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Abstract

Liposomes are sefflosed vesicles composed of lipid bilayer wliathave beemvidely used
asmodels forcell membrangand drug delivery vehicle®ne interesting research directiontisstudy
the interaction®f membranes with various ions, molecules and mateAaieng them, metal ions and
metal oxides are attractive because of their biologédihologicalsignificance and their unique
coordinaton interactions with lipid headgroupBrevious studieseported in the literaturéocused
mainly on electrostatic interactionghile morespecific chemical interactionsere overlooked. The
primary focus of this thesiwasto study the liposome interagtis with metal ions and metal oxide
nanoparticlegNPs)to provideinsights into contributions of lipid headgroup chemistry. In my study,
the main types of surface forossreprobed the effects of these interactions on liposome stability and
membrane irdgrity wereinvestigatedandgeneral interaction modelgereproposed for each system.

In Chapter 1therelevant background knowledga lipids and liposomess introduced.The
research progredss the literatureof the interactios between lipid membranes awmdrious metal
ions/metalcontainingNPsis reviewed.Most previous work focused on group 1A and 2A metal,ions
such as Naand C&*, while the work on transition metal iomsd lanthanidéons was much less
frequent In addition, SiQG or glass surfacewere mostwidely used for interfacing with liposomes,
while transitionmetal oxidesvereless explord. With this context, he motivation and goals of my
researcharedescribedht the end of this chapter along with the outlinglaf thesisand myresearch
focuedon transition metals, lanthanides and metal oxides.

In Chapter 2, the binding of Zito headgrougnversed choline phosphate (CP) liposomas
systematically studiedndcomparedo standardghosphocholine (PC) liposoméihe CP lipid has an
exposed terminal phosphate, which has a stronger metal binding affinity compared to the bridging
phosphate i@ PC lipid. Zn** causé significant aggregation, stacking, fusj@md transient leakage of
the CP liposomes, whilé had little effect onthe PC liposomes. Isothermal titration calorimetry (ITC)

showedthat the binding between Zrand CP liposomesasendothermic and, in contrast, no heas



detected by titrating Ziito the PC liposomesNegative staintransmission electron microscopy (TEM)
reveakd multilamellar CP lipid structures attributable to?Zsandwiched between lipid bilayers.
reaction mechanismasproposed anthe stronger adsorption of Zrwith CP liposomesvasattributed
to thestronger metal binding affinity adheterminal phosphate

In Chapter 3,1 studed the binding between CGu and four types of liposomesC,
phosphoglycerol (PG), phosphoserine (PS), &Rl Using a fluorescence quenchiagsay |
demonsgtated thatCu?* stronglyboundto the CP and PS liposomes, while the binding witaPC and
PG liposomesvas muchweaker. The membrane integrity thie PC liposomesvasnot affected by
Cu?*, whereadiposome fusion and leakagecurredfor the other thrediposomes. Under TEM, Ct
staired all four types of liposomes with a short incubation time (< 1 min). In addition, the oxidative
catalytic property of Cii wasinhibited bythe tight binding of the PS liposomes. Finally, a model
interactionfor each liposomeavas proposed,with eachliposomehaving a different metabinding
mechanism. Irombinationwith Chapter 2| demonstraté that different metal ions interact with each
lipid differently.

In Chapter 4, liposomdirected growth of gadolinium/adenosine monophosphaté(&dP)
coordination polymer shallvasdemonstratedrirst, he binding ofalanthanide io(Gd®*) to the CP
and PS liposomesgasstudied. Gé bindingdid not cause significaniipposome fusiopand no leakage
for the PS liposomesvasobserved. Taking advantagéthis observationadenosine monophosphate
(AMP) was added to crosslink Gtlon the liposome surfaces forming a3@4MP coordination
polymer shell withthe contens remaning inside the liposomes. The sheloteced the liposomes
against leakage induced by ZnO NPs butagatinst a surfactambolecule Triton X100, suggesting
porous structure ahe GA**/AMP shell. This work not only provides a simple methoddat liposomes,
but also offers a fundamental understanding of liposome adsorption of lanthanide ions.

In Chapter 5the adsorption of nanoceria (Ce®Ps ~5 nm in sizgonto PC liposomeswas
studied CeQ NPspossesslifferent surface charges at pH 4 qidl 7.6. The CeQ NPswereadsorbed

by the PC liposome at both pHs, but differentadsorption isothermaere observedAt pH 7.6, the

Vi



CeQ NPswere nearly charge neutral andducel aggregation of thdC liposome at all CeQ
concentratioa At pH 4,CeQ NPswerepositively chargedanda restabilizatiorin the presence @
relatively high amount dhe CeQ NPswasobserved. The phosphate group in the PC {jadmainly
responsible for the adsorption, and the adsorbed. G#Z3 could be displaced byree inorganic
phosphatdéons The CeQ NP-inducel liposome leakagevas attributable t@ transient lipid phase
transition andthe overall integrity of the liposomewas retainedThis study providea fundamental
understanding of the interaction betwdipid bilayers and Ce@NPs at a molecular level, which may
offer insights into thénteraction ofCeQ with cell membranes.

In Chapter 6to investigate a perception in the literature that cationic nanomaterials are more
membrane disruptivethe leakage and rupture of lipid membranesabfew chargedNPs were
systematically studied. linis work, instead ofolelyusing different materialor tesing the effect of
charge, we ugsitthe same materials and ob&itdifferent surface charges by adjusting the solution pH.
A total of three types of liposomd3(C liposomes withaguratecandunsaturated tailandPS liposomes
weretested with thre types of metal oxidBlPs namelyZnO, TiG, and FeOs. The adsorption and
membrane leakageerecarefully studied by varyinyP surface charges, surfacapping ligands and
solution ionic strength. Overalhis studysuggestshat charge alone is not the deteriminfactor for
membrane damagbutrathera strongnteraction strengtls key formembrandeakage.

Finally, the conclusiomof the thesis arsummarized, and future research opportunities are

given in Chapter .7
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Chapter 1 Introduction

1.1Lipid s, Cell Membranesand Model Membranes

Cell membraneare of critical importance tboth compartmentalize thiaterior of cellsfrom
the extracellular environmerand to perform essential biological functiah$ Cell membranesre
remarkaby diversein lipid composition andthe membrane surfaces associate wittrge numberof
proteins as well,the lipid molecules arfluidic thuscontinuously reorganize in laterdiimensions™>
Due tothe structure and dynamicomplexity of cell membranesmodel membrane systemasith
preciselycontrolled composition and propertiege desired to investigate fundamental interactions
under welldefined condition§® Liposomeswhich are closestesicleswith lipid bilayerwalls, offer a
powerful model system to study cell membrane properties. They have been widely used to study protein
binding?1° lipid oxidation!*'? membrane fusiof!*!* and lipid lateral organizatiof® A full
understanding of lipid membrane biological and physicochemical properties refyuidzsnental

knowledgeof lipid structure and dynamics.

1.1.1Structureof lipids

A typical lipid molecule contains a hydrophilic headgroup and two hydrophobic tails.
Biological membranes contain an astonishing diversity of lipids, with glytesed phospholipids
being thepredominant species in mammalian cell membranes. In these lipids, the glycerol hydroxy
groups are esterified with one phosphate headgroup and two fatty acid tails (Figiird’ he charge
of lipids and their chemical properties can be variedianging the headgroup, while the hydrophobic
tails mainly govern the lipid packing.

Sincethe molecular crossectional area dhelipid headgroup is similar to that of the acyl talil,
the lipid moleculscan banodeledas cylindes with zero curvatureSuch lipidscanself-assemble into
lipid bilayersin aqueous solutigrwith an approximatthickness o6 nm(Figure 1.1b)The lipids can

alsoassembile ito otherstructureglipid polymorphism) depenihg onthe shape of the lipgt® If the



crosssectional area dhelipid headgroup is larger than thattbk acyl tail, structurswith positive
curvaturewill form, e.g, micelles(Figure 1.1c)In contrast if the crosssectional area othe lipid
headgroup is smallethe formation ofassembliesvith negative curvature is favored, ethe inverted

hexagonal phaséd() (Figure 1.1d)
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o:T_o_ Lipid bilayer
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Glycerol [\ ¢
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Fatty acid Micelles

Fatty acid
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Inverted hexagonaln(-HH) phase

Figure 1.1 (a) Chemical structure dad typical phospholipianolecule Lipid molecules with different
shaps seltassemble intgb) lipid bilayer, (c) micellesand (d) the inverted hexagonal (H) phase.

Figure (b), (c) and (d)eproducedvith permissiorfrom ref (*%). Copyright ©2004 Elsevier B.V.

1.12 Lipid phase behavior
1.1.2.1Gelto liquid-crystalline phas&ransition

The el to liquid-crystalline transitiortemperatureT) is an important property of lipids and
profoundly influence their packing andnobility (Figure 1.2f*>"When maintained below,, the
lipids exist in a gel state €), in which the hydrocarbon chains are fully extended in antihs

conformation and the packing is highly ordered with a small diffusion coeffic At temperatures

2



aboveT,, the lipids change taheliquid-crystalline phase (. In thisphase, acyl chains adapgjauche
conformation with increased lipid lateral diffusi@iRigure 1.2a)GenerallyT:increases witincreasing
carbon numbesin the acyl chains. For examplke2-dilauroytsn-glycerc-3-phosphocholingDLPC),
which contairs 12 carbonshasa T; of -2 °C. Addingtwo carbondo the tail,as in1,2-dimyristoylsn
glycera-3-phosphocholindDMPC), increases thd. to 24 °C. In contrat, T notably decreases by
includingdouble bonds in the tailBor instancel,2-dipalmitoylsn-glycero 3-phosphocholinéDPPQ,
with two saturated acyl chainbas a Tc of 41°C, while the T. drops to -17 °Cfor 1,2-dioleoylsn
glycero3-phosphocholinédDOPQ), which contairs cis double bond

Permeability of the bilayer membrane is greatest at4loé the lipid (Figure 1.2)181°At T;, a
gel to liquidcrystallinetransitiontakes place creating boundariesetweerthe two phasewherethe
permeabilityis enhancedBelow or aboveT,, liposome can retain their contesitwell sincethe

gel/liquid interfacefiave been elimated

Gel phase Liquid-crystalline phase
a T<T, T>T,
—
O
5 —
©
NI

frenniaen
eaulisel 0 20 40 60 80

T(°C)
Figure 1.2(a) Schematic illustration of thigpid phase transitianb) A calcein release curve of DPPC
liposomey(Tc: 41 °C)as a function of temperaturgigure (b) adaptedwith permissionfrom ref (*9).

Copyright ©The Royal Society of Chemistry 2013



1.12.2Lipid phase separation

Liquid-liquid (liquid-ordered/liquiddisordered,Lo/L4) phase separations have been widely
demonstrated over a wide range of ligodmpositions Usually, the presence afholesterolis the
key.281517200n one hand,holesterol exerts a fluidizing effect that impshe lateral mobility of gel
phase lipids On the other handt exerts a condensing effect on liquid/stalline phase lipids that
increases the lipid packing aneduce the lateral mobility(Figure 1.3af° Whena sufficientamount
of cholesterols added, both the gel and liguidlystalline phase convert to a new phase, termed liquid
ordered phasd.{ phase)which hasan intermediateonformational order diquid-crystalline phase
and gel phas&®l’2°When added to lipid mixturesholesterol has davorable interaction with
unsaturated acyl chainfacili t at i ng t h elipidf raftsd witht chotesterolich high-phase
transitionlipids (L, phase}hat floatin cholestercipoorlow melting lipid bilayergliquid disordered
phasel 4 phasé. By incorporatingluorescendyes that selectively partition L, or Ly phase, th&o/Lg
phaseseparationcan be directly visualizedin giant unilamellar vesiclesGUVs) using confocal
fluorescence microscg{Figure 1.3bf! The liquid-liquid (Lo/L4) phasediagramsarewell-established
in modé membranesf ternarylipid systens.?224In addtion, thelipid raft hypothesiss highly relevan

to protein sorting and cellular signaliimgbiological system$§2>:2¢
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Figure 1.3 (a) Schematic illustration dhe incorporationof cholesterol intdiquid-crystalline phase
lipids andgel phasdipids. (b) Confocal microscopy images of/L, phase separatian GUVs with
different cholesterolcontens. Dil-C18 fluorophore stains theqlphase (red) and cholera toxin
fluorophore stains thei.lphase (green). Scale bar: 10 pMgure (a) adapted with permiss from
ref (?9). Copyright© 2014 American Chemical Sociefigure (b) adapted with permission from (&j.

Copyright© 2005 by The National Academy of Sciences of the USA

1.1.3 Different types of lipids

A vast number of lipids have been identified in nature, and mosvailable through chemical
synthesis. Figure 1.4 lists some common lipRisosphocbline (PC) lipids(Figure 1.4a and kare the
main constituerstof the outer membrane of eukaryotic cells. They are highly biocompatibbe etine:
mostwidely-usedlipids in model cell membrane3he headgroup dPClipids contains a phosphate
and a choline group. Choline is a quaternary ammonium cation, and phosphateKhésagepthan
two showing a negative charge over a wide range @6.pH8Therefoe, PClipids arezwitterionic and

overall charge neutraAlthough PC headgroupare highly hydratedand possess strong antifouling



properties (e.gresistant to protein adsorptiogff)*°theycan readilyadsorb with many kinds afrganic
andinorganic materials via differenttieraction mechanisni$3? The phase behavior caasily be
modified by changing the structure of the ta#s shown inFigure 1.4aDOPC lipid containing two
carbon double bonds inghails, has a lowT. of -17 °C while DPPClipid with two saturated acyl
chains possessedaof 41 °C (Figure 1.4 b).

Phosphatidylethanolamine (PEpids (Figure 1.4¢ arethe secondnost abundanlipids in
mammalian cell membranes (~25% of total lipid3)ey areespecially richin brain membranesvith
an abundance @fpproximately45%?32 PE lipids arealso zwitterionicat biological pH.Compared to
PC lipids that tend to form flat bilayers, PE lipids tend to formlaomellarstructuredecause afheir
negative curvature. As a resutbymation of stabléPE lipid bilayersrequires the assistanoé other
lipids.243%

Phosphatidylserine (PS) lipids are found in a variety of cell types with only moderate
abundance 510 mol % of total lipids) however, they are involved inimportant biological
functions®3¢ PSlipids areasymmetrically distributed across the membrane bilayers with the inner
leafletis enriched with PS lipidsThe flipping of PS lipids to the outer leaflet initiatdood clotting
and cell apoptosis. A numbef proteins interagparticularlywith PSlipids.3”3° The PS headgroup is
negatively chargdat physiological pHandcontins severalmetatbinding ligands, such as amine and
carboxyl groups. Pipids areknown tocomplexwith many kinds of metal iorsnd metal oxide&>*?

Although the majority ofnaturatoccurringlipids are negative or neutral, positivatharged
lipids can be obtained syntheticallyl,2-Dioleoyl-3-trimethylammoniurrpropane (DOTAP)
(Figurel.4e) is apositivdy-charged synthetic lipidontaining trimethylammonium in the headgroup.
On one handthe cationic liposomes camteractwith negativéy-charged cell membragewhich
significantlyimproves endocytosig#*On the other handationic liposomes affect immune responses
and cell signaling pathwayshich can beoxic to cells*

Headgrougnversed lipidswere firstobt ai ned vi a c¢chemical synt hes
20127 Such lipids haven invese headgroup charge orientation reldgvio traditional PC lipid;
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they are termed choline phosphate GP) lipids (Figure 1.4f and 9. DOCP (2-((2,3
bis(oleoyloxy)propyhdimethylammonio)ethyl hydrogen phosphathows a negative charge at
physiological pHBecausét contairs aterminal phosphate group, strong coordinatianhappen with
metal and metal oxidé$%° By adding an ethane group at the terminal phosphate, a zwitterionic
headgrougnversed lipid, DOCPe 2-((2,3-bis(oleoyloxy)propyl)dimdtylammonio)ethyl ethyl
phosphate (Figure 1.4g)js generatedTheir blood circulation propertyis different fromtraditional

zwitterionic PC lipids®?
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Figure 1.4Chemical sructures oftypical phospholipids(a) DOPC, (b) DPPC, (c) DOPE, (d) DOPS,

(e) DOTAP, (f) DOCFand (g) DOCPe.

1.1.4 Modellipid membranes
The complexity of biological membranes has motivated the developmesiinpfe model

systems with preciseltailoredgeometry and compositidi#:>?The most widelyusedmodel membrane



systems are solid supported lipid bilayers (SLBs) and liposorhesSLBs are lipid bilayerthatsit on

the solid support (Figure 1.5d)hey ardypically prepared by fusion of lipid vesicles from an agueous
suspension or by Langmtilodgett transferSilica and mica are commoniysedsubstrags as they
arehydrophilic, smooth and cledaa support membranes witew defects Thelateral diffusion of the
lipids is maintained by a layer of water trapped between the substralipidrailayers>® SLBs are
robust and allowa wide variety of surfaegpecific analytical techniques for characterizationluding
atomic force microscopyAMF), surface plasmon resonan@&PR) and vibrational sum frequency
generationspectroscopy(VSFG). One major disadvantage of SlsBis that targets might have
unfavorableinteractiors with the underlying substrates.

Liposomes are lipid vesicles made of lipid bila/#rat disperse in aqueous soluti@Rigure
1.5b) Soon after thie description irthe 1960s°#°¢ liposomegeceivedeverincreasing interest for both
fundamental research and practical applicatidhey have been widely usaddrug deliverybecause
of their excellent biocompatibility, facile size and charge manipulateomd thé effective
encapsulation of both hydrophobic and hydrophilic moleciiléd.iposomes are alswidely used in
nanotechnology for templated synthesis and biosefs8rApart from thesgliposomes as closed
volume containes, represent the simplest cell modgystemsto study membrane biolog and
biophysics®® Understandinghe interactiors that occur at the lipid bilayer interfacenot only is of
importance to understand cellular procesbasalso benefitmaterial sciencdn my work, |1 will use
liposomes asacell modelto studythe membrane interactiswith incoming magrials snceliposomes
allow studiesto take phcein solution phaseand avoid undesiable interactiors with underlying

substrate. The following section also includes previous studies caoigdn SLBs.



Water layer

Supported lipid bilayer Liposome

Figure 1.5Schematic illustration agtructure of (a) SLB and (b) liposome.

1.2 Liposomes

1.2.1Liposome classification and preparation

Liposomesare generallyclassifiedbased ortheir size anchumber of bilayers’-%* Small
unilamellar vesicle(SUVs) havea size between 20 nm and 100 nm, large unilamellar ve§idld/ s)
possess a size up to 1000 nm, &dVs typicaly have a sizén the micrometer range which can be
visually resolved using optical microscopyiposomes with more than one lipid bilayer are termed
multilamellar vesicle (MLV s).

The first described method for liposome preparation is the Bangham nigffind method
involvesforminga lipid film by dissolving lipids in organic solvent®llowed by canpletely remoing
the solvent The films arethen rehydrated \th agueous solventgfter rehydration MLVs with a
heterogeneous size distribution are fornfe@ure 1.6a)Additional size reduction techniques are
needed to generate homogeneous liposomes with controlledTizestrusion method isommonly
used to produc8&UVs with defined size and distribution. This method involves multiple extrusions
through a polycarbonate membrgfegure 1.6b)The degree of size reductidepend®n the number
of extrusiors and the pore size dhe polycarbomte membrandt is noteworthy thathe extrusion
processeseed tobe carriedout above thd of lipids.>”6?2 Sucha method allows uniform liposomes
with a size 060 nm to 200 nnto be preparedSonication is an alternativeethodto reduce the size

of liposomesbut the drawbacg&may includehigh temperatureand metal contamination. In addition
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to the Banghammethod, other methods have been also used to prepare liposome with homogeneous
sizes, including reverse phase evaporation techniques, solvent injection techragdedetergent
dialysis®” However, tlese methods mayaveremainingtrace amourgtof organic solvent, whiclkan

interact with lipids.

Hydration

Extrusion
| -

Figure 1.6Schematic illustration of (dijposomepreparatiorby theBangham method and (lposome

size reduction bgxtrusion.

1.22 Liposomeinterfaces

Liposomes caninteract witha wide range of materialgcluding proteins, organic polymers,
metal ionsandinorganic/organic NP%316%5 Dependhg on the compsitionand surface properties of
both liposomes and incoming materials, various interactions are poSsbfe. materials can simply
adsorb orthe liposome surface and stabilize the liposome structure (Figiédeg, While others may
induce membrane disrtipn and content release (Figurerld). With stronger interactions, lipid

membrane can rupture and rearrange on the material surfaces toSbBs (Figurel.79. In other
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cases,iposomeaggregation(Figure 1.7d)or fusion(Figure 1.7e)anbe promotedupon interaction.
Among a wide variety ofmaterials, wenave arinterest inliposomeinteractions with metal ions and

metalcontainingmaterials

Figure 1.7 Schematic illustration of ifferent interactions with liposonse (a) adsorption and
stabilization, (b) adsorption and membrane leakage, tf® formation of SLBs, (d) liposome

aggregation, and) liposome fusion.

1.3Interfacing Phospholipidswith Metal lons/M etal-Containing M aterials

The study of thenteractiors between lipid membranes and metal fomstalcontaining
materialsis important First, raturaly-occurring lipids contain many metabinding ligands Their
interaction with metal ions in biolégal systensis ubiquitous In fact many essential cellulargcesses
are regulated bpinding of metal ionswith membrane lipidssuch ascellular signalling membrane
fusionandprotein regulatiori®®” Secondjnteractions can happen through coordination fgnefich
is auniqueability for materials containg metal elementslogethemith the diversity of metal centers,
manydistinctfeatures are observedmparedo materias without metals®° Lastly, althoughmany
metab do not exist in biological systeanthey have exceptionalpropertiesthat are useful fordrug
delivery andbioimaging’ Studying their interactions with lipid membranésparticularlyimportant
to predict their cytotoxicity? In addition, egineeringhese materialwith lipidsis an effective way to

improve their biocompatibilitand stability”
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Herein, we confine our worto the direct interactions between lipid membranes and metal
containing materials. In other words, the lpigsed have no further functional group modification, and
themetalc ont ai ni ng mat er i al s-ligandeappihglatheefalawingsectioh,o u t
we first briefly discuss the surface forces commonly encountered iménactions witHipid bilayers.

The interactions of lipid bilayers with metal ions and metal oxidestlaer reviewed Finally,
interactiors with gold nanoparticlesAuNPs) are introducedto illustrate adsorpticinduced local

gelation and its effect on membrane integrity.

1.3.1 Interaction forces
1.3.1.1Van der Waals forces

Van der Waals foreearethe most ubiquitous nanoscale interadithratoriginate from dipole
interactions between atoms or molecufe$hree components contribute to van der Waals force
1) Keesom interactias) the interactiors between two permanent dipol€y Debye interactios) the
dipole-induced dipole interactionand 3) London dispersianteractiors, theinteractiors between two
instantaneous dipole$he van der Waals interactiobhetween atoms/molecules may be expressed by

thewell-knownformula

Wvdw(r) = -Cuawl ré

where r is the distance between atoms/moleculesGng= Ckeesomt Coebyet Ciondon, Which accouns
for the three abovenentioned van der Waals components. Between molecules, the van der Waals
energy decreases steeply with®1%¥he \an der Waals foreebetween similar materialare always
attractive andlarger van deWaals forces are characterized by larger Hamaker constarkior the
interactiors with lipid bilayers, such force is responsible for N&s and SiQ adsorptionwith DOPC

liposomes®
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1.3.1.2Electrostatic force

Liposomes can easily interact \égectrostatic interactiasincethe lipid headgroup can be
positive, negative and zwitterionigwitterionic liposomesare always used tminimize electrostatic
interactions Attractive force are generatd when opposity-chargel liposomes and materialsare
mixed.A well-known example ithe adsorption of negative nudeicids bycationicliposomes, which
is widely usedn gere therapy**

Electrostatic repulsion ariseghen liposoms are mixed with NP bearing the samesurface
charge. Such repulsids the result oklectrastaticdouble layer force (Figure 1.8a)When charged
surfacesaredispersed iraqueous solutiorthe charged electrolyferms an electrsstaticdouble layer
with acompact Helmholtfayer andaloosely packed diffusion layét Whenapproacing each other,
electrostatic double layers overlagsulting ina repulsive forceThe DerjaguinLandauVerwey
Overbeek (DLVO) theorywhich describethe sum of the attractiwean der Waals foraand repulsive
electrostatic double layer forgdas beerstablished tquantifiively predict the interactions between
dispersed particle@Figure 1.8b)>"® The overall repulsioffiorce is important for colloidal stability
However,it sometimegprevens two particlesfrom getting close which hindes adsorption.Strong

electrostatic attraction or repulsion can be screenédcbgasing the ionic strength of the solutié®’
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Figure 1.8 (a) Schematic representation of the double layer structure accordihg SternGouy
Chapman (SGC) modéh) DLVO theory.Figure(a) reprintedwith permissiorfrom ref ("°). Copyright
© 2010 John Wiley and SonBigure (b) reprintedwith permission fronref (). Copyright© 2009

Macmillan Publishers Limited.

1.3.1.3Metal coordination
Transition metals anthnthanidemetak have the abilityto accept electron pairs from ligands
to form coordination bonds. Lipid headgrewmntain many ligarglthatare ready t@woordinate with

metal ions. For example, PS and PE lipids are good ligand®etal iongsee Section 1.3.2.2 for detail)

1.3.14 Hydration force

When two hydrophilic surfaces are brought into contact, repulsive forcagpobximately
1 nm have been measdrien aqueous electrolysdetween a variety of surfacéscludingmica, silica,
aluminaandlipids.” Although the origin of hydration force is not well understadhrepulsive force
has ben attributedto the energyrequired to remove theater moleculesrom the surfacé&!®It has

been reported that theepulsivehydration forcemustbe overcome to induce liposome fusié#’ In
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addition,thebinding ofseverametal iors altersthe hydration ofhe lipidmolecules#>Moreover, the

surface hydration foreestrongly influence lipid adsorption on metal ox&lgface$?84

1.3.2 Metal ion bindingto lipid bilayers

Thebindingof metal ionswith lipid membranesas been longtudied. Extensive studies have
been carried out on the calcium ion because of its biological relevRacently, the importance of
transition metal binding with lipids hadsobeen realized. Although theyepresent in a much lower

concentrationn thebody, they may bindo lipids with higher affinitydue totheir coordination ability.

1.3.2.1 Binding of C&* with lipid bilayers

The binding of C& with lipids is strongercompare to alkali metalions €.g, Na', Li* and K)
and other alkalinearth metal ionse(g, Mg?* and Sr**).8587 Ca*-induced lipid membrane fusion is
well documented3®8% |t is generally accepted that the presence of @nhancs lipid packing,
induces lipid orientation and conformation charsgandcause dehydration of lipid headgrou§s8’:%*
% 1t can also neutralizeand cluster negatie-charged lipid$3% |n addition to electrostatic
interactiors, C&* bindsto specific sites in the lipid&or instance the binding of C4 with phosphate,
carboxylandcarbonyl grouphasbeenreported’ 929499 The binding affinity (characterised bitq)
of C&* with lipids is usually in themillimolar range Recetly, with the succedsl synthesis of
headgrougnversed lipids, theffect of lipid headgroup dipol®n lipid binding with C&* has been
studied*®% The effect of C& binding on headgroujmversed liposomesof DOCPe and DOCRs
different compared ttraditionalzwitterionic DOPC and negati\g-charged DOB and DOPA.C&*
causs a slowerDOCP aggregation compared to DOPS and DORAaddition,a plateau effecat
higher C&* concentratios was observedor DOCP, which wasabsent withDOPS and DOPA
(Figure1.9a) For zwitterionicliposomesthe binding ofCa* increasd the DOPC surface potential to

positive In contrastthe overall potential remaia negative for DOCPé-igure 1.9b)®
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Figure 19 (a) The aggregation rates of anionic liposomes induced by. @a) 3-potential of
zwitterionic liposomesin the presence of €a Figures reprinted with permission from ref 4f).

Copyright© 2012 American Chemical Society

1.3.2.2 Binding of transition metal ionaith lipid bilayers

Transitionmetal ionsusuallybind to lipids stronger than €aWhile electrostatic interactisn
exist, coordinationinteractiors play anadditionalimportant roleCr e mer 6 s gthesbingingst udi e d
of C?* with PS and PE lipids supported on a silica surf&égure 110).4%41%Using a fluorescence
quenching method, they demonstratieatthe Ci#* tightly boundto PE lipick.?® At physiological pH,
theapparenequilibrium dissociation constar€papr, Wasapproximately2 uM, andit wasinsensitive
to the PE contenin the membranéheKpapp significantly decreasedhenthepH was increasetb 10
(Figure 1.10apndalsochanged as a function oERcontent(Figure 1.10b) with 10 uM for SLBs
containing 1 mol % DOPE and 150 nM for SLBs containing 70 mol % DOPE. The tightgnphig10
wasbecause PBasan intrinsic K, of 9.6 thus PElipids bear a negative charge at pH A8. such,
the interfacial charge increased with Béhtent resultingin an increase in Cticoncentratiorat the
membrane surfac&he bindingwasbelievedto happen between the €wand the amine group in PE
(Figure 1.10c) Once bound, CU participated m Fentorlike chemistry to produce hydroxyl

radicals/superoxide, whigmhancedhe oxidation of double bosdh the lipid tails(Figure 1.1d). The
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oxidation ratewas 8.2 times faster fobilayers containing70 mol % PE than pure PC bilayers upon

exposurg¢o 70uM Cu?* and 10 mM hydrogen peroxide.
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Figure 1.10 (a) Normalized fluorescenasf SLBsin the presence of Gufrom pH 7.0 to 10.0. (b)
Normalized fluorescencef SLBs containing 0 to 70 méb DOPE at pH 10.0(c) CU* binds to the
amine on two PE lipidgorming a bivalent complex with a neeutral charggd) Schematic illustration
of lipid oxidation enhanced by €ubinding. Figures adapted with permission froaf (°). Copyright

© 2016 American Chemical Society

Comparedo the binding to PE lipidsCu?* binds to PSlipids even stronget®*! The Kpape is
down tothe pM region, which ismearly5 orders of magnitude titgr than that of Ci-PE under the
same conditios This tighter binding was attributed to the unquenchable surface potential-of PS
containing surface** Thiswasbecaus¢he binding of C&" with theamine group releaséwo protons,

making them still negatiwe chargedafter binding(Figure 1.11b)Such unquenchable surface potential
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increass the Ci#* concentration in the double layéfigure 1.18). In contrastwhenboundto the
abovementionedPElipids, the net charge of G4PE is zerdFigure 110c). In addition, Cé* binds to
PSlipids in a pHdependent manner, whereas thé*@ustronglyboundto PSlipids at basicpH, and
while dissociationoccurswhen the pHs lowered? Thesestudiesprovide molecularinformation of
Cu?* binding to lipids However,they werecarried out usingSLBs the effectsof metal bindingon
membraneaggregation and integritwere not studiedn our study, we use liposomes to investigate

these effects
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Figure 1.11(a) Schematic representation of the changémf,with PS density in SLBgb) Cl?* binds
to the amine and carboxylate of two PS lipids to form a bivalent complex with a net ch&degire
(a) adapted with permission from ref); Copyright© 2015 American Chemical Societyigure (b)

adapted with permissiofromref (°). Copyright© 2016 American Chemical Society

1.3.3 Interfacing liposomes with metal oxides
1.3.3.1 Metal oxides

Metal oxides are important materigtatdisplay exceptional electrical, optical, and magnetic
properties, making them promising candidatesafaide variety of applications®? Their controllable
surface structuresakethemready to interact witlother component€Oncedispersed iran aqueous
medium,the oxidesbecome charged as a result of the ionisation of surface gneitpghe charge
related to solution pHJsing TiO as an examplet has gointof zero charge (PZG)f pH 5.8 At pH

5.8, the charge of Tifs zero.Below pH 5.8the TiQ is positively charged:
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Ti-OH + H' —— Ti-OH,"
At a pHhigherthan 5.8jt is negatively charged
Ti-OH + OH® —— Ti-O" + H,O

Since eachmetal oxidehasunique surface&hemicalproperties, they interact with lipicholeculesin
variousways. Early studiesin the field focused on the interaction of liposomes witilanar SiO.
surface. Inspiredby this, studieshave been carried out on plardO, surface. Mostrecently the

interactiors of liposomes with nanosized'iO> have beermnvestigated.

1.3.3.2 Interfacingliposomeswith planaroxide surfaces

The initial workcentered onhe interaction of PC liposomes witlsiO, surface.>*10! Strictly
speaking, Si@is notametal oxide, buthestudy of it providesanimportant fundamental understanding
of and comparisoto metal oxidesThe general agreement isatiPC liposomgcanadsorb anduse
with SiO; surfacasforming SLBs. Theinteractionsbetween PC lipids and SiGurfacesreconsidered
to involve van der Waals foree™ In this processthe balance between the adhesion energy and the
curvature energyletermires the liposome deformation and fusiofihe importance of cooperative
effects of neighboring vesiclésms been demonstratethereaghe liposomes need critical coverage to
form SLBs below whichthe liposomes are adsorbed intadf?% Electrostatic forcg which can be
modulatedby ionic strengthsolutionpH, and divalent metalprovideanextra contribution on top of
the attractive van der Waals fosde facilitate PC liposomes fusion on Sit®*%The PC headgroup
and SiQ surfaces are not directly attach@tsteadthey are separated by a thin water layer (~ 1 nm).
Thus, he fluidity of SLBsis largely maintained

Laterresearch interesthangedo TiO, surfaces because ofheir excellentbiocompatibility.
In comparisorio SiO, liposome fusion with Ti@is generdly considered difficultEarly work repored
thatPCliposomes adsorkedintact on TiQ surface without ruptureevenin the presence of ¢al%¢107
While later research demonstratedt with a high liposome concentration and a long incubation time,

PC liposomesouldform bilayers on Ti@thatweresimilar to those on Si©and the interaction energy
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was20-fold higher tharon SiQ. In other methos] PC liposome fusionould occurbelow pH 4108109
It wasproposed that van der Waals fasagere not strong enough to rupture liposomestioa TiO-
surface.andadditional electrostatic interactiswereneededwhich could begeneratedt pH below
the K, of TiO..1%° Besides the zwitterionic Plibosomesthe fusion ofnegativdy-chargediposomes

with TiO2 couldoccur inthe presence of €at01:110

1.3.3.3 Interfacingliposomeswith metal oxideNPs

1.3.3.3.1PCliposomes adsbrintacton TiO. NPsvia chemical interactios

The alsorption of DOPC liposomen TiO,NPsh as been st udit'drtead y
of van der Waals foredriven SiQ/DOPC adsorption, a&trong chemisorption mechanism was
proposed based on sevediferent observationfor DOPC adsorption on Tikxomparedo SiQ.!!t
First, the amount of adsorbed DOPC on Jlignsensitive to ionic strength, but the adsorption by,SiO
is promoted by NaCl. Second, Ti@dsorptioris pH-dependent, in which the adsorptissignificantly
weakened a pH higher tharthe PZC (pH 6.8),but SiQ retaired adsorption capacity even at pH 11.
The high pH only providd a kinetic barrierfor TiO, adsorption becaus®nce adsorbed, the stability
of the hybrid materialaasnot affected by raising the pHastly, phosphate inhibited DOPC adsorption
on TiO; but noton SiO,. Based on these observations, filmenation of a covalent bond between lipid
phosphateand Ti cengrsvia nucleophilic attack was proposgdgure 1.12). CryogenieTEM (Cryo-
TEM) showed DOPC adsorbed on TiONPsas intact liposome@~igure 1.12f) while the adsorption
on SiQ resuledin SLBs(Figure 1.12c¢)The lack of SLB formation was attributedtt® strong steric

effect of choline that impedes the DOPC liposome rupture.
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Figure 112 (a) Schematic illustration, (b) proposed interaction mechanism, andry@TEM
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Figures adapted with permission from (&f). Copyright© 2014 WileyVCH Verlag GmbH & Co.

KGaA, Weinheim

1.3.3.32 CPand PSiposomes fornSLBson TiO; NPs

Inspiredby thehypothesighat the lack oDOPCfusionon TiO. at neutral pHs due tothe
steric effect of the choline group, thgeractionof TiO, with headgroupnversed DOCP liposomes
was studied(Figure 1.B).4*° DOCP has a direlgt expo®d phosphatethus,in this way, the steric
effect is eliminatedThe difference between DOPC and DO@&sfirst observed in a calcein leakage
test. When using calceilbaded DOPC liposomesdding TiO. did not causeleakage fromthe
liposomeg(Figure 1.18). In comparisonTiO- leakedDOCP liposomes upon mixingrigure 1.8g),
suggesting tht liposome rupture might take place. Indeed, ghesenceof supported DOCP lalyers
surrounding the Ti@surfaces wasconfirmedusing cryeTEM (Figure 1.18). The generation of such

features was attributed to the stronger interastdiTiO. with theterminal phosphate and the absence
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of steric effects from theholine groupFigure 1.13®). The formation of DOCP SLBs on ©O; could
occur between pH 3and pH1042 In addition to DOCHiposomes the negativéy-charged D®S
liposomescanalso form SLBs on T, in the sameH range(Figure 1.18).%2 This wasattributed to
the coordinahg ability of serine groupsThecarboxyl groupvasbelievedto beinvolved in bonding

with TiO2>NPs(Figure 1.13c)
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Figure 1.13 (a) Schematic illustration of (b) DOCP and (c) DOPS liposomes for@is on TiO,
NPs. CryeTEM micrographs ofTiO, NPs interacting with (d) DOCP liposomes and (e) DOPS
liposomes. Calceitpaded liposome fusion tests when Ti@Ps mixed with (f) DOPC lipgomes and
(g) DOCP liposomesFigures adapted with permission from réf), Copyright © 2015 American

Chemical Societyand ref(*?), Copyright© 2018 American Chemical Society
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1.34 Interfacing liposomes witAuNPs

AuNPs are particularly attractive for nanotechnology because of their unique distance
dependent color, tunable surface chemistry and high biocompatibiltéj AUNPs arefeatured with
high interparticle van der Waals forcase(,larger Hamaker constagtyielding low colloidal stability.
Interfacinglipid bilayers withAuNPshas been extensively studied for both fundameuntalerstanding
and practical applications. Mostiudiesused AuNPs capped syrfacdigandst!4!'*Although surface
cappingimprovescolloidal stabilty, the native AUNP surface is maskedvhich hindess interactions
emerging dectly fromthe Au core.Most AUNPs prepared in aqueous solution are capped by citrate,
which is aweak ligand and can be readily displac€derefore, citrateapped AuNB are generally
considered to be naked and are used to study the direct intesdmgtareen AuNP cores and lipid

bilayers.

1.3.41 Adsorptioninducedlocal lipid gelation and gel/fluid interface merging

The interactions of citrateapped AuNB with DOPC liposomes have been studi¥d?!’
CitratecappedAuNPs could be adsorbed araggregatd on the liposome surfac&he adsorption did
not ruptre the overall liposomstructure however,it caused membrane leaka@nce the leakage
also happeed whenAuNPs were removed onore AuNPs were added, local transient leakage was
suggested

Togetherwith the fact thatiposome leak their conterstmost rapidlyat T, and local lipid
surface reconstructiareportedoy Granicld group® a citrate AuUNPsadsorptiorinducedlocal fluid-
to-gel phase transition was proposkdthis model,the PC group is roughly parallel to the liposome
surface In the presere of negativéy-charged NB, the headgroups tilted to favorinteractionswith
the positively-charged cholinewvhich reduesthe headgroup aremdinducesgelation(Figure 11439.
As such DOPClipids undergo a fluieto-gel phasertinsitionat the sieésof citrate-Au adsorptionand
leakage occurs during thisansition once thegel stateis reachegdleakagestops. Upon remang the

AuNPs, the sites undergareversetransition, also resulting in transient legk. This hypothesis was
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further supported by thiact thatno leakagavasinducedby AuNPs adsorptioon DPPCliposomes

since they werealready in gel phase ameh phase transitiomccured Indeed an increased. was
observed, demonstratinige strengtheng of DPPC lipid packingiponcitrate AUNP adsorption

Varying the PC liposome fluidity by using Plipids with different T, Li u6 s algor oup

demonstrate a model ofAUNPs merged on the surface of PQliposomes attributable to tHecal
gelationof thefluid DOPC liposomes (Figure 1.14b, top). Since the local gelation creatfluid/gel

lipid interfaces associed with a high interfacial energy, there was a thermodynamic driving force to
mergethe AUNPs to eliminate the interfaces or fluid/gel phase boundariesntrast, such meirg

was unfavorable inthe gel phase DPP@posomes sinceo fluid/gel lipid interfaces existd (Figure

1.14% botton).

Calcein leakage, AuNP aggregation
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Figure 1.14 Schematic illustratiorf (a) AuNRinduced PC liposome leakage via a phase transition
and(b) citrate AUNP adsorption by DOPC inducing local gelation and emerging of galésss (top)
and citrateAuNP adsorbed by DPPC (bottonBigure (a) adapted with permission from (&f).
Copyright© The Royal Sogty of Chemistry 2015Figure (b) adapted with permission from ¢€f).

Copyright© 2015 American Chemical Society
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1.3.42 Manipulating surface forces lmappingthe AUNP surfacewith variousligands
The strong surface forsdetween PC lipids and AuNPs was proposed to be van der Waals

forces. 6117 Suchvery shortrangedorces can beprecisely tailored bgurface capping dAuNPs with
varioushalide ions includingCl, Br- and I (Figure 1153.1'8 These halide iondawe sizes of 3.34A,
3.64A, and4.12 A, respectively. When mixed with DORiposomes the color ofAuNPs turned to
purple,indicatingaggregationThe aggregation was most extensive for citrae Cl-capped samples,
followed by Br, whereaghe sample capped withaggregatedhe leas(Figure 115b). Thisindicakes
that ClI-cappedAuNPs had a similar effectto citrate AUNPs Whenthe ligand size increadgthe
interactiors decrease:. I'-cappedAuNPshadthe weakest interactigrwith PC liposomewhich was
also demonstrated ynly moderate leakage ardl. increasgFigure 1.1% andd). Furthermorethe
interactiors between AuNPs and PC were totally blockectbgtingthe AUNPswith larger molecules
greder than 10A. This work demonstratethat surface ligand cappinbasa strong influence on

interactiors with lipid bilayers.
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Figure 1.15 (a) Schematic of DOPC liposomes adsorbing AuNPs coated with various habyles. (
Photographs of AUNPs cappedvarious ligands before and after adding DOPC liposomg€a|cein
leakage testof DOPC liposomes after adding various AuNRB.ifferential scanning calorimetry

(DSQ) traces of DPPC liposomes after mixing with various AuNFgures adapted with perasion

from ref (*18). Copyright© 2018 American Chemical Sotye
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1.4 ResearchGoals andThesisOutline

Previous studies hawhown that th@ssociatiorof metal ionfmetatcontaining materialg/ith
lipid bilayerssignificanty alterslipid bilayer constructios andtheir physicochemicaproperties. The
majority ofprevious studies havecusdon electrostatic interactionshile chemicalnteractionavere
overlooked.Becauseipid molecule haveversatile headgroup chemistaynd metals possessique
coordinationinteractions chemical interactiondetween themare inevitabke. Focusing on their
chemical structure may providemolecularlevel understandingf their interactionsTherefore, the
primary focus of this thesis is to study the interactions between lipid bilayers and metal ions/metal
oxides with particular attention tahemical interactions. The metal ions studied mainly include
transition metal ions and lanthanide metal idus to their strong coordination abilifjhe metal oxides
studiedinclude TiQ, ZnO, CeQ and FeOs NPs which werechosenfor their biotechnoloigal
relevanceThe goals of this thesiaclude 1) studying the adsorption mechanisn®) identifying the
surface forces, 3) investigag the membranéntegrity, and4) propos$ng general interaction motie
The thesis condis of seven chapters

Chaptes 2 and3 focus ontheinteractions ofiposomes with transition metal ions. In Chapter
2, Zr* binding with headgrouimversed CP liposomeés studiedandcompared tdC liposomes. The
irreversible aggregation, stackingnd leakage of CP liposomes induced by*Zwas demonstrated,
while no such behaviawasobservedvith DOPC liposomes. The binding of Zno CP liposomeand
PC liposomesvasalsostudiedusingisothemal titration calorimetryITC). This work highlights the
function of the terminal phosphate group in metal binding in liposon@sapter3 describes Cii
bindingto liposomes with four types of headgraup C,phosphoglycerqPG), PS and CP. The binding
wasstudied using a fluorescence quenching methMe&mbraneintegrity was studied usinglynamic
light scattering DLS), transmission electron microscofyEM) and calcein leakage assaly addition,
we demonstratkthat Cu?* stained individual liposomes with a short incubation timeler TEM It

was found that he oxidative catalytic property of €uwas inhibited by the tight binding of PS
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liposomes. Finally, we propodea modelfor the interactiors of Cu** with each liposora. In
combinationwith Chapter 2, we demonsteat that different metalions interact with each lipid
differently, soit is worthwhile to consider eacbaseindividually.

In Chapter 4thegrowth of a nucleotiddanthanidecoordination polymer shell on lygomess
demonstratedFirst, the interactiomof Gd** with CP and PS liposomesere studied systematically,
including the surfacpotentialand membrane integrity. With the conclusion that*@ihding has no
disruption on thePS membranea Gd&®*/AMP coordination polymer shelvas coated on DOPS
liposomes. The improved stability toward larger ZnGsR&t notthe smallsurfactanimoleculeTriton
X-100wasdemonstrated. This work not only providesimple method to coat liposomésit also
offers a fundamental understanding of liposome adsorpfittmlanthanide ions.

In Chapter 5the interactions ofnanocerigdCeQ NPs)with PC liposomesre stidied The
nanoceria adsorption isothesmwvere detemined at various pé& and ionic strength using a
fluorescence quenching assay. Calcein leakage, TEMd#fgdential scanning calorimetrgDSC)
studies indicaté that nanoceria indudeliposome leakage because afransient local lipid phase
transition. This study providibiointerfacial information at a molecular level regarding the interagtion
of nanoceria and model cell membranes.

In Chapter 6the leakage and rupture of lipid membranes by charged metal WKdare
investigated The pereptionin thefield is that cationic nanomaterials can damage lipid membranes,
while some reports suggest the opposieinvestigate thisinstead of using different materials for
testing the effect of chargee usal the same material to obtain diffetefharges by varying the pH of
the solution By usingcalcein leakage assato probe membrane leakagee demonstrate that the
charge alonés unimportantfor membrane leakageather the keyis the interaction strength.

Chapter 7describes the conclams from each chapterthe original contributions of this

researchand recommendations for further studies.
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Chapter 2 Zn?*-Induced Irreversible Aggregation, Stacking, and Leakage

of Choline Phosphate Liposomes

The results presented in tlibapter have been published as:
Yibo Liu and Juewen LiuZn?* Induced Irreversible Aggregation, Stacking, and Leakagehaoline

Phosphate Liposomglsangmuir, 2017, 33, 1447214479
2.1 Introduction

Cell membranes respond to ligand binding to allow deialing, endocytosis, membrane
fusion and other biological procesg&s*120Most phospholipids can sedissemble to form liposomes,
which provide an excellent model system for biological membr&hé® After loading drugs and
fluorophores, stimulresponsive liposomes are useful as drug delivery vehicles and bios€h<érs.
While proteins and small molecules have been the most popular ligands to trigger reactions on lipid
membranes, metal ions also attracted more and more attention rée&riy®12812For example, the
role of C&*in promoting liposome fusion has long been documetit&advhere C&" brings liposomes
closer and rearranges local lipids required for fu&i@e’* binding to lipid by electrostatic interactions,
dehydration, and specific site bindi#ig>°* Such binding may rigidify lipid bilayers, reorient the
headgroup, and cluster negative charged lifi&&*

Cu?* was reported to damage lipids by generating reactive oxygen species'tREEemer
and coworkers gtied metal binding t®®S and PE lipid&:41°%133They reported extremely strong
binding between Cti and PS lipid$® The binding with PE lipidenhanced the oxidation of a lipid
associated dy¥.Sasaki and coworkers synthesized lipids modified with a pyrene in the tail and an
iminodiacetic acid in the headgroup. Mdbatiding affected the packing of pyrene for highly sensitive
detection of C&r and Hg".1**1* They further demonstrated s@l§sembly of column structures of
stacked lipid bilayers by adding €128 Metal ions may also induce liposome leakage. For example,

Hg?* strongly binds to PE lipideesulting in the leakage of Rfdntaining liposomes as demonstrated
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by Lu and coworker&® Na" binding tolipid membranesvas studied by DLS and IT€%* Finally,
fluorescent ligands were also inserted in liposomesftal detectiof®8:13°

Most of the above studies focused on serine, amine and carboxyl groups for metal binding. The
phosphate grous ubiquitous in phospholipgl howeverit has been overlooked in most studies
involving transition metals. A general perception is that phosphate is chemically inert, and only certain
high valent metals can bié?42 The Liu labrecently emphasized the role of lipid phosphatthin
adsorption of various metal oxides. For example, the phosphate in PC lipids can bing, teey
and ZnO surface8:#"4%111The phosphate affinity to these oxides was significantly enhanced by
inversing the hadgroup to make CP lipidé°where the phosphate is fully expogé>This indicates
that CP might be a stronger metal ligandntl®C. In addition, the inversed headgroup enhanced the
phosphate interaction with metal ions since terminal phosphate has stronger metal binding affinity than
bridging phosphat&* As such, we are interested in further studying its metal binding.

Zn?* is abundant in biology for cellular communication ahé development of skeletal
systemdg?® Being a strong Lewis acid, Zhis a common metal cofactor in many metalloproteins.
Previous studies sh@d that ZA* could bind to negativg-charged PS liposomes, preventing lipid
oxidation due to Fé& and C@d*.*4¢ In contrast, no such protection was obsdmwith neutral PC lipids
alone. ZA" might bind to lipid membranes via both electrostatic interactions and also Lewis acid/base
interactionst*’14® Herein, we study the binding of Znto PC and CP liposomes, highlighting the
importarce of the phosphate groups. This work revealed CP to be a Highyaligand for Zr?*, and

various interesting nanoscale lipid structures were produced from such interactions.

2.2 Materials andM ethods

2.2.1 Chemicals
All the phospholipids were purchased from Avadiar Lipids (Alabaster, AL). Zinc chloride,
disodium calcein, TritonX-100, and phosphotungstic acid were purchased from Siddneh.

Sodium a@etate,magnesium chloridegzalcium chloride, sodium chloridethylenediaminetetraacetic
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acid disodium sal{EDTA), 2-(N-morpholino)ethanesulfonic acid (MES)nd 4-(2-hydroxyetyl}1-
piperazineethanesulfonic acid (HEPE®re from Mandel Scientific (Guelp@N, Canada). MiliQ

water was used to prepaak the bufferssolutions, and suspensions.

2.22 Preparatia of liposomes

Liposomes were prepared using standard extrusion methé&*° DOPC or DOCR2.5 mg)
was dissolved ichloroform. After evaporating chloroforby blowing N, thesamplesvere dried in a
vacuum oven at room temperature overnighfully remove chloroform. The dried lipiiims were
stored at20 °C in a N atmosphere prior to use. To prepare liposomes, thefligid were hydrated
with 0.5 mL of buffer A (10 mM HEPES, pH 7vwdith 100 mM NacCl) yielding a lipid concentration
of 5 mg mLL. The resulting cloudy suspension was extruded 21 times through steeied
polycarbonate membrane with a pore size of 100 or 50 nrandapsulate calcein, the lipid films were
hydrated with 100 mM calceiovernight followed by extrusion. Free calcein was removed by passing
35 uL of the sample through a PID column using kiter A for elution. The first 60QuL of the

fluorescent fractionverecollected.

223DL S apotentiabmeasurement

ZnCl, solution was graduallijitrated toa DOPC or DOCRiposome suspension (1Q@ mL™)
in different buffers all containinf00 mMNaCl (50 mM acetate for pH 5; 50 mM MES for pH 6; and
10 mM HEPES for pH 7.6). Ptentiatvgretdlateomdngdon aMalvernd i a me t e
Zetasizer Nano ZS 90 with lde-Ne laser (633 nm) at 9Gind 25 °C. The data were analyzbsy
Malvern Dispesion TechnologySo f t war e -dote2i@l wasdétérmined from the measured
electrophoretic mobility using thEBmoluchowski approximation. The hydrodynamic diameter was

determined from the measured diffusiirparticles using th&tokesEinstein relionship.
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2.24 Liposomeleakagdess

To monitor the leakage of liposomegul3 of purified calceirloadediposomesvereadded to
597 uL of MES buffer (50 mM MES 100 mM NacCl, pH 6) in a quartz cuvetteoaim temperature.
The background fluorescence wasnitored for 5 mirbefore adding metal ior$ypically 10pL of
10 mM metal ions). Th8uorescence was monitored for another 25 min. At 30 mipL16f 5% Triton
X-100 was added to fully rupture the liposomes. Calegis excited at 485 nm, and the ssnmdn was

monitored at 525 nrasing a Varian Eclipse fluorescence spectrophotometer.

2.251TC

ITC experiments werperformed on a VTC Microcalorimeter instrument (MicroCalJ.he
samples were degassed to remove air bubbles priojetgion. DOPC or DOCP (100 or 50g mL?)
in 50 mM MES (pH 6) witil00 mM NaClwereloaded in a 1.45 mL ITC cell at 25 °C. Za(280pL,
5 mM) or CaCl (280pL, 10 mM) in the same buffer wéitgratedinto the cell through a syringe (10

for each injection, excefor thefirst injection of 2uL).

226 TEM

TEM measurements were performed on a Philips Civdilsmission electron microscope. A
10uL DOCP (10Qug mLY) andZnCl: (2 mM) mixture was spotted on a 230 mesh holey cacbpper
grid, extra solution on thgrid was removed by filter paper, atteé sample was dried in airo visualize
the lipid bilayers under normal TEM, negative staining was performed. A O drop of
phosphotungstiacid (2%, 6.9 mM) was spotted on the gAdter 60 s the extra solution was removed

by filter paper, and theample was dried in air before imaging.

2.3 Results andiscussion

2.3.1PC and CPipids
In this study, two lipids with oppositeeadgroup dipe@ directionsareused. The structure of a

DOPC lipid is shown in Figur@.la. Its headgroup containsnagativelycharged phosphate and a
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cationic choline, renderingn overall neutral charge. By flipping the headgroupydiselting lipid is
named DOCP (igure2.1b). Since its phosphageoup is fully exposed, a DOCP can accept two protons
with both (Ka 6 s D& Thevefore, at neutral pH, DOCP carrie® negative charges and one
positive charge, resulting inreetnegative charge. It has been rgpd that headgrougwitchedlipids
show very different interactions with metal oxi®s and circulation properti€€:*51The main goal

of this work is to study the interaction betweertZind thesdipids, and a few other metal ions were

also studied focomparison.

Figure 2.1 Chemical sructures of the (a) DOPC and (b) DOCP lipids, and theosphate group

binding to Zr#*.

2.3.2Metakinducedaggregation ofiposomes

The two types of liposomes were prepared by extrusion, resulting an average hydrodynamic
diameter oD100 nm from DLS (Figure 2.2a). We first followed their sizes by titratirid.Zhen the
DOPC liposomes were mixed with Znno size increase was obsahat pH 5 (Figure 2d), pH 6
(Figure 22e), or pH 7.6 (Figure.2f), indicating the lack of aggregation of DOPC liposomes. The above
experiment used up to 1 mM Zr{Figure 2.2b) Even with 50 mM Z#, the DOPC liposomes still did
not aggregate (Figui22c). In contrast, when Zriwas mixed with thédOCP liposomes, the average

size gradually increased frof®0 toD300 nm at pH 5 (Figure.23, to D700 nm at pH 6.QFigure
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2.3b), and to over im at pH 7.6(Figure 23¢). Thissuggests that Zhmay bridgeDOCP liposomes
to form largeaggregates, or it might lead to liposome fusion, or bidtlk.same phenomenon was also
observed when DOCP liposomes of 50 nm were used (FB88; indicating the interaction was
independent of the size of liposomes.

Zn** hasa relatively low solubility at high pH, and it mightydrolyze to form ZnO or
Zn(OH)Y.1*° SinceZnO NPscan adsorb DOPC liposom#sthe lack of size chang®r the DOPC
liposome mixed with Z#t at pH 7.6 (Figure 2f) suggests the effect of ZnO precipitation should be
minimal under our experimental conditions. As a control, we @lsasured the DLSize distributios
of Zr?* in buffers at different pialues (e.g., no liposomes, Figurf®, and no signal wasbserved.
Therefore, the observed sizeange should be dueZo?*-mediated DOCP aggregation.

We reason that protons may better compétie Zr?* for binding to the phosphagt lower pH
and thus weaken 2Zhbinding, which may explain the smaller size change of D@j&2Bomes at more
acidic pH.The relativelynarrow DLS peaksuggested that the bridging effect ofZwas balanced by
repulsive forces, and the system did not undergo exteagiyegation, which might be explained by

the surface charggide infra.
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Figure 2.2 (a) Normalized DLSsize distributionsof DOPC and DOCP liposomes at pH 7.6. (b)

Average hydrodynamic diameter of DOPC as a function éf @mncentration at pH 5, pH 6, and pH

7.6. (c) DLSsize distributionsof DOPC liposomes with 20 mM and 50 mM?ZnNormalized DLS

size distritutionsof DOPC liposomes with different amounts of?Zat (d) pH 5, €) pH 6, and (f) pH

7.6.The liposome concentration is 100 ug tlhe buffer used are 50 mM acetate, 100 mM NacCl for

pH 5, 50 mM MES, 100 mM Nacl for pH 6, and 10 mM HEPES, 100 mM NacCl for pH 7.6.
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Figure 2.3Normalized DLSsize distribution®f DOCP with different amount of Zhat (a) pH 5, (b)

pH 6, and (c) pH 7.6d) Average hydrodynamic diameter of DOCP as a function f@mcentration

at pH 5 pH 6, and pH 7.6. (e) Normalized Dk&e distribution®f DOCP liposomes extruded through

50 nm poresized membranes with different concentrations of ZhpH 6. (j DLS sizedistributions

of 1 mM Zr#*in pH 5, pH 6 and pH 7.6 buffeFhe liposome concentration is 100 pL thiThe buffer

used are 50 mM acetate, 100 mM NacCl for pH 5, 50 mM MES, 100 mM NacCl for pH 6, and 10 mM

HEPES, 100 mM NacCl for pH 7.6.

Theabove studies used each pure lipid. We also prepigasbmes using DOPC and DOCP
mixtures. As shown inFigure 2.4, 20% DOCP behaved like pure DOPC andaggregation was
observed witlZn?*, while 50% DOCRggregated by Zh It appears that the densitftbe DOCRlipid
needs to reach certain level to have a synergistic efféatherwise, sparse individual binding could
not support &ollective behavior to trigger aggregation.

This simple size measuremeateadyhas nontrivialmplications. It suggesesspecific binding

betweerthe phosphate group in DOCP and’Zrand Zi* can bridgedifferent liposomes. On the other
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hand, the phosphate DOPC has a much weaker affinity forZnHowever, ve cannot fully rule out

the bindingbetween DOPC and 2Zhat this moment.

—s—DOPC
—e—20% DOCP
—a—50% DOCP
—v—80% DOCP
—e— DOCP

1000

Size (nm)
(-1 (5]
o o
o o
! !

Y

o

o
1

N

[=]

o
1

L 4

0

Liposome +2Zn? + EDTA

Figure 2.4Hydrodynamic diameter of DOPC and DOCP mixtures after addidtyatwl then adding

EDTA in buffer (50 mM MES, pH 6, with 100 mM NacCl).

2.3.3Zn** bindingfo | | o wepdtentiay ¢

To further followZn?* binding, we monitored the-potential of the liposome@-igure 2.5).
With the extracharge on the phosphate group, Te® CP | i p 0 s o0 me spotential opadoutt h a d
-20 mV,which increased to cal0 mV by adding 20QM Zn?*, andlittle further increase was observed
beyond tlt. This mayexplain the limited aggregation of DOCP liposomes imptiesence of Zi since
the liposomeremained negativelgharged and repel each other even with saturatét Zhis is
different from the P@r PC/PS binds to Gaions, in whicht h e-potentia turned positive with excess
amount of C&.%* This might be due to a difference in the hydrolysis of thas& Zrf* bound wateis
more easiljhydrolyzed to produc®H groups to make the surface still negatively charged, wbie
bound wateris adsorbed as neutral water and thus keeping its positive charge. In comparison, the
g-potential ofDOPC was not affected by Znwhich further proves the wedknding between DOPC

ard Zré*.

36



30

= DOCP

20 s DOPC
S
E 10-
5
b= .- L= S __ o]
% 0 et . -
5 104 5 . - "

[ ]
20 *®
-30

0 200 400 600 800 1000
Concentration of Zn** (uM)

Figure 2.5 a-potential of DOPC and DOCP liposomes (100 pg'ndach) as a function of Zh

concentration in 50 mM MES, pH 6, with 100 mM NaCl.

2341TC

The abovestudies have established a strong interaction betwe&radd DOCPiposomes.
We thenquantitatively measured thdimding using ITC. ITC is a biophysical techniquerteasuring
the heatproduced during binding reactions. Zrwas gradually titrated into DOCP liposomes
(0.129mM totallipid) at pH 6. Zi&* titration in kuffer produced a smadindothermic signal, which was
subtracted abackground. Heat absorption was observed whéhastitrated to DOCP liposomes
(Figure2.69. The integrated heatas fitted to a onsite binding model (Figur2.6b with a Ky of
110uM Zn?*. This affinity is much stronger than €a&r Mg?* binding to PS lipidsKq = D 1 mM)*
while muchweaker than Cli binding to PE and Plipids.*

Since the binding is endothermic, it has to be an ertdopgn reaction. We reason that
hydrated ZA* and thephosphate headgroup have to release some water moleziiesl®2°* This
process needs energyt increases entropyhe endothermic binding process was also observed when
C&* binds to PC/PSipids, and alkali metals bind to PC liposomiesbuffer8:13” The binding

stoichiometry isD1.2, suggestinghat each CP headgroup can bind on&.2n comparison, nbeat
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was observed whetitrating Zr#* into DOPC liposomegFigure2.6c), also consistent with their weak
interaction. ApreviousFouriertransform infrared spectroscofiyTIR) study indicated that Zhcan
still bind to PClipids, reducing the hydrophilicity of the Pkkeadgroupand affecting lipid phase

transition. It needs to be noted ttla¢ FTIR was carried out in a dried st&te
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Figure 2.6(a) An ITC trace btitrating 5 mM Zr#* to DOCP liposomes (100 pg n.0.129 mM). (b)
Integrated heat showing the binding profile and the fittedsitecbinding curve. In the figure legend,
N denotes the number of binding sit&sdenotes binding consistent () gp Hdenotes the enthalpy
(kcal mot?), andgp Slenotes the aropy (cal K mol?) of the reaction. Integrated heat of (c) titrating
5mM ZnCl; to DOPC liposomes (100 pg ntL0.129 mM) and (d) 10 mM €ato DOCP liposomes
(50 pug mLt, 0.065 mM)All experiments were carried out in 50 mM MES buffer, pH 6, with 160 m

NacCl.
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We previously studied the adsorption of DOPC and DG&Romes by Zn®IPs*>1'1In both
cases, stroninteractions were observed. ZnO leaked both liposomes, whight be related to its
cationic surface charge. For the?Zion studied here, its binding by DOCP is much stronger, while
binding to DOPCzan hardlybe measured. For furtheomparison, we alstitrated C&* to DOCP,and
a verymoderate amount of heat was detected (Figusg), suggestingnuch weaker binding of Ga

compared to ZH.

2.3.5Zn** leaks DOCRiposomes

An important aspect diposome property is its membrane integrity. The abeqeeriments
have clearly established a strong interactietween DOCP liposomes and?ZnTo understand the
integrity of liposomes after Zii binding, a leakage assay wasasigned by encapsulating 100 mM
calcein in thdiposomesdeading to selguenched flarescence. If the liposome désrupted, calcein
releases to thehole solution leading tluorescence enhancement.

We first studied the DOCP liposomes with?Zmt pH 6 (Figure 2.7a). The background
fluorescence wafollowed at 525nm for 5 min, and n@hange was observed, indicating that the
liposomes were stable. Atmin, a final of 167uM Zn?* wasadded, and an immediate fluorescence
enhancement wasbservedindicating compromised membrane integrity. tbe other hand, Mgand
Ca* failed to induceanyleakage othe DOCP liposome (Figuiz7b). In contrast, Z#f also failedto

leak DOPC liposomes (Figuge7c), consistent with its lack aftrong Zi#* binding.
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Figure 2.7 Leakage testof calceirloaded DOCP liposomes with (a) Zn(b) C&*, and Mg* (final
concentration: 167 pM) at pH 6. (c) Leakage test of calgided DOPC with Z4 at pH 6. (d)
Leakage test of DOCP liposomes by?*Zadded in two steps, and no further leakage occurred at the
second dose of Zh Adding EDTA to the DOCP/Zi complex induced further leakage. (e)
Fluorescence ddidding Zr#* to free calcein at pH 6. (f) Normalized Dis&e distribution®f adding
EDTA to DOCP/Z#A* at pH 6.These experiments were performed in 50 mM MES, pH 6, with 100 mM

NacCl.

We notice thattte 167uM Zn?* did not fully leak all thecalcein since Triton XL0O still induced
asignificantfluorescence enhancement. Therefore, on top of the firstald€y uM Zn?*, we added
an additional 167uM Zn?*, which however did not induce further leakafégure 2.7d, pink trace).
Thissuggests that the first dose has already reached satbiraded) structure, and further adding®Zn
hadno effect. Ifsmall pores are formed by Znwe expect a full leakage, whighclearly not the case
here.

Sinceadding more Z#t did not induce further leakage asmime calcein remained encapsulated,

we nexttested removingn?* by adding EDTA (Figur@.7d, green trace). Interestingfarther leakage
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wasobserved. Note that the fluoresceneached almost the satewel after adding Triton XL00 with
or without EDTA, so the fluorescence increase after daddition of EDTA was not because of
dequenchingf Zn?*. In addition, no fluorescence quenching was observed whénadded to free
calcein (Figure2.7e), which &0 supported that tHfeiorescence increase after adding EDTA was due
to the furtheteakage of DOCP. This also implies that the liposomes n@réully disrupted by Z#i.
We previously observed a similar phenomenon upon adiiage coatedAuNPsor nanoceria
to DOPC liposome$!®117:159 eakage was observed upordaidn of AUNPs, and the liposoneaked
again upon removing thuNPs either by adding a thigbntaining compound or adding KCNto
dissolve the AuNP&® A liposome leaks thédastest at thél.. DOPC lipid, for example, has a.
of -17 °C. AuNPs induced itéeakage likely due to thehangeof local lipid packing and thu3..
However, AUNPs did not induce fusion of DORfbsomes-¢117As shown below, Z#f induced fusion

of DOCP liposomes and likely the mechanism of leakagéferent forzn?*.

2.3.6 Reversibility ofliposomeaggregations

The surprisingeffect of EDTA on leakage of DOCP liposome prompted us\isit liposome
size. Wedescribed above that Zncan increasghe size of DOCP liposomes (Figu?e3ad). To
investigate ifthe binding process is reversible, we added EDTA to BM®CP/Zrt* mixture and
monitored the size chantyy DLS (Figure2.7). While a decrease in tteggregatesize was observed
from D700 toD300 nm byEDTA, it did not fully go back tehe original size othe liposomel100nm).
This may indicatehat besides aggregation, Zrpossibly induces other changestioé DOCP, e.g.,

liposome fusion.

2.3.7 TEM and amodel ofinteraction

To have abetter understanding, we then performed negative stidiM. We obsered
aggregated DOCP liposomes in the presence 6f &ith different morphologies. For example,
multilayered structuresere observed (Figuz8b and & These liposomes eithieave a sizef around

100 nm or larger. Two DOCP liposomes cartigbtly linked by Zrf*, and theydeform to maximize
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the contacarea. Some liposomes may break in this process and fus¢henttherones (or on the
fused larger liposomes) to formultilayered structures sandwiching 2ZnThis alsoexplains the
leakage observed, bobt all the liposomes brokeom the dye leakage experiméfigure2.7a). The
nonbrokenliposomes are likely protected from further interaction vidtit*, which might be why

adding more Zft yielded no moréeakage(Figure 2.7d)

Figure 2.8 Negative stain TEM and schematic illustration of possible products of DOCP liposome
mixed with 2 mM Zid*. (a) DOCP liposomes without Zn (b and c)Fused multilayered liposomes

with Zrn?* sandwiched between each bilayer. (d) Negative TEM micrograph ofCD®Rture with

2mM Zr?* at pH 6. (e and flipid multilayers sandwiching Zh Note that ZA* was still associated

with the lipid headgroups instead of with the hydrophobic tRilsk arrows indicate the individual
liposome featureYellow arrows indicas the multilayered structures. Red arrows indicateitimn

like structuresAll the samples were negative stained with phosphotungstic acid before imaging. Scale

bars = 100 nm.
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In some regions, multilayered structure with ribiite structures up to micrometer length was
alsoobserved (Figurg.8 e and)t This structure is formed by fully broképosomes sandwichingn?*
(cartoon in Figure?2.89. Suchstacked structure is also reminiscent of the result publishé&thbgki
and ceworkers!?8In their work, the stacked structunesre induced by the strong interaction between
Cu?* and metaligand embedded in the liposome. A control experime@ndf-free DOCP liposomes
stained by phosphotungstic aeids also performed, and a completely different featureolvasrved
(Figure2.83). This supports that the lamellar structuieserved with Z# was not due to artifacts from
the negativestaining agent. In contrast, when DOPC mixed with Zhthesame condition, individual
liposomes were observed (Fig@8d), indicating weak interaction between DOPC anéZn

From TEM, we carsee that DOCP liposomes need to berensively to interact with each
other to fornthese structurehe energy of bending is likely to be overcompensated Bytdmding.

In the final product, the structures in FiguBe8b and ado nothave highly curved regions, while in
Figure2.8e and fwe can expecome highly bended regions in the ends. However, sinceltyesed
structures were very long, tf@action of lipid sufferingrom the curvature was very small, making the

process ovelll energetically favorable.

2.3.8 Furtherdiscussion

This work has showed the interestieffects of Zd* on DOCP liposomes. We want to
emphasize théollowing aspects of this study) Bridging phosphate versus terminal phosphate. The
striking differencebetween DOPC and DOCP in terms of interacting witk Bas indicated the metal
binding difference in different phosphate groups in lipid settings. With DLS, ITC, and calcein leakage
assays, we have clearly showed that terminal CP phosphate biftidauth more strongly than the
bridging phosphate in PC liposomes. Such difference is known in other biopolymers such #$ DNA,
and now we deonstrated it in lipids2) Zn?* versus C#&. In this study, we focused on Znand
comparisons were made witha many assays. It is impossible to cover all metal ions in one study,

and a simple comparison of these two has articulated the imporfanetabions. While C#is known
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to bind to phosphate strongly, Zminding is even strongeB) Zn?* versus ZnOWe have previously
studied the adsorption of DOPC and DOCP liposomes by MR&"4°11|n both cases, strong
interactions were observed. For the*Zion binding, a very large difference was eb&d for these

two lipids. In the case of Zn@Ps two surfaces interact and can form polyvalent binding to amplify
even weak binding. Compared to binding to metal oxides, binding to individual metal ions is weaker.

In this case using Zh only DOCP showd binding but not DOPC.
24 Summary

In summary, the interaction of Znwith DOPC and DOCHiposomes was systematically
studiedusing various techniquéscluding DLS, fluorescence spectroscopy, ITC, and TEMse two
lipids have different headgroup chitnies, and th@hosphate in DOCP has stronger affinity fofZn
The DLS data showed that Zhincreased the size of DOCP liposomesile it had little effect on
DOPC liposomes. The size changmild not be reversed by removing?Zwith EDTA, suggestig
liposome fusion also occurred. The calcein leakageitetitated Zn?* could induce leakage of DOCP
liposomesNegative stain TEM suggested thatZraused the fusion amstiacking of DO® liposomes
in addition to simple aggregatioithe thermodynamic parameters of Zrbinding to DOCP were
measured by ITC, showing an overall endothempaction. While DOCP is not a natuligld, it can
be a usefulmetal ligand as demonstrated heaflowing Zrf*-responsivecontent release. It has
expanad the chemistry of metal bindifigm amine (e.g., PE lipid$y;*?°serine (e.g., PBpids),*° and
carboxyl to also phosphate. These groups have different pnefatence, since phosphate prefers hard
metals, while PE anBS bind soft metal better. By combining different lipidsse might rationally

tune metal binding of lipid membranes.
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Chapter 3 Cu#*-Directed Liposome Membrane FusionPositive-Stain

Electron Microscopy, and Oxidation

The results presented in this chapter have lmedatished as:
Yibo Liu and Juewen LiuCu?*-Directed Liposome Membrane Fusion, Posiitain Electron

Microscopy, and Oxidatigr.angmuir, 2018 34, 75457553
3.1 Introduction

After studying the binding of 2 with liposomes in Chapter 2, we dtad the binding of
another transition metal ions, €uwith liposomes Lipids are a critical component of biological
membranes, and they interact with various chemicals to exert responses such as fusion, fission, pore
formation, and phase separatiéht®!?9nstead of directly using cell membranes, liposomes have been
prepared with controllable sizes aoompositions, allowing the study of fundamental interactions as
well as practical applicatior#$>"12215L15A|though most previous work focused on proteins or small
molecular ligands, metal binding has attracted more and more recent atteHitbf12812Processes
such as oxidative stress, membrane damage, and fusion have been related to metat#inding.

Naturallipid headgroups contain many metal ligands, and more can be obtained by chemical
synthesig®5015% Extensive studies have been carried out orf* Gecause of its biological
relevancé?8591.949Recently, more research has been carried out on transition Aétdhs29.133.154
Although their free cellular concentratis are much lower than that of”Cand Mg, transition metals
may bind to lipids with a higher affinit§#:#041.99.1291335The rich spectroscopic properties and high
electron density of transition metals are also useful for detailed physical characterization. We recently
reported interesting binding properties of Ziw zwitterionic DOPC liposomes and headgroup inverted
DOCP liposome& Zn?* caused ireversible fusion and stacking of DOCP liposomes, whereas it had

little effect on DOPC. Lu and eworkers demonstrated a strong binding betweeti bigd PHipids,
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resulting in a leakage of P&ontaining liposome¥°Cr e mer 0 s g r & hipingteREtpids e d Ni
thousanefold tighter than that to PC lipid&.

Cu?*is a widely studied transition metal because of its biological importaht¥€The strong
redox property of Cii poses an oxidative stresghereas its fluorescence quenching property allows
convenient monitoring of lipid binding. Cremer andworkers studied Cti binding to PS and PE
containing lipid bilayers supported on a silica surfdThey reported an extremely strong binding
of CU** by PE potentially enhancingeatoxidation of a lipid double bond. Sasaki andnawkers used
pyrene and iminodiacetic acihodified lipids to detect Ct11?8

Given these progresses, a systematic understanding of freely dispersed liposomes remains to
be completed. Compared to supported bilayers, free liposomes may show additional features such as
fusion and leakag#:5>1%"13Herein, we compared the binding of Cto a few liposomes with various
metatbinding properties. Intestingly, C@" might act as a positivetain agent, although a high
concentration of Cii with a long incubation caused fusion and leakage of some liposomes. The

oxidation of an external substrate by?Cwas inhibited in the presence of high affinityidig.

3.2Materials and Methods

3.2.1Chemicals

All the phospholipids were purchased from Avapglar Lipids (Alabaster, AL). Cugl
disodiumcalcein, Triton X100, 2,4-dichlorophenol (2,£DP), and 4aminoantipyrine (4AP), HEPES
were purchasefiom SigmaAldrich. EDTA and sodium chloride were from Man@&sientific(Guelph,

ON, Canada). MiliQ water was used to prepare all thdfers, solutions, and suspensions.

3.2.2Preparation ofiposomes
Liposomes were prepared using sit@ndard extrusion mead*"4°DOPC,DOCP, DOPS [1,2
dioleoyksnglycera3-phosphe’kserine (sodium salt)], and DOPG [dbbleoytsnglycero3-

phosphe(1 dac-glycerol) (sodium s&)] (2.5mg) were dissolved inhloroform. For rhodamine (Rh)
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labeledliposomes, 1 wt %30.6 mol %) RAPE (1,2dioleoytsnglycerc3-phosphoethanolamirs-
(lissamine rhodamine B sulfonyl)) (ammonitgalt) was incorporated. After evaporaticigoroform

by blowingN_, the samples were dried in a vacuowen at roomtemperature overnight to fully remove
chloroform. The dried lipidilms were stored at20 °C in a N atmosphere prior to use. foepare
liposomes, the lipid films were hydrated wid.5mL of buffer A (10 mM HEPES, pH 7.6 with 100
mM Nacl), yielding a lipicconcentration of 5 mgiL™%. The resulting cloudy suspension veasruded

21 times through a twetacked polycarbonate membrami¢h a pore size of 100 nm. To encapsulate
calcein,the lipid films werehydrated with 100 mM calcein overnight followed by extrusion. Free
calcein was removed by passing@5of the sample through a PIDcolumn using buffer A for elution.

The first 600uL of the fluorescentractionwerecollected.

3.2.3DLS measuremest

The Ci#* solution (10 mM) wagradually titrated to liposome suspension (L@OmL?) in a
buffer of 10 mM HEPES, 100 mM NaCl, pH 7.6. The designed" Cancentrations were 10, 100, and
500uM. Then, the EDTA solutiomwas added to the mixture, giving the final concentration of 10 mM.
The hydrodynamic diameter was determined on Malvern Zetadeeo ZS 90 with a H&le laser

(633nm) at 90°and?25 °C.

3.2.4Fluorescenceguenchingassays

The Ci#" solution was gradualltitrated in the RHiposome (5Qug mL?) in 10 mM HEPES,
100 mM NacCl, pH 7.6. The Cii stock solution (10uM or 1 mM) was usedor this titration. The
reversibility of the binding was tested by addirigmM EDTA to the mixture of RBDOPS (5Qug mL™)
and C@* (10 uM). The fluorescence spectra were recorded using a VEGHpse fluorometer (Ex:

560nm; Em: 592 nm).
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3.2.5Liposomeleakagaess

To monitor the leakage of liposomegul3 of purified calceirloaded liposomesereadded to
597uL of buffer(10mM HEPES, 100 mM NacCl, pH 7.6) in a quartz cuvette at rsonperature. The
background fluorescence was monitored for 5 bafore adding Cii ions (typically 10uL of 1 mM
or 10 mM Cd"). The fluorescence was monitored for another 15 min. At 20 riplL.1of 100 mM
EDTA was added. At 30 min, 3L of 5% Triton X-100was added to fully rupture the liposomes. The
leakage kinetic testsere carried out by adding EDTA at different liposomes arfd iGoubation time.
Calcein was excited at 485 nm, and theission wasmonitored at 525 nm using a Varian Eclipse

fluorescencepectrophotometer.

3.2.6TEM

TEM micrographs were recorded on a Philips CMdhsmission electron microscope. A
10 uL liposome (10Qug mL?1) and Cd* (20 uM) mixture was spotted on a 23@esh haty carbon
copper grid, and extra solution on the grid was removed by agdégeer The sample is dried in air
overnight before imaging. For ttime-dependent study, the TEM samples were prepared immediately,
5, 10, and 30 min after mixing €uand DOPS. A 1QUL drop of phosphotungstic acid (2%, 6.9 mM)
was spotted on the grid. After 80the extra solution was removed by a filter paper and the sample was

dried in air before imaging.

3.2.7Catalyticactivity assays

The catalyticperformance wameasured by the chromogenic reaction ofR2Riwith 4AP.
Cu?* (20, 50, or 10uM) was mixed with liposomes (1@ mL?) in 50mM MES at pH 6.8 for 3@nin.
For control experiments, only €uwas dissolved in buffer. Then;AP and 2,4DP with a final
concentration of 10Qlg mL™* was introduced to the mixture. Thigital pictures were taken after 1 h

incubation.
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3.3 Results andDiscussion

3.3.1Cw?* binding measured byluorescenceguenching

To have a systematic understanding, the followipigls wereincluded in this study. DOPS
(Figure3.1a) has a carboxyl groignd an amine group that can chelaté*@ightly.*>4! With alsoa
phosphate, the PS headgroup is overall negatively chdgpdsure of PS lipids to the outer leaflet of
the cell membranis an indication of apoptosi&1>’For negativelychargedOPG, its phosphate group
is the only possible metainding site (Figure3.1b). DOCP is aynthetic lipid with a fully exposed
terminal phosphate also carrying a negative charge (Fajleg*® and it has been shown to be useful
for binding to metabxide surface$:*’“°In addition to these three anionic lipids, aiso included
DOPC (Figure3.1d), which is charge neutral. Feach lipid, we prepared their singtemponent
liposomes usindhe extrusion method through a membrane with 100 nm pBrem DLS, these
liposomes all hadn average size §f100 nm (Figure3.1e) and theig-potentialvalues were consistent

with their respective expected surfat®rges (Figur8.1f).
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Figure 3.1 Structures of the lipids used in this study: (a) DOPS, (b) DOPG, (c) DOCP, and (d) DOPC.
The negativelycharged groups are highlighted in greend the positivelgharged ones in pink. (e)
Normalized DLSsize distributionsof liposomes (100 ug mt) at pH 7.6. {) -petential of the

liposomes at pH 7.6 (10 mM HEPES, 100 mM NacCl).

Taking advantage of the strong fluorescence quengiogerty ofCu?*,*° we included Rh
labeled PE lipids (1 w& or 0.6 mol %) in all of theiposomes to follow Ctf binding. Ci?* was
gradually titrated (Figurd.2a-d), and we observegignificant quenching of the DOPS sample, reaching
70-80%quenching with 1QuM Cu?* (Figure3.2e). Cremer and coworkepsoposed energy transfer to
beresponsike for suchquenching®4-%The final quenching reaching more than 58%kely caused
by the lipid bilayer asymmety® and also somef Rh in the inner leaflet might also Iparially

quenched.
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Figure 3.2 Fluorescence spectra of fdbeled (a) DOPS, (b) DOPG, (c) DOCP, and (d) DOPC
liposomes in the presence of different concentrations ¢fa€pH 7.6 (50 pg mt liposome in 10 mM
HEPES, 100 mM NacCl). (e) Adsorption isotherm offQuwith the liposomes basl on fluorescence

guenching. (f) Appareri{y of CL?* binding by the two liposomes.

We fitted the DOPS quenching profile to the binding of*Gon with aKq of 2.5uM (Figure
3.2f). This apparenKy is much higher than that reported in thapported bilayer systeby Cremer
and ceworkers (e.g., &q of 0.11uM for 1% POPSand 6.4 pM for 20% PS3}.This difference was
attributable tahe much higher lipid concentration in our system. We hawetahPS concentration of
62 UM (50 ug mLY). In thesupported bilayer system, a single lipithyer had a very smadimount of
lipid. In addition, they used a flow system that ceplenish the bound u Our homogeneousssay
did notallow us to measure such strong binding, and the purposésheytto remake such accurate
measurements, btd comparehe different lipids.

We then performed the same titration with the other tlipesomegFigure 3.2e) A similar
but slightly weakeguenching wasbserved with the DOCP liposomi€s(= 4.4uM), suggestinghat
the exposed terminal phosphatelso a good Cii ligand. DOPG also bound to Gy although only
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40% fluorescencwas quenched with 50M Cu?* (Figure3.2e). With a furtherincrease of Ci, the
qguenching could readp100% (Figure3.3). At low Cu* concentrations (below M), thequenching
of the DOPG sample was much less than the quenchiD@BS and DOCP. Taindicated a weaker
interaction betwee@u?* and DOPG. The full quenching of the DOPG samp0auM Cu?* (Figure
3.3) was probably caused by the ruptafehe DOPG lipsomes ¥ide infra). We did not fit the binding
curve of DOPG because the binding was far from saturatiéf ahM Cu?* and the solution became
turbid (also indicated bPLS, see data below) at higher®uooncentrations, whicbould scatter light
and affet fluorescence. For DOPC, oniroundD20% quenching was observed with 51 Cu?*
(Figure 3.2e) Thebinding between the liposomes ancfGuas reversible. WheBDTA was added to
the RRDOPS/CE* complexes (theightest among the four liposomes), the Riofescence can be

totally recovered (Figura.4).
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Figure 3.3 (a) Fluorescence spectra of Ribeled DOPG liposomes in the presence of different
concentration of Cti upto 500 uM at pH 7.6 (50 pg miliposome in 10 MM HEPES, 100 mM NacCl).

(b) Adsorption isotherm of Ctiwith DOPG liposomes based on fluorescence quenching.
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Figure 3.4Fluorescence spectra of adding EDTA to thed®PS/C@E* complexes.

3.3.2Positive andnegativestain TEM

The abovefluorescenceassay suggested binding of Cdo the liposomes withdifferent
affinities, and the integrity of some liposomes might dmnpromised. To directly observe the
morphology of liposomesfter C#* binding, we examined the samples usifgM. Normaly,
liposome imaging requires either cfJy&M or a negative stain with a heavy metal salt such as uranium,
tungsten, and molybdenutt?.They are called negative stdiecause these salts stain the-sample
regions so that thBposomes have a negative contrast. Bec&ligé is also a heavy metal, we first
imaged its mixture with théposomes directly. Interestingly, we observed featurgsosftive stains
for all of the liposomes. Significantly fusetiuctures were observed with DOCP (FigurgbBand
DOPS(Figure 35c) liposomes, reachinigrger than 80 nm. Because the samplesre imaged after
drying, some peanut structures couldftmened during the drying process otherwise fused liposomes

should still be spherical.
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Figure 3.5 TEM micrographs of (a) DOPC, (b) DOCK;) DOPS, and (d) DOPG liposomes

(100 g ML) mixed with Céd* (20 uM) for 30 min at pH 7.6 (10 mM HEPES, 100 mM NacCl).

In contrast, DOPC and DOPG liposomes appearedised with a size of 16800 nm (Figure
3.5a andd), consistent withheir weaker @** binding from the above fluorescengeenching assay
under this Ctf concentration (2QM). We suspect that strong €inding led to fusion of DOPS and
DOCP liposomes, although we cannot fully rule out fusio@PC and DOPG liposomes at this
moment, especially fdbOPG liposomes whose size was obviously larger than 100nder TEM. It
is quite intriguing that even DOPC wpassitively stained by Ct, although it is charge neutral and has
very weak C&" binding.

DOCP liposomes were rupturedrifising layered structureim the presence of Zh(Figure
3.69,* whereas in the preaceof Cw”, fused liposome structures were observed (Figubb)3

Therefore, different metals can provide quite diffeiatéractions with the same liposome. To have a
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full understandingZn?* was then added to DOPS liposomes andovserved individualiposomes
stained with metal instead t#fyered structures (Figu®6b). Therefore, Z# coordination tahe PS

headgroup and CP headgroup was sufficiently diffeteatling to different products.

Figure 3.6(a) Negativestain TEM micrograph of DOCP liposomes (100 pgthand Zi* (2 mM).
(b) TEM micrograph of DOPS liposomes (100 pg fhimixed with Zr#* (2 mM) at pH 7.6 (10 mM
HEPES 100 mM NaCl)jThe red arrows in (a) point to the layered featufégyellow arrowsin (b)

point to the liposome features. Scale bar = 100 nm.

3.3.3Liposomefusionfollowed by TEM

To understand thpotential fusion process, we then carried out a-ti@eendenTEM study
using Cd* and DOPS liposomes. Immediately afteixing (e.g., less than 1 min), most features were
of ca100 nmassigned to individual liposomes (Fig@&.&a). This suggestefdst adsorption of Ction
the liposomes, but little fusion togkace at this time. Thefi@e, a short mixing may retain thiposome
size, and Cti may serve as a positigtain agenunder this condition. After 5 min (Figui27b),
althoughliposomes oftal00 nm were still easily found, some fusstlictureswith sizelarger than
200 nmwere observedAt 10 min, most of the species were fugedjure3.7c) and finally at 30 min,

all of the structures wergeveral hundred nanometers and liposomes of 100 nmhbaeety found
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(Figure3.7d). Because all of these samples eveénied the same way, this tirdependent difference

cannot belue to drying. This study further confirmedGinducedfusion of DOPS liposomes.

Figure 3.7 Time-dependent TEM micrographs of the 20 pM?Cand DOPS (100 pg mt) mixture at

(a) less than, (b) 5, (c) 10, and (d) 30 min after mixing at pH 73&ale bar = 100 nm.

3.3.4Liposomefusionfollowed by DLS

The above TEMstudies indicated liposome fusion by2CuTo further confirmthis and to
understand reversibility of liposome sigbange, wdollowed the reaction by DLS. Started with an
initial size ofD100 nm, the three negativetharged liposomes had a litdeze change with 100M
Cuw?* (Figure 3.80-d), whereas aignificant size increase occurred with 50 Cu?*. Theincreased
size was slightly reduced after adding EDTA to m&sk*, but not fully restored (Figur8.8e)
consistent withirreversible liposome fusion observed from TEM and flberescence quenching

experiment.
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Figure 3.8 Normalized DLSsize distributionsof (a) DOPC, (b) DOCP, (c) DOPS, and (d) DOPG
liposomes (10Qug mL?, ~ 125 uM lipid molecules) with different concentrations ofQn 10 mM
HEPES, pH 7.6 with 100 mM NacCl. (e) Average hydrodynamic diameter of the liposomes as a function
of CUW* concentration and after adding 10 mM EDTA. (f) Dis&e distributionsof different

concentrations of Ctiat pH 7.6 (10 mM HEPES, 100 mM N3Cl

Interestingly, Cé" also induced a size change of the DGfR@ple, but EDTA fully restored
the DOPC sample to ttaiginal size ofD100 nm, indicating that the aggregatimmocess for DOPC
was reversible and the liposomes did fuste or break duringhis process (Figur8.8a ande black
trace). Waeattributed its size increase to hydrolysis of Garming Cu(OH). or CuO at pH 7.6 because
free 100uM Cu** withoutany liposome also has a DLS signal (Fig8u&). Controlexperiments at pH
5 indeed showedo sign of DOPC bindintp C#*, whereas DOPS still had a slight size increase
200nm) (Figure3.9). DOPS binds Cii less strongly at lower pHecause its amine group needs to be

deprotonated before it cdand Cif*.404
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Figure 3.9Normalized DLSsize distribution®f (a) DOPC and (b) DOPS liposomes (100 ug'ok

ca.125uM lipids) with different concentrations of ln 50mM acetate, pH 5 with 100 mM NacCl.

Taken together, all of the three negativeharged liposomefsised forming larger liposomes
in the presence of a higioncentration of CUi, whereas the neutral DOPC liposodié not fuse. This
is consistent witthe TEM data. From thi#uorescence quenching assay, DOPS and DOCP liposomes
were quenched much more than DOPG didl this is aeflection of the tighter Ctibinding by DOPS
and DOCPComparing DOPG and DOPC, both can only use their fipmsphate grqufor chemically
interacting with Cé&'". Fusionof DOPG liposomes but not DOPC might becausethe additional

electrostatic interaction between®and DOPG.

3.3.5C¥*-inducediposomeeakage

Membrane integrity isan important property of liposomes. Gatering fusion ofsome
liposomes in the presence of Guve then testelibosome integrity using a calcein leakage assay. The
liposomeswvere prepared witb100 mM calcein loaded, and ftesorescence was seffuenched at such
a high concentrationf the membrane is disrupted, calcein is released into the wbhiton, resulting
in fluorescence enhancement. For experiments, the background fluorescence was monitored for
5 min before Cé&" was introduced. Ctiquenched théuorescence in all ahe samples because of its

binding tothe free calcein (residuéilee calcein or leaked). To avoid tlagifact, we added EDTA at
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20 min to chelate Ctiandfluorescence increase at this moment was an indicatilzakége. Finally,
at 30 min, Triton X100 was added to fullyupture the liposomes and release all the calcein, so that we
cancalculate the percentage of leakage induced 13y. Giere, weadded two differentoncentrations
of CU* to the liposomesl6.7uM and 166.7uM.

No leakage was observed with DOPC even with 168/7Cu?* (Figure3.1(a). In contrast,
DOCP leaked around 60% of itmlcein with just 16.7uM Cu?*, and full leakage occurred with
166.7 uM Cu?* (Figure3.1(). These are consistent with the TElsta.DOPS and DOPG liposomes
showed no leakage witt6.7uM Cu?*, whereas both leaked with 16 Cu?* (Figure3.1( andd).

Leakage of DOPG but not DOPC agsimgested the importance of electrostatic interactionsGuth
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Figure 3.10Leakageess of (a) DOPC, (b) DOPS, (c) DOCP, and (d) DOPG liposomes loaded with

100 mM calcein in the presence of*Cat pH 7.6 (10 MM HEPES, 100 mM NacCl).
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While both DOPS and DOCP liposomes bind té'@ghtly, DOPS required more €tto leak.
The binding of DOPS t&€u?* is accompanied with the release of its amine proton,tlisdoroton
release has retained the overall negative chartfeediposome after Ctibinding. This was described
as anunquenchable surface potential by Cremer andvadkers?' Therefore, with a low Cu
concentration, the surfacé DOPSliposomes remained negatively charged. As a result, crosslinking
of DOPS liposomes by Gj which was necessary ffusion, was less likely at low Guconcentrations
because otharge repulsion. The total lipid concentration was @y5 UM in this system'®° but
16.7uM Cu?* did not leak DOPS dbOPG liposomes. For these two liposome$.26M Cu** was
required. We reason that after ZCbinding to the high affinitytamino ligands in the PS liposomes,
further binding to thaveaker sites in PS was needed for fusion to take place.V§adter sites are
likely to be related tdts phosphate groupyhich is chemically the same as the phosphate in the PG
lipid. On the other hand, ubinding can neutralize the surfackarge of DOCP liposomgand it
appears that Ctimoreeasily bridged two DOCP liposomes and promoted fusicen at low Ctf
concentrations. In comparison, no leakage alzerved for DOPS in the presence 0. 1M Zn?*
(Figure 3.119, whereas Z#f can rupture DOCP liposomes, furthgrdicating the interesting

coordination chemistry in thesgstems.
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Figure 3.11(a) Leakagéest of calceidoaded DOPS liposomés the presence df66.7uM Zn?*. (b)

Leakage testof clacein DOPS with TritoX-100(red curve) and EDTA (black curve).
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Because Cii strongly quenched calcein fluorescence, in @heve experiments, we only
monitored the total releasechlcein after 15 min incubation. To understand the kimetle, we also
added EDTA after different incubation tirperiods (Figure8.12aandb). Leakage of both DOCP and
DOPS liposomes reached a steady state within 3indizatingthat the leakage processes were rapid
(Figure3.129. As a controlwe also added EDTA to calceinaded DOPS liposomes and leakage
occurred (Figure.11h. The leakage observed hatgggested that liposome fusion in the presence of
Cu?* wasnota clean process, and the interior contents were releasashthast, cell fusion is a clean
and weltregulated process atige contents do not ledk Because DOPS leaked withTbut DOPC
did not, we then mixed these two lipids at différeatios (5, 10, and 50 wt % DOPS) and prepared
liposomes. Thenore DOPS added, the more leakage occurred (F&jlgg), andeven 5% DOPS still

showed a moderate leakage.
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Figure 3.12Leakage of (a) calceilnaded DOCP liposomes after incubating with7LuM Cif*, (b)
calceinloaded DOPS liposomes after incubating with 166.7 uM @u different timesefore EDTA

was added. The first rise of fluorescence over the initial background was du&-todDeed leakage.
Finally, Triton X-100 was added to fully release calcein in each sample. (c) Kinetic leakage test of
calcein DOCP with 16.7 uM Ctiand calcein DOB with 166.7 uM Ci'. (d) Leakage testof calcein

loaded liposomes with DOPC/DOPS mixed lipids containing 50%, 10% and 5% DOPS lipids,
respectivelyA final of 166.7 uM C@* was added to induce leakadée liposome concentration was

estimated to contaia total of 0.5 uM lipid molecule¥°

Because Cii could hydrolyze to form Cu(OH)to rule outthat leakage was induced by
Cu(OH), we added prpreparedCu(OH) to liposomes and monitored the leakage. At 166W

Cu(OHyY, no liposome leakage was observed (Figuid), indicating that Cu(OHR)could not damage
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the liposomemembrane. Thereforégakage was attributed to the direteraction between Ctuiions

and the lipids.
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Figure 3.13 Leakage tests of calceloaded (a) DOCP and (b) DOPG liposomes with Cu(Q#i)

10mM HEPES 100 mM NacCl, pH 7.6.

3.3.60xidativeproperty of C&* inhibited ly lipid binding

The above studies mainly used fluorescence to proBeb@uling to the liposomes. Free €u
ions have catalytiproperties. For example, it can oxidize-BR and the producan react with AP
forming a red adduct with an absorptiprakat 510 nm®2 Using this reaction, we developed a
colorimetric reaction to study Eubinding. This experimentvas carried out at pH 6.8 using MES
buffer instead of pH 7.6lEPES used in the abowexperiments because this reaction bpmal
performance at this pH from our previous experimé&itsigure3.9 shows that the binding of Etlby
theliposomes even occurred at pH 5, and pH 6.8 stalatiibe amppropriate condition for this study.
With increasing Ctf concentration, stronger red color was observed, suggestireefficient reaction
(Figure3.14,column 1). The mixture aEw?* with DOPC and DOPG produced red color similar to free
Cu?, indicating that the interactions with PC and IR@somes did not affect the oxidation properties

of Cu**. However, in the presence of DOPS and DOCP, the cblmge was strongly inhibited, which
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was attributed to thstrong binding of Cti by the lipid headgroups. DOPS haslen stronger binding

because it inhibited the color more tHa®CP did.

00““0\009000?60096 o

20 uyM Cu?*

-

50 uM Cu?* ‘v{' ‘v ""

Figure 3.14Catalytic properties of Ctiand Cé*/liposome complexeat pH 6.8.The red coloiis a

reflection of oxidized products.

Cremer andco-workers studied the binding of €uby PE lipids also using an oxidation
reaction. They monitored the oxidation of a dye embedd#tkifipid bilayer region instead of that in
the aqueous phase, adgD, was also added in addition to €uThe oxidatio ratewas 8.2 times faster
with 70 mol % of the Cti-binding PElipids than that without them, indicating that®gan bind to
PE lipids and the binding could recruit Tto the liposomesurface to enhance oxidation in the lipid
membrané®

In our system, we compare the effetiadded lipids fooxidizing foreign substrates and our
reaction rates wereroportional to the concentration of free 2CuTherefore,our results were a
reflection of Cé* binding affinity. Becaus¢he location of the substrates was different in these t
experiments, it is not surprising that®hbinding to PS lipidsn our system showed an opposite effect

compareo thebinding of Cd* by the PE lipids.
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3.3.7Models of Cd" andliposomenteractions

Takentogether our results, we proposedction models of Ctiwith each type of the liposome.
Cw?* and DOPC only interactedieakly because no liposome leakage and little Rh fluorescence
guenching were observed (Figuelm). Interactions still toolplace when dried because positive
DOPC lipo®me stain wasbserved from TEM. Likely, Cliinteracts with the € phosphate group via
weak electrostatic interactions.

In contrast, Ct could leak DOCP liposomes at relativadbyw Cu?* concentrations. Such
leakage was believed to bated to a nonclegusion process, and fusion was alsafirmed by TEM.
We proposed that Cticould readilybridge DOCP liposomes and cause fusion and leakage of the
liposomes. The strong interaction between CP arft \asfrom the terminal phosphate group in the

CP headroup.

Even C@* might bind to DOPS tighter than bindingD®CP, a higher Cticoncentration was
needed to bridg®OPS liposomes. This is explained by that'thinding didnot change its negative
surface charge (Figurg.15c).** We believethat at lower Ct concentrations, intravesical binding
occurredirst without leakage. With Ctisaturating the tight bindingerine sites, further Ctiaddition
might associate with weakbinding sites (e.g., the phosphate) to neutralize surface chadgallow
liposomes to approach each other to fuse (Fig8uE). In the case of DOPG liposome, fusion also
took place. Itdinding to C@" might be slightly stronger than DOPC ddwes is weaker than the other
two. The binding of Ctf toindividual liposome was observetlawer Ci#* concentratiorand liposome
fusion occurred at higher €uconcentrationsikely due to electrostatic interactions with the lipid

phosphatgroup (Figure3.15).
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3.3.8Furtherdiscussion

This work shows different interactiomms Cu?* with four kinds of liposomes. The following
interestingaspects were disgered: (1) The effect of charge. DOPBQOPS, and DOCP are all
negativelycharged liposomes. Froflmorescence quenching, leakage tests, and TEM characterizations,
DOCP and DOPS interacted with €much strongethan DOPG did. Therefore, charge is tiu
determiningfactor for the interaction between lipids and?Candcoordination of lipid headgroup is
more important. On thether hand, anionic DOPG still bound ZTmore strongly thamzwitterionic
DOPC did. Because both could only interact V@ti* via the phosphate group, electrostatic interaction
still contributes to Cti binding but its importance is less compatedstrong metal coordination.
(2) Metal binding groupsAlthough the headgroups of both DOCP and DOPS strarmglydinate with
Cuw?*, they showed different behaviors in tleakage test This indicates that the chemical nature of
the lipidheadgroup plays important roles in metal/lipid interactibnportantly, C@" binding to DOPS
does not change ttmurface charge because of a conc¢antirelease of protori$whereas to DOCP
does, and thits reflected from the leakageoperties. (3) Cii versus Z#". Previously, we have studied
the interaction between DOCP and?Z#f Our results showethe formation of multilayered structures,
and this is quitdifferent from DOCP interaction with €U In this work, wealso compared Ctiand
Zn?* for interacting with DOP%posomes and they also behaved differently. This relguitonstrated
that different metals interact with the lipidsite differently. Similar results have also been observed
that different transition metals could direct the fsa$sembly ofamphiphiles with different

morphologies, and work has alseen done on toxic metals with liposonf&%3-164

3.4Summary

In summary, the interaction between?Cand four types diposomes has been systematically
studied using fluorescencquenching, DLS, TEM, calceileakage, and colorimetric assays.
Fluorescence quenching showed that DOPS and DOCP hhaigh affinity toward C8&', whereas

DOPC and DOPG haweeaker binding. The DLS results revealed that Couldinduce a size increase
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of the threenegativelychargedliposomesat higher concentration, and adding EDTA could not
completely reverse the process. This suggested tiatr@iuced fusion of DOCP, DOPS, and DOPG
liposomeswhereas it had little effect on DOPC. TEM showed'@ouldpositively stain the liposoe
features under a normal TEMeakage tests indicated that the integrity of DOPC wasifetted by
Cu?*, whereas Cii could easily leak DOCP, DOP&)d DOPG liposomes at appropriate concentration.
Finally, thetight binding between Ctiwith liposomesnhibited thecatalytic properties of Gt Our
model has shown that eadipid has a distinct mechanism of interacting with?Curhis work
demonstrated some important factors in metal bindidgpbgomes, and these results may direct further

biologicalandanalytical applications.
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Chapter 4 Growing a Nucleotide/Lanthanide Coordination Polymer Shell

on Liposomes

The results presented in this chapter have been published as:
Yibo Liu and Juewen LiuGrowing a Nucleotide/Lanthanide Coordination Polymer Shell on

Liposomes|.angmuir, 2019 35, 1121711224
4.1Introduction

After studying liposome binding to divalent transition metal ions such #4@mapter 2)and
Cu?* (Chapter 3) we then studiethe binding oftrivalent lanthanide ionswvhich were rarely used to
interface with liposome¥>% Liposomes are lipid vesicles dispersed in aqueous solutions. With an
agueousnternal compartment, a hydrophobic shell and excellent biocompatibility, liposomes have
been engineered for drug delivéfy¢” biosensing?%2 and mimicking the cell membranegowever,
their density is close to that of water making it difficult to centrifuge and sepéiatiee same time,
liposomes are relatively fragile and tend to merge with each other or leak its content.

To increase the stability of liposomes, a few strategies have been attempted. For example, solid
or porous NPs were used to support liposotffe§? forming supported lipid bilayers:'5! These
supported bayers are sometimes difficult to fully seal the NPs, although the membrane becomes
mechanically strongéf® The second method is to covalently crbsk the lipids (e.g., with
diacetylenic lipids)."* While stability is enhanced, crobeked lipids are difficult to degrade and most
other lipids cannot be cro$isked. Finally, it is possible to coat liposomes with a sHéDecoration
of liposomes with very small NPs can also increase membrane stability as demonstrated by Zhang and
Granick!”®which was attributed to the local gelation of the underlying lipid¥:11’

We are interestedni coating liposomes with an inorganic nanoshell, and this has been
demonstrated in a few systems. For example, Jin and Gao coated liposomes with a gold nanoshell and

controlled content release with light.Liposometemplated silica nanoshells were also reported by a
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few groupst’>1¢Song et al. synthesized a suite of liposdemaplated platinum nanocages as highly
efficient catalyst$/” Schmidt and Ostafin grew a layer of calcium phosphate on liposomes for drug
delivery™

Coordination polymers or materials are seisembled metal/organic structute¥?18! and
nucleotides are particularly interesting ligands to prepare such materials. In the past few years, many
nucleotidebased coordination materials have been reported, showing applications such as biosensors,
drug delivery vehicles, enzyme capsules, and smart matétafd!8 In particular,
lanthanide/nucleotide has been one of the most extensively studied syétaktith different
combinations of lanthanides and nucleotides/nucleosides, a variety of interesting materials were
obtained for sensitized lanthanideninescence and enhaticontrast of magnetic resonance imaging.
In addition, their adaptive inclusion of guest molecules been demonstrated for biological
applicationgt8:185

Because many lipids have metal coordination ligands such as phosphate, serine, or synthetically
introduced groups, liposomes might also serve as a good template for growing coordination materials.
Many research efforts have beepaged on lipid binding to metal ions such ag'¢P41.99.134.18g7 2+ 48
Hg?*,129.163164C 22+ 187 and Nd.'¥Work has also been carried out on lanthanides, and they were mainly
focused on fundamental interactidfiz!®6184% To investigate lippometemplated growth, we first
studied the adsorption of &dby two types of negativelgharged liposomes. We chose3Gds a
representative lanthanide ion because it is commonly used for its magnetic properties. We then
demonstrated liposortemplated gowth of a nucleotide/lanthanide shell, which showed enhanced

stability toward leakage induced by NPs.

4.2 Materials andM ethods

4.2.1Chemicals
All the phospholipids were purchased from AvaRblar Lipids (Alabaster, AL). Gdgl

disodium calceinTriton X-100,ZnO NPs (catalog number: 721077), and HEPES were purchased from
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SigmaAldrich. AdenosinesGmonophosphate disodium salt (AMP) wasrchased from Alfa Aesar
(Ward Hill, MA). EDTA and sodium chloride weggurchased from Mandel Scientific (Guk|pON,

Canada). MilliQ water was used to prepare all the buffers, solutions, and suspensions.

4.2 2 Preparation ofjadolinium/adenosine monophosphate coated lipogbptsome@G#/AMP)

To prepare G4/AMP coatediposome, a liposome suspension (1@0mL?) wasincubated
with G* (500 uM) for 30 min and then AMP (50QM) was added. After 30 min incubation, the
mixture was centrifugeat 19000 rpm for 10 min to collect the precipitated lipos@@&F**/AMP, and
the pallet was washed with buffer A. To prepaalceiloadedDOPS@Gé&/AMP, 100uL of purified
calceinloaded DOPd3iposome was mixed with L Gd** (10 mM) and 5uiL AMP (10 mM), and the

remaining procedures were the same as descaibek.

4.2 3 e-potentialmeasuremerst

A liposome suspension (1Q@ mL™?) mixed with metal ions (G, Zr?*, and C&) in buffer
A (final metal concentrations: 10, 50, 100, 200, and|#d) was measuredsing a Malvern Zetasizer
Nano ZS 90 with a H&le laser (633 nmat 90 and 25 °C. The datavere analyzed by Malvern

DispersionTechnology Software 4.20.

424 TEM

TEM micrographs were recorded on a Philips CMfhsmission electron microscope. A
10 L liposome (10Qug mL?t) and Gd* (20 uM) mixture or liposome@G/AMP (100ug mL?* based
on liposome concentration) was spotted on a 230 mesh talbegn copper grid and the extra solution

on the grid was removed Ifjter paper. The samples were dried in air overnight before imaging.

4.25 Liposomeleakageess
To monitor the integrity ofiposomemembranes, BL of purified calceinloaded liposomes
were added t600 L buffer A in a quartz cuvette at room temperature. Bdekground fluorescence

was monitored for 5 min before adding 10 of Gd** ions (1 or 10 mM). The fluorescence sva
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montored foranother 15 min. At 20 min, J€L of 100 mM EDTA was added. A0 min, 10uL of 5%
Triton X-100 was added to fully rupture thiposomes. For the stability toward &@®MP, 10 uL of
AMP (10mM) was added at 15 min as an additional step. Fotdhdity against Triton X100, 10uL

of various concentratiof®.005, 0.05 and 0.5% Triton X-100was added to calceioaded DOPS or
DOPS@G&/AMP at 2 min. Then, at 10 min, 1A of 5% Triton X100 was added to all the samples.
In the case of DOPS@&HAMP, 10 uL of 100 mM EDTA was added at 7 min asaditionalstep.
For thestability toward ZnO NPs, 1AL of ZnO (1 mg mLY) was added tecalceinrloaded DOPS or
DOPS@G&/AMP at 2 min, 10uL of 5% Triton X-100 was added at 18 min. In the case of
DOPS@®GF*/AMP, 10uL of 100 mM EDTA was added as an extra step. Calgaexcited at 486m,
and the emission was monitored at 525usimg a Varian Eclipse fluorescergpectrophotometefhe

percentage of leakage was calculateddysedl ot X 100%.

4.3 Results andDiscussion

4.3.1DOPS and DOCRposomes

Two kinds of liposomesvere studied: DOPS and DOCIecause they are bottegatively
charged and contain strong mébaiding ligands.DOPS (Figure4.1a) has a carboxyl and an amine
group that carchelate metal ion®:*! In addition, it has a bridging phosphagssulting in aroverall
negative charge. PS lipids mainly residehe inner leaflet of cell membranes, and its flip to the outer
leaflet is an indication of apoptosis. DOCP is a synthetic liild a terminal phosphate (Figuéela).
Compared to aridging phosphate,terminal phosphate binds the metpécies stronger. For example,
DOCP liposomes adsostrongly on various metal oxidés*These two liposomesere, respeaovely,
prepared by the extrusion method, and theth had a hydrodynamic sioé cal00 nm from DLS
(Figure4.1b) . T -patential vadues were consistent with thedspective surface charges (Figure
4.1c). For some controéxperiments, we also studiediew other types of liposomezsuch as DOPC

and DOPG (Figurd.19.
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Figure 4.1 (a) Chemical structures of DOPS, DOCP, DOPC and DOPG lipids. (b) Normalized DLS
size distributions n d -gotnjtial af DOPS and DOCP liposonsgH 7.6(10 mM HEPES 100 mM

NacCl).

4.3.2Gd** binding characterizedising TEM

After preparinghe liposomes, we studied &adsorption using TEMNon-stained liposomes
are not visible under normal TEMnd usually liposomes need to be observed with a negsttue
We previously showed that €ucould bind to liposomeand display positive stain featuré&With
addition of Gd*, we also observed positivetain features consistent with metahding to both the
DOPS (Figuret.2a) and DOCP liposoméBEigure4.2b). Most of the features weoca.100 nm, close
to theoriginal size othe liposomes. Some pearsltaped structuresay be caused by liposome fusion
or the drying processeahuring the preparation of the TEM specimens, and somesgatis might be
because the metal species come together ddrinigg. It is unclear whether tre@sorbed metal ions
canaggregate on the liposomes in the solution phase or not. Tdasees are different from those

with Cw?*, for which we observed extensively fused liposome structures with maider sizes
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(>500nm) (Figure4.2c). The TEM resustsuggested that Gticould bind to both DOPS and DOCP

liposomes without causing extensive fusion, althougtoderate fusion may still take place.

Figure 4.2TEM micrographs of (a) DOPS liposomes with’Gdb) DOCP liposomes with Gt and

(c) DOCP lipsomes with Cti (100 ug mL?! liposome, 20 uM metal ionjcale bars = 100 nm.

4.3.3Gc?* binding reverses theurfacecharge ofliposomes

We then followed the surface charge of tipesomes upon adding &d(Figure 4.3). The
g-potential ofliposome/G@" complexes increased gradually with increasdj* concentration and
became positive with more than 130 Gd** (Figure 4.3a)In this experiment, the lipid concentration
was 124uM. Because slightly more than half of the lipids were orotiter leaflet of the membrane,
at thePZC, thelipid headgroup and Gtihad a ratio ofD2:1, true for both th&©OPS and DOCP
liposomes. However, when the liposonvesre mixed with Z#, the sample remained negative even
with 2 mM Zr¢* (Figure4.3c). Similaty, even with 10 mM C#, charge reversal did not occur (Figure
4.3d). Therefore, Gt is unique in the sense that it was the only metal showing chevgesal for the
DOCP and DOPS liposomes. This is consistdgttt the previouslyreported charge reveisat DOPS

by L&®* binding6®
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Figure 4.33-potential of DOPS and DOCP liposomes titrated with (&' Gd) Zr#*, and (d) C&. (b)
a-potential of DOPG and DOPC liposomes titrated witli*GEhe experiments were carried out at pH

7.6 (10 mM HEPES, 100 mM NacCl).

Cremer and cavorkers reported that the binding of Tto the PS headgroup releases two
protons from the amine grouphus, the surface potential remained negative aftér i@inding. The
release of protons was also reported ufamhanide binding to the PS liptéf. With three formal
positive charges, after neutralizing the negative charges otighsome, a positive charge may still
remain, rendering Gd overcompensating the surface potential. This work ialdizates that we can
control the surface charge of liposonmsusing different metal ions. We also tested other trivalent
metal ions, F& and C#*, however, these metal ions did sSbbw charge reversal properties at the same
concentration withGd®* (500 uM) (Figure 4.4) This is probably because these metals haveaker

binding affinity compared to lanthanidds. addition, we also measue d -potergial af DOPC or
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DOPG liposomes in the presence ofG#igure4.3 b ) . -pdtdntial reached slightlyositivevalues
(D12 mV) with 500uM Gd**. These lipids have weak metal coordination abliécause they only
have a bridging phosphaterfmetal binding.Their slight positive charge might be from weakly
adsorbedmetal ions. Therefore, the strong binding offQdlith lipids is necessary for reversing the

charge to a high positive potent{al 30 mV).
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Figure 4.4 3-potential of DOPS liposnes (100 pug mt) in the presence of 500 uM ¥eCr* and

GdP* at pH 7.6.

4.3.4Gd*" leaks DOCP butot DOPSliposomes

After confirming the strong binding of Gdby both DOCP andOPS liposomes, we then
studied its effect on membraretegrity. For this purpose, a leakage assay was carried out. The
liposomes were loaded with 100 mM calcein dye, buhitsescence was seffuenched at such a high
concentration. Ithe membrane was disrupted, calcein would release tehbke solutionto induce
fluorescence increaséThe backgrounfluorescence was monitored for 5 min beforé'Gehsadded.
The background was not zero due to a small amoufmeefcalcein outside the liposomes. For both

liposomes, addinGd®* caused an immediate fluorescerdrop to the zerfiuorescence level and this
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was attributed to Gd binding tofree calcein and quenching the fluorescence. Matethe free calcein
concentration was very low (well below BM), and most of the added &dons were not associated
with free calcein, and they can interact with the liposomethigtpoint, leakage due to &dinding
to the liposomes mahgake place, but this leakage wag redlected from théluorescence enhancement
because of calcein binding to &dAfter 15 min,EDTA was added to the samples to chelaté" Gad
release the free calcein. The fluorescatifference between this point and the initial background was
due to the leakage (Figure5d). Finally, at 30 min, Triton X.00 was added to fully rupture the
liposomes, and this calow the calculation of the percentage of leakage induceaiby Note, after
adding EDTA to release free calcein, 3G unlikely to be associated with lipids considering the
extremehigh association constant of GMEDTA (D5 x 13° M1),1% compared to Gt/nucleotide
(D1 x 10P M1) 196

For the DOCHiposomes, we observed significanithgreased fluorescence with 16V Gd®*,
much higher thathe initial background (Figure 3a). With 106fold more Gd*, the increase was even
higher. Because we observed liposdestures under TEM (Figude2b), the overall structure of the
DOCP liposomes was not disrupted and leakage should loozllly. We also studied the kinetics of
DOCP leakage bydding EDTA after different incubation times with GdFigure 45c), and the
fraction of leakage increased graduallith time. We calculated the fraction of leakage at each time
point and plotted the data in Figurdd, where leakage reach8@% in 2 h, indicating a slow process.
In comparison, leakagef DOPS liposomes by Custopped within 3 mirt® Interestingly, the DOPS
liposomes did not leak even witl66.7uM Gd** (Figure 45b). The nonleaky property \w@reviously
observed with L binding to PS liposomée$® Because both the CP and PS headgroups are negatively
charged, their difference in leakage can only be atgtbtiothe way of metal bindingThis time
dependent leakage Figure 45c also indicated that the leakage was due t6/Gplosome interactions

instead of the added EDTA.
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Figure 4.5Leakage of (a) DOCP and (b) DOPS liposomes loaded with 100 mM calcein in the presence
of Gd** at pH 7.6 (10 mM HEPES, 100 mM NaCl). The blue line indicates the fluorescence increase
due to the leaked calcein. (c) Leakage of the calogided DOCP lipososs after incubating with
16.7uM Gd** for different time periods before EDTA was added. The first rise of fluorescence over
the initial background was because offGdduced leakage, and the second rise was due to Triton
X-100. (d) Kinetic of calcein le@ge from the DOCP liposomes induced by 16.7 uM*Gkhe total

lipid molecule concentration was estimated to be ~0.59iM.

4.3.5Coating a G&ét/AMP shell

Because Gt did not disrupthe membrane integrity of the DOPS liposomes, we DS
to test liposomgemplated growth of a coordinatiggolymer shell. To ensure that the shells were
growing on theliposome templates instead of randomly undergoing nucleatiosolution, we

incubated G# with the DOPS liposomes firgind then AMP was added (Figutet). After adding
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AMP, aturbid suspension was obtaineshd we centrifuged the samplte collect the pallet. Under
TEM, dark spherical shells weobserved (Figurd.7a), indicating that the DOPS liposonmemplated
the shell. These features were quite different ftoase of Gé" mixed with DOPS liposomes (@ire
4.2a), wherehe structures did not have a weéfined shape. In additioBOPS@G&/AMP can be
centrifuged to isolate and purifitie product. After washing and-déspersion by sonication, thoark
shells remaine(Figure 4.7b)For comparison, wdso used noncharged zwitterionic DOPC liposomes
to templatehe growth. However, the structure appeared more fragilethensipherical shape of the
liposomes were less retained (Figdk&d, indicating that the binding of Gdwith lipids might be
critical for the templated growth. In addition, for sampdekled with AMP first, no weltiefined
structure was observéBigure4.7f), further proving the critical role of Gticoordination to lipids. We
also tested a few other negativelyarged liposomes. D@Cliposomes could form dark circles
(Figure4.7d similar to those observed with DOPS liposomasg as described above, the content
leaked from the DOCRposome upon mixing Gti. Dark rings were occasionalbpserved for DOPG
liposomes, but the majoritf theproducts were random precipitants (Figdirée. DOPG isnegatively
charged, but it only has a bridging phosphatenfetal binding. Overall, it appears that DOPS is an

optimalliposome template.

Gd3* AMP

Figure 4.6 Schematic illustration ofa) the structure of GYAMP coordination polymer and (b) the

formation of DOPS@G@/AMP. The content inside the liposomes was retained during this process.
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Figure 4.7TEM micrographs of DOPS coated with 500 Gd®*/AMP (a) béore and (b) after washing
with buffer. TEM micrographs of (c) DOPC, (d) DOCP, and (e) DOPG liposomesi{@-1) coated
with 500uM Gd**/AMP. (f) A TEM micrograph of DOPS@GHAMP prepared by mixing DOPS with
AMP first. The molar ratio of Gt to AMP was 1:1 for all these experimentsposome concentration
is 100 ug mL:. Scale bars = 100 nrithe red arrows in (e) indicate the DOPS@®GWMP products,

while yellow arrows indicate random &tAMP NPs formed independent of the liposomes.

We thenstudied the effect of the @dAMP concentratiomn the final structures. We fixed the
DOPS liposomeoncentration at 10ag mL* (exposed PS headgroapncentrationca 62 uM), and
varied the G& and AMPconcentrations (the ratio of &do AMP was fixe at 1:1).When 200uM
G /AMP was used, dark rings can bbserved around the liposom@igure 4.89. However, the
liposomes appeared to be soft and irregular in shape. Thitkelgdue to deformation during drying,
suggesting that thehell was notigid. When 1 mM G#&#/AMP was used, thigposomes were round in
shape and thicker shells warkserved (Figurd.8h red arrows). However, free E(AMP NPs were

also produced (Figurd.8h yellow arrows$. It appears that 50uM Gd**/AMP is an optimal
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cone@ntration, where the GAMP shells were rigid anthey grew mainly on the liposome surface

(Figure4.7a).

Figure 4.8 TEM micrographs of DOPS liposomes coated with (a) 200 uM bBndl (M Gd*/AMP.
The molar ratio of Gt to AMP was 1:1Liposome concentration is 100 pg rilScale bars = 100 nm.
The red arrows in (b) indicate the DOPS@®AMP products, while yellow arrows indicate random

Gd**/AMP NPs formed independent of the liposomes.

4.3.6Membraneintegrity after Gé'/AMP coating

After coating the G#/AMP shell, we then studied the membraniegrity using the calcein
leakage assay. We added®Gat 5min and AMP at 15 min. EDTA was added at 20 mimeiease
calcein from Gé' (Figure 4.9). Because théluorescence after EDTA was the same as the initial
background, no leakage occurred, indicating forminglied did not leak the DOPS liposomes. Finally,
Triton X-100 was added to fully rupture the liposomes. Thereforejing the shell on the DOPS
liposome can fully retain theontent inside the liposomes. We checked the TEM o$déneples after
adding Triton %100, and the shell featuremained (Figurd.10a). The coated GHAMP shell can be
destroyed by adding inorganic phosphate or EDTA dubeip strong affinity to Gé&" (Figure4.1M

andc). Note in thé casethe liposome remained intact, and only the shell was disrupted.
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Figure 4.9 Leakage test of calceinaded DOPS liposomes mixed with &dnd AMP.

Figure 4.10TEM micrographs of DOPS@@G@AMP mixed with (a) 0.5% Triton XL00, (b) 10 mM

EDTA, (c) 10 mM inorganic phosphate for 30 mtale bars = 100 nm.

4.3.7Probingporosity of the G&/AMP shell using TritonX-100 and ZnO NPs

After coating the G4/AMP shell onDOPS liposomes, we were interested in whether the shell

canincrease the stability of the sealed liposomes. First, we tdstextability against Triton 400, a

surfactant commonly usdd induce the leakage of liposomes. We added differententrations of

Triton X-100 to the free calceilbadedDOPS liposomes and also to DOPS@®GEMP. Leakage of

the free liposomes increased with the increase of the TritdA0Xconcentration (Figuré.11a). For
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DOPS@G&/AMP, wehad to add EDTA to chelate &defore analysis of leakadpecause Gt can
quench calcein fluorescend®hen 0.05% Triton XLOO was added, the fluorescence arlyovered to
the background level of DOPS after addEIQTA (Figure4.11b). However, more Triton 200 also
inducedhigher keakage and the fraction of leakage was similar to théteofree DOPS liposomes
(Figure4.11c). Our control experimemdicated that Triton XLOO did not disrupt the GUAMP shell
(Figure4.10n). Overall, the GH/AMP shell did notprevent liposome léage induced by Triton X
100. This mightbe attributable to the small size of Tritor2R0, which candiffuse through the
Gd**/AMP layer, suggesting that the shets porous.

To test this hypothesis, we then used a larger materiatit@we leakage. It was reported that
ZnO NPs can leakposomes? likely due to itscationic surfacé® As expectedZnO NPswith a size
of 20 nm induceda.85% leakage of the fre@OPS liposomes (Figure11d ande)**When ZnO was
added tdDOPS@G&/AMP, after adding EDTA, fluorescence onlgcovered to slightly higher than
the background levedFigure 4.11dD12% leakage, note in this case, no TritorlB0 wasadded).
These results indicate that the3@AMP shell couldprotect the liposomes from ZnO NPs, likely due
to its largesize. The effect of the pore size and the size of the lealjegts is depicted in Rige4.11.
In this experiment, weompared Triton XLO0 and ZnO for their liposome leakagéile EDTA was
added only to free the released calcein frGuf* so that the amount of released calcein can be

quantified.

83



120 120 120

a 5% Triton X-100 b 5% Triton X-100 c Emoops
100{Triton X-100 | ’ 100 Il DOPS@Gd™/AMP
— 80 ’ 0.5% = gol
E| ]
S 60 g 60
w ‘é
40 % 40
20 0.05% 20
0 ___0.0058% 0 ol
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0.005%  0.05%  0.5%
Time (min) Time (min)
100 ZnO NP
100{d Triton X-100 e f_
I, —~ 80 Triton X-100 .
80+ T 2
= _~~DOPS <
£ 60 |/ & 60
o f %
401 J' 8 40
201 | DOPS@Gd**/AMP 20
0 {zno 'EDTA
0 5 10 1520 DOPS DOPS@Gd™/AMP
Time (min)

Figure 4.11Leakage tests of calcelnaded (a) DOPS liposomes and (b) DOPS@&MBMP in the
presence of different concentrations of Tritorl®0. (c) Fraction of leakage with different Triton
X-100 concentrations. (d) Leakage tests of calteided DOPS liposomes and DOPS@@GXMP
after addiig 10pL of 1 mg mL* ZnO NPs(e) Fraction of leakage of calcelnaded DOPS liposomes
and DOPS@GHWAMP induced by ZnO NPs. (f) Schematic illustration of Tritod®0 could penetrate

through the porous GUAMP coating, but larger ZnO NPs cannot.

4.4 Summary

In summary, we studietthe binding of Gd* by the DOPS an®OCP liposomes using TEM,
g-potential measuremesntandcalcein leakage assays. TEM showed the adsorption BfaBMDOPS
and DOCP liposomes, but they did not caus@aificant fusion othe liposome to form much larger
vesicles Gd®** binding reversed the surface charge of both liposoamekssuch charge reversal was not
observed with Z#f or C&*. G&®* induced leakage of the DOCP liposomes but not D@#Somes.
Taking advantage of thigMP was added to form &F*/AMP shell on DOPS liposomes, and the

content insidehe liposomes was retained during this process. Theisbadlased the stability of the
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DOPS liposome against Zn@Ps, although similar leakage was observed in the presgniagon
X-100. This was attributed to the porous nature ofGi&/AMP shell. This work demonstrates a
simple method téorm a porous shell on liposomes, and also reveals interestiface metal binding

interactions on liposomes.
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Chapter 5 Adsorption of Nanoceria by Phosphocholine Liposomes

The results presented in this chapter have been published as:
Yibo Liu and Juewen Liu, Adsorption of Nanoceria by Phosphocholine Liposaraegmuir, 2016

32, 1327613283
5.1 Introduction

The previouschapter studied liposome binding of free lanthanide ions and the subsequent
growth of its nucleotide coordination materials. This chapter further stlipiesdme interactions with
lanthanide containing metal oxitil*s CeQ NP or nanoceria is an importamaterialusedas catalysts,
gas sensors, UV filters, and solid oxide fuel c¥Mldts unique properties are attributed to the surface
Ce" ions, providing a redox couple with €4%1%° The Cé&* sites are accompanied by oxygen
vacancies near the surface. Therefore, small,(Q¢Bs of several nanometers possess enhanced
activities because of a large surfaoevolumeratio,?°¢202

With high biocompatibility, nanoceria is also an attraetivaterial for various biological
applicationst®-2%0For example, it was reported that nanoceria can scavenge ROS in living systems with
superoxide dismutase and catathke activities!92%%20%|n a few cases, nanocamprotected cells from
oxidative stress induced by ROS or radiafi¢hd° It was also rported that nanoceria protects normal
cells but not cancer celt$ On the other hand, Cehanorals with a high aspectatio had
proinflammatory effect!? In vivo studies revealed that nanoceria fights against inflammation,
ischemic stroke, and radiatidnduced damage®¥’?*With so many biological applications, however,
only a few stidies have touched upon its interaction with biological molecifesspecially
biomembraned®®-212

To enter cells, nanoceria haditst cross the cell membrane. Therefore, it is important to study
its interaction with membrané&’®2'°Lipids are the main component on the cell membrane. The outer
membrane of eukaryotic cells is rich in PC lipid&e interactions of PC membranes with various
nanomaterials have been studi&d;*>11%2in particular, with various oxide$:19711110A primary
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example is the spontaneous fusion of PC liposomes ontofsitioéng SLBsdriven byvan der Waals

force 10110416y contrast, PC liposomes adsorb onto JNP via a stronger force, likely bonding with

the lipid phosphate grou®+107:199.11\Most of the metal oxide NPs studied so far have a size of several
tens & nanometers or larger. Compared to metal oxide NPs, an interesting feature of nanoceria is its
small size, which may exert a different behavior. For example, very slicalldPs behave completely
different when mixed with PC liposomes compared withldhger NP<1° Although larger nanoceria

can also be ma small particles (below 10 nm) are required for catalytic activity and biomedical
relevance®®2°2|n this work, we explore the interaction between nanocericbaim and PC liposomes

in terms of adsorption, stability, and membrane integrity.

5.2 Materials and M ethods

5.2.1Chemicals

All phospholipids were purchased from Avanti Pdlgrids (Alabaster, AL). Ce@dispersion
(catalog number: 2897420% dispersed in 2.5% acetic acid), disodium calcein, and Tritb@Q4¥vere
purchased from Sigma Aldrich. HEPESodium acetate, phosphate, arsddium chloride were
purchased from Mandel Scientific (Guel@N, CanadaMilli -Q water was used to prepare all buffers

andsuspensions.

5.22 g-potential andDLS measurements

T h epotential ofCeQ NPs (100ug mL?) was measured at various pH values in waséng
a Malvern Zetasizer Nano ZS90 instrument with aNdelaser(633 nm) at 90° collecting optics. HCI
and NaOH were used to adjtisé pH. The size was measured with ¢60mg mL! in 25 mMacetate

buffer, pH 4) and with DOPC liposomes (10§ mL* in 25mM HEPES buffer, pH 7.6).

5.23 Liposomeadsorptionstudiedusingfluorescencguenching
A CeQ; suspension was gradually titrated into theliRbsome(50 ug mL?, 1 mL) in a buffer

(25 mM acetate, pH 4, or 25 matetate with 150 mM NaClHy4, or 25 mM HEPES, pH 7.6). CeO
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stock solutions (1 or 10 mg ). were used for this titration. THeiorescence spectra were recorded

using a Varian Eclipse fluoromet@x: 560 nm; Em: 592 nm).

5.24 Phosphaténhibition studies

CeQ NPs (10 mg mt) werefirst incubated in a phosphateffer (100 mM) for 30 min to cap
the surface with phosphate. Then, 5 or 1D of the above mixture waadded to the Rhabeled
liposomes (25ug mL?, 1 mL), and thdluorescence was measured. To study the displacement, CeO
NPswere added to 1 mL of tHeh-labeled liposome (2fg mL?). Then,20 uL of the phosphate buffer

(500 mM, pH 7.6 or 4) was added, ahd fluorescence was measured.

5.25 Complexdability tess

To the Rhlabeled liposome (5Qg mL?, 200uL) in a buffer (25 mM acetate, pH 4 or 2%/m
HEPES,pH 7.6), a small amount of Ce@as added to reach a finradncentration of 1, 2, 5, 10, 25,
50, 100, or 20Qug mL*. After 30 minincubation, the mixture was centrifuged atQ® rpm for 10
min tocollect the supernatant. The supernatant wasedil10 times, and itRiorescence was measured.
To redisperse the DOPC/Cg@hecomplex was prepared in HEPES buffer (25 mM, pH 7.6) as above
and centrifuged at 1000 rpm for 10 min. The pellets were collectatt redispersed in 2Q@_ of
acetate buffer (50 mM, pH 4). Aftesonication, the suspension was again centrifuged, and the
supernatantvas collected and diluted 10 times for fluorescence measuremeatother case, the
complexes were prepared in acetate buffer (25 pti4). After D min incubation, 150 mM NaCl was
added tadestabilize the DOPC/Ce@omplexes. After centrifugation at ,000 rpm for 10 min, the
pellets were collected and redispersed in gDf HEPES (50 mM, pH 7.6) by sonication. These
samples were agagentrifugedat 19000 rpm for 10 min, and the supernatant e@tected and diluted

10 times for fluorescence measurement.
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5.26 Liposomeleakagdess

To monitor the Ce@NP-inducedliposome leakage, 3L of the above purified calceilvaded
liposomeswere added to597 pL of HEPES buffer (25 mM, pH 7.6) in a quartavette at room
temperature. The background fluorescencemasitored for 5 min before adding various amounts of
CeQ NPs(e.g., 10 or 2QL of 1 mg mL! CeQ or 5uL of 10 mg mL! CeQ). Thefluorescence was
monitored for another 20 min followed laglding 20uL of phosphate buffer (500 mM, pH 7.6). At
25min, 10uL of 5% Triton X100 was added. Calcein was excited at 485 nmttaneémission was

monitored at 525 nm.

5.27 TEM andcryo-TEM
TEM measurements were recordedadphilips CM10 transmission electron microscope. £eO

solution (10uL) was spotted on a 230 meshdyotarbon copper grid, and the exti@ution on the grid
was removed using a filter paper. The sampledxiasl in air beforeneasurement. CrydEM samples
were prepared bgnixing the DOPC liposomes (54 mL?Y) and CeQ (50 ug mL?) in acetate buffer
(25 mM, pH 4). The sample {f.) was spotted on plasmatreated carbowoated copper TEM grid.
The grid was blottedith two pieces of filter paper for & and quickly plunged into liquigthane. The
sample was then loaded to a liquid-ddoled cold stageimaged using a 200 kV field emission

transmission electromicroscope (FEI Tecnai G2 F20),-a5 °C.

5.28 Differential scanimg calorimetry(DSQO)

To measure th&, DPPC liposomes (1Q6y mL?') andDPPC/Ce@(mass ratio of 1:1 and 1:5)
were used. The samples wdegassed before injection into the DSC sample cell, whereas the reference
cell was filled with thecorresponding buffer. Each sample was scanned from 25 to 65H€rate of
1 °C mint using a VPDSC instrument (MicroCal). Siscans were carried out for each sample, and the

fifth scan was plotted.
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5.3 Results andiscussion

5.3.1Characterization afianoceria antiposomes

DLS characterization based snattering intensity shows that our Gé@Ps have an average
hydrodynamic size of 20 nm, whereas the nuntiased sizdistribution is centered at.5 nm (Figure
5.a). It is known thalight scattemg strongly favors larger particles, and our datggest that this
nanoceria sample is slightly aggregat&ithough many previous works prepared nanoceria capped by
various ligands and polymers to facilitate disperst8it’-2*8we are interested in werstanding the
native surface property. Asrasult, our nanoceria did not have a strong capping ligaqpdiaining the
moderate aggregation. A TEM microgragows that the size of the individual nanoceria is below
5 nmand some aggregates can also beepled (Figurd.la, inset)which is consistent with the DLS
data. Its crystallinity wasonfirmed using highiesolution TEM (HRTEM) (Figur&.1b). Such small
particles were used to ensure a high catahdtevity.200202

Next, we studied the surface charge of nanoceria witireful pH titration. At pH lower than
7, nanoceria is positivelgharged, whereas the surface becomes negative at a higfiigpre5.1¢).
Therefore, at physiological pH, nanoceria is neatiarge neutral, which may affect its colloidal
stability because dhe lack of charge stabilization.

The structure of a DOPC lipid is shown in Figubeld. Its headgroup contains a
negativelycharged phosphate angasitively-charged choline. Therefore, this zwitterionic PC lisid
overall char ge neut r a-potentimrheastremdiFgures5de).fThemengal by t
charge avoids thelectrostatic interactions with nanoceria. On the basis opmuious studies, the
lipid phosphate group is likely to bienportant for the interaction with nanocetid®11°Qur
liposomes were prepared using the standard extrusion méthaagh 100 nm pores, which is

consistent with the DL&easurement afa.120 nm (Figures.1f).
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Figure 5.1 (a) DLS size distribution®f the CeQ NPs dispersed in 25 mM acetate (pH 4) with both

number andscattering intensitpased distributiondnset: TEM micrograph of the sample (scale bar:

100 nm). (b)HRTEM micrograph of the CeQNPs showing their crystalline structure (scale bar:

10n m) . -pdteatjal ofghe Ce®@NPs as a function of pH. (d) Structures of DOPC and DPPC lipids

and their phase transition temperatir@¢ al u e s

a r epotendiab af theeDOPC liposomesd

25 mM acetate (pH 4) and HEPES (pH 7.6) buffers. (f) Biz8 distibutionof the DOPdiposomes

in 25 mM HEPES (pH 7.6).

5.3.2Nanoceriaadsorbed by DOP@posomes

To studythe interaction, we first measured nanoceria adsorption usinp@C liposoms

containing 1% Rh label. To this liposors@mple, we gradually titrated CeNPs at pH 4 and 7.6. We

chose these two pH values because the catalytic activi@g©fis the highest at pH %4? whereas pH

7.6 is thephysiological condition.

The fluorescence spectra of the -Rbeled DOPC liposomest different nanoceria

concentrations are shown in Figir@a,and an overall trend of fluorescence decrease is observed. We
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measured the ultravioleisible (UV-Vis) spectra of ounanoceria and its mixture with the DOPC
liposome at pH 4Figure5.2c), where no light scattering feature was observecdutition, no light
absorption was observed beyond 400 herefore, the drop in fluorescence canmetexplained by
the light-scattering or innefilter effect. Nanoceria is a stronguencher for many adsorbed
fluorophores??° Without light scattering, we attribute the fluorescence drop here tadbkerption of

nanoceria by the liposome, directjyenching te associated Rh fluorophore.

| = pH4 (Freundlich model)
& pH 4 with 150 mM NacCl (Langmuir)
e pHT7.6

0 100 200 300 400 500

Figure 5.2 (a) Fluorescence spectra of the -RRheled DOPC liposomes at different GeO
concentrations dispersed in 25 mM acetate, pH 4. (b) Adsorption isotherms efNBsOonto

50 ug mL* Rh-labeled DOPC liposomes at pH 4 without NaCl (green), with 150 mM NacCl (red), and
at pH7.6 without NaCl (blue). UWis spectra of Cegand Ce@DOPC complexes &t) pH 4 and(d)

pH 7.6. There is no scattering and absorption observed beyond 400 nkh 4t \hile at pH 7.6

scattering was observed.
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