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oMan merkt nie, was schon getan wurde, man sieht immer nur, was noch zu tundbleibt.

Marie Curie

oOhne Spekulation gibt es keine neue Beobachbuing

Charles Darwin
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Abstract

ABSTRACT

Liposomesas mosimportant nanoparticular drug delivery vehicles already in clinical application were
prepared bydual centrifugationwith increasingamountsand molecular weightsf different surface
modifications likeOf I a 8 A O W3& (pSiy-(éthylend) glydal {(RE®S mavel hyperbranched
polyglycerol BbPG).Incorporationof high amountsof large polymers resulted in an overdéicrease

of liposome diametesas assessed by dynamic light scattering and nanoparticle tracking arabis,

a qualitative increase in @bd circulationwithin zebrafish embrygsa potential advantage for passive
targeting of tumorwiathe EPReffect. The cellular ptake ofhbPG modified liposomes by macrophages
was considerablyhigherin vitro and in vivothan for PEGylated liposomes independently from the
protein corona, resulting in lower circulation tim&¥hile modification of liposomes withbPGseems
toofferi KS dzyAljdzS LR &aAaAOATAGE 27T SHeref&epossadsed agreh (i I NB S
potential for the treatment of macrophage associated diseab®PG itself surprisingly provided a less

efficient stealth effect when compared to conventional PEG.

To enhancepharmacokinetics of liposomess drug delivery vehiclesheir designideally combines
storage and circulation stability while also providing triggered fragility for effective release of
encapsulated drugs at the target tissoiewithin the target cellsTherefore, liposomeit the edgébf
stability weredesiredand systematicallyscreened for amongst others, by membrariacorporation

of the solvatochromic fluorescent prolieurdan, ultimateljleading to a fewdefined lipid compositions
GKFG ¢SNB 02y a »RtSNEG Fhe iddntified Caddats IRGS@s were modifieith
small amounts opH-sensitive lipid cholesteryl hemisuccinate and compliedaerately highcargo
release under late endosomal/lysosomal conditions witdfethe most partretainingtheir cargo upon
storage as evaluated by a sermutomated size exusion chromatography fofluorescent model
cargos sulforhodamine b andcalcein. Physicochemical characterization of candidate liposomes
confirmedpharmaceutical quality comparable to conventional liposomssd in the clinidn vitrocell
experiments revealed that candidate liposomes were +#mxic and releasedctonsiderablymore
encapsulatedanti-cancer drugdoxorubicinin comparison toconventional liposomeswhich was
measured byflow cytometry, confocal laser scanning microscopydamaging flow cytometry
(ImageStream®While candidate lipososs with encapsulated antibiotizftriaxonedid not surpass

the therapeuticefficacy of freeceftriaxone for thein vivotreatment of salmonella infected zebrafish
embryos they were neverthekss able to considerablyincreasezebrafish embryosurvival when
compared tathe treatment withconventional liposomes. Finally, modification of candidate liposomes
with pH-sensitive ketalor vinyletherPEG resulted in higher cargo release capabilities when compared

to conventional PEG (PG



Zusammenfassung

ZUSAMMENFASSUNG

Liposomen, die das wichtigste nanoplaulare Wirkstofftragersystem in klinischer Anwendung
darstellen, wurden Ubeduale Zentrifugatiormit steigendenMengenund Molekulargewichtervon
unterschiedlichen Oberflachenmodifikationen hergestellt, wie dem klassisctigalthd Polymer
Polytethylen)glycol (PEG) oder dem neuartigen hyperverzweigten PolyglybhbRib]Inkorporierung

von hohen Mengen gro3e Polymere resultierte insgesamt in einer Verringerung des
Liposomendurchmessers, gemessen Uber dynamische Lichtstreuung und NanopartikelgTrackin
Analyse, wie aucim einer qualitativen Zunahme der Blutzirkulation in Zebrafisch Embryomas,

einen potentiellen Vorteil fiir passives Ansteuern von Tumoren Uber den EPR HEihegtellt Die
Zellaufnahme vorhbPG moaodifizierten Liposomen durch Makrophagen waabhangig von der
Proteinkoronain vitro und in vivowesentlichhdher als fur PEGylierte Liposomen, was auch zu einer
geringeren Zirkulationszeit fuhrte. Wahrend die Modifizierung von Liposomen hivftG die
einzigartige Moglichkeit bietet, Makrophagen effektiv anzusteuern und dadurch ein sehr grol3es
Potential besitztmit Makrophagen assoziierte Krankheiten potentiell besser behandeln zu kénnen,
fuhrte hbPG selbst iberraschenderweise zu einem weniger gfficieSy o { G S f G Ka 9FF S
konventionellem PEG.

Um die Pharmakokinetik von Liposomen als Wirkstofftragersystem zu verbessern, muss deren Design
sowohl dieLagerungsund Zirkulationsstabilitdals auch die gesteuerte Instabilitdt zur effektiven
Freisetzung verkapselten Wirkstoffs im Zielgewebe oder in der Zielzelle beriicksichtigen. Deshalb
wurden Liposomemam Randéder Stabilitat Gber systematisches Screening gesucht, unter anderem
durch Membranlnkorporationder solvatochromen Fluoreszesunde Laurdan, was letztendlich zu
wenigen definierten Lipidkompositionena 'Y  wl YRS & RS NJ Dielitledtifizieked NG F N
Liposomenkandidaten wurden mit kleinen Mengen desseHsitivenLipids Cholesterolhemisuccinat
modifiziert und zeigten eine moderat hde Wirkstofffreisetzung unter  spéaten
endosomalen/lysosomalen Bedingungen, wahreedWirkstoff bei Lagerungrofdtenteilsm Liposom
verblieb. Dies wurde Uuber eine halbautomatische GréRenausschlusschromatographie fir
fluoreszierende Modsubstanzen @forhodamin b undCalcein evaluiert.Die physikochemische
Charakterisierung der Liposomenkandidaten bestétigte deren pharmazeutische Qualitat, die
vergleichbar mit (selbst hergestellten) konventionellen Liposorugsklinischeé Anwendungn war.

In vitro Zellexperimente zeigten auf, dass die Liposomenkandidaten selbst nicht toxisch waren und
wesentlichmehr verkapseltef\ntikrebsmittelDoxorubzin freisetzten als konventionelle Liposomen,
was Uber Durchflusszytometrie, konfokale Laserscanningmikroskopied ubildgebende
Durchflusszytometrie (ImageStream® gemessen wurde Obwohl Liposomenkandidaten mit
verkapseltem Antibiotikum Ceftriaxon die therapeutische Effizienz von freiem Ceftriaxon bei der
Behandlung von mit Salmonellen infizierten Zebrafi&ahbry nicht Ubertrafen, zeigten siégennoch

eine stark erhohte Uberlebensrate im Vergleichr Behandlung mitkonventionellen Liposomen.
Schlief3lich wurden Liposomenkandidaten mit-gghsitivem Ketaloder VinylethefPEG modifiziert,

was zu einer erhéhten Wirkatffreisetzungfahigkeit ilvergleich zu konventionellem PEG otdP G

fuhrte.
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Introduction

1. INTRODUCTION

1.1 LPOSOMES FOR DRUG.INMERY

Liposomes aravell-investigatednano vesiclefor drug deliveryconsisting of dargeaqueous core
surrounded byone or multiple double lipid membrang Liposomes represent the first and most
successful nanoparticat drug delivery system that made it into the clinic, although recent
progress for clinical applications has decreased incrementkif/toseveral challenges detailed
later.[1] Besidesdrug delivery, liposomeare of interest irother scientific fields such as cosmetics,
biological model membranes or investigations on the origin of2fg&] Ther success is based on
their ability for selfassembly[4][5], entrapment ofa high variety oflipo- and hydrophilic
compounds in their membrane or cof@]¢[8], respectivelyhighintrinsicbiocompatiblity [9] with
potential biodegradability[10] and therefore low toxicity while also beingamenable to
moadification of their physicochemicfl1] and biophysicall] properties,for exampleby surface
moadificatiors [12] or changes in lipid compositid6]. They were originally discovered Byglish
hematologist Aleanghanet al.in the 1960913][14], and their impact in biomedical areas has
expandedever sinceespeciallydue to the fact that drug delivery plays an increasingly important
role in modern nanomedicine. There is a great nded protection of certain therapeutic
compounds e.g. RNA or DNApm degradation inactivation or dilutiorinside the blood stream
[6], and to transport thecompoundto a target location while decreasing systemic side effeétl

of these can be achieved by usiligpsomes as drug delivery vehiglb] Liposomescan be
classified based on thelamellarity and size as smad#yrge or giant unj oligo, multilamellaror
multivesicularvesicleg11] They can alternatively be classified basedther lipid composition
including surface motications as conventiondll6], stimulisensitive[17], sterically stabilized
(stealth)[12], ligandtargeted [18] or cationic[19] liposomes(Figurel).[20] While conventional
liposomes consist afeutral and/or negatively charggzhospholipidsand cholesteroj21], stimuli
sensitive liposomesenquire lipidsor other amphiphilic membrane compoundamenableto
ionization or changes e.g. ioonformation or lipid phase Stimulisensitive liposomes are
developed to improve a controlled release of encapsulated therapeutic compapatsstimuli,
suchas pH, temperaturglight, redoxpotential, ultrasound, enzymes or magnetic fiel@eric
stabilization ofiposomesaims to increase the liposomal hdife upon storage and in circulation
Liposomes araypically modified with poly-(ethylene) glyco(PEG)for steric stabilizationwhich
can be crosslinked to lipidsand integrated into the liposoal membraneduring liposome
formulation[12] Ligandtargeted liposomes aim to achieve active targeting of specific cetls an
therefore respective ligandare either covalentlyattached to their surface or attached to PEG

such asantibodies, small molecules, proteins, carbohydrates or pepti@Esnetimes also
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combined with an imaging agent for theranigs).[1][22] Cationic liposomesare (partly)
composed ofationic lipids to enhance encapsulation of negativelyrgbd compounds like RNA
or DNA23]
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FIGURH: 2D CROSSECTIONS PBEOMESLASSIFIACCORDING TO TH&EIEE AND LAMELLARAEY
SMALL UNILAMELLARSMELES (SUV), LARGH AMELLAR VESIC(ES/), OLIGOLAMER.AESICLES
(OLV), MULTILAMELLAESICLES (MLV), BSTAUNILAMELLAR VEEE (GUV) ORULTVESICULAR
VESICLES (MVV) ANBD SCHEME OF A LIPOSEO®LASSIFIED BASEDITS LIPID COMPOSN AS
CONVENTIONAL, STIMBENSITIVE, STERIGASTABILIZEEEG = POKETHYLEE) GLYCOLWIGAD-
TARGETED OR CATIQNPOSOME.

Liposomal membranes as simple mimics of natural cellular memesrean be composed of
extracted and purified naturally occurring lipided/or synthetic amphiphileshat can form a
stable bilayer Conventional liposomes typically consist of natural phospholipitensively
present within mammalian cellas egg or soy phosphatidylcholine in combination with
cholesterol[20] These hospholipidsconsist of amonpolar fatty acid chain and a polar headgroup
and are therefore amphiphilic by nature Due tothe hydrophobic effect, these lipids organize
themselves into lipid bilayers to separate their hydrophobic tails from the hydrophilic
surroundings, which leads to formation of liposomes in agueous ni8{[i24] The stability of a
liposomal membrane consisting of otipid mainly derives from electrostatic interastis and

hydrogen bonds between the headgroups as weNas der Waalforces between the tailf25]
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1.2 LIPIDS AND THE LIPOWAL MEMBRANE

Depending on their chemical structure, hydration and environmental conditicush as
temperature, pressure, ionic strength or pH, lipids within liposomal membranes can exist in
different phasegFigure2 A).[26]¢[28] One of thethree naturally most relevant lamellar phasies

the liquid disodered phase 4, a phase in which the often unsaturated lipid molecules are
irregularly packed at an environmental temperature above the phase transition temperature (Tm)
of the respective lipids, causing them to laterally move across the membrane suBkislog: the

Tm of the respective lipids, the membrane is in the gel phasedolidiike state induced by tighter

lipid packing due tcstronger Van der Waalsnteractions and therefore more prominent for
saturated lipids. Membranes in gel phase are less fluid and less permeable than membranes in
liquid disordered phase, therefore retaining encapsulated hydrophilic cargo more effectively.
Upon membrane incorpot&n of sufficient amountgtypically 33¢ 45 mot% [29]) of the rigid

sterol cholesterol, a lipid that is also present in mammalian membranes, the organization of the
other lipids present within the liposomal membrane is modified. If the lipids withinigosdmal
membranearein liquid disordered phase, incorporation of cholesterol leads to a permeability and

fluidity decrease andn overallincrease ostability[30]

nonpolar
fatty acid chains

cholesterol

FIGURE: (A)LAMELLAR PHASESAOCONVENTIONALOS®ME DEPENDING OSPHASE TRANSITION
TEMPERATUREM)T AT AN AMBIENT TEERATURE T ABOVE THE LIPIDS ARE IN THERUID
DISORDERED PHASEVHILE BELOW THR, THEY ARE IN THE GEL PHASHPON INCORPORATIGMN

SUFFICIENT AMOUNTSCHOLESTEROL, TRBBIPHASES CHANGHHE LIQUID ORDERHEIASE.L

(B) ALIGNMENT OF NEUTRARHOSPHOLIPID SOPQ-STEARO¥2-OLEOY-ENGLYCER®
PHOSPHOCHOL)NERIVING FROM EGG PHOSPHATIDYLCHOLINE (EPC), SYNTHETIC CATIONIC LIPID DOT/
(1,2DIOLEOYR-TRIMETHYLAMMONIURROPANE)AND CHOLESTEROL NGO THE LIPOSOMAL
MEMBRANE.
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Thismembrane tightening effects caused by cholesterol aligning its long axis parallel to the
phospholipid fatty acid chains, with the hydroxyl group in close proximity taénbonyl groups
of the phosphdipids (Figure2 B).[31]¢[33] Due to this alignment, the cholestersjueezeghe
fatty acid alkyl chainef surrounding phospholipidso that they become more rigideadingto a
lipid phase change frontiquid disordered to liquid orderedl,) phase an effect tha is also
achievabléyy incorporation ofsphingomyelir[33] If the lipids within the liposomal membrarsee
in gel phasdi, incorporation of cholesterol leads to a separation of the gel ppdmesphdipids,
rendering the membrane more flumhdleading to a liquid ordereghasel,. Therefore, the liquid
ordered phase represents a hybrid between the liquid disordered and gel phiasee is also the
possibility of a nonuniform membrane organizatitihat can lead to the formation ofmicro
domainscalled lipid rafts which areoften enriched with cholesterohnd reside in the liquid

ordered phasé, while beingimmiscible with the liquid disordered phate[27][34]

Besidesthe amount of incorporated cholesterol, theeadgroup charge, chain lengthchain
saturationand Tmof the lipid havea major influence on liposomal physicochemimalpertiesand
biological behavior Sufficient amounts of gsitively charged lipids likeDOTAP with a
trimethylammoniumheadgroup (Figure2 B) canlead to an overallpositive surface charge of the
liposome, which was shown to increase accumulation in vascular endotheliurtoatetrease
extravasation35] Longerfatty acid chairs lead to strongerVan der Waalinteractionsand an
increased number of degrees of freedoggnerallyresulting in a higher Ti§28] Saturated lipids
within the bilayer lead tkinks and therefore t@ reducton of the accessiblatty acidchain area
reducingVan der Waalimteractionswhile also lowering the Tif86] The steric demand of the fatty
acid chain and theeadgoup determine whether a lipid would form liposomes on its own or other
formations like micelles orinverted structures[27][37] Moreover, the steric demandan be
changedby protonation temperatures higher than physiologic temperatures, treatment with
divalent cations or dehydration, makinthe liposomal membrane stability amenableto

manipulation[38][39]

If a liposome is composed of more than one lipid, the parameters that affect liposomal
physicochemical and biological properties are additionally dependent on lipid composition, ratio,
miscibility and interactionbetween different lipidsfor exampldonicinteractions Van der Waals
forcesor hydrogenbonds.Of note lipid phaseganbe coexistingwhen liposomes are composed

of multiple lipids which opens ann-dimensional parameter spacevhich is difficult to
capture[40][41] When increasingr decreasinghe environmental temperature of a liposome
composed of twoipids with different Tms, one lipid reaches the phase transition prior to the

other, which can lead to packing defects. A lipid tlransitioned from liquid disordered to gel
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phase is straightened, leading to gap lipids in close proximity still in ligd disordered phase,
potentially allowing encapsulated cargo to be releadeaim the liposome Therefore, the lipid
composition and ratio determine the physicochemical and biological properties of the resulting

liposomes, enabling themanifoldapplication

1.3 LPOSOME FORMULATI@ND CHARACTERIZATION
Lipids possess the ability for selésemblyto liposomesupon an energy input due to the
hydrophobic effectsothe challengen liposome preparatiofis not to assemble the membranes,
but to achieveliposomes of the right size arldmellarity, which isstrongly dependent on the
method used for liposome preparatidtil] Liposome preparation methods can bategorizel
into mechanical dispersion methods, solvent dispersion methods and detergent removal methods,
which are all passive cargmading techniques, meaning the cargo is encapsulated during liposome
formation. In general, hydrophilic cargo is encapsulated gyalving it in an aqueous solution that
serves as lipid hydrating fluid, whereas lipophilic cargo is dissolved in the respective organic
solution and added to the dissolvdiposomeforming lipids, which areboth then dried under
vacuum priorto (re-)hydration. In contrast to that, active or remote loading also possible after
liposome formation, butypicallyrequiresa pH gradient andertain compounds with ionizable
groups, as for examphoxorubicinin clinically relevanDoxil€[42] Besideshe numerous lakscale
liposome preparation methods, there aomly a few largescale preparation methods. The most
commonly used methodimcludingdual centrifugation, the liposome preparation method used in

this work, their classification, advantages and limitations are presented in the following.

LIPID FILM HYDRATI®ND SIZING

For preparation of liposomes with thipid film hydration method a mechanical dispersion
methodalready used by Banghaet al.[14], the respective lipidand hydrophobic cargare first
dissolved in an appropriate solve(typically chloroform or ethangland combined in a round
bottom flask (Figure 3). The solvent is subsequently evaporatddy exampleby a rotary
evaporatorwith subsequent lyophilizatignresulting in a thoroughly dry thin lipid filon the
bottom glass wall of the flaskhe lipid film isubsequenthhydrated by adding suitablenydration
mediumto the flask such as phosphate buffered saline, 5% dextrose or 10% sucrose solution,
which contairs the designatedhydrophilic cargo[11] Subsequentagitaion at a temperature
above the Tm of the lipidr several freezeghaw cycleg43] lead tothe formaion of liposomes.

However, depending on the lipids, liposome complex formation, lipideggfegation as reported
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for phosphatidylethanolamine (PE)1], or viscous gdormation canoccur during hydratiomnd
agitation The resulting liposomeasan beclassified as multilamellar large vesicles (Mulf) low
encapsulation efficiencie$5-15%) [15], which need subsequentiownsizingby sonicéon,
extrusionor high pressure homogenizatida be applicable. Bath sonicaters are mostly used for
sonication of liposomes and typically yield small unilamellar vesicles (SUVs), depending on the
temperature, sonication time and power, lipid composition and concentrg@dh.However,
different size distributions between different liposome batchesn occur, since it is almost
impossible to reproduce sonication conditignshile degradatiorof cargo or lipidds also not
uncommondue tothe high energy inpuf44] Additionally, resulting SUVs are relatively unstable
due to their high degree ainembranecurvature, resulting in the formation of larger vesicles
especiallyupon storagebelow theTmof the respective lipid Sonication also lacks the possibility
of receiving liposomes in another sizg@nge However, this isachievable by extrusion of the MLVs

througha polycarbonate membrane with defined pore s&A&igure3).[45]

solvent hvdrati agitation
dissolved evaporation ydration or
E— _— o .

buffer

hydrophilic freeze-thaw
Cargo cycles

membrane
with pores

FIGURB: PREPARADN OF LIPOSOMES BE THIN FILM HYDRANIMETHOD FOLLOWBRCEXTRUSION
TO YIELD MAINLY LERGUV) OR SMALL LAVELLAR VESICLEVY®EPENDING ON THEMBRANE
PORE SIZE, BESIDEHSESMULTILAMELLARSYEES (MLWWSPIRED BAG].

During extrusionthe liposome sample igressed through @olycarbonate membraneontaining
poreswith defined diameters smaller than the liposomegpotentially leading to deformation and
ultimately to rupture of the liposomal membrane. It is thought that the ruptured membranes

assemble afterwards to form liposomes smaller than or as large as the pore.&ertusion of
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liposomes at a temperature below the respective Tm, which renders the liposomal membrane
relatively rigid and inflexible, is difficult and can result in disruption of the polycarbonate
membrane. Extrusion generally leads to a veblaracteized size distribution of liposomes close

to the size of the respective pores, but sequential extrusion through several membranes is often
necessary, especially if smaller sized liposomes are wda®din addition, the liposome sample

is overall diluted, and the encapsulation efficiency of the designated cargo decreases if the
extrusion is not carried out in aolution containing cargo in the respective concentration as
present within the hydrophilic core of theliposomes.Maintenance of fgher encapsulation
efficienciesfor hydrophilic cargo can be achieved by high pressure homogenization, a technique
in which the liposome dispersion is pumpedto a sccalled interaction chamber with
microchannels that separate it into two streaf@][49] The interaction of the resulting gams

at high velocities under high pressuaeound 150 bateads to the formation of SU\S0] While

this process is scalable to several liters for industrial pupost lacks the possibility of
downscalingor laboratory purposes, with 1 20 mL of liposome dispersion volumes as lower

limit.[51]

OTHER PREPARATION METHODS

During theso-calledsolvent dispersion methods, the dissolved lipids are injected into an aqueous
buffer containing the hydrophilic cargo and subsequently the solvent is removed by heating under
vacuum. Depending on the solvent used in this method, typichéthyl, isopropytether or
ethanol, it is also referred tasether or ethanol injection method, spectively{52] While ether

can be removed under vacuum, the removigthanol is difficult due to formatioof an azeotrope

with water. Thisis a major drawbaclf this method, since even traces of ethanol caiiflect
liposomal stability anatould represent apossiblehealth risk forin vivoapplicationg53] Other
disadvantagesire the typically broad size distributierbetween SUVs and LUWEthe resulting
liposomes the cargoexposureto higher temperatures and to organic solvergnd the low
encapsulation efficiency fdrydrophilic moleculesalthoughtypically higher than for thépid film
hydration method[15] The ethanol injection method can be improved to be scalable for industrial
production of several liters of liposonaispersiondy using a crosiow injection module54][55]

With this module, it is also possible to control the size of the formed lipostonesertain extent
which depends on the dissolved lipid concentration, the injection tube diameter, the injection
pressure and the flow rate of the aqueous buffg6] It is also possible to form an emulsion by
sonicationor mechanical agitationpon injection of the dissolved lipids in aqueous buffer before

removal of residual solvent, which is referred to as reverse phase evaporation méfjod.
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Encapsulation efficiencie®r hydrophilic cargof up to 65%can be achieved, but the rather harsh
conditions caused by sonication or agitation as well as the cargo exposure to organic solvents could
lead to conformational changesf therapeutic RNA, DNA strand breaér denaturation of
proteins. The detergent remaal technique represents another possibility for liposome
formation[52] In this technique, detergents like Tritefi 100u at or above their critical micelle
concentration are used to solubilize the lipi#&] Removal of the detergents, e.g. by dialy5i],

gel filtration [60] or adsorption to polystyrene bead$l] leads to the formation of LUVSs.
Liposomes prepared this wagre highly reproducible and show narrow size distributions

However, traces of detergergouldremain within the liposomes.

Besidespassively loading therapeutic compounds into the liposomes during preparation, a
transmembrane pH gradient enables thetive loadingof suitable amine drugs after liposome
formulation, including the arttancer drugloxorubicin[62][63] The gradient can be amved by
adjustment of the buffer pH during lipid hydration and increase of the exterior buffer pH after
liposome formationfor exampleby addition ofalkaline buffer or complete buffer exchanga

dialysis. However, the acidic pH within the liposomas affect their characteristics and stability.

DUAL CENTRIFUGATION

Dual centrifugationDC) first described by Massirgg al.in 2008[64], is a passive cargo loading
mechanical dispersion technigue for liposome preparationinAke thin film hydration mehod,
dissolved lipidand hydrophobic cargare combinedn a reaction tubeand predried thoroughly

by lyophilization. Reaction tub@se available in a broad ranfi@m small PCR tubes with volumes
of 200 L to polypropylenetubeswith volumes ofup to 50 mL, enabling u@nd downscalingf
liposome batchedor laboratory use or everpre-clinical in vivo trials. The dried lipids are
subsequenthjhydrated with an appropriate aqueous buffer containing the designated hydrophilic
cargo. The amount afdded water is chosen to be just enough to hydrate the polar headgroups of
the respective lipiddf hydrophilic polymers like PEG are part of the lipid composition, more water
for hydrationis neededFurthermore, ¢pss or eramic beadsire added to the eaction tubefor a
higher energy input and better homogenization durin®C Thedual centrifuge is constructed
like a conventionatentrifugebut has a second rotary axigth an offset of 40to the main rotary
axis Thisspins the sample holdeontaining the reaction tube@vhich arealigned horizontallyin

the opposite direction as compardd the main rotary axisvhile inoperation(Figure4 A).
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FIGURE: (A)PRINICPAL OF DUANTRIFUGATIQRC) AS SIDE VIEAMAIN AXIS (1) AN\ SECONDARY
AXIS (2DISPLACED BY Z0RN CONTRARY AEBDL TO AN EFFECHZMOGENIZATION OFETHPID
DISPERSION WITHINETSAMPLE HOLDERWA)ICH IS FURTHERREASED BY THE ARINTOF BEADS
TO THE LIPID DISHBERISB) SAMPLE MOVEMEREREY ARROWS)THIN THE REACTMMNBERELATIVE
TO THE MAIN AXIS YRING DC DEPENDIDIGTHE ROTATION OF BHEONDARY AXIS (ZJAMO°,
90°, 180° AND 270°SAEXAMPLE FGRMPLE HOLDERACEMEN(@B), LEADING TO LOW ANIDEH
IMPACTS ON THE TWR&LLINSPIRED Ba5].

1

270°

During DC,he viscous lipidlispersiongets pressed to the tube wall by the main rotation, while
the second rotatiorsimultaneously skids it within the reaction tutaéth up to 1000 x gleading to

a strong homogenizatiofFigure4 B). Vertical sample orientation is algmssible buleads to less
effective homogeniation when small amounts of sample material are ugesla result, a vesicular
phospholipid gel (VPG) is creati®] This VPG is reported to be stable upon storgidd but can

also be used directly to form liposomes by addition of aqueous buffer to the reaction tube and
another short subsequer®Crun. The resulting liposomdispersion can be separated from the
ceramic beads bfjltration or by pipetting the dispersionand then rinsing remainindpeads with
small amounts of buffein orderto retain the wholesample This preparation method has several
advantagesover aforementioned methodspainly the high encapsulation efficieres (EEfor
hydrophilic cargmf around 50%or even higher aseported for siRNA by Hirsat al. [67]. The
scalability from several grams down to milligrams of total lipid enables a broad applicability range
and makes the use obst intensive matealseconomically feasiblerhe simultaneous preparation

of up to 80 individual liposome batches within 30 minuéésoqualifiesthis method suitable for
screeningpurposes By using aseptic tubes for liposome preparatiml by placing the Da@hder

a flow bench, it is possible to prepare liposonmes sterile mannerDC typicallyloes not require
subsequent worlup asextrusion, and with just one instrument needed, it is quite feasible and

easy to learnResulting liposomes canostly be clasified as LUVs afiametersin the range of
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100 ¢ 500 nm. The resulting liposome siagd cargo encapsulation efficiencies arainly
dependent on the lipid compositicemd the volume ratio betweeoargq lipids, bufferandceramic
beads.The DC device caalso control the temperature during liposome formulation, which
prevent overheating and thereforenablesprotection of temperature sensitive materiakithin
the samplefor exampleproteins from degradatiopas already shown BBarmentieret al.[68] and
Pohlitet al.[69]. In addition tonumerousreports in the literature with DC as liposome formulation
technique [70]¢[76], other nanovesids like polymersomesonly composed of synthetic
amphiphilic polymers were also shown to be producible by[D%[79]. While this technique
combines excellent features for laboratayypre-clinicalscale formulation of liposomei,has not

beenscakd for industrial purposeget.

LIPOSOMEHARACTERIZATION

In order to beapplicable for pharmaceutical use, liposomes need to be thoroughly characterized
in terms of their size, size distributiopolydispersityshape and lamellarityzeta potentia) cargo
encapsulation efficiencand cargorelease, which all depend on the itipcomposition, cargo
properties and liposome formulation methofll1] Aforementioned liposomal propertiesan
determineliposomeaggregatior80], stability[81], fate and transpor{82], circulation time[83],
toxicity [84], biological uptakd35] and therapeutic efficiency85]. The iposomalsizeand size
distribution is mostly measured by dynamic light scattering (DL-S} photon correlation
spectroscopy methofB6] It is acommon toolfor measuring thdiposomalhydrodynamic radii
given thatthe liposome are (near)spherical, the distributio is monomodal and relatively
monodisperse and the sample is measured in a suitable dispei®anthe hydrodynamic rads
Ry is calculated from the liposome& diffusion coefficient D, the absolute measurement
temperatureT, the Boltzmann constanig, and thesolventviscosityh by using theStokesEinstein

equation(formula 1).

wr=t W
Diffusion coefficients derive from autocorrelatéemporalintensity fluctuations of the scattered
photons which depend on th&rownianmotion that increases with decreasing liposomal siiee
size distribution or sampleolydispersityindex (PDl)is a dimensionless parameter that can be
receivedfrom a cumulants fitof the obtained DLS dat@8], with indices below 0.3 indicating
narrow distributionsdesirable irpharmaceutical applicatiori83], and indices above 0.7 indicating
broad size distributions not suitable fBl.Smeasuremens. However, such polydisperse samples

can be more effectivelyaddressedby the rather new technique called Neyarticle Tracking
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Analysis (NTH89]¢[91] NTA also utilizes th&rownian motion of the liposomes and their
scattered light in order to obtain their hydrodynamic rada the StokesEinsteinequation, butin
this case only a small frame of the total samplearalyzedby a x20 magnification microscope

objective with a mounteaharged coupledievice(CCDramera(Figureb A).

A NTA

microscope
objective

scattered
laser beam

liposome dispersion

crossflow

FIGURB: (A) PRINCIPLE OF NANRPKCLE TRACKING AMAE (NTANSPIRED BY1). A LASERBEAM
GETS DIRECTHEIROUGKLASS INTO THE ISPME DISPERSIONOS®OMES SCATTER HWEER BEAM,
AND THE SCATTEREEEHRABEAM IS RECORBDER CHARGED COWUFREVICE (CCD) CAMBRTACHED
TO A MICROSCOPEROBRAM ANALYZES TIPOSOME MOVEMEAND YIELDS A SIZ&ETRIBUTION.
(B)PRINGPLE OF ASYMMETRICWIFIELD FLOW FRADIATION (AFSPIRED BY2]. THE SAMPLE IS
INJECTED INT.HE ASYMMETRIC CHERBCONTAINING TMEAIN FLOW WITH A RABOLIC FLOW
PATTERN. A PERMEABREL ON THE BOTTORADS TO A CROSSFISMALILIPOSOMESAN DIFFUSE
BACK TO THE FASTVFING CENTER OF THENMFLOW DUE TO HERBROWNIAN MOTICRNMPARED
TO LARGELIPOSOMESVHICHREMAIN CLORHO THE PERMEABLELWAND THEREFORE FLOWING
SLOWER AND ELUTINGTHR THIS ENABLES THEPARAUN OF LIPOSOMHEASEDON THEIR
HYDRODYNAMIC RADII.

The camera records a video of tlaserscattered lighttrom the liposomes within the frame, with
approximately 10Qum x 80um x 10um as typical dimensions of the frame coveramdy hundreds

of liposomes, and a program tracks the movement of each particle individually. The distance
moved can therbe converted intoparticle sizes, and accumulated results of all particles measured
yield a size distribution profile. In ogparisonto DLS,around 10 imes less lig material is
necessaryor measurementparticle concentrations can babtained and small amounts of large
particles or aggregates do not comprise the accuracy of the measurerfemtever, the total
number of measured liposomes is severalars of magnitude lower than in DLAI in allNTAis

a valuable complementary technique to DLS.

Another method for liposome size determination is size exclusion chromatogr&Gibg)even
enabling the separation of liposomes with different hydrodynamaidii, for exampleby using

Sephacryl5100 to separate liposomes between-300 nm in siz¢l1] Via retrieved retention
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times, diffusion coefficients can bebtained and based on that information the Ry can be
calculated Although less populahan SEG the pastbut now increasingly being used in a wide
range of research ared93][94], asymmetric ®bw field flow fractionation (AF4)an be used for
liposome sizaletermination[95] In this chromatographyike technique, thdiposomecontaining
sample flows within maasymmetricribbon-like channel, while a second flow perpendicular to the
main flow(crossflowmoves thdiposomegowardsapermeablewall (Figurel7 B).[96] These two

flows allow for the separation of liposomes according to their diffusion coefficients, while their
hydrodynamic radii can again be obtained from BiekesEinsteinequation.Since the main flow
travels with a parabolic pattern, the speed at which the liposomes move is higher at the center,
and lower at the bottom of the channel. The crossflguidesthe liposomes to the bottom, but
their naturalBrownianmotion allows them tadiffuse back into the channel, with larger particles
remaining lower and smaller particles diffusibgckto the center of the main flow, therefore
eluting first. The gentleness of this method is its main advantage and enables the purification of
liposomes with a protein corona or other loosely attached substances from dredunbound
compoundsThe limitations of AF4 comprise the small amounts of sample that are applicable, the
irreproducibility of results with another solvent, and the necessity of dmwelent and
optimization of different instrument settings and running methddsmore complex sampg92]

AF4 can even be coupled to transmission electron microscopy (TEM), which provides more
information about the liposomal shape and lamellaf@y] In TEM, thdiposome dispersion is
placed on a carbon grid and a beam of electrons is transmitted through tBemto differential
electron scattering depending on the matssckness difference between the liposomes and the
surrounding solution containing trehalose" -D-glucopyranosyh -D-glucopyranosidg as
preservative[98], an electron image is generatedo incresethe overall mass density and
therefore thecontrast of the image, the sample is negatively stained with uranyl acf@8i& he
imageis magnified bya microscopeandrecorded by a CCD camdf®l0] In CryeTEM, the sample
getsvitrified in liquid nitrogen or ethane without crystallizing, omitting dehydratiow staining

while preserving the liposomal structuf201]¢[103]

Thezeta potentialof liposomess the electric potential on their surface, reflecting the potential
difference between the liposomal electric double layer and the dispersant layer around it at a
slipping plang104] The electric double layer is formed when liposomes are dispersed inside a
solution. It consists of the inner, strongly adhe®@rn layecontainingmoleculesor ions with an
opposite charge to that of the liposom&he outer layer consists of negative and positive charges
and is more diffus¢l05] Upon electrophoresis, the liposomes move towards the opposite
electrode depending on their charg€he potential at enypothetical slipping plane between the

diffuseouter electric layer of the liposomes and the dispersanteferred to as zeta potential It
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can be calculated from the dispersant viscosityhe relative permittivity/dielectric constart;,
the permittivity of vacuumgo and the electrophoretic mobility of the particlge by using the

HelmholtzSmoluchowslkeéquation(formula 2).
o @

The electrophoretic mobilityle can be calculated by dividing tiparticle velocityV by the electric
field strengthE, which are both known quantitieT.heactualsurface potential on the liposomes

alsoreferred to ad\Nernst potentiatanhowever not be measurefl06]

Cargo encapsulation efficiencies (EE), meaning the percentage of encapsulated cargo of total cargo
added, can be determined by separation of the cacgataining liposomes from free o
presenton the outside. It can be achieved either by dialy&37], centrifugation[108] or size
exclusion chromatographjl09]. Cargo release can be measured by the same methods, after

respective incubation of #nliposomes with appropriate buffer or plasifilO]

1.4 LPOSOMESURFACE MODIFICATIONSD \BTEALTEEFFECT

Liposomes can geturface modified typicallyin order to improve their drug delivery efficacy
storage stability After liposome discovery, initial enthusiasm cooled down sinaestfin vivo
experiments revealed certain disadvantagsschas low circulation times, lowtability, and high
uptake into the kidney, spleen, reticuloendothelial system (RES) andlivEf112] This behavior

can be explained by binding of opsontonsthe liposomal surface that form the smlled protein
coronag which is comprised afelected serum proteindor examplecertainimmunoglobuling113]

or beta 2glycoprotein[114], mediating the recognition of liposomes by macrophages. The
complement component systefii15]is also able to enhandgosomaluptake by the RES as well
asinitiating liposome lysis and subsequent cargo release. However, serum proteins like serum
albumin orimmunoglobulinA have shown dysopsonic properties and therefore inhibit liposome
phagocytosi$116] Therefore, thecomposition of the protein corona and thatio between bound
opsonic and dysopsonic proteins on the liposomal surface determinegattee of liposomal
clearance. The low stability of conventional liposonmegivocan be explained by their interaction
and lipid exchange with high (HDL) and low dgrigioproteins (LDL). Incorporation of cholesterol
and using saturated instead of unsaturated lipids for liposomal membrane formation was shown
to lead to an increased stabilignda reduction in lipid transfer to HDHowever, this strategy was

not enowh to fully overcome the binding and exchange with serum components, which is why a

liposomal surface coating using rather inert molecules t@tform a spatial barriearound the
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liposomewas neededThis secalled steric stabilizatiofiL17][118]can be realized by a variety of
hydrophilic glycolipids and polymels19]¢[121], with braintissuederived monosialganglioside
(GMJ) and poly(ethylene)glyol (PEGoated liposomesas the besstudiedsystemgFigure6 A).

GM1, a sialic acidontaining glycosphingolipid, is exclusively present on plasma membrane
surfaces and increases the circulation Hééf of native red blood celld22] GM1 as natural and

PEG as synthetic material bofflossess flekie chains that occupy the liposomal surface and
therefore reduce binding of opsonins, leading to a diminishpdsomerecognitionby the RES
(Figure6 B). Forthis reason, liposomes that possess such a steric barrier are also referred to as
WaGSHEGOGKQ f A thiyaadedidonbydhe RESThA surface of the liposomes can

be modfied with such molecules either by incorporation during liposome formulation, physical
adsorption or covalent binding to reactive surface moiefiEa3] PEG is ofin modified with
cholesterol or dialkyinoieties for example with 1,2-disteaorytsnglycere3-phosphoe
ethanolamine (DSB) that render the molecule amphiphilic and suitable for liposome

incorporation duringormulation.

It was shown that incorporation df0 mot% GM1 into liposomes reduced their uptake by the RES
in miceby 90% therefore also leading to increased blood circulation tirfieé®1] However, this
effect was only observable in mice and not observable upon removal of the sialic a&ty,moi
indicating that this part of the molecule is essential to avoid macrophage ui&&4 Therefore,

two possible mechanisms or their combination might contribute to the reduced recognition and
uptake of GM1 liposomes by the RES: (i) reduced opsonizati/ora(ii) binding of dysopsonins.
GML1 liposomes have been investigated by Tatral. [126] for oral administration, with results
suggesting that GM1 liposomes have a higher possibility of surviving the gastrointestintddract
conventional liposomes. Also, Moeaal.[127] observed crossing of the blodatain-barrier (BBB)

by GML1 liposomes in rats, and subsequent quantification of an encapsulatedfaesn revealed

a higher uptake in the rat brain compared to conventional liposomes.
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FIGURBE: (A)MOLECULAR STRUCBJBBMETHOXROLYETHYLENE) GOYGMPEG) ATTACHEDII®
DISTEAORMYEINGLYCHER3-PHOSPHOETHANOLNK (DSPE) ANBLYCOLIPIGBEM1. (B) LIPOSOME
RECOGNITION BY MABRAGES DEPEMIN OPSONIN BINDING THE LIPOSOMAIREACBNHICH IS

THOUGHT TO BENHIBITED BY PEBIDGM1AND ISW9 C9ww95 ¢ ¢ { 9 ®EBOGANQ
UNDERGO CONFORMAAWDNMNHANGES FROM MRSOM REGIMEN (GREEN) BRUSH REGIMEN
(ORANGE) UPON INCEBE¥S GRAFTING DENMSIR PEG CHAIN LBNGT

PEGand the EPFReffect

The linear polyether did?EGs thegold standard among fierent polymers investigated fateric
stabilization of liposomeslue to its biocompatibility[128], solubility, low toxicity [129] and
immunogenicity [130] and good excretion kineticEl31]. PEGis typically incorporated into
liposomes by crosknking it to a lipidlike 1,2-disteaorytsnglycere3-phosphoethanolamine
(DSPEjs shown irrigure6 A.[132][133]Besidesnodification of liposomes with PEG, several other
therapeutic compounds such as proteins and peptides caddrevatizedwith PEG to increase

their stability, solubility and halife while decreasing toxigit clearance and immunogeniciti/34]
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The main advantage of modifying liposomes with PEEGylation) is thetrongly reduced uptake
by the RES, therefore prolonging btboirculation timesdue to a reduced interaction with cell
surfaces and plasma proteins because of the steric hindrance effe2%][136] It is also possible
that dysopsonins bind to PEGylated liposomes, further reducing ugigikihe REEL37]138]
Additionally, liposome aggregation is avoided by W&@®n due to a stronger interbilayer
repulsion[139] The stealth effect of polymers like PEG depends their properties like size
(molecular weight / length) uniformity, flexibility or grafting densityon the liposomal
surface[132][140] Fortunately, the molecular weight of PEG can be tumleding synthesis
depending on the intended purposéds proposed by de Gennex al, PEGcan undergo
conformational changes depending on the available distance betweenpedgimer[141] At low
grafting densities or by using short PEG chains, the flexible PEG@hés so-called mushroom
conformation,meaning it possesses a rather diffused globularctire.When thesteric repulsion
between single chains increasas higher grafting densities or by using long PEG chdiey,

extend in a rather elongated conformation called brBfgure6 B). To reduce the probability of

opsonins binding to the liposomal surface and therefore to increase the stealth effect, it was

shown that PEG grafting densities need to exceed the minimum for brush confornidipfil43]

As a result of increased circulation times, PEGylated liposomes are capable of accumulating in

tumors and infracted areasvia the enhanced permeability and retention (EPBffect

(Figure7).[144]c[147] Due to the fact that most solid tumors rapidly grow, newly built blood

vessels (angiogenesis) exhigit enhanced permeability to ensure sufficient nutrient and oxygen

supply. Longirculating liposomes threfore accumulatepassivelywithin tumor tissue, which is

also referred to as passive targetinghile barelypassng healthy vasculatur§148]149]
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FIGURE: CROSS SECTION OAL@a® VESSEL WITHCOIRATING CONVENTIOMMWD PEGYLATED
LIPOSOMES. WHILE @ENTIONAL LIBOMES GET RAPIDLEARED BY THE RETEGMIOTHELIAL

SYSTEM (RES), ENDURGVAINLY IN THE/ER AND SPLEEN, RBGED LONG CIRCUNGTLIPOSOMES
CAN PASS DEFECTIVEIQR VASCULATURE AMEREFORE ACCUMBELMITHIN TUMOR TIESU

WHICH IS ALSO REFHRRO ASNHANCED PERMEABILAND RETENTIONREBFFECINSPIRED BY
[150].

Besidesnentioned advantages, it has to be pointed out that PEGylated liposomes, like PEGylated
liposomaldoxorubicin ([@xil®), are not biologically inert and can induce activation of the human
complement systenfil51][152] The secalled accelerated blood clearance (ABC) phenomenon
leads to a fast clearance of PEGylated liposomes that are administiteedhe first injection, due

to antibody production against PEG3][154] It has also been reported that PEGylation inhibits
cellular uptake of liposomes and subsequent endosomal escape of encapsulated therapeutic
compounds also referred to as PE@lemma[155][156], a problem further discussed section

1.5. Coupling PEG to cell targeting ligands, also referred to as activetitaygis me way to
overcome the inhibited cellular uptake of PEGylated liposojhgs]

Active targeting

Aside frompassive targeting, it is also possible to modify PEG with targkgizugds like proteins,
peptides, antibodies, aptamers or small molecules achieve active targeting of cells

overexpressing a receptor as dockisite (Figure8).[157]
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FIGURBB: ACTIVE TARGETING LOFOSOMES TO CELRURECEPTOREKE EDOTHELIAGROWTH
FACTOR RECERSQEGFR), FOLATEEHORS (FRR TRANSFERRIN REORB (R) (A) TARGETING
LIPIBPEGLIGAND CQNJGATES POBISERTE INTO THE LIPOSOMAEMBRANE AFTER ISPME
FORMULATION.(B) PRECONJUGATED [HPEGLIGANDS INCORGTED DURING LIPOSOM
FORMULATION, WITHABICESSIBLE TERSG LIGANDON THE INSIDE GIE TIPOSOMAL MEMBEAN
(C) POSTCOATED LIPOSESICONTAINING/IALEIMIDEPEG MOIBES, COUPLED TO THEEARING
TARGETING LIGANDSA THE MALEIMIBEHIOL ADDITION.(D) POSTCOATED MULTIRGTIONAL
LIPOSOMESONTAININGEG WITH TERMINALKAIEMOIETIES FOR THBPPER CATALYZED AZIDE
ALKYNE CYCLOADDITI@NAC) WITH RESPECTIRERAZINEUNCTIONAZED LIGANDS, WHALESO
CONTAINING PEG WIMERMINANORBORNENE MOIETRER THE INVERSECHRON DEMANDELS
ALDERCYCLOADDITION (IBPIWITH REECTIVE TETRAZINEGTONALIZED TARGETILIGANDS
(PURPLE).

Such ligandargeted liposomes have been shown to reduce side effects in healthy tigsile
enhancing cellular uptake to target cellb8] LipidPEGigand conjugates can be pdsiserted

into preformed liposomes resulting in liposomeswith targeting ligands on their surface
(Figure8 A).[159] However, cargo leakageanoccur during this posinsertion, and subsequent
removal of free lipigPEGigand conjugates is necessary. Additionally, an effective insertion is
hindered at higher PEG grafting densitiegjch makes aeproducible insertion challengir{d560]
Another possibility is to incorporate the lipEGigand conjugates during the liposome
formulation step (pre-conjugaton, Figure 8 B).[161][162] This leads to a statistically even
distribution of lipid-PEGigand conjugates on the inner and outer surface of the liposbm
membrane. However, this approach has the disadvantagethe ligands on the inner liposomal

membraneare inaccessible for targeting, while liposomal characteristics suctahdity ordrug
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encapsulation efficiency are more dependent on the respective ligand. To overcome mentioned
limitations, the liposomal surface could be modified with targeting ligands after formulatitn

the so-called postcoating method163] To achieve this, the hydroxyl group at the end of the fipid
PEGhainischemically modified to be reactive farild ligand couplingvith respectively modified
ligands For example, @posed naleimidemoietieswould be suitabldor thiol-couplingin aMichael
addition with thiolated antibodiesor proteinscontainingaccessibleysteineg164] (Figure8 O.
Another possibility are theo-called clickreactions[165] with e.g. norbornenemoietiesfor the
inverse electron deman®ielsAlder cycloaddition(IEDDAwith a tetrazinemodified ligand or
azidefalkyne moietiesfor the copper catalyzed azigdkyne cycloadditiofCUAAC]166], or a
combination to achieve multifunctional liposomeas reported by our groujpl67] (Figure8 D).
Such nultifunctional liposomes coulgdotentially be of advantage for the treatment ohultidrug
resistant cancef77] Attractive targets in cancecell therapyfor activetargeting (Figure8) are,
amongst otherqi) endothelial growth factor receptos (EGFB) [168], whose targetinded to a
better internalization ofanti-cancer drugdoxorubicin containing liposomes bearing PBESPE
maleimidethiol coupled with an appropriate antibody (FabV fragments of cetuximab, a
monoclonalimmunoglobulin Gantibody) [169]. Additionally, an efficient transfection ofmall
interfering siRNA from cationic EGEdRgeted liposomes to lung cancer cells in misas
reported[170] (ii) Folate receptos (FR) which are overexpresseith cancer cellsince folate is
essential for cell proliferation after reduction to tetrahydrofolateRtargeting was showrio
increase the internalization of PEfBlate containing liposomes loaded wittoxorubicin[171] (iii)
Transferrin receptorg(TfR) which are overexpressed in cancers due to a higher cellular iron
demand Targeting TfRwith lipid-PEGransferrin containingliposomes washown to enhance
therapeutic efficiency against liver cancethen compared tonon-targeted liposome$172]
Unfortunately,the receptor presence and density on cancer cells varies between cancer types,
patients andpossiblyalso within one patientwhich is why ligandargeted liposomes were not
able to surpass passively targeted liposoniestherapeutic efficiencyyet.[173] Additionally,
coupling of targdang ligands like antibodie® liposomes is cosntensive andeads to a more
complexdrug delivery systemThereforeit is more difficult to achieve pharmaceutical quality,

explaining the slow progress of such systems in clinical developihésf.

PEG alternatives

Besideghe goldstandard PEG, thens an ongoing research father hydrophili¢ soluble and
biocompatiblepolymers that can be used for steric stabilization of liposofd&5] Some examples

from the literature arepoly(acryl amide (PAA)176], poly(vinyl pyrrolidone) (PVR177][178],
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poly(vinyl alcohol]PVAY179], poly(2methyl-2-oxazoline)180], phosphatidyl polyglycerdL81]
and poly[N-(2-hydroxypropyl)methacrylamidejpolyHPMA) [182] (Figure9). All the mentioned
polymers possess a highly flexible main chain damave been shown to decrease liposomal
clearance and therefore increase circulation tines comparable manner to PEG]uenced by

grafting density and polymer size
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FIGURE: MOLECULAR FORMUDEPOLYMERS USER SDERIC STABILIQNTOF LIPOSOMESIOWN
ARE POLY(ETHYLENE)GLY(REG) POLY(ACRYL AMIDEAA), POLY(VINYLRROLIDONE) (PVP),
POLY(VINYL ALCOH®MA), POLY{2ETHY{2-OXAZOLINE), PHOGBHIDYL POLYGLYCEROLYY-(2-
HYDROXYPROPYL)MERYABMIDE] (POLY(HPMA)) AND SBHEXADECYL) HYPBRBRED
POLYGLYCERBHPG).

In 201Q Hofmannet al. from the group of Prof. Frey published the controlled synthesis of
hyperbranched polyglycerol&lfP G)via anionic ringopening polymerization(AROP)183] linked

to lipid structures like cholesterol afiphatic glyceryl ethers as initiatos84], making subsequent
lipid-polymer conjugation reactions obsbe. Such amphiphilichbPGs as for example
bis(hexadecyhbPG shownn Figure9, are readilyincorporableinto liposomes, possess a flexible
aliphatic polyether backboneare biocompatibleand bear multiple hydroxylend groupsfor
functionalizaion. Due to more potentially availablégand coupling sites per polymer in
comparison to PEGPPG is a promising candidate for active targeting of liposoimes:poration

of hbPGlipids into liposomes resulted in lower aggregation in human blood serum when compared
to PEGylated liposomd485], and biodistribution studies in mouse model showed comparable
behaviors[186]. Repetitive administration giolyglycerolcontainingliposomes were also shown

to not cause the AB@henomenon as reported for PEGylated liposofi&y].
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1.5 STIMULI SENSITNEFPOSOMES

After the liposomegeached heir target sitevia passive and/or active targeting, encapsulated
therapeutics only become bioavailable upon a release from the liposoffeefore, stimuki
sensitiveliposomes, meaning liposomes that destabilize and release their encapsulatgd c
upon a stimulus, were developed to increase the therapeutic potential of liposomal drug delivery.
In cancer therapy, the tumor microenvironment as well as intracellular stimuli, such as pH, redox
potential and enzymes, can serve as triggers for ceglgmse. External stimuli such as light, heat,
magnetic field or ultrasound can also cause the liposomal membrane to destabilizkead to

subsequent cargo release.

pH-sensitiveliposomesundergo an acidriggered change in membrane permeability or stipi

that causes the rapid release of encapsulated cargo. They are typically composed of one or more
lipids such asholesterolhemisuccinat (CHEMS) mitosphoethanolamines (PEjuchas 1,2-
dioleoytsnglycera3-phosphaeethanolamine (DOPHEyigurel0A). These lipidare widely used for
pH-sensitiveliposomesthat are capable ofeleasng encapsulatedargo in acidic environment as
present at inflammatory or infectious sites, in tumor microenvironment or after cellular uptake in
endosomesand lysosome§gl88][189] While CHEMS is negatively charged at neyik| it gets
protonated at acidic pH, which alters its interaction to neighbouring phospholipids and
consequently liposomal membrane acyl chain fluidity, motion, surface charge and therefore also
stability and permeability190][191] Sudimacket al. reported that no membrane fusion upon
destabilization of liposomes containing only CHEMS asepiditive lipid was founfl.92] Other

lipids as fusogenic DORARd other unsaturated species of phosphoethanolamin@dergo a lipid
phase changeupon acidification for example from liquid disordered phasesLlto inverted
hexagonal phase (Hy), leading to destabilization dhe liposomal membranand/or to its fusion

with the endosomaimembrane Figurel0 B).[193][194] While DOPHKs zwitterionic, the positively
charged amine of its PE headgroup can form an ion pair to phosphate groups of neighbouring
phospholipids, greatly reducing its polar character. At lower pH, the therefore relatively
hydrophobic surface facilitates the formah of nonbilayer phase§195] Additionally, pH
sensitivePE®n the liposomal surfaceouldincrease theipassive accumulatioio the tumor site,

while being cleaved off within the tumor tissue to enhance cellular uptedease cargo, expose
targeting ligands or positive chargesr after cellular uptake to enhance endosomal escape of

encapsulatedherapeutics(Figurel0 C).
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FIGURELO: (A) pH-SENSITIVEIPOSOMBEVITH PHOSPHOETHANOLAMIRE) LIPIDS AND SUNAT
RESIDUES DERIVINGNFFCHOLESTERHOLHERIGINAT (CHEMS). BPACIDIFICATION, TARINE
GROUPS OF THE PERACT STRONGLY WEKSHBOURING PHOSHEIGROUPS, RENDERMELIPID
MORE HYDROPHOBIC AUTENTIALIFACILITATINGPID PHASE TRANSKT PROTONATION THE
HEMISUCCINAT LEADBSAT MEMBRANE PERMEABY CHANGE AND GORRELEASEB) FUSION OF
LIPOSOMAL AND END®RQ MEMBRANE ALLOWSR ENDOSOMAL ESCERECARGQC) pH-
DEPENDENCLEAVAGE QFPIBORTHOEERPEG SHIELDINGI-(2-METHYL2-ALKOXY[1,3]DIOXARS-
YL)AMIDO}POLYETHYLENEGLYE(196] (1) EXTRACELLULARE®R EXAMPLEUE TO LOWH IN
TUMOR MICROENVIRONMERO POTENTIALLPGSE TARGETING LIBRRR POSITIVE CHARTHAT
CAN INCREASE CELRUURTAKE. RESULTINESTABILIZATIGMNALSO LEAD TO EXTRACLAR
CARGO RELEAGEINTRACELLULARE®R EXAMPIRJE TO LOWH IN ENDOSOMES, TOTENTIALLY
EXPOSE FUSOGENIDSIPR LEAD TO ANE@XLL MEMBRANE DESMEATION, RESUITIN CARGO
RELEASE AND/OR ENDI@SL ESCAPE.



Introduction

Typical pHsensitivePEGs contain orthoestef197], acetal [69][198], ketal [77] or vinylether
linkageqd199]200]amenableo pH dependent cleavage. By modifying the ratio of thesgHsitive
linkages to other liposomal components, either during PEG synthesis or liposome formulation, the
liposome stabilitycanbe tuned. Howeverin vivovalidation of pHcleavable PEGylated liposomes

is just recently beginning to be explor§D1]

Thermosensitive liposomegTLs)are typicaly composed of lipids with gel to liquid phase
transition temperature around the target temperaturigr examplel,2-dipalmitoylsn-glycero3-
phosphatidylcholine (DPPC) with a Tm of°€lclose to body tempature (Figurell A). Such
liposomesare reported to effectivelyelease encapsulated cargo under controlled hyperthermia
conditions,which aretypically achievedby the use of external heageneratng medical systems
such as magnetic resonance guided high intensity focused ultrad@0ayiKimet al.reported a
hyperthermia approach using DPPC liposomes in combination with datiyeting to effectively

deliver and release DXR to tun#lls[203]

I NJ 0 KSNJ BleasdofRardd draipNifoso@es Ndn be achieved by low intensity ultrasound
(20 kHz to several MHz) in combination with ultrasound responsive perfluorocaiPbgyas.
Liposomes or other vesicular structures containing PFC gas (or comparalasparefered to as
microbubbleqd204][205] The applied acoustic pressure causes the microbubbles to oscillate,
causing convetion microstreams up to the gat at which the microbubbles reach resonarared
collapse The resulting shockwaves lead to disruption of the liposomal membrane
(Figure 11 B).[206] It was shown by Liret al. that liposomes with encapsulated DXR and
perfluoropentane nanodroplets release DXR to the cytosol afeédiular uptake in response to

ultrasound[207]

Another strategyfor triggered cargo release is the incorporation @mphiphilescontaining
disulphide linkagesr crosslinksthat can be disrupted by thiolytic reducing agents as dithiothreitol
(DTT)or bychanges in the reductive potentiat tumor sites caused kgiutathione (GSH)eading
to a lipid phase changand/or membrane destabilizatio(Figure11 C).[150] Fuet al. prepared
liposomes with disulphidénked PEG and ceadenetrating peptides (CPPs) on the liposomal
surface. Upon diffusion to the tumor site, the PEG was cleaved by GSH anowhaccessible
CPPs facilitated cellular uptake, leading to an ewkdntherapeutic efficiency forcancer

treatment [208]
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microbubble

FIGUREL1l: (A) THERMOSENSITIVE BBMES CONTAINING OP@2-DIPALMITOYENGLYCER®
PHOSPHATIDYLCHOLINBDN HEATING ABOME ™ OF THE RESPECTIPIDL. CARGO IS RERHA
DUE TO PHASE TRANBNTAND/OR MEMBRARECKING DEFEQB$LIPOSOME WITH ENGAPATED
PERFLUORCARBON (R ALSO TERMMICROBUBBLE. UPODMLINTENSITULTRASOUNDHE
MICROBUBBLE COLLAPSED CAUSES MICRREAMS AND SHOCKWAVEHAT DISRUPT THE
LIPOSOMAL MEMBRAMRADING TO CARGO REE{C)DISULPHIDE LINKABESWEEN PEG ANDDREP
OR BETWEEN LIPIDN CAUSEESTABILIZATIONTBHH.IPOSOMLMEMBRANE UPON REDIGIN FOR
EXAMPLEWITH DITHIOTHREITQD) LIPOSOME CONTAINING-BIS(TRICOSA,12-DIYNOYEIN
GLYCERBPHOSPHOCHME (D£3PC)THAT POLYMERIZESEONUV IRRADIATION CAUSILIPOSOMAL
MEMBRANE DEFECTS BRBGO RELEAGEHLIPIDPROTEHREG ONTAINING LIPOSOMESES ITS PEG
SHIELD UPOBIONTACWITH PROTEASHER) LIPOSOMES CONTABIIEUPER MAGNETICNR®IDE
ACCUMULATE WITHINVI@R TISSUE UPON ABRIION OF A MAGNEHORCE TO THE TUMBRA.

Lightable to transmit deep into biological tissues, typically with a wavelength in the range of

600¢@ 900 nm,can also trigger liposomal cargo releak&ing photodynamic therapy209] The
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liposome has to contaim photosensitizing agent, typically hydrophobic andréiere located
within the liposomal membrane, that is amenable photocleavage, polymerization or
conformational changeR10]211] Yavlovichet al. prepared DPPC liposomes containing
20 mot%1,2-bis(tricosa10,12diynoyl}snglycera3-phosphocholindDG oPQ [212] (Figurel1D),

a lipid that can polymerize upon UV irradiatjéeading to defects within the liposomal membrane
[213]. Although UMrradiation is not able to transmit deep into biological tissues, it led to a
completerelease ofcalceinfrom liposomeswithin 40 minof irradiation[214] Liposomes with
encapsulted photosensitive sulphonated dye aluminium phthalocyanjg&5] showed high
phototoxicitywhen irradiated with red light (wavelength 6@0D 700 nm)due tothe formation of

reactive oxygen specsgqROSJs investigated by Morgaet al.[216].

Two further possibilities fotriggered cargo releasare incorporation ofenzyme or magneb-
sensitivecomponents. Zhet al. formulated liposomes bearingnatrix metalloproteinas€ MMP)
sensitive PE@pids containing arespectivepeptide which was cleaved within the tumor aréae
to highly expressed extracellular MMP217], resulting intumor-specific PEG removaband
subsequently irenhanced cellular uptak@igurellE).[218] Encapsulation of super magnetic iron
oxide (FeO,) into liposomes and application of a magmreforce to the tumor area was shown to

result ina higher liposomaccumulation(Figurell F).[219]

Of note, stimulisensitiveliposomescanbe combined with activeargeting moieties to achieve a
more complex, bupotentially also more potent drug delivery systeiarbosaet al. formulated
pHsensitive CHEMS:DOPE liposomes containing -Riitfolate for active targetingpf cancer
cells that showed increasedytotoxicity over nortargeted pHsensitiveliposomeg220] On the
other hand, Sudimackt al. reported thatfolate receptor(FR)argeted pHsensitiveliposomes
showed increasedancer celtytotoxicity over FRargeted norpH-sensitiveliposomes, indicating
that a combination of targeting and triggered releage a promising approach fodrug

delivery[192]

1.6 LPOSOME AND MACROPHAGES

Besidesvading the reticuloendothelial systefREShy stealth liposomes, numerous studies also
focused on developing liposomes thadecificalljtarget macrophages and monocytesince they
are involved in many diseases like cancer, asthma or atherosclerosis and play an important role for

infectious andnflammatory diseaseR21] Therefore,RESargeted liposomal drug deliverg a
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promising approach for treating aforementioned diseasétematopoietic stem cells can
differentiate to monocytes and enter the circulation. While monocytes are immune effector cells
themselves, they cadifferentiate depending on microenvironmental conditions into dendritic
cells or macrophage$222]223] Macrophages themselves are polarized intbe mainly
inflammationassociatedVi1 phenotypeatfter activation by lipopolysaccharides mflammatory
cytokines, or intathe tissue repair and regeneration relatéd2 phenotypeafter activation by
certain interleukins, glucocorticoids or pathogassociated molecular patterns (PAMPRdR-like
tumor associated macrophages (TAMs) promote tugromth by increasing angiogenesis through
releasing matrix metalloproteases and endothelial growth facfagl| M2 and TAMgontaintoll-

like receptors (TLRs), which can recognize conserved PAMPs. Therefore, attachment of TLR ligands
to liposomes is an efficient strategy for targeting M2 &#dVisin orderto enhance cellular uptake,
while other receptorsare also possible targets, suel scavenge(SR)and mannose receptsr
(MR) (Figure12).[225] Liposomescontainingmannose or trimannose as targeting vectofsy,
example coupled to 1,2ipalmitoytsnglycere3-phosphoethanolamine (DPPHEJFigure 12)
[226][227] and incorporated during liposome formulation, were shown enhanicedtro andin

vivo uptake to macrophageswhich wasMR-mediated as revealed by inhibition studi28]¢

[231] Various other reports investigated the influence of the liposomal charge and eize
macrophage recognition and uptak232]c[234] It was found that the uptake does rather not
depend on the size, but on the charge and other specific properties of the liposomes, with
negatively charged liposomes containing phosphatidylgylcerol (PG) or phispéexine (PS)
(Figure12) showing the best internalizatioimto macrophage$235], while omitting association
with monocytes and dendritic cellR36]. The enhanced internalization of B&tainingliposomes
likely originates fronthe apoptosis or necrosis of a calyring whichPS flips from the inner to the
outer side of the cell membranand gets recognized by SB3 macrophagedor subsequent

phagocytosis and clearan{237]

Macrophagetargeted liposomes with encapsulated bisphosphonate Clodronkigufe12), a

drug normally used to treat osteoporos{238], were shown to induce macrophage apoptosis,
therefore reducing TAM promoted tumor growt239] or arthritis [240]. In arthritic regions,
macrophages scange oxidisedow-densitylipoproteins (LDLs) and become foam cells that act as
core for atherosclerotic plagues. Targeting of these scavenger receptors using liposomes would
decrease scavenging of LDL and simultaneously enable the effective delivemgapsulated
therapeutics [241][242] while encapsulated contrast agentcould reveal atherosclerotic
lesions[221]243][244] Metformin (1,1-Dimethylbiguanid,Figure 12), another small molecule
normally usedto treat diabetes type 2[245], was found to suppress M2 polarization of

macrophages in tumor environmenivhichresulted in a suppressed tumor growtlfi246][247]
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Although the underlying mechanism remains unclear, Metformin seems to be an intereatiyg

for macrophagetargeted liposomal delivery.
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FIGURE12 CONCEPT FOR MACRGHHMARGETING OF LBIMES WITH ENCAPSHEIASMALL
MOLECULES. LIPOSOMESONTAINING LIPIDS ITW PHOSPHATIDYLER@. (PG) OR
PHOSPHATIDYLSERIRE) HEADGROUPS ARPORTED TO ENHANEGERAGOCYTOSIS. SCAHNG
RECEPTORS (SR), TI{E RECEPTORS)(AND MANNOSE RECERS (MR) ARE POTBRNTTARGETS
FQR ACTIVE TARGETINGIBETIES PRESENT @GN LIPOSOMAL SUREATIR EXAMPUORIMANNOSE
COUPLED TO I2PAMITOYESNGLYCER®PHOSPHOETHANOLAM(NEPE) TO TARGET T™E AS
HYDROPHILIC CARGKRIAIS. MOLECULES LBIEODRONATE OR METWEORKILL OR POLARME
MACROPHAGES UPONRINCELLULAR RELEREEPECTIVELY. CERFATHOGENS AS MYSODHE=RIA,
HUMAN IMMUNODEFICIEX VIRU&IIV) AND SALMONELCANRESIDE AND PERB\ISWIACROPHAGES
AS RESERVOIR, A ONRETANCE THADULD BE HANDLED TARGETING THERARELIPOSOMES TO
MACROPHAGES.

Some bacteria and viruses, as mycobactéeig. tuberculosis)248], human immunodeficiency
virus (HIV)249] or salmonellg250][251], cansurvive macrphage phagocytosis and therefore
persist within for proliferationand reinfection. This is especially dangerous since macrophages
can cross the blood brain barrid@BBand spread engulfed pathoge[52] It is therefore of great
importance to design liposomes thebntainantiretroviral drugs and efficiently targ@otentially
pathogeninfected marophageq253][254] Several studies reported omacrophagetargeting

strategies using PEGylated antibody or (tri)mannasataining 1,2-dipalmitoytsn-glycere3-
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phosphoe(1-racglycerol) (DPP® liposomes, that resulted in an enhanced efficiency of
encapsulated antinfective agentg255]¢[257] However, the fact tat macrophages can cross the
BBB ould also be exploited by using macrophaigegeted liposomes to deliver therapeutics to

the brain which are normally not able to cross the BBB. To increase the transmigration of
macrophages across the BBB, a combined @gugr by Saiyedt al. [258] using liposomes with
encapsulated supermagnetic #&rand therapeuticded to magnetiesensitivemacrophagesfter
uptake of theFeO, containingliposomes Anappliedmagnetic fieldvas thenguiding themagnetic

macrophageso the brain

1.7 ZEBRAFISH EMBRYOSMKSDEL SYSTEM FDRVIVOEVALUATION OF LIRGNES

Liposomatherapeutics in preclinical development are typically evaluated first by physicochemical
characterization, therby in vitro cell culture experiments and after thatly in vivostudies using
mammalians like dogs, pigs, rais mice[259] Due to evolutionary proximity,hiese organisms
possess a striking homology the human genome and a relatively similar anatomy, cell biology
and physiology260] However, in addition taethical issues, the usage wfammaliansas animal
modelsis quite laborious, costind timeintensive[261] Furthermore,imaging possibilities within
these animals are restricteh mainly nuclear imaging, neamfrared emitting dyes or magnetic
resonance imaginf62] Already in the 1930szebrafishes(Danio reriQ were used as
embryological and developmental model, while in the 1980s, genetic techniqugsdening)
allowed further investigations on vertebrate developmg¢B63] The zebrafish was finally
established as a mainstream model in developmental biology after the identification of early
developmental zebrafish mutants by genetic screening in the 1P9RH¢[266] Since then, a
increasing number of publications report on the use of zebrafish emb{zb&sYor in vivo
evaluation of nanoparticular therapeusic closing the huge gap between cell culture and
mammalianin vivo studies[260][267] In contrastto invertebrate models such as Drosophila
melanogaste268], the ZFEmodel possesses a high level of genetic homology to huni269],
although zebrafish divergeddm humans around 450 million years §8@0]. The ZFE modeffers
several advantages over classical mammalian modelspitethe obvious differences between
fish and human physiology, with a comparison of certain characteristics to the mouse model

shown intable 1[271]
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TABLA: COMPARISON ORPORTANATTRIBUTES OF ZHBRA EMBRYO AND MEWSBODEL SYSTEMS
ADAPTED FRO[260]. $ AND + DESCRIBHETRELATIVE COST ANIRENGTH OF THE MOD

RESPECTIVELY.

N
model system attributes :j D
husbandry infrastructure S $SS
cost per day 1 cent 1 dollar
genetic similarity ++ 4+
anatomical similarity + ++
transient in vivo assays 4+ +
feasibility for HTS 4t +
sequencing progress ++ S
cell lines and tissue culture + S+
antibody reagents + e+

A successful adult matingields between 200 and 300 ZFEs per day per adult pair, with the

embryogenesis being completed 72 hours post fertilization (ZFFhusbandry and experimental

costs are lowandtheir small size renders thesuitableto arraying into multiwell plates fonigh

throughput screening (HT.Sfheembryos are optically transparent and robushich enableshe

use of a broad variety of fluorescehtised(live) imaging a unique feature for a vertebrate

researchanimal (Figure 13).[272] Spainket al. reported the use of robotic injection of DNA,

microbes and human cancer cells into ZFEs at a speed of up to 2000 ZFEs per hour andrgubsequ

screeningvia fluorescence analys[73] Thisin vivoHTS enables determination of circulation,

clearance, tissue targetingnd side effects not accessibiéa in vitroHTS in cell cultur@74]

Additional advantageous treatsf ZFEsre their high reproducibility, ethical consideratioasd

the availability of transgenic linefr examplewith green fluorescent protein (& expressing

vasculature or macrophagg275] In contrast toadult zebrafish[276], ZFEdack an adaptive

immune systenwithin the first month[277] and therefore support growth of human cancer cells,

since an active immune suppression is not necesgpoy cancer cellnjection. However,several

mammalian organs as breast, lung or the prostrate are not present and can therefore not be

addressed in zebrafish embryoshile in additionsomemetabolizing liveenzymes are not fully

characterized yef278]
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FIGURE3: SPECIATRAITS OHE ZEBRAFISCH EMBR¥E) MODEL FERGH THROUGHPSTREENING
(HTSPOF LIPOSOMES. AROZROZFES ARE OBTAINRDM THE MATING OFEOADULT PAIROXCITY
ASSAYS TYPICALLY RELTHE HEARTBERTMDRPHOLOGICAL CHEES. LIPOSOME BIORIBUTION
AND TARGETINEAN BE ASSASSEDFLUORESCEMWISEDIVE IMAGINGSING FLUORESCENJIBHS
SINCE THHSHHAS AAIRANSPARENT SKIMNS$GENIC ZFE LINES EXPRESS THE GREBRORESCENT
PROTEIN (GFP) ENGTHE VASCULATURIRRFHER ENHANCING GWG POSSIBTIES. ZFES POSSHSS
AND M2 MACROPHAGHESHDURS POST FERANTLION, MAKING THEMMENABLEOINVESTIGATIONS
ON INFLAMMATORY DASES AND CANCERERAV INFECTION MOBREDR EXAMPISALMONELLA,
ARE AVAILABLE FOBBESADAPTED FRORG7].

ZFEs are already used by various companieis favoevaluation of new drugs, including toxicity,
absorption, metabolism and hdlife, to early identify complications which lowers the probability
of failing in subsequent costitensivein vivomammalianor evenclinical trialg272] Thecomplex
systemic circulation behavior of liposoméaking the serum proteins, blood flow and shear stress
into account could beassessedecentlyin a timeeffective manner by various gupsusingthe
ZFE moddPR79]¢[281] Since ZFEs alreaghossess M1 and M2 macrophages BOurs post
fertilization, it is also possible to evaluate liposondssignedfor the treatment of cancer or
inflammatory disorder$282]¢[284] Seveal infection modelsre availablefor examplesalmonella

or tuberculosis with the latter showing features of human patholof85][286] that are often
absent inthe mousemodel [287]. Increasingly new compounds are developed for liposome
formation and surface modification, and the seemingly endless probabilities of combining them
could render the ZFE model benddicfor in vivo screening of future nanomedicinggrior

application to higher vertebrate model systems
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1.8 LPOSOMES INLINICABPPLICATION AND DEXPMENT

Often, the bottleneck for translation of newly identified and thoroughly characterized liposomal
drug-carriersare issues in pharmaceutical manufacturing, government regulations and intellectual
property[1] For pharmaceutical manufacturing, the manufacturing process should be scalable,
reliable and reproducible, while not affecting encapsulated therapeutResiting liposomes
should havepharmaceutical quality angbossesslongterm stability[288] The complexity of
liposomal drug delivery vehicles increases with more components, like surface modifications and
targeting ligands, which makes such evaluations of scalability and stability difficult and cost
intensive. The intellecial property of a liposomal drug depends on various factors, as the
encapsulated drug, liposome composition, or targeting vectors, with likely multiple patents
associated with any of these, probably reducing the commercial attractiveness of the liposome.
dinical trialsof liposomal drugsare more complex compared to conventional drugs since the
control groups have to account for different aspects not only of the drug, but also of the liposome.
A costbenefit analysisf the liposomal drug with its approvembunterparts or other therapiesan

even lead to a faiit clinical phase lINevertheless, 15 liposoreased products made it to the

market, withthree of the most importantoriefly described in the following.

Doxil® washe first PEGylated liposomdrug delivery systerapproved by the united states food
and drug administration (FDA) 1995 The liposomes wereemote loadedwith the anticancer
drug doxorubicin hydrochloride (DXR) (efficiency 90#&) a transmembrane gradient of
ammonium sulfatdor intravenous injection against advanced ovarian cancer anebsigciated
YI L2 &aAQa [289. NIhe Yliposomal comgition contains hydrogenated soy
phosphatidylcholine (HSPC), cholesterol and mBEBE in a molar ratio of 65:3§280] In
comparison to free DXR, D@&dhowed upto 16 times higher tumoral DXR concentratid®91],
reduced cardiotoxicity and slower clearan@elvs.45 L/h)[292].

Moycet® is the no#EGylated liposomal DXRnsisting of egg phosphatidylcholine (EPC) and
cholesterol in a molar ratio of 55:45. DXR is actively loadea transmembrane pHrgdient, with

pH 4 within the liposomes and pH 7.4 on the outside, leading to the formation-plioa between

the negatively charged EPC lipids on the liposomal surface and the positively charg@®EXR
resulting in DXR crossing the lipid bilayer bathgsubsequenly protonatedand entragpedwithin

the acidic liposomatore with efficiencies ofip to 99%[294] Myocet®showed 210 times higher
levels of DXR in tumor tissue compared to free DXR, whileedsming clearance (8s.45 L/h)

cardiotoxicity andgastrointestinal adverse effecf295] Myocet® in combination with the
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chemotherapeutic compound cyclophosphamide is approved for the userop& and Canada

(2000), but was not approved by the FDA so far.

Ambisome@®vas FDAapproved in 1997 due to the higher therapeutic index in comparison to free
Amphotericin B (AmB), a compound used for treatment of severe fungal infections like
leishmaniasior aspergillosis. It is composed of HSPC, cholestercljidgt@aorytsnglycere3-
phosphatidylglycerol (DSPG) and AmB in a molar ratio of 2:1:0[896#Ambisome® showed a
higher therapeutic index, prolonged circulation times and higher dose toleration in comparison to
free AmB[297]298]

Otherexamples foapproved liposomal drug delivery systears Visudyne®2000) thefirst light-
activated system used to treat choroidal neovascularizg2®9], or Inflexal® Y1998) a liposome
composed of lecithinand phospholipig 1,2diolyeotsnglyocera3-phosphatidylcholine (DOPC)
and DOPEoated with a haemagglutinin surface from influant and B virusegherefore also
referred to as virosom[300] These virosomes are almost ronmunogenic in comparison to
conventional influenza vaccines and showed statistically significant improved therapeutic
efficiency[301]

Besideghe approved liposomdased products, about 30 are already in clinical triadsluding
iLl2a2YSa FT2N) AYKFIfFGA2Y I 3I[309)%ud lippsodds oidpicalf Ay TS
application for DNA repair in Xeroderma pigmentosum patients (T[8N3]). ThermoDox@s a
temperaturesensitive formulation for DXR delivery to tum¢894], while liposomal Cisplatin is

dza SR FT2NJ GKS UGNBIFGYSyd 2F LI yONBI GAO[B@ITHROSNI 6 [
cationic liposome Endotalgcomposed of DOTAP and DOPC with encapsulatedamter drug

Pacitaxel is used for the treatment of breast and pancreatic cancerrdgucing tumor

angiogenesi§306]

Recently conductedn vivo studies furthermore investigated the encapsulation of insulin in
biotinylated liposomes as oral treatment of diabet§307], primaquine containing heparin
targeted cationic liposomes for intravenous injection against mal@@8], pro-liposomal dry
(liposomal) powder for inhalation containingyrazinamide orantibiotic levofloxacin to treat

tuberculosig309][310]and many morg311]
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2. MOTIVATION ANDBJECTIVES

Hyperbranched polyglyceroshielded liposomes Control of physical behavior and biological

performance

Passive targetingcellular uptake biodistribution and blood circulation timeof liposomesare
influenced bytheir physicochemical propertiesnd biological identitywhich are both amenable

to alteration by liposome surface modificatiofi221][155] The gold standard of surface
modifications is poly(ethylene glycol) (PEG), due to its biocompatibility and low
immunogenicity{155][312][313] Although PEGylain of liposomes leads to enhanced blood
circulation times, increased stability and decreased recognition by the reticuloendothelial system
[132][135][314][315] it comprises certain drawbacksdso known as PEG dilemmeasreduced
cellular uptaketo target cells decreased drug release and side effects tileaccelerated blood
clearance({ABC)henomenoncaused by repetitive administration of PEGylalggbsomed.198]
[316]c[319] Recently developed polymeric amphiphile hyperbranched polyglycéhtPG)
represents a promising alternative to PEG, sinds &lso biocompatible angdossessemultiple
hydroxytgroups for functionalization with targeting moieties,(ip&y G A I t € @ Ay ONBIF aAy 3
active targeting abilityupon chemical modification with targeting vectdis83][184][186][320¢

[322] Prior active targting however, it is advantageoushenthe liposomes already accumulated
within the target tissue, which is usually accomplished by liposomes that are small enough to
penetrate the target tissug83] The different architectureof hbPGand PEG suggest a disparate
influence on aforementioned physicochemical properties aesdordingly also on thbiological
identity of liposomesTherefore theimpact ofhbPGbased lipidsn various sizes and amounts on
physicochemical properties of liposomes was investigaed compared to PEG based lipids
section3.1.], with the aim to achieve small liposomegh potentiallyenhancel passive targeting
ability. Another objective was to compare the effect BEG and hbPGbased lipids on the

f A LJ2 &g@oteh dona which is formedwithin the blood stream and isproposed to be
AYLRNIFYG F2N GKS fALRA&A2YSAQ mackophagaBABK327] A RSY
Therefore, liposomesontainingeither hbPG, PEG or no polymer were investigated in terms of
their protein corona composition and their uptake by macropdadnsection3.1.2 Since the
physicochemical properties and biological identity have a huge impact on the lipbsom
biodistributionandblood circulation timethe latter were analyzedn zebrafish embryo modéh
section3.1.3for liposomescontaininghbPG and R& in various sizes and amounts in comparison

to conventional unmoilied liposomes
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Screening for lid compositionsat the edge of stability

The prospect ofenhancingthe therapeutic potential of liposomes as drug delivery vehicles
depends on anféective and fast release of cargfter uptake to target cellsvhichis contradictoy

to desired stability during circulation inside the blood stream and upon sto@&bd?EGylation of
liposomes was a huge step towardsneasing blood circulation time to intensify tle@mhanced
permeability and retention (EPRjfect (see Introduction sectior.4) and to enhanceliposome
stability, but consequently, cargo release efficiency suffel@il2][13][26]¢[28] This
contradictory problem was addresséu part 3.2 by developing a systematigcreeningapproach

to identify non-PEGylatedipoa 2 YSa | i (KS ushdRtBeSuordsEenttdmbrane t A G & Q
stability indicator 6-dodecanoy2-dimethylaminonaphthalene Igurdan) [40][41][328] in
combination withdual centrifugation[32][33]. To cover a high variety of commercially available
lipids in terms of their charge, fatty acid chain length and saturation, pH sensitivity and headgroup,
168 individual liposome compositions consisting of varying amounts of gtagilknd modifying
lipids served as starting point for screeningthgir membrane stabilityusinglaurdanin section

3.2.1 The aim wado identify liposomes that would destabilize arsmlibsequentlyrelease
encapsulated cargo upomlecreasedpH and elevated temperature as present in tumor
environment or in lysosomésndosomes after liposome endocytoddy macrophagef329] To
guantify the desired cargo release under aforementioned conditions as well as the cargo retention
upon storage of identified liposoghda | G G KS WSrRcdBparigoh to ZanvedtiantlA G & Q
liposomesa semiautomated method had to be developed to accomplish an easy reaaiudito
handle the large amounts of samples necessary for screg¢paugion3.2.2). Since the liposomes

Fi GKS WSR3AS 2F adGl oAf Al e knowd BonMiteratiRedsShbiesterof f &  F N.
[15] or pH-sensitive cholesterylhemisuccinaf&50][330][331]were prepositioned forliposome
modification, in order tgotentially increaseliposomalcargo retention while not decreasing the
desired cargo release to an insufficient lev€b ensure that candidate liposomes achieved
pharmaceutical quality, the had to be physicochemically characterized by dynamic light
scattering.With the aim to confirm applicability of candidate liposoniewitro, cell experiments
usingmacrophages and melanoma cedispotential targets[21][332][333] had to be performed,

while a methodfor a simpleread outof cargo releaseafter internalization of liposomelsad to be
conducted(section3.2.3. In vivoexperimentsin section3.2.4using zebrafish embryos (ZFE) as
model system, as recently reported by the lab of Pbof.Huwyler[267][280][284] would bethe

last step to evaluate performance of identified liposomes at ‘#fdge of stabilit@ Finally, PEG
based lipidscontaining pHsensitive ketal[38] or novel vinylether [37] cleavage sites were
incorporated into liposomes, with the aim to achieve evaare stable liposomes capable of still

releasingcargo at decreased pfdection3.2.5.
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3. RESULT&NDDISCUSSION
3.1 HYPERBRANCHED POLYEHRQSHIELDED LIPOSOMESBNTROIOF
PHYSICABREHAVIORND BIOLOGICAL PEFRRMANCE

ABSTRACT
Hyperbranched polyglycerdiifPG)and PEG based lipids in different sizes fB00 to8000 g/mol

were incorporated in amountsangingfrom 1to 10 mol-% into liposomesluring formulation by

dual centrifugation Physicochemical characterization revealed the possibility of a decrease in
liposome diameter usingigh amountsof large polymerspotentiallyA y ONB | aAy 3 GKS f A
passive targeting / tumor penetration ability. Analysis of fivetein wrona after incubation of
hbPG and PEGontaining liposomes with bloodand subsequent purificatiorrevealed a
comparable protein composition, albeit differences in macrophage uptakétro, which was
higher for hbPG liposomesBiodistribution studies in zebrafish embrydssplayedenhanced
liposomecirculation timeswith increasing molecular weight and amountiafge polymer®n the
liposomal surfacePEG liposomesverall circulaied better than hbPG liposomeswhich were
mainly taken up in circulating and tissue resident macrophag&he latter might offer the
possibility ofpassivelyd G F NASGA Y 3¢ Y licaiNPothie GshiSldedigogomés ladl dfug

delivery vehicle.

—

: .o
o
zebrafish embry% 2

A€
ion and blood &

FIGURE4: SECTION OVERVIPAYSICOCHEMICALAARTERS OF LIPOSONIENRTAININGIFFERENT
AMOUNTS AND SIZESHBPG OR PEBASED LIPISERE ANALYZED INETHRST SUBSECTION.3
THE PROTEIN COROQA LIPOSOMES CONMTNSMALL HBP®R PEG WAS INVESTIGATH
SUBECTION 3.1.ZHE BIODISTRIBUTIONLIPOSOMECONTAININGBPGAND PE®ASED LIPIDS
DIFFERENT SIZESSSTUDIED USING TAHBRAFISH EMBRWODELN SUBSECTION 3.1.3.
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INTRODUCTION

Hyperbranched polyglycerohfPG) based lipids were synthesized by gineup of Prof. Dr. Frey
(Mainz, Germany])184] These amphiphilic polymers are anchonad bis-(hexadecyglycerolto

the liposomal membrane, extend blood circulation time and bear multiple terminal hydroxyl
groups for functionalization with targeting moieti@Sigurel5).[18][39][40] The latter was one of
the initial reasons for pickingbPG as alternative to PE@hich is ypically used in formulation of
longOA NOdzt | G Ay 3 & |7 SerhinalKREG aldciled 2ayi Sasabbe synthetically
modified to achieve active targeting, botulti-functionalizationof hbPGcould possibly lead to an
increased targeting efficiend335]¢[337] Commercilly available PEG is typically anchovedi-
stearoyl or cholesterol to the liposomal membrane, whereas the lattaspreviously reported by
our group to be less stable as anchord$67] Because of thatthe group of Prof. Dr. Frey
synthesized PEG withis-(hexadecyl)glyceroas membrane anchor, which was used in the
following sectionsThe focus was set othe influenceof hbPG and PE@ased lipidwith various
molecular weight (MW) and amounts2 Y (G KS f ALRa2YSaQ LKgdehO2 OKSY,
corona, macrophage uptakeand biodistribution (Figure 14). The conventionalnon-shielded
liposome(CL)served as control andonsised of egg phosphatidylcholin€EPCand cholesterol
(55:45 mol%, same lipid composition as clinically relevant lpoe Myocet® whereasfor the
surface modified liposomeg&PC was substituted with the respectiael-%of hbPG or PEG based

lipids.

TABLE2: HYPERBRANCHED POYEBROL (HBPSND POL{ETHYLENGLYCOL) (PEG) BASEPIDS
SYNTHESIZED BY TREWWOF PROF. DR. FRE®LECULAR WEIGHTSVM\ND MOLECULAR WHT
DISTRIBUTION, (DEFINED ASwlM~, WITH My AS WEIGHT AVERAGEDAW AS NUMBER AVERAGE
MOLECULAR WEIG38][339] ARE INDICATED.

amphiphilic polymer size N MWin bbb formula
polymer g/mol 2
Small (S) 35 3084 1.20 OhbPG
hbPG Medium (M) 67 5420  1.19 W%LOTH
14 N
Large (L) 106 8270  1.29 [7I,f
Small (S) 61 3191  1.09
PEG Medium (M) 113 5470  1.08 Hl’f OJ[\/O}LF':
Large (L) 160 7560 1.08 14

adetermined using *H-NMR spectroscopy
bdetermined by SEC
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FIGURES: POSSIBLETRUCUTREORPOLYMERIC AMPHIREH(A) HBPGS ANDOB)PEGS.

3.1.1 PHYSICOCHEMICAL PARAMRS
All polymericamphiphiles were synthesized ([ N - - - I

from theresearch group of Prof. DFrey(Johannes Gutenberdniversity, Duesbergweg 184, Mainz, GermanyTEM
images shown in this section were recordedlr. Claudia Weber from the research group of Prof. Dr. Landfgdter
Planck Institute for Polymer Research, Ackermannweg 10, 5518 Mainz, Germany).

Prior actively targeting liposomes to specific cells by modification of the respective polymer with
a targeting ligand, which was previously reporteddoy group with a model ligand fdrtbPG[322],

it is of advantage when the liposomes already accumulated in the target tissue, which is also
referred to as passive targeting. It is achieved by nanopartithed are small enough
(typically>XL50 nm) to penetrate the target tissue teach the side of actiofsee also Introduction
section1.4).[83] In most tumor environments, active targeting occurs primarily after the passive
targeting proces$340]¢[343] This is why the effect ¢fbPGin comparison t°’EGn the liposomal
diameterwas addressed in this section, with the aim to achieve small liposomepuatintially

increased passive targetirigumor penetrationability.

To investigate the effect of PEG amoPG in different sizes and amounts dre tphysicochemical
parameters of liposomesall polymer permutations shown in tab were incorporatedinto
liposomeswith increasing mole perceages ranging from to 8 duringliposomepreparation A
conventional, norshielded liposomégCL)with the same lipid compositiobesideghe amphiphilic
polymers served as controCommercially availablmethoxypoly(ethyl@eglycol)1,2-distearoyt
snglycera3-phosphoethanolaminégmPEGDSPEwith a molecular weight a3000 g/mol was also
incorporated as comparison to small RPB&Sed lipids. SulforhodamineB (SRb)was used as
hydrophilic model cargo for encapsulation. Liposome stockectlly obtained after dual
centrifugation were purified bgize exclusion chromatograph$E¢to determine encapsulation

efficiencieg%EEas described in the methods sectidPurified iposomes were then subjected to
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dynamic light scatteringDL$ for size PDIland zeta potentialanalysis.Nanopatrticle tracking
analysis NTA for determination of liposome size and concentration was also perforraed,
transmission electron microscopy (TEM)ages were recorded[344] Liposome sizeobtained

from DLSNTA and TEMre depicted inFigurel6 A, B and C, respectively.

A B Cc
polymer
size liposome d,; in nm — DLS liposome d,; in nm — NTA TEM pictures of liposomes
(relative change in %) (relative change in %) bearing 8 mol-% of PEG or hbPG
220 - T
260 200 1 Bg wes - g
220 - 180 4 7o ; A
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180 { = . 160 - - L
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g ]
200 A Mo
medium 180 @‘
(M) 160 129 [ =
140 - i 4
120 -
220 - E
200 A i
180 SHLETY
160 N@
large (L) 140 - -20% &
100 120 scale bars: 100 nm
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PEG
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FIGURHEG6: EFFECT GBMALL, MEDIUM ANDRBEHBPG (GREEN) AND REED, FREXROUPYELLOW,
COMMERCIALIN INCREASING MOLERRENTAGHESN THE HYDRODYNAMIC DIAMETEH) OF
LIPOSOMESIEASUREWDA(A)DLSAND(B)NTADOTTED LINES AREVWRED TO SIMPLIFYMPARISON
BETWEEN ROWSONVENTIONAL NSNELDED LIPOSOMES @GHRVED AS STARTPOGNT. ERROR
BARS INDICATE 3 MIDUAL LIPOSOME PREARTIONS, EACH CONIMWG THREE TECHNICAL
REPLICATES)TEMIMAGE OF LIPOSOMESNTAININGMOL:-% PEG OR HBPG IN REEPECTIVE SIZE.

DLSresults (Figure 16 A) show arelative decreasein liposone diameter of around 50% for
liposomescontaining8 mol-%hbPGM, hbPGL or PEGL when compared taCLwithout polymer.

A general trendhat an increase of polymemountresults in a decrease of liposome diameiter
visible for all medium and large polymers. This has been reported for PEG [32f6fand is also
visible forhbPG liposomes. A second trend generally shows a decrease in liposome diameter with
biggerpolymers (highermolecular weighd), which is most prominent when comparing small and
large polymers It is difficult to explain the origin of the observed trendsithout minor
speculationsTaking into account that high amounts of these large polymers themselves should
increase liposome membrane thickness and therefore should lead averall size increaséhe

likely induced steric repulsion between single polymer units on the liposomal surfaadich
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should increase with polymer amount and sipeuld to be a decisive factorfor the overall
decrease in liposome diametaith higher steric demand of the polyrmeera higher curvature of
the liposomal surface could be promotadonclusively, thancorporationof high amounts of large
polymersresulted in the formation of more (Figure 17 B) smaller liposomes leading to an
enhanced maximum available surfacand therefore probably to an attenuation dfteric

hindrance Calculations on this areddressd later (able 3.

Yet,the decrease in liposomdiameteris not linearwhich could be explained ye socalled
mushroombrushtransition (Figure18 B).[346] At low polymerdensityon the liposomésurface
PEG andbPG behave like isolated units in solution, which leads to a hemisphere (mushroom)
conformation. However, as soon as the density increases, polymers statetally repulsewhich
linear polymers like PE&ppease by extending in theush conbrmation[347] This phenomenon
occursat lower mol-% with increasing polymer siz@rior complete saturation of the liposom
surface, which is reported for Pk (roughly PE) and PEGo (PEGM) at around 5 and
2 mol-%, respectively143]348] Considering therather compactarchitecture of hbPG in
comparison to PE@s described in literatur§320], this transition is probably reached at even
lower mol%for hbPG and overcoming steri@pulsionby formation of smaller liposomesould
occur even earlierThat couldbe one explanation dDLS resultfor 1 and 2 mobb ofhbPGM and

-L containing liposomes, thatresulted ina stronger decrease itiposome diameterswhen
compared to the same amountg PEGV and-L, respectivelyFigurel6A). Calculationaddresse
later indicate thatPEGM and-L at 1 and 2 me¥ can be considereéd mushroomconformation
(seeFigurel8C) The observed phenomenocould be of advantage, since less matewalld be
needed to initially form smaller liposomes withbPGM and -L in comparison to PEG witine
respective molecular weight$he difference is equalized at 3 ¥l of polymefFigurel6 A, rows

2 & 3),where PEGM and-L should have reached the brush comfation according to ée et al.
[143], which is m line with subsequentcalculations,and steric repulsion is probably only

constrictedby the formation of smaller liposomes.

Ofnote, when more than 8nol-% of large polymers were introduced during liposome preparation
asecond species could be obserweith diameters aroun®0¢ 30 nmduring DL#easuremens

(Sup Figurd). It presumably arose from the formation of micelles, as the liposomal surface was
assumed to be completely saturatesiith polymer already which would be in line with #n

literature.[143]
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Surprisingly,dr smallpolymers(Figurel6 A, row 1)above3 mol-%, diposone diameterdecrease
of up to 30%was only observable for PEGylated liposomes, both with commercially available
MPEGDSPENd PEG synthesized by the Frey gr&mpallhbPGcontainingliposomes showed an

increase in size again aften®l-%, resulting in no significadtameterchangeat 8 mol-%

In comparisono liposome size changes obtained fr@hS measurements, NTA resweremore
moderate (Figure 16 B). Relatedto the conventional liposomevith no surface modification
(at 0 mok%) which was initiallyneasuredl75 nmin diametercompared to 234 nnmeasuredvia
DLS, size decreases wéass distinct The onlypronounced relative size decreases with 20, 24 and
31% were obtained fo8 mol-% PEG., hbPGM and hbPGL containingliposomes, respectively.
Overall, although diminisheddata trends were similarwhen compared toDLS resultsThe
difference inliposome diameterbetween the two used methods DLS and Mi@st likelyderived
from the measurements themselves. Whereas in DLS, millions of liposeeresmeasured in
triplicate measuremert and the overall averagevas calculated in NTA, only around 100
liposomeswere recordal in one measurementl04] In addition,aggregags which likely occur in
non-shielded liposomesare mostlyignoredduring NTAmeasurementswhich could benother
explanation of the differences to DLS resulihtained TEMmages show vesicular, unilamellar
liposomes with 8 mebo of the respectivpolymer Figurel6 C).There were no micelles visible,

indicating that the liposome surface was not oversaturated with polymer.

While the total liposome mmber measured by NTA increased with decreasing liposome size, the
encapsulation efficiencffoEEQf SRb decreased accordingigurel?7A), as expected. More small
than large liposomes can get formed with a constant available lipid amount (calculations follow).
However, the available intra liposomal volume decreases with the liposome size for constant
lamellarity, resulting in a decreasezhcapsulation efficiency for hydrophilic substan{®4$9]
Notably, even thoughbPG polymers showed a higher molecular weight distributimompared

to PEGtéble 2, hbPG liposomes were better reproducible overall than PEG liposomes by dual
centrifugation, indicated by the overall smallerrar bars inFigure16 A and liposome PDIs
recorded by DL${gurel7C).
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polymer A B c
size %EE of hydrophilic SRb — SEC liposome concentration in polydispersity (PDI) — DLS
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100 40
20 0,4 A
small (S) 60 23% 1.9x 02 +
40 -47%
20 - 0,0 -
100
04 -
80 30 1 +7%
medium i T 1 T
60 A 20 A
(IVI) | T T o 0,2 A
40 - 429 10 1.1x
20 A 0 0,0
100 40 -
20 04 A
60 r 2.3x
| 02 {-2r-= Wl 1 47%
arge (L) 40 - -43% —
20 — T 04+ 0,0 T T T T T T T
0123456 7 8 /10 123 456 78 /10 123 45¢6 78
cL mol-% polymer cL mol-% polymer CL mol-% polymer

PEG

FIGURHE7: EFFECT OF SMALL, MIEDAND LARGE HBRREEN) AND PEG (REREY GROUP; YELLOW
COMMERCIAL) IN INGBENG MOLE PERCENG®\GON LIPOSOME) SULFORHODAMINE B
ENCAPSULATION EERNCN%EE)(B) CONCENTRATION MEREDVIANTA ANDC) POLYDISPERSITY
(PDI)MEASUREWIA DLS. DOTTED LINEEEAPROVIDED TO SIMPLCOMPARISON BEEWEROWS
CONVENTIONAL NSNELDED LIPOSOMES GHRVED AS STARTROENTERROR BARS INDICATE
INDIVIDUAL LIPOSORIREPARATIONEACH CONTAINING EERTECHNICAL REPLESA

Zeta potentials of 8mol% hbPG containingliposomes showed comparable values to the fion
shielded conventional liposomsewith around ¢10 mV, whereas PEGidd liposomes showed
slightly higher zeta potentials (Sup. Fig.Bcepionsfor hbPGSor mPE@SPEvere observed
for whom the zeta potential decreased g0 org40 m\, respectivelyThe latter can be explained
by the negatively charged phosphatetbé phospheethanolamine (PEjroupthat likelyinduced
the decrease in zeta potential, whereas PGS the decreasecouldderive from other factors

like sampleion strength, particle concentration or pihichis howeverhighly speculative.

The obtaned experimental data is majorly in line with calculagaione (table 3. Assuminghat
- fALIRaz2YS Aa 3t \kan de chldibtddprSuNdS\Eth dad tieddiargeet dzY S
of the liposome

+ 2R (3)
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If the liposomediameterd now decreasd by a factorx (around 0.5n the caseof hbPGM, -L and
PEG the surface are® (formula 4) also decreases.

hre E'RO (4)
However, it has to be calculatdtbw many of these smaller liposomesubd theoretically be
formedout of a larger liposome with a constant amount of lipidad their overall resulting surface
area Considering thategg phosphatidyl cholineEPQ, the major component of all tested
liposomes, mainly consists tfsteaoryt2-oleoytglycera3-phosphocholine OFC), which has a
estimatedlength of 4 nm, anaximumlamellar thickness$of 8 nm isassumed which would also
be in line with obtained EMimages (Figure18 A). The inner volumeéV; of the liposome carthen

be calculatedising formula 5.

+ g”- gu P o (5)
The resulting lipid volum¥, can be calculated as shown in formula 6.
1y (6)
If the diameterd gets multiplied bythe diameter decrease factot the percentageof lipid needed
for one liposome withits respectivediameter can be calculatedvith formula 7, with Vi
corresponding to thdipid volume of theconventional nonshielded liposome CL.
3 f ;\rfgg%ﬁ\n N IE: @)
Values fo®slipidwere obtained for8 mot% polymercontainingliposomegtable 3. Results show
that for hbPGM, -L and PEG containingliposomes, around 4 liposoméglipos)with | = 8 nm
could beformedwith the available lipid volume frortine conventional liposome£omparing the
theoretical data with the liposome number measured by N##pos NTA) normalized ©L, the
overall increase differsince themeasuredliposomediameterdecrease between NTA and DLS
also differsbut trends are similarThe overalpercentage okurface areancreaseXO,, can finally
be calculatedvith formula 8.
srhgl | € AT am im0 e ®)
Resultsn table 3showthat there is anincrease in surface area by formation of smaller liposgmes
albeit it is relatively lowwith around 7% forhbPGM and -L liposomes half the size &L
Figurel8 A depicts TEMmages of CLand liposomes with 8 me¥o hbPGL, which fitthe overlaid

circles representing sizes obtained from DLS and calculated membrane thickness
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TABLE3: EXPERIMENTAL DAAMD CALCULATIONSRFGONVENTIONAPQSOMELAND LIPOSOMES
WITH 8 MOi% HBPG ORPEG-S, -M AND -L. EXPERIMENTAL DANELUDES THE LIPMEO
HYDRODYNAMIMAMETER@IH) OBTAINED FROM DLUSDATHENUMBER OF LIPOSOMESOSOME
CONCENTRATIODBTAINED FROM NTBRMALIZED TCL(#LIPOS NTA). CALBTED DATA INCLUDES
THE SIZE DECREASHGRX THE PERCENTAGEI®GMD NEEDED TO FORMPOSOME NORMADZTO
CL(%LIPID), THE MAXUM NUMBER OF LIPOSEBATHAT CAN BE FOBMEITH THE SAME DIPI
MATERAL AVAILABLE FGOR(#LIPOS), THE OVERANCREASE IN SURFAREA %OTHE POLYMER
CONTOUR LENGTHESTIMATED FORPG) THE FLORY DIMENSRMND THE RATIO GFTO THE
DISTANCEBETWEEN TWO POLYBIKERS MO1%a

Eéasnr]npclj-;? duin %lipid  #lipos  TIPOS %0, in im R ?t/ E?
polymer) nm NTA (est.) innm mol-%
CL 234 1 100 1.0 1.0 - - - -
mbGs 237 1 103 10 08 o o - -
hbPG-M 119 0.5 24 4.1 2.2 7.0 (13) - -
hbPG-L 116 0.5 23 4.4 3.2 7.4 (20) - -
 PEGS 162 07 46 22 19 32 17 33 11
PEG-M 184 0.8 61 1.7 1.1 1.9 31 4.8 1.6
PEG-L 130 0.6 29 3.4 23 5.8 45 5.9 2.0

For calculations of?EG the Florydimension(R) is needed It describes the coil sizeor spatial
configurationof macromolealar chairs, which isillustrated in Figure18 B. It is calculatedvia
formula 9,where N is the total number ofmonomers (sedable 2, a is the length of a single
monomer unit in water €thylene glycol: 0.28 njnand A is the Flory exponent, a dimensionless

measure of flexibility, which &3/5 for good solvent (here: agueous buff¢8p0][351]
w' th? 9)

Theaveragedistance between two adjacent polymescan be calculatedsing formula 10with
A as PEG area per lipid molecule in the bilayer (0.67 [862]) andM as mole fraction of PEG
lipid.[353]

| MKH
5T = (10)
The ratio of the FlorgimensionR to the distanceD can be used to determine the conformation

of PEGwith aratio of V\gF wndicatinga mushroom conbrmation where PEG forms a loose coil as

in water.[352] At higher PEG dengibn theliposomalsurface in the case of%’*rlj pMchainsexpand
in rather elongated conformationgbrush) as soon as thesteric repulsion overcomes the
conformational entropy cost of stretching the chairheoretical onformations %’f of PEG lipids

depending on me% and respective molecular weight are shown n Figure 18 C At
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8 mol%, regardless of the polymer size, all PEG based lipids can be considered in brush
conformationwith %’*5 ntable 3, whichis in line with the literaturg143][352] The length of a

polymer chain in a maximally elongated conformataam bedescribed by theontour lengthC
calculatedviaformulas 11 and 12, witha as the length of a single monomer unit in wateégs the
overall molecular weight of the polymeRas the molecular weight of the bis(hexadeeyllycerol

anchor (500 g/mol) anthonoas the monomer weight.

/ Tib (11)
tw
b r'ﬁy ) (12)

B PEG hbPG
o mush  brush low & high density
© =~
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FIGURELS: (A) TEMIMAGES OFCONVENTIONAL LIP®ECCL (LEFT) AND LIPOSGMEDNTAINING
8 MOL-% HBP@ (RIGH) OVERLAID BY CERECREPRESENTINGSSDETAINED BY DL®AMLCULATED
MEMBRANE THICKNEBBPOSSIBLE STRUCTURMNGES OF PEGMUSHROOM (MUSHR@RUSH
CONPRMATIONAND HBP@T LOW OR HIGH SWRE DENSITWITHILLUSTRATION @RE FLORY

DIMENSIOKR) ANDTHE DISTANOCBETWEENAO POLYMER(SI)THEORETICQDNFORMATI@\IV\éF
OF PEGIPIDS DEPENDING QL% ANDRESPECTIWEOLECULAR WEIGH?f@ MNDICATES BRUSH

(ORANGE)\Q—’{F MMUSHROOMCONFORMATIOKGREEN)(D) POSSIBLE STRUCTUBESHBP& (35

MONOMERS) BASED OSSAMPTIONS MENTIONEDTHE TEXWITHILLUSTRATION ORE FLORY
DIMENSIOKR:) OF A BRANCANDTHE DISTANCBETWEEN TWO BRANEHE

Calculgions onthe size of a hyperbranched polymer likbBPGwould haveto take allsidechains

(branches)nto account, which are all flexible aménbe hyperbranched unevenly, leading to a
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much higher complexity compared to a lin€EG chairo illustrate possible simplified structures

of hbPG only the mainPGbackbone wasssumedo build atactichranchesThe latter is likely the
case, since racemic glycidol was used for polymerization, and no stereoselective catalysator was
applied The minimumdistanceD of each branch waassumed to b&Xn ¢ 5 ngWIB G 6 6 NAS O K 0
the Hory dimensionof one linear branchcalculated as aboveso thatbrancheshave maximum
flexibility and no stericepulsion ForhbPGS, the  PGsubunitswere then arranged as an even
grid or treelike, with a minimum branch length ofrfBonomers(Figurel8D). Theestimatedlength

of the PG backbonketween 17 and 19 PG monomaetsrived from the numberof branches and
their distance D and is in line with *"™NMR measurementof the PG backbone before
hyperbranchind354] For the contour lengthC of hbPG,mainly PGs within the backboneere
assumed tocontribute, which resultd in relatively short cordur lengths(table 3. Possible
structures forhbPGM (Sup Figure3) and hbPGL were also draw and resulted in increased
structural possibilities with increased molecular weigkd mentioned abovéhbPG islescribed as
more compact than PE® literature[320] (illustrated inFigurel8 B)andit is thereforetentatively
suggestd that these polymers begin to sterically repulse another even earlier than linear PEG

chains, leading to fully covered liposomes already at lowdemercentages.

Since liposomes were prepared in aqueous meagliajef comment onhydrodynamic volume¥y

is also necessaryhis approximately proportional to the intrinsic viscositypf a polymerandits
molecular weightV..[355]¢[357] SoVntends to increasavith increasing molecular weighighich
couldexplain thetendencythat larger polymers lead to a stronger decrease in liposome size due
to more spatial demandrlhe intrinsic viscosity of hyperbranched PG is lower than for linear PEG,
and therefore the hydrodynamic volume ¢fPG should also belower than for PEE320]
[321][183] Obtained results indicate however that the situation is more complex due to different
structural conformations of the polymersgnushroomvs brush and brancheds linear) which

have a high impact on their spatial demand and also influermtgnger hydraton levelsas it is
reported in literature[347][358]359] Of note, wherthe ratio of total lipids tcaqueous buffeivas
increased by the facta? (according to previous protocol822]) during preparation of liposomes
containing more than 5mol-% of PE, resulting liposomes showed increasediameters,
probably due to a worse mixing inside the dual centrifuge caused by a higher sample viscosity,
which was not observable for liposomes with corresponding amounts and sizébhRe

(Sup Figurd).

Tobriefly concludethis first part,shielding of liposomes witB mol-% ofhbPGM, -L or PE& led

to a decrease in liposomdiametermeasured by DLS and NThich could be of importancéor
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potentially enhanéng liposomalpassive targetig / tumor penetration ability. PDIs (0.28.02),

reproducibility and sizes (138 nm) of these liposomes achieved pharmaceutical qugzy.

3.1.2 PROTEIN COROMAMACROPHAGHPTAKE

In this section, recent findings obtained in a collaboration with the research group of Prof. Dr. Landfest&t&zkx

Institute for Polymer Research, Ackermannweg 10, 5518 Mainz, Germany) are briefly illustrated. Proteimcdomtia

experiments were performed by Dr. Claudia Wehed Johanna Simomost parts of this chapter are published in
[360].

In a complex biologal system,many influences on nanoparticlesich adiposomeshave to be
considered Amongst othergproteins are adsorbed onto the liposomal surfafigming a secalled
protein corona upon injection into the blood stream and therefore changing the 2ip6s$ & Q
biological identity{361]c[365] The latter can influence cellular uptake, body distribution and
clearancd366] It is knownfrom the literature that PEG nmimizes unspecific protein adsorption
onto the liposomal surface, due to its hydrophilicity, excluded volume and its ability to act as a
steric barrierf367] However, secaled ‘$tealthQproteins (dysopsoninskare adsorbed onto the
PEGylated liposomal surfacavhich could explain theminimized unspecific cell uptakef
PEGylated liposomg824][368)[370] The conventional liposomesed in this sectiomonsisted

of 55mol-% EPC and 45 m# cholesteroas before(composition of clinically relevant Myocet®)
whereasfor shielded liposomes; mol% of EPC waeplacedby mPE@SPE (composition
comparable toclinically relevant DBxil®) or hbPGS2, respectively (table 4. To compare
conventional, PEGylated antlbPGbearing liposomesin terms of their protein corona
composition, they were incubatedith human plasma purified by asymmetric flow field flow
fractionation (AF4) or centrifugation and subjectedituid chromatogaphy/massspectrometry
(LCGMS).[371]¢[373] In AF4 as chromatography like technique without a stationary phase, only
minimal shear stress is applied to the liposome sample, enabling access of loosely boumprotei
whereas after purificton by centrifugation, this soalled soft corona cannot be analyz@74]
Purifiedfluorescently labelediposomes(0.1 mot% lipophilic carbocyaninelye DiD, seesection

5.1 Material3 were subsequentlyincubated with murine macrophagesRAW 264.7 celldp

investigate cellular uptakby flow cytometryand confocal lasescanning microscopy (CLSM)
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TABLEL: SAMPLES USED IN FRRTCORONA AND MAGRBGE UPTAKE STUDSESOWN ARE THE
RESPECTIVE LIPID BOSITIONS, POLYMBRBH MOLECULAR WETGYND FORMULA, ANBQSOME
DIAMETER, PDI ANDEABROTENTIAL MEASUREMIMBSERRORS INDICAHREINDIVIDUAL LIPOSOME
PREPARATIONEACH CONTAINING EER ECHNICAL REPLESA

composition

. . . - polymer  d, zeta N
liposome EPC:CHOL: amphiphilic MW in in PDI potential amphiphilic polymer
D polymer polymer ) formula
. g/mol nm inmv
in mol-%
172 0.16
CL 55:45:0 - - 117 1004 -20+1
A N N
L-PEG 50:45:5 mPEG-DSPE 3000 125015 -28+1 12 o H 45
+14  +0.03 05

OhbPG

Lo ]LL,O H
L-hbPG 50:45:5 hbPG-S2 2750 196 029 211 ‘H’UOJAO tn
14

+21  +0.06

It was found thatthe composition and amounts of loosely bound proteins of 8wt protein
coronaassessedia AF4 were rather simildor CL, PEGylated ahtPG liposomeswith the latter
showing aslightly increased amount oépolipoporotein Al(Figure19 A). For the hard corona
analyzed after liposome centrifugatiomhanges were only visible fd1bPG liposomes when
compared to CL, busurprisinglynot for PEGylated liposome3he amount ofalbumin was
decreasedwithin the hard corona ofL-hbPG, while tissue @¢akage proteins, histidirgch
glycoprotein and coagulation factor XIl were enrich@derall, the liposomal surface modifications
seemed to nostronglyalter the composition of the adsorbeproteins albeit slight differences of
protein amounts observetbr the hard corona of-hbPG Regarding théotal amount of adsorbed
proteins it wasratherlow (< 0.7 mg/m) when compared tanore hydrophobigolystyrenebased
nanoparticles, but in range of other hydrophilichydroxyethyl starch based
nanoparticle§371][372]
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FIGURHEY: PROTEILORONA COMPOSITION CONVENTIONAL ISP®IE (CL) AND PEGHBPG
LIPOSOMES IN COMRBN WITH PURE BLOGILASMA AS AQUIREDOWMR LIQUID
CHROMATOGRAPNMWSS SPECTROMETIEGMS) OF TWO BIOLOGICAEPRICATESA) CORONA
COMPOSITION AFTER. ) CORONA COMISITION AFTER CERURIATION.
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Strikingly flow cytometryresults indicate thatellular uptake by macrophagetffered grongly
between the three investigatedormulations (Figure 20), despite similar protein corona

compositions

2h 24h
A 10 B 80
I 0%

e 8 2 60 4 O5% HP
i ] i [ 100% HP
T ] E
9 o 40
s 44 £
g g 2

5 | -

0 . rl_l . . 0 -

CL L-PEG L-hbPG cL L-PEG L-hbPG

FIGURRO: INFLUENCE OF LIPOEGMRFACE MODIFICATAND PROTEIN CORCDMMACROPHAGE
UPTAKRASSESSED BMYOWCYTOMETRFLUORESCENTLY LEBEID)CONVENTIONAL LIP®EQCL)
AND LIPOSOME®NTAININBEG ({PEG) ORIBPG (lHBPG)WERE INCUBATEDR 2 AND 24 WITH
RAW264.7 CELAS A CONCENTRATIGN/® 1o mLPRIORREFERRED TO ASQRAFTER INCUBATION
WITH 5 OR 100% HUMRNASMAHP) THEPERCENTAGHE CELLS SHOWINBOSITIVE FLUORESEENC
SIGNALS SHOWNA)AFTER 2 H INCUBANTOMECELLS INCUBATED VAEBYLATED LIPOSOMBSG
SHOWED AOWERFLUORESCENGECOMPARISON WITHAND EHBPG.(B) AFTER 24 H INCUBANI
TIME, FPEGAND EHBPG SHOWED THE LOWESND HIGHESTELLULARLUORESCENCE SIGNALS
RESPECTIVEDY¥ERALL, CELLULARAKE SEEMED TO NEEEPENDENT FR®MASMA INCUBATION.
ERROR BARS INDICAWD BIOLOGICAL RERIES.

Regardless of liposomal pmecubation with human plasma (0, 5 and 100%), the uptake
liposomesby macrophages didbarely alter, indicating that not the protein corona, but the
liposomal properties themselves have a higher influence on macrophageeauftiagt of all, he
size of the respective liposomesuld be oneimportant factor for recognition and uptake by
macrophage$221] That is why at least a part of the difference in macrophage uptakédderive
from the fact that EhbPG is 1.5 times larger tharPEG. However, regardingeticomparable sizes
of CL and-hbPG the liposome sizes were suggestiede non-decisivefor observed differences
All tested liposomes had diameters in the range of ¢ 200 nm, which is reported to not lead to
a distinct difference in macrophaggtake[375] Zeta potentials of all three tested liposomes were
negative and compable and should therefore only have a minarfluence on cell uptake
(table 4. Notably, negatively charged liposomes were previously reported to lead to an enhanced
macrophage internalizatiof876] CLSM irages Figure21) indicatedqualitatively that all tested
liposomes were successfully internalized, with differences roughly correspondinfiowio

cytometryresults.



Results and discussio

‘ scale bars: 20 um

FIGURR1 CONFOCAIASERCANNING MICROSC@RBM)MAGES OF CONVENIAD LIPOSOME (CL),
PEGYLATED LIPOSOMMPEG) AND HBPGONTAININGLIPOSOME +BPG) ISUBATED WITH
MACROPHAGES (RAWZ6GZELLS) FORIZTOP) AND 24 H (BDOM) AT A CONCENTRON OF 75g(ml.
LIFDSOMES WERE FLUORESCY LABELED WITEMBRANE DYE DID ANEE DEPICTED IN GREELL
MEMBRANES WERE SEMINVITH CELLMAGBEEP RED AND ARBIBEED IN RED.

PEGylated liposomesREG showed the lowest uptake after 2 and 24 h, which was expesitee

PEG is reported to reduce unspecific uptalenacrophagefl2] Scavenger receptors present on

the macrophage surface are reported to recognize PEG, in particular in combination with albumin,
which was the main part of theREGprotein corona Figurel9). ThesePEGalbumin complexes
could potentially lead to a block of the scavenger receptor mediated cell uptake of
L-PEJ377][378] Remarkablyliposomes thbPG showed atong increasen cellular uptakdrom

2 to 24 hours incubation time, even surpassinga24 h SinceCL,Ll-PEG and-hbPG only differ

in their composition by their polymer shieldintpe latter is thought to be mainly responsible for

observed differences.

Besideother dissimilar intrinsic properties like viscosity or hydrodynamic radiitiphelhydroxyl
groups are exposed iNbPG, while mMPEGSPEossessesne methoxy group at the end of the
PEG chain. Unfortunately, it is not clear to what extent the investigated liposomes are taken up by

macrophages receptor mediated or noaceptor medided, and the role of the hydroxyl groups
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of hbPG in liposome recognition and internalizatidficroscopyimages(Figure21) indicatethat
liposomeswere taken upmainly by endocytosigather than membrane fusigrsince liposomal
membrane dye was exclusively present in liposomes even after cell yptddieh is inine with
the literature[379] However more than a single uptake mechanigman occur simultaneously,

which is why theexplanation ofobserved differenceis fairly ambiguoug329]

A study from Wagenezt al.found comparable biodistributionof PEG antdbPG liposomes mice
viapositron emission tomography imagifit86]However, spleniaptake forhbPG liposomes was
found to behigher than for PEGylated liposom@&esidegdhe more complexn vivosituation, this
phenomenoncould possibly be attributed to a higherenocyteuptake, since theed pulp as the
main part of thespleenis a center of activity of theeticuloendothelial systenand contains more
than half of thebodieimonocytes[380] Monocytes can differentiate into macrophages after
recruitment to inflammatory sitesbut are also immune effector celtbkemselveswith a very
similar nature[381]223] These observationsould therefore be in line with abovementioned

findings.

To concludehis part although PEG antbPG are both very hydrophiliother intrinsic properties

of hbPGpresumablyaffect not only the liposonal physicochemical parameters as shown in the
first section, but also théiological identityand can therefore have a strong impact kjgosome
recognition and uptake by macrophages, independently from the protein coifima.could lead

to a unique opportunity oftargetingliposomes to mononuclear phagocytes like monocytes and
macrophages, to potentially  stimulate macrophagediated lost  defense
mechanismg329][333] Additionally, he overall low protein adsorptioof tested liposomes could

be advantageoufor in vivoapplication, since individual deviations deriving from divergent plasma

compositions between patient@re likely reduced23][97][98]

3.1.3 BIODISTRIBUTIO& BLOOD CIRCULATION

In this section, findings obtained in a collabooatiwith the research group of Prof. DHuwyler (Pharmaceutical
Technology Uni BaseKlingelbergstrasse 50, 4056 Basel, Switzejleare illustrated.Zebrafishexperiments were

performed byDr. Dominik WitzigmanandDr. Sandro Sieber

The situationin vivois far more complex tham vitro due to variougpparametersthat can affect
the pharmacokinetic profil®f the administered liposomediketheir abovementioned interaction
with proteins inside the blood stream their surface modification or their lipid

composition[173][201][311] Therefore, obtaining in vivo data as basis for optimization of
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biodistribution and pharmacokineticds a prerequisite for clinical development of all
nanoparticular drug delivery vehicle#t isin generalaccomplished by systemicinjection of
candidateliposomesinto rodentsand subsequenbrgan extraction fomnalysis of lodistribution

via microscopic, magnetic resonance, radioactive or fluorescent trgd@érg However, thesen

vivo studies are quite laborious and cost intensiv@ebrafish embryogZFE were recently
proposedas simple vertebrate screening model to investigate biodistribution and blood circulation
behavior for nanopatrticles like liposomgx80][281][287[384] Main advantags of usingZFEss

in vivomodelare low experimental costs, high reproducibility, husbandry conditions, high level of
genetic homology to humanayailable transgenic lines, ethical considerationsthledransparent
skin, enablinglirect non-invasivefluorescence measurements of the whole f[272][260] It has
been shownby Sieberet al. that certain data obtained fromin vivo studies inmice could be
reproduced usingZFEs and vice versathat results obtained fromZFEstudies ould predict
behaviorin mice[280]279] In this section, the focus was set on the influence of amount and size
of PEG ohbPG on liposome circulation and biodistributiasing theZFEnodel, bycomparingow

and high amounts of small, medium and large PEG to respelahiR& containing liposomes
(physicochemical parameters Bup. table }, which werealready introduced in section 3.1.1
Liposomes wereloaded with hydrophilic model cargo SRb and additionally fluorescently
membrane labeled with DiD as in section 3.Bddistribution and blood otulation was analyzed

by CLSM qualitatively and semmiantitatively in the whole fish otail region 24 hours post

injection using image analysis stated in the methods section

The workflow from fertilization to CLSMdepicted inFigure22 A. Fertilized zebrafishggswere

kept for 2 days at 28 °Ghen the emerged hatchlingaere fixated on warm agarose gel for
liposome injectio. Around 1 nlof liposome sample wasjected into the bloodstream in front of
the heart (duct of Cuviej and ZFEswere kept from now on at 37 °CAfter 72 hours post

fertilization, embryogenesiwascompleted and CLSMasperformed[272]
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FIGURER2: (A) EXPERIMENTAL SETOR RNJECTION OF ISPBIE SAMPLES INTBRAFISH EMBRYOS
(ZFE)INSPIRED H279]. (B) INFLUENCE OF POLYEE AND TYPE DROSOMEIRCULATION AND
BIODISTRIBUTIOBONFOCAL LASER SOMGNMICROSCOPY (CLBMGES OMEMBRANEABELED
(DID,REDCONVENTIONAL LIPOSQNIL, TOREGYLATEDEFTANDHEPG LIPOSOMBSGHYWITHS
MOL:% OFPOLYMERVITH INCREASING MOUEAR WEIGHROMSMALL (SPVERMEDIUM (M) TO
LARGHL)24 HOURS POST INJEST

First, the effect of polymer sizes on liposome biodistribution and circulation was addressed.
Figure22 Bshows the biodistribution and circulation of fluorescently membrane labeled liposomes
(red) within the wholeZFE24 hours post injection. Beginning with the conventional liposomes CL,
their red fluorescencetaining patternrwvasmainly arranged imlotted clusters, indicating aound
non-circulating state possibly caus&®m binding to the vasculature or for examdi®m uptake
by macrophage$280] Besides, hardlgny circulating liposomeald be observed which would

result in a more diffuse fluorescence along the blood vessels. This indicates a Idife half
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circulationand a rather fast clearancgshich would be in line with théterature [16] Regarding
PEGylated liposomgs mol%) their fluorescencewasevenly distributedacross theZFE$lood
vessel structure. This is an indication fdxedter circulation[280], mainly due to alower clearance
by macrofmagesaccording to literaturg¢16], as nadotted fluorescence patterogould be observed.
In contrast to PEGylated liposomeshPG (5 mol%) containing liposomes showd cluster
formation in all permutations, indicatingdecreased circulation probably caused byirereased
recognition and uptake by macrophagddsq increasing liposome surface polymer sifePEG
and hbPGprobably &d to a better circulation in bloodindicated by a more diffuse distribution
pattern. Ako, shielded liposomeseened to circulate better than conventional liposomesith
PEGylated liposomesirculating better than hbPG liposomesOf note, biodistribution and
circulation of liposomes is also dependent their physicochemical parameters likkameter,
which generally decreadewith increasng molecular weight of the polymeas already discussed
in section 3.1.1so thebetter circulation could also derive from the fact that liposomes with bigger
polymerswere smallerin general Zeta potentials were slightly negatif@a all tested liposomes
and PDIs were between 0.1 and 0.3, which is why these parametres assumed to haveo

major impact on differences in circulation betar (sup. table 1

To identify whether the observed dotted distribution patterasose from macrophage uptakthe
transgenic zebrafish cell linexpressinggreen fluorescent proteiflGFP)in its macrophages
Tg(mpegl:Gald;UAS:KAEBES used for injection with 1 nL of Di@beled liposomegrepared
with 10 mot% hbP@. as surface maodificatiomnd sulforhodamine b R as cargo.mages

obtained from CLSM afté¥ hours incubation can beeen inFigure23.

As visiblen Figure23, liposomahydrophilic cargo R (Figure23 D) and lipophilic membrandye

DiD fFigure23 C)mainly colocalized, indicating that most liposomes were still intact a#hours
incubation. This can also be seen in the merged imdggure23 B, F) resulting in a rather pink
color. Most importantly, liposomes seemed to strongly colocalize with macragshag
(Figure 23 GF), both circulating macrophages within the blood vessels, and tissue resident
macrophages. Still, most of the liposomes were in circulation. This qualitativelyncediprevious

assumptions, that dotted distribution patterns indicate an increased uptake by macrophages.
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scale bars: 500 um

scale bars: 100 um

FIGURE3: CLSMMAGE OF TRANSGENIC 2EBfH EMBRY@FE)NCUBATED WITH LSEMES FOR
24 HOURS.IPOSOMES ARE CHEDN BLUE (DID), LIRONAL CARGO IN REREFAND MACROPHAGES
IN GREEN (GFRA) WHOLEZFEWITH MACROPHAGE®EESSING GREEN FESCENT PROTHB).
MERGED IMAGE OF WIHOLEZFBEWITH CIRCULATINBQBOMES. THE BOTTBDURMAGE SHOW
THE TAIL REGION GEZFENITH(C)LIPOSOMES ONI¥) CARGO ONL(E)MACROPHAGES ONLDAN
(F)MERGED CHANNECONTRAST AND BRISHESS WERE ENHANGEDAELY ACROSS ACTBRES BY
40% FOR BETTER VISEATION.

Second, the effect athe amoun of surfacepolymer on liposome circulation and biodistribution
was addressed by injection of liposonmmtaining2 or 10 moi% PEG dibPG in sizes from small
to large with SRb as cargdanto transgenic ZFEsthat express GFP in their vasculature
(kdrl:EGFPs843385] Thistime, the tail regionwas magnified to better isualize differences in
circulation andnacrophage uptake 24 hours post icj@n (Figure24 A).
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DLA: dorsal longitudinal aorta
ISV: intersegmental vessels

EVS: extravascular space

DA: dorsal aorta
CHT: caudal hematopoietic tissue
bound liposomes
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I \/: caudal vein
FIGURRA4: (A) CLSMIMAGE OFTAIL REGIONS OF TBAENIC ZEBRAFEB#BYRO34 HOURPOST
INJECTIONEITHEROF PEGYLATED LIPOSONE3SWS 1 & 2) OR HBR®OSOMES (ROWS AR
LIPOSOMAL CARGO BERBEPICTED IN REOWS 2 4), AND MERGED IMBS&IN ROWS 1 ANDEAICT
ADDITIONALLY THE @BBATURE IN GREERP)GAND THE MIBRANE LABELED LIBRBS IN BLUE
(DID). COLUMN&SANDb DEPICT RESULTS WITROSOMEGSONTAINING OR 10 MOko OF SMLL
POLYMERS, RESPECYIVEOLUMNS AND d DEPICT RESULTS WLIHOSOMESONTAININ@ OR
10 MOL% OF LARGE POMERS, RESPECTIVEEDMTRASAND BRIGHTNESS WERBHANCED EQUALLY
ACROSS ALL PICTURE&0% FOR BETTERUXLIZATIOKB) SCHEME OF THE TREHGION WITHSSUE
ANDVESSEL TYPES.
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Increasng theamount of small EG on the liposomal surface from 2 to 10 #@Figure24 A, &2,

b2) resulted inamore evenly distributedluorescence pattern withithe extracellular space. This
suggestsa qualitative increase in liposome circulatiaince long circulating liposomes generally
show a strongerextravasation with differences overalbest visible for the cargo onlynages
(Figure24 A, rows 2 and 4 Forliposomescontaininglarge PEGthere were only minor changes
visible vhen increasing the amount of polymeaind fluorescence patterns were comparable to
liposomescontainingl0 mot%small PE@igure24 A, b2, c2 andd2). Imagescl anddl suggested
however thata considerablenumberof liposomeqpink) wasextravasatedand did therefore not
colocalize with the green vasculatu&imilar trendthat increased amounts/sizes of polymer lead
to a better circulatiornwere alsovisible forhbPG bearing liposomews/hereas in sharp contrast to
PEGylated liposomes, all of them were mainly located insidedhdal hematopoietic tsue(CHT
Figure24 B), and only liposomesontainingl0 mot%hbPGL showed an increasezktravasation
(Figure24d4). The CHWas reported to be functionally homologous to liver sinusoidal endothelial
cells and Kupffer cells of the mammalian liver and therefore comprises the reticuloendothelial
system inZFEwhich could be one explanation of the observed patternd/fitG liposomef279]

For smalhbPG,increasing thegpolymer amount led to a@ualitativeincreasein circulationvisible

by an increase in diffuse fluorescenedong the vasculature={gure24 A, a4 andb4). Liposomes
with 2 mol% largehbPG showed qualitativelybetter circulation when compared to smalbPG
(Figure24 A, a4 andc4), and increasing the amouptesumablyled to an increased circulation and
extravasatiorregarding the fluorescence patteriiBigure24 A, c4 andd4). When comparing PEG
to hbPG liposomes in the respective amounts and sizes, the latter showed a highly dotted
distribution pattern in all casewith clusters mainly locatedithin the CHT which can likely be

attributed to an increased uptake by macrophagessdiscussed previously

In order to semiuantify the circulation CHTbinding/uptakeandextravasationimagesdepicting
cargo onlywere analyzedand croppedaccording to Siebeet al.,, with a detailed description
provided in the methods sectig280] Absolute fluorescence intensities in the respective
compartments are illustrated inFigure 25 A, relative fluorescence distributiometween

compartments is shown iRigure25B.
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FIGURRS: (A)ABSOLUTE FLUORESEHENTENSITY VALWUESLIPOSOMAL CAR®GM FORHODAMINE B
(SRBJN ZEBRAFISH EMBRYIL REGION AFTERHDURS INCUBATIONTALIPOSOMESONTAINING
SMALL OR LARGE PBPRE IN AMOUNTS ORID 10 MO% IN CIRA@LATION (RED), CHBLWE) AND
EXTRAVASCULAR SRSREY)B) RELATIVE FLUORESIEENISTRIBUTIQW LIPOSOMAL CARERB
BETWEEN COMPARTMENTRERCENTAGE. ERBARS INDICATE THHRECHNICAL REFATES.

Absolute fluorescencéntensities depicted inFigure 25 A indicatethat PEGylated liposomes
showed an overall higher total fluorescence intensity when compardtRG liposomes, which
could derive from the different distribution patterns. The ocakrfluorescence intensity fdibPG
liposomes with a dotted/clustered distribution pattern is likely underrepresented when compared
to evenly distributed, long circulating PEGylated liposomes. The latter shoymsterabhhigher
fluorescence intensitiesn circulation and extravascular space, wher&a®G liposomes were
almost evenly distributed between circulation and CHT. This suggeststihéi is less efficient in
prolonging circulation when compared to PEG, probably due to an increased macrophake. upt
This phenomenon can also be observed for the relative distribution of liposomes between
compartments Figure25 B). Differences in liposome distrition within same polymer types are
only observable for 10 méi hbPGL, which showed &-4 timeshigher extravasation compared

to other hbPGcontainingliposomes.

Tobriefly concludethis section hbPG liposomes showed dotted distribution pattethsoughout

all permutations, indicating an increased uptake by macrophagasly of the CHTThey were
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therefore not able to prolong liposome circulation geod asPEG.For both PEG antdbPG,
increasing the size and amount of the surface polymer leddaaditative increase in circulation

and extravasation

3.2 SCREENING FORIDEEOMPOSITIONS THE EDGE OF STABY

ABSTRACT

To identify liposomes at the edge of stability, capable of releasing encapsulated cargslightn
changes of pH or temperatureariousstabilizing and modifyinkipids were chosen ancbmbined

to form liposomesvia dual centrifugation A total of 168 formulations were screened for their
membrane stabilityin the first sectionby measurement of theemissionshift of the membrane
incorporatedsolvatochromidluorescent probdaurdan. The edge of stability could be identified

for 6 defined lipid combinations, whiakere optimizedin the second sectiohy variation of their

lipid ratio to yieldefficient model cargo releasaipon pHdecreaseand elevated temperature
Besideshigh cargo releasdeterminedviasizeexclusion chromatography (SEDsufficientcargo
retention upon storagerequired aliposome refinement stepusing pHsensitive cholesteryl
hemisuccinatd CHEMSY hree fornulations were finallglassified as candidates for efficient cargo
release and retentiorvia SEC and dynamic light scattering (DLS). In the third section, cell
experiments with human macrophages and melanoma cells confirmed increased capability of fast
intracellulardoxorubicin release for candidate liposomes compared to conventional liposomes
usingflow cytometry, confocal microscopgnd Imag&ream® In the fourth section, treatment of
salmonella infected zebrafish embryos with antibiotic loaded candidigiessomes led to a
increased zebrafish survival compared to conventional liposoigdication of pkHsensitive PEG

to candidate liposomes in section five resulted in an increased cargo release when compared to

conventional PEG ¢1bPG, which could be amportant advancement for further development.
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FIGURE26: SECTIONDVERVIEWNCLUDING THEYSTEMATIC SCREEGNAPPROACH TO IDENTI
LIPOSOMES AT THEEDG STABILITY, CAIHAOF RELEASINGARSULATED CARGO.
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INTRODUCTION

Extracellular stability and intracellular labildéye contradictory requirements for nanopatrticles in
drug deliverylt is well known irthe literature that encapsulated drugs are not bioavailable until
they are released from the liposomf82][83][173] Therefore, liposomes should grant sufficient
cargo retention during stage and transit to the target site and prevent premature cargo release,
while at the target tissue, the cargo should be deliveiredn adequate concentratiowithin an
appropriate time periodat a sufficient rate[388] There are many molecular and biophysical
concepts and compounds de#lmed in literature to address liposome stability and cargo release,
as for exampléy the use of temperatureor pHsensitive lipidssynthetic lipidsandamphiphiles
amongst otherg10][82]¢[89] Since liposomes with comparable physicochemical properties as
liposomes used in this approaatere reported to be primarily taken up by the endocytic pathway,
experiments othis sectionaimed to achieveather simpleliposomes which trigger cargo release
uponbody temperature andecreased pH as present in late endosomes/lysosomes and pathologic
tissues such as tumors or metasta$@s9]395] To cover a high varietipr screeninglipids with
different fatty acid chain length saturation, phase transition temperatweand headgroup
chargeswere choserfor liposane formulation(table 5. As inthe first section 3.1, the conventional
non-shielded liposome (CL) served as control and consist&dP@Gind cholesterol (55:45 méo,
same lipid composition as clinically relevant liposome Myoc&@&al centrifugation was used for
liposome formulationas it is suitable for screenimmrposesby combining high sample numbers
and fast turnaround times with low material needs§2ng total lipid) andhigh encapsulation
efficienciesof around 50%for small hydrophilic molecules likaulforhodamine b (SRb)ro
doxorubicin DXR (Figure 27)[33][121][122] The latter were mainly chosen due to their
comparable molecular weiglaind simple readout using fluorescence, with SRb astoxic model
cargo forin vitro screening purposes, and toXiXRas drugior cell experimentslt mug be noted
that the cargo itself can have a huge impatiposomal parameters like size, stability, cell uptake
and cargarelease, which ighe mainreason why the abovementioned comparable model cargos
weremost reasonable and in line with the typical approach for liposome optimization in literature,
which isoften cargo based290] DXR a chemotherapy medication used treat cancerfor more
than 30 yearsaccumulates within the cell nuclewster release from liposomes, where ig
proposed tointercalate into DNA to form DNA adducts atudinhibit topoisomerase ]lfinally
resulting in apoptotic cell deatf897]Its accumulation inside the nucleuts fluorescence and the
possibility to counterstain theellnuclei,for examplewith Hoechst 33258:ender DXRa suitable
molecule fora comfortablereadoutof liposomal drug release icell experimentsTo ensure that

all cargas within the liposomes before incubatiam vitro at lower pHand elevated temperature
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with cells o1in vivowith zebrafish embryos for cargo release studienethod forsemiautomated

FEC by HPLC was developed amenidereening in ordeto handle the hug&@umberof samples.

TABLBE: LIPIDS USED FOROSOME FORMULATISNABILIZING LIP[DSP) WERE MIXEDTWIEACH
OF THE MODIFYINGIDE (BOTTOMPEPICTEBRREFATTY ACID CHAINNGEES (NUMBER OF CARBON
ATOMS:NUMBER OF DQBBONDS), PHASENRAION TEMPERATBR®), NETTO LIPID CHARBGE
PH 7.4(PH 5.5 AND STRUCTUREF EACH LIRIBOR LIPID ABBREVDNSSEE SECTIGN MATERIALS

fatty acid Tm netto lipid charge
chainlength in°C pH 7.4 (pH 5.5)
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Sulforhodamine b Doxorublc.ln
(SRb) hydrochloride
(DXR)

580 g/mol 548 g/mol

FIGURER7: CHEMICAL STRUCUTBESULFORHODAMIBHSRB) AND DOXORLIE HYDROCHLORIDE
(DX AS MODEL CARGOSITH COMPARABLE MOULAR WEIGHTFOR SCREENINGND CELL
EXPERIMENTRESPECTIVELY

3.2.1 MEMBRANBTABILITY

Prior encapsulating and releasing a model cargo from liposomes, it was necessary to identify the
edge of liposomal membrane stability, so that snwlhnges of pH and/or temperature would
already start to destabilize the lipos@nfor subsequent cargo releas€éhe membrane astas a
natural barrier for encapsulated hydrophilic cargo, dependingti@ cargo itself and the
membranelipid order, whereas tle latter depends on the lipid components and their phase
transition temperatures(Tm)[398]¢[401] In order to potentially identifyregions ofliposomal
membrane stabilityand instabilityfasterand to keep the number of variables as low asgible,
liposomes were initially kept simpls combiningwo lipids as component3herefore, membrane
stability was manipulated first byixingstabilizindipids of group 1 with evemodifyinglipid from
group?2 (table 5 with increasing mole percentageStarting from 100 me¥o lipid 1, 10 meo were
stepwise substituted by lipid 2 up to 90 rdl. For lipid combinations 18, thisresulted in 10
different ratios for each combinatioand a total number of 168 liposom&ampes (table 6.
Modifying lipids depicted identical fatty acid chains lengths @nd(table 5, sothat their effect

on membrane stability could mainly be attributed to their charge and miscibility with each
stabilizing lipid of group llncorporation of cholesterol into the liposomal membrane was
intentionally omitted, since itan havea membrane rigidizing effect and therefore reduces the

cargo releasewhich would obliterate the edge of stabili#02][403]
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TABLEB: CONVENTIONAL LIPO&JNIL) AND LIPID CBIMATIONS LHISPREPARED FOREEVALUATION
OF MEMBRANE STABIMIATHELAURDAN ASSAY. STARTROM 100 M&h UPID 1, 10 MO¥%% WEE
STEPWISE SUBSTITWBEDIPID 2 UP TOMOL-%.

comlt;?r::tion Stﬂl;iigz;ng mlci)sii;yizng co mll;Fijrl'nc:ltion Stﬂ:;iilcifilng mﬁsii:;y;ng
(L) (L)

°°”VFC”:)i°”a' EPC CHOL L10 DOPC DOPE
L1 DMPC DOPE L11 DOPC DOTAP
12 DMPC DOTAP L12 DOPC DODAP
13 DMPC DODAP L13 DOPG DOPE
L4 DPPC DOPE L14 DOPG DOTAP
L5 DPPC DOTAP L15 DOPG DODAP
L6 DPPC DODAP L16 EPC DOPE
L7 DPPG DOPE L17 EPC DOTAP
L8 DPPG DOTAP L18 EPC DODAP
L9 DPPG DODAP

The fluorescent lipophilic dye laurdan (6-dodecanoy2-dimethylaminonaphthaleng was
additionallymembrane incorporated0.1 mot%)during lipssome preparatiorsince itindicates
membrane phase changes anddestabilization by a fluorescence emission shift
(Figure 28).[404][328] Membrane phase changesan occur, if the measurement temperature
exceeds or falls below the specific Tm of the respective lipid forming the liposbnee Tm
depends oni K S ffaktyladaidRchaih length, saturaticand headgroug31] In the usualcase of
liposomes onsistingof more than one lipid, phasesanbe caexisting and depend on the lipid
composition, ratio, lipid hydration and cholesterol content of the membrH@8] Theoccurring
fluorescence emission shitipon membrane phase change or destabilizatisrcaused byan
increasedaurdan dipole moment upon excitation at 350 nm, which leads to-arangement of
surrounding dipoles like water moleculeSince the required energfpor that re-arrangement
increases with higher intimate water molecule concentratianydan fluorescencemission shifts

to higher wavelengths from 440 to 490 nm upon change fromayktjuid disorderedmembrane
phase and upon destabilizatigd05] Membranes in rigid gel phase are less fluid than membranes
in liquid phase, and are therefore less permeable to small molecules, retaining encapsulated cargo
more effectively{109] The changes ilaurdan fluorescence emissiomaximumandtherefore the

membrane stabilityor phasecan be described by tHaurdan generalized polarization valu&P,
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which can be calculated according to formula W&h | as emission intensities at the respective
wavelengthg106][108][109]

[ D tignHa (13)

dq n Rl gfh

TheTm of DPPC and DPPGsaabilizing lipid is41 °Candwastherefore higher than the ambient
temperature of 25 °Ctéble 6 L4L9, which is whytheselipidswere likely in rigid gel phase and
the LGPdecreasd upon liposomaldestabilization caused by an increase480 nmfluorescence
emission All other lipids with a Tm lower than 25 @ere in liquid crystalline phaswith more

water molecules already within the intimate surroundingladirdan,which resulted in moderate
and high decreases tdurdan emission at 440 nm and 490 npon destabilizationrespectively,

resulting in an overall increase bGP

stable destabilized
liposome liposome

@
o

fl. int. in a.u.

\TTI Oc Laurdan

410 430 450 470 490 510 530 550
emission wavenlength in nm

FIGURES: LAURDANSTRUCTURE ARDUORESCENEM®ISSIONSHIFT FROM 440 TO049M UPON
LIPOSOMAMEMBRANE DESTABAMIIION OR PHASE CHERNRBOMRIGIDGEL TO LIQUIISORDERED
VALUES OBTAINED FOREMBRANEROUNDIHE EDGE OF STAMIARE INDICATEDLISHT BLUE.
EXCITATION WAVELEN®JAS 350 NM.

To monitor regions of membrane stability and instability, obtaih€ePvaluesat pH 7.4were
blotted against increasing méb of modifyindipid 2 (Figure29 A). Besidedinear LGPincrease,
decrease or consistency, six out of the 18 liposome samples showed a sign@idlahpe, namely

L2, L4, L6, L11, L14 abhtl5(Figure29 B). Liposome samples L4 and L9 had a negative slope in

contrast to the other samples, since their stabilizing lipid 1 had a Tm above the ambient
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temperature, as mentioned earlie©f note, liposomes containing EPC did not lead to a sigmoidal
curvature of LGP ni any combination with modifying lipids, probably due to its
heterogeneity[108][109]

A
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[ L= 11]
~ 13 (12
[~ 4] = 113
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> 18 L17
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FIGURR9: LAURDAN GENERALIBBRARIZATION VALWESP) OF LIPOSOMEEINTAINING.1 MOL%
LAURDAN, PLOTTED INZA INCREASING M®LOFMODIFYING@IPID 20F (A) ALL TESTED LIPID
COMBINATIONSAND (B) LIPID COMBINATIONSVITH A SIGMOIDAL LGP GURURE.
(C) NORMALIZED LGP VARUES ABSOLUTE DENINTFROM THE STARTINPOSOMEONTAINIG
100 MOL% LIPID 1 INNERCENTAGE.OTTED AGAINST REBSING M&h OF MOFFYING LIPID. 2
NORMALIZATION ENABLEHE VISUALIZATIOR THEAREA INWHICH THEEDGE OF LIPOSOMAL
MEMBRANE STABILWWAS EXPECTEDIDICATED BY THEUB CIRCLEIPID COMBINATIOMRE
DEPICTED IN THE LMHGE
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For the conventional liposome CL, no changes in laurdan polarization could be observed with
increasing cholesterolontent (Sup Figureb). The obtained graphs were normalized for better
visualization to uncover the area of beginning liposomal membrane destabilizatimg @&
sigmoidal fit. Instead of th&.GPvalues, the percentage of deviation from thé&Pvalue of
corresponding starting liposome with 100 ¥l lipid 1 was plotted against increasing #olof

lipid 2, with 100 mabao lipid 1 corresponding to 0% deviatiamd 10 mol% lipid 1 with 90 mebo

of lipid 2 corresponding to 100&eviation Figure29 C).

Differences in normalizedGPdeviationcurve shapesbservable irFigure29 Cderive from the

lipids themselves depending ontheir saturation, acyl chain length, miscibility, charge and
combination as &plained in the following wayRegarding liposomes L2, L11 and L14 with
sensitiveDODAP as modifying lipid, their curvatures are quite similar, despite different stabilizing
lipids. While DMPC in L2 is saturated, stabilizing lipids DOPC and DOPGaid LL114 are
unsaturated, respectively. Additionally, the acyl chain length in DMPC is shorter than in DOPC and
DOPGwith the latter beainga negative charge in contrast to the other two neutral lipiBlesides

these differences for the stabilizing lipids, th&Pdeviation curvatures of the mentioned lipid
combinations are similar, whickuggess that the modifying lipics, as DODAP in this cadeve

more influence ontheir respectiveLGPdeviationcurve shapdhan the saturation, charge or acyl
chain length othe respectivestabilizing lipid. Other indicatiors for this suggestion are samples

L6 and L15both with positively charged DOTAP as modifying .ligidsidesdifferences in
saturation chargeand acyl hain length of their stabilizing lipid3PPC and DOPG, respectiyvely
their curvaturedook nearly identicalThey can be clearly distinguishiedm L2, L11 and L14, since

they have a much steeper slopad are shifted to lower mole percentagésihas a comparable

curve shape as L6 and L15, although it is shifted to higher mole percentages of lipid 2. This is
presumably caused by the modifying lipid DOPE in L4 compared to DOTAP in L6, since both consist
of DPPC as stabilizing lipiche saturatiorand acyl chain lengths of DOPE and DOTAP are identical,
therefore this shift carprobably be explained by thie charge which is neutral for DOPE and
positive for DOTARs well as theimiscibility withstabilizing lipid DPPQOverall, it seems that the
modifying positively charged lipid DOTAP in L6 and L15 leads to a slight curve shift to lower mole
percentages of lipid 2 when compared to liposonoestainingneutral modifying lipidsWhen
comparingL14 and L15which only differ in their modifying lipgdwith DODAP and DOTAP,
respectively, this shift is also observablibat suggests that positively charged DOTAP destabilizes

liposomes at even lower m@b than neutral modifying lipid$lowever,LGPdeviation starts to



Results and discussio

increase exponentially for all testdigpid combinations around 40 mé&b of modifying lipid, which

is why the edge of stability waxpectedaround or prior this poin(Figure29 C, blue circle).

To briefly conclude, the area of beginning liposome membrane destabilization could be identified
for 6lipid compositionausing the fluorescent probkaurdan, with the edge ahembrane stability
presumably lying withinThe point of destabilization seemed to be mainly influenced by the
properties of themodifying lipics rather thanof the stabilizing lipid. In the next step, thedge of
stability was seekedwithin the area ofliposomescontaining20-40 mot% modifying lipidpy
evaluation of liposomal physicochemical parameters and cargo retention as well as ratease

lower pHandelevated temperature

3.2.2 CARGORELEASE ANRETENTION

TEM pictures showmithis sectiorwere recorded by Dr. Ingo Lieberwirth from tresearch group of Prof. Orandfester

(Max Planck Institute for Polymer Research, Ackermannweg 10, 5518 Mainz, Germany)

In order toidentify the lipid ratio as close to thedge of liposomal membrane stabiliig possible
within the given 10 me% stepsthe sixlipid combinationgdentified usingthe laurdan assayn
section3.2.1were prepared agaiwia dual centrifugation starting within the abovementioned
area of destabilization corresponding to 20 40 mot% of modifying lipid 2This time the
previously presentedhydrophilic model cargosulforhodamine b (SRbas encapsulated
(Figure27). SRb washosen because its absorption at 550 nrimdependant from the pH value of
the buffered mediumpreventing falsification when comparing data obtained at pH 7.4 for cargo
retention and at pH 5.5 for cargo relea$£07] Additionally,it was expected thaits comparable
molecular weight todoxorubicin (DXR (Figure 27) as mentione earlier would lead to less
alteration of liposomabphysicochemical properties whdiposomes areprepared with XRas
cargo for subsequent cell experimentswas expected thatiposomes at the edge of stability
woulddisplaytypical encapsulation efficienci@esound50% retain cargo upon shosterm storage

for 1 weekat pH 7.4 and 5 °Gvhile showing a fast cargo releaséhin 4 hoursunder lysosomal
conditionsat 37 °C and pH.5.[379][111][112] Destabilized liposomes would shica decreased
encapsulation efficiency and less effective cargo retention upon storage, if any, while liposomes
too stable would show less effective cargo releaSiso,liposomalphysicochemical parameters
like diameter and PDI eve investigated topotentially see a beginning destabilizatidoy a

significant parameter change.
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For cargo release and retention studies, freshly prepared liposovite20 ¢ 40 mot% modifying
lipid 2and SRb as cargo were first subjected to SEC to removeencapsulated cargand to
determine the encapsulation efficiency as described in the methods se@naaliquot of the
purified liposomes wasthen incubatedat 37 °Cwith a citric acid phosphate buffeesulting in a
pH of 5.5for 4 hours and subjected to SEC agaiddtermine cargo releasénother aliquot was
kept at 5°C for 1 week ansubsequenthpurified again to determine cargo retention upon storage.
A small column filled with Sephacryb80 HR suitable for relatively high pressure as present in
HPLC waself-packedfor size exclusioand connected to an HPLC systdgsingthe latter with
included autosampler and automated fraction collector enadbdetermination ofencapsulation
efficiency, cargo release and retention in a high throughput format. Two elutiofiiggexamples
after SEC with the liposomal (frpction at 0.71.5 min, corresponding to encapsulated SRb
measuredvia absorption at 550 nmand the free cargo fraction (F®etween minutes 2 and 5,
corresponding to unbound SRare shown inFigure30 A, either after short incubation under

lysosomal conditiongelease condition)r after 1 weekstorage(retention conditions)

Results for cargo release émetention of the correspondingpid combinations can be seen in
Figure30 B. Liposomes were considered at the edge of stability (blue frames), if they showed a
minimum release of 80% and additionally a maximum cargo retention within the corresponding
composition. For combinations L11, L14 and L15, whose stabilizing lipid fattyclteain was
unsaturated disteaoryl, the edge of stability could be clearly identified, indicated by a drop of cargo
release or retention prior or past 30 m& of modifying lipid 2, respectively. Similar yet less
distinct results could be obtained for L&ith the edge of stability again at 30 A type 2 lipid
content. The difference to the first three lipid combinations could derive from the fact that L2
contained saturated DMPC as stabilizing lipid, resulting in lower release and higher retention even

at 40 mol% of modifying lipid.
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FIGURBO: (A) EXAMPLE OF AN ELUTTRIROFILEBTAINED AFTER HEXELUSION CHROMARBRHY
VIAHPLQOF A LIPOSOME WITRICAPSULATED SRB RFSEORAGE FOR 1 WEEWRH 7.4 AND 5 °C
(RETENTIOMCONDITIONS) ORFTER INCUBATION RH 5.5 AND 37 °C RO4 HOURSRELEASE
CONDITIONSB) CARGO RELEASE ANDERITION IN PERCHEHMERENDING ON THEIMAPERCENTAGE
OF MODIFYING LIPIB@R THE SIX LIPDMBINATIONS P4, L6, L11, LIANBRL15. LIPOSOMEBAT
SHOWED A RELEASE80” AFTER INCUBANI®T PH 5.5 AND 3Z FOR 4 HOURS ANDADDITION A
MAXIMUM CARGO RETEDN WITHIN THE COBRENING COMPOSITMERE CONSIDERED AE T
EDGE OF STABILITME.
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For lipid combinations L4 and Lthe edge of sibility could not be identified within the
investigated range of 2 40 mol% modifying lipid. In the case of lo®nsisting of neutral DPPC
and positively charged DOTAiBpsomes with 20 meéloDOTARBeemed to be more stable due to
less cargo release amigher retention, hence the range for cargo release and retergigaluation

was extended down t@ mot%. A comparable pattern to previously mentioned samples L2, L11,
L14 and L15 was thaetetectedbetween 0 and 20 méo for L6, with 10 meboDOTARUIfilling the

set criteria of at least 80% release with highest possible retenfibis confirmed the previous
suggestion based on tHaurdan assay, that DOTAP as positively charged modifying lipid seemed
to destabilize the liposomes already at lower If6. In contrast to L6, the point of destabilization
for DOTAP containing L15 was reached arounch8%. One explanation for this interesting fact
could be that the negatively charged DOPG and the positively charged DOTAP desalioméc
interaction to a certain extent which could have had astabilizng effect onthe liposomal
membrane.For lipid combination L4, the set parameters for the edge of stability could not be
reached within the 10 meo steps from 0 to 70, although it most likehdleround60 mot% and
could have possiblpeen identified if smallermol-% stepswere used.This also suggests that

suitable binary lipid composition is nper sereflected bya sigmoidalL GRcurve.

Encapsulation efficiencies around the identified edge of stability of the respective lipid
combinations were also evaluateahd are shown irFigure31 A. For L11, L14 and L15, the
encapsulation efficiencies drppdby at least 20% after the edge, suggesting thaseliposomes

were already heavily destabilized right after preparation. For L2 and L6, theoflerrapsulation
efficiency was less distinct, whiclwas in line with obtained release and retention values,
suggesting a less sharpened area of liposome destabilization. Physicochemical characterization
after the first purification step by SE€&seakd a similar trendKigure31B). Whilefor L11, L14 and

L15in addition to L6,a strong destabilization was proposed due d@osignificant increase in
liposome diameter and PMeasured bYDL Sthere were hardly any changes visible fode®ond

the edge besidessmall changes in Plthough release and retention valugslicatedbeginning

destabilization.
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FIGURB1: (A)ENCAPSULATION EENCESOF SULFORHODAMINERBORATAND PAST THE EDGE O
STABILITFOR LIPOSOME SAMPLE, L6, L11, L1NB L15A DROP OF UP T@Rw2PAST THE EDGE OF
STABILITY INDICABEGINNING DESTABATION(B)LIPOSOME DIAMETENDAPDMEASUREWBIADLS
PRIOR, AT ANEAST THE EDGE ORBHETAY. AN INCREASEDIAMETER AND RIDICATEBEGINNING
DESTABILIZATIOBRROR BARS INDICATENDARD DEVIATIBROM THREE INDIVIDUAPOSOME
PREPARATIONS.

However the averagecargo retentiorof around 43% upon storage was comsietl insufficient for
identified liposomes, which is why a refinement step was necessadetdlyincrease liposomal
cargo retention to at least 90%tandard procedures to increase cargo retention mostly involve
incorporation of cholesterol (CHOL), whis thought to locate between phospholipids and act as
molecular plug that hinders encapsulated hydrophilic cargo from esc{pij Asit was feared

that CHOL could decrease wanted cargo release to an insufficient level, the pH sensitive cholesterol
derivative cholesteryhemisuccinate (CHEMS) was membrane incorporated in small amounts of
5 and 10 mobs,to not dominate previouslgvaluated characteristics, and the effect on release
and retention was investigatef@31] The negatiely charged CHEMS gets protonated at pH 5.5 on
the hemisuccinate, potentially initiating membrane destabilization and cargo release at acjdic pH
while stabilizing the membrane at physiological pH fpotentially increased cargo

retention.[393]411] To assess cargo retentiqumior cellular uptake, whah was wanted to be as
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high as possiblas the retention upon storagdiposomes were additionally incubated at pH 7.4
and 37°C for 4 hoursResults ofcandidate liposomeand conventional liposome CL are shoin
Figure32, alongwith the newset parametersof at least 90% cargo retention upon stora@erk

red bars)and prior cellular uptakéred bars)s well as at least 50% cargo rele@slack bars)

100
>290% retention
80 | (1 week, 5 °C, pH 7.4)
m (4 h,37 °C,pH 7.4)
© 60
° 250% release
40 B (4h,37°C,pHS5.5)
20
0
CL L2c L6c L11c L1l4c L15c
(control) v X v X v thresholds met?

1 EPC DMPC DPPC DOPC DOPG DOPG
o 2 CHOL DODAP | DOTAP | DODAP | DODAP | DOTAP
3 CHEMS  CHEMS CHEMS,, CHEMS CHEMS

lipids

FIGURB2: CARGO RELEASE ANCEREION AFTERHEMSREFINEMENPARAMETERS THAT NI
MEET THE SET THRHESHMOF AT LEAST 90% RETEN (RED LINE) ABldo RELEASE (BLADKE)ARE
INDICATED BY DASHEARSREFINEQGANDIDATEIPOSOMBWERE LABELERC, L6C, L14C ANIDGC
AND INCLUDEDMOL-% CHEMSVHILE11AONCLUDEDO MOL% CHEMSERROR BARS INDICRHREE
INDIVIDUAL LIPOSOREEPARATIONS.

For candidate$ 2c, L6¢, L14c and L15c, refined with CHEMS indicated by the dmeall esults
were obtained with 5 met6 CHEMS, whereas for candidate L11c, 10%mMGIHEM&d to best
results.L6c was the only candidamontainingDPPC as stabilizing lipid with a phase transition
temperature of 41°C around body temperature, whidld to insufficient cargo retention after
incubation for4 hours at 37°C and pH 7.4, probably caused bpeginningmembrane phase
transition. So L6¢c not onshowedpH-, but also temperaturdriggered releasewhich could be
advantageous for otheapplications, but was not pursued any further in subsequent experiments
Of note,the cargo releaselecreased for nearly all candidategon refinement with CHEMS, since
the overall stability of the liposomal membrangas enhanced. However, increasing carg
retention to above 90% was considered more important than keeping the release at above 80%,
which is why the cargo release threshold was decreased to at leastGfddidate L14c did not
show sufficient cargo retention above 90% upon storage althoutduibled upon refinement with

CHEMS from 33 Figure30B) to 76%lIf 10 moi% CHEMS were incorporated, cargo retention did
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not changestrongly, whereas lhe cargo release dropped to below the desired 50%, which is why
this candidate was also not pursued in further studigs.comparison, the conventional liposome
with 45 mol% CHOL showed only minor cargo release but high retention upon storage as well as
at elevated temperature. Thes€Lswere therefore considered asighly stable and served as
negative control in further experimentd he three remaining candidates L2c, L11c and L15c
successfully met the set retention and release thresholds and weansidered as highly potent pH

sensitive lipsomesat the edge of stability, with the final compositiogiven intable 7Table7.

TABLE: RESULTING LIPID COEHRIONAND RATISOF FINAL CANDIDATEOSOMES L2C, LAND
L15C AFTER REFINEMBNTHHELPER LIPROMEMS.

candidate stabilizing modifying  helper mol-% lipid

liposome lipid 1 lipid 2 lipid 3 1:2:3
L2c DMPC DODAP CHEMS  66.5:28.5:5
L1lc DOPC DODAP CHEMS 63:27:10
L15c DOPG DOTAP CHEMS  66.5:28.5:5

The fluorescent dyecalcein (CAL)was also encapsulated into theefined liposomes, and
encapsulation efficieng release and retention was determined the same way as fon&RREC
at 490 nm absorptionResults inFigure33 suggestedhat obtained valuesvere not exclusive for

SRb, but alspotentiallytransferable to other small molecules.

100
>90% retention
80 | (1 week, 5 °C, pH 7.4)
60
X 250% release
40 W (4 h, pH 5.5, 37 °C)
20 .
O encapsulation
0 efficiency (30 — 50%)

FIGURE33: COMPARISON OF SULHOPAMINE BSRB)AND CALCEICAL)AS CARGO FOR LEAD
CANDIDATES L2C, L1AMD L15C AFTER REMENT WITH CHEMSBTAINED DATA SUGGED
POTENTIAL TRANSFHRAB FROM SRB RHSJULO OTHER SMALLLEIOULES. ERROR BARSCATE
THREE INDIVIDUALQS®ME PREPARATIONS.
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When CHOL instead of CHEMS was used for refinement, obtained values for cargo retention were
comparable, but cargo release was decreased, supporting the use of CHEMS ovefolCHOL

refinement(Figure34).

100 S =
— 2 90%
80 H
60 -
= 2 50% { mL2c
40 -
BL1lc
20 1 |‘I‘| @ mL15¢
O 1
CHOL CHEMS CHOL CHEMS
release retention
4 h,pH5.5,37 °C 11 week, pH7.4,5°C

FIGURB4: COMPARISON OF CHOHR®L (CHOL) AND CESTERYL HEMISUCTENEHEMS) USED IN
THE RESPECTIVE MBERCENTAGE FOR RENEWT OF LEAD CANDIESL2C, L11C AND L15C
REFINEMENT WITH CHED TO INSUFFICIEMIRGO RELEASE BEOD®W SET THRESHOLDG@S,
WHILE CARGO RETENTWAS COMPARABLERESULTS OBTAINEDHMIHEMERROR BARS INDICATE
THREE INDIVIDUALQS®ME PREPARATIONS.

Physicochemical characterizatieta dynamic light scatteringf remaining lead candidates L2c,
L1lc and L15c, either haviid mM SRb or90 mM DXR encapsulated, revealed comparable
diameters between 150 and 250 nm anBIB below 0.3Figure35), whichwould render these
candidates suitable for clinical applicationaccordance to literaturg83][412]¢[414] Sincetwo
cargos with comparable molecular weights were chodmsidesdifferences in concentratign

their influence on the liposomal physicochemical parameters was minimixd&iconcentration

was selected to be as high as possible for subsequent cell expesimee to further dilution by
cellular medium% dzf 6 Srp@ifedil 3 m&Dra, DMEM), whereas SRb concentration was
chosen to be as low as possible but still above the limit of quantification for screening experiments.
Zeta potentials were thoroughlyegativeexcept forL11c, which showed a neutral zeta potential
around 0 mVThis could be of advantage for subsequent cellular release studies, since the effect

of the zeta potential on uptake and release could be reviewed.
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FIGURE3S: PHYSICOCHEMICAL RARFERSDF CANDIDATE LIPOES L2C, L11C AND5SC1AND
CONVENTIONAL LIPOSOMLASSESSED BYNAMIC LIGHT SCATNER LIPOSOMES WHREHER
PREPARED WITH @204 SRB OR 96M DX AS CARGO. ERROR S8MRDICATE THREE NNDUAL
LIPOSOME PREPARABION

Uponlongterm storage of the liposome stoslat 5 °Cfor 4 months(Figure36), no significant
change of liposomaliameters zeta potentials and PDIs were visible for candidates L11c and L15c,
indicating that the refinement with abovementioned small amounts of CHEMI®la stabilized
membrane for at least the investigated time perigghndidate L2c showed a higher PDI and an
increase in zet@otential after 4 months, indicating some sort of destabilization, possibly caused

by a slow protonation of DODAP and/or CHEMS.
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FIGURB6: COMPARISON OF PHYSIGEMICAL PARAMETERS CANDIDATE LIPOIES L2C, L11C AND
L15C INITIALLY AFTHEEPARATION, AFEH®RAGE FOR 4 MONAHSPH 7.4 AND % AND AFTER
INCUBATION AT PH BBD 37°C FOR 4 HOURRROR BARS INDICAHIREE INDIVIDUALQS®OME
PREPARATIONS.

Surprisingly, after incubation under release conditions, a decrease in liposome diameter was
observable for candidatd_2c and L15c, while the diameter of L11c remdioenstantFigure36).

This suggest that the cargo releaseoccurred primarily due to an increased membrane
permeability rather than liposome aggregation, which would have resulted in an increase in
liposomal diameter.Inclusion of 0.1 me of fluorescent lipophilic dy&lile Redinto final
candidate liposomes and subsequencubation at pH 5.5 for 4 hours at 3C did not result in
precipitation of NileRed, also indicating that liposomal membranes were still intageta
potentials increasedor all candidatesupon acidification as expectedsince all containegpH

senstive CHEMS. lie strongest increaseas visibldor L2c from-42 to +59 mV, probably caused
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by an additional protonation opH sensitiveDODAP. The stronger increase in zeta potential in
comparison to also DODAP containing L11c, which consisted of DOPC as stabilizing lipid, could be
caused by the fact that the shorter fatty acid chain length of DMPC in L2c probably rendered
DODAP more acssible to protonation. fie zeta potential of L15c increased only slightly and
remained overall negativesince it did not contain lipidamenableto protonation except for
CHEMSThe marginaPDI increase after acidification could be a hint that at leastes of the
liposomes were deformed either by an increase or decrease in size or shape. This could however
not be confirmed bycryo- transmission electron microscogy EM measurementconductedfor

L15¢ since liposomes prior and after acidification lookesnparable(Figure37 A). In addition to

DLS analysis, TEM pictures were recorded for all candidate liposomes to prove the formation of

vesiclesFigure37 B).

To conclude this grt, it was possible to identify lipid ratios at the edge of stability for lipid
combinations that showed a sigmoidal LGP curve using model cargo SRb,-auenated
purification by SE@aHPLC and dynamic light scattering. While the ratio for L2,l1¥land L15

lied within the expected 20 and 40 m#& range based on the previously condudiaardan assay,

lipid ratios for L4 and L6 were out of range, suggesting that a suitable binary lipid composition is
not per sereflected by a sigmoidal LGP curva&uRefinement with small amounts of CHEMS had

a significant impact on storage stability, with superior release profiles compared to CHOL. The
thresholds of at least 50% cargo release and a minimum retention of 90% were finally met by lipid
combinations L@, L11c and L15c, while conventional liposomes showed only minor cargo release
around 10%. The setup for release and retention determination could be transferred to model
cargo calcein, and comparable values as obtained for SRb were achieved. This ohditaite
candidate liposomes could be suitable to retain and release other small molecules in a comparable
manner to SRb. DLS and TEM results suggested that the observed cargo release occurred due to
changes in membrane permeability rather than liposome eggtion. Final candidates L2c, L11c
and L15c achieved pharmaceutical quality with diameters around 200 nm and PDIs be[88] 0.3
and were fa the most part stable upon longerm storage. Encapsulation of DXR instead of SRb
did not lead to a significant change of physicochemical parameters, an importargquesite for

subsequent cell experiments.
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scal bars: 100 nm

FIGURB7: (A) CRYGTRANSMISSIONECTRON MICROSCOEW} IMAGES OF LISETER INCUBATION
FOR 4 HOURS PH 7.4LEFTAND PH 5.8RIGHT)COMPARABLE DIAMETERB SHAPES INDICARD
AGGREGATION UPONDARICATIONB) TEM IMAGES AFTERHMREDSE / URANYLACHTATAINIG OF
CONVENTIONAL LIPO&SKCL) AND CANDIDAIFPOSOMES L2C, LHWND L15GHOW VESICULAR
STRUCTURES WITHSIRETHE RANGE OSTOBINED DLS DATA.
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3.2.3 INTRACELLULAR DRUGIVPERY

In this section, findings obtained in a collaboration with the reseamup of Pof. Dr. Tuttenberg (Depatment of
Dermatology, University Medical Center of the Johannes Guterbargersity Mainz, Langenbeckstrasse 1, 55131
Mainz, Germanyand Prof. Dr. MailandgiMax Planck Institute for Polymer Research, Ackermannwe§5l128 Mainz,
Germany areillustrated. Cellexperiments were performed bjonathan SchuppAmbis Imag&ream®was performed

by Adelina Haller.

The cargo releaseehaviorof the three final candidate liposomégc, L11c and L1%5s well aof

the conventioral liposome CL with a composition corresponding to that of clinically relevant
Myocet® vasassessedh vitro using monocyte derived macrophages and human melanoma cells
(UKRWel-15a). DRas cytostatic drug with comparable size to SRb was used as model drug and
yielded liposomes with similar physicochemijgatameters Figure35) as prevously evaluatedi$
translocation to the nucleus after liposomal release and endosomal escape additionally to its
fluorescence renders it a suitable model drug for a comfortable cargo release validation, enabling
the discrimination between total DXwithin the cell (and liposomesand released DX
Macrophages as th& Yy I 1S A Y'Y dnyajr scavierdgér $afliiefe chosen as a sort of
positive control toinvestigatephagocybsis ofthe liposomes andubsequent intracellulabDXR
release In addition, maaphages are an attractive target for manipulation by liposomes since they
are involved in e.gnflammationand immune respons@M1 phenotype)r wound healing, tissue
repair andtumor promotion (M2 phenotypej415]c[417] UKRWIel-15a was chosen as model
human melanoma cell lingeriving fromcutaneous melanoma metasta$#l 8][419], which could

be a primary target for the candidate liposomes in the future, whith enabledanalysis of uptake

and release itomparison tanacrophages.

TOXICITY

In order to evaluatevhetherthe liposomallipid material is toxic itselfells incubated witlempty
liposomes were analyzedfter 24 and 72 hourby flow cytometryusing aResazurinbased cell
viability assay. In addition, liposomes loaded withRD¥ere also subjected to the assay, to
potentially seea decrease irell viability, which could be a first hint for a successfuR @2kease.
Free DRin a concentration of 1 pMeived as positive toxic controkhich depictedhe minimum
achievable concentration for all liposomsamples despite differences iencapsulation
efficienciesGonventional liposome(Cls) served as negative control tey werealready shown
to be nontoxic[420]421] Results dejeted inFigure38 B indicatethat the lipid materialof the
candidate liposomesvas only slightlytoxic even after 72 hours imacrophages and melanoma

cells When compared to empty GLempty candidate liposomes showstightly higher toxicity
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after 24 hours in melanoma cells anthcrophagesHigure38 A),althoughthe overall toxicityafter

72 hours wasqualized When DXRwas encapsulated into liposomes to yield an overall stock
concentration of 1 uM DX the Resazurin assay revealed that candidate liposomes indeed showed
toxicity comparable to 1 uM free Rafter 24 and 72 houtsindicating fast and efficient cargo
release, whereas CLs showed a comparable toxicity to their empty countaterth time points
indicating insufficient cargo releasEhe higher toxicity of candidate liposomes over 1 uM freR DX
after 24 hours in melanoma cells or after 72 hours in macrophagessittributed to likely derive
from the additional albeit low,intrinsic toxicity of the lipid materiatself. The cell viability assay
therefore gave a first hint for a different cargelease pace and amouirt vitrowhen comparing
candidate liposomes to CLs. Also, tbe toxicity of candidate liposomes similar to CLs would

render them suitable fom vivoexperiments.

A cell viability assay (24 h)
melanoma cells | macrophages
100 A
Z 80 -
S 60 -
=
39_,; 40 - 3 3
20 |8
0 "§ 1 1 "§
control L2c¢ L1lc L15¢c CL control L2c L1lc L15¢ CL
cargo
B cell viability assay (72 h) []Jnone
melanoma cells | macrophages B DXR (1 uM)
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E
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control L2¢ L11c L15¢ CL control L2c L1lc L15¢c CL

FIGURE38: RESAZURINSSAY TOHIERMINECELL VIABILITY OFMAN MELANOMA CELLSIDA
MACROPHAGES ASSE&YHDOW CYTOMETRKTERA) 24 HOURS AN@B) 72 HOURS. CANDIDATE
LIPOSOMES L2C, L11GC WERE TESTEIDAGWITHTHE CONVENTIONAIOSPME CEITHER EMPTY
(WHITE BARS) OR LEBDVITH D(GREY BARS) TO DIEITOTAL CONCENTRANIOF 1 uM UPON CEL
INCUBATIONUINTREATED CESERVEBS NEGATIVARD 1 pM FREE RXS POSITIVE CONTREBISULTS
WERE NORMALIZED TO'REATED CELEBROR BARS INDICETREE INDIVIDUAL A%S.
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CELL UPTAKE AND GARRELEASE ASSESSED®X CYTOMETRY

In addition tothe observed toxicitywia the Resazurin assay, the overall BRuorescence signal
inside the cells was monitoreafter incubationon melanoma cells and macrophadges0.5and4
hoursusingflow cytometry. Since the DRconcentration within the liposomes w&® mg/mL(90
mM), DR fluorescencewas heavily quenched, leading #overy limited fluorescence for intact
liposomeg422] Upon DXRrelease to the cytosol howevethis fuorescence signal would lake-
guenched due to dilution, and the emitting fluorescence signal increase was assesfed by
cytometry. After localization to the nucleus and intercalation into DNA, thRIirescence gets
alsoheavilyquenched, which is whit was supposed that cytosolic RXainly contributed to the

obtainedsignalqFigure39).[423]424]

flow cytometry incubation time
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FIGURB9: DETERMINATION OFRBXUORESCENCE INSHEEWHOLE CBYFLOW CYTOMETRNTER
0.5 H (WHITE BAR®[A4 H (GREY BARS8YyMAN MELANOMA CBEL(UKRWIEL:-15A, LET) AND HUMAN
MACROPHAGES (RIGNERE INCUBATBDTH FREE BXN A CONCENTRATION 1 uMORTHE THREE
CANDIDATE LIPOSOMES, L11C AND L13CADDITION TO THENMENTIONAL LIPOSOMIE) ALL
CONTAINING BPEQUAL TO 1 uMRROR BARS INDICATANDARD DEVIATIGROM THEE INDIVIDUAL
CELL EXPERIMENTS.

Asclearlyvisible inFigure39, obtainedDXRfluorescence signakre higher in macrophagésght)
than in melanoma celldeft), indicating an increasechpability of macrophages to take up ®X
and liposomesFor the melanoma cells, signa&candidate liposome&2c, L11c, L1%nd free
DXRwere comparable after 4 hours, whereas the signal of thev@sabout three times lower.
Thissuggestdhat most of the DRwasstill quenched and encapsulated in CLs, whereaR ddX
the candidate liposomes was released and unquenched, as their sigex@ comparable to the

signal obtained from cells treated with free RX A similar pattern can be obsears for
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macrophages, whereas here, albeit at least three times as high as for CLs Rfieddescence
signals obtained from cells treated with candidate liposomes did not reach the level of fRee DX
Both cell typedlisplaya signal increase between 0.8c4 hours, which most likely represents
accumulation of liposomal or free Biiside the cell®r D)XRrelease from intracellular liposomes.

To ensure that obtained signals arose fromRDease, microscopy experimen&re performed.

CARGO RELEASE &SP BY MICROSCOPY

After DXRis released from liposomes and after endosomal escaiffitsesto the nucleug397]

Due to quenchingeffects that occurupon subsequentDNA intercalation, thisfraction was
underrepresented inflow cytometry measurementsof the whole cell which is why it was
specificallyassessedow by confocalmicroscopy.Measuring the DR fluorescence inside the
nucleus in one-plane of the cell enabled discriminationiotracellularlyreleased DRinside the
nucleus and free or liposomal BXiside the cytoplasm or organelles surrounding the nucleus at
different zvalues. Counterstaining the nucleus Wit Hoechst 33258 allowed foits easy
identification, while an overlay obXRand Hoechst fluorescence channels enabled evaluation of
co-localization and therefore quantification of BXnside the nuclei. Membrane labeling was
omitted to minimize fluorescence crosstalMicroscopy resultstoown inFigure40 confirmedflow
cytometryresults, again with higher [Rfluorescence signals for macrophadeght). While DR
fluorescence intensities inside nuclei was quite lfaw CLs after 0.5 and 4 hours, indicating
ineffective cargo release, it wag leastthree times higher fopH-sensitivecandidate liposomes

at both time points, also reaching the level of freeRp¥hich indicated sufficient cargo release.
All candidateliposomes seemed to be equally potent of releasingRD3{nce there was no
significant difference observable between them at any time point. Previously obtdloed

cytometryresults also showed comparable performances.

Upon labeling of cell plasnraembranes and liposomes with the membrac&bocyaninedyes
DiO and Diljsee sectiorb.1 Material3, respectivelyit was observed that most liposomes rge
taken up rather than adhering to the outsidéthe cels (Sup Figur®), supportinghe hypothesis
that liposomes were mainly taken up to macrophagesl melanoma cells by endocytosis rather

than membrane fusion.



Results and discussio
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FIGUREO: DETERMINATION OFRPXUORESCENCE INSHECELINUCLEBYCONFOCAL MICROSCOPY
AFTER 0.5 H (WHITERES) AND 4 H (GREARB). HUMAN MELANONELL8JKRWEL-15A, LEFTAND
HUMAN MACROPHAGEKBRT) WERE INCUBATHDH FREE BN A CONCENTRATIORN1 uM OR THE
THREE CANDIDATE BBNRIES L2C, L11C ANIBC IN ADDITION TEBIE CONVENTIONALOSPME (CL)
ALL CONTAINING REQUAL TO 1 pM. ERR@®ARS INDITA STANDARD DEVIATIEROM THEE
INDIVIDUAL CELL BERIMENTS.

Interestingly, there was an extensive lateral diffusion of liposomal membrane dyeifiD the
cellular plasma membrangbservabldor lead candidate liposomd<c, L11c and L15€igure4],
rows 35) after 24 hoursalthough transfer of such lipophilic probes between intact membranes
was reported to be negligiblgl25] This suggests that membranes of -péhsitive candidates
decomposedor became more permeabliside the cell within the observed 24 h time spa
releasing DiD and in consequenpeesumablyalso encapsulatedDXR This effect was more
prominent in macrophagesHigure41l, D) than in melanma cells Figure4l, B), indicatinga
variable rate ofliposome decompositiordepending on the cell typewhich could be one
explanation for the observed Bfluorescence differences betweenacrophages and melanoma
cellsobtainedfrom microscopy anflow cytometry. Although little is known about the intracellular
processing of foreign materilike liposomes by macrophagpt6], staed differencesvould be
reasonable, since macrophages as scavengerarellmajorly responsible for digestion of foreign
and apoptotic material as well as celluebris andare thereforesuggested to benore effective

in decomposition of pksensitiveliposomes. Conventional liposomes did not show this dgion
pattern (Figure4l, row 6), neither in macrophages nor in melanoma cellgicating that hese
liposomesandtheir membranesemained intactor impermeablan both cell types within the 24

hour time spanwhich would explain the observed insufficient cargo release.
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FIGURE1L CONFOCAL LASER MEBIRQPY IMAGES OF HUWKLANOMA CELLS (LEFJLUMNS A AND
B) AND MACROPHAGEESHT, COLUNBT AND D) 4 AND 20OHRS AFTER INCUBATWOTH FREE RX
(ROW 2)DXRLOADEIPH SENSITIVE CANOIDAIPOSOMES (RCBA$ AND CONVENTIQNLIPOSOMES
CL (ROW 6). CELL NBICARE DEPICTEBLIVE (HOECHST 332%3R FLUORESCENCE IN MeHAND
LIPOSOMAL MEMBRANKBEL DID IN REOCONTRAST AND BRISEHSS WERE ENHANCQDAELY
ACROSS ALL PICTURE&% FOR BETTERMLIZATION.
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IMAGESTREAM

As additional method to confirm results obtained frélaw cytometryand microscopy, all samples
were subjected to the rather new ImageStream® sygi2T] It is an advanced flow cytometer
able to acquire both, high quality fluorescence images as in microscopy and integrated
fluorescence signals as flow cytometry. With this system, it wasgssible to analyze the RX
fluorescence within the whole cell, as well as theRDIKorescence that cdéocalized with the
stained nucleiAn example of the received imagesstsown inFigure42 for L15cafter 4 hours
incubation with human macrophageBesidesanalysis of the whole cell fluorescence as shown in
column A row 2, a mask for the cell nuclei as visible in column E rapplizd to the DR

fluorescence channel in column D row 2 allowed quantification ¢tmleus cdocalization.

channel brightfield DXR Hoechst 33258
cellular intracellular
whole cell membrane nucleus nucleus
compartment space
\-‘:. \.\ﬁ;, \‘;\
applied masks = A2 o
for cellular {5\@ ’\@‘ @
compartments e Nl “u 'l

inverse colors

D E

FIGURE42: IMAGESTREAM® RESUECR 15C AFTER 4 HOURSCUBATION WITH HUMAN
MACROPHAGES. APPLION OF MASKENABLED QUANTIFIONIOF DR FLUORESCENCE WITHIN
SPECIFIC CELLULARIFZARTMENTS. CELL NEIOGNVERE STAINED MVHOECHST 33258 (O®IN E,
PURPLE) AND ALLOWEDAPPLY A NUCLEUSK (COLUMN E, ROW @ DRFLUORESCENCE (Y&1,.LO
COLUMN D, ROW 2) ORDER TQUANTIFY GODCALKTION WITH THE STRINNUCLEI. INVERTED
COLOR PICTURES ARBMDED IN ROWGR BETTER VISUALION

Figure43 A and Bdepict the obtained resultafter quantification of DRfluorescence insid¢éhe

whole cellor cell nucleirespectively.
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A ImageStream®: whole cell
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FIGURE3: DETERMINATION OFRPXUORESCENCE INGAPEHE WHOLE CELL ARPCELINUCLEBY
IMAGESTREAM®TER 0.5 H (WHITARS) AND 4 H (GREARB). HUMAN MELANORELLS (UKRAEL:
15A, LEFT) AND HUMMACROPHAGES (RIGNERE INCUBATED WIFREE DN A CONCENTRATION
OF 1 uM OR THE THREANDIDATE LIPOSOMES, L11C AND LISCADDITION TO THENO/ENTIONA
LIPOSOME (CL) ALINCAINING DREQUAL TO 1 uM. ERRBARS INDICATE S2ARD DEVIATION FROM
THEE INDIVIDUAL CEKPERIMENTS.

Trends already observed results fromflow cytometryand microscopy could be confirmed by
ImageStream®. While candidate -péhsitive liposomes L2c¢, L1lc and L15c¢c showedR DX
fluorescence levels around or even above fre®kBier 0.5 and 4 hours for melanoma cells and
macrophages within the whole cell and cell nuclei, the conventional liposomes CL showed very
diminished levels dluorescencen any caseindicating that these liposomes were not capable of
effectively releasig DR (Figure43). A direct comparison of DXreleased from conventional
liposomes and DRXreleased from candidate liposomes revealed afdld increased DXrelease

capability for pHsensitive candidate lipasnes, which was even higher than thdddd increase
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obtained fromflow cytometryand microscopyThis is especially evident when results fréow
cytometry, microscopy and ImageStrearafier 4 hours incubatiormre normalized to the same
scale, with freeDXRreferringto 100% releaseFgure 44). In addition to the differences for the
conventional liposomes Clyhich showed a higher release capabilityfiow cytometry and
microscopywhen compared to ImageStreani®w cytometryresults of candidate liposomder
macrophagesHigure 44 A, right) showeda decreasedevel of fluorescencevhen normalized to
free D)R compared to ImageStream® resulfhie comparable results from the whole cell and
nuclei only measurementsould be explained by a fast diffusion of releasedRBXthe nuclei
within the observed time span of 4 hourdotably, m contrast to microscopy anitbw cytometry
results, there were only little differences of tfabsolute DXR fluorescence between melanoma

cells and macrophagessible in ImageStream®

A flow cytometry vs. ImageStream® (whole cell)
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9
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O flow cytometry

B B microscopy
microscopy vs. ImageStream® (nuclei) B ImageStream®
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FIGURE4: (A) RELATIVE RXLUORESCENCE WITHHN WHOLE CELL AXZED BFLOW CYTOMETRY
(YELLOW BARS) OR GESTREAM(PURPLE BARSDRMALIZED TO FRER REFERRING TO 100%
RELEASB)RELATIVE BKLUORESCENCE WITHINL NUCLANALYZED BMCROSCORSREEBARS)
OR IMAGESTRE®RPURPLE BARE)RMALIZED TO FRBRREFERRING TO 10@AERASEERROR BARS
INDICATE RESULTSNFRBREE INDIVIDUAELC EXPERIMENTS.
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To briefly conclude, cell experiments revealed the low toxicity of icke pHsensitivdiposomes,
rendering them suitable fdn vivoapplications, and most importantly their up to-féld increased
DXRrelease capability in comparison to conventional liposomes, moniteraflow cytometry,
microscopy and ImageStream® fouman melanoma cells and macrophages after 0.5 and

4 hours.

3.2.4 IN VIVOPERFORMANCE

In this section, recent findings obtained in a collaboration with the research group of Prbfulyler(Pharmaceutical
Technology Uni BasdJingelbergstrasse 50, 4056 Basaljtzerland are briefly illustratedZebrafishexperiments were

performed byDr. Sandro Sieber and Jonas Buck

In order to verify previous findings and evaluate their relevance umdéroconditions, the three
pH-sersitivecandidate liposomes L2c, L11c and L15c were tested in zebrafish efdbEimodel.

As already discussed in secti8rl.3 ZFEsare increasingly and successfully used to assess the
performance of hanomedicind267] Especially regarding liposome bisiibution [73][79] and
uptake into macrophagef84], the ZFE$ave shown their validity as a predictive animal model
system. To this end, the selected candidate liposomes and the conventional lipp§Chjenere
loaded with the antibiotic compounceftriaxone(Figure45) and injected into salmonella infected
ZFEsTheliposomalceftriaxone content was determinedaabsorption measuremesiat 254 nm.
Over time, salmonella accumulated predominately in zebrafish macrophages, as already
demonstrated by Torracet al. [428]. Importantly, all injected liposomes (empty and loaded) were
also sequestered to a certain extent by macrophages independefteaif lipid composition
(Sup Figuré), identified by using théransgenic zebrafish cell lirexpressinggreen fluorescent
protein (GFP) in their macrophages (see sec8dh3 p. 65). This finding i€onsistent with a
previous study, where the uptake of ngegylated liposomes by zebrafish macrophagesieen
demonstrated[284] During intracellular trafficking, nanoparticle containing macrophage
compartments are acidifie@29], whichshouldtrigger the pHsensitivecandidatsto release their

encapsulatectargo.
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FIGURRBS5: CHEMICAL STRUCTUREEBTRIAXONHSODIUM SALT HENEPTAHYDRATE)

In a next step, treated FEsvere analyzed regardgitheir overall survival ratd-{gure46). Whereas

only 20% of untreatedalmonella infected ZFESa6 dzf 6 Spbddpgh@eibuffered saline (DPBS)
control) survived after 24 hours post injectiaeftriaxone loaded lead candidatiwosomes(L2c

CEF, L11c CEF, L15¢ G&isiderablyncreased the survival ratg to 90% Theceftriaxone loaded
conventionalformulation (CLCEF) had eonsiderablyjower effect onZFEsurvival when compared

to the lead candidates, indicating insufficient release of its antibiotic cargo. Of note, empty
liposomes had no beneficial effect regarding survival. Conclusively, the sustainable release from
lead candidates was able to keep the salmonella burden at detbal le\el but was not able to
completely eradicate the infection. In contrast, the slow releasing control formul&lomas not

able to keep the salmonella burden below a critical leredulting inZFEdeath.
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FIGURE6: SURVIVAL GBALMONELLA INFECZEBRAFISH EMBRY@E)XT DIFFERENT HOBPRST
INJECTION (HPI) OFQSOMES AND CONTRQ@EE WERE INFECWHDH 300 COLONY FAORM UNITS
OF SALMONELLA (SADATREATED WITH FREEETRIAXONE (CES) POSITIVE CONTREMPTY
LIPOSOMESZC, L11C, L15C, ,CLEFTRIAXONE LOADIPDSOMES (L2C CBREC CEF, L15C GHFCEF)
OR DPBS AS NEGATIORTROL IN ADDITIONUNTREATED ZFE $R) ZEBRAFISH WERET AT 3%
AND SURVIVAL WAS BSSED BASED ON HBERT AT INDICATEMHPOINTS. EAM TREATMENT
GROUP CONSISTED DEBRAST 19 INDIVIDUAE.
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FIGURE7: CONFOCAL LASER MEBIROPY IMAGES OF TANIE REGION @FE24 HOURS POBIJECTION
OFEMPTY AND CEFTRINEKQOADE{@EF) CANDIDAIIPOSOMHESC, L11C AND L1IBCADDITION TO
CONVETNIONAL LIPO&ESMCLALL DEPICTED INUBLFREE CEF AND DBBRVED AS POSITIME A
NEGATIVE CONTROLSHECTIVELSALMONELLA ARE [HED IN RED, MACR®BHS IN GREEN.
CONTRAST AND BRICGESSI WERE ENHANCEDAHQY ACROSS ALL PIEBJBRY 40% FOR BETTER
VISUALIZATION.
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In case of the freeeftriaxone Figure47, column D row7), confocal images revealed a low
remaining burden of salmonel24-hourspost injection. On the other hand, a higher salmonella
burden was observed whedFEswvere treated withthe ceftriaxone loaded lead candidates
L2c CEF, Ll1llc CEF andéc CEFF{gure47, column A,rows 2, 4 and 6) Nevertheless, no
considerabhydifferent effect regarding the overall survival d@frEsvas observedHigure46). This
couldbe explained by the sustained release properties of the liposome formulatidrish should
mainly release their cargo intracellularlyhe once administeredee ceftriaxone dose was enough

to eradicate almost attirculatingbacteria from ZFE alreadyhours post injectia. This prevented

a further progression of the infection which resulted in the high ZFE survival. The same total dose
of ceftriaxone was administered in case of the liposome treatments. In contrast tadferégaxone,

the sustainable reased amount of liposome formulatemtftriaxone was only able to keep the
salmonella burden at a nelethal level but was not able to completely eradicate all of them
circulation Of note, ceftriaxone is sensitive to hydrolysis at itslactam structue and was
encapsulated into liposomes at least 6 hours prior injection. During this time, some of the
ceftriaxone could undergo hydrolysis and become ineffective, although this amount is reported to
be in the single digit percentage ran0] The administered freeeftriaxone was freshly
prepared prior injection into ZFE and should therefore not undergo hydrolygrtantly, the
conventional liposomefailed to release a sufficient amountadftriaxone resulting in a decreased

ZFE survival.

To concludesalmonela infected ZFHEreated with conventionaleftriaxone loaded liposomes
showed a considerably lower survival rate when comparetthéaceftriaxone loaded pksensitive

lead candidates, which were able to increase the ZFE survival to the level céfie@mxone. A
beneficial effect could possibly be achieved by treating the salmonella infection with free and
liposomal ceftriaxone, to eradicate both, salmonella in circulation and in macrophages,

respectively.
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3.2.5 PH-SENSITIVREG

Lukas Gleue contributed tgposome preparation and release/retention assays during his master thsigolymeric

amphiphiles were synthesized |G - I o the

research group of Prof. DFrey(Johannes Gutenbergnivessity, Duesbergweg 104, Mainz, Germany

Final pHsensitivecandidateliposomeslack shielding by polymeti&e PEG ohbPGas introduced

in chapter3.1. However, the advantages of steric shieldeanincludeenhanced stabilitylonger
circulation timesless tendency for aggregation, lower protein adsorption, alternated recognition
by macrophagespotential size controland modification with targeting moietigd2] To
investigate the effect of such modifications on cargo releasesgmsitivecandidateliposomes
L2c, L11lc and L15mere prepared with 5 meb of amphiphit polymerswith comparable
molecular weights, asbPGSand PE5-Salreadyintroduced in sectior8.1 In addition candidate
liposomes were also prepared withmol% of novebmphiphilicPEGghat includeketal or viny
ether (VE) moieties synthesized by the Frey groyp][39][432][199], providing pHsensitive

shielding that ould have an advantageous effect on cargo releasaluiify (table 8.

TABLEB: HYPERBRANCHED POYEBROL (HBRPBOLYETHYLENE GLYE(@PEG)AND PFSENSITIVE
KETALAND VINYLETRIPEE@ASED LIPIDS SYNTHHESBY THE FRIROURMOLECULAR WEIGHW®/{
AND MOLECULAR WEIGHITRIBUTIOR)(ARE INDICATBIALUES WERE OBTAIRROM39][141]

polymer

amphiphilic . b amphiphilic polymer formula
olymer MWin and acid cleavage reaction
poly g/mol @ g
OhbPG
hbPG 3084  1.20 /H/Ojﬂo%&o]l..
\H}\"o 35

PEG 3191 1.09 Hﬂﬁﬁj{\’ O}yl
14
M/\O/\&/\OMO/\,O\!/\O]H H*/H,0 WH

ketal-PEG 3590 1.08 144y 68 14
14 0]
+ HO H
_< \[ﬁota
o oh ol by o o oL
vinylether ]’b/OH -

3determined using 'H-NMR spectroscopy
bdetermined by SEC
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Thepreviously established protocol for cargo release was used, sulfbrhodamine b (SRb) as
model cargo and liposome incubation at pH 5.5 for 4 hours and®@7to mimic lysosomal
conditions. Physicochemical properties of the liposongestainingthe different amphiphilic
polymer modificationgneasured by DL&e slown insup table 2 with the tendencyof smaller

sizes and PDIs fehielded liposomesand comparablencapsulation efficiencies for all samples.

70 A
60 -

50 ~
OLl2c
WLlic

@ L15c

40 -

%release

30 ~
20 H

10 ~

0

no shield hbPG PEG KETAL-PEG VE-PEG

FIGURES: SULFORHODAMINE BESE IIRERCENT FRQMIMODIFIEDNO SHIELDJPOSOMES AND
LIPOSOMESONTAINING MOL:% HBPG, PEGETAIPEG OR VINHTHER (VMPEGRESULTS FOR
SENSITIVE CANDIDAIROSOMES L2C, LAND L15C IN ADDITION CONVENTIONALQS®MES (CL)
ARE DEPICTEBERROR BARS INDEEASTANDARD DEVIATIOROM THIREE INDIVIDUAL LIPQED
PREPARATNG

Results obtained from cargo release experimestiswn inFigure48 revealed thatshielding with
non pHsensitivePEGand hbPGreduced cargo releasstrongly, presumablycausedmembrane
stabilization as expectedOnly for candidate L1Jmontainingd mol%hbPG, the cargo release was
not reduced considerablystrikingly however, 5 méo of ketalPEG and VVEEG restored cargo
release capabilityalmost to the level of thenon-shielded liposomes. This indicates thae
properties of liposomal membranes containiagiphiphilicketal and VEPEG were restoredt
pH 5.5 within 4 hourfor the most part presumably due to cleaving off PEG at ketal/VE aitels
therefore reducingmembrane stabilization effectCleavage kinetics previously conductey
Worm et al. [354] and Fritzet al. [77] suggest that almost 100% of kefEG is cleaved after
4 hours incubation at pH 4, supporting aforementioned assumptio@leavage kinetics for VE
PEG however showed hdifles of around 112 hours as measured by Daneteal. [199], but

surprisingly led to comparable relse capability after formulation within liposomes.
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To further evaluate the performance opH-sensitive candidate liposomes shielded with pH
cleavable ketalor vinylether PEG in comparison to conventioliabsomes shielded witlPEG,
they wereloaded wih DXR to yield a total concentration of 1 uM amclubated for0.5 and4 hours
with human macrophages or melanoma cells (UKRV15a) andsubsequentiyanalyzed bylow
cytometry. Preliminary esultsshown inFigure49 indicatedthat pH-sensitiveliposomesshielded
with ketal and vinylether PEGhowed an average six times higher cargiease capabilitpver

conventional PEGylated liposomes

flow cytometry incubation time

3000 - melanoma cells | macrophages o.5h
O4h
2500 -
: L 0o
< 2000 {
£ | A f
£ 1500 - I
& 1000 -
)
" AT I lindidl
free L2c L11lc L15c CL free L2c L11c L15c CL
DXR|KET VE [KET VE |KET VE |PEG DXRIKET VE [KET VE |KET VE |PEG

FIGURES: DETERMINATION OFRBXUORESCENCE INSHEEWHOLE CELIFB®W CYTOMETRNTER
0.5 H (WHITE BAR®A4 H (GREY BAREJMAN MELANOMA CEIUBRWEL:-15A, LERTAND HUMAN
MACROPHAGES (RIGHNERE INCUBATED WIFREE DXR IN A CONGEANTION OF 1 uM ORETTHREE
CANDIDATE LIPOSOMEE, L11C AND L150HER SHIELDED WHHOL% KETAIPEG (KET) OR
VINYLETHEREG (VEJN ADDITION TO THEONO/ENTIONAL LIPOSOBHIELDED WITH 5 M@L
CONVENTIONAL PEGREG) ALL CONTAINDIR EQUAL TO 1 uM.

To briefly conclude fselding of pHsensitive liposomes with ketadr VEPEGcould be a pwerful
tool for future development, e.g. tpotentiallyincrease their storage stability or to achieve active
targetingby modification othe polymerswith targeting moietiesfor instanceby click chemistry

while maintaining cargo release efficiencyagbigh level



Conclusion and outlook

4. CONCLUSION AND OUTLKOO

Hyperbranched polyglycerb shielded liposomes Control of physical

behaviorand biological performance

Physicochemical parameters

The effect ofhbPG and PE@ased lipids on liposomal physicochemical parameters was
investigatedby dynamic light scattering and nanoparticle tracking analgsi revealed that
increased amonts and sizes dfibPG and PEG up to 8 miIresulted in a relative diameter
decrease of corresponding liposomes up to 50Pkhe mainexplanation of the observed
phenomenorwas suggested tbe the induced steric repulsion upon increasing amounts and sizes
of polymers whichalsodependedon theL32 £ @ YSN& Q & (i NHzO (i dgMiodynar@i@ y ¥ 2 NJXY |
volume[60][73][74] Theory based alculations indicated however only a minor increase in
liposomal surface areapon formation of smaller liposomealbeit four times moreliposomes
could be formed with a constant lipid amount oaf aliposomedouble the sizga calculationthat
waspartly backed byliposomeconcentration measurements using N&though observed non
linearity in liposomal diameter decrease can be explained for PEG with the established mushroom
brush transition thery [346], no such theorys reported forhbPG, since the architecture of those
polymers is far more compleX8ased on several simplifications, assunrather compact
structures ofhbPG were irtine with'"NMR measurementi854]and, also based on DLS results, it
was tentativelysuggestd that hbPG polymersarger than 5000 g/mobegin to sterically hinder
another even earlier than PEG chaiish comparable molecular weightéeading to a stronger
decrease in liposomaliameter at lower mole percentagekterestingly,hbPG liposomes were
overall better reproducible than PEG liposona¢though the molecular weight distribution of the
hbPG polymer was higher. This coydtbbably be explained bya higher sample viscosity of
PEGylated liposoméhat resulted in a worse mixing durindual centrifugation Incorporation of
hbPG with around 3000 g/malid not lead to an alteration ofhe liposomal diametemwhen
compared withPEGQn the same sizeindicated byDLS and NTA results, suggesting that the lateral
repulsionof smallhbPGs potentially promoting a higher curvature of the liposomal surfaceurs
above 8 mok4g whichcould be a subject for further investigatiolh became clear however, that
micelles were formedipon liposomepreparation with more than 8 me of large polymers as
indicated by DLS measurements, suggesting a completely saturated liposomal dedearded
TEM images confirmed the formation of unilamellar liposomes in closgeran sizes obtained

from DLS. Of note, the formation of more and smaller liposomes led to an absolute decrease in
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encapsulation efficiency of hydrophilic model cargo 8Rlo 50% according to the respective
liposome sizeAll in all, modification of limpmes with @ 8 mol% ofhbPG or PEG based lipids
with a molecular weight abovés000 g/mol led to the formation of small liposomes in
pharmaceutical qualityTherefore hbPG and PEG modification of liposomes, tunable in terms of
polymer size and amountoud be a powerful tool teenhane liposomalpassive targetingnd
tumor penetration ability while potentially providingenhanced stealth properties due to an
increased steric shielding of the liposomal surfficEl] Since the stealth effect ofibPG in
comparison to PEGr®t sufficiently addressable by physicochemical characterization alone, it was

further investigated in the subsequent sections.

Protein corona& macrophageuptake

ConventionalhbPG or PEG modified liposomes were analyzed in terms of their protein corona
composition by L®AS after incubation with human plasma and subsequent purification by
asymmetric flow field flow fractionation or centrifugation. Addially, cellular uptake by murine
macrophages of mentioned liposomes was investigaieire or after incubation with 5 and 100%
human plasmausingflow cytometryand confocal microscopylthough differences within the
hard corona assessed by centrifugation were observed for liposaroesaining hbPG, the
macrophage uptake wasrengly altered independently of the corona. While the uptake of
PEGylated liposomesgas decreased as expecteddareported in literature[368], the uptake of
hbPGcontainingliposomeswas surprisingly enhanced. This outcome was ceiniti@tive in many
respects, since it was expected tH#tPG as comparable hydrophilic barrier to PEG would also
induce a stealth effect which auld consequently result in a decreased recognition by
macrophagesSizes obtained from DLS revealed that liposomes with PEG of a molecular weight
around 3000 g/mol were 1.5 times smaller than liposomestaininghbPG with a comparable
molecular weight, Jich is in line with findings described in secti®i.land is reported to not
alter the uptake by macrophagesrongly[375] Overall, thelow protein adsorptionon surface
modified liposomes led to théormation of a protein corona with a specific compositiavhich
howeverseemed tonot correlate withrecognition and uptake by macrophagasindicated by
flow cytometryresults In contrast to that, the surface modification itself had a huge impact on the
latter, sincehbPGliposomesshowedan enhanced uptake to macrophagesntradictory to PEG
liposomes suggestinghat hbPG represents no classical stealth barrier as FE&e outcomes
lead to several conclusions. First of tle use of bodysimilar nanovesicles like liposomes for drug
delivery is supported btheir overall low protein adsorptionsince diseasspecific protein corona

effects and patient variations angotentially decreased23][97][98] Furthermore, the biological
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identity of liposomes can be alteredrengly by surface modifications, as shown here flPG.

¢KS fFGGSNI Oy f£SFR G2 | LI NI A Odz I NdioRocytes/ it S NB a
and macrophageswhich play a distinct role in inflammatory and infectious disedikeshuman
immunodeficiency virus (HIV) and tuberculosis in addition to asthmiderosclerosis
leishmaniasis and other macrophageesident microorganisms and msites, as well as
cancer[221]433]¢[436] It could be possible to reduce an inflammatory response of the body by
administeringhbPG liposomes with encapsulated amilammatorydrugs or cell killing drugsike
Clodronateto deplete monocytes or macrophagg32]437] In regard to cancer therapyhich

often suffers due to biological heterogeneity in metastatic tumohdPG liposomeaded with
immunomodulabrs like Interferon gamma[438] could target and activate macrophagpsesent

within tumor tissue to bestow tumor suppssive propertieand circumvent the aforementioned
heterogeneity[439] Therefore, targeting these types of cetisnbe of scienfiic and therapeut
importance.The uptake of respectively label@dPG liposomes (e.g. loaded with a contrast agent

like ®°™Tc [440]) by macrophages could also pe useful for diagnostic purposes, e.g. to asses
clearance and phagocytic activity, or to localize tumors duehi@nges irmacrophage presence

and distribution[441] In future studies, investigations usitdpPG liposomes in comparisda
liposomescontaininglinear PG, with a tailored degree of methylated hydroxylgroups as recently
reported by Schubergt al. from the group of Prof. Frej42], could yield additinal information

on the effect obranching andydroxylgroups on macrophage recognition and uptakee impact
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pharmacological effestand limitations

Biodistribution & blood circulation

Biodistribution and blood circulation of conventional, PEGylatedhdoR{ bearing liposomes was
analyzed qualitativiy and semiguantitativelyin zebrafish embryoby confocal microscopy and
subsequent image analysis to investigate the effect of the respective surface modification with
different molecular weights and amountsSindings regarding conventional liposomegevim line

with the literature and suggested fast cleararazedlow circulation haHifes due to binding to the
vasculature and uptake by macrophad#2][16] For the surface modified liposomes, results
indicated that an increased amourahd sizeof surface modification led to a qualitatively better
circulation, whichcanhowever be partly attributed to the resulting smallgpdsoral diameter

PEG liposomes circulated better thaloP G liposomeghat showed a high uptake by macrophages,
which was identified by liposom@acrophage cdocalization using a transgenic zebrafish cell line

expressing GFP in its macrophadgisdistrbution studies 24 hours post injection revealed that in
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contrast to PEGylated liposomes, distinct amountshlfG liposomes ended up within the caudal
hematopoietic tissue, a tissue which represents the reticuloendothelial system of zebrafish
embryos, furher supporting the previously observed increased uptakénlt?G liposomes by
macrophages. Additionally, more PEGylated liposomes were still in circulation and a higher
amount was extravasateid comparison tdbPG liposomes. Only liposomes with high amesuoft
largehbPG showed a relatively high extravasation close to the level of PEGylated liposomes. These
results indicate thahbPG is less efficient than PEG in prolonging liposomal circulation, mostly due
to a higher uptake by macrophageé#/hile this outcome represents a major drawback for using
hbPG liposomes as drug delivery vehicles to target cells other than phagocytiit pedigides the
unique opportunityof passively targeting cells of theticuloendothelial systemo potentially
enhance its homeostatic function against cancer cells, parasites and other microorg§&s.
Monocytes and macrophages as peripheral blood cells can infiltrate all normal tissue, which could
make active targeting ofibPG liposomes obsdks since they could be delivered to nearly all
tissues after phagocytosigiven that mentioned cells are recruited thg®29]Only future studies

can determine the capability ¢fbPG liposome to activate macrophagesh@re isalsostill a great

need of appropriately designing the whole liposome not only in regard of its surface modification,
but also in terms of iteveralllipid composition, to potentially enhance its therapeutic efficiency.

This particulataskwasexploredin part3.2.

Screening for lipd compositionsat the edge of stability

Membranestability

The membrane stability was vastigated for 18 lipid combinations usitgurdan by mixing
stabilizing lipids with modifying lipids in variegated proportions. Taerdan generalized
polarizaton value (LGP) revealed the area of beginning liposomal destabilization for 6 lipid
combinationsFor the other 12 combinations, there was no sigmoidal curvature of the LGP visible.
Several reasons could account for this phenomenon. First, conventippabines and L168
consisted of EPC, which is a heterogenous lipid mixture and therefore possess lipids with various
phase transition temperatures, which are also altered byvhsgegated cholesteradr modifying

lipid content. For those heterogenous lipcombinations|aurdan seemed to be inappropriate to
identify adistinctarea of membrane destabilization. Second, the area of membrane destabilization

could be quite narrow and was potentially missed within the used 10%metepsSmaller steps
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could hdp to identify the edge of stability for more lipid combinations. There is also the possibility
that there were no stable liposomes formed at all for several lipids, or that some modifying lipids
were not miscible with the respective stabilizing lipidsuléing in no change of the LGP curvature.
Choosing a different lipid pattern of stabilizing and modifying lipids for mixing could however
reveal more lipid combinations at the edge of stabilityremains to be investigated if other
solvatochromidluorescent membrane probes likerodan or Nile Reamongst othergould reveal
additional information about membrane stability or at least confirm the results obtained with
laurdan[443] The size and shape of tlesigmoidaLGP curvaturethat were obtainedlepended
mainly on thenature of the respectivenodifying lipid, with positively charged DOTAP destabilizing
liposomes aslightlylower mole percentages than neutral DOPE &@DAPHowever, for those

six combinations, the LGP started to alter exponentially around 40%nmi modifying lipid

content, indicating that around this point, the liposomal membramese destabilizd.

Cargorelease andetention

The edge of membrane stabilityrfive out of the six lipid compositions that showed a sigmoidal
LGP curvature could be identifieada a cargo release and retention assay using model cargo
sulforhodamine b and serdutomated size exclusion chromatography by HPLC in addition to
physicochenical characterizations conductdsy dynamic light scattering. For four samples, the
edge of stabilityfirst defined by a minimum cargo release of 80% together with the higlaegb
retention of the respective lipid compositiolied with 30 moi% of modfying lipid within the 20

40 mol% rangepreviously proposed by thaurdan assayHoweverpone sample was out of range
with 10 mot% of modifying lipidwhich wasalreadypartially indicated by a shift of the LGP curve
to lower mol% during thelaurdan &say.The edge of stability for the last sample could not be
identified within the used 10 mée¥ steps, suggesting that a sigmoidal LGP curvature does not
necessarily yield a lipid composition at the edge of stabilgiditional evaluation of cargo
encapsilation efficiency and liposomal physicochemical parameters supported the proposed edge
of stability. Liposome mdification with small amounts of CHEMS increased mandatory cargo
retention to above 90%upon storagefor three samples while, in contrast to loolesterol,
maintaining pH dependent cargo release above 5SB¥&omparison to the three final candidate
liposomes, conventional liposomes showed a cargo release ofoomiynd 10% with comparable
cargo retention, indicating that new candidate liposomes might have an enhasageability of
intracellularly releasing higher amount$ encapsulated drugsAlso,one lipid compositiorthat

could potentially be pursued in the futuseas identified as temperatursensitive, a feature that

might be of advantage falemperaturetriggered cargo releas®90] Altogether, it can be said
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that the developed method fodetermination ofcargo encapsulation, release and retentigia

SEC by HPlissuitable for high throughpuand enabled the identifiddon of the edge of stability

for three liposomeswith the previously conductelhurdan assay as a first hint to narrow down
the area of interest and therefore decrease the amountnetessarysamples. Nonetheless,
dynamic light scattering is also mandatofor stability measurements ando ensure
pharmaceutical quality of resulting liposome&ss commendable notion, the proposed screening
for cargo release and retention is only achievable after liposomal preparation by dual
centrifugation or comparable mbbds which allow simultaneous preparation of a huge number
of samples while most importantly providing high encapsulation efficiencies for hydrophilic cargo,
an important prerequisite to reliably quantify cargo release after the first purification stemctyv

is not trivial due to high dilutionOf note, preliminary results indicated that the stability of the
three identified liposomes in serum might be hampered, which would lead to a destabilization of
the liposomes before they reach their designated &drgrherefore it would be of advantage to
includestability measurements and cargo releas®l retentionassays in human seruduring the
workflow in the future since theserumproteins can alter liposomal membrane stability, as for
example by exchange of phospholipids between liposomes and lipoproteins, and therefore also

cargo release and retentigoroperties[329][444]

Intracellular drug delivery

First,a Resazurin assay revealed ltexicity of emptycandidateliposomes L2¢, L11c and L15¢c
comparable toselfpreparedconventional liposomeswvith a lipid composition of liposomes that
are used in the cliniiMyocet®pfter 72 hoursfor macrophages and melanoma cellfis suggests
that candidate liposomes are suitable for applicatioriva Upon encapsulation of DXR, candidate
liposomes showed toxicity comparable to free DXR after 24 and 72 hours, a first indication for
increasedcapabilityof releasingcargo in comparison to CLs. However, there is still a need to find
a lipid compositiorthat shows even lower toxicity, to potentially decrease unwanted side effects.
In addition, the overall DXR fluorescence after incubation ofropages and melanoma cells
with DXR loaded purified candidate liposomes and CLs for 0.5 and 4 hours was meaglomed by
cytometry. Low overall fluorescence signals for @idicated insufficient DXR release and were
probably caused by quenching effectsXR at high concentrations as present inside liposomes.
In comparison to CLsandidate liposomes showettiree times higheifluorescence signals for
macrophagesand melanoma cells, even reaching the level of free DXR for the, lattécating
cargo relase due to dequenching of the DXR fluorescence si@ubsequent microscopy

experiments enabled the quantification ofeleased DXR present within cell nuclei by
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counterstaining with Hoechst 3325&esultsafter 0.5 and 4 hours incubatioimdicated that
candidate liposomes weraround three timesmore effective in cargo release compared to,CLs
even reaching the level of free DXR in melanoma cells and macrophages. Additionally, the
observed extensive lateral diffusion lffosomalmembrane dye DiD ithin the cellular plasma
membrane after 24 hours indicated thatipid membranes of candidate liposomédmcame
decomposed or permeable, an effect not visible for Results obtained from ImageStream®
suggested an up to 10 times higher release capaloifisandidate liposomes in comparison to CLs
after 0.5 and 4 hours incubation with melanoma cells and macrophages, although in contrast to
microscopy andflow cytometry results, there was no difference in fluorescence intensities
observable between the twaell types.To identify whether DXR was released by membrane
disruption or diffusion, encapsulation dfie pH-sensitivefluorophore 8-hydroxypyrenel,3,6
trisulfonic acidHPT$[330] (Figure50 A) into candidatdiposomescould be a helpful tooHPTS is
membraneimpermeable, so a HPTS release out of liposomes would suggest liposomal membrane
disruption, while HPTS retention wouldlinate that DXR is rather released by diffusime to an
increased liposomal membrane permeability’3][174] HPTS release and retention could be
assessed by its strong ft¢pendent fluorescence at 450 nm excitation wavelength, which would
cause the fluorescence emissiondecrease uporHPTSelease in a cellular compartment with
lower pH, as present in late enslomes and lysosom¢446] A potential DXR release by diffusion
was supportd by steady physicochemical parameterscahdidateliposomes prior and after
incubation under release conditions duriagreeningseeFigure36, section3.2.2. There is also a
need to prove that liposomal cargo is retained within-géhsitive candidate liposomespon pH
increase within latendosomes antbr lysosomesThis could be obtained flrp-incubation of cells

with (R$-7-Chlor4-(4-diethylamino1-methylbutylaminojchinolin (Chloroquire, Figure50 B), a
membrane permeableveak base usually used to treat malaria and rheumatic diseatest
accumulates within acidic cellular compartments and consumes hydrogen ions due to its
protonation, while potentially also inhibiting proteolytic enzymes, leading to iacrease of
pH[447] However, it has to be taken into account that Chloroquine has been shown to inhibit
pinocytosis[448], increases lysosomal membrane stabilityvitro [449] while alsoleadng to a
swelling of lysosomeat high concentrationswvhich candecreasdysosomalmechanical stability
[450]. Alternatively ammonium chloride oMonensin[451] (Figure50 O, a polyether antibiotic,
could be usedor intracellularalkalizationor to collapseprotongradients Ammonium chloride as
lysosomotropic amind447] and Monensin as proton ionophore both raise the pH of acidic
intracellular organelles, antbnsequentlythe release from candidate liposomes should decrease.

Of note, proton gradiert and therefore the pHs quickly reestablished upon removal of
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ammonium chloride or Monensin, which could potentially enable the monitoring of release

kinetics.
A HPTS B Chloroquine C Monensin D Tobramycin
NH,
HO.. LOH
Cl N, o
3Na* m Hob““”zo"'
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FIGURE50: CHEMICAL STRUCUTRES A) HPTS (BIYDROXYPEREL3,6 TRISULFOGI ACID) B)
CHLOROQUINERE&-7-CHLOR-(4-DIETHLAMIN@-METHYBUTYLAMINE@HINOIN), (Q MONENSIN
AND D) TOBRAMYCIN.

In vivoperformance

Candidate pksensitive liposomes L2¢, L11c and L15c in addition to conventional liposomes either
empty or loaded with antibioticeftriaxone were injected into salmonella infected zebrafish
embryos. The survival rate was monitored up to 48its post injectiorand revealed an increased

ZFE survival for CEF loaded-g@fsitive candidate liposomes at the level of free CEF, while
conventional liposomes showed a considerably lower survival fidies suggests an increased
cargo release capability of candidate liposomes over conventional liposomes, although they were
not able to completely eradicate the infectioklowever it remains unclear if the candidate
liposomes released their cargo insidesthlood stream, probably caused liyosomal membrane
destabilization in the presence of serum proteins, or intracellulakl.mentioned earlier, this
problem could be addressed already during screening by incubation of candidate liposomes with
serum and subsequent quantification of cargo release and characterization of liposomal
physicochemical parameterBreliminary result$or L15csuggested that around 20% of the cargo
might already be released upon incubation with serum proteins, indicating thatrebdeffects

on survival might be caused by a combination of CEF release from the liposomes inside the
bloodstream and intracellularhAlso, the aforementioned cadministration of compounds like
Chloroquine could yield additional informatioBmpty candiate and conventional liposomes had

no effect on the ZFE survival, indicating that candidate liposomes are as suitabie Viwo
application as tested conventional liposomes, albeit differences in lipid compositiovever, CEF

might not be the optimathoice for treatment, since it is labile to hydrolysis and would therefore
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require the use of freshly prepared and purified liposomes, arpaiisite whichis not always
manageable. Therefore, other more storage stable antibiotics which can diffuse thraug
liposomal membrane upoits acidification are needed, with the additional requirement for simple
guantification of encapsulationPreliminary resultsencapsulatingthe more stable antibiotic
aminoglycosideTobramycin Figure 50 D), quantified after modification with fluorescamine
according toTekkeliet al. [452], suggestechowever that it is less membrane permeable than
ceftriaxone or probably remains trapped within endosomes/lysosomesd therefore the
treatment of salmonella infected ZFEs was less successful than with free Tobrakhsajrit has

still to be evaluated if a combination of liposomal and free antib&atan beof advantage

pH-sensitive PEG

Cargo releas@ropertiesof pH-sensitive candidate liposomes L2c, L11c and L15¢ modified with
5 mol% PEGhbPGand pH-sensitive ketaland vinyletherPEGwere evaluatecby SEC antiow
cytometry. SECesults revealed that conventional PEG &G reduced liposomal cargo release
most likely due to stabilization effects, whereas kethd vinylethefPEG shieldedposomes
showed cargo release capabilities almost at the level of their unshielded counterpiots.
cytometryresults indicated that ptdensitive candidate liposomesntainingd mot% of ketal or
vinyletherPEG were in average six times more effectiverdleasing encapsulated cargo as
conventional PEGylated liposoméedbeit differences in cleavage kinetics of the sole polymers,
ketal and vinylethetPEG led to comparable cargo release when formulated within liposomes,
probably due to negatively chargdigpid phosphates in close proximity to cleavage sites which
might accelerate hydrolysis, an effect already observed for vinyld®i€® in literatur¢453]
However, cleavage kinetics for vinyletHeEG after formulation within candidate liposomes have
still to be determined as for example by click modification of respective modified PEG with
fluorophores as conducted by Frir al. for ketatPEG77] In conclusionthe synergyof shielding
pH-sensitive liposomes with ptéensitive PEG could be a powerful tool for further development,
since it was shown that theH-dependentcargo releaseould be maintaineét a high levelwhile

the PEG shield capotentially increae liposomal stability within the blod streamand upon
storageand offers the possibility of active targetirgesidegpresentedpH-sensitivePEG, other
PEGmodificationsincluding pH-sensitivehydrazoneq183][455] or (diJorthoesters[196], [197],
[456] could also be testedn combination with candidate liposomes in the futu@f note, it
remains unclear to what extent the cleaved PEGetiescan cause side effectand that the size

of the cleaved partsanbetuned by the relative amount dPEGQncorporated 3,4Epoxyl-butene

during synthesiso potentially reduce any unwanted issugb4] All in all, pHsensitive PE@Gas
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the potential toavoid certain drawbacks associated with classical P&Greducedntracellular
cargo releaser decreaseaellular uptaken tumormicroenvironment[457]However, only future
in vivoexperiments can demonstrate thgotential and limitationsof pHsensitive shieldingn

combination with pHsensitive candidate liposomes
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5.1 MATERIALS

CARGO

Calcein

Ceftriaxone
DoxorubicinDXR)
Sulforhodamine SRb)

Tobramycin

BUFFER& CHEMICALS

AccutaséM (StemPro, cell dissociation reagent)
Ammonium bicarbonate solution

Biocoll

Chloroform

Dimethylsulfoxid (DMSO)

Dithiothreitol (DTT)

DMEM(Dulbeccos Modified Eagle Medium)

Materials and methods

Merck KGaAGermany)
Merck KGaA
Merck KGaA
Merck KGaA

Merck KGaA

ThermoFisherScientific

Waters, USA

Merck KGaA

Merck KGaA (Sigradrich)

Carl RotiGmbH(Karlsruhe, Germany)
Merck KGaA (Sigraadrich)

Gibco, USA

5dzf 6 002Qa . dzZFFSNBR { I f A yHermoFisher {Sdientific (Waltham,

Ethanol 99.5%
Fetal bovine serum
Fetal calf serum
Formicacetonitrile
Formic acid
Formic water
GluFibrinopeptide

GlutaMAXV

MA, USA)

Carl RotiGmbH
Invitrogen, Germany
ThermagFisher Scientific
Biosolve, Netherlands
ThermagFisher Scientific
Biosolve, Netherlands
Merck KGaA (Signddrich)

ThermoFisher Scientific



Glutamin
Hellmane®

Hydrochloric acid (HCI)

lodoacetamide
Leucine enkephalin
Methanol

Milli-Q water
Nitrilgloves
Paraformaldehyde

PBS 10x pH 6.8

PBS pH 7.4

Penicillin

Potassium Chloride (KCI)

Potassium dihydrogen phosphate @RI)
Primocii™

Releaséduffer pH 5.5

Resazurirsodium salt
RPMI1640 medium
Sephacryl S56BIR

Sodium Chloride (NaCl)
Streptomycin

Trehalose

Trisodium phosphatéNaHPQ)
Triton-X 100n

Trypsin
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Invitrogen
Hellma (Millheim, Germany)

VWR (Darmstadt, Germany)and
Merck KGaA (Sigraadrich)

Merck KGaA (Sigraadrich)
Merck KGaA (Sigraadrich)
Carl RotltGmbH
Merck Millipore
Carl RotftGmbH
Carl RotftGmbH

14 M NaCl, 80.6 mM NdPQ,
27 mM KCI, 15 mM kPRQ in HO

140 mM NaCl, 8.06 mM N4PQ
2.7 mM KCI, 1.5 mM KPIQ in O
(dilution of PB30x)

Invitrogen
Merck KGaA
Carl RotfGmbH
InvivoGen

0.1 M NaHPQ, 0.05 M citric acid,
7 mM KCI, 0.34 M NaCl intH

Merck KGaA
ThermacFisher Scientific
GE Healthcare Li8ciences
Carl RotltGmbH

Invitrogen

ThermcFisher Scientific
Carl RotltGmbH

Carl RotltGmbH

Gibco, Germany



TrypsinEDTA

Uranyl acetate

DISPOSABLES AND GLASSWARE

8 well pslides

86-well PP platedylack

96-well optical bottom plates, black
Disposable plastic macro cuvettes

Filter top vacuum bottles, B pore: 0.2 um, 500 mL
Folded capillary zeta cell

HPLC gks vials 1.5 mL

PCR vials for dual centrifugation, 200 pL
Pipet tips, with filter, sterile RNase/DNase free
Reaction tube, 1.5 mL and 2.0 mL

Screw cap vials, 0.65 mL and 2.0 mL

Screw cap vials for dual centrifugation
Serological pipett 10 mL /25 mL

SiLiBeads® ZY ceramic beads¢ 0.4 mm

Suprasil® quartz glass cuvette, 1 cm

Syrirge filter units, cellulose, pore: 0.2 um

DYES
DAPI

DiD(1,1-Dioctadecy,3,3',3-Tetramethylinde
dicarbocyanine, €€hlorobenzenesulfonate Salt)

DiO(3,3-Dioctadecyloxacarbocyanine Perchlorate)
eFluor™

Hoechst 33285

Materials and methods

ThermoFisher Scientific

ThermoFisher Scientific

Ibidi

Greiner

Greiner (Frickenhausen, Germany)
Sarstedt

Sarsted

Malvern Panalytical
ThermacFisher Scientific
Biozym

Starlab group

Carl RotitGmbH
CarlRothGmbH

Hettich GmbH, Germany
Sarstedt

Sigmund Lindner (Warmensteinach,
Germany)

Hellma

Carl RotiGmbH

ThermoFisher Scientific

ThermoFisher Scientific
ThermoFisher Scientific
ThermoeFisher Scientific

PromocCell
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Laurdand m-Hiectadecylo Z o Ztetr@nzethylindo

dicarbocyanine) ThermaFisher Scientific
LIPIDS

Cholesterol Carl RotiGmbH
EPQegg phosphatidyl choline) Lipoid

Following lipids were all acquired from Merck (former Sightgrich)
CHEMScholesterolhemisuccinate)

DMPC (1,8imyristoytsn-glycere3-phosphocholine)
DODAKR1,2-dioleoyt3-dimethylammoniumpropane)

DOPC (1;dioleoytsnglycera3-phosphocholine)

DOPE (1;8ioleoytsnglycera3-phosphoethanolamine

DOPG (1;2lioleoytsnglycero3-phospherac(1-gylcerol) sodium salt)
DOTAP (N1-(2,3-Dioleoyloxy)propyHN,N,Ntrimethylammoniumchloride)
DPPC (1;8ipalmitoytsnglycera3-phosphocholine)

DPPG (1;8ipalmitoytsnglycera3-phosphe(l'-rac-glycerol)sodium salt)

POLYMERIC AMPHIPHILES

All polymeric amphiphiles were synthesizasl indicatecoy ||| GcGcNGGEE
B - ' o the research group of Prof. Dr. Frey (Johannes Gutenberg

University, Duesbergweg 184, Mainz, Germany).

AD185 (BisoctadecylglycefeEGEPB (4.5 méo vinylether)) VEPEG

MW094 (BishexadecylglycerihPEG;-OH) PEGS
MW170 (BishexadecylglycedihPEG-OH) PEGM
MW191 (BishexadecylglycediPEGs-OH) PEGL
MW201 (BishexadecylglycersetaHinPEGe-Alkin) KETAIPEG
UK338 (BishexadecylglycetdiP Gs-OH) hbPGS

UK364 (BishexadecylglycetdP Gg-OH) hbPGS2
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UK367 (BishexadecylglycetdiPGos-OH) hbPGL
UK368 (BishexadecylglycetdPG-OH) hbPGM
5.2METHODS

LIPOSOME PREPARATI®ND PROCESSING

LIPOSOME FORMULAYRY DUAL CENTRIFUGATION

First, thedissolved lipid components were combined in the respective mole percentage within a
PCR tube and then pmied in a SpeedVac® vacuum centrifagernight. Afterwards, the préried

lipids were thoroughly dried for at least 3 hours using an Alpda ® (Chist) lyophilization unit

and then stored at20 °C until usage. Fatual centrifugation, 5 mmol of the dried lipids were
incubated with 9.3uL of hydrophilic cargo containing buffer for 10 min and then 350 mg ceramic
beads (SiLiBeads®) were added. Thedtauffer volume and beads weight scale linearly with the
lipid amount. After dual centrifugation for 20 min at 2500 RPM and 25 °C using a Zentrimix 380R
(Hettich GmbH, Germany), the resulting phospholipid gel was suspended inZDPBS and
submitted b DC again for 2x2 min. Resulting liposaiigpensionvas kept at 5 °C until usage

LIPOSOME PURIFICATION

Preparative size exclusion chromatography was perforwiacgn Agilent 1100 System (Agilent,
Germany)to remove norencapsulated cargo and free lipids from the nanocarrier solufidre
liposomedispensiorwas transferred from the PCR tubes to 1.5 mL HPLC glass vials witlila 100
pipette with respective tip, which omits uptake of the small ceramic begls.residue within the
PCR tube was washed with 40 of DPBS to not lose any lipid materidp to 100 pL of the
liposomedispensioras obtained after dual centrifugaticand washingvasinjected into he HPLC
system running witlbPBS at a flowrate of hl/min. A BioRad UNO Q1 colunBigRad, Munich,
Germanyfilled with 2 mL of slurnsephacryl S56BIRthoroughly cleaned with DPB#s used for
separation. A multiwavelength detector (G1365A Agilent 1100 Series, Germany) was used for
detection of theabsorption ofcargos and labels likeeftriaxon at 254 nmlaurdan at 380 nm,
calceinand DXRat 490 nm,Dil, SRIat 550 nmor DiD at 640 nmAn automated fraction collector
collected the resulting purified liposome solution with a volume of 600Tjke erapsulation
efficiency was calculated by dividing the absorbance within the liposomal fatdiday ¢he total

absorbance according to formula.



Materials and methods

b @ENLI A
29 0o pe s b L a4

The cargo release or retention was accordingly calculated as 100% minus the encapsulation

efficiency (formuldl5).

35>

NEt Bin a9 9 (15)

LAURDAN ASSAY

A mixture of 2 mmol of total lipids containing 0.1 ri6lLaurdan was used for Laurdan screening
experiments. 10 pubf obtained iposome stock dispersiongere diluted with 50uLDPBS 1x in a
black 96well polypropylene optical bottom plate (Greiner) andgcted to a M200 Pro multiplate
reader (Tecan). The sample was excited 3@ 8m and fluorescence emission intensities were
obtained at 440 (ko) and 490 nm gbo). For calculation of the Laurdan generalized polarization

value (LGP), formulkb was used.
dahTin o
[ Dtaﬁ (16)

Values for LGP were plotted against the mole percentage of modifying lipid 2 using GraphPad Prism

7 (San Diego, USA). A sigmo#Rl fit with least squares method (formuld was applied.

17)

The same formula was applied when LGP values were norm#dipeticentage of deviation from
lipid 1, with the LGP value of lipid 1 set to 0% deviation, and the LGP value of liposomes containing
10 mot% lipid 1 and 90 mé¥ of lipid 2 to 100% deviation.

PROTEIN CORONA

In order to obtain liposomgrotein complexesjiposomes were incubated in PBS containing

5 vol% human blood plasma for 1 h at 3Z under constant agitation. A Pierce 660 hm Protein
Assay (Therm&sher Scientific, Germany) was used for protein quantification according to the
Y ydzFl OG dzN@NDa Ay aidNuzOi
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ASYMMETRIC FLOW FIELD FLOW FRACTIONATION

For AF4, the postnova AF2000 system equipped with -eamtPfocuspump, a fraction collector,

an autesamples, a degasser and a smart stream splitter was uSeckgenerated cellulose
membrane with amolecular cutoff of 10kD, a 500>m spacer and a stainless steel frit were
equipped to the separation channeh 1260 Infinity fluorescence detector (Agilent Technologies,
USA) at 549 nm excitation and 565 nm emission and a UV detecto2(@RPostnovaiermany)
were used, and data was evaluated with the AF2000Control 2.0.8.0 (Postnova, GefBpdittif)g

of the channel flow resulted in a detector flow of 0.2 mL/min for the separatioBO L sample

For 7.2 min, the initial crossflow using PBS aseraliquid was held at 1 mL/min, while it was
exponentially decreased over 20 min afterwards to achieve a crossflow of 0.05 mL/min, which was
kept for 7min. Subsequently, the cross flow was exponentially lowered to 0 mL/min for elution of
remaining compoants. Liposome containing fractions were collected by an automated fraction
collector, dried using a SpeedVac® concentrator (Savant DNA120, Hhishmo Scientific, USA)
and resuspended in 350L PBS.

CENTRIFUGATION

50uL of the liposome sample were subjected to centrifugation (Siglk3 Germany) at 20 0Qp

and 4 °C for 1 h to remove unbound proteins. The liposome pellet containing adsorbed proteins
was resuspended in 1 mL PBS and washed three times by centrifugatgiated above. Finally,

the liposomes were resuspended in 200PBS, dried with a SpeedVac® and resuspendedtagain

be comparable to the AF4 procedure.

ANALYTICS

DYNAMIC LIGHT SCATTERING

Thesize, polydispersity (PDI) ardtalLJ? (i S y-pofentiél) of @0 L purified liposome samples
weredeterminedin a disposable folded capillary catl25 °Qising a Malvern Zetasizer Nano series
(UK). Liposomasampleswere dilutedin 1 mL of freshly filtered mM potassium chloride for
analysis.The water viscosity was set to 0.8872 cP, with a refractive index of 1.33 (1.59 for

liposomes) and a scattering angle of 173°.
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IMAGE ANALYSIS

Images were analyzed using Fiji application. The integrated area density of the whole zebrafish
embryoimageor of the tail imagevas subtracted by the background, which was manually selected
three times. Results showmere background corrected. Tail images were analyzed and cropped
according to Siebest al[280]In detail, ompartments A, BCand Ewere individually selected for

each image, and the mean fluorescence in each compartment was measgiigare 51).
Compartmens A refer to liposomes in circulation, B refer background fluorescencgeC to
liposomes in CHT (caudal hematopoietic tissue) antb Eextravasated liposomes outside

vasculature.

10 mol-% PEG-L 2 mol-% hbPG-S

scale bars: 100 um

FIGURES1: ZEBRAFISH EMBRYOL TMAGES RECORDEDCBSM AFTER 24 H UATION WITH
LIPOSOMES (REIDNTAININGO MOL% PEG. (LEF) OR 2 MO HBPGS (RIGHT). COMPARTMENA
(LIPOSOMES IN CIRETION), B (BACKGR@MYIC(LIPOSOMES GAUDAL HEMATOPOIEMESURND
E (EXTRAVASATED LIBRIES) WERE INDICIDUA SELECTED FORHBAMAGE AND FLUORESCE
INTENSITIES WERE RQUAIED USING APRIONFIJ]

LIQUID CHROMATOGRAPNMASS SPECTROMETRWIGEOR PROTEIN ANALYSIS

Proteins were firstprecipitated using a Preb Extract protein precipitation kit (Merck KgaA,
Germany) and then resuspended with 0.1% RapiGest SENE&EMmonium bicarbonate solution,
Waters, USA) and incubated for 15 min at 80aXalreadydescribed i{360][372][373]. 15 mM
lodoacetamide an® mM DTTboth Merck KGaA) were added to the protein solution for 1 h and
45 min at 56 °C, respectively. Reot digestion was performed using trypsin in a 1:50 ratio to
proteins and stopped on the next day using 2 pL HCI (Merck KEaAgbsolute quantification,
resulting peptide samples were diluted with 0.1% formic acid and 50 fmol/uL Hi3 e.coli standard

(Waters, USA). For proteomics, the Synapt G2 Si mass spectrometer was coupled to NanoACQUITY
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with an analytical reverseghaseC18 column(1.7> Y = > ¥ p E mm,pNaters, USA) and a
nanoACQUITY C18 trap columm (¥ = >MYy nEmmy\Waters, USAThe mobile phse at a flow

rate of 0.3uL/minconsisted of water (Agndacetonitrile (B) each containing 0.1 ¥l formic acid
Aconstant gradienstarting from 98% A and 2% B and ending at 60% A and 40% B was applied. As
reference, GltFibrinopeptide and Leucine Enkephaline (both Merck KGaA) were infused at a flow
rate of 0.5uL/min. A NanoLockSpray in positive ion mode was used for electrospiagtion,

and dataindependent acquisition (MSe) experiments were carried out. The Protenesis QI
software enabled identification of proteins and peptides, which were searched against a human
reviewed database from Uniprot, spiked with the sequence of HiBliestandard and porcine
trypsin, resulting in final protei amounts[458] Relativeprotein amounts derive from the total

amount of identified proteins.

NANOPARTICLE TRACKING ANALYSIS

A Malvern NanoSight LM10 (Malvern Panalytical, Kassel, Germany) with a sSCMOS camera and a
532 nm laser was used for nanoparticle tracking analysis of purified liposome samples. Typically,
100pL of the sample prepared for dynamic light scattering analyass farther dilutedin PBS by

the factor of 10. The sample was subjected to the analysis chamibarl mL syringe. Instrument
settings were adjusted as follows: camera level: 12, gain: 300, measurements per sample: 3,

duration: 60 seconds, temperature: 25 °C.

TRANMISSION ELECTRON MICROSCOPY

Corresponing liposome samples with a volume of 2 pL wplaced and embedded in iit-%
trehalose with 4wt-% uranyl acetate on a lacey grid. A FEI Tecnai F20 transmission electron
microscope was used for measurement at a working voltage of 200 kV. The electron micrographs
were taken by an Ultrascan 1000 (Gatahargedcoupled devic CCDramera, while the Digital

Mictrograph software (Gatan) collected the images.

ForcyreTEM, 5 2F | € ALIRaz2YS &l YLXS 46Fa GAGNAFASR 464
sample was applied to a holey carbon coated TEMagritimmediately plunged into liquid ethane.

For the measurement using the FEI Tecnai F20 TEM, cryogenic conditions were ensured using a
Gatan 92&ryo TEM holderimaging was again performed at an acceleration voltage of 200 kV and

resulting micrographs are captured by the Ultrascan 1000 (Gatan) CCD camera.
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IN VITROANDIN VIVOEXPERIMENTS

HUMAN MACROPHAGE CULTURE

Buffy coats obtained from healthy volunteers with approval by the local ethical committee
(Landesaerztekammer RhinelaRdlatinate) enabled the isolation of human peripheral blood
mononuclear cells (PBMCgia Biocoll (Merck KgAA Germany) density gradiggntrifugation.

Monocytes were extracted by plastic adherence. SIS NS K| NISAGSR dzaay3a ! OO0
Fisher Scientific) after cell growth for six days in RB&4D (Merck KGaA Germany) supplemented

with 1vaf:  KdzYly LX Fayl s t NongalOhnfan MISE (ningtaddSayid) = p
Df dzii I a! - wn-Fisher KcMilcy

MELANOMA CELL LINE UKIEY15a

UKRWel-15a cell line deriving human melanoma cells were grown in RBM¥) medium
supplemented with 10 ve¥s fetal calf serumACSThermo Fishef OA SY G A FA Q0 X Df dzi | a'!
CAAKSNI {OASYGAFAO0 YR t NAY2OAYn GHDYASAI@EGNDSY 0 ®

(ThermagFisher Scientific).

RAW264.7 CELLS

Cells were obtained from ATCC®TI@u 6! YO X OdzZt GdzZNBER Ay 5-&9a 4&dzLJ
fetal bovine serum (FBS), 100 mg/mL streptomycin, 100 U/mL penicillin and 2 mM glutamine. Cells

were seeded out in 24dvell plates with 100 000 cells per well in cukumedium after having

reached 80% confluenc¥he medium was exchanged to serfirae DMEM after 24 hours, and
fALRRa2YSa ¢SNBE FRRSR (2 | OKAS@O®S FAylt O2yOSyidN
performed using a Attune NXT flow cytometer (Therfieher, USA) at stated time points after

detachment of cells using 2.5 v trypsin (Gibco, Germany).

HUMAN BLOOD PLASMA

Ten healthy donors provided human blood plasma according to standard guidelines at the
transfusion center of the university clifdidainz, Germany. The plasma was pooled and stored at
20°C until usage. Directly before usage, the plasma was centrifuged (Sigai§ &ermany) at

20 000 g and 4 °C for 1 h in order to remove debris.
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FLOW CYTOMETRY

Human melanoma cells (UKIRAéI-15a)and human macrophages were seeded invizdll plates

containing 1 mL culture medium andl®* cells or 2.510° cells per well, respectively. Cells were

harvested afteincubation with the liposome samplesati  § SR GAYS LR AYyGA dzaAy:
deadcé t & 6SNB SEOf dzRSR dza Ay 3 T A E-Fishér Sciedificy. 6ells A (& F
were fixedby incubation for 30 min wittbPBS containing vol% paraformaldehydeA LSRII

cytometer (BD BiosciencedSA and Cytobank were used for flow cytometigd data analysis,

respectivelyj459]

CELL VIABILITY ASSAY (RESAZURIN)

Human melanoma cells (UKIRAéI-15a) and human macrophages were seeded im@8 plates
containing 0.2 mL culture mediurand 110 cells or 510* cells per well, respectively. After
incubation with liposome samples for 24 or 72 hours, Resazurin sodium salt dissolved in DPBS was
added to achieve a final concentration of 6 pg/mL. After incubation for 1 hour at 37 °C, a Sense
Beta Plus Microplate Reader (Hidex) was used for fluorescence measurements at 544 nm

excitation and 590 nm emission wavelengths.

CONFOCAL MICROSCOPY

For cargo release experimentgjrhan melanoma cells (UKRA&Il-15a) and human macrophages

were seeded in8vell p-slides (IbidiGermany containing 0.3 mL culture medium and 1@ cells

or 7.510%cells per well, respectively. After incubation with liposome samples, cells wasbed
andfixed by 30 min incubation with DPBS containing 4% @araformaldehyde. Cell nuclei were
stained using 10 uM Hoechst 33258 dissolved in DPBS, and cell membranes were stained using the
greenfluorescent cytoplasmic membrane staining kit (PromoCell). iBaLECS SP8 confocal
microscope acquired the images, which were analyzed using the Fiji appliga@n.

For protein corona experiments, murine macrophages (RAW264.7) were seeBlegihptslides

(Ibidi, Germany containing 0.3 mL culture mediuamd5-10* cells per well Prior incubation with
liposomes for 2 or 24 ttells were washed with PBS and kept in DMEM without serum for 2 hours.
After stated time points, cells were washed and fixed by 15 min incubation with PBS containing 4
vol-% RotiHistofix (Carl Roth GmbH, Germany). Cell membranes were stained usivigskell

Deep red (Thermdrisher Scientific) diluted 1:5000 in PBS. A Leica TCS SP5 Il confocal microscope
with aHC PL APO CS 63x/1.4 oil objeative serial scan mode acquired the images, which were
captured using the LAS AF 3000 software. Cell membraees pseudecolored in red and

liposomes were pseudoolored in green.
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LIPOSOMEARGO QUANITIFCATION

In order to quantify liposomal DXR content by absorption and external calibratipart of the
liposomedispersionswas transferred to a 98vell plate and cracked by adding?BS containing
5vol% of Tritor- mnn 0/ | NDXRvaBsartianc®was then measured at 488 nm using

a Sense Beta Plus Microplate Reader (Hidex).

ZEBRAFISH

Normal and transgenicebrafish embryos (ZFE) expressing a green fagenmat protein in their
macrophagesTg(mpegl:Gal4;UAS:KAEDRF vasculature Kdr: EGFPs838vere raised at 28C in
zebrafish culture media and treated with-ghenyl2-thiourea (PTU) to avoid pigment cell
formation as already described previougi$l] All zebrafish experiments were perfoed in
accordance with Swiss animal welfare regulations. At 2 days post fertilization (dpf), ZFE were
anesthetized using tricaine and immobilized in agarose (0.3% wi/v). Via the duct of Cuvier,
immobilized ZFEapprox 20 ZFE per treatment) were intraversby injecteddirectly into blood
circulationwith 1 nL of respectivéiposomes for biodistribution and blood circulation studies or
300 colony forming units (CFU) of mCherry expressing salmonella (SoB&6jvival studies
Salmonella infected ZFE werepk at 35°C for 15 min in order to allow salmonella distribution
throughout the whole ZFE. Afterwards, 3 nlLceftriaxone loaded liposomes, empty liposomes,
free ceftriaxone, or DPBS as a negative control were injesiadhe same route.ceftriaxone
loaded liposomes and fre@eftriaxone were injected at concentrations of 2Q@/mL ceftriaxone.
Infected and successfully injected ZFE were removed from agarose and kepgtGirBzebrafish
culture media. After indicated time points, ZFE stalivas determined based on the presence of
heartbeat. In addition, confocal images were taken in order to analyze biodistribution of liposomes
and salmonella. All microinjections were performed using a micromanipulator (Wagner
Instrumentenbau KG, Schoffgrund, Germany), a pneumatic Pico Pump PV830 (WPI, Sarasota,
Florida), and a Leica SBAPO microscope (Leica, Wetzlar, Germany). Confocal images were taken
using a Leica SBBMatrix point scanning confocal microscope equipped with a 40x HCXPlanApo
(NA 1.10 objective.
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