of the acyl chains changes from trans (conformational order) to gauche
(conformational disorder) the frequency and the width of these bands increases.

In aqueous suspensions in the bulk phase, below the characteristic phase transition
temperature (Tn) of the phospholipid in study, the acyl chains exist in a regular lattice
structure characterized by an all-trans conformation as shown in Figure 3-21.

The symmetrical CH, stretching band is observed at 2849 cm™. When the temperature is
increased and approaches Ty, a phase transition is observed from the gel phase to the liquid-
crystalline phase, where gauche conformers are introduced into the rigid lattice and the
regular packing is disrupted. As a result, the frequency position of the symmetrical CH,

stretching band increases from ~ 2848 cm™ to 2853 cm™. Thus, a lipid in a conformationally
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ordered state is characterized by a CH, stretching mode below =~ 2850 cm’, while

conformational disorder leads to an increase in frequency by 3 —4 cm™.

all-trans gauche

Liquid crystalline
Liquid expanded phase
>Th

Gel-Solid phase
<Th

Figure 3-21. Conformation of the hydrocarbon chains below and above the transition
temperature T,

The vibration of the deformation (scissoring) CH, band d(CH,) is found at 1470 cm™. It is
sensitive to the interactions between the chains (inter-chain) and to the vibrational coupling. A
number of wagging bands is observed in the spectrum region of 1200 — 1400 cm™, when the
hydrocarbon chains are in the all-trans conformation. The vibration bands of the phosphate

stretching groups usually cover these bands.

Table 3-1. IR modes of hydrocarbon chain configuration and orientation

Mode (Hydrocarbon chains) Frequency (cm™) | Direction of the dipole moment
CH,; symmetric stretch (vy) 2848 — 2854 (s) || to the bisector of angle HCH
CH,; asymmetric stretch (vy) 2916 — 2924 (s) 1 to the bisector of angle HCH
CHj; scissoring (9) 1470 (m) || to the bisector of angle HCH
CH,; wagging progression 1180 — 1350 (w) || to axes of the chains
CH; symmetric stretch (vy) 2090 (m) || to the axis C; of CHj3
CH; asymmetric stretch (vy) 2195 (m) 1 to the axis C; of CH3
CHjs scissoring (d;) 1380 (w) || to the axis C; of CHj3
CHj3; scissoring (ds) 1460 (w) 1 to the axis C; of CHj

In the headgroup part of the lipid the most important band is the C=O stretching band of the
ester carbonyl group v(CO), which is observed at = 1750 — 1720 cm™. It can be used for the
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investigation of the hydration at the polar/apolar boundary layer because it depends on the
hydration state of the lipid and on changes in its local environment (influence of the hydrogen

bonds and interactions with other molecules).

C C\
C C
VS(CHz) vas(CHz)

Figure 3-22. Direction of the transition dipole moments of the symmetric and
antisymmetric (CH;) IR stretching bands

The vibrations of the phosphate groups dominate the spectral region at 1300 — 1000 cm™. The
position of the antisymmetric v,(PO,) band is likewise an indicator for hydrogen-bond
formation. This is shown by a shift of the frequency from 1250 cm™ in the dry condition to
1230 cm™ in the hydrated condition. In contrast, the symmetric vy(PO,) band, which is found
at 1089 cm’, is practically insensitive to hydrogen-bond formation. Table 3-2 shows the
frequencies of the most important modes in the headgroup region (Dluhy et al. 1985; Dluhy
et al. 1988; Mitchell et al. 1988; Hunt et al. 1989; Mendelson et al. 1995; Mendelson
1998; Berdysheva-Desert 2004). The directions of the transition dipole moments for the

most important vibrational modes are shown in Figure 3-22 and Figure 3-23.
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Table 3-2. IR modes of the polar regions of a lipid molecule

Mode (Headgroup region)

Frequency (cm™)

Direction of the dipole moment

C=O0 stretch (esters)

1710 — 1740 (s)

| to C=0

PO;," symmetric stretch (vy) 1090 (m) || to the axis C; of PO,
PO, asymmetric stretch (v,;) 1220 — 1250 (s) | L to the axis C, of PO,
N'(CH3); scissoring (J;) 1405 (m)

N"(CHs); scissoring (Ju) 1485 (m)

CN'(CH3); symmetric stretch (v) 920 (m) || to the axis C; of N( CHs);
CN'(CH3); asymmetric stretch (V) 970 (m) 1 to the axis Cs; of N( CH3)3

Figure 3-23. Direction of the transition dipole moments of the symmetric and
asymmetric (PO;") IR bands

3.3.3 Experimental Setup

IRRAS spectra were recorded using a Michelson interferometer from a Bruker IFS66 (Bruker,
Karlsruhe, Germany) spectrometer equipped with a liquid-nitrogen-cooled MCT detector. The
reflected beam is conducted out of the spectrometer and focused onto the water surface of a
Langmuir trough as shown in Figure 3-24. The angle of incidence of the IR beam, polarized

by a BaF, polarizer in the plane of incidence (p) and perpendicular to this plane (s), with
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respect to the surface normal was 40° or 62°. Measurements were made by switching between
two troughs at regular intervals using a trough shuttle system controlled by the acquisition
computer. One trough contains the monolayer system under investigation (sample), whereas
the other (reference) is filled with pure subphase. The spectra from the reference trough were
subtracted from the sample spectra in order to eliminate the water vapor signal. To maintain a
constant water vapor content the set-up was placed in a hermetically sealed container. Spectra

were recorded with a spectral resolution of 8 cm™ and collected using 200 - 400 scans.

Source
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—

Figure 3-24. Schematic drawing of the IRRAS experiment
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3.4 Grazing incidence X-ray diffraction (GIXD)

In the last decade, Grazing Incidence Synchrotron X-ray Diffraction (GIXD) was established
as a powerful tool to study the packing of amphiphiles at the air-water interface. This
technique has so far allowed the study of the phase behaviour of amphiphilic monolayers, the

influence of molecular structure and chirality on the packing of the alkyl chains in
phospholipid monolayers, and has made possible the determination of the two-dimensional
lattice structure at the air-water interface. The technique is based on the fact that at X-ray
energies, the refractive index for most materials is slightly less than 1. One can therefore
easily achieve total external reflection from a surface if the incidence angle is small, i.e.
below the critical angle. At the same time, the refracted wave becomes evanescent travelling
along the surface limiting the penetration depth of the beam, and thus the X-ray intensity is
highest at the surface. The advantages of this technique are: (i) higher sensitivity due to a
larger interaction volume (ii) absence of strong background diffraction from the substrate
material (surface selective) and (iii) capability for depth profiling of the various crystalline

phases present.

3.4.1 Principles of GIXD

3.4.1.1 Evanescent wave - Refractive index

X-rays have been used for decades as an essential characterization tool to study the structure
of bulk crystalline materials. X-rays interact weakly with matter and as a result they penetrate
significant distances in a sample. For example, for X-rays of 1A wavelength, the penetration
ranges from a few micrometers (for highly absorbing materials) to a few millimetres (for
weakly absorbing materials) providing microscopic structural information averaged over a
large ensemble of atoms or molecules. Unfortunately, the above advantage of X-rays for bulk
studies is a disadvantage when one examines surfaces and interfaces. Scattering from the top
region of an air-water interface (about 100 A deep) is so weak compared to that of the bulk
that it is completely swamped. As a result, X-rays are not surface-sensitive.

In order to overcome this problem, Grazing Incidence X-ray Diffraction, (GIXD), in
combination with intense collimated beams from synchrotron sources, has been developed.

This technique has the advantage of restricting the penetration depth of the X-ray beam to the
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surface region. This can be achieved by using grazing angles of incidence and employing the

phenomenon of total external reflection from the surface, Figure 3-25.

X-ray source Detector

vA¢
4)9:

E;

=

Air m
n;

Figure 3-25. Refracted E’ and reflected E, waves resulting from an incident plane wave
E; at the air-water interface

Total reflection is a process that occurs when Snell’s law n,cosa; =n,cosa; for refraction

can no longer be solved for real angles. For most materials, the complex refractive index for

X-rays in the 1A wavelength range is given by

n=1-0-1f Equation 3.4-1

2n-p

—k > L , k =2n/A is the X-ray wavenumber (where A is the wavelength), p is the

where 0 =
electron density of the sample and r. is the classical electron radius equal to ro = 2.82 x 107"
cm. Typically & is on the order of 10 to 10~ in condensed matter and only 10 in air. The
term P is related to photo-electric absorption and is equal to p/2k, where p is the linear
absorption coefficient.

Asn<1(8>0andp =0 for X-rays of L = 1A), and the incident X-rays are propagating in air
(for which n; = 1), then by Snell’s law X-rays will undergo total external reflection for angles

of incidence o; less than or equal to o, which is defined as coso, = 1 — o.

Thus, a, = V25 ~ 0.00173?{A} [p(%m3). For water, p = 0.334 ¢/A’, the critical angle for

total external reflection of 9.5 keV X-rays (A= 1.3 A) is a. = 0.13°. As a result, when X-rays

fall on the sample at an incidence angle o; smaller than the critical angle o, for total external
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reflection, the incident wave is totally reflected while the refracted wave becomes evanescent,
travelling along the surface, and thus the penetration depth of the incident X-ray beam is only
approximately 80 angstroms. The refracted beam (the evanescent wave) cannot travel further
inside the medium, because its intensity decays exponentially with distance from the
interface. In the grazing incidence geometry, the X-rays are said to be “surface sensitive”; that
1s, the evanescent wave only probes the crystalline structure in the vicinity of the surface. The
undesired scattering from the bulk material, e.g. water in the case of a Langmuir monolayer, is
thus efficiently eliminated, allowing an accurate measurement of the weak signals originating
from the crystalline film (Als-Nielsen et al. 1991; Kuzmenko et al. 2001; Jensen et al.
2001).

3.4.1.2 Geometry of GIXD

The geometry of the X-ray diffraction experiment at grazing incidence is shown in Figure
3-26. An evanescent wave IZ is traveling along the surface and is diffracted by the two-
dimensional ordered phases in the Langmuir film, resulting in a beam that makes an angle oy
with the water surface. If the ordered phase is crystalline, the evanescent wave may be Bragg
scattered from a grain, which is oriented so that the A,k lattice “planes”, with a d; 4 spacing,
make an angle 0, with the evanescent beam fulfilling the Bragg condition A = 2d;, 4sin6 1.
The diffracted intensity (wave E) is recorded as a function of the horizontal angle 26 # 0,
which is the angle between incident and scattered beams in the water plane and also as a

function of the vertical angle of > 0.The directions of the incident and scattered X-rays are

given by the wave vectors, E and k, where:

=— Equation 3.4-2

Equation 3.4-3
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The scattering vector 6 can be separated into its horizontal and vertical components, Q,y (in-

plane component) and Q, (out-of-plane component), respectively as shown in Figure 3-26.
The vertical and horizontal scattering vector components are given by Equation 3.4-4 and

Equation 3.4-5.

Bragg
rod
scan

L FETERYRNERERYRYRY 2

Figure 3-26. Grazing incidence X-ray diffraction geometry

Qy = [2—;)[6052 (a, )+ cos? (o, ) — 2cos(or; Jeos(or, )cos(ze)]%
o B2

Q, = (%)[sin(ai )+sin(a, )] (%)Sin(af) when o; is small  Equation 3.4-5

Equation 3.4-4

It is not possible to determine the in-plane components Q and Qy individually, because the
crystallites on the water surface are randomly oriented, and as a result, the monolayer can be
described as a “two-dimensional powder”. Thus, the diffraction pattern is always averaged
over all domain orientations in the monolayer plane. (Rapaport et al. 2000; Kuzmenko et al.

2001)
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3.4.2 Diffraction data set profiles

An example of a diffraction data set is given in Figure 3-27, in two projections. Figure
3-27(a) shows a surface plot of the diffracted intensity as a function of Q,, and Q, whereas
Figure 3-27(b) is a contour plot. Projections of the measured intensity onto the Q,y or the Q,
axis help visualize the data as a Bragg peak or as a Bragg rod respectively. For analysis
purposes, the peaks are taken to be Lorentzian for the in-plane and Gaussian for the out-of-
plane directions. Several different pieces of information may be extracted from the measured
profiles. The angular 20 positions of the Bragg peaks yield the repeat distances d of the 2-D
lattice structure. The Bragg peaks may be indexed by two Miller indices 4,k to yield the a,b
unit cell. The full width at half-maximum (fwhm) of the Bragg peaks in Q,y units yields the
coherence length ¢ of the crystals in the a,b plane. For chainlike molecules, precise
information on the molecular chain orientation in a 2-D crystal may be obtained from the

positions of the maxima of the Bragg rods, assuming the chains to be uniformly tilted.

08 |
Q. 0.6 |

Intensity (a.u.)

1.3 14 1.5
Quy (&%)
Figure 3-27. Diffraction profiles

3.4.3 Organization of the amphiphilic molecules at the air-water interface

A surfactant molecule at the air-water interface possesses two translational degrees of
freedom x; and x; in the surface plane, and three rotational degrees of freedom the angles 0y,
vy, and B (Figure 3-28). Different phases can be formed at the air-water interface, that can be

classified according to different criteria: a) the type of the two-dimensional lattice that is
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created at the air-water interface by the molecules forming the monolayer, b) the orientation
of the hydrocarbon chains with respect to the surface normal (z-axis) and c) the freedom of

rotation of the hydrocarbon chains around their B axis.

it s

Figure 3-28. Representation of the various degrees of freedom of a surfactant molecule
at the air-water interface

3.4.4 Two-dimensional lattice types

Depending on the symmetrical arrangement of the amphiphilic molecules at the air-water
interface, three two-dimensional lattice types can be distinguished: oblique, centered

rectangular and hexagonal.
3.4.4.1 Oblique

The oblique lattice, Figure 3-29, is the one with the lowest symmetry, possessing only a

symmetry center in the surface plane. The unit cell formed by the vectors a andb is distorted
by an angle y where y # 90°. Each molecule has three nearest neighbours situated at distances

l;, I, and 15, The oblique lattice is characterized by a # b, v # 90°, 120° and I, # 1, # Ls.
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v
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Figure 3-29. Oblique lattice formed by surfactant chains of a 2D monolayer
3.4.4.2 Centered Rectangular (Distorted Hexagonal)

The centered rectangular lattice is the most frequently observed. It possesses two axes of

symmetry in the surface plane. This 2D lattice is based on a rectangular network that can be
distorted in one of the two directions of the vectors a andb that make up the rectangular unit

cell. If the distortion is in the direction of the Vectora, Figure 3-30(a), each alkyl chain

(molecule) has four nearest neighbours at distance 1;. If the distortion is in the direction of the

VGCtOI‘B, Figure 3-30(b), each alkyl chain has only two nearest neighbours at distance 1;. The

centered rectangular lattice is characterized by a # b, y =90° and 1, # 1,.

A 4

\
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Figure 3-30. Centered Rectangular lattice formed by surfactant chains of a 2D
monolayer
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3.4.4.3 Hexagonal

The hexagonal lattice has the highest symmetry of all possible 2D lattices. Each molecule is
surrounded by six nearest neighbours at the same distance 1;. The hexagonal lattice is

characterized by a = b, y = 120° as shown in Figure 3-31.

AVA
Y

Figure 3-31. Hexagonal lattice formed by surfactant chains of a 2D monolayer

3.4.5 Orientation of hydrocarbon chains

In the different monolayer phases the orientation of each molecule can be defined by two
angles, 0;and v, which define the tilt angle of the molecule with respect to the surface normal
and the angle of its projection on the surface, Figure 3-28. The alkyl chains can be vertical
(untilted) or tilted with respect to the surface normal of the monolayer. If the alkyl chains of
the lipid molecules are tilted, 6; # 0, they are inclining in a direction fixed with respect to the
plane of the interface. This inclination is characterized by the azimuthal angle vy and as a
result the monolayer can display various types of orientational order which are:

a) inclination towards the nearest neighbor, tilt NN (Figure 3-32(a))

b) inclination towards the next nearest neighbor, tilt NNN (Figure 3-32(b))

¢) inclination towards a direction different than the above (Figure 3-32(c)) (Kaganer et

al. 1995; Kaganer et al. 1999)
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The rotation of the hydrocarbon chains around their B axis will not be discussed here because

it is not of interest in the systems examined in this thesis.

VY R AR
NV LIV, A

Figure 3-32. Inclination of the hydrocarbon chains at the air-water surface. NN tilt (a),

NNN tilt (b) and other tilt (c)
3.4.6 Calculation of the parameters of the network lattice

Two types of information can be extracted from the measured diffraction profiles. The peak

.. hk : . = . .
positions of the Q" in-plane component of the scattering vector Q gives the corresponding
lattice spacings a and b as well as the angle y. The out-of-plane componentQ"* of the

scattering vector 6 yields information about the angle 6, of the molecular tilt with respect to

the surface normal and about the tilt azimuthal direction (), assuming that the aliphatic tails

are uniformly tilted.
The peak position of the Qi’yk in-plane component of the scattering vector 6 gives the

corresponding lattice spacings in the horizontal plane using the Bragg formula:

_1
o [h? kK (hk % ,
dy = Q = {? + e 2(5}:05(}/)} sin(y) Equation 3.4-6

The out-of-plane component Q™ of the scattering vector Q yields information about the

angle 0 of the molecular tilt with respect to the surface normal and about the tilt azimuthal
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direction (), assuming that the aliphatic tails are uniformly tilted. The Q™" is given by the
equation:

QM = Qi;,kCOSth tan0 Equation 3.4-7

The positional correlation length & which gives the magnitude of the correlation in the lattice
can be estimated from the full width at half maximum (fwhm) of each in-plane peak,
assuming an exponential decay of positional correlations with increasing separation within the

lattice:

2

Equation 3.4-8
fwhm(Q™) 1

Specifically, if only a single first-order peak is observed, this implies a hexagonal molecular
arrangement with equal distance between the molecules. Two first-order peaks point to a
centered rectangular (distorted hexagonal) unit cell, and three first-order peaks suggest an
oblique packing of the molecules.

The most frequently observed molecular packing, the centered rectangular with molecular tilt

to the nearest neighbor (NN), exhibits one non-degenerate in-plane peak Q7 at Q; =0 and

one 2-fold degenerate peak Qiy atQ! > 0. In this situation the tilt angle 0, is given by the

relationship:

Qd

Jt ¥ -y /2y

0, = arctan Equation 3.4-9

For a tilted centered rectangular phase whose molecules point toward next-nearest neighbor

(NNN) both Qf, aniny are located at nonzero Q, values having a ratio Q%d =2:1. In this

case, the tilt angle can be calculated from the equation:

0, = arctanQ—dZ Equation 3.4-10

Xy
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The area per molecule in the horizontal plane A,y (in-plane unit cell area) can be calculated by

the following equation:

A, =axbsiny

Equation 3.4-11

The area per molecule Ay in the plane perpendicular to the hydrocarbon chains (chain cross-

sectional area) is:

A, =A_cosb,

Xy

Equation 3.4-12

The behavior for each molecular arrangement and the relation between the scattering vectors

Qxy and Q, are given in Table 3-3 (Kenn et al. 1991; Weiderman et al. 1998; Petrov et al.

2001).
Table 3-3. Relation between the Q,y and Q, scattering vectors
Lattice Azimuthal direction () Peaks Qyy Q. Relation between
Q,yand Q,
Oblique Intermediate between NN and NNN 3 >0 >0 Qs =Qu +Qx
Hexagonal Untilted chains 1 >0 =0 | e
n d
2 >0 >0 Qxy #* QXy
Tilt NN =0 Q=
Q=0
Centered
2 >0 > () nyd — 9.
Rectangular Tilt NNN Q,/Q; =2:1
> () >(
2 > () = n - d
Untilted chains Qy #Qq
>0 Q;=Q;
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3.4.7 Experimental setup

The GIXD experiments were performed using the liquid-surface diffractometer on the
undulator beamline BW1 at HASYLAB, DESY, Hamburg (Germany) as shown in Figure
3-33. The Synchrotron beam was made monochromatic by Bragg reflection on a beryllium
(002) crystal and was adjusted to strike the monolayer on the water surface at an angle of
incidence a; = 0.850,, where o, ~ 0.13° is the critical angle of total external reflection. The
wavelength was 1.304 A. The intensity of the diffracted radiation is detected by a linear
position - sensitive detector (PSD) (OED-100-M, Braun, Garching, Germany) as a function of
the vertical scattering angle or. The resolution of the horizontal scattering angle 26 is given by

a Soller collimator located in front of the PSD.

Sample Monochromator
AXis Axis

Eeflectivity
etector

Figure 3-33. Experimental setup of the diffractometer at beamline BW1. Hasylab-
Hamburg (Rapaport et al. 2000)

The collection of the diffracted radiation by means of a position-sensitive detector (PSD) is
made by scanning the detector over a range along the horizontal scattering vector Qy, and
integrating over the whole Q, window of the PSD, to yield the Bragg peaks. Simultaneously,
the scattered intensity, recorded in channels along the PSD, but integrated over the scattering
vector Qyy in the horizontal plane across a Bragg peak, produces Q, - resolved scans called

Bragg-rods.
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3.5 Osmotic stress (OS)

In order to study the interbilayer forces in multilamellar systems as well as the forces between
macromolecular aggregates in ordered assemblies, the technique of the osmotic stress is used
(Parsegian et al. 1986; Rand et al. 1988) in association with X-ray diffraction. This method
can be applied to a wide variety of systems, such as neutral or electrically charged
membranes, proteins, and DNA. The basis of the method is to let the system of interest come
to thermodynamic equilibrium with a polymer solution of known osmotic pressure. The
method permits the precise definition of the thermodynamic sample parameters (chemical
potential or work of condensing the sample), and is usually coupled to methods that detect the

structural consequences of solvent removal from the sample.

3.5.1 Principles of Osmotic stress. Osmosis — Osmotic Pressure

Osmosis is the diffusion of a solvent through a semipermeable membrane from a region of
low solute concentration to a region of high solute concentration. The semipermeable
membrane is permeable to the solvent, but not to the solute, resulting in a chemical potential
difference across the membrane which drives the diffusion. The solvent flows from the region
(side of the membrane) of high chemical potential to the region of low chemical potential,
until the chemical potential is equal on both sides. Osmosis can be opposed by increasing the
pressure in the region of high solute concentration with respect to that in the low solute
concentration region. The force per unit area required to prevent the passage of water through
a semi-permeable membrane and into a solution of greater concentration is called osmotic
pressure. Three different ways exist to exert a precise osmotic pressure on a sample

(Parsegian et al. 1986; Safran et al. 1987; Rand et al. 1989):

a) The sample is put in contact with a polymer solution of known osmotic pressure often
using a semipermeable membrane. The polymer molecules cannot penetrate the phase
under study, because of their large size. As a result the polymer solution exerts osmotic
pressure.

b) For pressures higher than 10 — 100 atm a hydraulic pump piston is used to apply a
physical pressure on the sample squeezing out the aqueous solution through a strong,

semipermeable membrane.
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c) The sample is exposed to known vapour pressures using saturated salt solutions. With

this method osmotic pressures up to 10* atm can be applied to the sample.

In our experiments, we have used polymer solutions to apply osmotic pressure to our samples.
The solvent (usually water) exchanges freely between the sample and the polymer solution,
Figure 3-34. As the polymer concentration is increased, the osmotic pressure difference
between the polymer solution and the sample becomes greater. In a chemical sense, the

“thirsty” polymer solution competes with the sample for water.

MEMBRANE 4umm

LIPID gy

SOLUTION

Figure 3-34. Applying osmotic stress with polymer solutions

When the system is in equilibrium, the chemical potential of the pure solvent will be equal to
the chemical potential of water in the sample which is under osmotic pressure, in other words
equilibrium is reached when the force per unit area applied to the sample is the same as the
osmotic pressure in the polymer solution (Parsegian et al. 1986; Hiemenz et al. 1997). This

condition is expressed as follows:
T (pure solvent) SN (sample under pressure H) Equation 3.5-1

For the pure solvent, at constant temperature we can write:

ul Py +I1— .
J.”% dp, = I VdP Equation 3.5-2

Py
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which, assuming the solvent to be incompressible, leads to:

I 0

Py —Hy = ~v Equation 3.5-3

where V is the molar volume of the solvent.

Since
uh =p’ +RT/na, Equation 3.5-4

combining Equations 3.5-3 and 3.5-4 we obtain:

IT
mo, = IV Equation 3.5-5
RT

In practice, the stressing polymer solution is in vast excess compared to the system of interest,
so that the water activity of this “reservoir” can be regarded as fixed during the transfer of

matter between the two phases.
3.5.2 Osmotic Stress and Intermolecular Forces

Direct measurement of forces between amphiphilic membranes can be achieved using the
osmotic stress technique in combination with X-ray diffraction, which provides the
interbilayer spacing. As a result, pressure — distance curves can be constructed that give
information on the interactions (forces) that occur between bilayers. These are hydration
forces, Van der Waals forces, electrostatic forces and steric interactions e.g. thermal
undulations (Helfrich force). At equilibrium, the total osmotic pressure applied by the

polymer solution is equal to the sum of the individual forces acting between the lipid bilayers:

Mior = Mypy + Hgpe + Myyp + g Equation 3.5-6

A detailed description on these forces is given in Chapter 5. In Figure 3-35 the influence of

each force on a general pressure — distance curve for bilayers is shown.
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3.5.3 Properties of PEG

e e iy
L e A

Poly(ethylene glycol) (PEG) is a widely used polymer in biology and biochemistry. It is used

to precipitate molecules, to stabilize or to aggregate particles, and as a vehicle for drug

delivery. The chemical structure of this linear polymer, H-(O-CH,CH;)n-OH, includes a long

chain of poly(ethylene oxide) and two terminal groups, H and OH. PEG is water-soluble at

moderate temperatures in all proportions over a wide range of molecular weights. Solutions of

PEG are highly viscous. The high affinity of PEG for water is responsible for the elevation of

osmotic pressure of PEG solutions, and has been utilized to regulate the amount of water

between macromolecules and between lipid bilayers.
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3.5.4 Osmotic Pressure of PEG in salt solutions

The osmotic pressure, I, due to the mixing of polymer and solvent molecules (e.g. salt
solution) can be expressed by the Flory-Huggins equation for the free energy change upon
mixing which is given by the following equation (for low values of the polymer volume

fraction ¢,) (Hiemenz et al. 1997):
u, — ) = RTlng, + RT(I — lj(pz +RTy -3 Equation 3.5-7
n

where ¢, is the volume fraction of the solvent, @, is the volume fraction of the polymer, n is
the number of segments in the polymer chains (proportional to the molecular weight) and ¥ is
the Flory-Huggins interaction parameter, which characterizes the interaction between the
polymer segments and the solvent molecules.

The osmotic pressure is then given by the following equation:
-7V = RTlno, + RT(I —l}pz +RTy -3 Equation 3.5-8
n

Equation 3.5-8 shows that the osmotic pressure of the PEG polymer can be affected by the
presence of electrolyte which may influence the Flory-Huggins interaction parameter.
However, the effect of an electrolyte solution on the osmotic pressure of a PEG solution is
small, according to Parsegian et al. 1986, and does not depend strongly on the ionic strength
for small electrolyte concentrations. The strongest effect of a salt solution on the osmotic
pressure of PEG was reported for the chaotropic salt NaClO4, which lowers the osmotic
pressure exerted by PEG20000 in 1M solutions by up to 40% (Parsegian et al. 1986).

If we accept that the effect of any salt solution on the osmotic pressure of PEG is the
maximum found for NaClO4 (40%), then according to Equation 3.5-9 the change in the
osmotic pressure of PEG for two limiting concentrations e.g. G = 0.015 and G = 0.79 is as

shown in Table 3-4.
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Table 3-4. Osmotic pressure variation of PEG solutions in the presence of salt

G | I (dyn/cm®) M(40%) (dyn/cm”) | logIl (dyn/cm?)
0.015 77918 77918 + 31167 4.89 +0.2
0.79 | 50300335 50300335 + 20120134 7.70£0.2

From Table 3-4 we see that even if the effect of a salt solution on the osmotic pressure is
considerable, the error in the logIl scale used in the representation of the experimental results

is significantly compressed.

3.5.5 Experimental Setup

A known amount of poly(ethylene glycol) polymer, (PEG), was mixed with NaX solutions of
various concentrations and then added to dry DPPC in weighing bottles, without using a
semipermeable membrane, as shown in Figure 3-36, since the PEG 20000 mixes very poorly
with the sample solution. The samples were allowed to equilibrate at room temperature for 48
to 72h and then were transferred to an oven that was thermostated at T = 50 = 1°C for 18 to
20h prior to X-ray measurements. After reaching equilibration, the samples were transferred
to aluminium X-ray sample holders, sealed with Kapton and mounted immediately to a
thermostated aluminium cell at T = 50 + 1°C. Repeat spacings were determined by X-ray
diffraction as described in Section 3.6.4. The time allowed to the samples for equilibration
was established by a reference experiment using DPPC in pure water reproducing the results
found in the literature (Rand et al. 1989). Moreover, various researchers in order to
characterize lipid lamellar phases used the same procedure.

The osmotic pressure applied by the PEG solution is related to PEG concentration and

temperature as follows:

IT (dyn/cm®) =-1.31 x 10°G°T + 141.8 x 10°G> + 4.05x 10°G  Equation 3.5-9

where G = w/(100-w) with w the weight percentage of the polymer in the solution, and T = 50
+ 1°C.

This calibration expression has been established by Michel et al. 1973; Michel 1983, and is
strictly valid in the range 5° < T < 40°C and up to G = 0.8 for PEG 8000. We have used this
expression with PEG 20000 because, according to Michel et al. 1973, the osmotic pressure

depends on polymer concentration and is roughly independent of MW in the range 8000 —
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20000 Da. Moreover, Equation 3.5-9 has been used at temperatures exceeding 40°C without
further verification because, according to Dubois et al. 1998, PEG is not subject to hydrolysis

or fragmentation that might modify the applied osmotic pressure under these conditions.

POLYMER
+

SALT (NaX) SOLUTION

Figure 3-36. Osmotic stress experiment performed without a semipermeable membrane
in the presence of PEG
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3.6 Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) is a well-established measurement technique first
developed about 70 years ago. It is commonly used for the investigation of large length scale
structures (not necessarily periodic) with “colloidal” dimensions, from 1 up to several
hundreds of nm. These structures can be high molecular weight polymers, biological
macromolecules (phospholipids, proteins, nucleic acids), and self-assembled superstructures.
Small angle X-ray scattering has various advantages compared to other methods that can be
used to study the structure of colloidal and macromolecular systems, such as light scattering,
electron microscopy and X-ray diffraction: (a) SAXS offers the possibility of studying
macromolecules in their natural environment e.g. in aqueous solutions. (b) It is suitable for
the study of bulk materials which are opaque to visible light. (c) It is practically a non-
destructive method, in contrast to electron microscopy. (d) Crystallinity is not a requirement

for SAXS.

3.6.1 Properties and Production methods of X-Rays

X-rays are electromagnetic radiation with typical photon energies in the range of 100eV —
100keV. They exist in the region of the electromagnetic spectrum lying between gamma rays
and extreme ultraviolet corresponding to a wavelength of the order of 0.1 - 100A. X-rays
being electromagnetic radiation travel in straight lines at the same speed (c) in vacuum. They
can be reflected, refracted, scattered, absorbed, polarized etc. They also show interference and
diffraction effects.

X-rays are produced generally by either X-ray tubes or synchrotron radiation. The primary
source used in laboratory X-ray instruments is the X-ray tube. The apparatus for production of
X-rays is shown in Figure 3-37. X-rays are generated when a focused electron beam
accelerated across a high voltage field, bombards a stationary or rotating metal target. There
are two different atomic processes that can produce X-ray photons. One is called
Bremsstrahlung which means “braking radiation”. The other is called K-Shell emission or

characteristic X-rays.
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Heated filament Electrons are accelerated
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Figure 3-37. X-ray tube, Production of X-rays

In the Bremsstrahlung process, accelerated charges (electrons), collide with atoms in the
target and give off electromagnetic radiation. In the quantum picture, many photons of
different wavelengths are produced, but none of the photons can have more energy than the
original photon-producing electron. As a result, a continuous spectrum of X-rays are emitted

(13

which are termed Bremsstrahlung radiation or “white” radiation. After giving rise to the
spectrum of X-ray radiation, the original electron is slowed down or stopped.

In the K-shell method, the bombarding electrons can eject (knock out) inner shell electrons in
atoms through an ionization process. A free electron of higher energy (from the outer shells)
can then fall into the empty position in the K-shell. The energy lost by the falling electron
shows up as an emitted X-ray photon that is characteristic of the target material as shown in

Figure 3-38.

Bombarding X-ray
elecaron - .
\// L L Q.
[ N / N
7 \ / / \
R //"\\ \1 e //"\\ \‘
. NN | > | R
\ / \ /
\ o \ i
S - S -

Figure 3-38. K-shell emission of x-rays
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Meanwhile, higher energy electrons fall into the vacated energy states in the outer shells, and
so on. All transitions into the K shell generate the characteristic K lines of the material.
Figure 3-39 shows that the K, line is radiated when the electrons from the L shell cascade
down into the K-shell and the K, line results from the M shell. K-shell emission produces

higher intensity X-rays than Bremsstrahlung and the X-ray photon is emitted at a single

wavelength.
b shell
5T K
[V}
+ v L =hell
= Characteristic w
€af X-rays
£ K
2 B X-rays from a K =hell
g molybdenum r ¥
1 target at 35 kV Ko Ho Py
Brehmestrahilung . -
continuum Emission of Characteristic
= ¥-Ray spectral lines
02 04 06 .08 Ao 12
Wavelength (nm)

Figure 3-39. Characteristic K lines in K-shell emission

Copper is often chosen as the target metal because of its high electrical and thermal
conductivity, its low cost and because the K, line has a wavelength of 1.5418 A. For copper,
the excitation potential (V) for ionization through the K-shell is 8.98 kV. The intensity of the
K, line is maximized at 4V = 36 kV.

3.6.2 Bragg’s Law on a crystal lattice

X-rays primarily interact with electrons in atoms. When X-ray photons collide with electrons,
some photons from the incident beam will be deflected away from their original path. If no
energy is transferred to the atom and the wavelength of these X-rays is unchanged, the
process is called elastic scattering. Elastic scattering dominates diffraction effects. These are
the X-rays that we measure in diffraction experiments, as the scattered X-rays carry

information about the electron distribution in materials. In the inelastic scattering process that
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is known as Compton scattering, a small fraction of the energy of an incident photon (X-rays)
is transferred to an electron with which it collides. The wavelength of the scattered X-rays
increases (loss of energy) and there is no phase relationship between incident and scattered
waves. Diffracted waves from different atoms can interfere with each other and the resulting
intensity distribution is strongly modulated by this interaction. If the atoms are arranged in a
periodic manner, the diffracted waves will consist of sharp interference maxima (peaks).
Measuring the diffraction pattern, we can deduce the distribution of atoms in a material.
The peaks in an X-ray diffraction pattern are directly related to the atomic distances. When X-
rays are scattered from a crystal lattice, peaks of scattered intensity are observed which
correspond to the following conditions:

1. The angle of incidence = angle of scattering.

2. The pathlength difference is equal to an integer number of wavelengths.
For a given set of lattice planes with an inter-plane distance of d as shown in Figure 3-40,

Bragg’s law gives the condition for a diffraction peak to occur:

nA = 2dsin6 Equation 3.6-1

where n is an integral number describing the order of the reflection, A is the wavelength of the
X-rays, d is the spacing between lattice planes and 0 is the Bragg angle at which a maximum

in the diffracted intensity occurs.

Incident wave

°

o 0

0O o0 o0 o ®
o o0 o0 ® ®
o o o e o ®
e o o e o o o o o

Constructive Interference
nA = 2d sin0

Figure 3-40. Bragg’s Law — Diffraction of X-rays

81



CHAPTER 3: EXPERIMENTAL TECHNIQUES

At other angles there is little or no diffracted intensity because of negative interferences. From

Bragg’s Law we have the relations:

sinf = 121—2 <1 Equation 3.6-2

A<2d  forn=l1 Equation 3.6-3

From the equations above the first order diffraction can occur only for wavelengthA < 2d.
Since the lattice spacing d is on the order of Angstroms, visible light cannot be used but X-
rays are suitable for diffraction studies. Bragg’s Law is applied to scattering centers consisting
of any periodic distribution of electron density. The law holds for molecules or collections of
molecules such as colloids, polymers, proteins, therefore it is one of the most important laws

used for interpreting X-ray diffraction data.
3.6.3 Principle of X-Ray Scattering Experiment

Figure 3-41 shows a typical experimental set-up with the essential parts of a small-angle

scattering instrument. A monochromatic x-ray beam of incident wave vector k. is selected by

a collimator and strikes the sample. A fraction of this beam is deviated, e.g. scattered, and
travels in other directions after leaving the sample. The detector usually records the scattered

beam after passing through slits, which define a precise solid angle.

X-ray Detector

1(20)

X-ray source

A
Yoy
y. )
)v(
Figure 3-41. Schematic drawing of a typical X-ray scattering instrument
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The scattered intensity is collected as a function of the scattering angle 20. Elastic interactions
are characterised by zero energy transfer, so that the final wave vector k¢ is equal in modulus
to ki. The relevant parameter to analyse the interaction is the momentum transfer or scattering

vector, Figure 3-42, given by the following expression:

El =k, —k, Equation 3.6-4

20

k;
Figure 3-42. The scattering vector q
The scattering vector amplitude is defined as:

_ 4m-sind
A

Equation 3.6-5
Since A is usually equal to a few Angstroms for x-rays in the small angle region, gD (no units
- the standard unit for q is A™") is almost always small compared to 1 for distances d of the
order of the diameters of atoms or small molecules. Consequently, the rays scattered from
different parts of an atom or small molecule arrive at the detector almost completely in phase.
A general property of scattering is that the scattering process cannot resolve and give

information about structure characterized by a length d when the condition:

_ 4m-sinb

gD D <<l Equation 3.6-6

is fulfilled. That means that small angle x-ray scattering is mostly sensitive to structure in the
range of about D = 2n/q. Information about the structure of the sample can be obtained from
analysis of measurements of the scattering intensity. The scattered intensity 1(q) is the Fourier

transform of g(r), the correlation function of the electronic density p(r), which corresponds to
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the probability to find a scatterer at position 7 in the sample, if another scatterer is located at
position 0: elastic x-ray scattering experiments reveal the spatial correlations in the sample.
Small angle scattering experiments are designed to measure I(q) at very small scattering
vectors, with 20 ranging from a few micro-radians to a tenth of a radian, in order to
investigate systems with characteristic sizes ranging from crystallographic distances (a few A)
to colloidal sizes (up to a few microns). The number of photons scattered by a sample is
proportional to its total volume V and to its electronic contrast. In the case of a binary system,
such as objects of density p; embedded in a solvent of density p, the electronic contrast is Ap
= pi-p2 (€A™ or cm™). The higher the contrast between particles and solvent, the more intense
the scattered signal. The experimental intensity is usually fitted in order to determine the
density p(r), the size, the shape and the internal structure of one elementary scatterer, as well
as the structure and the interactions between scatterers. The determination of physical
quantities, such as molecular weight, particle volume or specific surface is feasible only if I(q)
1s measured on an absolute scale. The material absorbs part of the incident beam as shown in
Figure 3-41. The number of photons scattered in the solid angle AQ in the direction 20 must
be normalised with respect to the number of photons transmitted through the sample. For this
purpose, several parameters should be controlled: the sample thickness e (cm) and
transmittance T, the incident flux of photons ¢, (photons/s) and the solid angle of one pixel of

the experiment AQ. The absolute intensity can then be obtained in absolute units (cm™):

I(q)= : C(q) (cm’l) Equation 3.6-7

where C(q) is the number of photons detected at position g, t is the time of measurement and
AQ is the solid angle, equal to AQ = m*/d*, with m the size of a pixel and d the distance of the

sample from the detector.
3.6.4 Phase Identification

X-ray scattering is the most reliable method of carrying out lipid phase identification. The
characterization of lipid mesophases by diffraction is based on symmetry. Two basic regions
of the diffraction pattern are used to identify the phase. The small angle region identifies the

symmetry and long-range organization of the phase, whereas the wide angle region gives
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information on the molecular packing, or the short range organization of the phase.
Aggregation of amphiphilic molecules into micelles leads to diffuse scattering in the small
angle region. If the positions of the aggregates are completely independent of each other
(dilute micellar solutions), then the observed scattering is the sum of the scattering from each
individual aggregate. With increasing concentration, interactions arise between the micelles
e.g. electrostatic forces or hydration forces. This causes the diffuse scattering to be
modulated, so that as the interactions become stronger the scattering becomes more sharply
peaked. At some point the repulsive interactions are strong enough to lead to an ordering of
aggregates onto a lattice, forming ordered liquid crystalline phases. The “signature” for the
observation of an ordered mesophase is the appearance of one or more sharp Bragg peaks in
the small angle region. The long range ordering of the lipid-water aggregates (bilayers,
cylinders or micelles) onto one-, two-, or three-dimensional lattices gives rise to Bragg
reflections. While the positions of the diffraction peaks are related to periodic distances within
the lyotropic lipid mesophase, their sharpness or width reflects the extent of this periodicity

over large distances. The measured reciprocal spacings are given by:
2. .
s = Xsm@ Equation 3.6-8

where q =2n-s, 20 is the scattering angle, and A the radiation wavelength.

The one-dimensional periodic structure of lamellar lipid-water mesophases exhibits

diffraction patterns in the small-angle regime that are described by the equation:
s, =n— Equation 3.6-9

where n =1, 2, 3, 4, ... and D is the lamellar repeat unit, which consists of the sum of the

water and lipid layer thickness.
3.6.5 Phase Dimensions and Peak Position analysis (Swelling Law)

Structural information can be deduced from the positions of the diffraction lines, in

conjunction with chemical parameters such as the lipid molecular weight MW, the water and
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lipid partial specific volumes, vy and vi respectively, and the lipid weight concentration c.

The lipid volume fraction is given by the equation:

R —_—
o, =|1+ (A=Ovw Equation 3.6-10
cvL

and the volume fraction of water is ¢, =1—¢, . The lipid volume fraction is also related to

the membrane (bilayer) thickness, by, as shown in Figure 3-43. If the membranes are
perfectly flat and the area per lipid head is A, with ng the number of lipid molecules in a unit
cell, the total membrane area S is S = n A, the volume of the unit cell being V = (D x S)/2.

The lipid volume fraction is then given by:

—= Equation 3.6-11
A% AD D

where ug is the molecular volume of the lipid and D the repeat distance between the bilayers

(Figure 3-43).

The peak position, q, from x-ray measurements is related to the repeat distance D as follows:

Equation 3.6-12

Figure 3-43. Geometric model of a lyotropic lamellar phase
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Using Equation 3.6-11 and Equation 3.6-12 one can study the dilution law or maximum
swelling law of bilayers through a graph of D vs (1) as shown in Figure 3-44. According to
Equation 3.6-11 this graph should be a straight line with slope br. Lamellar phases
spontaneously take up water and swell (the lipid volume fraction decreases and D increases)
up to a limiting point, which defines the equilibrium separation of the bilayers. At that point,
the lamellae cannot accommodate more water therefore this is called maximum swelling. The
maximum swelling law offers the opportunity to test lamellar flexibility and interactions

between the lamellae.

Slope = by,

@ Maximum Swelling

»

((PL}1

Figure 3-44. The maximum swelling law

(D x @) Dx o)
by,
by,

log(¢L3 10g(¢L3
(a) (b)

Figure 3-45. Dilution behaviour of the repeat distance

For a flat, electrostatically stabilized membrane, one expects a constant thickness of the

bilayers, as shown in Figure 3-45, while this does not hold for lamellae with undulation
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interactions. The strength of the undulations can be assessed using a plot of (D x ¢r) against

log(r): in the case of strongly undulating lammelae D x ¢ decreases linearly with log(¢y).

3.6.6 Experimental Setup

The X-ray Diffraction method was used to determine the structural parameters of DPPC
bilayers in the presence of sodium salt solutions of concentrations 0.05M, 0.1M and 0.5M.
The experiments were performed using a Huxley-Holmes High Flux camera at the Service de

Chimie Moléculaire, CEA-Saclay (France), as shown in Figure 3-46.

Sample Bent Ge (1 11)

X-ray source
crystal monochromator

vacuum
Detector chamber

Ni covered mirror

ionization vacuum
chamber chamber

Beam stop

Figure 3-46. General layout of the x-ray experimental setup

The X-ray source is a copper rotating anode operating at 15kW. By the combination of a
nickel-covered mirror and a bent, asymmetrically cut germanium <111> monochromator, the
Ka, of the copper radiation (A = 1.54A) is selected and separated from high-energy radiations
to reduce the background signal. A two-dimensional gas-filled detector with a diameter equal
to 0.3 m is used to record the experimental spectra. The effective g-range of this detector is
from 0.02 to 0.4 A™'. The exposure time for each sample was 30 min. All experiments have
been performed at a temperature T = 50 = 1°C, at which the L, lamellar phase of the DPPC
molecule is formed.

The lamellar repeat spacing D was obtained experimentally by the Bragg diffraction law, and
can be divided into the bilayer thickness, by and the water layer thickness or bilayer

separation dy:
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b, =¢,D Equation 3.6-13

d,=D-b, Equation 3.6-14

w

¢p is the volume concentration of the lipid in the sample, obtained by the weight

concentration (see Equation 3.6-10). v was taken as 1.00 ml/g and vi as 1.0091 ml/g for
DPPC with melted hydrocarbon chains. In addition, through the lipid bilayer thickness, by,
one can estimate the headgroup area, A, of the DPPC molecules using the following

relationship:

A 2x10%* - MW - v,
bL 'NAV

Equation 3.6-15

where MW is the lipid molecular weight, vy the lipid partial specific volumes, Nav

Avogadro’s number and by, the lipid bilayer thickness.
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3.7 Dynamic Light Scattering (DLS)

Scattering experiments can provide a wealth of detailed information about the structural and
dynamical properties of matter. Light Scattering is an established technique that has been used
for many years for the determination of the average size and the size distribution of particles
in a suspension. Two fundamentally different experimental approaches can be performed
depending on how the scattered intensity is measured. a) Time averaged experiments where
the scattered intensity is averaged over long observation times and collected as a function of
the scattering angle 0. This method is called Static Light Scattering. b) Time resolved
experiments where at one or several scattering angles the temporal variations of the scattered
intensity are registered and analyzed. This method is called Dynamic Light Scattering (DLS)
or Quasi — Elastic Light Scattering (QELS). Several parameters of interest can be deduced by
these techniques such as molecular weight, radius of gyration, diffusion coefficient,
hydrodynamic radius, second virial coefficient or interparticle structure factor, form factor
etc. The techniques have also the advantages of being relatively fast, noninvasive, and require

minimal sample preparation.
3.7.1 Principles of Light Scattering

According to the light scattering theory, when light impinges on matter the electric field of the
light induces an oscillating motion of the electrons in the molecules of the sample. The
molecules then serve as a secondary source of light and subsequently radiate (scatter) light.
The frequency change, the angular distribution, the polarization and the intensity of the
scattered light are determined by the size, shape and molecular interactions in the scattering
material.

A schematic of a Light Scattering experiment is shown in Figure 3-47. A dispersion of

particles is illuminated with a collimated laser beam. The direction of propagation of this

beam is described by an incident wave vector 1?1 which is defined as:

‘E ‘ - i—"n Equation 3.7-1
0
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where A and n are the wavelength of light in vacuum and the refractive index of the medium

respectively.

\ Sample
Laser source \\
A
V¢
@
)v(
\
\

Detector

Figure 3-47. Schematic representation of a light scattering instrument

The radiation scattered at an angle 6 with respect to the incident beam is characterized by a

scattered wave vector Ein the direction of propagation of this beam. Part of the radiation

scattered at an angle 0, is registered with a very sensitive detector. The scattering vector 21

characterizes the properties of the scattered light (just as for SAXS) which is defined as the

difference between the incident and the scattered wave vector:
21 =k, -k Equation 3.7-2

—_

The magnitude of the scattering Vectorzl , taking into account that ‘kl‘ = ‘k—;‘ is given by:

q= 4n-n sin(gj Equation 3.7-3
Ao 2

The inverse scattering vector q" has the dimension of a length. In order to obtain useful
information from a scattering experiment, the length scale of the investigated sample must be
comparable to the value of q'. Typical values of ' are in the range of 10 to 1000nm thus the
light scattering technique is suitable for studying colloidal systems and for the

characterization of colloidal dispersions of particles (Johnson et al. 1994; Hallet 1999).
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3.7.2 Theory of Dynamic Light Scattering

DLS, also known as Photon Correlation Spectroscopy (PCS), uses the time dependence of the
intensity of the scattered light to determine the translational diffusion coefficient of small
particles. The scattered radiation is collected over a small solid angle, which exhibits intensity
fluctuations on a time scale of microseconds to milliseconds. This happens because, in a
colloidal dispersion, the particles continuously collide with the molecules of the liquid phase
performing a random thermal motion called Brownian motion (the particles change often their
direction and speed). This motion causes the intensity of the scattered light at any point in
space to fluctuate with time. As a result, the radiation frequency is shifted to higher or lower
values depending on the particle velocity and direction relative to the detector (Doppler
Effect). The average displacements of a Brownian motion of the electrons can be quantified
by the diffusion coefficient D, which in turn is related to the size of the particles.

The diffusion coefficient of the particles can be measured by means of an autocorrelation
function (ACF) g»(tq), which is used to study the correlation, or similarity between the value
of scattered intensity I(t) at a given time t and the value of intensity I(t + tg) at a later time
with time delay t4. The time tqis known as the delay time, since it represents the delay in time
between two discrete time intervals At as illustrated in Figure 3-48. Thus, the ACF is used to
analyze the time dependence of the intensity fluctuations. The comparison of I(t) and I(t + t4)
is made for many different values of t in order to obtain a good statistical average for gx(tq).

The autocorrelation function is given by the following expression:

g, (ty) =<I()- I(t+t,)) Equation 3.7-4

The brackets denote an average which is performed for a large number of times t. For short
time delays, tg, the positions and hence the scattered intensities of a particle are highly
correlated, so that the g»(tq) function has a big value. For long time delays, the positions of a
particle in random motion are no longer correlated and thus the autocorrelation function has a

small value.
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4
L(t)

0 At jAt

time = nAt

t, = jAt

Figure 3-48. Autocorrelation function dependence on time
At the two limiting cases, ty — 0 and ty — oo, the autocorrelation function equals:
lim, o2, (ty) =(17) Equation 3.7-5
lim, ,g,(t,)=(,)’ Equation 3.7-6

It is known for any fluctuating quantity that the average of the square of that quantity is

always larger than the square of the average:

(ITy >(1,)? Equation 3.7-7

The quantity of the right hand side of Equation 3.7-7 is the lowest value possible for the
autocorrelation function and thus for diffusing particles the value of gx(tg) is found between
the two limiting cases. In general, the autocorrelation function gy(ty) of the fluctuation
scattered light intensity I(t) is an exponentially decaying function of time tg, as shown in

Figure 3-49.
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Figure 3-49. Exponetial decay of autocorrelation function with time

The function g»(tg) can be described by the expression:
g, (td ) = A[g1 (td )]2 +B Equation 3.7-8

where A is an instrumental factor, B is the long-time value for g»(t4), commonly referred to as
the baseline, and g;(t4) is the electric field autocorrelation function. The electric field ACF is

equal to:
g,(ty)=e" Equation 3.7-9

where I is the decay rate that is related to the diffusion coefficient D and the characteristic

decay time constant of the exponential function t by the following equations:

I'=Dq’ Equation 3.7-10

D= 12
2q°t

Equation 3.7-11

q is the scattering vector defined in Equation 3.7-3. The characteristic decay time constant
characterizes quantitatively the speed with which the autocorrelation function g»(tq) decays

towards the long tq limiting value of a fluctuation in the scattered intensity I(t). Thus, small
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particles will “jitter” about in solution relatively rapidly, resulting in a rapidly fluctuating
intensity signal; by contrast, larger ones will diffuse more slowly, resulting in slower intensity
fluctuations and longer characteristic decay time .

The diffusion coefficient D that is determined by the analysis of the ACF is used to determine
the size of the particles, specifically the hydrodynamic radius Ry, using the Stokes — Einstein

relationship:

p-_ KT
6n-nR,

Equation 3.7-12
where k is Boltzmann’s constant, T the absolute temperature and n the viscosity of the
dispersing liquid. The above equation is valid only for monodispersed, non-interacting,
spherically shaped particles of any size. (Santos et al. 1996; Corti 1983; Hiemenz et al.
1997) Other equations exist for ellipsoidal or cylindrical particles or for polymeric random

coils.
3.7.3 Cumulants

In the case of polydisperse samples the autocorrelation function g;(tq) is no longer a simple
exponential, i.e. having a single, well-defined decay time constant 1. The existence of more
than one rate of diffusion inevitably gives rise to a mixture of decaying exponential functions,
each of which has a different time decay constant t; corresponding to a particular diffusivity
Dj and, hence, to a particle radius R;. Thus, it is necessary to analyze precisely the deviations
of the autocorrelation function g(t4) from single-exponential behavior, in order to extract the
distribution of D values (and hence of particle diameters) from the detailed shape of g»(tq).

For polydisperse samples the g;(t4) is given by the following expression:

0

g,(ty) = [G(T)exp(~ Pr)dr Equation 3.7-13

0

where G(I') is normalized so that:
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o0

[G(rur =1 Equation 3.7-14

0

To find the precise functional form for the distribution of decay rates G(I'), efficient
mathematical methods of analysis have been developed, one of the simplest ones being the
method of CUMULANTS proposed by Koppel 1972. The generating function gy(tq) in the
cumulants method is defined as g(tq) = In[gx(tq)]. If the constant baseline is substracted from
2:(tq), the plot of In[ga(tq)] versus t4 is linear because the time-dependent part of g»(t4) is a
single exponential for a monodispersed system. Deviation from linearity indicates
polydispersity. The g;(tq) ACF for polydisperse systems is given by a series expansion using

the method of cumulants:

2 3
Koty Kity Equation 3.7-15

ln[gl(td)] =Kty +

2! 3!
where
K, =(T)
K, =(C=(D)")
K, =((C—(@))*) Equation 3.7-16
K, =(C (D))" -3K3

K, is the nth cumulant of g;(t). K; is the mean of I' and defines an effective (average)
diffusion coefficient, Equation 3.7-17; K, is the variance of the distribution that provides
information about the spread of the particle size distribution. The higher cumulants give
information on asymmetry and other properties of the distribution with increasing uncertainty

(Frisken 2001; Santos et al. 1996; Koppel 1972; Corti 1983).

D=— Equation 3.7-17
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3.7.4 Experimental Setup

The Brookhaven BI-9000AT Digital correlator with combination of the Brookhaven BI-200SM
goniometer has been used in the DLS experiments reported in this thesis. The experimental

setup is shown in Figure 3-50.

Thermostat

Brownian
motion

Sample
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Ar Laser Polarizer
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—
/=
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Figure 3-50. Schematic drawing of the DLS experiment

The two instruments form a powerful and versatile suite for studying particulate systems. The
BI-200SM goniometer is generally used for particle size analysis, the investigation of the
structure of complex fluids, micelles, microemulsions and colloids. It allows the use of multi-
angle measurements yielding more information on particles and molecules than a single-angle
system. The BI-9000AT correlator is equally versatile, allowing sampling times as low as
25ns and as high as 40ms, with delays ranging from 25ns to 1310s. It can process two
different signals simultaneously, for example to cross-correlate two signals from different
positions in a liquid or from two detector angles. The light source is a Stabilite 2017 Argon
Ion Laser from Spectra Physics. It delivers a power of 2W at 514.5 nm.

The sample to be analysed, is placed in the cell of the BI-200SM goniometer where a beam of
monochromatic light from the Stabilite Laser passes through it. Some of the incident light is

scattered in all directions by the particles within the sample and the intensity ACF is recorded.
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Then we use one of several different approaches, as described above, to numerically fit the

data with calculated size distributions using the BI-9000AT correlator software.
3.7.5 DLS-SLS

The experimental size of DPC micelles obtained by the cumulants numerical fit of the
software, is compared with that found using the standard Static Light Scattering (SLS)

equations which apply for spherical micelles in solution. These are:

R =3 ELLA] Equation 3.7-18

4r

where R is the average radius of a micelle, Vo is the molecular volume of a DPC molecule

and N is the aggregation number of a globular micelle given by the following equation:

N=r—"—— Equation 3.7-19

where M is the micellar mass and (MM )y0n 1S the mass of a surfactant DPC molecule.

Also, the area per molecule, a, can be calculated using the following expression:

_4m-R?
N

a Equation 3.7-20
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3.8 Freeze-fracture microscopy

3.8.1 Principles of Freeze-fracture microscopy

The Freeze-fracture technique used in combination with both scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) was originally developed in order to
obtain information (structural details) about the internal contents of cell membranes. Now it is
widely used not only for cell membranes but also for viewing samples that form lipid bilayers.
The freeze-fracturing make it possible to examine the specimen without altering it chemically
or physically (dehydration, impregnation with a resin, drying). In general, the sample is
rapidly frozen in liquid nitrogen or freon, and then it is freeze-fractured at a temperature
below -110°C. The fractured plane is replicated with a heavy metal, usually platinum, and
then coated with a thin layer of carbon, thus providing a metal-carbon template. The sample is
thawed and the replica is separated from the sample, cleaned from residues, and then
examined with electron microscopy.

When a sample is fractured, the fracture plane follows the path of least resistance. As a result,
the lipid bilayers most likely split along the middle of the two layers, or through the
hydrophobic region of the membrane exposing the lipid bilayers interior. Specifically for cell
membranes, cellular organelles remain embedded in one layer, causing changes in the fracture
plane such as elevations, depressions, and ridges, representing the many surfaces of the cell.
In this way information about their particular size and distributions are revealed.

The Freeze-fracture technique is very useful but it has some disadvantages. One disadvantage
is that this technique has no use outside of obtaining structural descriptions. No functional
information is obtained about a cell using this technique. Second, the fracturing proceeds at its

own will, scientists cannot choose a particular path for the fracture plane to follow.

3.8.2 Experimental Setup

Small pieces of the lipid sample prepared in a mixture of glycerol and salt solution of known
concentration were mounted and forced into contact with a copper sample holder and quickly
frozen using Freon — 22 that has a boiling point of -145 °C. Next, the sample is fractured with
a microtome knife. The lipid bilayers split along the paths of least resistance, forming the

fractured plane. The fractured-exposed sample is then coated with a heavy metal (platinum)
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which is deposited on the fracture surface in order to produce shadows on the surface; Next,
the fractured surface is covered with a solid, uniform layer of carbon over the top of the metal,
producing a template of the solution constituents. Shadowing is carried out using an
appropriate current which passes (using external knobs) into the platinum and carbon rods
through circuits. The current causes the rods to evaporate and coat the fractured-exposed
sample. The rate of evaporation can be controlled to vary the thickness of deposition of
platinum and carbon. The sample is no longer needed and can thus be thrown away. The
remaining metal-carbon replica is viewed with electron microscopy. The experimental

procedure is shown in Figure 3-51.
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Figure 3-51. Freeze-fracture and metal-carbon templating
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3.9 Karl Fischer titrations

3.9.1 Karl Fischer titrations

The Karl Fischer titration is a moisture determination method specific for water. It is a
chemical analysis procedure which is based on the oxidation of sulphur dioxide by iodine in

an alkaline methanolic solution. In principle, the following chemical reaction takes place:

H,0 + 1, + SO, + 3Base — 2Base*HI + Base* HSO4R

The Karl Fischer titration is a two stage process. The first stage involves the reaction of
sulphur dioxide with methanol to form an ester, which is neutralised by a nitrogen base (RN).
The second stage is a rapid oxidation of the alkyl sulphite anion to alkyl sulphate by iodine - a
reaction that consumes water.

The titration can be performed volumetrically or coulometrically for samples with high
moisture content (titrimetry) and for those with water contents in the ppm range (coulometry)
respectively. In the volumetric method, a Karl Fischer solution containing iodine is added
until the first trace of excess iodine is visible. The amount of iodine converted is determined
from the burette volume of the iodine-containing Karl Fischer solution.

In the coulometric procedure, the iodine participating in the reaction is generated directly in
the titration cell by electrochemical oxidation of iodide until again a trace of unreacted iodine
is detected. The iodine reacts with the water that is present. According to Faraday’s Law the
amount of water titrated is proportional to the total current used in generating the iodine
necessary to react with the water present. One mole of iodine reacts quantitatively with one
mole of water. As a result, one milligram of water is equivalent to 10.71 coulombs. Based on
this principle, the water content of the sample can be determined by the quantity of electricity
required for electrolysis.

As shown in Figure 3-52, two types of coulometric reagents are required: an anolyte, which
is placed in the anode chamber of the electrolysis cell, and a catholyte, which is placed in the

cathode chamber.
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Figure 3-52. Coulometric titration

3.9.2 Experimental Setup

The experimental apparatus consists of an automatic burette, a backtitration flask, a stirrer,
and equipment for amperometric titration at constant voltage or potentiometric titration at

constant current.
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4 CHAPTER
LIPIDS USED IN THIS THESIS

4.1 Chemical Substances

The lipid molecules used in this study were 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine
(DPPC) and the synthetic molecule dodecylphosphocholine (DPC). A detailed description of

the two molecules is given below.

4.2 Lipid molecules and Biological membranes

Biological membranes are organized assemblies consisting mainly of lipids and proteins. All
membranes constituents are held together by noncovalent interactions; as a result membranes
are fluid structures. Lipid molecules and proteins diffuse rapidly in the plane of the
membrane. In contrast, they rotate across the membranes at much slower rates. Therefore,
membranes can be regarded as two-dimensional solutions of oriented proteins and lipids.

Among the different lipids found in biomembranes, phospholipids play an important role
because they represent the main constituents of cellular membranes. Phospholipids are fatty

acid derivatives. Each molecule is made up of one glycerol moiety attached to two fatty acids
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and a phosphate group. Phospholipids are structurally similar to triglycerides with the
difference that a phosphate group and one of several nitrogen-containing molecules replace
one of the fatty acids. The hydrocarbon chains constitute the hydrophobic part and the
phosphate and amino groups make the hydrophilic part of the molecule, Figure 4-1.

Phosphate and nitrogen

Glycerol containing polar head
\‘ + Hydrophilic

Non-polar hydrophobic tails

Fatty acid
carbon backbones

Figure 4-1. Basic Lipid Structure

4.3 Phospholipid DPPC

1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) shown in Figure 4-2 is one of the
most common phospholipids present in biological and model membranes. It is a zwitterionic
molecule with two hydrocarbon chains containing 16 carbon atoms each. The hydrocarbon
chain bonded through an ester linkage to the chiral carbon of the glycerol is given the name
sn2, while the other chain is given the name snl. The DPPC molecule, being a double-chain
amphiphile, can form stable monolayers at the air-water interface but also lamellar phases in

aqueous solutions.

(o]
Q )W
” H O CHs
P S
HH%C\N)r/\/o/ \#O\)\/O CHg3
3 (e}
H3C

Figure 4-2. Chemical structure of DPPC molecule
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An approximate phase diagram of the system DPPC/water is shown in Figure 4-3. The phase
diagram reveals the existence of a limiting transition temperature T, called melting
temperature, which is the lowest temperature at which water can penetrate between the layers
of the lipid molecules and form the fluid lamellar phase. Dipalmitoylphosphatidylcholine
bilayers undergo two major phase transitions (gel-fluid transitions) in aqueous solutions: a

pretransition Lg — PB’ and a main transition PB,—> L, The driving forces for the gel-fluid

transition are (a) the increase in entropy of the system with the lipid chain rotational disorder
and (b) the increase in lipid headgroup hydration. DPPC bilayers adopt the liquid lamellar L,
phase at temperatures higher than 41°C. The hydrocarbon chains are in a fluid state and the
hydrophilic groups occupy the surface separating the lipid and water layers. Figure 4-4 shows

pictures of the fully hydrated DPPC bilayers in the L., Ls and L, phase generated by

computer simulations. The pretransition to the ripple P, phase is observed at a temperature

about 35°C.
3) Lamellar : Lamellar + water
o !
® i
8 !
1 ! Tm
5 41°C|----------- :
=9
=
<%
B Gel Gel + water
Concentration

Figure 4-3. Phase behaviour of DPPC (Chapman et al. 1967)

Compared to the fluid phase, the gel phase exists at lower hydration and temperature, with
mostly straight hydrocarbon chains and closer packing of the lipids, Figure 4-4.

The lamellar repeat distance D increases from = 63A in the gel phase to = 72A in the ripple
phase. However, the repeat distance D of the fluid lamellar phase decreases to about 66A due

to the highly disordered chains of the lipid molecules. At 25°C (gel phase) the repeat distance
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D between the bilayers increases with water content, up to a limiting point corresponding to

lipid volume concentration @ =~ 74%.
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Figure 4-4. Pictures of DPPC lamellar phases generated by computer simulations
(Feller et al. 1997)

On the contrary, at 50°C (fluid phase) the limiting equilibrium point appears at ¢p. = 53%. The
equilibrium bilayer parameters of the DPPC molecule at the two temperatures 25°C and 50°C
are given in Table 4-1, as determined by various groups. Other important physical parameters

of the DPPC molecule are given in Table 4-2.

Table 4-1. Bilayer Parameters of the DPPC molecule for the gel and fluid phase

Bilayer Parameters (Angstroms) DPPC 25°C DPPC 50°C

Repeat spacing, D 63.8", 63.8", 62.0°, 67.0°, 67.0°, 66.3°
Equilibrium lipid concentration, @, | 0.74*, 0.69°, 0.70° 0.54*,0.51°,0.53¢
Lipid bilayer thickness, by, 47.1°,44.2",43.6° 35.9*,34.2°,34.9°
Water layer thickness, d 16.7°,19.6" , 18.4° 31.1°,32.8",31.4¢
Headgroup area, A 48.6",52.3" - 68.1*,71.2°,70.0°

a Values taken from Rand et al. 1989

b Values taken from Lis et al. 1982

¢ Values taken from Cunningham et al. 1986
d Values obtained in the present thesis

Table 4-2. Physical Parameters of the DPPC molecule

Physical Parameters DPPC 20°C DPPC 50°C
Density (g/ml) 1.068, 1.065, 1.064 0.9910, 0.9890, 0.9921
Specific partial volume (ml/g) 0.937, 0.939, 0.940 1.0091, 1.011, 1.008
Total lipid volume (A3/ molecule) 1142, 1144, 1145 1230, 1232, 1228

All values are taken from Nagle et al. 2004
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4.4 Phospholipid DPC

Dodecylphosphocholine (DPC) is a synthetic lysophospholipid which is currently the most
frequently used and one of the best characterized “membrane mimetic” models for the study
of peptide-lipid and protein-lipid interactions. DPC forms small, spherical, freely-rotating
micelles in aqueous solutions, making it an excellent tool to mimic the anisotropic
environment of lipid membranes. Its chemical structure contains a hydrophilic and a
hydrophobic part as shown in Figure 4-5. The phosphoric acid group is connected through P-
O-C bonds to a choline group, (CH3);N(CH,),OH, and an aliphatic dodecyl chain. The

choline, which contains a quaternary amine with a positive charge, and the phosphate is ionic

and polar.
I
P
HsC o— \OW\/\/\/\/CHS
H3C%N+/\/ \o'
HsC

Figure 4-5. Chemical Structure of DPC

DPC micelles are considered to be a better mimic for lipid bilayers than SDS micelles
because they contain a phosphatidylcholine headgroup which is structurally similar to the
headgroup of many phospholipids, in particular DPPC. Some physical parameters of the DPC
molecule and of DPC micelles are given in Table 4-3 and Table 4-4.

Table 4-3. Physical Parameters of the DPC molecule

Physical Parameters DPC molecule
Density (g/ml) 1.067°%, 1.084°
Specific partial volume (ml/g) 0.937%,0.922°
Total lipid volume (A*/ molecule) 538°

a Values taken from Lauterwein et al. 1979
¢ Values obtained in the present thesis
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Table 4-4. Physical Parameters of the DPC micelles

Physical Parameters DPC micelles
CMC (mM) 1.1° 1.16°
Diameter of DPC micelles (A) 47% 55°, 43", 57°
Aggregation number 56°, 50°, 56°

a Values taken from Lauterwein et al. 1979
b Values taken from Kallick et al. 1995
¢ Values obtained in the present thesis
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5 CHAPTER

THEORETICAL MODELS AND
INTERMOLECULAR - SURFACE FORCES

5.1 Introduction

In order to clarify and understand the mechanism of action of Hofmeister anions, “binding”
constants of the anions on the headgroups of DPPC and DPC molecules will be calculated in
this thesis using two theoretical models, one considering local binding of anions on the
headgroups of the lipid molecules and one assuming a partitioning of anions in a diffuse layer
created by the lipid molecules. Both models are based on the idea that the presence of anions
near the lipid headgroups (through either binding or partitioning) generates an electrostatic
surface potential due to the ion distribution in the solution and thus a diffuse electrical double
layer is created. Therefore, before we describe the two theoretical models we discuss the basic

equations that describe the theory of the electrical double layer.
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5.2 Electrostatic Forces

5.2.1 Diffuse Electrical Double Layer and Poisson — Boltzmann Equation

Electrostatic repulsive interactions arise when two similarly charged surfaces approach each
other in a liquid solution, in order to prevent the diffuse electric layers of the surfaces to
overlap. The charging of a surface in a liquid can be achieved in the following ways:

a) by the ionization or dissociation of surface groups e.g. surface carboxylic groups

b) by the adsorption of ions from solution onto uncharged or oppositely charged surfaces.
Whatever the charging mechanism, the actual charge is determined by an equilibrium process
involving exchange of charged species between the bulk solution and the interface. Thus, the
final surface charge is balanced by an equal but oppositely charged region of counterions,
some of which are bound to the surface while others form a distirbution of ions in rapid
thermal motion close to the surface known as the diffuse electrical double layer, Figure 5-1.
The charged surfaces are characterized by a surface charge density ¢ and a potential @, as
shown in Figure 5-1. The adjacent solution contains electrolyte and is characterized by the
bulk concentration c;y, ion valency z; and solvent dielectric constant &
The properties of a charged planar interface can be described by the Gouy - Chapman
theory. The Gouy - Chapman theory relates the surface charge density and the surface
potential using the Poisson — Boltzmann equations (PBE), with which the ion distribution in a

solution can be calculated. The Poisson equation is given by the following expression:

aosrgz(b = —p(free ions) = —ez z.c, (;) Equation 5.2-1

where p(free ions) is the solution’s charge distribution and c; (r) represents the local
concentration of ionic species i in the solution.
The Boltzmann ion distribution (the change in concentration of the counterions near the

charged surface) is given by the following equation:

- —z.ed
c.lr]=c. ex ! Equation 5.2-2
i ( ) i0 p( kT j q
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where ¢ is the bulk electrolyte concentration of the ion species i at a position where @ = 0.

Bulk electrolyte concentration

v

Figure 5-1. Diffuse Electrical Double Layer

By combining Equations 5.2-1 and 5.2-2 one obtains the Poisson-Botzmann equation (PBE)

which is written as follows in one dimension:

d’® e —7z.ed
- E Z.C. €X ! Equation 5.2-3
dx’ gpe, 50 p[ kT j q

For the solution of the PBE two boundary conditions are used: (i) The potential and electric

0

field at large distances from the surface are zero @, =0, =0, (i1) The potential on

X—>0

the surface is related to the surface density charge, o, through the Gauss theorem

do -0 . . .
e = ——. Taking into account these boundary conditions one can derive the profile of
X x=0 808r

the potential with distance from the charged surface. For a symmetrical z:z electrolyte:

(D)= 2kT m{l + T exp(- KD)} _4kT

~——Texp(-«D)  Equation 5.2-4
ze l—FOexp(_KD) e oeXp( ) quation

111



CHAPTER 5: THEORETICAL MODELS AND INTERMOLECULAR — SURFACE FORCES

Iy is related to the surface potential @, and is equal to:

r

®,/2kT)-1 O
L= exp(ze®, /2KT) — tanh| 2520 Equation 5.2-5
exp(ze®, /2kT)+1 T

and 1/« (m) is the Debye screening length (taken as the effective thickness of the diffuse

electrical double layer) given by:
—=| = Equation 5.2-6

The magnitude of the Debye screening length depends only on the properties of the solution.
It measures how the combination of valency, concentration, and dielectric constant of the
electrolyte solution contribute to the screening of interactions between charges in solutions.

The surface charge density o is related to the surface potential @y by the following expression:

)
6 = (8kTc e, )% sinh( Z2ekT0 j Equation 5.2-7

It can be seen that as |cs| increases,

D, | increases.

The total ion surface concentration (counter-ions and co-ions) is given by the Grahame

equation:

2
P
3¢, (total) = 2k§ +oon Equation 5.2-8
i 8Ogr

In the limit of low potentials (large ionic strength, small Debye length, and small surface
charge density) the PBE reduces to the linear PBE, leading to the Debye — Hiickel theory.
The potential distribution and the surface charge density (for a symmetrical 1:1 electrolyte in

this linearized theory) are given by:
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®(D) = ®,exp(- kD) Equation 5.2-9

c=¢g,e, kD, Equation 5.2-10

5.2.2 Model of local binding

Anion binding to the headgroups of the lipid molecules DPPC and DPC, which form
monolayers, bilayers and micelles as shown in Figures 5-2 to 5-4 for the three different
geometries, can be modelled as a chemical reaction of anion X that binds to a neutral lipid L°
(e.g DPPC, DPC) to form a charged lipid, L™:

L'+ X o« (LX)

Bound anions

Figure 5-2. Local binding of anions on the headgroups of lipid molecules at the air-water
interface

Figure 5-3. Local binding of anions on the headgroups of lipid molecules at the micellar
surface

113



CHAPTER 5: THEORETICAL MODELS AND INTERMOLECULAR — SURFACE FORCES
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Figure 5-4. Local binding of anions on the headgroups of lipid molecules forming
bilayers

The association constant K of the above reaction is defined as:

K = x| S S Xo Equation 5.2-11

lLO JlX_J (1 — Xy )Ci,surf (1 — Xy )CioeXP(' ze®, /kT)

where x;, is the percentage of lipid molecules that have acquired a charge due to anion
binding, c;«rris the local anion concentration at the binding plane given by Boltzmann’s
distribution, cj is the electrolyte concentration in the subphase, k is Boltmann’s constant, and
@, the electrostatic potential at the binding plane that is created due to anion adsorption on
the lipid headgroups.

The surface charge density ¢ which is given by Equation 5.2-7 is related to the fraction of

lipids on which anions are bound:

o] =—> Equation 5.2-12

where A is the surface area of the lipid molecule. Knowing x, and using the chemical

equilibrium expression (Equation 5.2-11) one can compute the binding constant K.
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5.2.3 Model of diffuse lipid layer

This model is based on the concept of an active diffuse interface, as explained by Zemb et al.
2004 and shown in Figure 5-5 for monolayers at the air-water interface. The concept of the
active diffuse interface can be applied also to the bilayer and micelle geometries. The model
is explained below for the monolayer geometry but is similar for the other two geometries. In
this model, the interface is divided in two regions. The top region (0 < x < §), of layer
thickness 0, is playing an active role in the process of ion adsorption, and is responsible for

the ionic “selectivity” of the interface with respect to the bulk (6 < x <o),

Surface- actlve ions

ffu(se)su;‘fﬂcg/la r d 5 { U / > }\ th=0

o —
¢ — Y x=35
Partitioning
Diffuse ion layer
Anion
Cation Water v X = 0

Figure 5-5. Partitioning of the anions between the diffuse lipid layer and the bulk water

The cations are assumed not to enter this layer while the anions can penetrate the headgroup
plane of the lipid molecules. This “partitioning” is driven by a constant attraction potential U..
The active interface “repels” hydrophilic ions and “attracts” hydrophobic anions reducing the
free energy of the system by liberating water molecules (from the solvation shells of the
hydrophobic anions) that are returned to bulk water. The active interface must have the
following properties: (a) it must have a considerable degree of disorder, and (b) solvent
structure near and within it must differ considerably from bulk solvent.

Figure 5-6 shows the expected concentration profiles of anions and cations in the active

interface and the diffuse double layer beyond.
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x=0 XxX=0 X =

Co=Cele

Figure 5-6. Charge distribution (ionic profile) in the diffuse lipid layer and beyond

The analysis of this two-layer model is quite complicated and is based on the solution of the
Poisson-Boltzmann equation in the two regions.
For x >  the PBE given by Equation 5.2-3 contains in this case the contribution from both

the cations and anions through appropriate local Boltzmann factors:

_[ 2,9,

z_q.D
kT

kT

d’®

rdxz

) +z.q.C, ¢ (

€,€ =-2,4.C, ¢ Equation 5.2-13

where z; = +1, z. = -1, and C 1+ = Cy, .= Co. Although complex, this differential equation for
the electrostatic potential has an analytical solution for symmetric electrolytes that can be

found in several colloid and surface chemistry textbooks:

tanh %&f{) = tanh % e <) Equation 5.2-14
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where « is the inverse Debye’s screening length and @5 is the electrostatic potential at x = 9.

For 0<x<d the PBE is transformed into Equation 5.2-15, where B:%T and U; is

defined as the difference of chemical potential for ion i between the two regions and is taken

here as a constant characteristic for each ion.

2,9.P

d¢o__p 1 (z+qecm+e[”+w*]—zqecme

7( 7_q.® sU

KT ]JEquation 5.2-15

By setting Uy = o forO0<x <3, we exclude the cations from the active interface. The

resulting equation has an analytical solution in this case (z. = -1), given by:

C(x)=—2— Equation 5.2-16

where Y is defined asY =42n-L,C,8°, and CoszeXp(qli—(,I;O—BU) is the anion

concentration at x = 0. Ly is the Bjerrum length which is the length at which two elementary
charges interact in a given solvent with energy equal to the thermal energy kT (measures the
characteristic distance in the solvent where the electrostatic energy is compensated by the

thermal energy kT) and is given by:

2
[

Ly=——"-—
4m - g,kT

Equation 5.2-17

where e is a unit charge and &, & are the permittivity of the solvent and vacuum.

If x = 9, the concentration of the anions at the boundary between the two phases is given as:

C
Cloonos) = ——— Equation 5.2-18
(0<x<8) cosY q
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In addition, at x = o the electrostatic potential and the electric field E = -V ® calculated in the

two regions must be equal. Thus one obtains three equations with three unknown parameters:

C
Bq. @, =pU_+ ln(C—OZYJ Equation 5.2-19
,,COS

Y =4/2n-L,C8° Equation 5.2-20
. D .
YtanY = —KSSth Equation 5.2-21

For a given U. we can compute @5, Cp and Y and we use those values to evaluate the

electrostatic contribution due to the presence of the anions at the three different geometries.
5.3 Monolayer theoretical models

The main goal of the monolayer models is to relate the increase of surface pressure at constant
area per molecule to the concentration of electrolyte present in the subphase in order to obtain
thermodynamic “binding” constants of anions. This can only be done at low surface
pressures, for which the monolayer is in the liquid-expanded (LE) phase. It is impossible to
create models for the case of phase coexistence. The pure LC phase could be modeled as well
but the increase of the experimental surface pressure at high pressures is very difficult to
measure precisely.

The total surface pressure of a monolayer at the air-electrolyte interface can be written as
follows:

T +m, Equation 5.3-1

tot nwater

T 18 calculated by subtracting Tyater from 7o that 1S ATte; = ot - Mwater- ATlel 1S @ measurable
quantity. It is the difference between the surface pressure over pure water and that over an
electrolyte solution at the same area per molecule. The electrostatic contribution, Ame., can be

defined as follows:
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_do

Am,, =——
dA

ele

Equation 5.3-2

where Q is the interfacial free energy (grand potential) which is defined as:

Q=U-TS- Z w. N, Equation 5.3-3

where: U= %jsoerz (r)dr Equation 5.3-4
~TS= kTZi: [c. By +nC, ~1)r Equation 5.3-5

W N, = KT(By! +InC,, ) C,dr Equation 5.3-6

U can be defined as the internal energy of electric field, -TS is the entropic contribution
associated with the distribution of ions, ; is the chemical potential of ionic species 1, N;j is the
total number of ions of species i, dr = Adx, A is the total area (of the monolayer) and all the

other parameters have their usual meaning as defined above.

5.3.1 Model of local binding adjusted for the monolayer geometry

In this model, the anions in the subphase solution of a Langmuir monolayer are assumed to
bind to the headgroups of DPPC molecules that form the lipid monolayer at the air - water
interface as shown in Figure 5-2. In the simplest version of this model, it is assumed that the
cations do not bind to the headgroups of DPPC. The bound anions form a charge plane,
beyond which a diffuse double layer extends into the solution.

In order to estimate the association constant, K, of the anions on the headgroups of DPPC
using Equation 5.2-11 the following procedure is used: the electrostatic contribution to the
surface pressure, Ame, measured for a Langmuir monolayer as explained above, is modelled
using the grand potential definition for Ame. (in the case of local binding). After a thorough

mathematical analysis, Q is found equal to:
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—2
BQ = J. ﬂ +2C, (asinha — cosh® + 1) dr +

8m-Ly Equation 5.3-7

é.” (Xblnxb + (1 Xy )ln(l Xy ) - Xbln(KCi,0)+ Bugite —InS— l}iA

where @ is equal to 9.0

, Xp 18 the fraction of charged sites due to anion adsorption, and S is

the surface area per molecule of the uncharged DPPC headgroups. By introducing the solution

of the PBE for ® and V® and combining Equations 5.3-2 and 5.3-7 we obtain a very

compact analytical expression for A

BAm,, = 1 +2c-y Equation 5.3-8
ele S

()
where o is the surface charge density given by Equation 5.2-7 and vy = tanh( ijToj .

As a result, for a given value of the binding constant of anions and combining Equations 5.2-
11 and 5.2-7 one can obtain the electrical potential at the charge plane which is related to the
charge density, o, and thus Amg. can be evaluated at different salt concentrations and

compared with the experimental values.

5.3.2 Model of diffuse lipid layer adjusted for the monolayer geometry

In this model, the anions in the subphase solution are assumed to penetrate the headgroup
plane of DPPC molecules without specifically binding to the headgroups of the lipid. Cations
are assumed not to enter this layer as shown in Figure 5-5.

In the case of the diffuse lipid layer an extra term must be added to the internal energy U
(Equation 5.3-4):

U :%Iaoerz(r)dr+ZjCiUidr Equation 5.3-9

and the interfacial free energy for a 1:1 electrolyte can be shown to be:
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—2

VO SN _

Q-] i—L ve @) @1 @0 )]l Equation 5.3-10
L,

q.P

where @ is equal to . After introducing the solution for ® in the two regions and

carrying out the integration we find the following expression for Amye:

AT, = -Bg =—2—y; - L(ztanY ~Y)  Equation 5.3-11
A q. 2n-L, -8

o is the surface charge density given by Equation 5.2-7, Y is given by Equation 5.2-20 v; is
given by Equation 5.2-14. For a given value of the constant attraction potential U., @3, Co
and Y are computed as explained in Section 5.2.3 and the interfacial free energy Q and the

electrostatic contribution Am.. can be evaluated.
5.4 Bilayer theoretical models

The main goal of the bilayer models is to obtain “binding” constants of anions by calculating

the change of the total osmotic pressure, I, with the water bilayer distance d_, as the

concentration of the salt solutions present between the bilayers increases. Before continuing
with the theoretical models for bilayers, it is necessary to provide a description of the forces

acting between the lipid bilayers.
5.4.1 Interactions between lipid membranes (bilayers)

When two lipid bilayers, Figure 5-7, approach one another they experience many different
kinds of interaction. These interactions include both long-range attractive and repulsive forces
and short-range interactions close to molecular contact.

The free energy of interaction between flat bilayers (with structure parameters D, the repeat
distance between the bilayers, by the bilayer thickness, and dy, the water bilayer separation) is

given by the sum of the following interactions:
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Wior = Wopw + Weiee + Wivn + Wonn Equation 5.4-1

The corresponding total osmotic pressure between the bilayers is given by:

ITor = Hypw + g pe + Hyp + g Equation 5.4-2
di D | -
QRIS 000 QR 00
QR THRO R 9RO
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QRGN0 QARG M0
QAR UMD O N0
QREXS SN0 OGS S00N0
ORGS0 ORET 0
QRGN0 OB N0
QR SN0 OSSN0
QARG Um0 O STHN0
QAT Xm0 QARG Xm0
QRGN0 O w0
ORERE N0 O JUN0
QRS N0 ORES N0
QR TUN0 OREE ux0
QAT N0 QR TR0
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“—> < >
bL d

Figure 5-7. Two flat membrane layers (bilayers)

The first term in Equation 5.4-1 describes the Van der Waals interaction, the existence of
which was first described by Van der Waals to explain the observed deviation of real gas
behaviour from the ideal gas law. It was soon found that Van der Waals forces play a central
role in all phenomena involving intermolecular forces, even though they are not often as
strong as Coulombic or H bonding interactions. These intermolecular forces originate from: a)
randomly orienting dipole-dipole (or orientation) interactions, first described by Keesom b)
randomly orienting dipole-induced dipole (or induction) interactions, first described by Debye
¢) fluctuating dipole-induced dipole (or dispersion) interactions, first described by London.

The Van der Waals interaction for two flat surfaces at separation D, or d,, for bilayers, is

given by the expression:

A

W = Equation 5.4-3
Y 12md, ) 1

where A is the non-retarded Hamaker constant, which is equal to:
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2 2

_ 3h _

Ay =A, A, = kT 275 ve [of-n 2/2 Equation 5.4-4
4 g +eg, 16«/ (n1 )

where € and &3 are the dielectric constants of lipids (1) and solvent (3) and n; and nj are the
refractive indices of the same. In the above Equation, the first term A,—y gives the zero-
frequency part of the Van der Waals energy (which includes the Keesom and Debye
interaction energies), while the latter term represents the dispersion energy which includes the
London energy contribution. ve (s) is the absorption frequency in the UV region.
(Israelachvili 1991; Hunter 2001). It is important to notice that when the solvent medium is
an electrolyte solution, the Van der Waals forces become screened due to the change of the
polarization of the free ions. As a result the zero-frequency part of the Hamaker constant is
reduced by a factor proportional to e where k™ is the Debye length of the solution. Thus
across an electrolyte solution the screened non-retarded Hamaker constant is given by:

A=A,_,(2x-De ™" +A Equation 5.4-5

v>0

Equation 5.4-3 applies for d,, << br. As a result, the two bilayers can be replaced by two
identical surfaces separated by the solvent. In contrast, if the separation dy, is much larger
than the bilayer thickness, dy, >> by, the bilayers act as two-dimensional sheets. Thus, the Van
der Waals interaction energy between lipid bilayers of thickness by separated by a water

distance d, is given by:

W Al 1
Y 12m|(d,)? (d, +2b, f  (d, +b, S

] Equation 5.4-6

The Van der Waals attraction force is given by the following expression respectively:

- _ dWypw
VDW ddw
Al 1 1
IT =—— Equation 5.4-7
o en| @) (d +2b)3 W+bL)3}
Al 1
IT =—— +
Y en| (d,) (D +b, ) }
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where A < 0 (Equation 5.4-4). Equations 5.4-6 and 5.4-7 are applied when the Debye length
is sufficiently small and the zero — frequency contribution to the Hamaker constant is
screened.

The Van der Waals forces between amphiphilic structures (bilayers) are generally small for
the following reasons:

1. The Hamaker constant between hydrocarbon phases in water is relatively small, lying
in the range 4 - 7x107'J.

2. Equation 5.4-6 is valid at separations d,, smaller than 3nm. Above 3nm the Hamaker
constant diminishes progressively as d,, increases due to retardation effects.

3. In the presence of an electrolyte there is an additional reduction of the Hamaker
constant due to the ionic screening of the zero-frequency contribution A,—y_as it was
explained before. (Israelachvili 1991; Lipowsky 1995; Tadmor 2001; Ninham
1970).

The second term in Equation 5.4-1 comes from electrostatic repulsion and is relevant only
for charged membranes in polar solvents. The apparent stability of colloids with an electrical
double layer at their surfaces is due to the repulsive potential energy generated when the
double layers overlap as shown in Figure 5-8. As the two charged surfaces approach each
other, the ion concentration between the surfaces increases due to the requirement to maintain
electrical neutrality and so a repulsive force of electrostatic origin is generated.

The electrostatic interaction can be easily calculated for two limiting cases, the case when no
electrolyte is present, and that of salt excess. When there are no other ions in water apart
from the counter-ions (absence of salt and kd,, <<1), this is considered to be the case of weak

screening and the electrostatic interaction energy is given by:

W, oo = % Equation 5.4-8
BYw

where Lg is the Bjerrum length of the solvent.

124



CHAPTER 5: THEORETICAL MODELS AND INTERMOLECULAR — SURFACE FORCES
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Figure 5-8. Two parallel, negatively charged surfaces interacting through an electrolyte
solution

The repulsive electrostatic pressure in this case is known as Langmuir Equation and is given

by:

kT

m Equation 5.4-9

Mg e =

In the opposite case (strongly screened regime, salt excess and kd,, >>1), the repulsive force

(osmotic pressure) between two identically charged surfaces in an electrolyte solution is given
by:

F =P (midplane) -P . (bulk)
area

. Equation 5.4-10
area {Z . (ml P ane) Z “o }
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Through Boltzmann’s distribution (Equation 5.2-2), the ion concentration at the midplane is

related to the bulk concentration:

. —-z,e0
¢, (midplane) = cioexp(%j Equation 5.4-11

where @y, is the potential at the midplane between bilayers relative to @ = 0 in the reservoir.
As a result, the general expression for the electrostatic contributions between two planar

surfaces is given by the following expression:

D
Mg = —— {ch{exp( Zk?l“ j 1} Equation 5.4-12

For moderate surface charge densities, the midplane potential is assumed to be small and
equal to the sum of the Gouy-Chapman potentials from each surface at x = D/2 which is given
by Equation 5.2-4. Thus, for a symmetrical z:z electrolyte the potential at the midplane is

given by :

o = ®1(Bj + @2(2] ~ Sk—TFOexp(_ KD) Equation 5.4-13
2 2 2

The combination of Equations 5.4-11, 5.4-12, and 5.4-13 yields the repulsive pressure

between two planar surfaces:
P, . = 64kTc I Zexp(- kD) Equation 5.4-14

where cjp represents the bulk electrolyte concentration and I'y is given by Equation 5.2-4.
The repulsive potential energy per unit area due to the overlap of the flat electrical double
layers, WgLgc, is the work done when the two electrical double layers are brought closer to

each other from an infinite separation. It is given by the following expression:

64kTc, I';
Weipe = %exp(— «D) Equation 5.4-15
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Equations 5.4-14 and 5.4-15 show that the double layer repulsion decays roughly
exponentially with surface separation. The rate of exponential decay is governed by the
Debye constant, k, which varies with the square root of the ionic strength of the solution.
Unlike Van der Waals attraction, the electrostatic repulsion depends strongly on the type and
concentration of electrolyte present, the pH, and the surface charge density or potential.
(Evans et al. 1999; Israelachvili 1991; Hiemenz et al. 1997). The electrostatic double-layer
repulsion generally diminishes in the presence of high electrolyte concentrations, but it
exceeds the weak Van der Waals attraction (between lipid bilayers) remaining strong enough

to keep the surfaces apart. (Evans et al. 1999; Gelbart et al. 1994; Israelachvili 1991)

The third term in Equation 5.4-2 describes the very short-range repulsion known as hydration
force. If only the DLVO forces existed between two surfaces or colloidal particles, then in the
absence of a strong electrostatic repulsive force, as happens for neutral molecules or high
concentrations of salt, the surfaces or particles would be expected to come into direct contact
in a primary energy minimum. This does not happen because of the existence of an additional
monotonic short-range force, which is strongly repulsive at distances smaller than 3nm and
dominates over the Van der Waals and electrostatic double layer forces at short distances
(<25A) . This force is known as structural force or hydration force.
Hydration forces were originally proposed by Langmuir to account for the repulsion and
swelling of amphiphilic and colloidal surfaces in water, observed even when there is no
electrostatic repulsion between them. The origin and nature of this monotonically repulsive
hydration force is still not clear. These forces are believed to arise whenever surfaces have a
strong affinity for water which is in turn related to the way surfaces induce order in or alter
the structure of the adjacent water molecules. However, an alternative explanation has been
proposed, in which these forces arise from the protrusions of the lipid molecules. Today it is
generally believed that both hydration and protrusion contribute to the short-range repulsive
force between the bilayers. Specifically the hydration force is believed to occur due to:
a) Hydrophilic surface groups. When two surfaces approach each other, the water of
hydration that is strongly bound is removed to the main solution (bulk). This is not
favourable energetically and creates a repulsive force of hydration or more correctly a

force of dehydration between the surfaces.
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b) Thermal motion of “surface” molecules. As a result they influence the structure of
water. The hydration force developes because of the molecular fluctuations of
aliphatic chains and other parts of the molecules that comprise the interface

¢) Changes of the orientation of water molecules. It is believed that near the surface the
water molecules are strongly oriented and as the distance from the surface is increased
the orientation of the water molecules is decreased. As two surfaces come closer the
orientation of interfacial water is reduced giving rise to a repulsive force.
(Israelachvili 1991; Rand et al. 1989; Leikin et al. 1993)

Measurements of these forces between bilayers in aqueous solutions have shown that at
distances dy, below 1 — 3 nm they decay exponentially with distance. They may be represented

empirically by:

Wiyvp = Cexp(— d, / k) Equation 5.4-16

or by:
ITyyp = Poexp(— d, / k) Equation 5.4-17

Equation 5.4-16 gives the hydration interaction energy and Equation 5.4-17 the repulsive
force per unit area (pressure) between two flat surfaces. Py is the hydration coefficient; A is the
“characteristic” hydration decay length ranging between 1 — 3 A and d,, the water bilayer
separation. It was found that the degree of hydration in lipid bilayers is affected by:
1. The methylation of the lipid headgroups. As the methylation increases the hydration
force increases.
2. The chain melting and heterogeneity.
3. The addition of nonpolar lipids to bilayers. (Rand et al. 1989; Leikin et al. 1993;
Mclntosh et al. 1994 ; Lipowsky 1995)

The last term in Equation 5.4-2 refers to the undulation interaction energy that appears only
when bilayers are found in the fluid-like phase. Fluid-like structures undergo thermaly —
excitable fluctuations at the macroscopic level. For example, fluid membranes or bilayers, can
be considered as elastic sheets which have two characteristic types of wave-like motions:

undulatory and peristaltic (squeezing). The undulation of the membrane bilayers is shown in
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Figure 5-9. Membrane undulations, as sterically stabilizing interactions, were first reported
by Helfrich. These undulations produce a pressure that originates from the confinement of the
membrane in a volume limited by its neighbours, that is, flexible bilayers left free in

unlimited solvent will bend to occupy space far greater than their actual volume.

Undulating membranes

Figure 5-9. Undulation Forces

As a result, the membrane loses configurational entropy leading to an effective long-range
repulsive force, which must be taken into account in the force balance of the system. On the
contrary, the undulation interaction is neglected in the force balance of lipids that form stiff
membrane stacks, that is, when they form the gel-crystalline phase (Israelachvili 1991;
Gelbart et al. 1994).

The undulation interaction energy is given by:

2 2
Wonn = 3 (kT) ! Equation 5.4-18
256%, (d,

where K. is the bending rigidity modulus. The corresponding pressure induced by these

undulations may be calculated according to:

kT 1 3at(kT) ( 0,
1

3
= Equation 5.4-19
U 128k, (@,) 1280, ), —(pL] auat

where by, the bilayer thickness and ¢ the volume fraction of the lipid. (Israelachvili 1991;
Gelbart et al. 1994; Lipowsky 1995)
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5.4.2 Forces Between Neutral Phospholipid Bilayers

Lamellar phases formed by neutral (zwitterionic) phospholipids spontaneously take up water
and swell in two dimensions up to a limiting bilayer separation called equilibrium separation.
At the equilibrium separation the repulsive and attractive forces balance. The nature of the
lipid used to form the lamellar phase influences the equilibrium separation (point of balance),
as well as the forces encountered as bilayers are pushed together.

In the absence of electrostatic repulsion (neutral bilayers), the repulsive force is considered to
be the hydration repulsive force given by Equation 5.4-17. The attractive force is assumed to
be the Van der Waals force given by Equation 5.4-7. The parameters for the hydration force
(Po, 1) and the strength of the Van der Waals force, through the Hamaker constant, may be
obtained by setting:

Mo = Hyyp + g + Hypy Equation 5.4-20

where Ilror is the observed osmotic pressure (the pressure applied by a polymer solution)
versus the water bilayer separation dy,. The magnitude of the Van der Waals force can be
determined also from the osmotic pressure curve when swelling is no longer occurring, that is
when the equilibrium separation is reached. At that point the net repulsive force is taken to be

equal to the Van der Waals attractive force. I1, is usually taken into account when the lipid

bilayers are in the fluid state.

5.4.3 Forces Between Neutral Phospholipid Bilayers Charged by Ion
Adsorption

Bilayers that are electrically charged, either by the adsorption of ions or by the presence of
ionizable groups, show an additional electrostatic, double-layer repulsion with the expected
force dependence on lipid charge and electrolyte concentration only at separations larger than
20 — 30A. At closer distances, the electrostatic force is overwhelmed by the hydration
repulsive force, which is similar to the hydration force that appears in neutral lipids. In this
situation the net pressure applied to the bilayers is equal to the sum of hydration, undulation

and electrostatic repulsive force and Van der Waals attraction:
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Myor =Myyp + Hgyp + Hgpe + My Equation 5.4-21

The electrostatic double-layer force, Ilgigc, is given by Equation 5.4-12. IT , is taken into

account when the lipid bilayers are in the fluid state.

5.4.4 Model of local binding adjusted for the bilayer geometry

The total force is given by Equation 5.4-21 above. In this model, the electrostatic

contribution Il .. must be calculated for the whole range of salt concentrations between the

lipid bilayers and not only for the two limiting of no salt and of excess salt.

The general expression for the electrostatic contributions between two planar surfaces is given
by Equation 5.4-12. In order to calculate ®,,, the non-linear Poisson Boltzmann equation is
used (Equation 5.2-3) in combination with the surface charge density and the chemical
equilibrium (association constant) as explained in Section 5.2

As a result, for different values of water bilayer separation, dy, the electrostatic potential d(x)
between x = 0 and x = (dy/2) is obtained according to the PBE and the two limiting conditions
(with ¢ and K). With ®(x) calculated, the electrostatic contribution to the osmotic pressure is

obtained using Equation 5.4-12.

5.4.5 Model of diffuse lipid layer adjusted for the bilayer geometry

The same principles as for the monolayer geometry apply to the diffuse lipid layer model for
the bilayer geometry. In order to calculate the electrostatic contribution to the total osmotic
pressure exerted between the lipid bilayers, Equation 5.4-12 is used. The electrostatic
potential @y, at the midplane, the concentration distribution, and other necessary quantites are
obtained by numerically solving the PBE equation for the diffuse double layer and the surface
lipid layer (Equation 5.2-15).

5.5 Micellar theoretical model

The micellar model evaluates the change of the free energy of micellization, Fy,, of DPC

micelles in the absence and in the presence of salt solution in order to obtain (again)
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“binding” constants of anions and compare them to those found using the other two

geometries (monolayers and bilayers).
5.5.1 Model of local binding adjusted for the micellar geometry

The general relation between headgroup surface area, o, of a surfactant molecule in a micelle
and free energy of micellization, Fy,, can be written as the sum of three terms: (i) A
hydrophobic term proportional to the surface tension between the hydrocarbon tails
constituting the hydrophobic core and the aqueous solution. This term tends to minimize the
hydrocarbon-water contact, hence a. (ii) A term which describes the lateral non-electrostatic
repulsion which tends to maximize the average area per molecule, a, at the hydrocarbon-water
interface. (iii) For ionic surfactants there is a purely electrostatic term, due to the formation of
a double layer surrounding a micelle. The free energy F per mole of surfactant in the micelle
is then given as the sum of these three terms (Ben-Shaul et al. 1985; Szleifer et al. 1987;
Israelachvili 1992):

C(HHZO) n
-0,

E

el

F =v(a-a,) + Equation 5.5-1

o is the incompressible area of chains or charged groups at the interface (20A? for the DPC
molecule). The micelle/water surface tension vy is not precisely known (Israelachvili 1992). It
must be below that of the air/water interface. In the following, we have chosen the value y
=25 mN/m. The constant C is adjusted so that the area per headgroup coincides with the
observed value for a “reference” salt. The electrostatic term F is obtained by DLVO theory,
where the surface charge density is determined by ionic adsorption and described by the
charge regulation model (see Section 5.2.2) of Ninham et al. 1971. According to this model,
the surface potential of the micelle, @y, is given by Equation 5.2-11 where @, and x,
(fraction of surface sites covered with a bound anion) are calculated within the Poisson-
Boltzmann (PB) model.

At high salinity cjo, the micellar radius is much larger than the Debye length ', kR>>1, and it
is sufficient to use the analytical PB solution for the planar geometry. The standard Grahame
equation relates the surface charge and potential (Equation 5.2-7) while the electrostatic free

energy per surfactant in the charge regulation condition becomes:
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F O
€ = .2x, - tanh e +In(1-x,) Equation 5.5-2
RT 4kT

Minimising the total free energy, Equation 5.5-1, with respect to o gives the area per head
group at equilibrium. In the absence of electrostatics (no adsorption, K =0, F,; = 0), o = 0neutral

= o+ (Cly)"%
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O CHAPTER
MONOLAYER EXPERIMENTAL RESULTS

6.1 Introduction

The effect of sodium salts of different monovalent anions belonging to the Hofmeister series
was studied on DPPC monolayers at the air-electrolyte interface. The monolayer phase
behavior and the morphology and structure of the lipid phases were studied by Surface
Pressure — Area isotherms, Brewster Angle Microscopy (BAM), Grazing Incidence X-ray
Diffraction (GIXD) and Infrared Reflection-Absorption Spectroscopy (IRRAS).

The goal of this investigation is to obtain structural information showing the precise effects of
the anions on the lipid interfacial structures, and eventually to obtain meaningful and
reproducible “binding constants” of anions on lipid monolayers. The simplicity of the planar
monolayer in addition to the coexistence of various two-dimensional phases on the water
surface provides a unique model to study ion-lipid interactions under very well-defined
conditions dictated by the surface pressure. Various interfacial models of ion binding can be
tested against experiment in order to obtain thermodynamic “binding” constants for each
anion studied. These binding constants can be subsequently correlated to analogous binding
constants of ions at other interfaces or to potential local interactions (hydration, dispersion,

electrostatics etc) to identify interaction mechanisms.
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6.2 Pressure — Area Isotherm results of Langmuir Monolayers of

DPPC in the presence of NaX salts

In order to study the effect of various electrolytes on the monolayers of DPPC, different
sodium salt solutions with concentrations between 0.1 and 0.5 M (and sometimes up to 1.5 M)
were used as subphases. Specifically, the salts used were NaCl, NaBr, NaNOs, Nal, NaBF,,
NaClO4 and NaSCN. The experimental procedure that was followed for the formation of
DPPC monolayers at the air - water (electrolyte) interface was described in Chapter 3.
Briefly, DPPC monolayers were obtained by spreading 90 - 100 pl of a 1 mM chloroform
solution of DPPC. After 10 min of evaporation time for the spreading solvent, the surface
pressure — area isotherms were registered while compressing the monolayers at a constant
speed of 10 mm/min. Different solvent evaporation times (10-30 min) and different
compression speeds (2-10 mm/min) were used as well, and were found to have little effect on
the isotherms. DPPC isotherms were recorded at least three times or as many times as
necessary to obtain an accurate average isotherm for each concentration of the salt used. The
phospholipid DPPC was obtained from Avanti Polar Lipids, and used without further
purification. Chloroform (p.a. grade, Merck, Germany) was used as a solvent to prepare 1
mM solutions of DPPC. All sodium salts were purchased from Sigma-Aldrich or Merck with
purity > 99%, with the exception of the salts NaBF4 and NaSCN, the purity of which was >
98%. All salts were baked in an oven at 300 °C for 2 hours prior to solution preparation. Salt
solutions were prepared using ultrapure water (specific resistance of 18.2 MQ c¢m) produced
by a Millipore reverse osmosis unit.

Figure 6-1(a) shows the pressure-area isotherm of the monolayer of DPPC on pure water at T
= 22°C. As is known from previous studies (Albrecht et al. 1978; Jyoti et al. 1996), a
plateau region exists at a surface pressure of about 6.5 mN/m indicating the coexistence of
two phases formed on compression, the liquid-expanded (LE) and the liquid-condensed (LC)
phase. At smaller surface pressures (< 1 mN/m) the gaseous phase exists while at higher
surface pressures (>10 mN/m) the solid phase occurs. Figure 6-1(b) illustrates the very good
reproducibility of DPPC isotherms at a particular range of areas per molecule between 80 and
90 A*/molecule. The reason this range of A values was chosen is explained below.

The DPPC isotherm shown in Figure 6-1 is used as a reference isotherm for all our

subsequent experiments with NaX salt solutions in the subphase.
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Figure 6-1. Surface pressure vs molecular area isotherms of DPPC at the air — water
interface at T = 22.0 = 0.1°C (a). Reproducibility of DPPC isotherms at the air — water
interface T =22.0 £ 0.1°C (b)

The influence of two anions of the Hofmeister series, Br and I, (Br is less chaotropic than I')
on the DPPC isotherm is shown below.

Figure 6-2 and Figure 6-3 show how the change in concentration of NaBr and Nal salt
solutions affects a DPPC monolayer respectively. As a general observation, the presence of
salt in the subphase increases the surface pressure at a fixed area per molecule, the effect
being more pronounced at higher areas per molecule (LE phase) and less so at high surface
pressures where the LC phase predominates. For this reason, we chose the region of high
areas per molecule (LE phase) to carry out comparisons of the effects of different salt
concentrations or different electrolytes. An area of 85 A*/molecule generally falls in the
center of this region. Surface areas between 80 and 55 A%/molecule were avoided since they
coincide with the plateau region of DPPC, i.e. with two-phase coexistence.

The transition from the liquid expanded (LE) to the liquid condensed (LC) phase of DPPC
monolayers is shifted to higher surface pressures and smaller molecular areas and the plateau
becomes shorter as the salt concentration increases. In addition, comparing Figure 6-2 and
Figure 6-3 it is clearly seen that the DPPC monolayers are not only affected by the
concentration of the salt solution used but also by the type of the anion used in the subphase

solutions.
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NaBr Isotherms
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Figure 6-2. Surface pressure vs molecular area isotherms of DPPC on NaBr salt
solutions of various concentrations at T = 22.0 £+ 0.1°C

Comparing the results found in the presence of Br™ with those found in the presence of I' , we

observe that the effect of I' on the DPPC monolayer is greater since it leads to a larger surface

pressure increase at the same (fixed) area per molecule. Additional = - A isotherms of DPPC

on NaCl, NaNO;, NaBF4, NaClO; and NaSCN solutions of various concentrations were

obtained and are given in Appendix I.

Nal Isotherms
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Figure 6-3. Surface pressure vs molecular area isotherms of DPPC on Nal salt solutions
of various concentrations at T =22.0 = 0.1°C
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The 80 — 90 A%/ per molecule regions of the - A isotherms of DPPC on pure water and on
0.1 M solutions of various sodium salts are presented in Figure 6-4. It can be seen that the
increase in surface pressure is different for different anions and the magnitude of the increase
follows the order: CI' < Br < NOj3 < I < BF4 < ClO4 < SCN'". The effect of anions follows
the order of the Hofmeister series with ClO4™ appearing in front of SCN". Similar results were

obtained with 0.25M and 0.5M salt concentration in the subphase and are not shown here.
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Figure 6-4. Surface pressure vs molecular area isotherms of DPPC on 0.1M NaX salt at
T=22.0+0.1°C

As an illustration of the Hofmeister effect of salts on DPPC, we plot in Figure 6-5 the surface
pressure as a function of the square root of salt concentration for a lipid area of 85 =* per
molecule. Approximate straight lines are obtained, the slopes of which follow the Hofmeister
series. From Figures 6-1 to 6-5 we conclude that the effect of anions on the DPPC isotherms
is significant. The increase of surface pressure, m, at a fixed area per molecule, A, in presence
of NaX solutions in the subphase indicates that the LE phase is favored over the LC phase;
that is the LE phase is stabilized in the presence of high concentrations of salts. The increase
of surface pressure and the stabilization of the LE phase could be due to adsorption of anions
on the headgroups of DPPC molecules, which would thus create an additional electrostatic
repulsion between the DPPC molecules. However, it is not clear from the © — A isotherms to
what extent the LC phase is affected by the presence of ions in the subphase. To fully

understand the mechanism of action of the various anions on the DPPC monolayers we must
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examine the effect of NaX salt solutions on the LC phase and this is done below with methods

that can yield information at much shorter length scales.

I
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Figure 6-5. Surface pressure as a function of the square root of salt concentration in the
subphase (a). Surface pressure as a function of the square root of salt concentration of
NaBr and Nal (b). Both figures are at A =85 -/ molecule and T = 22.0 £ 0.1°C

6.3 Brewster Angle Microscopy — Domain Morphology results

In order to investigate the effect of NaX salt solutions on the LC phase of DPPC monolayers,
we have used the Brewster angle microscope, which allows direct observation (on a um scale)
of the nucleation and growth of the structure of the condensed-phase (LC) domains of lipid
monolayers (as explained in Chapter 3). The morphology (size and shape) of DPPC
monolayer domains has been thoroughly studied over the past 10 years with fluorescence and
Brewster angle microscopy (Wiedemann et al. 1995 and 1996; McConlogue et al. 1997
and 1999; Li et al. 1998). Figure 6-6 shows the LC phase domains of DPPC at different
areas per molecule, as they have been observed by us on pure water.

Figure 6-7 to 6-12 show the BAM images of DPPC monolayers that have been obtained on
subphases of NaX salt solutions of concentrations ranging between 0.1 and 1.5 M. Figure 6-7
shows the shape and size of LC phase domains of DPPC on NaCl salt solutions of

concentration 1M and 1.5M respectively.
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Figure 6-6. BAM images of LC phase domains of DPPC at the air — water interface. The
area per molecule from left to right is 59.0 + 0.5 -2, 56.5 + 0.5 =7, 54.5 + 0.5 o2, 53.0 = 0.5
=% and 50.5 + 0.5 =% Scale 100 pm.

If we compare the BAM images of the DPPC domains on pure water (Figure 6-6) and on
NacCl solutions (Figure 6-7) it can be observed that the presence of Cl ions in the subphase
does not affect the domain morphology of DPPC monolayers significantly, even when a very

high salt concentration is used in the subphase.

Figure 6-7. BAM images of LC phase domains of DPPC on NaCl solutions of
concentrations 1.0M and 1.5M. For both concentrations the area per molecule is equal
to 56.5 + 0.5 - and 54.0 £ 0.5 =7 (left to right). Scale 100 pm.

Figure 6-8. BAM images of LC phase domains of DPPC on NaBr solutions of
concentrations 1.0M and 1.5M. For both concentrations the area per molecule is equal
to 57.0 £ 0.5 =% and 55.0 £ 0.5 =7 (left to right). Scale 100 pm.
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Comparing the BAM images obtained for the ions Br’, NO;™ and I" (Figures 6-8 to 6-10) we
can see that the LC domains become more rounded as the concentration of the salt solution
increases in the subphase. As the concentration of the NaX solutions increases, the shape of
the domains loses its characteristic “triskelion” geometry and becomes more rounded (but still
not isotropic) while for concentrations lower than 0.5 M the different anions mainly change

the density of LC domains on the surface and not their size and shape.

Figure 6-9. BAM images of LC phase domains of DPPC on NaNO; solutions of
concentrations from 0.25M to 1.5M. The area per molecule is equal to 56 £ 1 =% Scale
100 pm.

Figure 6-10. BAM images of LC phase domains of DPPC on Nal solutions of
concentrations from 0.1M to 1.5M. The area per molecule is equal to 56 = 1 =% Scale 100
pm.

Figure 6-11. BAM images of LC phase domains of DPPC on NaBF,4 solutions of
concentrations from 0.1M to 1.5M. The area per molecule is equal to 56 + 1 -2 Scale 100
pm.
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The anions BF,4 and SCN™ have a stronger effect on the size and shape of DPPC domains as is
shown in Figures 6-11 and 6-12. The domain shape becomes more rounded compared to the
DPPC domain morphology in the presence of the anions Br’, NO3™ and I" (Figures 6-8 to 6-
10) at the same concentration. Moreover, the most chaotropic ion SCN™ reduces the size of the
LC domains drastically, at the same area per molecule, as the concentration of the salt

increases.

Figure 6-12. BAM images of LC phase domains of DPPC on NaSCN solutions of
concentrations from 0.1M to 1.5M. The area per molecule is equal to 56 + 1 -2 Scale 100
pm.

Figure 6-13. BAM images of LC phase domains of DPPC for a surface area of 56 = 1 -2
per molecule in the presence of 1M solutions of NaCl, NaBr, NaNQO;, Nal, NaBF, and
NaSCN. A picture of DPPC domains on pure water at the same area per molecule is also
included for comparison. Scale 100 pm.
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Figure 6-13 compares BAM images obtained for DPPC monolayers in the presence of all the
NaX salt solutions used in this study at a concentration of 1 M. In general, although some
differences of the DPPC LC domain morphology can be distinguished in the presence of the
various electrolytes, the overall impression from Figure 6-13 is that the LC domain shapes
are not very sensitive to the specific salt in the subphase.

Current theory for predicting the shapes of lipid domains at the air — water interface (see
Chapter 3, Section 3.2.3) assumes that the shape of an individual solid domain is determined
by the competition between line tension and electrostatic interactions, the former favoring
rounded domains and the latter more elongated domains. In general, in the absence of charged
headgroups, the line tension is stronger than the electrostatic interaction, and thus the domain
shape is circular. The opposite occurs when the lipid headgroups are charged and the line
tension is weak. The experimental results obtained here (Figures 6-7 to 6-13) clearly show
that the domain shape becomes more rounded as the anion in the subphase is changed from
CI to SCN' and also as the concentration of the NaX salts in the subphase increases. These
observations indicate that the line tension overwhelms the electrostatic interaction. These
experimental results can be interpreted by the following way: Anions in the subphase
gradually screen the dipole potentials of the DPPC headgroups, leading to weakened
electrostatic forces and rounding of the domain shape. The various anions do not appear to
bind (adsorb) on the DPPC headgroups of the LC phase because then the DPPC molecules
would have become charged and as a result electrostatics would then dominate and the LC

domains should get more elongated. This is clearly not observed in our experiments.

6.4 Grazing Incidence X-ray Diffraction results

Grazing incidence X-ray diffraction experiments were performed as explained in
Chapter 3. GIXD was used to obtain information (at the nanometer scale, nm) about the two-
dimensional packing and the chain tilt of DPPC molecules at the air-water interface in the
presence of NaBr or Nal in the subphase. Measurements were made at 22 °C at surface
pressures of 15, 25, 35, and 45 mN m™' and for salt concentrations of 0.5 and 1.5 M. Br and I’
were chosen as the investigated anions since they influence the pressure-area isotherms to a
different extent as was revealed from m — A measurements described before (Figure 6-5). Br’
affects the DPPC monolayers less than I', which is more chaotropic. Two Bragg peaks (non-

degenerate and degenerate) indicating an orthorhombic in-plane lattice describe the measured
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scattering curves and thus a rectangular unit cell was assumed to calculate the lattice

parameters and chain tilt angle. The non-degenerate in-plane (Qj, atQ; =0) and the 2-fold

degenerate out-of-plane (Qﬂy atQ! > 0) scattering vectors for DPPC monolayer on pure water

are listed in Table 6-1 as they were calculated by a Lorentzian and a Gaussian fitting analysis

respectively. An example of the fitting analysis is shown below (Figure 6-14 and

Figure 6-15) for DPPC on pure water at a surface pressure © = 15 mN/m.

1.4x10°
1.2x10°-
1.0x105-
8.OxlO4—-
6.Ox104-.

4.0x10*+

Corr. Intensity

2.0x10" -
0.0

1 Non-degenerate

DPPC on water - QXy

11

1.2 1.7

Corr. Intensity

60000

30000+

0

Degenerate

-
=
. =

/o

p N
-

DPPC on water - QXy

/i
n
aC
ac
a

ac ar

ac ar

ar
ar
a
N
o
.
N

a

-
/N
/N

/N

oprc]

QA%

110 115 1.20 1.25 1.30 1.35 1.40 145 1.50

Figure 6-14. Corrected X-ray Intensities vs the in-plane Q,, scattering vector component
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The calculated lattice parameters @, b and y of the DPPC chain lattice and the tilt angles for

DPPC monolayers on pure water are given in Table 6-2.

Table 6-1. In-plane and Out-of-plane scattering vectors of DPPC at the air-water

interface
DPPC on | m (mN/m) | Q,y (A") | Q. (A™)
1.461 0
15 1301 | 0.771
1.466 0
o 25 1327 | 0.737
2 15 1.470 0
1354 | 0.680
1.474 0
45 1393 | 0.607

Table 6-2. Lattice parameters, a, b, and p, tilt angle t with respect to the normal, in-plane
unit cell area A,y and chain cross-sectional area A, at different surface pressures

DPPCon | m(mN/m) a (A) b (A) y©) | Teg) | AyA%) | A(A%)
15 5.84 5.20 1242 | 356 25.1 20.4
_— 25 5.68 5.14 1235 | 337 24.4 20.3
2 35 5.52 5.09 1229 | 309 23.6 20.3
45 5.32 5.02 1219 | 272 22.6 20.1

Tables 6-3 to 6-6 contain the horizontal and vertical scattering vector components and the
lattice parameters for a DPPC monolayer spread on 0.5 and 1.5 M NaBr and Nal salt
solutions. If we compare the results (lattice parameters, tilt angle) for DPPC on pure water
(Table 6-2) and for DPPC in the presence of Br anions (Table 6-4) it can be concluded that
the DPPC LC phase is very little affected by the presence of Br™ anions, even when very high
concentrations of the salt solution are used in the subphase. The chain tilt-angles for DPPC on
pure water and on 0.5 and 1.5 M NaBr are compared in Figure 6-16, where it is observed that
the tilt angle is not influenced by the presence of Br™ anions. In general, the cell parameters,
the chain tilt-angle and the unit cell distortion are very similar in the presence and the absence
of NaBr. This can also be seen in Figure 6-17, which is a contour plot of the in-plane
component of the scattered intensity Q,, vs the out-of-plane component Q, for DPPC

monolayers at 25 and 45 mN/m on pure water, on 0.5 M and 1.5 M NaBr solution.
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Table 6-3. In-plane and Out-of-plane scattering vectors of DPPC in the presence of
NaBr salt solutions of concentrations 0.5 M and 1.5 M respectively

DPPCon |7 (mN/m) | Qy (A" [ Q. (A" | DPPCon |7 (mN/m)|Q, (A" |Q, (A"
s 1.461 0 s 1.460 0
1.300 | 0.774 1302 | 0.764
25 | 153 | o7 5| 151 | om0
NaBr 0.5M . 1470 0 NaBr 1.5M s 1469 0
1360 | 0.692 1353 | 0.677
1.474 0 1.474 0
45 1396 | 0.588 45 1385 | 0.609

Table 6-4. Lattice parameters, a, b, and y, tilt angle t with respect to the normal, in-plane
unit cell area A,y and chain cross-sectional area A, at different surface pressures in the
presence of NaBr salt solutions of concentrations 0.5 M and 1.5 M respectively

DPPCon & (mN/m) a(A) b (A) y©)  t(deg) AyA) A, (A
15 5.84 520 | 1242 | 358 25.1 204
25 5.66 514 | 1234 | 332 243 20.3
NaBr 0.5 M 35 5.49 508 | 1227 | 312 235 20.1
45 530 502 | 1219 | 2064 22.6 202
15 583 520 | 1241 | 353 25.1 204
25 572 515 | 123.7 | 336 245 204
NaBr 1.5 M 35 553 509 | 1229 | 308 23.6 20.3
45 536 503 | 1222 | 274 22.8 20.3

The GIXD results imply that Br ions do not penetrate into or bind to the LC phase, because

in that case we should observe significant changes of the unit cell parameters. Interestingly,

in all cases the diffraction pattern with distinct peaks at low surface pressure changes to a

pattern with the scattering intensity more distributed along an arc. The reason for such a

change could be that at low pressure the molecules are able to pack in a lattice with defined

tilt angle and tilt direction. Pressure increase leads obviously to packing problems, and such

an intensity distribution can be described by assuming a fixed tilt angle but a variable tilt

direction.
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Chain tilt angle
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Figure 6-16. Chain tilt-angle for DPPC monolayers on pure water and in the presence of
NaBr salt solutions of concentrations 0.5 M and 1.5 M

1.0
0.8 |
0.6
04 [
02t

Q. (A"

AL
b b i

13 14 15 13 14 15 13 14 15
-1

=
>

Figure 6-17. Contour plots of the corrected X-ray intensities as a function of in-plane
Qyy and out-of-plane Q, scattering vector components for DPPC on water (left) and on
0.5 M (middle) and 1.5 M (right) NaBr respectively at 7 = 25 mN/m (bottom) and 45
mN/m (top)
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Table 6-5. In-plane and Out-of-plane scattering vectors of DPPC in the presence of Nal
salt solutions of concentration 0.5 M and 1.5 M respectively

DPPC on | 7 (mN/m) Qy (A Q, (A
15 no peaks no peaks
25 too weak too weak
1.456 0
Nal 0.5M 3 1364 0.623
1.473 0
45 1.398 0.548
Nal 1.5M | all pressures | Weak broad peak | Weak broad peak

Table 6-6. Lattice parameters, a, b, and y, tilt angle t with respect to the normal, in-plane
unit cell area A,y and chain cross-sectional area A, at different surface pressures in the
presence of Nal salt solutions of concentrations 0.5 M and 1.5 M respectively

DPPC on 7 (mN/m) a(A) b (A) 7(°) t(deg) | Ay(AY) | A, (A
15 No peaks — ---- ---- — —
25 Too weak - — — — ——
Nal0.5M 35 5.45 5.08 122.4 28.4 234 20.5
45 5.29 5.02 121.8 24.8 22.6 20.5
Nal 1.5 M | all pressures weak/broad — — — —- —-
peak

Similar measurements have been made with Nal salt solutions of concentrations 0.5 M and
1.5 M in the subphase. The experimental results reveal some additional special features. On a
0.5 M Nal solution, there are no diffraction peaks at 15 mN/m. At 25 mN/m the scattering
intensity is still much less compared to that in the other experiments. Only the (02) Bragg
peak close to the horizon can be clearly seen. Therefore, Table 6-5 shows only the data at
surface pressures 35 mN/m and 45 mN/m for the in-plane Qyy and out-of-plane Q, scattering
components. Table 6-6 gives the corresponding lattice parameters and chain tilt-angle for
DPPC on Nal salt solutions. The experimental results show that the tilt angle of the chains is
smaller compared to that of DPPC on water or on NaBr. The smaller tilt angle of DPPC
molecules on Nal salt solutions of concentration 0.5 M could be an indication for a changed
head group conformation or hydration. If the head group needs less space, the tilt of the
chains is reduced. This could be the result of interactions of the head group with the I ions.
However, the results obtained at higher Nal concentrations in the subphase support another
explanation for the experimental results obtained. Much less scattering is observed using 1.5

M Nal even at the highest surface pressure examined (45 mN/m) as it is shown in Figure
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6-18 where the contour plots of the corrected X-ray intensities for a DPPC monolayer on

water and in the presence of Nal concentrations 0.5M and 1.5M are compared respectively.
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Figure 6-18. Contour plots of the corrected X-ray intensities as a function of in-plane
Qyy and out-of-plane Q, scattering vector components for DPPC on water (left) and on
0.5 M (middle) and 1.5 M (right) Nal respectively at 7 = 25 mN/m (bottom) and 45
mN/m (top)

Only one broad peak close to zero Q, is observed in Figure 6-18 in the presence of 1.5 M Nal
at 45 mN/m which is more clearly seen in Figure 6-19. Figure 6-19 is a 3D-plot of the
corrected X-Ray intensity as a function of the scattering components at surface pressure m =
35 mN/m. This shows that the LC phase is strongly disturbed. One reasonable explanation is
that radicals produced by the high energy X-ray beam lead to an oxidation reaction producing
iodine (I). Iodine itself can penetrate into the hydrophobic region of the DPPC monolayer and
disturbs the chain packing to a large extent. Consequently, the change of the tilt angle of
DPPC molecules in the presence of Nal may not be due to adsorption (binding) of the I ions
on the headgroups of DPPC molecules but rather to the formation of iodine in the subphase.
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1

Intensity (a.u.)

Figure 6-19. 3D-plot of the corrected X-ray intensities as a function of in-plane Q,, and
out-of-plane Q, scattering vector components for a DPPC monolayers on 1.5 M Nal atn
=35mN/m at T =22 °C

6.5 Infrared Reflection — Absorption Spectroscopy results

Infrared Reflection-Absorption Spectroscopy (IRRAS) was used to provide additional
information about the influence of high concentrations of the chaotropic anion I' on DPPC
monolayers. Previous FT-IR studies have shown that changes in the wavenumbers and
intensities of specific bands provide valuable information on chain conformation (v,;CHa,
vsCH;), H-bonding, hydration and ion binding on the headgroup of the lipid (vCO, v,PO;")
(Mendelson et al. 1995, 2002). Particularly interesting are the C—H stretching bands of the
saturated hydrocarbon chains between 3000 and 2800 cm™, and the region between 1250 and
1000 cm™, which gives information about the vibrations of the phosphate headgroup. The IR
spectra of a DPPC monolayer at the air-water interface for a surface pressure 1 = 6 mN/m is
shown in Figure 6-20(a). The spectrum is plotted in absorbance units [-log(R/R)], where R is
the single beam reflectance spectrum of the DPPC monolayer on water and Ry is the single
beam reflectance spectrum of the water subphase. The spectra were recorded with s or p-
polarized light under an angle of incidence of 40° normal to the surface. The most important
bands are shown in Figure 6-20(b). These are the symmetric stretching vy(CH,) and
antisymmetric stretching v,,(CH,) bands of the CH, group. In addition, the vibration band of
the phosphate stretching group is observed v4(PO>) between 1220 — 1250 cm™. It has been
observed that during the main phase transition in DPPC monolayers the symmetric CH,

stretching frequency decreases from 2855 to 2851 cm™ and the antisymmetric CH, decreases
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from 2924 to 2919 cm™ indicating an increase of trans over gauche conformations and a

higher degree of order. For DPPC on pure water at 1 = 6 mN/m, the vibration band v,(CH>) is

found at 2851.6 cm™' and the vibration band vas(CHy) is found at 2920.4 cm’! signifying thus a

change in the chain conformation form gauche to trans. The phosphate stretching groups

vas(POy) is found at 1230.4 cm™.
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Figure 6-20. IRRAS refelction spectrum of a DPPC monolayer at the air-water interface
(a) IRRAS reflection spectrum of the 1000 — 3000 cm™ region of DPPC monolayer at the
air-water interface (b). The spectrum was recorded at surface pressure 7 = 6 mN/m at T

=20 °C. s-polarized light at an angle 40° normal to the surface was used

The characteristic frequencies of the IR spectra of a DPPC monolayer on pure water at

various surface pressures at 20 °C are given in Table 6-7.

Table 6-7. DPPC monolayer stretching vibrations on pure water at T =20 °C

DPPC on water
Vibration | v,,CH,/em™ | v,CH, / em™ | v, PO, / cm™
7t (mN/m)
0 20247+02 | 2855.6+03 | 12283 +0.5
2 20246+02 | 28553+03 | 12288+0.5
3 20242 +02 | 28553+03 | 1228.6+0.5
4 2023.9+02 | 2854.4+03 | 12288+0.5
45 20222+02 | 2853.3+03 | 1229.0+0.5
5 2021.1+02 [ 28522+03 | 12293+05
5.5 2020.7+02 | 2851.8+03 | 12302+0.5
6 20204+02 | 2851.6+03 | 1230.4+05
8 2020002 | 2851.4+03 | 12303+0.5
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15 2919.8+ 0.2 | 2851.1 +£0.3 | 1229.7+0.5
25 2919.5+0.2 | 2851.0+0.3 | 1231.5+0.5
35 2919.4+0.2 | 2851.1+0.3 | 1231.1+0.5
45 2919.1+0.2 | 2851.1 +£0.3 | 1230.2+0.5

It is clearly seen from the results represented in Table 6-7 that the values of the symmetric
and antisymmetric CH; stretching groups are decreasing upon increasing the surface pressure
indicating a decrease of the lattice distortion and thus an increase of the conformational
order. IR spectra have also been recorded for DPPC on a 1.5 M Nal solution at selected

surface pressures and are given in Table 6-8.

Table 6-8. DPPC monolayer stretching vibrations on Nal solutions of concentration of

1.5MatT=20°C

DPPConNall1l5M

Vibration | v,,CH, / em’! | v,CH, / cem’! | v PO, / cem’!
7t (mN/m)

6 29242 +£0.2 |2854.7+03 | 1225.9+0.5

8 2924.0+0.2 |2854.5+£03 | 1225.5+0.3

10 2923.5+0.2 |28544+0.3 | 1225.8+0.3

12 2923.1+0.2 |2853.8+£03 | 1225.8+0.3

12.5 2923.0+0.2 |2853.7+£03 | 1225.7+0.3

14 2022.8+0.2 |2853.6+03 | 1226.5+0.3

14.5 29223 +0.2 [2853.5+0.3 | 1226.1+0.3

15 2921.8+0.2 |2853.0+£03 | 1226.6+0.5

18 2921.6+0.2 [2852.8+03 | 1227.1+0.2

19 2921.4+0.2 | 2852.5+0.3 | 1227.3+0.3

20 2021.2+0.2 | 2852.2+0.3 | 1227.1+£0.3

25 2920.0£0.2 | 2851.6+0.3 | 1228.0+0.5

35 2919.2+0.2 | 2851.0+0.3 | 1230.6+0.5

If we compare the frequencies observed for DPPC on a 1.5 M Nal solution (Table 6-8) and
those observed for DPPC on pure water (Table 6-7) we notice that the stretching vibrations of
the symmetric and antisymmetric CH, bands are increased up to 25 mN/m in the presence of
I', indicating that the order of the hydrocarbon chains is decreased with respect to that of
DPPC molecules on pure water. As a result, a higher content of gauche conformations are
formed at the air-electrolyte interface. This is a further proof that I" ions in the subphase
enhance the stability of the disordered LE phase of DPPC monolayers and as a result the
LE/LC phase transition pressure in the DPPC monolayer increases with increasing

concentration of I" ions. This is also shown in Figure 6-21 where at high salt concentration
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the transition observed between LE/LC phase is smeared over a larger pressure range. At
higher lateral pressures e.g. m = 35 — 45 mN/m, the same stretching frequencies (hence the
same conformation of the alkyl chains) as on pure water (all-trans conformation) are
observed. This observation suggests that I anions do not affect the LC phase, which is

recovered unchanged at high pressures.

Vibration wavenumbers
for DPPC on water and on Nal 1.5M

« 2856 2925 «
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Figure 6-21. Surface pressure versus frequency of the CH, symmetrical (left axis,
circles) and asymmetrical (right axis, triangles) stretching vibrations of DPPC
monolayer on water and on Nal salt solution of concentration 1.5 M. The lines are
drawn to guide the eye; s-polarized light at 40° normal to the surface was used

The above observations are supported not only by the change of the stretching vibrations but
also by the change of the intensity of the vibrational bands which is decreased in presence of
Nal salt solution compared to that of DPPC on pure water at the same surface pressure (e.g. ©
= 15 mN/m) as shown in Figure 6-22. Both the CH, and PO, vibrational bands weaken in
intensity for 1.5 M Nal as the subphase. The decrease of the reflectance-absorbance intensity
and the broadening of the peaks indicate a disordered configurational state of the chains and
thus the peak maxima are shifted to higher frequency values. The same behaviour is observed
at all the surface pressures studied.

An additional observation is that the asymmetric v,,PO;" stretching frequency at ca. 1230 cm’!
decreases slightly in the presence of I indicating an increase in the average hydration of the

phosphate group. Similar results were obtained by Hunt et al. 1989 for DPPC monolayers in
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the presence of Ca’" and Pr’" cations in the subphase where the frequency shift of the

phosphate stretching band was explained as cation — induced hydrogen bond disruption.

IRRAS spectra of DPPC / s-polarized light
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Figure 6-22. IRRAS spectra of the 1000 — 3000 cm™ region of DPPC monolayers on pure
water and on Nal salt solution of concentration 1.5M at 7 = 15 mN/m and T = 20 °C. s-
polarized light at 40 ° normal to the surface was used

6.6 Conclusions on the monolayer results

The presence of electrolytes in the subphase was found to increase the surface pressure at a
fixed area per molecule, indicating a stabilization of the liquid-expanded phase of the
monolayer. This increase is different for different anions and different electrolyte
concentrations following the Hofmeister anion series. Brewster angle microscopy has shown
that the shape of the LC phase domains is not strongly affected by the electrolytes. The
domains become rather more rounded than elongated, implying that the electrostatic
component, which determines their shape, decreases in the presence of salt. This can be
understood as a screening effect, and it suggests that anions do not bind to the LC domains.
X-Ray diffraction and Infrared Spectroscopy experiments show that moderate concentrations
of the anions Br™ and I', with increasing chaotropic behavior (Br is less chaotropic than I'), do
not significantly change the conformation and packing properties of the hydrocarbon chains.
The lattice parameters and the ordering of the lipid molecules in the liquid-condensed phase
remain essentially unaffected even at quite high electrolyte concentrations. The alteration of

the chain packing found for high concentrations of Nal (1.5 M) can be explained by the
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formation of iodine in the subphase through a radical-mediated oxidation reaction and is not
the result of electrostatic interactions between I' and the PC. The above observations are
supported by the fact that on a highly concentrated Nal subphase the proportion of gauche
conformers in the alkyl chains is much enhanced at low pressure, but as the surface pressure
increases the effect is reduced reaching the behavior of the LC phase of DPPC on pure water.
These findings suggest that anions partition into or bind to the looser liquid-expanded phase,
thus providing entropic stabilization of that phase, but do not penetrate into or bind to the
domains of the liquid-condensed phase. This intriguing result is discussed below in terms of

the possible modes of interaction of anions with lipid interfaces.

6.7 Fitting the surface pressure isotherms

6.7.1 Local binding model results

The difference between the surface pressure over an electrolyte solution, m, and that over
pure water, Tyaer, at the same area per molecule, is a measurable quantity and provides the
pure electrostatic contribution, Am, to the surface pressure due to the presence of an
electrolyte in the subphase. These Ang for various concentrations of several electrolytes at 85
A? per molecule are summarized in Table 6-9. Figure 6-23 also presents the tabulated results

in a graphical way.

Table 6-9. Ant, of various ions at different concentrations

Amtq / (mN/m)

Concentration /M | NaCl NaBr NaNO; Nal NaBF4 NaClOy, NaSCN
0.1 0.58 0.62 0.86 1.1 1.50 1.85 2.73
0.25 1.20 1.34 1.87 2.0 2.75 3.26 4.40
0.5 1.90 23 3.10 3.6 4.40 5.4 6.20
0.75 - 3.1 ---- - - - -—--
1.0 -—-- 3.7 -—-- ---- -—-- ---- -—--
1.25 - 4.2 ---- - - - -—--
1.5 - 4.6 ---- 8.3 - - -—--
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Figure 6-23. An, as a function of the salt concentration in the subphase (a). Amg. as a
function of the salt concentration of NaBr and Nal (b). Both figures are at A = 85 iy
molecule and T =22.0 £ 0.1°C

The plots of Amee vs anion concentration can be modeled using a binding model, which
assumes that the anions bind to the headgroups of DPPC molecules that form the lipid
monolayer at the air - water interface through a chemical reaction. An association constant, K,
of the anions on the headgroups of DPPC can be deduced from such a model (see Chapter 5).
The cations are assumed not to bind to the headgroups of DPPC.

Figures 6-24 to 6-30 show the fitting results on the An — Concentration diagrams for NacCl,
NaBr, NaNOs, Nal, NaBF4, NaClO4, and NaSCN. From these figures it can be seen that a
simple binding model of the anions on the headgroups of the DPPC molecules cannot explain
the increase of surface pressure observed in the presence of NaX salt solutions in the
subphase. The general observation is that for any value of K the fitting curves deviate from
the experimental points, especially at high salt concentration where the electrostatic
contribution is rapidly screened. In some cases the fitting curves may exhibit broad maxima.
In contrast, experimental Am.; appears to increase steadily with concentration, indicating that a
saturation of the headgroup plane (interface) with ions is not achieved even at very high

concentrations.
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Simple binding model - NaCl
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Figure 6-24. Fitting curves — Binding model for CI" anions on the headgroups of DPPC
molecules at the air — water interface. Theoretical curves for three different binding
constants are presented
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Figure 6-25. Fitting curves — Binding model for Br™ anions on the headgroups of DPPC
molecules at the air — water interface. Theoretical curves for three different binding
constants are presented
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Simple binding model - NaNO,
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Figure 6-26. Fitting curves — Binding model for NO;™ anions on the headgroups of DPPC
molecules at the air — water interface. Theoretical curves for four different binding
constants are presented
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Figure 6-27. Fitting curves — Binding model for I anions on the headgroups of DPPC
molecules at the air — water interface. Theoretical curves for large binding constants
have a weak maximum
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Figure 6-28. Fitting curves — Binding model for BF4 anions on the headgroups of DPPC
molecules at the air — water interface. Theoretical curves for three different binding
constants are presented
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Figure 6-29. Fitting curves — Binding model for ClO4 anions on the headgroups of
DPPC molecules at the air — water interface. High values of the binding constant cannot

fit the data
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Simple binding model - NaSCN
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Figure 6-30. Fitting curves — Binding model for SCN™ anions on the headgroups of DPPC
molecules at the air — water interface. Even extremely high values of the binding
constant cannot fit the data

6.7.2 Diffuse layer model results

In this model, the anions in the subphase solution are assumed to penetrate the headgroup
plane of DPPC molecules without specifically binding to the headgroups of the lipid. Cations
are assumed not to enter this layer. The anions feel a unifrom attractive potential, U., within
the lipid layer, and the surface pressure increment in the presence of salt is calculated as
explained in Chapter 5, Section 5.3.2.

Figures 6-31 to 6-37 show the attempts that have been made to fit the Ar — Concentration
diagrams for NaCl, NaBr, NaNO;, Nal, NaBF,, NaClO4, and NaSCN in the subphase using

various values of the interaction potential U..
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Figure 6-31. Fitting curves — Diffuse layer model for CI" anions on the headgroups of
DPPC molecules at the air — water interface
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Penetration model - fit for NaBr
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Figure 6-32. Fitting curves — Diffuse layer model for Br anions on the headgroups of
DPPC molecules at the air — water interface

Penetration model - fit for NaNO,

4.0
3.5 1
~ 3.0 1
2.5 1
2.0 1

A/ (mN/m

1.5
1.0 1

2.8k~
2

0.5
0.0

01 02 03 04 05
NaNO, conc. /M

0.6

Figure 6-33. Fitting curves — Diffuse layer model for NO;™ anions on the headgroups of
DPPC molecules at the air — water interface
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Figure 6-34. Fitting curves — Diffuse layer model for I" anions on the headgroups of
DPPC molecules at the air — water interface
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Figure 6-35. Fitting curves — Diffuse layer model for BF, anions on the headgroups of
DPPC molecules at the air — water interface
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Figure 6-36. Fitting curves — Diffuse layer model for ClO4 anions on the headgroups of
DPPC molecules at the air — water interface
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Figure 6-37. Fitting curves — Diffuse layer model for SCN™ anions on the headgroups of
DPPC molecules at the air — water interface
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Figures 6-31 to 6-37 demonstrate that a unique interaction potential U. can be estimated for
each anion with which the experimental data can be fitted quite well, even at high salt
concentrations, in contrast to the binding model. Specifically, the Ar — Concentration plot of
DPPC in the presence of NaBr solution in the subphase for which experimental points at high
salt concentration exist, can be fitted extremely well with an interaction potential of U. = -
1.80 = 0.05 kT. Likewise, the Ar — Concentration plots of DPPC in the presence of NaCl,
NaNOs, Nal, NaBF,4, NaClO4, and NaSCN can be fitted very well with the corresponding U.
given in Table 6-10.

Table 6-10. Interaction potentials of anions X" partinioning in the DPPC lipid layer at
the air-water interface
Interaction Potential / KT

NaX Salt Ux
NaCl -1.70 £ 0.05
NaBr -1.80 £ 0.05

NaNOs3 -2.50 £ 0.05
Nal -2.80+0.10

NaBF4 -3.30£0.05
NaClO4 -3.70 £0.05
NaSCN -420+0.10

From Figures 6-31 to 6-37 it is seen that data at high salt concentrations are crucial for the
proper determination of binding parameters. Therefore in order to obtain more accurate
results, experimental points at higher salt concentrations must be obtained for all the salts
used.

In general, it can be concluded that the diffuse layer model is able to fit the experimental data
in contrast to the binding model. This indicates that the X ions affect the properties of the
DPPC monolayers at the air-water interface in ways that do not involve binding on the
headgroups of the DPPC molecules. Our results imply rather that the LE phase is entropically
stabilized through ionic partitioning in the interfacial lipid layer. The interaction potentials U.
obtained by the fitting analysis through the diffuse layer model can be correlated with other
ion properties such as the size, Rp, the volume, V, the polarizability, o, the hydration free

energy, AGyyq or even with the coordination properties of the ions such as the ion softness as
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it is shown in Figures 6-38 to 6-42. The values of the ionic properties are taken from Table

1-1.
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Figure 6-38. Correlation between the interaction potential, U, and the Pauling radius,
Rp, of anions
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Figure 6-39. Correlation between the interaction potential, U, and the Partial molar
volume, V, of anions
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Figure 6-41. Correlation between the interaction potential, U, and the Hydration free
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From these figures it is seen that there is no good correlation between the interaction potential
U. and any of the important ionic physical properties. This indicates that the mechanism of the

Hofmeister effect does not depend on a particular ionic property, but is more complex.
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7.1 Introduction - Interactions between lipid bilayers

In order to analyze the logll — dy, curves, one must take into consideration the four different
kinds of interactions that occur between lipid bilayers. These are: the hydration force, the Van
der Waals attraction force, the electrostatic repulsion force and the steric repulsion force due
to the thermal undulations of the bilayers. The aim is to estimate the relative contribution of
each force to the total logll — d,, force curve. Fitting models are developed, with which it is
attempted to fit the experimental results with a minimum of parameters. The efforts to fit the
experimental curves of DPPC in water in the absence and in the presence of NaX salts are

described in Section 7.3.

7.2 logll — d,, plots and Data Analysis

The data obtained by the combination of osmotic stress and small angle X-ray scattering are
used to generate logll — dy, curves (see Appendix II). As an example, the results obtained for
DPPC bilayers in water are shown in Table 7-1 and Table 7-2. The maximum swelling of

DPPC in water is shown in Figure 7-1.
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Table 7-1. DPPC bilayer parameters in water at different osmotic pressures

Parameters

LoglIl (Pa) | 3.85 4.20 4.63 5.29 5.55 6.05 6.70

+0.10|£0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 63.3 624 | 60.85 | 57.1 56.7 54.7 53.0

+05 | £05 | £05 | £05 | £0.5 | £0.5 | £0.5
0L% 51.6 55.2 61.0 62.5 65.7 69.5 74.3

+16 | £10 | £1.0 | £08 | £0.6 | £0.7 | £0.5
by A) 35.0 35.2 359 36.2 37.1 38.1 39.3

+1.0 | £07 | £0.7 | £05 | £04 | £0.5 | £04
d, (A) 28.3 27.2 | 2495 | 20.8 19.6 16.6 13.7

+12 | £0.8 |£085| £0.7 | £0.7 | £0.7 | £0.7
A (Az) 70.3 70.0 68.5 67.8 66.3 64.6 62.3

+20 | £14 | £13 | £1.0 | £0.8 | £0.9 | £0.7
by bilayer thickness corrected

Table 7-2. DPPC bilayer parameters at maximum swelling
Parameters | DPPC
Dmax (A) | 66.3
¢omax% 52.6
dymay (A) | 314

Maximum swelling of DPPC in water
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Figure 7-1. Maximum swelling of DPPC in water

The logll — dy, curve for DPPC in water is given in Figure 7-2. The experimental point at
logIl = 0 is the equilibrium separation at maximum swelling of DPPC bilayers in water,

dyw(max) = 31.4 A (see Appendix II).
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DPPC in water
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Figure 7-2. logll — d,, curve for DPPC in water

The corresponding maximum swelling curves for DPPC bilayers in NaX salt solutions, which
are used to find dymax) at logll = 0 (the equilibrium separation), are presented in Figure 7-3 to
7-6. The electrolytes used are NaBr, NaNO;, Nal, NaSCN at concentrations 0.05M, 0.1M,
and 0.5M. Figure 7-3 and Figure 7-4, show that the experimental results are insensitive to the
concentration of NaBr and NaNOs, even at concentrations as high as 0.5M. Thus the
maximum swelling of DPPC in the presence of NaBr and NaNOs is not influenced by salt
concentration. Moreover, the maximum swelling of DPPC in the presence of NaBr and
NaNO; is about the same as that of DPPC in pure water as shown in Figure 7-7. On the
contrary, the maximum swelling of DPPC is greatly influenced by the presence of Nal and

NaSCN as shown in Figure 7-5 and Figure 7-6.
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Figure 7-3. Maximum swelling of DPPC in the presence of NaBr at concentrations 0.1M
and 0.5M
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Maximum swelling of DPPC in NaNO3
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Figure 7-4. Maximum swelling of DPPC in the presence of NaNOj; at concentrations

0.1M and 0.5M

In Figure 7-5, it is clearly seen that the concentration of the Nal salt solution affects the

maximum swelling of DPPC bilayers. At 0.1M Nal appears to have the strongest effect on the

maximum swelling of DPPC bilayers, which is found equal to @m.x = 39.2% for 0.1M Nal,

while it 1S @max = 48.8% and @max = 46.5%

respectively.

for Nal concentrations of 0.05M and 0.5M

The NaSCN salt solution appears to have a similar effect on DPPC bilayers, as shown in

Figure 7-6. In this case the maximum swelling (Qmax) increases and thus the equilibrium

separation dwmax) decreases steadily with the concentration of NaSCN.

110

50

Bilayer repeat distance D / Angstrom

100 -

90

80

70 4

60

Maximum swelling of DPPC in Nal

Q@ @
(9]
(6]
o © o
P
° © Nal 0.05M
@ Nal 0.1M
f 4 ® Nal 0.5M
1.0 2.0 3.0 4.0 5.0

)"

6.0

Figure 7-5. Maximum swelling of DPPC in the presence of Nal at concentrations 0.05M,

0.1M and 0.5M
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Figure 7-6. Maximum swelling of DPPC in the presence of NaSCN at concentrations
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Figure 7-7. Maximum swelling of DPPC in the presence of NaX salt solutions of
concentration C = 0.1M

The dissimilar effect of NaSCN and Nal on DPPC bilayers is discussed below. In general, the
previous experimental results show that the maximum swelling is influenced both by the type
of the anion and the concentration of the sodium salt solutions. The anion used influences the

maximum swelling in the following order:

Br <NOs3; <I <SCN

which is a direct Hofmeister series with the SCN™ having the largest effect on the equilibrium

separation. This is shown more clearly in Figure 7-7 for NaX solutions of concentration C =

0.1M. Similar results are obtained with NaX concentrations of 0.5M and are not shown here.
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The influence of the concentration is more complex and depends on the type of the anion
used. The effect of the concentration is discussed below.
Table 7-3 summarizes the main results for the maximum swelling of DPPC in the presence of

the sodium salt solutions at various concentrations.

Table 7-3. Maximum swelling in NaX solutions

Concentration | Parameters Nal NaSCN
Dmax (A) 74.8 148.0
C =0.05M ®max% 48.8 26.3
dymax) (A) 38.3 109.05
NaBr NaNO; Nal NaSCN
_ Dmax (A) 67.2 67.2 101 122.5
c=01M ®max% 52.2 52.2 39.2 33.3
Ay max) (A) 32.1 32.1 61.5 81.7
NaBr NaNO; Nal NaSCN
_ Dmax (A) 68.0 66.8 77.5 85.6
¢=0M ®max% 52.5 52.1 46.5 42.7
dymax) (A) 32.3 32.0 41.5 49.0

The headgroup area, A, of DPPC in the presence of various NaX salt solutions was also
calculated using the data obtained by the combination of osmotic stress and small angle X-ray
scattering (see Appendix II). Figures 7-8 to 7-10 show the dependence of the headgroup area
of DPPC on the osmotic pressure exerted on the lipid bilayers for different electrolyte

concentrations.
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Figure 7-8. Headgroup area, A, vs the osmotic pressure, I1, exerted on DPPC bilayers in
the presence of NaX solutions of concentration 0.05 M
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Figure 7-9. Headgroup area, A, vs the osmotic pressure, I, exerted on DPPC bilayers in
the presence of NaX solutions of concentration 0.1 M
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Figure 7-10. Headgroup area, A, vs the osmotic pressure, I, exerted on DPPC bilayers
in the presence of NaX solutions of concentration 0.5 M

From Figures 7-8 to 7-10 it is seen that the headgroup area of DPPC molecules is affected by
the type and concentration of anions used. The chaotropic anions I" and SCN" are those that
have the strongest effect on the headgroup area, A, of DPPC while the ions Br" and NO;3™ do
not seem to have a great influence on A. The effect of the anions is more pronounced at small

osmotic pressures. In addition, the headgroup area of DPPC appears to decrease as the
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concentration of the electrolyte solution is increased. An exception to this observation is the

change of the headgroup area of DPPC in the presence of Nal solution of concentration 0.5M.

Tables 7-4 to 7-7 contain the full osmotic stress — X-ray experimental results as they have
been calculated (Appendix II) for DPPC in the presence of sodium salt solutions at various
concentrations. The experimental point at logll = 0 corresponding to maximum swelling of

the DPPC bilayers in salt solutions is given in Table 7-3.

Table 7-4. Bilayer parameters for DPPC in NaBr salt solutions at different osmotic
pressures
Concentration Parameters

log(IT/Pa) | 3.85 | 423 | 466 | 528 | 546 | 6.06 | 6.61
+£0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 66.5 | 653 | 64.0 | 592 | 585 | 56.5 | 55.0
£05 | £05 | £05 | £05 | £0.5 | £0.5 | £0.5
oL% 52.0 | 56.55| 61.5 | 629 | 639 | 712 | 745
C=0.1M £0.8 [£080| £0.7 | £0.5 | £0.6 | £04 | £04
b, (A) 36.5 | 369 | 38.0 | 382 | 38.6 | 402 | 41.0
£0.6 | £0.6 | £0.5 | £04 | £05 | +04 | +04
dy (A) 30.0 | 284 | 26.0 | 21.0 | 199 | 163 | 14.0
£0.8 | £0.8 | £0.7 | £0.7 | £0.7 | £0.6 | £0.6
A (A 673 | 66.7 | 648 | 644 | 63.7 | 61.2 | 60.0
£12 | £1.1 | £1.0 | £09 | £0.7 | £0.8 | £0.6
log(Il/Pa) | 3.85 | 425 | 471 | 527 | 552 | 6.06 | 6.72
+0.10|£0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 659 | 648 | 62.7 | 60.1 | 58.5 | 50.6 | 53.4
£0.5 | £05 | £05 | £0.5 | £0.5 | £0.5 | £0.5
oL% 516 | 563 | 623 | 655 | 66.8 | 692 | 74.2
£3.0 | £1.2 | £09 | £0.5 | £05 | £04 | £04
b. (A) 36.0 | 365 | 37.5 | 38.0 | 382 | 386 | 39.5
£20 | £0.8 | £0.6 | £04 | £04 | £04 | £04
d, (A) 299 | 283 | 252 | 22.1 | 203 | 17.0 | 13.9
£15 | £1.0 | £0.8 | £0.6 | £0.7 | £0.6 | £0.7
A (A% 683 | 67.4 | 656 | 647 | 644 | 63.7 | 623
£25 | £1.6 | £1.1 | £0.8 | £0.7 | £0.7 | £0.7

C=05M

Table 7-5. Bilayer parameters for DPPC in NaNQ; salt solutions at different osmotic
pressures
Concentration Parameters

log(IT/ Pa) | 3.80 4.20 4.70 5.30 5.50 6.04 6.56
+0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 66.5 65.8 64.0 61.0 58.6 55.8 54.8
+£05 | 05| £05 | £05 | £05 | £0.5 | £0.5
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L% 499 | 544 | 582 | 66.1 | 66.8 | 709 | 72.3
C=0.1M +1.1 | £07 | 06 | £03 | £05 | £0.6 | £0.5
b. (A) | 360 | 36.1 | 37.0 | 38.6 | 388 | 39.6 | 40.0
+0.8 | 0.6 | £05 | £04 | £04 | £05 | +0.4
dy(A) | 305 | 297 | 27.0 | 224 | 198 | 162 | 148
+09 | 0.7 | £0.7 | £0.6 | £0.7 | £0.7 | +0.7
AR | 685 | 681 | 665 | 63.7 | 634 | 622 | 61.5
+15 | £1.1 | £09 | £06 | £07 | £0.8 | +0.7
log(I1/ Pa) | 3.85 | 423 | 470 | 530 | 555 | 6.04 | 6.70
+0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £ 0.10
D (A) 650 | 64.0 | 61.1 | 589 | 56.0 | 549 | 53.1
+0.5 | £05 | £05 | £05 | £05 | £0.5 | £0.5
oL% 502 | 534 | 562 | 62.6 | 67.0 | 692 | 71.1
+15 | £05 | £06 | £0.6 | £05 | 08 | +0.7
C=0.5M b (A) | 340 | 342 | 348 | 363 | 373 | 378 | 383
+1.0 | 04 | £05 | £05 | £04 | £05 | £05
dy(A) | 310 | 298 | 263 | 226 | 187 | 17.1 | 148
+1.01 | £07 | £07 | £0.7 | £0.6 | £0.7 | £0.7
ARY | 723 [ 719 | 706 | 678 | 66.0 | 651 | 643
+£22 | £09 | £09 | £09 | £08 | £1.0 | £0.9

Table 7-6. Bilayer parameters for DPPC in Nal salt solutions at different osmotic
pressures
Concentration Parameters

log(I1 / Pa) | 3.85 4.30 4.70 5.30 5.55 6.03 6.70
+0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 69.3 66.3 62.3 58.3 57.3 54.0 53.6
+£05 | 05 | £05 | £05 | £05 | £0.5 | £0.5
oL% 499 54.4 58.2 66.1 66.8 70.9 72.3
C=0.05M +1.1 | £0.7 | £06 | £03 | £05 | £0.6 | £0.5
by (A) 33.5 34.0 353 36.2 36.5 38.2 39.2
+14 | £09 | £05 | £0.8 | £0.5 | £0.8 | £0.6
d, (A) 35.8 32.3 27.0 22.1 20.8 15.8 14.4
+15 | +£1.0 | £07 | £1.0 | £0.7 | £09 | £0.8
A (Az) 73.4 72.2 69.7 68.0 67.4 64.4 62.8
+35 | £20 | £10 | £1.6 | £09 | £13 | £1.0
log(I1 / Pa) | 3.85 4.30 4.60 5.30 5.55 6.03 6.70
+0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 72.0 68.0 66.0 59.1 57.1 554 54.5
+£05 | £05 | £05 | £05 | £0.5 | £05 | £0.5
oL% 36.7 459 533 61.9 63.6 69.4 75.5
+29 | £1.0 | £06 | £0.8 | £0.6 | £09 | £0.5
C=0.1IM br (A) 30.0 31.8 34.1 36.7 37.2 39.0 40.9
+14 | £0.7 | £05 | £0.6 | £0.5 | £0.6 | £0.5
d, (A) 42.0 36.2 31.9 224 19.9 16.4 13.6
+15 | +£09 | £0.7 | £0.7 | £0.7 | £0.8 | £0.7
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A (AY 82.0 | 77.3 72.1 67.0 | 66.1 63.1 60.2
+38 | £1.8 | £1.1 | £1.0 | £09 | £1.0 | £0.7
log(I1 / Pa) | 3.85 430 | 470 | 5.25 5.55 6.02 6.70
+0.10 | +£0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £ 0.10
D (A) 70.2 | 64.8 622 | 57.5 540 | 52.5 51.3
+05 | £05 | £05 | £05 | £05 | £0.5 | £0.5
L% 452 | 46.2 50.7 | 553 | 5745 | 62.8 69.4
+15 | +£05 | £06 | £0.6 | £0.5 | £0.8 | £0.7
C=0.5M b. (A) 31.0 | 31.2 31.5 32.1 326 | 34.0 | 36.0
+13 | +£14 | £07 | £0.7 | £0.7 | £0.5 | £0.5
d, (A) 392 | 336 | 307 | 254 | 214 18.5 15.3
+14 | £15 | £08 | £08 | £0.9 | £0.7 | £0.7
A (AY 79.3 78.8 786 | 76.6 | 754 | 723 68.3
+33 | £38 | £1.7 | 16 | £1.7 | £1.0 | £1.0

Table 7-7. Bilayer parameters for DPPC in NaSCN salt solutions at different osmotic
pressures
Concentration Parameters

log(IT/Pa) | 3.85 | 427 | 475 | 529 | 552 | 6.04 | 6.60
+0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 920 | 76,5 | 635 | 60.5 | 59.0 | 55.0 | 53.2
£05 | £05 | £05 | £05 | £0.5 | £0.5 | £0.5
oL% 320 | 412 | 49.8 | 639 | 633 | 653 | 72.9
£1.1 | £0.7 | £0.6 | £03 | £0.5 | £0.6 | £0.5
C=0.0sM b, (A) 294 | 31.6 | 33.6 | 369 | 36.8 | 372 | 39.0
£19 | £1.9 | £0.8 | £0.5 | £0.5 | £0.6 | £0.7
dy (A) 62.6 | 449 | 299 | 236 | 222 | 17.8 | 142
£20 | £2.0 | £0.9 | £0.7 | £0.7 | £0.8 | £0.9
A (AY 83.7 | 77.8 | 732 | 66.7 | 66.8 | 66.1 | 63.1
£54 | £46 | £1.8 | £0.8 | £0.8 | £1.1 | £1.2
log(IT/Pa) | 3.85 | 427 | 470 | 529 | 552 | 6.04 | 6.60
+0.10|£0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 815 | 725 | 663 | 612 | 588 | 56.5 | 54.5
£0.5 | £05 | £05 | £05 | £0.5 | £0.5 | £0.5
oL% 36.8 | 41.1 | 47.5 [5999| 622 | 70.0 | 75.1
C=0.1M £29 | £2.1 | £1.0 | £0.6 | £0.7 | £04 | £0.5
b, (A) 282 | 29.7 | 31.8 | 359 | 36.7 | 393 | 41.0
£14 | £19 | £0.7 | £0.5 | £0.5 | £04 | £0.5
d, (A) 533 | 428 | 345 | 253 | 22.1 | 172 | 13.5
£15 | £20 | £0.8 | £0.7 | £0.7 | £0.6 | £0.7
A (AY 873 | 828 | 773 | 685 | 67.1 | 62.6 | 60.0
+43 | £53 | £1.7 | £09 | £1.0 | £0.7 | £0.7
log(IT/Pa) | 3.80 | 430 | 472 | 529 | 554 | 6.03 | 6.56
+0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10 | £0.10
D (A) 73.0 | 69.5 | 652 | 60.5 | 579 | 545 | 52.8
£05 | £05 | £05 | £05 | £0.5 | £0.5 | £0.5
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oL% 37.55 | 50.3 53.1 | 61.35 | 63.5 | 66.0 | 709
+15 | £05 | £0.6 | £0.6 | £05 | £0.8 | £0.7
C=05M by (A) 33.0 | 344 | 348 | 36.1 364 | 36.8 | 37.6
+14 | £09 | £06 | £0.7 | £0.7 | £09 | £0.5
dy (A) 40.0 | 35.1 304 | 244 | 215 17.7 15.2
+15 | £10 | £08 | £09 | £08 | £1.0 | £0.7
A (A% 745 | 71.5 | 70.7 | 682 | 67.6 | 66.8 | 654
+3.1 +1.8 | £1.3 +14 | £12 | £1.6 | £0.8

Using the experimental results from the above tables, we generate the logll — d,, curves for
DPPC (Figures 7-11 to 7-13). Figure 7-11 shows the experimental results of DPPC in Nal
and NaSCN salt solutions of concentration C = 0.05M compared to DPPC in water. Likewise,
Figure 7-12 and Figure 7-13 show the experimental results of DPPC in NaBr, NaNOs, Nal
and NaSCN of concentration C = 0.1M and C = 0.5M respectively. Each figure is plotted
twice, once with and once without the experimental point at equilibrium separation (logll = 0)
for better reading of the results.

Generally, we observe that the water bilayer separation (dy,) (for the same osmotic pressure)
increases when salts are present (at all salt concentrations). The change of d,, is more
pronounced at small osmotic pressures and diminishes as the osmotic pressure applied to the
bilayers increases. This implies that the hydration force between DPPC bilayers in pure water
and in the presence of salts is similar. The increase of the water bilayer separation appears to
depend on the type of anion that is used in the sodium salts. SCN™ has the strongest effect on
dw, while Br™ has the smallest effect at all concentrations. The effect of the anions on d,,
follows the Hofmeister series.

Furthermore, the increase of the water bilayer separation (dy) depends on the concentration of
the sodium salt solutions as is shown more clearly in Figure 7-14 to 7-16 and Figure 7-17.

In the presence of NaBr and NaNOs_ salt solutions (Figure 7-14 and Figure 7-15) the water
bilayer separation (dy) does not seem to change by varying the salt concentration. dy
increases in the presence of NaBr and NaNOs in comparison with that in water, but it is not
influenced by the concentration of these salts. Figure 7-16 shows the influence of Nal on dy,
at three concentrations, 0.05M, 0.1M and 0.5M. Interestingly, Nal is more effective at a
concentration of 0.1M while 0.05M provides the smallest effect and 0.5M gives intermediate

results. This apparent inconsistency is discussed below.
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Figure 7-11. logll — d, curves of DPPC in the presence of Nal and NaSCN

at concentration C = 0.05M
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Figure 7-12. logll — d,, curves of DPPC in the presence of NaBr, NaNO;, Nal and
NaSCN at concentration C = 0.1M
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Figure 7-13. logll — d,, curves of DPPC in the presence of NaBr, NaNO;, Nal and
NaSCN at concentration C = 0.5M

178



CHAPTER 7: BILAYER EXPERIMENTAL RESULTS

Similar results are obtained in the presence of NaSCN. The influence of NaSCN
concentration on dy, is shown in Figure 7-17. The concentrations used were 0.05M, 0.1M and
0.5M. The situation is a little different for NaSCN, since the influence of the salt on dy
decreases upon increasing the concentration from 0.05M to 0.5M. In Chapter 3, Section
3.5.2, a schematic diagram of logII — d,, was presented, which gives information on the forces
existing between the bilayers. It was shown there that the difference between the force curve
(logIl — dy) for a neutral bilayer and that for a charged bilayer is due to the presence of an
electrostatic, double-layer repulsion, which stems either from the adsorption of ions on the
lipid headgroups or from the presence of ionizable groups. We believe that the difference
between the force curves of DPPC in water and in the presence of NaX solutions, especially
in the cases of Nal and NaSCN, is largely due to an electrostatic repulsive force created by the
adsorption of Br’, NOs, I, and SCN" on the DPPC headgroups. The strength of this
electrostatic repulsive force, that is the difference between the logIl — dy, curves of DPPC in

water and in the presence of NaX solutions, depends on the electrolyte concentration.
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Figure 7-14. logll — d,, of DPPC in the presence of NaBr at concentration 0.1M and 0.5M
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Figure 7-15. logll — d,, of DPPC in the presence of NaNOj at concentration 0.1M and
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Figure 7-16. logll — d,, of DPPC in the presence of Nal at concentration 0.05M, 0.1M

and 0.5M

As discussed before, Nal and NaSCN, have slightly different effects on dy, as a function of

their concentration. This complex behaviour may be explained by two phenomena that

determine the electrostatic repulsive force between the bilayers; these are ion binding and ion

screening. The influence of Nal on dy at a concentration of 0.05M is weak because the

adsorption of I' on the DPPC headgroups is still small. In contrast, the influence of Nal on d,

at a concentration of 0.5M is weak due to high screening. As a result, there will be an

intermediate concentration for which the repulsion between the DPPC bilayers is highest.
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NaSCN salt behaves differently, with the electrostatic repulsion decreasing consistently with

increasing salt concentration.

NaSCN NaSCN
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Figure 7-17. logll — d,, of DPPC in the presence of NaSCN at concentration 0.05M, 0.1M

and 0.5M

This behaviour may be explained by the very strong binding of SCN™ on the DPPC

headgroups. Even at small concentration (0.05M) the SCN™ ions bind more strongly to the

DPPC molecules than the I" ions, and thus the electrostatic repulsion that is generated is

stronger than that observed in the presence of an equal concentration of I'. As the

concentration of NaSCN increases more SCN™ ions bind to the DPPC headgroups but

apparently the increased binding is counterbalanced by the double-layer screening. It is

possible that a maximum repulsive force between the bilayers might be observed for NaSCN

concentrations lower than 0.05M, but such concentrations were not examined in our

experiments.

The presence of salt was also found to influence the headgroup size of DPPC molecules by

dehydration, especially in the presence of the less chaotropic ions, such as Br’, as is observed

in Figures 7-8 to 7-10. For this reason, the spacing of DPPC bilayers has been measured in a

mixture of NaCl (less chaotropic) and Nal (chaotropic) salt solutions, as shown in Figure

7-18, in order to compare the effect of a strongly hydrophilic (CI') and a strongly hydrophobic

(I') ion on the structure of DPPC bilayers. A sequence of experiments was performed at a

constant fotal [NaCl]+[Nal], changing the percentage of Nal from 0% to a 100%. The total

salt concentration used was 0.1M and 0.5M.

Starting at 100% NaCl and adding Nal, we observe significant changes in the spacing at a

percentage concentration of Nal larger than 20% in the solution. In addition, the water bilayer
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separation, dy, does not seem to follow a linear behaviour upon increasing the precentrage of
Nal in the mixture. At a total salt concentration 0.5 M it appears to have a minimum value.
Moreover, the effect on dy, depends on the fotal salt concentration used. For example, as the
total salt concentration increases the water bilayer separation decreases which can be

attributed to the screening of the electrostatic repulsion between the lipid bilayers.

£ Mixture of NaCl and Nal salt solutions
o
7 ® NaCl-NalC=0.1M
> 32 @ NaCl-NalC=05M
< @
~ 30 -
=3 ®
n 28 1 °
S 261 o . 3
S 24
g
g 22 T T v T
0 20 40 60 80 100

Percentage Cl%

Figure 7-18. Water thickness of DPPC in a mixture of NaCl and Nal salt solutions at
concentration 0.1M and 0.5M

The structure of the bilayers as a function of NaSCN concentration was also examined by
Freeze Fracture Electron Microscopy since the presence of high SCN™ concentration in DPPC
bilayers has been reported to induce an interdigitated phase (Cunningham et al. 1986). From
Figures 7-19 to 7-21, it can be seen that the presence of NaSCN in DPPC bilayers even at a

concentration of 0.5 M does not lead to an interdigitated phase. Instead, the ripple PB' phase is

observed (Meyer et al. 2001). This phase is clearly observed at concentrations 0.05 M and
0.1 M, while at 0.5 M the ripple phase disappears. The main transition temperature from the

liquid, L,, to the ripple, PB' , phase is 41 °C. It appears that during the handling stage of the

samples they first pass through this transition before being frozen. However, it has been found
by calorimetry (Chapman et al. 1977; Cunningham et al. 1986; Sanderson et al. 1991) that
the presence of anions decrease the main transition temperature of phosphatidylcholine
bilayers with SCN™ having the strongest effect. This is why in the presence of 0.5 M SCN the

ripple phase is no longer observed.
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Figure 7-19. Freeze Fracture electron microscopy pictures of DPPC in 0.05M NaSCN
Magnification x 22000

Figure 7-20. Freeze Fracture electron microscopy pictures of DPPC in 0.1M NaSCN
Magnification x 13000
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Figure 7-21. Freeze Fracture electron microscopy pictures of DPPC in 0.5SM NaSCN
Magnification x 13000
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7.3 Fitting the osmotic pressure isotherms

7.3.1 Fitting the DPPC/Water isotherm

In order to fit the experimental results (logll — d,, data) of DPPC bilayers in the presence of
NaX salts, it is important to fit first the isotherm of DPPC in pure water, which will be used as
a reference. This allows the comparison with older literature results from the work of Lis et
al. 1982, Rand et al. 1989, McIntosh et al. 1993 and Petrache et al. 1998. The total osmotic
pressure exerted between neutral phospholipid bilayers is given by the sum of the following
interbilayer interactions (Hydration force, Van der Waals, and Undulation repulsive force)

(see Chapter 5, Section 5.4.1):

IT=1Tyyp +HUND +HVDW

+3n2(kT)2 1L A1 ] 2 Equation 7-1
128c, (d4,) on|(@,) (D+b.) (D)

IT= Poexp(— dw/k)

It is important to notice that there are two different ways to define the water bilayer

separation d,, (Figure 7-22).

CX XXX XXX

Figure 7-22. Definition of dy, df and d'w
A first assumption is that the lipid and water molecules pack into separate layers each

characterized by its own Hamaker constant, and thus d; is equal to dy, the “real” water

thickness as shown in Figure 7-22. d,, can be calculated by two different methods reported in
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the literature: (i) one may calculate the lipid volume fraction ¢ which is related to the lipid
bilayer thickness by and thus d, is obtained using the expression dy, = D — by, where D is the
repeat bilayer separation (see Chapter 3, Section 3.6.6), or (ii)) one may construct an electron
density profile of the bilayers whose peaks are related to the location of the lipid-water
interfaces. The peak-to-peak distance plus a constant to include the polar group thickness is
defined as the lipid bilayer thickness dy. The remaining space is the water bilayer separation
dr These alternative approaches of calculating the water bilayer separation (dy, or dr ) make a
considerable difference in the way one estimates the distribution of water around the polar

groups and therefore of bilayer separation and definition of bilayer contact. Alternatively, it

can be assumed that the aqueous layer also includes the lipid headgroups, and thus d, is

equal to d, in Figure 7-22. In order to obtain d, and thus b, one must estimate the

percentage of the molecular volume that is attributed to the headgroup in combination with
the area per molecule so that the thickness of the headgroup region can be calculated and
added to the known d,, that is estimated in advance as explained above. The two different
ways to define the water bilayer separation influence only the profile of the Van der Waals

interaction, since in the mathematical expressions for the hydration and undulation forces one
uses the “real” thickness of the water layer, dy,. In this work both d,, and d'w have been used to

calculate the VDW interaction.

The results obtained by Lis et al. 1982 for DPPC in water at T = 50°C are shown below.
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Figure 7-23. Plot of the net repulsive force II (Fr) vs dy, for DPPC/Water at T =50 °C
(Lis et al. 1982)

186



CHAPTER 7: BILAYER EXPERIMENTAL RESULTS

The fitting on the force curve of Figure 7-23 was carried out assuming that Fr = Fyyp — Fypw
where Fr, Fuyp, and Fypw are defined as F = I1A where II is the corresponding osmotic
pressure, given in Equation 7-1, and A is the area per headgroup of DPPC. The repulsive

undulation force was not taken into account by Lis et al. 1982
The Hamaker constant, A, was evaluated by equating ITypw with IIyyp at d. (maximum-

swelling separation) where IT was assumed to be zero. The results found for the Hamaker
constant A, the hydration coefficient Py, and the hydration decay length A are given in Table
7-8. In this study, the water bilayer separation for the calculation of the VDW interaction was
defined as dy,.

Continuing the work of Lis et al. 1982, Rand and Parsegian (1989) have fitted the hydration
force to the experimental results of DPPC bilayers in water using two approaches: (i) the
gravimetric method of Luzzati that calculates the water bilayer separation using the
expression dy, = D — by, and (ii) the compressibility method taking into account the bilayer
compressibility modulus K (dynes/cm?), described as the fractional change in area for a unit
change in bilayer tension. They also did not consider an undulation force. The results of the
hydration coefficient Py, and the hydration decay length A are given in Table 7-8.

Mclntosh et al. 1993 modeled the total pressure — distance relation (Figure 7-24) assuming
that the total pressure IT between uncharged lipid bilayers can be written as the sum of three
repulsive forces (hydration, undulation and an additional short-range steric repulsive force)
and the attractive Van der Waals force. The equations used for fitting the experimental points
for the hydration and Van der Waals forces are those given in Equation 7-1. The expression
used for the short range steric force is very similar to that describing the hydration force given

by:
I, = PVSROeXp(— df/ks) Equation 7-2

while for the repulsive undulation force the theoretical expression of Evans and Needman

(1987) was used:

_ nk_I (By/ic ) exp(~d, /20) Equation 7-3

UND
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where k. is the bending rigidity. For the calculations of the Van der Waals attractive force d;
was used, water bilayer separation being defined as d, = D —d, as shown in Figure 7-22.

The lipid bilayer thickness was considered constant for all the experimental points taken

equal to d, =51.94. The equilibrium separation at maximum - swelling in water was found

equal to d, = 15.4A. The results found for the different parameters are given in Table 7-8.

0

Distance Between Bilayers (&)

Figure 7-24. logll vs d; for fluid egg PC bilayers (MclIntosh et al. 1993)

Recently, Petrache et al. 1998 have analyzed the osmotic pressure data of DPPC in water at
T = 50 °C using the interbilayer interactions consisting of Van der Waals and hydration
interactions given again by Equation 7-1, but also using a modified repulsive undulation

force (Helfrich force) given by the following equation:

) Equation 7-4

where K is the bending modulus (fitting parameter) and o is defined as the water spacing

fluctuation given by:
¢’ =n,D*/x’ Equation 7-5

where 1); is the Caillé parameter which is experimentally known. The derivative do~ / d(df) is

negative and thus [Tynp > 0.
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As in the fitting analysis of McIntosh et al. 1993, d, was used by Petrache et al. 1998 as the

water bilayer separation for obtaining the Van der Waals interaction. Fitting results for
different values of the parameters A, Py, A and k. are given in Table 7-8. Figure 7-25 shows
the theoretical fit for . equal to k. =12 kT. The straight solid line indicates the fluctuation

pressure, the dashed line shows the hydration pressure and the curved dotted line shows the

Van der Waals pressure. The maximum water bilayer separation d,for DPPC at T = 50 °C

was found to be equal to d, = 18 A.

Table 7-8. Parameter values for several fits to logIl — dy, force curves for DPPC in water
g = Gravimetric method, ¢ = Compressibility method

DPPC/Water | Lis et al. Rand et al. McIntosh Petrache et al.
Parameters et al.
A (KT) 0.75 --- --- 0.70 1.16 0.70 1.80
P, (Pa) 10°% 10°®e | 1ol0¢ 1075 10° 10796 10776
A (A) 2.2 255 & 2.13° 1.38 1.97 1.97 2.39
K. (KT) --- --- --- 25 12 24 24
K (dyne/cmz) --- --- 145 - - - -

The interbilayer forces, in our case, are studied by fitting the experimental results (logIl — d,
curves) using appropriate models (see Chapter 5). The models contain several parameters
that one must take into account, which are: the Hamaker constant A in kT units, the bending
rigidity k. in kT units, the hydration coefficient Py (Pa), and the “characteristic” hydration

decay length A (A).

8 . (b) DPPC -
' ‘ K = 0.5x10" erg |

Log[ I {dynesicm?)]
(o))

1 1

Figure 7-25. Fit for DPPC/Water at T =50 °C (Petrache et al. 1998)
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In principle one should use the full model equations containing all the adjustable parameters
and carry out a nonlinear regression procedure. However, this would necessitate a much larger
number of experimental points to be meaningful. One just cannot fit 4 parameters to 7
experimental points! We have therefore chosen a different fitting process: for a specific value
of the Hamaker constant, A, the hydration decay length, A, is set and the hydration coefficient,
Py, is varied over a broad range of values. For each A, A, and Py, we calculate the model
deviation from the experimental points. The best value of Py (for each 1) is considered to be

the one that has the smallest error, determined by the following equation:

2
m, .—-1I_ .
Error = Z[Mj Equation 7-6
O;

i

where o; is the standard deviation of each experimental point. An important point in the above
process is that we demand from the beginning that the fitting curve passes through the
maximum swelling point (logll = 0, dy, = dmax). This fitting procedure is thus a conditional fit.
The procedure is facilitated considerably by the fact that there are some limitations in the
values that the different parameters can take. For example, the Hamaker constant has been
estimated to vary between 0.25 and 2.5 kT (Rand et al. 1989; Israelachvili 1991; McIntosh
et al. 1993; Parsegian 1993), the bending rigidity is ranging between 10 and 50 kT (Evans et
al. 1990; Kummrow et al. 1991), the hydration coefficient ranges between 10" and 10'° Pa,
and the “characteristic” decay length is expected to vary between 1.8 and 2.6 A (Lis et al.
1982; Rand et al 1989; Mclntosh et al. 1993, Petrache et al. 1998). These values are more
or less established by various studies on neutral and charged lipid bilayers, that have been
carried out in the past 20-30 years.

Before we continue with the fitting process, we first study the effect of each of the above
parameters on the force curve (logll — dy), e.g. the hydration coefficient, Py, by changing the
value of this parameter while keeping all the other parameters constant. This procedure helps
us understand which part of the graph loglI — d, is most strongly affected by each parameter.
Figure 7-26, shows the effect of the hydration coefficient, Py, on the logIl — dy, curve of
DPPC in water. Here, the Hamaker constant, A, was taken equal to 1.0 kT, the bending
rigidity, K., was taken equal to 30 kT and the “characteristic” decay length, A, was arbitrarily
set to 1.8 A. The hydration coefficient was varied from 10° to 10'® Pa. Increasing the

hydration coefficient leads to a parallel displacement of the fitting curves to higher water
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bilayer spacings (d,) as the hydration coefficient increases. Since the hydration force
dominates all other interactions as dy, — 0, the hydration coefficient is essentially the

intercept of the fitting curve with the loglI axis.

1 DPPC in water — P,=10%/Pa
—— P,=10%/Pa
10 1 P,=10°/Pa
—— P,=10%°/Pa
< 8- —— P,=10"/Pa
o P, =10'°/ Pa
6
)
(@]
o 4
2 i
0

0 5 10 15 20 25 30
water thickness d, / Angstrom

Figure 7-26. Fitting curves: A = 1.0 kT, k. =30 kT, and . =1.8 A

In Figure 7-27 the effect of the hydration decay length, A, was studied while the Hamaker
constant and the bending rigidity were kept the same as in Figure 7-26. The hydration decay
length was taken equal to Py = 10® Pa. From Figure 7-27 we observe that the change of the

hydration length influences strongly the slope of the fitting curves, which decreases upon

increasing A.

DPPC in water

8 ]
— A=18/A
— A=20/A
6 - A=22/A
— — A=24/A
& —— A=26/A
~~
4
E
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o
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water thickness d, / Angstrom

Figure 7-27. Fitting curves: A = 1.0 KT, k. =30 kT, and Py = 10% Pa
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The Hamaker constant, A, appears to affect the low-pressure part of the fitting curves as is
shown in Figure 7-28, and thus it plays a significant role in the determination of the

maximum swelling point.

DPPC in water

10 — A=06/kT
—— A=08/kT
g | A=1.0/KT
— A=12/KT
P —— A=14/KT
3 6 | A=16/kT
- A=18/kT
= —— A=20/KT
N
o 4
o
2<
0 :
0 5 10 15 20

water thickness d, / Angstrom

Figure 7-28. Fitting curves: Py=10° kKT, ,=1.8 A, and . = 30 kT

Likewise, the bending rigidity, ., influences the low-pressure part of the fitting curves,
Figure 7-29, where it is important to check if they pass from the equilibrium separation point.
Again, the values of the hydration length, A, the hydration coefficient, Py, and the bending

rigidity are the same as those used before.

DPPC in water

8 |
— x,=10/kT
6 — &, =20/KT
a — ,=40/KT
E 4 x, =50/KT
>
°
2<
0 . .
0 5 10 15 20

water thickness d, / Angstrom

Figure 7-29. Fitting curves: A = 1.0 kT, Py=10° Pa,and A.=1.8 A
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Continuing with the conditional fitting process we give an example of the theoretical analysis
using a Hamaker constant equal to A = 1.0 kT. As explained above for one specific value of
the Hamaker constant (e.g. A = 1.0 kT) the hydration decay length, A, is varied usually from
2.0 A to 2.8 A. For each value of A the error function is calculated for a total of 1000 different
values of Py (Figure 7-30). The bending rigidity, K., is evaluated each time by requiring that
the fitting curve passes exactly from the maximum swelling point. The results for each
hydration length at the minimum error are given in Table 7-9 and shown in Figure 7-31.

The parameter values that best describe our experimental results (loglI - dy,) of DPPC in water
for A=1.0kTare A=2.55 A, Py =8.67 x 10® Pa, k. = 14.2 kT with minimum error 13.6 as
shown in Table 7-9.

DPPCin water A =1.0/kT DPPC in water A =1.0/kT

1000
800

600

400

ERROR

5.0e+9
200 4.0e+9
3.0e+9 %
0 2.0e+9
QQ
1.0e+9

2.4 0.0

Figure 7-30. Conditional fitting curve: A = 1.0 kKT

Table 7-9. Parameter values for DPPC in water for each value of hydration length A.
Hamaker constant A =1.0 KT
Po/Pa |A/A |k /KT | Error

2.113e+9 | 2.30 | 8.8853 | 36.50
1.738e¢+9 | 2.35 | 9.5164 | 26.90
1.445e¢+9 | 2.40 | 10.314 | 20.20
1.210e+9 | 245 | 11.296 | 15.90
1.021e+9 | 2.50 | 12.547 | 13.80
8.670e+8 | 2.55 | 14.224 | 13.60
7.412e+8 | 2.60 | 16.509 | 15.00
6.382e+8 | 2.65 | 19.905 | 17.90
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Figure 7-31. Parameter values for DPPC in water at minimum error A = 1.0 kT

5.528e+8

2.70 | 25.358

22.00

4.815¢+8

2.75 | 35476

27.20

4.216e+8

2.80 | 60.507

33.30

3.873e+8

2.85 |249.21

40.40

DPPC in water

The same theoretical analysis was followed for different values of the Hamaker constant and

the results (at minimum error) are shown in Table 7-10. The results show that the hydration

decay length, A, and the hydration coefficient, Py, are not greatly influenced by the change of

the Hamaker constant.

Table 7-10. Parameter values using the conditional fitting process for DPPC bilayers in

water
A /Kt A A Po/Pa K./ kT Error
0.6 2.50 1.076e+9 180.24 13.5
0.7 2.55 8.616e+8 67.437 13.5
0.8 2.55 8.635¢+8 30.016 13.5
0.9 2.55 8.647¢+8 19.273 13.6
1.0 2.55 8.670e+8 14.224 13.6
1.2 2.55 8.700e+8 9.312 13.6
1.4 2.55 8.730e+8 6.923 13.7
1.6 2.55 8.770e+8 5.514 13.7
1.8 2.55 8.792¢e+8 4.576 13.8
2.0 2.55 8.820e+8 3.9120 13.9
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On the contrary, the bending rigidity, k., decreases significantly by increasing the Hamaker
constant as shown in Figure 7-32. This indicates that the Hamaker constant and the bending
rigidity are interdependent.

Analogous figures like Figure 7-31 for each Hamaker constant used are given in Appendix
II. The Van der Waals interaction in this case was calculated taking as water bilayer

separation equal to dy, that is, the lipid and water are considered as two different layers.
Similar analysis for DPPC in water was performed using d,, as the water bilayer separation to
the Van der Waals attractive force using as headgroup thickness dheaq = 3.5 — 4 A, which was

calculated from the volumes of the component groups of L, phosphatidylcholine bilayers

(Nagle et al. 2000). The corresponding results (at minimum error) are shown in Table 7-11.

DPPC in water

Figure 7-32. Reduction of bending rigidity by increasing the Hamaker constant

Table 7-11. Parameter values using the conditional fitting process for DPPC bilayers in
water using d_ as water bilayer separation to the VDW force

A /KT A A Po/Pa K./ kT Error
1.4 2.50 9.950e+8 59.11 13.0
1.5 2.50 9.949¢+8 39.03 13.0
1.6 2.50 9.944¢+8 29.15 13.0
1.7 2.50 9.941e+8 23.24 13.0
1.8 2.50 9.942¢+8 19.35 13.0
1.9 2.50 9.915¢+8 16.46 13.0
2.0 2.50 9.927¢+8 14.44 13.0
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2.1 2.50 9.919e+8 12.80 13.0
2.2 2.50 9.915e+8 11.52 13.0

As it is seen from Table 7-11, in order to fit the logll — dy, curve of DPPC in water the
Hamaker constant increases by almost 1 kT compared to the values found in Table 7-10. This
increase was expected, since adding the headgroup thickness of the lipid molecule in the
water bilayer separation greatly influences the Van der Waals interaction. In this case the
Hamaker constant is equal to 1.8 £ 0.3 kT. In contrast, the hydration decay length, A, and the
hydration coefficient, Py, are not influenced by changing the Hamaker constant.

As shown in Table 7-10 and Table 7-11, the best set of parameters that can be used to fit the
logll — dy, experimental results for DPPC in water is not obvious, since for values of the
Hamaker constant from A = 0.8 to 1.2 kT or A = 1.6 to 2.1 kT there exist reasonable values
for the bending rigidity (according to the literature), which provide excellent fits to the data.
Other values of A must be excluded as possible solutions, because the bending rigidity
associated with them deviates greatly from the published values. In Figure 7-33 we present
the best fitting curves for DPPC in water with A =0.8 — 1.2 kT or A =1.6 — 2.1 kT. It is seen

that there is no actual difference between the theoretical fitting curves with different Hamaker

constant.
. DPPC
. A=08/KT|
DPPC in water | ——_ aA-og9/kT
10 d
———— A=1.0/kT w
—————— A=12/kT]
A=16/KkT]
8 - \\ A=17/KT
‘\ A=18/KT !
= e a-vorkr | |dw
F 6. e A=20/KT
— FC;‘J ) A=21/KkT]
= Py
= n
o 4 RS
S
2 4
O T T T T T Tt

0 5 10 15 20 25 30 35
water thickness d,, / Angstrom

Figure 7-33. Conditional fitting results for DPPC in water with A=0.8 - 1.2 kT or A =
1.6 - 2.1 kT

Comparing the results found here and those reported in Table 7-8 by the previous researchers
we see that our theoretical parameters do not agree with those found by the various research

groups (Lis et al. 1982; Rand et al. 1989; McIntosh et al. 1993; Petrache et al. 1998). This
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may be due to the fact that Lis et al. 1982 and Rand et al. 1989 calculated the hydration
coefficient, Py, and hydration length, A, without taking into account the maximum swelling
point, and thus properly using the Van der Waals attraction between the DPPC bilayers.
Moreover, the difference in the way that the water bilayer separation was defined or the
modified repulsive Helfrich force that was used by MclIntosh et al. 1993 and Petrache et al.
1998 are responsible for the significant differences in the parameter values. Furthermore,
Mclntosh et al. 1993 used an additional exponential steric repulsive force to fit the force
curve of DPPC in pure water and as a result their various parameters deviate from the ones
found by Lis (1982) and Rand (1989) and by us in the present work.

In conclusion, the values found for the different parameters by us and by various researchers
over the years are strongly model dependent, and as a result no perfect agreement can be
found.

Returning to our present results, we see that for DPPC in water we obtain excellent fits for A

= (1.0 £ 0.2) KT, A = (2.55 + 0.05) A, Py = (8.67 + 0.06) x10°* Pa and a range of k. values

(from 9 to 30 kT) when the water bilayer separation d;, in the VDW force is taken equal to

dw. In addition, when di is taken equal to d'W , excellent fits are obtained for A = (1.8 + 0.3)

KT, A = (2.50 + 0.05) A, Py = (9.94 + 0.02) x10® Pa and a range of k. values (from 11 to 30
kT).

7.3.2 Fitting logll — d,, data for DPPC/Electrolyte solutions using the

binding model

7.3.2.1 Fitting NaSCN results

In order to obtain binding constants of the anions on the headgroups of the DPPC molecules
the experimental logll — d,, curves of DPPC in the presence of salt solutions of different
concentrations are fitted according to the following procedure: All the parameters that have
been obtained (Py, A, and «.) using the conditional fitting for DPPC in water (as explained
before) are kept the same. Py and A should not change since all the experimental data converge
at high II. . should decrease by a few kT in the presence of salt solutions (Brotons et al.
2005) but the decrease is expected to be small compared to the values that we use and thus is
not taken into account. The Hamaker constant should decrease by about 50% according to the

theory (see Chapter 5). A binding constant K (M) for the anions is introduced that
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determines the electrostatic repulsive force generated between the lipid bilayers due to anion
adsorption. The contribution of the electrostatic repulsion force Ilg g to the total pressure
acting between the lipid bilayers is calculated as explained in Chapter 5, Section 5.4.4.
Different values for the binding constant are used until the best fit on the experimental results
is found. An example of the fitting analysis for DPPC in the presence of a NaSCN solution of
concentration 0.05 M is shown in Figure 7-34; SCN" has the greatest effect on the loglI — d,

curves of DPPC compared to the other anions as shown in Section 7.2. d;, was set equal to dy,

for the calculation of the VDW interaction. The values Py = 8.635 x 10® Pa, A =2.55A, . =
30 kT and A = 0.8 kT are chosen arbitrarily from Table 7-10.

NaSCN
10 ‘
®  NaSCN 0.05M

8 1 —— Kgey=1/M*A=08/kT
E\ —— Ky =2/M"A=08/KT
= 6 Keey=3/M*A=08/KkT
= —— K =4/MTA=08/KT
o 44
o

2 4

0 , —u ‘

0 50 100 150 200

water thickness d, / Angstrom

Figure 7-34. Fitting curves — Binding model for DPPC in the presence of 0.05 M NaSCN
A =0.8 KT, Py =8.635 x 10°* Pa, . = 2.55 A, and k. = 30 kT

In Figure 7-34, one can see the influence of the electrostatic repulsion to the pressure —
distance curve. As the binding constant increases the electrostatic repulsion increases. The
binding constant that best describes the experimental data of Figure 7-34 is equal to Kgen = 4
M. However, the fitting curve does not pass through the maximum swelling point and
deviates towards higher values of dy, This indicates that a bigger attractive interaction is
needed to include the maximum swelling point in the fit. Since the VDW force is the only
attractive interaction in this model, it follows that the Hamaker constant, A, must increase
although this is not theoretically justified. The influence of the Hamaker constant on the logl1l
— dy curves was studied in Figure 7-28, where it was shown that it affects the low-pressure
part of the data and plays a significant role in the determination of the maximum swelling

point. One could also consider increasing the bending rigidity modulus, k., and thus
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decreasing the repulsive undulation interaction, but the influence of k. on the loglIl — d,,
curves is rather small, as shown in Figure 7-29.

Figure 7-35 illustrates the fitting results obtained by changing the Hamaker constant, A, from
0.8 to 4.0 kT and keeping Py, A, k., and Kscn the same as before (Figure 7-34).

SCN
10 6.0 SCN
m  SCN 0.05M m  SCN 0.05M
8 Ksen=4/M*A =0.8/kT 55 A1 Keen=4/M1A=08/KT
— Ksen=4/MTA=2.0/kT ~50 | —— Ksen=4/MTA=20/KT
6 —— Kooy =4/MTA=40/KT L —— Keey=4/MA=40/KT
o 45
4 1 >
O 40
2
3.5
b
0 , ' ‘ 3.0 : :
0 50 100 150 200 20 40 60 80
water thickness d,, / Angstrom water thickness d, / Angstrom

Figure 7-35. Fitting curves — Binding model for DPPC in the presence of NaSCN 0.05 M
Py = 8.635 x 10° Pa, . = 2.55 A, and k. = 30 kT

Upon increasing the Hamaker constant by a factor of five (A = 4 kT) we produce a good fit to
the logll — d,, curve of DPPC in the presence of 0.05 M NaSCN including the maximum
swelling point. Further improvement can be achieved by varying slightly the binding constant
Kscn and the Hamaker constant A. The final fit is shown in Figure 7-36 and the fitting
parameters are Ksen = 5.3 M, A =4.8 kT, Py = 8.635 x 10* Pa, A =2.55 A, and k. = 30 kT.

NaSCN
10
®  NaSCN 0.05M
8 1 —— Kgey=53/M*A=48/KT
<
o 6
~
E
o 4
o
2 i
0

0 20 40 60 80 100 120
water thickness d, / Angstrom

Figure 7-36. Fitting curves — Binding model for DPPC in the presence of 0.05 M NaSCN
Py = 8.635 x 10° Pa, .= 2.55 A, and k. = 30 kT
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The same fitting analysis was followed for DPPC in the presence of NaSCN solutions of

concentrations 0.1 M and 0.5 M. The binding constants and Hamaker constants obtained for

each salt concentration are given in Table 7-12 and Table 7-13. The results in Table 7-12 are

obtained by usingd,, = d, for the VDW interaction and those of Table 7-13 are obtained by

using d, = d, . In the second case the hydration coefficient, Py, the hydration length, A, and

the bending rigidity, k., were chosen from Table 7-11 as Py = 9.94 x 108 Pa, L =254, k. =

29 kT for A =1.6 kT.

Table 7-12. Binding constants of SCN™ anions on the headgroups of DPPC molecules for
different concentrations (d, =d,)

NaSCN P, =8.635x 10° Pa, ,=2.55 A, d_, =d, (VDW)

Concentration | Binding constant | Hamaker constant | STERN LAYER
C/M Kson /M A /KT STL /A
0.05 53 4.8 -—--
0.1 6.0 2.7 -
for any K -—--
(impossible to fit)
0.5 80 0.8 2
40 4
6.0 8

Table 7-13. Binding constants of SCN™ anions on the headgroups of DPPC molecules for
different concentrations (d,, = d.)

NaSCN Py =9.940 x 10° Pa, A, =2.5 A, d,, = d, (VDW)

Concentration | Binding constant | Hamaker constant | STERN LAYER
C/M Ksen /M A /KT STL/A
0.05 5.0 7.0 -—--
0.1 55 4.2 -
for any K -
0.5 " 16 (1mp0551:l;316 to fit)
5.0 9

The results shown in Tables 7-12 and 7-13 indicate that there is no significant difference in

the calculated binding constants of the anions using the two different approaches for
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calculating the water bilayer separation d’ and thus the Van der Waals attraction force. The

general observation is that in order to fit the experimental data (including the maximum
swelling point) the Hamaker constant must be increased by a factor of five for 0.05 M and 0.1
M NaSCN concentrations, for which the binding constants have about the same magnitude of
~5.5 M. On the contrary, for the 0.5 M NaSCN solution a binding constant of > 80 M"' must
be used to fit the experimental logIT — d, data. Beyond a binding constant of 80 M the
bilayers are apparently saturated with ions and the fitting becomes insensitive to the value of
the binding constant. In fact, it is practically impossible to obtain a good fit, as shown in

Figure 7-37.

NaSCN
10
@ NaSCN 0.5M

8 1 Keey 80/ MM A =0.8/kT
. —— Kgey 150 /M A =0.8/KkT
Dﬂ_i 6 | —— Koy 80/ M A =05/KT
~
)
o 4
o

2 4

0 =

0 10 20 30 40 50 60 70
water thickness d, / Angstrom

Figure 7-37. Fitting curves — Binding model for DPPC in the presence of 0.5 M NaSCN
Py = 8.635 x 10° Pa, .= 2.55 A, and k. = 30 kT

To improve the fit in this case and reduce the binding constant to values comparable to those
found fot the lower NaSCN concentrations we must assume a very extensive “Stern” layer for
Na" adsorption.

Figure 7-38 shows the fitting curve for DPPC in the presence of 0.5 M NaSCN with
parameter values of Kscn = 6 M'l, A=0.8KkT, Py=8.635x 108 Pa, A =2.55 A, k.= 30 kT and
Stern layer of 8 A.
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NaSCN
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Figure 7-38. Fitting curves — Binding model for DPPC in the presence of 0.5 M NaSCN

Py = 8.635 x 10® Pa, A =2.55 A, and k. = 30 kT

7.3.2.2 Fitting Nal, NaNO; and NaBr results

The same fitting procedure was followed for the logll — d,, data obtained in the presence of

Nal solutions. Tables 7-14 and 7-15 show the binding constants and the Hamaker constants

obtained by fitting the experimental logll — dy, results of DPPC in the presence of Nal salt

solutions of concentrations 0.05 M, 0.1 M and 0.5 M respectively.

Table 7-14. Binding constants of I" anions on the headgroups of DPPC molecules for
different concentrations (d, =d,)

Nal Py=8.635x10° Pa,.=2.55 A, d,, =d, (VDW)

Concentration Binding constant Hamaker constant STERN LAYER
C/M K/ M A /KT STL/A
0.05 - >17.0 ----
0.1 4.0 52 -
0.5 5.0 1.8 8

202




CHAPTER 7: BILAYER EXPERIMENTAL RESULTS

Table 7-15. Binding constants of I" anions on the headgroups of DPPC molecules for
different concentrations (d,, = d.)

Nal Py=9.940x 10® Pa,.=254, d, = d, (VDW)

Concentration Binding constant Hamaker constant STERN LAYER
C/M K/ M’ A /KT STL/A
0.05 - > 8.0 ----
0.1 3.5 8.0 -
0.5 4.5 3.0 8

The same observations as before apply in this case as well. In order to fit the experimental
data including the maximum swelling point for concentrations of 0.05 M and 0.1 M, the
Hamaker constant must increase considerably. In fact, for a concentration of 0.05 M Nal the
increase of the Hamaker constant must be so big that the balance between the repulsive and
attractive forces is not maintained and a satisfactory fit cannot be obtained!

For the concentration of 0.5 M Nal a binding constant of > 80 M (saturated interface) is once
more required to fit the experimental points, indicating that a bigger repulsive interaction is
needed to include the maximum swelling point. A Stern layer of about 8 A is assumed in
order to obtain a binding constant comparable to those found for the lower concentrations.

For DPPC in NaNO; and NaBr solutions we have not attempted to fit the logIl — d,, curves
due to the fact that there is no actual difference between the experimental results for both
anions for concentrations between 0.1 M and 0.5 M (see Figures 7-14 and 7-15). In fact, the
differences of these data with those of DPPC in water are very small, probably within the

experimental error.

7.3.2.3 Fitting DPPC/Electrolyte data using the binding model. Further attempts and

synopsis

To summarize, in order to be able to fit the logII — dy, curves of DPPC in the presence of salts
using the binding model, the Hamaker constant must increase very substantially for the low
salt concentrations (0.05 M and 0.1 M), while an extra repulsion is required to fit the
experimental results for DPPC both in NaSCN and Nal salt solutions of concentration 0.5 M.
Increasing the Hamaker constant so much raises serious doubts about the real value of this

fitting exercise, because theoretically the low frequency part of the Hamaker constant must
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decrease in the presence of a salt solution by a factor proportional to ¢*®, where ' is the
Debye length of the solution. We thus anticipate that a 50% reduction of the Hamaker
constant should roughly be expected when salts are present. The Hamaker constant was
increased in our fit in order to accommodate the maximum swelling point. The main difficulty
is associated with the assumption that the osmotic pressure is equal to 0 Pa at the maximum
swelling point. However, the present of minute amounts of impurities, or the possibility of
equilibrium of the swollen bilayers with a system of vesicles under tension, could easily
increase the osmotic pressure at the maximum swelling point to a value of 100 — 200 Pa. This
pressure is very small and is very hard to detect and measure precisely. One further possibility
is the salting-in of lipids by the chaotropic salts, which might increase their solubility in
solution. By excluding the maximum swelling point from the fitted data, one may be able to
fit the rest of the data with reasonable values of the Hamaker constant and thus this must be
studied. Moreover, the additional repulsive force that is required to fit the logll — d,, curves in
the presence of NaX solutions of concentration 0.5 M suggests the existence of an additional
mechanism of repulsion, other than the electrostatic repulsion force produced between the
lipid bilayers at high salt concentration. Assuming a Stern layer of the order of 8 A is not an
acceptable solution, since the Pauling radius for Na" is only 1 A.

In consequence, we decided to fit the experimental logll — dy, results without taking into
account the maximum swelling point, hoping to obtain a good quantitative estimate of the
magnitude of the binding constants of anions on the headgroups of the DPPC molecules. As a
Hamaker constant, we assumed a value half of that found for DPPC in water (either A = 0.4
kT or A = 0.8 kT). Figures 7-39 to 7-44 illustrate the best fitting curves found for DPPC in
the presence of NaBr, NaNOs;, Nal and NaSCN of various concentrations. The binding
constants obtained are given in Table 7-16. The results are the same either with hydration
coefficient Py = 8.635 x 10® and hydration decay length A = 2.55 A or with Py =9.94 x 10® and
hydration decay length A =2.5 A.
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Figure 7-39. Fitting curves — Binding model for DPPC in the presence of 0.05 M NaSCN
and 0.1M NaSCN P, =8.635 x 108 Pa, .=2.55 A, k. =30 KT and A = 0.4 kKT
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Figure 7-40. Fitting curves — Binding model for DPPC in the presence of 0.5 M NaSCN
Py =8.635x 10° Pa, . =2.55 A, k. = 30 kT and A = 0.4 kKT
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Figure 7-41. Fitting curves — Binding model for DPPC in the presence of 0.05 M Nal and
0.1 M Nal Py = 8.635 x 10° Pa, ., =2.55 A, k. =30 kT and A = 0.4 kT
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Figure 7-42. Fitting curves — Binding model for DPPC in the presence of 0.5 M Nal Py =
8.635 x 10° Pa, .=2.55 A, k. =30 kT and A = 0.4 kT
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Figure 7-43. Fitting curves — Binding model for DPPC in the presence of 0.1 M NaNO;
and 0.5 M NaNO; Py = 8.635 x 10® Pa, . =2.55 A, k. =30 kT and A = 0.4 kKT
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Figure 7-44. Fitting curves — Binding model for DPPC in the presence of 0.1 M NaBr

and 0.5 M NaBr Py =8.635 x 10° Pa, . =2.55 A, k. =30 kT and A = 0.4 kT
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By comparing Figures 7-39 to 7-44, one observes the following general characteristics: At
low concentrations of salt (0.05 M or 0.1 M) a fitting with reasonable parameters is possible,
but it leaves out the maximum swelling point, as the fitting curves diverge to large osmotic

pressures at large d,, distances. In contrast, at high salt concentration (0.5 M) much higher

binding constants for the anions are necessary. Taking d, = d, and using a Hamaker

constant equal to A = 0.8 kT (half of A = 1.6 kT for DPPC in water) the fitting curves are
similar to those in Figures 7-39 to 7-44, with a small difference at large d,, (not shown). The
electrostatic part of the logll — dy curves is not affected and consequently the binding

constants of the anions are not modified.

Table 7-16. Binding constants of X anions on the headgroups of DPPC molecules for
different concentrations

Py =8.635x 10°Pa, . =2.55 A, A = 0.4 kT
Concentration | B. Constant | B. Constant | B. Constant | B. Constant
C/M Kp: /M' | Knos/M' | Ki/M' | Ksen/M!
0.05 -—-- ---- 0.9+0.1 3.5+0.1
0.1 0.2+0.1 04+0.1 1.6 £0.1 4.0+0.1
0.5 >0.4 >0.8 > 100 > 200

The results of Table 7-16 show that the extracted binding constants according to the binding
model depend on the anion used, but also on the concentration of the electrolyte solution. For
example, if we compare the results obtained at the same salt concentration e.g. 0.1 M we see
that the binding constants increase and follow the Hofmeister series of anions from Br < NOj
< I < SCN/, but for increasing concentrations the binding constants increase. The effect is
more pronounced when the chaotropic anions I'and SCN™ are used, where it is seen that at
high salt concentration binding constants larger than 100 M™ (essentially surface charge
saturation) are required to fit the data. This dependence of the binding constants on salt
concentration severely limits the usefulness of these values for quantitative comparisons and

hypotheses.
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7.4 Fitting of logll — d,, curves in the presence of electrolytes

using the diffuse lipid layer model

In this model, the anions are assumed to penetrate the headgroup plane of DPPC molecules

without a specific binding to the headgroups of the lipid. Cations are assumed not to enter the

headgroup plane. The osmotic pressure exerted between the lipid bilayers is calculated by

using an attractive potential, U, of anions to the lipidic layer as explained in Chapter 5,

Section 5.4.5. The attraction potential can be correlated with the binding constants of the

anions calculated by the binding model. We have used a procedure identical to that of the

binding model. Figures 7-45 to 7-49 show the best fitting curves obtained for each salt

solution for a specific value of U. at various concentrations with a Hamaker constant equal to

0.4 kT and a fixed lipid layer thickness & = 4 A, equal to the average headgroup size of a

DPPC molecule.
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Figure 7-45. Fitting curves —Diffuse layer model for DPPC in the presence of 0.05 M
NaSCN and 0.1 M NaSCN P, = 8.635 x 10° Pa, . =2.55 A, k. = 30 kT and A = 0.4 KT
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Figure 7-46. Fitting curves —Diffuse layer model for DPPC in the presence of 0.5 M
NaSCN P, = 8.635 x 10® Pa, ., =2.55 A, k. =30 kT and A = 0.4 kT
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Figure 7-47. Fitting curves —Diffuse layer model for DPPC in the presence of 0.05 M Nal
and 0.1 M Nal P, =8.635 x 108 Pa, L =2.55A, k. =30 kT and A = 0.4 kT
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Figure 7-48. Fitting curves —Diffuse layer model for DPPC in the presence of 0.5 M Nal
Py =8.635x 10° Pa, . =2.55 A, k. = 30 kT and A = 0.4 kKT
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Figure 7-49. Fitting curves —Diffuse layer model for DPPC in the presence of 0.1 M
NaNO; and 0.5 M NaNO; Py =8.635 x 108 Pa, . =2.55 A, k. =30 KT and A = 0.4 kT

The fitting curves in Figures 7-45 to 7-49 are very similar to those observed using the binding

model, and in general, they demonstrate the same characteristics. Once more, upon using d.,

= d, with a Hamaker constant equal to A = 0.8 kT the fitting curves are not altered

significantly and thus the interaction potential U. of the anions remains the same as with A =
0.4 kT. In Figure 7-49, several fitting curves with different interaction potentials U. are
shown for both NaNO; concentrations. It is very difficult to decide which value of U. best
describes the experimental data. This is due to the fact that the DPPC bilayer properties are
very weakly affected in the presence of NOj3™ anions and thus the uncertainty of U. is high.
The same applies to the NaBr results, which are not shown here. The interaction potentials U.

of the anions, as they have been obtained from the fits are summarized in Table 7-17.

Table 7-17. Interaction potentials of anions X for different concentrations of NaX salt
solutions
Py =8.635x 10°, L.=2.55 A, A = 0.4 kT

Concentration | I. Potential | 1. Potential | I. Potential | 1. Potential
C/M Us: / KT Unos / kT Ui/ kT Usen / KT
0.05 ---- -—-- -1.70 £ 0.05 | -3.00 + 0.05

0.1 ---- -0.8+02(?) | -22+0.05 | -3.20+0.05

0.5 ---- -1.5+0.5(?) | -6.00£0.2 | -7.00 = 0.05
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The results of Table 7-17 illustrate that the interaction potentials depend on the anion and the
concentration of the salt solution used. The interaction potentials increase and follow the
Hofmeister series of anions Br < NOs3” < I' < SCN for the same salt concentration; for
different salt concentrations the interaction potentials increase with concentration. For salt
concentrations equal to 0.5 M very big interaction potentials are required in order to fit the
experimental data. Generally, the interaction potentials of anions estimated using the diffuse
layer model demonstrate the same behavior as the binding constants presented in Table 7-16.

In fact, the binding constants of anions obtained from the binding model can be roughly

transformed to interaction potentials using the following approximate expression:

U*l

SAN, ¢ M ~K,

Equation 7-7

where o is the lipid layer thickness, A the headgroup area of the DPPC molecules in the
presence of salt solutions, and Nay is Avogadro’s number. Equation 7-7 can be derived if we
assume that a lipid layer exerts a square-well attractive potential on the anions. As a result, a
comparison of the two different models can be achieved. The results of the converted binding

constants to interaction potentials of anions are given in Table 7-18.

Table 7-18. Interaction potentials of anions X" calculated using Equation 7-7 for
different concentrations of NaX salt solutions

Py =8.635x 10°, L. =2.55 A, A = 0.4 KT
C/M [005M | 01M | 05M
Salts | U./Kt | U./KT | U./Kt
NaBr -— -0.27 -0.94
NaNO; -0.9 -1.6
Nal -1.70 2.3 -6.31
NaSCN | -3.04 | -3.18 | -7.01

The results of Table 7-18 point out that there is a very good agreement between the binding
constants and the interaction potentials of anions, although the two models are based on a

different picture of the lipid-electrolyte interface.
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The conclusion reached from the above fitting analysis using either the binding model or the
diffuse layer model is that at low salt concentrations one can fit the data with more or less
comparable parameters (binding constants or interaction potentials) while at high salt
concentrations both models fail to fit the experimental data with the same parameters as for
small salt concentrations; bigger binding parameters are needed to fit the data. This suggests
that an extra repulsion may be present at high salt concentrations, which must taken into
account in the fitting models. It is possible that in the presence of very high concentrations of
chaotropic ions the interface is considerably “softened” and the perpendicular headgroup
fluctuations (protrusion forces) increase considerably. Another possibility is that the
interfacial rigidity increases, leading to stronger undulation repulsion, although this is in
contrast to theoretical considerations and is not visible as increased peak broadening of the
SAXS peaks as shown in Figure 7-50 for DPPC in the presence of NaSCN, which is the salt
that has the strongest effect on the logIl — dy, curves. In fact, the peaks appear to become

thinner (less broad) as the electrolyte concentration increases.

X-ray peak broadening

1
—— DPPC
NaSCN 0.05M
| NaSCN 0.1M
0 —— NaSCN 0.5M
3
_E
= _1 4
-2 4

00 05 10 15 20 25
SIS P

Figure 7-50. X-ray peak broadening dependence on NaSCN salt concentration
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8 CHAPTER
MICELLE EXPERIMENTAL RESULTS

8.1 Introduction — Micelle/Ion interactions in aqueous solutions

In the final part of this thesis we have determined (using DLS and SLS) the physical
properties of DPC micelles in water and in the presence of various NaX salt solutions. There
are several advantages of using the zwitterionic surfactant dodecylphosphocholine (DPC) for
such a study: (i) The interface is not charged initially, and the added salt produces a charging
of the interface with a detectable increase of lateral electrostatic interactions. (ii) DPC
micelles are very well characterized. DPC forms small spherical micelles in water, the main
physical parameters of which, as they have been obtained by others, are given in Chapter 4.
(ii1)) The use of single chain surfactants of easily measurable (incompressible) molecular
volume Vi, provides a clear advantage since, if the globular shape of the micelles is
ascertained, then as a consequence of surface and mass conservation one can estimate the
aggregation number of the micelle, N, and the headgroup area, a, given by Equations 3.7-19
and 3.7-20 (Chapter 3, Section 3.7.5) . The equilibrium area per head group of DPC

monomers in the micelles is the main experimental result.
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8.2 DLS Data Analysis

In order to find the critical micelle concentration of DPC micelles in water and in the presence
of NaX salt solutions, we used the following process: We prepared samples of different
surfactant concentrations in water and also in solutions of known salt concentration e.g.
0.45M or 1.35M, and we measured the intensity of the scattered light, Is, at 60° for each
sample using the Brookhaven BI-9000AT Digital correlator as explained in Chapter 3,
Section 3.7.4. Before measuring the scattering intensity, the samples were filtered using a
Whatman Inorganic membrane filter of 0.1um cutoff or a Millex PVDF Durapore sterile filter
of 0.1um cutoff, and then centrifuged at a speed of 3000rpm for 1-2min to completely remove
dust particles and other large-size contamination. The intensity of pure water was subtracted
from the intensity of the scattered light, Is, and the result was divided by the intensity of a

reference solution such as benzene, Ig. Both I and Iy were measured several times during

. N P |
each experiment. As a result, the expression —=—%

B

was obtained and used for each sample.

This expression is plotted against the concentration of DPC in the samples and the cmc is
obtained by fitting the experimental points (linear regression), for which the expression
deviates from the initial horizontal line. As an example, the results obtained for DPC micelles
in water are shown in Table 8-1 and Figure 8-1. Each experiment was repeated five times

and the values presented are the averages of the five measurements.

Table 8-1. Measured scattered light intensity for DPC micelles in water

DPC Concentration / mM | Reduced Intensity (Is — Iw)/Ig
0.225 0.0
0.410 0.0
0.614 0.0
0.814 0.0
0.930 0.0
0.985 0.0
1.000 0.0
1.500 0.033
2.000 0.085
3.100 0.170
5.000 0.340
1.000 0.850

214



CHAPTER §: MICELLE EXPERIMENTAL RESULTS

The linear regression of the experimental results (given with red colour in Table 8-1) is

shown in Figure 8-2. The linear regression yields the equation y = 93.85x — 0.109 (R? =

0.9985) from which setting y = 0 we calculate the cmc of DPC in water. In this experiment,

the cme was found equal to 1.16 x 10° M or 1.16 mM.

1.0

0.8 A

(5 1)/l

0.2 1

0.0

0.6

0.4 1

DPC in water
e DPC .
®
*
o
lowe 2 ; , ; :
0 2x10° 4x10° 6x10° 8x10° 10x103
CDPC / M

Figure 8-1. Reduced Intensity vs Concentration for DPC in water

DPC in water

e DPC
—— Linear Regression

0

2x103 4x103 6x103 8x10° 10x103

Copc /' M

Figure 8-2. Linear Regression of reduced intensity vs concentration of DPC in water

The size of the DPC micelles was calculated using the standard method of cumulant

expansion available in the BI-9000AT correlator software. Different approaches have been

used, the best one being the Quadratic fit analysis for which
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Koty
2!

Infg, (t,)] =K t, + Equation 8.2-1

where K; and K, are given in Chapter 3, Equation 3.7-16. Figure 8-3 shows the size
(diameter) of the DPC micelles in water, found by the DLS analysis Equations 3.7-17 and
3.7-11, as a function of the concentration of DPC. Each experimental point is an average of

five independent measurements.

DPC in water

@

6 1 Y?‘.\%

Diameter / nm

—e— DPC

0  2x10° 4x10° 6x10° 8x10% 10x10°
CDPC/ M

Figure 8-3. Size of DPC micelles in water calculated from the DLS data

The average value of the diameter of DPC micelles in water is = 5.7 nm. The size of the DPC
micelles found by DLS analysis is compared to the size found by the standard equations used

for SLS as explained in Chapter 3, Section 3.7.5.
8.3 SLS Data Analysis

In order to find the size of DPC micelles in water using Equation 3.7-18 we need to know the
aggregation number and the mass of the DPC micelles. The mass of the micelles, M, is

obtained from Debye’s scattering theory:

o _(L + 2]3(;] Equation 8.3-1
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where Rg is the Rayleigh ratio, C is the concentration of DPC micelles in the samples, B is
the second virial coefficient, K is an optical constant and P(0) is the form factor or the

intraparticle structure factor. The optical constant K is defined as:

2.2 2
= ﬁ#(@j Equation 8.3-2
2N R, \aC

where ng and Rp are the refractive index and the Rayleigh ratio of the reference solution
(Benzene), Nay is Avogadro’s number, A is the wavelength of the laser beam (514 nm), and
on/dC is the change of the refractive index of the samples with the concentration of DPC,
which was measured (see below).

The intraparticle structure factor is defined as follows:

Equation 8.3-3

Here Q = gR; q is the scattering vector and R the micellar radius. Assuming that qR << 1, due
to the fact that the size of DPC micelles is small, the intraparticle structure factor tends to
unity and thus is not taken into account.

In addition, we assume that the interparticle interactions are negligible, because the
concentration of DPC micelles in the samples is small (Cmax = 5e-3 M), therefore they are
not taken into account. Thus, the second virial coefficient B — 0 or S(q) — 1.

As aresult, Equation 8.3-1 is modified as follows:

—_— = ﬁ or Ry = KMC Equation 8.3-4

In our experimental analysis we used Equation 8.3-4 to find the micellar mass of DPC in
water and in the presence of salt solutions by plotting the intensity of the samples, taken as I =
(Ig —IW)/ I, , versus the concentration of DPC in the micelles taken as C = [Cppc - Ceme] /
(g/em’) as shown in Figure 8-4 for DPC in water. By fitting the experimental results with a

linear regression (R* = 0.999) we obtain the slope and the intercept of the regression line,
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which in this case are equal to 270 cm’/g and ~ 0 respectively. The slope is equal to KM and

can be used to estimate the DPC micellar mass, if we know in advance the optical constant K.

In order to calculate the optical constant K we need to know the derivativedn/oC. We

prepared samples of known surfactant concentration in water and we measured the refractive

index, n, of each sample. Figure 8-5 shows the plot of the measured refractive index, n,

versus the concentration of DPC in the samples.

1.0

DPC in water

e DPC
| | — Linear Regression

0 1x103 2x103 3x1073
3
(CDPC B CCMC) /(g/cm”)

Figure 8-4. Static light scattering results for DPC in water
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Figure 8-5. Refractive indices as function of DPC concentration in water

The slope of the graph (R* = 0.999) gives the change of the refractive index n with DPC

concentration, on/0C , which is equal to 0.1405 cm’/g. As a result, the optical constant can be
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calculated and then the micellar mass, M, and consequently the aggregation number, N, can
be estimated.

Going one step further, we can estimate the area per headgroup, a, of DPC in water and in the
presence of salt solutions using Equation 3.7-20 (Chapter 3, Section 3.7.5). In order to do
that, we need to know the aggregation number, and the radius R of the DPC micelles. To
estimate the micellar radius we must know the molecular volume of DPC, V1, as is shown in
Equation 3.7-18 (Chapter 3, Section 3.7.5). V., can be calculated from density
measurements of the solution as a function of the DPC mass fraction. For a solution
containing n; molecules of the solvent (water) of molecular mass M; and molecular volume
V, and n; molecules of the solute (DPC) of molecular mass M, and partial molar volume V>,

the volume V, = Vy, is given by the following equation (see Appendix III):

V,=M, (s + Lj (Equation I11-9)
Po

where s is the slope of a graph of 1/p vs w% (p is the measured density of the samples) and po
is the density of pure water. Table 8-2 and Figure 8-6 show the experimental results 1/p vs

w% obtained using an Anton Paar DMA 5000 density meter.

Table 8-2. Density of DPC aqueous solutions

w% 0.103 | 0.22 0.25 0.52 0.75 1.08
Inverse density 1/p / (ml/g) | 1.0029 | 1.0028 | 1.0027 | 1.0025 | 1.0023 | 1.0021

1.0030

e DPC
— Linear Regression

1.0028

1.0026

1.0024 -

1/p / (ml/g)

1.0022

1.0020 v v v v v
0.0 0.2 0.4 0.6 0.8 1.0 1.2

w%

Figure 8-6. Density of DPC aqueous solutions at 25 °C
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The linear regression of the plot 1/p vs w gives the equation y = (-0.8055)x + 1.0029, from

which Vo was found equal to 539 A® and consequently the density of the DPC molecule is

equal to p = 1.084 g/ml. Using Equations 3.7-18 to 3.7-20 we have computed the surface

area, a, of the DPC molecules in the micelles and all other physical parameters of DPC

micelles in water. These are tabulated in Table 8-3.

Table 8-3. Physical parameters of DPC in water

Parameters DPC in water
CMC / mM 1.16 £ 0.06
(dn/dC) / (cm’/g) 0.1405 + 0.0007
Aggregation number N 56.0+ 1.4
Surface area a./ A’ 85.0+£2.2
Diameter / nm (DLS) 5.70 £ 0.05
Diameter / nm (SLS) 4.00 £ 0.05

Similar analysis as for DPC in water was made for DPC micelles in NaX salt solutions of

concentrations 0.45M and 1.35M. The NaX salts used were NaCl, NaBr, NaNO;, Nal,

NaSCN and NaClOs. Figures 8-7 to 8-12 show plots of the intensity (I —1I,,)/I, versus the

concentration of DPC in the presence of NaX solutions. The graphs of (I —1,)/I, vs the

corrected concentration of the samples C = [Cppc - Ceme] (DPC micellar mass estimation) and

the plots of the measured refractive index, n, versus the concentration of DPC (0n/6C

estimation) in the presence of salt solutions are given in Appendix III.
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Figure 8-7. Reduced Scattered light Intensity vs Concentration of DPC in NaCl
solutions
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The physical properties of DPC micelles in NaX salt solutions are given in Tables 8-4 and 8-

5 while Figure 8-13 to 8-16 show the effect of the concentration and ion type of the NaX salts

on the physical properties of the DPC micelles.
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Figure 8-8. Reduced Scattered light Intensity vs Concentration of DPC in NaBr
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Figure 8-10. Reduced Scattered light Intensity vs Concentration of DPC in Nal solutions
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Table 8-4. Physical properties of DPC micelles in the presence of NaCl, NaBr and

NaNO;
Concentration | Parameters NaCl NaBr NaNO;
CMC / mM 1.460 £ 0.061 1.260 + 0.042 1.460 +0.053
(dn/dC) / (cm3/g) 0.134 £ 0.006 0.138 = 0.005 0.142 £ 0.006
0.45/M Aggregation number N 79.0+6.3 70.0+ 1.5 60.0+2.5
Surface area o/ A° 750+ 7.1 775+ 2.0 81.8+ 4.0
Diameter / nm (DLS) 53+£0.2 5.8+£0.2 55+0.2
Diameter / nm (SLS) 43+0.1 4.20+0.05 3.90+0.05
CMC / mM 1.240 + 0.042 1.180 £ 0.061 1.280 + 0.050
(dn/dC) / (cm3/g) 0.138 + 0.006 0.139 +0.007 0.134 +0.007
135 /M Aggregation number N 59.0+3.2 55.0+3.3 55.0+3.0
Surface area o/ A° 82.0+ 5.3 84.0+ 6.0 845+ 54
Diameter / nm (DLS) 5.2+0.15 48+0.2 430+0.15
Diameter / nm (SLS) 3.9+0.1 3.8+0.1 3.8+0.1

Table 8-5. Physical properties of DPC micelles in the presence of Nal, NaSCN and

NaClO4
Concentration | Parameters Nal NaSCN NaClOy
CMC / mM 1.280 + 0.057 1.190 £ 0.055 1.230+0.051
(dn/dC) / (cm3/g) 0.141 +£ 0.008 0.148 + 0.008 0.1138 +£0.0002
0.45/ M Aggregation number N 57.0+5.7 58.0+1.0 109.0 + 2.2
Surface area o/ A° 82.5+ 9.0 83.0+ 1.8 67.0+ 1.5
Diameter / nm (DLS) 47+0.3 4.50+0.15 5.1+0.1
Diameter / nm (SLS) 39+0.1 3.90 +0.05 4.80+0.05
CMC / mM 1.160 £ 0.052 1.620 + 0.060 1.050 + 0.056
(dn/dC) / (cm3/g) 0.139 +0.005 0.144 £ 0.009 0.165 £ 0.007
135/ M Aggregation number N 49.0 + 0.6 47.0+2.0 40.0+ 1.0
Surface area o/ A° 873+ 1.3 89.0+ 4.5 940+ 3.5
Diameter / nm (DLS) 3.0+0.1 3.1+£0.2 48+0.1
Diameter / nm (SLS) 3.70 £ 0.05 3.6+0.1 3.40+0.05
CMC
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Figure 8-13. Critical micelle concentration of DPC in the presence of NaX salt solutions
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Figure 8-14. Aggregation number of DPC micelles in the presence of NaX salt solutions
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Figure 8-15. Area per headgroup of DPC micelles in the presence of NaX salt solutions
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Figure 8-16. Diameter (DLS) of DPC micelles in the presence of NaX salt solutions
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Figure 8-13 shows the effect of the concentration and the effect of the anion used in the NaX
solutions on the cmc of DPC micelles. At a salt concentration of 0.45 M the cmc increases
for all the anions in comparison with the cmc of DPC micelles in pure water. This may be
explained by the increase of the electrostatic repulsion between the surfactant headgroups as
the micelles acquire a surface charge due to ion-headgroup association. As a result, the cmc of
DPC increases. On the contrary, the cmc of DPC micelles decreases when the concentration
of NaX electrolytes increases further to 1.35M. The decrease of the cmc at higher salt
concentrations is due to the screening of the electrostatic repulsion by the double layer
formed. The type of the anion in solution does not appear to have any influence on the cmc of
DPC molecules.

The effect of the concentration and type of the anion used on the aggregation number N of
DPC micelles is shown in Figure 8-14. The aggregation number decreases with salt
concentration but it also decreases when the anion in the aqueous solution changes from the
hydrophilic (cosmotropic) CI" to the hydrophobic (chaotropic) SCN". The chaotropic anion
ClO4 does not appear to have the same effect on the aggregation number as I' and SCN’,
especially at NaX concentrations of 0.45M. This may be due to the change of the globular
geometry of the micelles in the presence of ClO4". In general, the effect of the anion type on
the aggregation number, N, of DPC micelles follows the Hofmeister series.

The behaviour of the equilibrium area per headgroup of DPC micelles for the different anions
used follows the behaviour of the aggregation number, as shown in Figure 8-15. That is, as
the aggregation number decreases with concentration and type of the anion, the surface area
of DPC micelles increases with concentration and type of anion used in the NaX salts. The
effect of the anion type is more pronounced at small concentrations (0.45M). Hydrophilic
anions, such as CI" and Br, appear to dehydrate the headgroup of the DPC molecules. The
size of the headgroup of DPC micelles decreases in the presence of these ions compared to
that in pure water, due to competition of the osmotic equilibrium of water between the
surfactant headgroups and the specific anions. ClO4 deviates again from the general
behaviour at 0.45M, indicating that the geometry of the DPC micelles is not maintained in the
presence of this electrolyte.

Figure 8-16 shows the hydrodynamic size (diameter) of DPC micelles, as obtained by the
numerical fit of the DLS software. From Figure 8-16 it is apparent that the size of the DPC
micelles is greatly affected both by the concentration of the electrolytes but also by the type of

the anion in the NaX salts. The size of the DPC micelles decreases significantly with
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concentration and type of the anion. The chaotropic anions I' and SCN™ have the biggest
influence on the micellar size for both concentrations. Generally, the effect on the size of the
DPC micelles follows the Hofmeister series. The reason why the micellar size decreases with
concentration and type of the anion is not obvious. It may be due to dehydration of the DPC
molecules, to the change of the globular shape of the micelles in the presence of the anions, or
even to the existence of interparticle interactions between the DPC molecules that were not

considered in the present analysis.
8.4 Evaluation of free energy of micellization

The binding constants, K, of anions on DPC micelles are calculated using Equation 5.2-11
(Chapter 5). Since the presence of a salt influences the head group size by dehydration as
seen above, the comparison can only be made in relative terms. The CI” ion is used as a
reference state without electrostatic lateral repulsion since we assume that Cl” does not adsorb
on the micelles. For the determination of the association constant, K, a theoretical model was
used that connects the area per headgroup of DPC micelles with the free energy of
micellization in the presence of anions.

The general relation between headgroup surface area and free energy of micellization is
known (see Chapter 5, Section 5.5.1). The free energy F per mole of surfactant in the micelle

is given by Equation 5.5-1:

C(HHZO) n
-0,

F

E. =v(a-a,) + " (Equation 5.5-1)

o was taken as 20A*. The micelle/water surface tension y was chosen to be equal to y = 25
mN/m a value often adopted in the literature for small micelles of single-chain surfactants.
The constant C is adjusted so that the area per headgroup coincides with the observed value
for the “reference” salt which is NaCl in the present study.

The procedure that is followed in order to find the apparent binding constant of anions on the
headgroups of DPC is explained below:

In the absence of salt, the free energy of micellization is the sum of the first two terms in
Equation 5.5-1. The constant C in this case is adjusted so that the minimum value of F, is

found at the equilibrium surface area of DPC micelles in pure water. In the presence of a non-
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adsorbing anion, such as CI’, F,, keeps the same form as in the absence of salt, but the
constant C is modified so that the minimization of F,, gives the correct area per headgroup. In
the presence of an adsorbing salt like I or SCN', the free energy of micellization is given by
Equation 5.5-1 in which the electrostatic free energy is added. The first two terms are taken
to be the same as in the case of the non-adsorbing salt, considered here to be our “reference”
state since we assume that the hydration state of the surfactant headgroups does not change
significantly when CI” is exchanged for another ion. To obtain the electrostatic term, Fj, one
must first calculate the fraction of surfactant molecules on which anions are absorbed, x;,. This
is given by the law of mass action and the Grahame equation (see Chapter 5). The solution is
obtained by numerical iteration. The binding constant K in Equation 5.2-11, is adjusted in
order to obtain the desired area per headgroup of DPC in the presence of an adsorbing anion.

50 Free energy of micellization
t

Water
---------- Non-adsorbing salt

50 H EE
t = —— Adsorbing salt
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\

40 |

30

20

10

Free energy F_ / (KJ/mole)

0 , , , , , ,
00 02 04 06 08 10 12 14

Area per headgroup / nm?

Figure 8-17. Evaluation of the free energy of micellization per surfactant vs area per
molecule

Figure 8-17 shows the evaluation of free energy of micellization according to Equation 5.5-
1. The position of the minimum gives the experimental equilibrium headgroup area in three
different cases: without added salt (solid line), with a non-adsorbing salt (dotted line) and
with an adsorbed anion (bottom line).

From the measured area increase, we have derived the apparent binding constant K (fitting
parameter in the PB analysis). The results are given in Table 8-6.

The order of magnitude of x, necessary to explain the sensitivity observed for the micellar
mass versus the nature of the counter-ion is compatible with the Hofmeister series. Larger x

are found for the more hydrophobic ions. However, the numbers obtained for x;, are not
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credible. It is hard to imagine that 75% of the DPC molecules are charged by adsorption of an

I" or SCN™ ion.

Table 8-6. Measured increase of area per head-group for an overall salinity of 0.45M,

binding constants K and percentage of ion-occupied surface sites

Parameters Br vs CI' NO; vsCI' [ T'vsClI' | SCN vs CI'
Surface area of DPC per molecule at
+ + + +
equilibrium over that in NaCl/ A’ 3 6 73 8
K/M?! 20 340 1000 1200
Xp (percent coverage of surface sites by 25% 55% 70% 75%
ions)

When the fitted constants K of Table 8-6, extracted at salinity 0.45M, are used to derive the

area at equilibrium at the higher salinity of 1.35M, the agreement with experiment is only

qualitative. It is clear that these binding constants exhibit strong concentration dependence, as

was also found in the case of the DPPC monolayers and bilayers. The results of the DPC work

verify that a standard chemical binding model is inappropriate for the treatment of Hofmeister

anion interactions with lipid interfaces.
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DISCUSSION AND CONCLUSIONS

The effect of various NaX electrolytes on the three model systems studied in this thesis

(monolayers, bilayers, and micelles) is significant and follows the Hofmeister series.

9.1 Conclusions from the monolayer study

The addition of electrolytes in the aqueous subphase of DPPC monolayers leads to a general
increase of the surface pressure at a fixed area per molecule, which depends on the salt
concentration and the type of anion in the subphase following the Hofmeister anion series.
The increase of the surface pressure at a fixed area per molecule indicates a stabilization of
the liquid-expanded phase of the monolayer. Experiments using Brewster angle microscopy
have shown that in the presence of electrolytes the domains become rounder instead of more
elongated implying that the electrostatic term, which determines their shape, decreases in the
presence of salt. This can be understood as a screening effect, and it suggests that anions do
not bind to the LC domains. GIXD and IRRAS experiments provide definite evidence that the
structure of the LC phase is largely insensitive to the type and concentration of anions in the
subphase. The lattice parameters and the ordering of the lipid molecules in the liquid-
condensed phase remain essentially unaffected even at quite high electrolyte concentrations.
The different results (alteration of the chain packing) found for Nal of concentration 1.5M are
not the result of electrostatic interactions between I" and the PC head group but can be
explained by the formation of iodine in the subphase through a radical-mediated oxidation

reaction. The hypothesis of the LE phase stabilization in the presence of electrolytes is
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supported by IRRAS measurements, which show that on a Nal subphase the proportion of
gauche conformers in the alkyl chains is considerably enhanced at low pressures, and that the
LE/LC phase transition extends over a wider range of surface pressures. These findings
suggest that anions partition into or bind to the looser liquid-expanded phase, thus providing
entropic stabilization of that phase, but do not penetrate into or bind to the domains of the
liquid-condensed phase. The emerging picture that can explain the above idea is shown in

Figure 9-1.

Air

. @ Cation
Anion

Figure 9-1. Schematic representation of the behavior of ions in a DPPC monolayer in the
presence of both LE and LC phases

Here we see that ions penetrate into the disordered LE phase more easily, either binding to the
lipids or partitioning in the phase in a more delocalized way. On the contrary, the ions do not
interact strongly with the LC phase. The increase of the surface pressure, especially in the
presence of the more chaotropic anions, can be understood by evoking two different but not
necessarily contradictory pictures:

(a) There is preferential adsorption of anions compared with sodium in the head group
region, which is greater for the more chaotropic anions. This adsorption may occur
either through strong local binding or through dispersion forces. As a result the
monolayer acquires an excess of negative charge, and there is an expansion of the LE
phase at fixed pressure or equivalently an increased pressure at fixed area.

(b) There is no preferential binding, but the anions are expelled from the subphase and
enter the disordered LE phase, because there is a free energy gain for water in this way
leading to a net gain in free energy for the whole system. This monolayer penetration

is stronger for the more chaotropic ions. This may or may not result in the creation of
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excess negative charge, depending on the amount of cations that enter the LE phase as

well. The crucial result in this picture is an increase of the entropy of the LE phase,

which is thus entropically stabilized.
Various pieces of evidence from the monolayer experimental results appear to support
mechanism (b): First, if anions are strongly and specifically bound to the lipids this should
happen for the LC phase as well, which would presumably give completely different BAM
images and GIXD results. The counter argument is that the LC phase is very ordered and that
the positive choline groups are not available for ion binding, being ion-paired to neighboring
phosphate groups in the crystal lattice. A second argument is based on the fact that many
pressure-area isotherms appear to converge at high surface pressures and that infrared
frequencies approach those of DPPC on pure water at high pressures. This implies that ions
are “squeezed out” from the monolayer at high pressures, and it is not obvious how this would
be possible if strong local binding was happening. Kélsch et al. 2004 and Krasteva et al.
2001 recently observed “squeezing-out” of ions or even different hydrophobic molecules such
as sugars from monolayers. Moreover, a strong non-specific penetration of anions into lipid
phases has been found in the recent Molecular Dynamics simulations of Sachs et al. (2003
and 2004).
In order to elucidate which of the two mechanisms is really acting, two theoretical models
have been used to study the interaction of anions with lipid interfaces. These models assume
that either the anions bind to the phospholipid headgroups through a chemical reaction or they
penetrate the headgroup plane of DPPC molecules driven by an attractive potential towards
the lipid layer. The results indicate that a simple chemical binding model of the anions on the
headgroups of the DPPC molecules cannot explain the increase of surface pressure observed
in the presence of NaX salt solutions in the subphase. In contrast, the diffuse layer model
(partitioning model) is able to fit the experimental data very well. The modelling results are
evidence that the X ions do not bind to the headgroups of the DPPC molecules. Modelling
supports the idea that the LE phase is entropically stabilized through ionic partitioning in the
interfacial lipid layer. The interaction potentials obtained by the fitting analysis through the
diffuse layer model are anion-but not concentration-dependent and follow the Hofmeister
series. In addition, the interaction potentials have been correlated to various ionic properties
such as the size, Rp, the partial molar volume, V, the polarizability, oy, the hydration free

energy, AGpyqg, and the ion softness. It was found that the correlation between the interaction
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potentials and individual ionic properties is not satisfactory indicating that the mechanism of

the Hofmeister effect does not depend on individual ionic properties.

9.2 Conclusions from the bilayer study

The experimental logll — d,, curves of DPPC bilayers in the presence of salt solutions
obtained using the small angle X-ray scattering in combination with the osmotic stress
technique show that the water bilayer separation, d,, (for the same osmotic pressure)
increases when salts are present, which is observed at all salt concentrations. The electrolyte
influence on d,, is more pronounced at small osmotic pressures and becomes weaker as the
osmotic pressure applied to the bilayers increases, implying that the hydration force between
DPPC bilayers in pure water and in the presence of salts is similar. The increase of the water
bilayer separation depends on the type of anion and follows the Hofmeister series with SCN
having the strongest effect on d,,, The increase of dy, depends also on the concentration of the
sodium salt solutions used. In the presence of NaBr and NaNOs salt solutions, dy does not
seem to change by varying the salt concentration. On the contrary, dy, is greatly affected by
the concentration of Nal and NaSCN salt solutions. The effect of NaSCN salt on d, decreases
upon increasing the concentration from 0.05M to 0.5M. Interestingly, Nal is more effective at
a concentration of 0.1M while 0.05M provides the smallest effect and 0.5M gives
intermediate results.

The difference between the force curves (logll — dy,) of DPPC in water and in the presence of
NaX solutions, especially in the cases of Nal and NaSCN, is believed to be due to the
existence of an electrostatic repulsive force created by the adsorption of Br’, NOs’, I', and
SCN’ on the DPPC headgroups. The strength of this electrostatic repulsive force depends on
the electrolyte concentration. As discussed before, Nal and NaSCN, have slightly different
effects on dy, as a function of their concentration. This complex behaviour can be explained
by two phenomena; these are ion binding on the lipids and ion screening that determine the
electrostatic repulsive force between the bilayers.

Maximum swelling experiments have been performed in order to determine the maximum
swelling of DPPC (logll = 0, dy = dmax) in the presence of different NaX electrolytes. The
experimental results show that the maximum water uptake by the bilayers is influenced both
by the type of the anion and the concentration of the sodium salt solutions. The anions used

influence the maximum swelling following the Hofmeister anion series. The maximum
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swelling of DPPC in the presence of NaBr and NaNO; is not influenced by the salt
concentration and is about the same as that of DPPC in pure water. On the contrary, the
maximum swelling of DPPC is greatly influenced by the presence of Nal and NaSCN.

In addition, the headgroup area of DPPC molecules at the bilayer surfaces was computed and
appears to be affected by the type and concentration of anions used. The chaotropic anions I'
and SCN' are those that affect the most the DPPC headgroup area, A. In addition, Br" and
NOj;™ appear to dehydrate the headgroup area, which can be attributed to their hydrophilic
character. The effect of the anions is more pronounced at small osmotic pressures. In addition,
the DPPC headgroup area appears to decrease as the concentration of the electrolyte solution
is increased. The headgroup area of DPPC molecules in bilayers is compared below to the
headgroup area of DPC molecules in micelles in the presence of NaX electrolytes.

Moreover, the effect of the ionic competition between Cl” and I on the DPPC bilayer structure
has been studied. The water bilayer separation, dy,, was found to increase as the percentage of
I' in mixed solutions of constant tota/ [NaCl]+[Nal] was increased. Furthermore, d,, does not
follow a linear behaviour with the increase of I' ions in the mixed solution, but it has a
minimum at 0.5M fotal salt concentration. The water bilayer separation, dy, was found to
decrease as the total concentration of the solutions increased indicating screening of the
electrostatic repulsion between the lipid bilayers.

In order to study the interactions between the anions and the lipid bilayer phase the
experimental results (logll — dy) of DPPC bilayers in the presence of NaX salts were fitted,
either using the binding model or the partitioning model adjusted for the lipid bilayer
geometry. The fit of the DPPC curve in pure water was carried out by forcing from the
beginning the fitting curve to pass through the maximum swelling point (dy = dmax). In
addition, for a specific value of the Hamaker constant, A, the hydration decay length, A, was
set and the hydration coefficient, Py, was varied over a broad range of values. For each A, A,
and Py, we calculated the model deviation from the experimental points. The best value of Py

(for each A) was considered to be the one with the smallest deviation from experiment. Using
either d,, or d'W as the water bilayer separation we obtained excellent fits for DPPC in water
for A = (1.0 £ 0.2) KT, A = (2.55 + 0.05) A, Py = (8.67 + 0.06) x10® Pa and a range of
values (from 9 to 30 kT) if the water bilayer separation in the VDW force was taken equal to
dy,. When the water bilayer separation was taken equal to d,, , excellent fits were obtained for

A =(1.8+0.3) kT, A = (2.50 + 0.05) A, Py = (9.94 £ 0.02) x10° Pa and a range of «. values

(from 11 to 30 kT). In the second case the Hamaker constant increases by almost 1 kT
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compared to the values found for water bilayer separation equal to dy. This increase was
expected, since the change of the water bilayer separation greatly influences the Van der
Waals interaction. The theoretical parameters found in this thesis for DPPC in pure water do
not agree with those found by previous research groups (Lis et al. 1982; Rand et al. 1989;
Mclntosh et al. 1993; Petrache et al. 1998). This may be due to the different theoretical
approach each of these groups uses to compute the various theoretical parameters. In general,
the values found for the different parameters by us and by various researchers over the years
are strongly model dependent, and as a result no perfect agreement can be expected.

Upon fitting the logll — dy curves of DPPC in the presence of NaX salts (including the
maximum swelling point), using the binding model, it was observed that the Hamaker
constant must increase very substantially for the low salt concentrations (0.05 M and 0.1 M)
while an extra repulsion is required to fit the experimental results for DPPC both in NaSCN
and Nal salt solutions of concentration 0.5 M, as indicated by the large values of the
association constants needed to fit the electrostatic part of the logll — dy, curves. The only way
to improve the fit for high salt concentrations and thus reduce the binding constant to values
comparable to those found for the lower NaX concentrations, is to assume the existence of a
very extensive “Stern” layer for Na" adsorption. However, assuming a Stern layer of the order
of 8 A is not an acceptable solution, since the Pauling radius for Na' is only 1 A. The
additional repulsive force that is required to fit the logIl — dy, curves in the presence of NaX
solutions of concentration 0.5 M supports the existence of an additional mechanism of
repulsion, other than the electrostatic repulsion force produced between the lipid bilayers at
high salt concentration and is something that must be studied in the future.

Moreover, increasing the Hamaker constant so much creates serious doubts about the
significance of this fitting exercise, because the low frequency part of the Hamaker constant
must decrease theoretically in the presence of a salt solution by a factor proportional to ¢,
where k! is the Debye length of the solution. The Hamaker constant was increased in our fit
in order to accommodate the maximum swelling point. The possibility that the osmotic
pressure at maximum swelling is not exactly zero but has a very small value of about 100 —
200 Pa, due either to the presence of minute impurities or to the equilibrium of the swollen
bilayers with a system of vesicles under tension, creates doubts about the accuracy of the
maximum swelling point. Consequently, the experimental logIl — d,, results were fitted
without taking into account the maximum swelling point, using again the binding model. The

extracted binding constants were similar to those when the maximum swelling point was
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taken into account in the fitting process. Binding constants depend on the anion used but also
on the concentration of the electrolyte solution. This dependence of binding constants on salt
concentration severely limits the usefulness of these values for quantitative comparisons and
hypotheses.

The diffuse layer model was also used in order to calculate the osmotic pressure exerted
between the lipid bilayers by assuming an attractive potential, U., of anions to the lipidic
layer. The fitting results obtained are very similar to those observed using the binding model,
and in general, they demonstrate the same characteristics. The interaction potentials depend
on the anion and the concentration of the salt solution used. The interaction potentials
increase and follow the Hofmeister series of anions for the same salt concentration; for
different salt concentrations, the interaction potentials increase with concentration. For salt
concentrations equal to 0.5 M, very large interaction potentials are required in order to fit the
experimental data. Generally, the interaction potentials of anions estimated using the diffuse
layer model are equivalent to the binding constants, although the two models are based on a
different picture of the lipid-electrolyte interface.

The conclusions reached from the fitting analysis of the logll — dy, curves of DPPC in the
presence of various salts solutions are the following: at low salt concentrations one can fit the
data with more or less comparable parameters (binding constants or interaction potentials)
while at high salt concentrations much larger parameter values (binding constants) are needed
to fit the data. This indicates that an extra repulsion is present at high salt concentrations that
must be introduced into the fitting models. One possibility for the existence of an extra
repulsion force is that in the presence of very high concentrations of chaotropic ions the
interface is considerably “softened” and the perpendicular headgroup fluctuations (protrusion
forces) increase considerably. Another possibility is that the interfacial rigidity increases,
leading to stronger undulation repulsion, although this is not supported by theoretical
considerations, and is not visible as increased SAXS peak broadening in our experiments. The

“basis” of a possible extra repulsion force is something that could be studied in the future.

9.3 Conclusions from the micellar study

The effect of different sodium salt solutions on the physicochemical properties of DPC
micelles was studied using DLS. The following table (Table 9-1) illustrates how the critical

micelle concentration (cmc), the aggregation number (N), the surface area (a), and the

235



CHAPTER 9: DISCUSSION AND CONCLUSIONS

micellar hydrodynamic diameter are influenced by the concentration used in the presence of
DPC micelles. In general, as the salt concentration increases, the critical micelle
concentration, the aggregation number and the micellar diameter decrease. On the contrary,
the surface area of a DPC molecule appears to increase with the concentration of the salt

solution.

Table 9-1. Effect of the salt concentration on the physicochemical properties of DPC

micelles
NaX salt concentration Micellar physicochemical properties
Critical micelle concentration !
1 Aggregation number
(Increases 0.45 M to 1.35 M) Surface area )
Micellar diameter !

The decrease of the cmc at higher salt concentrations may be explained by the screening of
the electrostatic repulsion due to the double layer formed. However, the reason why the
micellar size decreases with concentration and type of the anion is not obvious. It may be
explained by dehydration of the DPC molecules, or the existence of interparticle interactions
between the DPC molecules that were not considered in the theoretical analysis.

The type of the anion used in the NaX salt solutions also influences the physicochemical
properties of DPC micelles. Generally, the micellar properties follow the Hofmeister series.
The chaotropic anions I and SCN have the strongest effect on all micellar properties with the
exception of the cmc, which appears not to be affected by the type of the anion in solution.
The theoretical binding model adjusted for the micellar geometry was used to obtain binding
constants of anions to the headgroups of the DPC micelles. The calculation of the binding
constants was made only in relative terms since the presence of a salt is known to dehydrate
the headgroup of DPC micelles. As a result, the CI” ion was used as a reference state.

The binding constants, K, of anions on DPC micelles follow the Hofmeister series. Thus,
larger x;, and K are found for the more hydrophobic (chaotropic) ions. However, the binding
constants exhibit strong concentration dependence, as was also found in the case of the DPPC

monolayers and bilayers.
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9.4 Correlations between results from different geometries

Different common parameters which were extracted by the experimental or the theoretical
analysis of the effect of NaX electrolytes on the above three models systems can be
compared. For example, the change of the surface area of DPC micelles can be compared to
the change of the headgroup area of DPPC bilayers in the presence of various electrolytes as

seen in Table 9-2.

Table 9-2. Comparison of headgroup area computed for bilayers and micelles in the
resence of NaX salts at different concentrations

NaX salt Headgroup area Anion type Headgroup area
concentration Bilayers | Micelles Bilayers Micelles
] Hofmeister series | follows the | follows the
! ) (cosmotropic to | Hofmeister | Hofmeister
(Increases) . . . .
chaotropic anions) series series

Table 9-2 shows that the headgroup area does not follow the same trend for bilayers and
micelles as the concentration of the salt solution increases. The headgroup area of DPPC
bilayers decreases while the headgroup area of DPC micelles increases with salt
concentration. In contrast, both depend on the anion type used and both follow the Hofmeister
anion series. The increased area per headgroup in micelles upon increasing the salt
concentration is expected and is due to charging through ion binding. The decreased area per
headgroup in bilayers upon increasing salt concentration is a subtle effect that can be
attributed to headgroup hydration.

The obtained binding constants and partitioning constants in the three model systems can also
be compared. Although it was not possible to compute unique ionic binding constants for the
monolayer, bilayer and micellar geometry a rough correlation between the values of K for the
bilayers and those of the monolayers and micelles, which best describe the experimental data
at low salt concentrations, is presented in Figure 9-2.

The partitioning constants computed for the monolayer geometry are concentration
independent and thus they cannot be directly correlated to the partitioning constants
calculated for lipid bilayers, which demonstrate concentration dependence. However, a
correlation between mean values of U. obtained for the bilayers at low salt concentration and

those of the monolayers is presented in Figure 9-3.
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Figures 9-2 and 9-3 show that the correlation of ion-binding parameters between the three
geometries is good for most of the anions used. This implies that similar ion-interface
interactions take place in the three geometries and thus the mechanism of action of
Hofmeister anions is the same. SCN™ deviates from the linear correlation in all cases,
indicating an alteration of the monolayer properties at the air-water interface. This may be due
to the fact that SCN' is a non-symmetrical (non-spherical) ion with an uneven distribution of
electrons, that is apparently capable of specific interactions with lipid monolayers disturbing

thus the molecular arrangement at the air-water interface.

Correlation between Correlation between
00 monolayer and bilayer InK 10 monolayer and micelle InK
1-5 &
= SCN- 2
°1 3
1.0 1 o 81
e B
0.5 A1 SCN-©
€
0.0 © 6
-0.5 A g
=
-1.0 A - 41
4
-1.5 | =4
-2.0 2

20 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55

In(K / M) from monolayers In(K / M™") from monolayers

Figure 9-2. Correlation between the InK’s of the monolayer, bilayer and micellar
geometries as they have been computed from the theoretical binding model
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Figure 9-3. Correlation between the U_’s of the monolayer and bilayer geometries as
they have been computed from the theoretical diffuse layer model
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9.5 Final discussion and future work

In conclusion, the presence of various salt solutions has a great effect on the properties of the
three model systems used in this study. The effects always follow the Hofmeister series and
depend on the salt concentration. The main goal of this thesis, which was to advance the
understanding of the mechanism of action of Hofmeister anions, has been achieved to a
significant extent. From all geometries studied, the results of the binding studies support the

idea that the interaction of anions is not through some type of local chemical binding. The

monolayer appears to be the best model system since the impact of ions is related to Ame, a
directly measurable property. The bilayers are not such a good model system, since their
theoretical analysis involves a number of interactions, for none of which the extent of the salt
influence is a priori known. The same applies to micelles, where the quantity with which we
monitor the salt effect (headgroup area) is very indirectly obtained from experiments.
The following questions are left open for the time being and can be considered as work for the
future:
= The diffuse layer model must be applied to the micellar geometry as well. It is
expected to provide better results than the binding model, since the outcome in this
case (the headgroup area) is related to lateral stresses.
= The theoretical binding models adjusted for each geometry must be reconsidered since
the association constants that emerge always “suffer” from salt concentration
dependence. The models must be modified to test additional possibilities such as the
presence of induction and dispersion forces.
=  More precise maximum swelling experiments for DPPC in the presence of NaX salt
solutions, especially in the presence of the chaotropic anions I' and SCN™ must be
carried out, in order to determine the osmotic pressure under these conditions. If the
“limiting” osmotic pressure is nonzero this could modify the Hamaker constants
derived from the present theoretical models.
= The “source” of the possible additional repulsive force that appears in DPPC bilayers
at high salt concentrations must be studied. This can be done with experiments
(micropipette methods, deformation via applied electric fields etc) that can measure the
steric repulsive forces that arise due to the presence of anions.
= Electrical properties such as the electrostatic surface potential induced by the presence

of anions can be directly measured through measurements of the surface potential of
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monolayers and electrophoresis or fluorescence studies using fluorescent dyes applied
to the bilayer and micellar geometry.

= Alternate lipid interfaces may be examined. For example other phospholipid molecules
can be used which can be charged or zwitterionic, e.g. the important ethanolamine
headgroup could be examined as a model, since it can be charged by pH modification
and thus provides one additional dimension to the investigation of specific salt effects.
In addition, proteins or even reverse micelles can be used as model systems to study

the Hofmeister effect.
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MONOLAYER DATA ANALYSIS

Surface pressure — Area per Molecule isotherms of DPPC in the presence of NaX salt

solutions
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Figure 0-1. Surface pressure vs molecular area isotherms of DPPC on NaCl salt
solutions of various concentrations at T =22 + 0.1°C
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Figure 0-2. Surface pressure vs molecular area isotherms of DPPC on NaNOj salt
solutions of various concentrations at T =22 + 0.1°C
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Figure 0-3. Surface pressure vs molecular area isotherms of DPPC on NaBF, salt
solutions of various concentrations at T =22 + 0.1°C
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Figure 0-4. Surface pressure vs molecular area isotherms of DPPC on NaClOy salt
solutions of various concentrations at T =22 + 0.1°C
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Figure 0-5. Surface pressure vs molecular area isotherms of DPPC on NaSCN salt
solutions of various concentrations at T =22 + 0.1°C

243



I1 APPENDIX

BILAYER DATA ANALYSIS

Osmotic Pressure

The osmotic pressure exerted on DPPC bilayers by PEG solutions is calculated according to

Equation 3.5-9 which is the following:
IT (dyn/cm®) = -1.31 x 10°G°T + 141.8 x 10°G*> + 4.05x 10°G

The experimental error of the osmotic pressure is calculated taking into account the
experimental errors of the constituent masses (mPEG, mH,0 or mSalt) and the experimental
error of the temperature (T) as shown in Table 0-1. The effect of a salt on the osmotic
pressure of PEG solutions is discussed below in connection with the discusssion in Section

3.5.5.
Water bilayer separation d,,

The water bilayer separation, dy, is calculated according to Equation 3.6-14 (d, =D -b,).

In order to calculate d,, we need to know the repeat distance D and the thickness by of DPPC

bilayers in the presence of salt solutions. The bilayer repeat distance, D, is observed from the

Bragg peak positions using Equation 3.6-12 (qzz—g). The bilayer thickness by can be

calculated using Equation 3.6-13 (b, = ¢, D - maximum swelling law). The lipid volume
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14 d=OVw

fraction, @, is obtained according to Equation 3.6-10 (¢, = {
cvL

} ) by measuring

the amount of water and thus the amount of lipid in the samples, using the Karl Fischer
method as discussed in Chapter 3, Section 3.9. For more accurate results on bilayer
thickness, a graph of by, vs ¢ is plotted and all point that deviate from the linear plot are
excluded. As a result, a new equation y = ax + b that fits the experimental points is obtained

and using the values of the slope a, and intercept b new values of by can be recalculated.
Maximum swelling

The maximum swelling of DPPC lamellar phases in the absence and in the presence of salt
solutions is found through graphs of D vs 1/ (see Section 3.6.5). In this case ¢ is known in
advance and D is obtained as explained above. The maximum swelling is defined as the point

where the bilayer repeat spacing D does not change with the lipid volume fraction @;..
An example of the data analysis is given below for DPPC/water in the absence of salt. The
osmotic pressure exerted by the PEG solution on seven samples of DPPC named DPPCI,

DPPC2, etc is given in Table 0-1.

Table 0-1. Osmotic pressure of PEG solutions exerted on DPPC bilayers

Parameters DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPC5 | DPPC6 | DPPC7
mPEG (g) 0.5533 | 1.0453 | 2.0215 | 4.8031 | 6.4080 | 10.4253 | 17.6072
mH,O0 (g) 39.4514 |38.9920 | 38.0135 | 35.2281 | 33.6201 | 29.6636 | 22.4058
mtot (g) 40.0047 | 40.0372 | 40.0350 | 40.0312 | 40.0281 | 40.0889 | 40.0130
G 0.014 | 0.0285 | 0.0555 | 0.136 | 0.191 | 0.351 | 0.786
loglT (dynes/cm®) 4.85 5.25 5.65 6.29 6.55 7.05 7.70
loglI (Pa) 3.855 4200 | 4.630 | 5290 | 5550 | 6.040 | 6.700

+0.003 | +0.006 | +0.008 | +0.011 | +0.012 | +0.013 | +0.014

e.g. the calculation of the osmotic pressure exerted on sample DPPC1 using Equation 3.5-9

is as follows:

I1 (dyn/cm®) = -1.31 x 10°G*T + 141.8 x 10°G* + 4.05 x 10°G

IT (dyn/cm?®) = -1.31 x 10°(0.014)? (50) + 141.8 x 10%(0.014)* + 4.05 x 10°(0.014)
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II (dyn/cm®) = 71655, II (Pa) = 7165.5
loglII (Pa) = 3.85

Table 0-1 shows the experimental error of the osmotic pressure taking into account only the
experimental error of the masses (mPEG, mH,0) and the temperature (T). We see that the
relative error in logll is very small (3% maximum). The effect of a salt on the osmotic
pressure of PEG for two concentrations G = 0.015 and G = 0.79 was discussed in Chapter 3,
Section 3.5.4, where it was shown that even a 40% error in the osmotic pressure of PEG
corresponds to a much smaller error in logll. We have accordingly decided to use an
experimental error of 20% in II, introducing an error of + 0.1 to reported logll values
assuming that in this way we are covering the uncertainty introduced by the salt. Thus, logll

of PEG in the presence of salt solutions is always taken to be equal to logIT+ 0.1 (Pa).

The bilayer repeat distances D, for the seven samples under osmotic stress are given in Table
0-2, which was calculated using the small angle X-ray scattering technique, plotting intensity

versus q as shown in Figure 0-1.

Table 0-2. Bilayer repeat distance of DPPC/water under OS

Parameter | DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPCS | DPPC6 | DPPC7
D (A) 63.3 62.4 60.85 57.1 56.7 54.7 53.0

lvs g

IS

w

N

Intensity (cm'l)

[ERN

0,0 0,1 0,2 0,3 0,4

q (Angstrom)'1

Figure 0-1. Bragg peak position and bilayer repeat spacing
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The lipid volume fraction ¢, for each sample is given in Table 0-3.

Table 0-3. Volume fraction of DPPC as defined by the Karl Fischer technique

Parameter DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPCS | DPPC6 | DPPC7
mSample (g) 0.0169 | 0.0213 | 0.0152 | 0.0244 | 0.0226 | 0.0193 | 0.0222
mEtOH (g) 0.803 0.857 0.803 0.790 | 0.749 | 0.778 | 0.910
VEtOH (ml) 1.013 1.081 1.012 0.996 | 0.945 0.982 1.148
V(per injection) (ml) 0.0515 | 0.0515 | 0.0515 | 0.0515 | 0.0515 | 0.0515 | 0.0515
Qty water in pure EtOH (pg) 18 21 27 32 38 43 47
Qty water in the sample (ug) 435.7 476.7 329.7 508.3 461 355.7 303.3
Qty water in the lipid (ug) 417.7 455.7 302.7 476.3 423 312.7 | 2563
m(lipid+water) (mg) 0.86 1.01 0.77 1.26 1.23 1.02 0.99
m(lipid) (mg) 0.442 0.576 0.47 0.787 | 0.804 | 0.705 0.736
W% 51.39 55 60.8 62.3 65.5 09.3 74.2
oL% 51.6 55.25 61.05 62.5 65.7 69.5 74.3
+1.6 +1.00 +1.0 +0.8 + 0.6 +0.7 +0.5

e.g. the calculation of the lipid volume fraction ¢ of the sample DPPCI is as follows:

m(lipid+water) = [V(per injection) x mSample]/ VEtOH

m(lipid-+water) = [0.0515 x 0.0169]/1.013 =8.59x 10 g = 0.86 mg

m(lipid) = m(lipid+water) - Qty water in the lipid

m(lipid) = 8.59 x 10* —417.7x 10°=4.42 x 10” g = 0.442 mg

w% = [m(lipid) / m(lipid+water)] x 100 = [0.442 / 0.86] x 100 = 51.39

0, = {1 + m} where ¢ = w (weight percentage) and vw and vi are the water and

CvVL

lipid partial specific volumes

0.5139x1.0091

0. % {1+(1—0.5139)x1
% =

-1
} x 100 =51.6
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The bilayer thickness for each sample is given in Table 0-4.

Table 0-4. Bilayer thickness of DPPC samples

Parameter | DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPCS | DPPC6 | DPPC7
br (A) 32.70 34.4 37.1 35.7 37.2 38.0 39.40
+1.05 +0.7 +0.7 +£0.5 +0.5 +£0.5 | £045

e.g. the calculation of the bilayer thickness of the sample DPPCI is as follows:

bL=¢; x D; =0.516 x 63.3=32.70 (A)

As mentioned before, for more accurate results a graph of by vs @ is plotted and any point
that deviates from the linear plot is not taken into account. The graph of by vs ¢ for pure
DPPC is shown in Figure 0-2. The bilayer thickness for each sample of DPPC is plotted as
obtained from the experimental measurements (red points). The point which corresponds to
by = 32.70 and @p = 51.6%, (sample 1), is omitted from this graph, since it is close to the
maximum swelling of DPPC.

Two points deviate from the red linear regression curve (y = ax + b) which is characterized
by R’ = 0.8834, a = 0.2456 and b = 21.0800. These two points are excluded to obtain a
second linear regression curve (blue curve) with R* = 0.9985, a = 0.2600 and b = 20.0. The
bilayer thickness is then recalculated from equation by = a(¢;%) + b using the a and b values
found from the second linear regression and plotted in ¢ % for DPPC in water, Figure 0-2.

Table 0-5 shows the new values of by as they have been recalculated.

Table 0-5. New values of DPPC bilayer thickness

Parameter | DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPCS | DPPC6 | DPPC7
b (A) 334 35.0 35.9 36.3 37.1 38.1 39.3

Comparing by, values in Table 0-4 and II-5 we see that for some samples the differences can

be considerable, up to 1 A.
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DPPC bilayer thickness DPPC bilayer thickness corrected
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¢ % o %
Figure 0-2. by, versus ¢@% for DPPC in water Figure 0-3. DPPC bilayer thickness

The water bilayer spacings, dy, are given in Table 0-6.

Table 0-6. Water bilayer spacings for DPPC bilayers in water

Parameter DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPCS | DPPC6 | DPPC7

dy (A) 29.9 27.2 24.95 20.8 19.6 16.6 13.7
+1.2 +£0.9 +0.85 +0.7 +0.7 +0.7 +0.7

e.g. the calculation of the water bilayer spacing for sample DPPCI1 is as follows:

dy=D-bp=63.3-33.4=299A

The value of dy, for sample DPPC1 (red color) is not correct. The reason for this is discussed

below.

The maximum swelling of DPPC bilayers in water is estimated in Figure 0-4.

The maximum swelling is defined as the point where the bilayer repeat spacing D does not
change anymore with the lipid volume fraction ¢r. Thus the maximum swelling of DPPC in
pure water is @p. =~ 52.6% as it is found from

Figure 0-6. The DPPC bilayer thickness is calculated using the maximum swelling law (Dpax
=br/gr) and is equal to by = 34.9 A (Dpax = 66.3 A). The water bilayer spacing, d,, at the

maximum swelling is dy, = 31.4 A.
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Maximum swelling of DPPC in water
70

65 1

60

55

@ DPPC

50 ; , : ;
1.0 15 2.0 2.5 3.0 3.5

)"

Bilayer repeat distance D / Angstrom

Figure 0-4. Plot of D vs ()" for DPPC/water for the estimation of maximum swelling

Figure 0-6 shows that the experimental points for small br/¢r do not follow a linear
relationship (see Chapter 8, Figures 8-3 and 8-4) as they should according to the swelling
law which is valid up to the maximum swelling. This was also found by Lis et al. 1982 who

have studied the swelling of various lipids including DPPC at T = 50 °C as shown in

Figure 0-5.
B0
8 RX X x X
60+ I.‘
) pooeme?
40}
- (o] 3z8a
o
20 o°°
- Dcp;‘
1 1 1 1 1 ! l__J
08 Qe 04
C

Figure 0-5. Lamellar repeat spacing (x) and water bilayer separation (o) of DPPC
bilayers at T =50 °C (Lis et al. 1982)

The fact that the maximum swelling of DPPC is ¢p = 52.6% indicates that the bilayer
thickness of the sample DPPC1 is incorrect, because the swelling law is not valid for lipid
volume fractions smaller than the limiting volume fraction of the lipid at the maximum
swelling. For this reason the experimental point which corresponds to by = 32.70 A and ¢ =

51.6% for the sample DPPCI is not taken into account at the plot of by versus ¢p%.
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Moreover, the water bilayer separation d,, for the sample DPPC1 as shown in Table 0-6 is not

correct for the same reason.

% Maximum swelling of DPPC in water
= 70

(@]

é 2 & 2
= 65 °

a) ®

8 0

S 60

k%

©

T 55

) ®

% e DPPC
i \4

5 50 : : : :

& 10 1.5 2.0 25 3.0 35
= -1

m (¢|_)

Figure 0-6. Maximum swelling of DPPC

Headgroup area A

The headgroup area, A, of DPPC molecules can be calculated according to Equation 3.6-15

2x10* - MW - v, o

(A= x10 Wy, ). The headgroup area, A, for each sample (DPPCI, etc.) is given in
bL "Ny
Table 0-7.
Table 0-7. Headgroup area of DPPC samples
Parameter | DPPC1 | DPPC2 | DPPC3 | DPPC4 | DPPC5 | DPPC6 | DPPC7
A (A% 70.3 70.0 68.5 67.8 66.3 64.6 62.3
+2.0 +14 +1.3 +1.0 +0.8 +0.9 +0.7

Fitting Analysis of DPPC/ Water

Table 0-8 to II-16 give the parameter values that have been found by the conditional fitting
for different values of a Hamaker constant using d:z dy. Figures II-7 to II-15 show

correspondingly the change of the hydration coefficient, Py, as the hydration decay length, A,

increases for the various values of the Hamaker constant.
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Table 0-8. Conditional fit: A = 0.6 kKT

Py / Pa A/ A | k. /KT | Error

8.320e+9 | 2.00 | 13.439 | 173.30

6.410e+9 | 2.05 | 15.610 | 137.40

5.013e+9 | 2.10 | 14.398 | 107.30

3.965¢+9 | 2.15 | 17.174 | 82.70

3.170e+9 | 2.20 | 19.202 | 62.70

2.565e+9 | 2.25 | 22.035 | 46.90

2.093e+9 | 2.30 | 26.097 | 34.70

1.725e+9 | 2.35 | 32.444 | 25.60

1.433e+9 | 2.40 | 43.757 | 19.20

1.200e+9 | 2.45 | 69.114 | 15.30

1.076e+9 | 2.50 | 180.24 | 13.50

DPPC in water

200
150
[0
2
o 100
i
7 1.0e+10
50 - 8.0e+9
6.0e+9 Q¥
4.0e+9 N
2.8 ©
2.6 2.0e+9
24 2.2 0.0
A 2.0
/A

Figure 0-7. Parameter values for DPPC in water at minimum error (A = 0.6 kT)

In Figures I1-7 and II-8 the curves stop abruptly and as a result a minimum is not observed

due to fact that a negative osmotic pressure is obtained for the specific parameter values that

we used for the conditional fitting procedure, which are A = 0.6 kT and A = 0.7 kT

respectively.

Table 0-9. Conditional fit: A = 0.7 kKT

Po/Pa | )/A |k /KT | Error

8.340e+9 | 2.00 | 10.748 | 175.30

6.460e+9 | 2.05 | 11.383 | 138.82

5.030e+9 | 2.10 | 12.101 | 108.40

3.975e+9 | 2.15 | 13.018 | 83.60

3.180e+9 | 2.20 | 14.162 | 63.40

2.573e+9 | 2.25 | 15.646 | 47.50

2.098e+9 | 2.30 | 17.585 | 35.10

1.728e+9 | 2.35 | 20.241 | 25.90

1.435¢+9 | 2.40 | 24.140 | 19.50

1.202¢+9 | 2.45 | 30.349 | 15.50

1.015e¢+9 | 2.50 | 41.482 | 13.60

8.616e+8 | 2.55 | 67.437 | 13.50

7.379e+8 | 2.60 | 203.61 | 15.10

DPPC in water

Figure 0-8. Parameter values for DPPC in water at minimum error (A = 0.7 kT)
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Table 0-10. Conditional fit: A = 0.8 KT DPPC in water

Po/Pa |A/A|x./KT | Error

—a— A=0.8/KkT

2.105e¢+9 | 2.30 | 13.261 | 35.50 40

1.732e+9 | 2.35 | 14.725 | 26.20

1438619 | 2.40 | 16.694 | 19.70 35

1.204e+9 | 2.45 | 19.405 | 15.60 30

1.017e+9 | 2.50 | 23.411 | 13.60 o5

8.635e+8 | 2.55 | 30.016 | 13.50

ERROR

7.380+48 |2.60 | 42.594 | 15.10 20 3.0e+9

6.360e+8 | 2.65 | 75.433 | 18.00 15

2.0e+9
Q‘Zr

10 1.0e+9 Qé

2.6
2.4 0.0

A /4 2.2

Figure 0-9. Parameter values for DPPC in water at minimum error (A = 0.8 kT)

Table 0-11. Conditional fit: A = 0.9 kT DPPC in water

P, / Pa A/ A | k. /KT | Error

2.1071e+9 | 2.30 | 10.644 | 36.00 40

1.7360e+9 | 2.35 | 11.566 | 26.60

1.4400e+9 | 2.40 | 12.735 | 19.90 35

1.2058e+9 | 2.45 | 14.253 | 15.80 30

1.0186e+9 | 2.50 | 16.355 | 13.70

ERROR

8.6471¢+8 | 2.55 | 19.273 | 13.60 25

7.4050e+8 | 2.60 | 23.802 | 15.00 20

6.3743e+8 | 2.65 | 31.520 | 17.90 15

5.5188e+8 | 2.75 | 47.731 | 22.10

10

4.8100e+8 | 2.75 | 10.293 | 27.30 1.0e+9 qo

2.8

4.1480e+8 | 2.80 | 24.785 | 33.70 2.6

2.4

0.0

2.2

Figure 0-10. Parameter values for DPPC in water at minimum error (A = 0.9 kT)
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Table 0-12. Conditional fit: A = 1.2 kT

Po/Pa | )/A |k /KT | Error

2.120e+9 | 2.30 | 6.679 | 37.40

1.746e+9 | 2.35 | 7.034 | 27.60

1.451e+9 | 2.40 | 7.457 | 20.70

1.215e+9 | 2.45 | 7.957 | 16.20

1.025¢+9 | 2.50 | 8.564 | 14.00

8.700e+8 | 2.55 | 9.312 | 13.60

7.440e+8 | 2.60 | 10.249 | 14.90

6.406e+8 | 2.65 | 11.467 | 17.70

5.544e+8 | 2.75 | 13.073 | 21.70

4.827e+8 | 2.75 | 15.316 | 26.90

4.227¢+8 | 2.80 | 18.685 | 33.00

3.721e+8 | 2.85 | 24.252 | 39.90

DPPC in water

Figure 0-11. Parameter values for DPPC in water at minimum error (A = 1.2 kT)

Table 0-13. Conditional fit: A = 1.4 kT

Po/Pa |A/A|x./KT | Error
2.132e+9 | 2.30 | 5.355 | 38.30
1.757e+9 | 2.35 | 5.582 | 28.30
1.457e+9 |1 2.40 | 5.840 | 21.20
1.220e+9 | 2.45 | 6.147 | 16.60
1.027e¢+9 | 2.50 | 6.500 | 14.20
8.730e+8 | 2.55 | 6.923 | 13.70
7.468e+8 | 2.60 | 7.432 | 14.90
6.420e+8 | 2.65 | 8.041 | 17.50
5.562¢+8 | 2.75 | 8.816 | 21.50
4.840e+8 | 2.75 | 9.776 | 26.60
4.240e+8 | 2.80 | 11.063 | 32.60
3.735e+8 | 2.85 | 12.803 | 39.50

40
35
x 30
<
& 25
20 3.0e49
15 20049 o
10 1.0e+9 Qé
2.6
24 /00
A/a :
DPPC in water
40
35
x 30
S
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15 20849 o
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2.4

X4
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2.2

Figure 0-12. Parameter values for DPPC in water at minimum error (A = 1.4 kT)
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Table 0-14. Conditional fit: A = 1.6 kT

Po/Pa |A/A |k /KT | Error
2.144e+9 | 2.30 | 4.468 | 39.30
1.765¢+9 | 2.35 | 4.624 | 29.00
1.462e+9 | 2.40 | 4.799 | 21.70
1.225¢+9 | 2.45 | 5.008 | 16.90
1.031e+9 | 2.50 | 5.237 | 14.40
8.770e+8 | 2.55 | 5.514 | 13.70
7.484e+8 | 2.60 | 5.823 | 14.80
6.438¢+8 | 2.65 | 6.195 | 17.40
5.583e+8 [ 2.75 | 6.650 | 21.30
4.856e+8 | 2.75 | 7.182 | 26.30
4252¢+8 | 2.80 | 7.849 | 32.20
3.743e+8 [ 2.85 | 8.691 | 39.10

ERROR

DPPC in water

40
35
30
25
20 3.0e+9
15 2009 oo
10 \
ve 1.0e+9 oo
26
24 ‘00
/A :

Figure 0-13. Parameter values for DPPC in water at minimum error (A = 1.6 kT)

Table 0-15. Conditional fit: A = 1.8 kT

Py / Pa A/ A | k. /KT | Error
2.150e+9 | 2.30 | 3.830 | 40.20
1.770e+9 | 2.35 | 3.945 | 29.80
1.470e+9 | 2.40 | 4.076 | 22.20
1.226e+9 | 2.45 | 4.219 | 17.30
1.035¢+9 | 2.50 | 4.386 | 14.60
8.792¢+8 | 2.55 | 4.576 | 13.80
7.520e+8 | 2.60 | 4.795 | 14.80
6.468¢+8 | 2.65 | 5.044 | 17.30
5.597e+8 | 2.75 | 5.334 | 21.00
4.875e+8 | 2.75 | 5.678 | 26.00
4.264e+8 | 2.80 | 6.083 | 31.90
3.753e+8 | 2.85 | 6.578 | 38.70

DPPC in water

Figure 0-14. Parameter values for DPPC in water at minimum error (A = 1.8 kT)
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Table 0-16. Conditional fit: A =2.0 kT

Po/Pa |A/A|x./KT | Error
2.160e+9 | 2.30 | 3.355 | 41.20
1.780e+9 | 2.35 | 3.443 | 30.50
1.472e+9 | 2.40 | 3.538 | 22.80
1.235¢+9 | 2.45 | 3.650 | 17.60
1.038¢+9 | 2.50 | 3.773 | 14.80
8.820e+8 | 2.55 | 3.912 | 13.90
7.540e+8 | 2.60 | 4.071 | 14.80
6.486e+8 | 2.65 | 4.249 | 17.10
5.612e+8 | 2.75 | 4.453 | 20.80
4.880e+8 | 2.75 | 4.692 | 25.70
4275e+8 | 2.80 | 4.966 | 31.50
3.764e+8 | 2.85 | 5.290 | 38.30

Figure 0-15. Parameter values for DPPC in water at minimum error (A = 2.0 kT)

DPPC in water

256



(I~ TW/g

I11 APPENDIX

MICELLE DATA ANALYSIS

DPC micellar mass (M) estimation in the presence of NaX salt solutions

NaCl C = 0.45M
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Figure 0-1. Static light scattering results for DPC in NaCl solutions

Linear Regression (y = ax + b) | NaCl 0.45M | NaCl 1.35M
B -4.77e-4 2.42e-4
A 3.45e+2 2.80e+2
R? 9.90e-1 9.97e-1
K (cm’mol/g?) 1.25¢-2 1.34e-2
M (g/mol) 2.76e+4 2.09¢e+4
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Figure 0-2. Static light scattering results for DPC in NaBr solutions
Linear Regression (y = ax +b) NaBr 1.35M
B 3.90e-4
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Figure 0-3. Static light scattering results for DPC in NaNOj; solutions

Linear Regression (y = ax + b) | NaNO; 0.45M
B -5.40e-5
A 2.96e+2
R? 9.96e-1
K (cm’mol/g?) 1.41e-2
M (g/mol) 2.10e+4
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Figure 0-4. Static light scattering results for DPC in Nal solutions
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Figure 0-5. Static light scattering results for DPC in NaSCN solutions

Linear Regression (y = ax +b) | NaSCN 0.45M
B -9.58e-4
A 3.10e+2
R? 9.96e-1
K (cm’mol/g") 1.53¢-2
M (g/mol) 2.03e+4
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Figure 0-6. Static light scattering results for DPC in NaClO4 solutions

Linear Regression (y = ax + b) NaClO4 1.35M
B -2.4e-4
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Refractive index, n, of DPC solutions in the presence of NaX salts
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Figure 0-7. Refractive indices as a function of DPC concentration in NaCl solutions
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Linear Regression (y =ax +b) | NaCl 0.45M | NaCl 1.35M
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Figure 0-8. Refractive indices as a function of DPC concentration in NaBr solutions
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Figure 0-9. Refractive indices as a function of DPC concentration in NaNQOj; solutions
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Figure 0-10. Refractive indices as a function of DPC concentration in Nal solutions
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Figure 0-11. Refractive indices as a function of DPC concentration in NaSCN solutions
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Figure 0-12. Refractive indices as a function of DPC concentration in NaClO4 solutions

Linear Regression (y = ax +b) NaClO4 1.35M
B 1.3425
on
A=|—| (OA/M 5.78e-2
By e
R? 9.94e-1

Calculation of the molecular volume from density measurements

The molecular volume, Vyo, of a solute in a solution can be obtained by density
measurements. For a solution containing n; molecules of the solvent (water) of molecular
mass M; and partial molar volume V; and n, molecules of the solute (DPC) of molecular

mass M, and partial molar volume V,, the density is given by the following expression:

M
V,

tot

_ nM, +n,M,
n,V,+n,V,

tot

p= Equation 0-1
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For relatively low solute concentrations we can assume that the partial molar volume of

water, V1, is practically identical to its molar volume, V.

The mass fraction of the solute is:

X = __ oM, Equation 0-2
nM, +n,M,
The density of pure water is:
M
P, = V—l Equation 0-3

Equations III-1 to III-3 are a system of three equations with three unknown parameters

(n1/ny, Vi and V;). Combining Equations III-1 and ITI-3 we get:

n1M1[p£ - 1] = HZ(MZ - sz) Equation 0-4
0

Equation III-2 can be written also as follows:
nMx = nzMz(l - x) Equation 0-5

One obtains from these two last relations (Equation I11-4 and Equation III-5):

1 11 1
V,=M,|—- _(_ — —J Equation 0-6
Po X\Po P
which can be rewritten in the following:
1 = X(L — L] + L Equation 0-7
p M, py) Po
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Equation III-7 implies that a plot of 1/p vs x is a straight line with slope equal to:

s = Y 1 Equation 0-8
M, p,

From the slope, s, we can compute the partial molar volume of the solute, V;, according to:

V, = M{s + LJ Equation 0-9
Po
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