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FUR MEINE FAMILIE

»Man merkt nie, was schon getan wurde, man sieht immer nur, was noch zu tun bleibt.

Marie Curie

»,Ohne Spekulation gibt es keine neue Beobachtung.”

Charles Darwin
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Abstract

ABSTRACT

Liposomes as most important nanoparticular drug delivery vehicles already in clinical application were
prepared by dual centrifugation with increasing amounts and molecular weights of different surface
modifications like classic ‘stealth’ polymer poly-(ethylene) glycol (PEG) or novel hyperbranched
polyglycerol (hbPG). Incorporation of high amounts of large polymers resulted in an overall decrease
of liposome diameters as assessed by dynamic light scattering and nanoparticle tracking analysis, and
a qualitative increase in blood circulation within zebrafish embryos, a potential advantage for passive
targeting of tumors via the EPR effect. The cellular uptake of hbPG modified liposomes by macrophages
was considerably higher in vitro and in vivo than for PEGylated liposomes independently from the
protein corona, resulting in lower circulation times. While modification of liposomes with hbPG seems
to offer the unique possibility of effectively ‘targeting’ macrophages and therefore possesses a great
potential for the treatment of macrophage associated diseases, hbPG itself surprisingly provided a less

efficient stealth effect when compared to conventional PEG.

To enhance pharmacokinetics of liposomes as drug delivery vehicles, their design ideally combines
storage and circulation stability while also providing triggered fragility for effective release of
encapsulated drugs at the target tissue or within the target cells. Therefore, liposomes ‘at the edge’ of
stability were desired and systematically screened for, amongst others, by membrane-incorporation
of the solvatochromic fluorescent probe laurdan, ultimately leading to a few defined lipid compositions
that were considered ‘at the edge’ of stability. The identified candidate liposomes were modified with
small amounts of pH-sensitive lipid cholesteryl hemisuccinate and complied a moderately high cargo
release under late endosomal/lysosomal conditions while for the most part retaining their cargo upon
storage, as evaluated by a semi-automated size exclusion chromatography for fluorescent model
cargos sulforhodamine b and calcein. Physicochemical characterization of candidate liposomes
confirmed pharmaceutical quality comparable to conventional liposomes used in the clinic. In vitro cell
experiments revealed that candidate liposomes were non-toxic and released considerably more
encapsulated anti-cancer drug doxorubicin in comparison to conventional liposomes, which was
measured by flow cytometry, confocal laser scanning microscopy and imaging flow cytometry
(ImageStream®). While candidate liposomes with encapsulated antibiotic ceftriaxone did not surpass
the therapeutic efficacy of free ceftriaxone for the in vivo treatment of salmonella infected zebrafish
embryos, they were nevertheless able to considerably increase zebrafish embryo survival when
compared to the treatment with conventional liposomes. Finally, modification of candidate liposomes
with pH-sensitive ketal- or vinylether-PEG resulted in higher cargo release capabilities when compared

to conventional PEG or hbPG.



Zusammenfassung

ZUSAMMENFASSUNG

Liposomen, die das wichtigste nanopartikuldare Wirkstofftragersystem in klinischer Anwendung
darstellen, wurden Uber duale Zentrifugation mit steigenden Mengen und Molekulargewichten von
unterschiedlichen Oberflaichenmodifikationen hergestellt, wie dem klassischen ,Stealth” Polymer
Poly(-ethylen)glycol (PEG) oder dem neuartigen hyperverzweigten Polyglycerol (hbPG). Inkorporierung
von hohen Mengen grolRer Polymere resultierte insgesamt in einer Verringerung des
Liposomendurchmessers, gemessen (ber dynamische Lichtstreuung und Nanopartikel Tracking
Analyse, wie auch in einer qualitativen Zunahme der Blutzirkulation in Zebrafisch Embryonen, was
einen potentiellen Vorteil flr passives Ansteuern von Tumoren (iber den EPR Effekt darstellt. Die
Zellaufnahme von hbPG modifizierten Liposomen durch Makrophagen war unabhangig von der
Proteinkorona in vitro und in vivo wesentlich hoher als fiir PEGylierte Liposomen, was auch zu einer
geringeren Zirkulationszeit flihrte. Wahrend die Modifizierung von Liposomen mit hbPG die
einzigartige Moglichkeit bietet, Makrophagen effektiv anzusteuern und dadurch ein sehr grofies
Potential besitzt, mit Makrophagen assoziierte Krankheiten potentiell besser behandeln zu kénnen,
fliihrte hbPG selbst Gberraschenderweise zu einem weniger effizienten , Stealth” Effekt verglichen mit

konventionellem PEG.

Um die Pharmakokinetik von Liposomen als Wirkstofftragersystem zu verbessern, muss deren Design
sowohl die Lagerungs- und Zirkulationsstabilitat als auch die gesteuerte Instabilitat zur effektiven
Freisetzung verkapselten Wirkstoffs im Zielgewebe oder in der Zielzelle beriicksichtigen. Deshalb
wurden Liposomen ,,am Rande” der Stabilitat (iber systematisches Screening gesucht, unter anderem
durch Membran-Inkorporation der solvatochromen Fluoreszenzsonde Laurdan, was letztendlich zu
wenigen definierten Lipidkompositionen ,am Rande” der Stabilitdat fiihrte. Die identifizierten
Liposomenkandidaten wurden mit kleinen Mengen des pH-sensitiven Lipids Cholesterolhemisuccinat
modifiziert und zeigten eine moderat hohe  Wirkstofffreisetzung unter spaten
endosomalen/lysosomalen Bedingungen, wahrend der Wirkstoff bei Lagerung groBtenteils im Liposom
verblieb. Dies wurde Uber eine halbautomatische GréRBenausschlusschromatographie fur
fluoreszierende Modelsubstanzen Sulforhodamin b und Calcein evaluiert. Die physikochemische
Charakterisierung der Liposomenkandidaten bestatigte deren pharmazeutische Qualitat, die
vergleichbar mit (selbst hergestellten) konventionellen Liposomen aus klinischen Anwendungen war.
In vitro Zellexperimente zeigten auf, dass die Liposomenkandidaten selbst nicht toxisch waren und
wesentlich mehr verkapseltes Antikrebsmittel Doxorubizin freisetzten als konventionelle Liposomen,
was lber Durchflusszytometrie, konfokale Laserscanningmikroskopie und bildgebende
Durchflusszytometrie (ImageStream®) gemessen wurde. Obwohl Liposomenkandidaten mit
verkapseltem Antibiotikum Ceftriaxon die therapeutische Effizienz von freiem Ceftriaxon bei der
Behandlung von mit Salmonellen infizierten Zebrafisch-Embryos nicht Gbertrafen, zeigten sie dennoch
eine stark erhéhte Uberlebensrate im Vergleich zur Behandlung mit konventionellen Liposomen.
Schlieflich wurden Liposomenkandidaten mit pH-sensitivem Ketal- oder Vinylether-PEG modifiziert,
was zu einer erhéhten Wirkstofffreisetzungfahigkeit im Vergleich zu konventionellem PEG oder hbPG

fuhrte.
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Introduction

1. INTRODUCTION

1.1 LIPOSOMES FOR DRUG DELIVERY

Liposomes are well-investigated nano vesicles for drug delivery consisting of a large aqueous core
surrounded by one or multiple double lipid membranes. Liposomes represent the first and most
successful nanoparticular drug delivery system that made it into the clinic, although recent
progress for clinical applications has decreased incrementally, due to several challenges as detailed
later.[1] Besides drug delivery, liposomes are of interest in other scientific fields such as cosmetics,
biological model membranes or investigations on the origin of life.[2][3] Their success is based on
their ability for self-assembly [4][5], entrapment of a high variety of lipo- and hydrophilic
compounds in their membrane or core [6]—[8], respectively, high intrinsic biocompatibility [9] with
potential biodegradability [10] and therefore low toxicity while also being amenable to
modification of their physicochemical [11] and biophysical [1] properties, for example by surface
modifications [12] or changes in lipid composition [6]. They were originally discovered by English
hematologist Alec Bangham et al. in the 1960s [13][14], and their impact in biomedical areas has
expanded ever since, especially due to the fact that drug delivery plays an increasingly important
role in modern nanomedicine. There is a great need for protection of certain therapeutic
compounds, e.g. RNA or DNA, from degradation, inactivation or dilution inside the blood stream
[6], and to transport the compound to a target location while decreasing systemic side effects. All
of these can be achieved by using liposomes as drug delivery vehicle.[15] Liposomes can be
classified based on their lamellarity and size as small, large or giant uni-, oligo-, multilamellar or
multivesicular vesicles.[11] They can alternatively be classified based on their lipid composition
including surface modifications as conventional [16], stimuli-sensitive [17], sterically stabilized
(stealth) [12], ligand-targeted [18] or cationic [19] liposomes (Figure 1).[20] While conventional
liposomes consist of neutral and/or negatively charged phospholipids and cholesterol [21], stimuli-
sensitive liposomes require lipids or other amphiphilic membrane compounds amenable to
ionization or changes e.g. in conformation or lipid phase. Stimuli-sensitive liposomes are
developed to improve a controlled release of encapsulated therapeutic compounds upon stimuli,
such as pH, temperature, light, redox-potential, ultrasound, enzymes or magnetic fields. Steric
stabilization of liposomes aims to increase the liposomal half-life upon storage and in circulation.
Liposomes are typically modified with poly-(ethylene) glycol (PEG) for steric stabilization, which
can be crosslinked to lipids and integrated into the liposomal membrane during liposome
formulation.[12] Ligand-targeted liposomes aim to achieve active targeting of specific cells and
therefore respective ligands are either covalently attached to their surface or attached to PEG,

such as antibodies, small molecules, proteins, carbohydrates or peptides (sometimes also
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combined with an imaging agent for theranostics).[1][22] Cationic liposomes are (partly)
composed of cationic lipids to enhance encapsulation of negatively charged compounds like RNA

or DNA.[23]

hydrophilic
compound

FIGURE 1: 2D CROSSECTIONS OF LIPOSOMES CLASSIFIED ACCORDING TO THEIR SIZE AND LAMELLARITY AS
SMALL UNILAMELLAR VESICLES (SUV), LARGE UNILAMELLAR VESICLES (LUV), OLIGOLAMELLAR VESICLES
(OLV), MULTILAMELLAR VESICLES (MLV), GIANT UNILAMELLAR VESICLES (GUV) OR MULTIVESICULAR
VESICLES (MVV) AND A 3D SCHEME OF A LIPOSOME CLASSIFIED BASED ON ITS LIPID COMPOSITION AS
CONVENTIONAL, STIMULI-SENSITIVE, STERICALLY STABILIZED (PEG = POLY-(ETHYLENE) GLYCOL), LIGAND-
TARGETED OR CATIONIC LIPOSOME.

Liposomal membranes as simple mimics of natural cellular membranes can be composed of
extracted and purified naturally occurring lipids and/or synthetic amphiphiles that can form a
stable bilayer. Conventional liposomes typically consist of natural phospholipids extensively
present within mammalian cells as egg or soy phosphatidylcholine in combination with
cholesterol.[20] These phospholipids consist of an nonpolar fatty acid chain and a polar headgroup
and are therefore amphiphilic by nature. Due to the 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 aqueous media.[3][24] The stability of a
liposomal membrane consisting of one lipid mainly derives from electrostatic interactions and

hydrogen bonds between the headgroups as well as Van der Waals forces between the tails.[25]



Introduction

1.2 LIPIDS AND THE LIPOSOMAL MEMBRANE

Depending on their chemical structure, hydration and environmental conditions, such as
temperature, pressure, ionic strength or pH, lipids within liposomal membranes can exist in
different phases (Figure 2 A).[26]-[28] One of the three naturally most relevant lamellar phases is
the liquid disordered phase L, 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 surface. Below the
Tm of the respective lipids, the membrane is in the gel phase Lg, a solid-like state induced by tighter
lipid packing due to stronger Van der Waals interactions 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 incorporation of sufficient amounts (typically 33 — 45 mol-% [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 within the liposomal
membrane are in liquid disordered phase, incorporation of cholesterol leads to a permeability and

fluidity decrease and an overall increase of stability.[30]

nonpolar

fatty acid chains

FIGURE 2: (A) LAMELLAR PHASES OF A CONVENTIONAL LIPOSOME DEPENDING ON ITS PHASE TRANSITION
TEMPERATURE (Tm). AT AN AMBIENT TEMPERATURE T ABOVE THE Tm, LIPIDS ARE IN THE LIQUID
DISORDERED PHASE Lo, WHILE BELOW THE Tm, THEY ARE IN THE GEL PHASE Lg. UPON INCORPORATION OF
SUFFICIENT AMOUNTS OF CHOLESTEROL, THE LIPID PHASES CHANGE TO THE LIQUID ORDERED PHASE Lo.
(B) ALIGNMENT OF NEUTRAL PHOSPHOLIPID SOPC  (1-STEAROYL-2-OLEOYL-SN-GLYCERO-3-
PHOSPHOCHOLINE) DERIVING FROM EGG PHOSPHATIDYLCHOLINE (EPC), SYNTHETIC CATIONIC LIPID DOTAP
(1,2-DIOLEOYL-3-TRIMETHYLAMMONIUM-PROPANE) AND CHOLESTEROL ALONG THE LIPOSOMAL
MEMBRANE.
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This membrane tightening effect is caused by cholesterol aligning its long axis parallel to the
phospholipid fatty acid chains, with the hydroxyl group in close proximity to the carbonyl groups
of the phospholipids (Figure 2 B).[31]-[33] Due to this alignment, the cholesterol squeezes the
fatty acid alkyl chains of surrounding phospholipids so that they become more rigid, leading to a
lipid phase change from liquid disordered to liquid ordered (L,) phase, an effect that is also
achievable by incorporation of sphingomyelin.[33] If the lipids within the liposomal membrane are
in gel phase Lg, incorporation of cholesterol leads to a separation of the gel phase phospholipids,
rendering the membrane more fluid and leading to a liquid ordered phase L,. Therefore, the liquid
ordered phase represents a hybrid between the liquid disordered and gel phase. There is also the
possibility of a nonuniform membrane organization that can lead to the formation of micro
domains called lipid rafts, which are often enriched with cholesterol and reside in the liquid-

ordered phase L, while being immiscible with the liquid disordered phase L,.[27][34]

Besides the amount of incorporated cholesterol, the headgroup, charge, chain length, chain
saturation and Tm of the lipid have a major influence on liposomal physicochemical properties and
biological behavior. Sufficient amounts of positively charged lipids like DOTAP with a
trimethylammonium headgroup (Figure 2 B) can lead to an overall positive surface charge of the
liposome, which was shown to increase accumulation in vascular endothelium and to decrease
extravasation.[35] Longer fatty acid chains lead to stronger Van der Waals interactions and an
increased number of degrees of freedom, generally resulting in a higher Tm.[28] Saturated lipids
within the bilayer lead to kinks and therefore to a reduction of the accessible fatty acid chain area,
reducing Van der Waals interactions while also lowering the Tm.[36] The steric demand of the fatty
acid chain and the headgroup determine whether a lipid would form liposomes on its own or other
formations like micelles or inverted structures.[27][37] Moreover, the steric demand can be
changed by protonation, temperatures higher than physiologic temperatures, treatment with
divalent cations or dehydration, making the liposomal membrane stability amenable to

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 interactions between different lipids, for example ionic interactions, Van der Waals
forces or hydrogen bonds. Of note, lipid phases can be co-existing when liposomes are composed
of multiple lipids, which opens an n-dimensional parameter space which is difficult to
capture.[40][41] When increasing or decreasing the environmental temperature of a liposome
composed of two lipids with different Tms, one lipid reaches the phase transition prior to the

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

liposomes, enabling their manifold application.

1.3 LIPOSOME FORMULATION AND CHARACTERIZATION

Lipids possess the ability for self-assembly to liposomes upon an energy input due to the
hydrophobic effect, so the challenge in liposome preparation is not to assemble the membranes,
but to achieve liposomes of the right size and lamellarity, which is strongly dependent on the
method used for liposome preparation.[11] Liposome preparation methods can be categorized
into mechanical dispersion methods, solvent dispersion methods and detergent removal methods,
which are all passive cargo-loading techniques, meaning the cargo is encapsulated during liposome
formation. In general, hydrophilic cargo is encapsulated by dissolving 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 dissolved liposome-forming lipids, which are both then dried under
vacuum prior to (re-)hydration. In contrast to that, active or remote loading is also possible after
liposome formation, but typically requires a pH gradient and certain compounds with ionizable
groups, as for example doxorubicin in clinically relevant Doxil®.[42] Besides the numerous lab-scale
liposome preparation methods, there are only a few large-scale preparation methods. The most
commonly used methods including dual centrifugation, the liposome preparation method used in

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

LIPID FILM HYDRATION AND SIZING

For preparation of liposomes with the lipid film hydration method, a mechanical dispersion
method already used by Bangham et al. [14], the respective lipids and hydrophobic cargo are first
dissolved in an appropriate solvent (typically chloroform or ethanol) and combined in a round
bottom flask (Figure 3). The solvent is subsequently evaporated, for example by a rotary
evaporator with subsequent lyophilization, resulting in a thoroughly dry thin lipid film on the
bottom glass wall of the flask. The lipid film is subsequently hydrated by adding a suitable hydration
medium to the flask, such as phosphate buffered saline, 5% dextrose or 10% sucrose solution,
which contains the designated hydrophilic cargo.[11] Subsequent agitation at a temperature
above the Tm of the lipid or several freeze-thaw cycles [43] lead to the formation of liposomes.

However, depending on the lipids, liposome complex formation, lipid self-aggregation as reported



Introduction

for phosphatidylethanolamine (PE) [11], or viscous gel formation can occur during hydration and
agitation. The resulting liposomes can be classified as multilamellar large vesicles (MLV) with low
encapsulation efficiencies (5-15%) [15], which need subsequent downsizing by sonication,
extrusion or high pressure homogenization to 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 concentration.[24] However,
different size distributions between different liposome batches can occur, since it is almost
impossible to reproduce sonication conditions, while degradation of cargo or lipids is also not
uncommon due to the high energy input.[44] Additionally, resulting SUVs are relatively unstable
due to their high degree of membrane curvature, resulting in the formation of larger vesicles
especially upon storage below the Tm of the respective lipids. Sonication also lacks the possibility
of receiving liposomes in another size-range. However, this is achievable by extrusion of the MLVs

through a polycarbonate membrane with defined pore sizes (Figure 3).[45]

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

buffer

hydrophilic freeze-thaw
Cargo cycles

extrusion

membrane
with pores

FIGURE 3: PREPARATION OF LIPOSOMES BY THE THIN FILM HYDRATION METHOD FOLLOWED BY EXTRUSION
TO YIELD MAINLY LARGE (LUV) OR SMALL UNILAMELLAR VESICLES (SUV) DEPENDING ON THE MEMBRANE
PORE SIZE, BESIDES SOME MULTILAMELLAR VESICLES (MLV). INSPIRED BY [46].

During extrusion, the liposome sample is pressed through a polycarbonate membrane containing
pores with defined diameters smaller than the liposomes, potentially 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. Of note, extrusion 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 well-characterized 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 wanted.[47] In addition, the liposome sample
is overall diluted, and the encapsulation efficiency of the designated cargo decreases if the
extrusion is not carried out in a solution containing cargo in the respective concentration as
present within the hydrophilic core of the liposomes. Maintenance of higher encapsulation
efficiencies for hydrophilic cargo can be achieved by high pressure homogenization, a technique
in which the liposome dispersion is pumped into a so-called interaction chamber with
microchannels that separate it into two streams.[48][49] The interaction of the resulting streams
at high velocities under high pressure around 150 bar leads to the formation of SUVs.[50] While
this process is scalable to several liters for industrial purposes, it lacks the possibility of
downscaling for laboratory purposes, with 10 — 20 mL of liposome dispersion volumes as lower

limit.[51]

OTHER PREPARATION METHODS

During the so-called solvent 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, typically diethyl-, isopropyl-ether or
ethanol, it is also referred to as ether or ethanol injection method, respectively.[52] While ether
can be removed under vacuum, the removal of ethanol is difficult due to formation of an azeotrope
with water. This is a major drawback of this method, since even traces of ethanol can affect
liposomal stability and could represent a possible health risk for in vivo applications.[53] Other
disadvantages are the typically broad size distributions between SUVs and LUVs of the resulting
liposomes, the cargo exposure to higher temperatures and to organic solvent, and the low
encapsulation efficiency for hydrophilic molecules, although typically higher than for the lipid film
hydration method.[15] The ethanol injection method can be improved to be scalable for industrial
production of several liters of liposome dispersions by using a cross-flow injection module.[54][55]
With this module, it is also possible to control the size of the formed liposomes to a certain extent,
which depends on the dissolved lipid concentration, the injection tube diameter, the injection
pressure and the flow rate of the aqueous buffer.[56] It is also possible to form an emulsion by
sonication or mechanical agitation upon injection of the dissolved lipids in aqueous buffer before

removal of residual solvent, which is referred to as reverse phase evaporation method.[57]
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Encapsulation efficiencies for hydrophilic cargo of 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 changes of therapeutic RNA, DNA strand breaks or denaturation of
proteins. The detergent removal technique represents another possibility for liposome
formation.[52] In this technique, detergents like Triton-X 100 ™ at or above their critical micelle
concentration are used to solubilize the lipids.[58] Removal of the detergents, e.g. by dialysis [59],
gel filtration [60] or adsorption to polystyrene beads [61] leads to the formation of LUVs.
Liposomes prepared this way are highly reproducible and show narrow size distributions.

However, traces of detergent could remain within the liposomes.

Besides passively loading therapeutic compounds into the liposomes during preparation, a
transmembrane pH gradient enables the active loading of suitable amine drugs after liposome
formulation, including the anti-cancer drug doxorubicin.[62][63] The gradient can be achieved by
adjustment of the buffer pH during lipid hydration and increase of the exterior buffer pH after
liposome formation, for example by addition of alkaline buffer or complete buffer exchange via

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

DUAL CENTRIFUGATION

Dual centrifugation (DC), first described by Massing et al. in 2008 [64], is a passive cargo loading
mechanical dispersion technique for liposome preparation. As in the thin film hydration method,
dissolved lipids and hydrophobic cargo are combined in a reaction tube and pre-dried thoroughly
by lyophilization. Reaction tubes are available in a broad range from small PCR tubes with volumes
of 200 uL to polypropylene tubes with volumes of up to 50 mL, enabling up- and downscaling of
liposome batches for laboratory use or even pre-clinical in vivo trials. The dried lipids are
subsequently hydrated with an appropriate aqueous buffer containing the designated hydrophilic
cargo. The amount of added water is chosen to be just enough to hydrate the polar headgroups of
the respective lipids. If hydrophilic polymers like PEG are part of the lipid composition, more water
for hydration is needed. Furthermore, glass or ceramic beads are added to the reaction tube for a
higher energy input and a better homogenization during DC. The dual centrifuge is constructed
like a conventional centrifuge but has a second rotary axis with an offset of 40° to the main rotary
axis. This spins the sample holder containing the reaction tubes (which are aligned horizontally) in

the opposite direction as compared to the main rotary axis while in operation (Figure 4 A).



Introduction

A DCside view DC top view

low impact

y KA

' high impact
lipid dispersion
with beads

1

sample
movement

270°

FIGURE 4: (A) PRINICPAL OF DUAL CENTRIFUGATION (DC) AS SIDE VIEW. A MAIN AXIS (1) AND A SECONDARY
AXIS (2) DISPLACED BY 40° TURN CONTRARY AND LEAD TO AN EFFECTIVE HOMOGENIZATION OF THE LIPID
DISPERSION WITHIN THE SAMPLE HOLDER (3), WHICH IS FURTHER INCREASED BY THE ADDITION OF BEADS
TO THE LIPID DISPERSION. (B) SAMPLE MOVEMENT (GREY ARROWS) WITHIN THE REACTION TUBE RELATIVE
TO THE MAIN AXIS (1) DURING DC DEPENDING ON THE ROTATION OF THE SECONDARY AXIS (2) WITH 0°,
90°, 180° AND 270° AS EXAMPLE FOR SAMPLE HOLDER PLACEMENT (3), LEADING TO LOW AND HIGH
IMPACTS ON THE TUBE WALL. INSPIRED BY [65].

During DC, the viscous lipid dispersion gets pressed to the tube wall by the main rotation, while
the second rotation simultaneously skids it within the reaction tube with up to 1000 x g, leading to
a strong homogenization (Figure 4 B). Vertical sample orientation is also possible but leads to less
effective homogenization when small amounts of sample material are used. As a result, a vesicular
phospholipid gel (VPG) is created.[66] This VPG is reported to be stable upon storage [65] but can
also be used directly to form liposomes by addition of aqueous buffer to the reaction tube and
another short subsequent DC run. The resulting liposome dispersion can be separated from the
ceramic beads by filtration or by pipetting the dispersion and then rinsing remaining beads with
small amounts of buffer in order to retain the whole sample. This preparation method has several
advantages over aforementioned methods, mainly the high encapsulation efficiencies (EE) for
hydrophilic cargo of around 50% or even higher as reported for siRNA by Hirsch et al. [67]. The
scalability from several grams down to milligrams of total lipid enables a broad applicability range
and makes the use of cost intensive materials economically feasible. The simultaneous preparation
of up to 80 individual liposome batches within 30 minutes also qualifies this method suitable for
screening purposes. By using aseptic tubes for liposome preparation and by placing the DC under
a flow bench, it is possible to prepare liposomes in a sterile manner. DC typically does not require
subsequent work-up as extrusion, and with just one instrument needed, it is quite feasible and

easy to learn. Resulting liposomes can mostly be classified as LUVs of diameters in the range of
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100 — 500 nm. The resulting liposome size and cargo encapsulation efficiencies are mainly
dependent on the lipid composition and the volume ratio between cargo, lipids, buffer and ceramic
beads. The DC device can also control the temperature during liposome formulation, which
prevents overheating and therefore enables protection of temperature sensitive material within
the sample, for example proteins from degradation, as already shown by Parmentier et al. [68] and
Pohlit et al. [69]. In addition to numerous reports in the literature with DC as liposome formulation
technique [70]-[76], other nanovesicles like polymersomes only composed of synthetic
amphiphilic polymers were also shown to be producible by DC [77]-[79]. While this technique
combines excellent features for laboratory or pre-clinical scale formulation of liposomes, it has not

been scaled for industrial purposes yet.

LIPOSOME CHARACTERIZATION

In order to be applicable for pharmaceutical use, liposomes need to be thoroughly characterized
in terms of their size, size distribution, polydispersity, shape and lamellarity, zeta potential, cargo
encapsulation efficiency and cargo release, which all depend on the lipid composition, cargo
properties and liposome formulation method.[11] Aforementioned liposomal properties can
determine liposome aggregation [80], stability [81], fate and transport [82], circulation time [83],
toxicity [84], biological uptake [35] and therapeutic efficiency [85]. The liposomal size and size
distribution is mostly measured by dynamic light scattering (DLS), a photon correlation
spectroscopy method.[86] It is a common tool for measuring the liposomal hydrodynamic radii
given that the liposomes are (near-)spherical, the distribution is monomodal and relatively
monodisperse and the sample is measured in a suitable dispersant.[87] The hydrodynamic radius
Ry is calculated from the liposomes’ diffusion coefficient D, the absolute measurement
temperature T, the Boltzmann constant ks, and the solvent viscosity h by using the Stokes-Einstein

equation (formula 1).

Ry=ork (1)
Diffusion coefficients derive from autocorrelated temporal intensity fluctuations of the scattered
photons, which depend on the Brownian motion that increases with decreasing liposomal size. The
size distribution or sample polydispersity index (PDI) is a dimensionless parameter that can be
received from a cumulants fit of the obtained DLS data [88], with indices below 0.3 indicating
narrow distributions desirable in pharmaceutical applications [83], and indices above 0.7 indicating
broad size distributions not suitable for DLS measurements. However, such polydisperse samples

can be more effectively addressed by the rather new technique called Nanoparticle Tracking
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Analysis (NTA).[89]-[91] NTA also utilizes the Brownian motion of the liposomes and their
scattered light in order to obtain their hydrodynamic radii via the Stokes-Einstein equation, but in
this case, only a small frame of the total sample is analyzed by a x20 magnification microscope

objective with a mounted charged coupled device (CCD) camera (Figure 5 A).
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FIGURE 5: (A) PRINCIPLE OF NANOPARTICLE TRACKING ANALYSIS (NTA) INSPIRED BY [91]. A LASERBEAM
GETS DIRECTED THROUGH GLASS INTO THE LIPOSOME DISPERSION. LIPOSOMES SCATTER THE LASER BEAM,
AND THE SCATTERED LASER BEAM IS RECORDED BY A CHARGED COUPLED DEVICE (CCD) CAMERA ATTACHED
TO A MICROSCOPE. A PROGRAM ANALYZES THE LIPOSOME MOVEMENT AND YIELDS A SIZE DISTRIBUTION.
(B) PRINCIPLE OF ASYMMETRIC FLOW FIELD FLOW FRACTIONATION (AF4) INSPIRED BY [92]. THE SAMPLE IS
INJECTED INTO THE ASYMMETRIC CHAMBER CONTAINING THE MAIN FLOW WITH A PARABOLIC FLOW
PATTERN. A PERMEABLE WALL ON THE BOTTOM LEADS TO A CROSSFLOW. SMALL LIPOSOMES CAN DIFFUSE
BACK TO THE FAST FLOWING CENTER OF THE MAIN FLOW DUE TO HIGHER BROWNIAN MOTION COMPARED
TO LARGER LIPOSOMES, WHICH REMAIN CLOSER TO THE PERMEABLE WALL AND THEREFORE FLOWING
SLOWER AND ELUTING LATER. THIS ENABLES THE SEPARATION OF LIPOSOMES BASED ON THEIR
HYDRODYNAMIC RADII.

The camera records a video of the laser scattered light from the liposomes within the frame, with
approximately 100 um x 80 um x 10 um as typical dimensions of the frame covering only hundreds
of liposomes, and a program tracks the movement of each particle individually. The distance
moved can then be converted into particle sizes, and accumulated results of all particles measured
yield a size distribution profile. In comparison to DLS, around 10 times less lipid material is
necessary for measurement, particle concentrations can be obtained, and small amounts of large
particles or aggregates do not comprise the accuracy of the measurement. However, the total
number of measured liposomes is several orders of magnitude lower than in DLS. All in all, NTA is

a valuable complementary technique to DLS.

Another method for liposome size determination is size exclusion chromatography (SEC), even
enabling the separation of liposomes with different hydrodynamic radii, for example by using

Sephacryl-S100 to separate liposomes between 30-300 nm in size.[11] Via retrieved retention
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times, diffusion coefficients can be obtained and based on that information the Ry can be
calculated. Although less popular than SEC in the past, but now increasingly being used in a wide
range of research areas [93][94], asymmetric flow field flow fractionation (AF4) can be used for
liposome size determination.[95] In this chromatography-like technique, the liposome containing
sample flows within an asymmetric ribbon-like channel, while a second flow perpendicular to the
main flow (crossflow) moves the liposomes towards a permeable wall (Figure 17 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 the Stokes-Einstein equation. 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 crossflow guides the liposomes to the bottom, but
their natural Brownian motion allows them to diffuse back into the channel, with larger particles
remaining lower and smaller particles diffusing back to 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 free and unbound
compounds. The limitations of AF4 comprise the small amounts of sample that are applicable, the
irreproducibility of results with another solvent, and the necessity of development and
optimization of different instrument settings and running methods for more complex samples.[92]
AF4 can even be coupled to transmission electron microscopy (TEM), which provides more
information about the liposomal shape and lamellarity.[97] In TEM, the liposome dispersion is
placed on a carbon grid and a beam of electrons is transmitted through them. Due to differential
electron scattering depending on the mass-thickness difference between the liposomes and the
surrounding solution containing trehalose (a-D-glucopyranosyl-a-D-glucopyranoside) as
preservative [98], an electron image is generated. To increase the overall mass density and
therefore the contrast of the image, the sample is negatively stained with uranyl acetate.[99] The
image is magnified by a microscope and recorded by a CCD camera.[100] In Cryo-TEM, the sample
gets vitrified in liquid nitrogen or ethane without crystallizing, omitting dehydration and staining

while preserving the liposomal structure.[101]-[103]

The zeta potential of liposomes is 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 plane.[104] The electric double layer is formed when liposomes are dispersed inside a
solution. It consists of the inner, strongly adhered Stern layer containing molecules or ions with an
opposite charge to that of the liposome. The outer layer consists of negative and positive charges
and is more diffuse.[105] Upon electrophoresis, the liposomes move towards the opposite
electrode depending on their charge. The potential at a hypothetical slipping plane between the

diffuse outer electric layer of the liposomes and the dispersant is referred to as zeta potential Z. It
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can be calculated from the dispersant viscosity n, the relative permittivity/dielectric constant &,
the permittivity of vacuum &, and the electrophoretic mobility of the particle u. by using the
Helmholtz-Smoluchowski equation (formula 2).

. ok
= )

The electrophoretic mobility u. can be calculated by dividing the particle velocity V by the electric
field strength E, which are both known quantities. The actual surface potential on the liposomes

also referred to as Nernst potential can however not be measured.[106]

Cargo encapsulation efficiencies (EE), meaning the percentage of encapsulated cargo of total cargo
added, can be determined by separation of the cargo-containing liposomes from free cargo
present on the outside. It can be achieved either by dialysis [107], centrifugation [108] or size
exclusion chromatography [109]. Cargo release can be measured by the same methods, after

respective incubation of the liposomes with appropriate buffer or plasma.[110]

1.4 LIPOSOME SURFACE MODIFICATIONS AND ‘STEALTH’ EFFECT

Liposomes can get surface modified, typically in order to improve their drug delivery efficacy or
storage stability. After liposome discovery, initial enthusiasm cooled down since first in vivo
experiments revealed certain disadvantages, such as low circulation times, low stability, and high
uptake into the kidney, spleen, reticuloendothelial system (RES) and liver.[111][112] This behavior
can be explained by binding of opsonins to the liposomal surface that form the so-called protein
corona, which is comprised of selected serum proteins, for example certain immunoglobulins [113]
or beta 2-glycoprotein [114], mediating the recognition of liposomes by macrophages. The
complement component system [115] is also able to enhance liposomal uptake by the RES as well
as initiating liposome lysis and subsequent cargo release. However, serum proteins like serum
albumin or immunoglobulin A have shown dysopsonic properties and therefore inhibit liposome
phagocytosis.[116] Therefore, the composition of the protein corona and the ratio between bound
opsonic and dysopsonic proteins on the liposomal surface determines the rate of liposomal
clearance. The low stability of conventional liposomes in vivo can be explained by their interaction
and lipid exchange with high (HDL) and low density lipoproteins (LDL). Incorporation of cholesterol
and using saturated instead of unsaturated lipids for liposomal membrane formation was shown
to lead to an increased stability and a reduction in lipid transfer to HDL. However, this strategy was
not enough to fully overcome the binding and exchange with serum components, which is why a

liposomal surface coating using rather inert molecules that can form a spatial barrier around the
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liposome was needed. This so-called steric stabilization [117][118] can be realized by a variety of
hydrophilic glycolipids and polymers [119]-[121], with brain-tissue-derived monosialoganglioside

(GM1) and poly-(ethylene)glycol (PEG) coated liposomes as the best studied systems (Figure 6 A).

GM1, a sialic acid-containing glycosphingolipid, is exclusively present on plasma membrane
surfaces and increases the circulation half-life of native red blood cells.[122] GM1 as natural and
PEG as synthetic material both possess flexible chains that occupy the liposomal surface and
therefore reduce binding of opsonins, leading to a diminished liposome recognition by the RES
(Figure 6 B). For this reason, liposomes that possess such a steric barrier are also referred to as
‘stealth’ liposomes, meaning they evade detection by the RES. The surface of the liposomes can
be modified with such molecules either by incorporation during liposome formulation, physical
adsorption or covalent binding to reactive surface moieties.[123] PEG is often modified with
cholesterol or dialkyl-moieties, for example with 1,2-disteaoryl-sn-glycero-3-phospho-
ethanolamine (DSPE), that render the molecule amphiphilic and suitable for liposome

incorporation during formulation.

It was shown that incorporation of 10 mol-% GM1 into liposomes reduced their uptake by the RES
in mice by 90%, therefore also leading to increased blood circulation times.[124] However, this
effect was only observable in mice and not observable upon removal of the sialic acid moiety,
indicating that this part of the molecule is essential to avoid macrophage uptake.[125] Therefore,
two possible mechanisms or their combination might contribute to the reduced recognition and
uptake of GM1 liposomes by the RES: (i) reduced opsonization and/or (ii) binding of dysopsonins.
GM1 liposomes have been investigated by Taira et al. [126] for oral administration, with results
suggesting that GM1 liposomes have a higher possibility of surviving the gastrointestinal tract than
conventional liposomes. Also, Mora et al. [127] observed crossing of the blood-brain-barrier (BBB)
by GM1 liposomes in rats, and subsequent quantification of an encapsulated brain-tracer revealed

a higher uptake in the rat brain compared to conventional liposomes.
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FIGURE 6: (A) MOLECULAR STRUCTURES OF METHOXYPOLY-(ETHYLENE) GLYCOL (MPEG) ATTACHED TO 1,2-
DISTEAORYL-SN-GLYCERO-3-PHOSPHOETHANOLAMINE (DSPE) AND GLYCOLIPID GM1. (B) LIPOSOME
RECOGNITION BY MACROPHAGES DEPENDS ON OPSONIN BINDING TO THE LIPOSOMAL SURFACE, WHICH IS
THOUGHT TO BE INHIBITED BY PEG AND GM1 AND IS REFERRED TO AS ‘STEALTH EFFECT'. PEG CAN
UNDERGO CONFORMATIONAL CHANGES FROM MUSHROOM REGIMEN (GREEN) TO BRUSH REGIMEN
(ORANGE) UPON INCREASING GRAFTING DENSITY OR PEG CHAIN LENGTH.

PEG and the EPR-effect

The linear polyether diol PEG is the gold standard among different polymers investigated for steric
stabilization of liposomes due to its biocompatibility [128], solubility, low toxicity [129] and
immunogenicity [130] and good excretion kinetics [131]. PEG is typically incorporated into
liposomes by cross-linking it to a lipid like 1,2-disteaoryl-sn-glycero-3-phosphoethanolamine
(DSPE) as shown in Figure 6 A.[132][133] Besides modification of liposomes with PEG, several other
therapeutic compounds such as proteins and peptides can be derivatized with PEG to increase

their stability, solubility and half-life while decreasing toxicity, clearance and immunogenicity.[134]
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The main advantage of modifying liposomes with PEG (PEGylation) is the strongly reduced uptake
by the RES, therefore prolonging blood circulation times due to a reduced interaction with cell-
surfaces and plasma proteins because of the steric hindrance effect.[135][136] It is also possible
that dysopsonins bind to PEGylated liposomes, further reducing uptake by the RES.[137][138]
Additionally, liposome aggregation is avoided by PEGylation due to a stronger interbilayer
repulsion.[139] The stealth effect of polymers like PEG depends on their properties like size
(molecular weight / length), uniformity, flexibility or grafting density on the liposomal
surface.[132][140] Fortunately, the molecular weight of PEG can be tuned during synthesis
depending on the intended purpose. As proposed by de Gennes et al., PEG can undergo
conformational changes depending on the available distance between each polymer.[141] At low
grafting densities or by using short PEG chains, the flexible PEG is in the so-called mushroom
conformation, meaning it possesses a rather diffused globular structure. When the steric repulsion
between single chains increases at higher grafting densities or by using long PEG chains, they
extend in a rather elongated conformation called brush (Figure 6 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 conformation.[142][143]
As a result of increased circulation times, PEGylated liposomes are capable of accumulating in
tumors and infracted areas via the enhanced permeability and retention (EPR) effect
(Figure 7).[144]—-[147] Due to the fact that most solid tumors rapidly grow, newly built blood
vessels (angiogenesis) exhibit an enhanced permeability to ensure sufficient nutrient and oxygen
supply. Long-circulating liposomes therefore accumulate passively within tumor tissue, which is

also referred to as passive targeting, while barely passing healthy vasculature.[148][149]
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FIGURE 7: CROSS SECTION OF A BLOOD VESSEL WITH CIRCULATING CONVENTIONAL AND PEGYLATED
LIPOSOMES. WHILE CONVENTIONAL LIPOSOMES GET RAPIDLY CLEARED BY THE RETICULENDOTHELIAL
SYSTEM (RES), ENDING UP MAINLY IN THE LIVER AND SPLEEN, PEGYLATED LONG CIRCULATING LIPOSOMES
CAN PASS DEFECTIVE TUMOR VASCULATURE AND THEREFORE ACCUMULATE WITHIN TUMOR TISSUE,
WHICH IS ALSO REFERRED TO AS ENHANCED PERMEABILITY AND RETENTION (EPR) EFFECT. INSPIRED BY
[150].

Besides mentioned advantages, it has to be pointed out that PEGylated liposomes, like PEGylated
liposomal doxorubicin (Doxil®), are not biologically inert and can induce activation of the human
complement system.[151][152] The so-called accelerated blood clearance (ABC) phenomenon
leads to a fast clearance of PEGylated liposomes that are administered after the first injection, due
to antibody production against PEG.[153][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 PEG-dilemma [155][156], a problem further discussed in section
1.5. Coupling PEG to cell targeting ligands, also referred to as active targeting, is one way to

overcome the inhibited cellular uptake of PEGylated liposomes.[155]

Active targeting

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

overexpressing a receptor as docking-site (Figure 8).[157]



Introduction

C

B post-coated
inaccessible pre-conjugated

HS™ s~
targeting %@5% OE?O — Om malzijrgiifii—;hiol
ligands
g %—’
2 flo )

X D
A S Gl ‘E} 3 ost-coate
post-inzerted Sﬁ&*}%\b}v 5';’. ‘()D mzlti:unct;to:al =
W=

A 7 N

IS aﬁ EGER TR N—
P . A
pEc 7 9 X NN
/ i e
accessible FpDA
targeting ligand 1
nucleus cancer cell 2™ ligand

FIGURE 8: ACTIVE TARGETING OF LIPOSOMES TO CELLULAR RECEPTORS LIKE ENDOTHELIAL GROWTH
FACTOR RECEPTORS (EGFR), FOLATE RECEPTORS (FR) OR TRANSFERRIN RECEPTORS (TfR). (A) TARGETING
LIPID-PEG-LIGAND CONJUGATES POST-INSERTED INTO THE LIPOSOMAL MEMBRANE AFTER LIPOSOME
FORMULATION. (B) PRE-CONJUGATED LIPID-PEG-LIGANDS INCOPORATED DURING LIPOSOME
FORMULATION, WITH INACCESSIBLE TARGETING LIGANDS ON THE INSIDE OF THE LIPOSOMAL MEMBRANE.
(C) POST-COATED LIPOSOMES CONTAINING MALEIMIDE-PEG MOIETIES, COUPLED TO THIOL BEARING
TARGETING LIGANDS VIA THE MALEIMIDE-THIOL ADDITION. (D) POST-COATED MULTIFUNCTIONAL
LIPOSOMES CONTAINING PEG WITH TERMINAL ALKYNE-MOIETIES FOR THE COPPER CATALYZED AZIDE-
ALKYNE CYCLOADDITION (CuAAC) WITH RESPECTIVE TETRAZINE-FUNCTIONALIZED LIGANDS, WHILE ALSO
CONTAINING PEG WITH TERMINAL NORBORNENE MOIETIES FOR THE INVERSE ELECTRON DEMAND DIELS-
ALDER CYCLOADDITION (IEDDA) WITH RESPECTIVE TETRAZINE FUNCTIONALIZED TARGETING LIGANDS
(PURPLE).

Such ligand-targeted liposomes have been shown to reduce side effects in healthy tissue while
enhancing cellular uptake to target cells.[158] Lipid-PEG-ligand conjugates can be post-inserted
into preformed liposomes, resulting in liposomes with targeting ligands on their surface
(Figure 8 A).[159] However, cargo leakage can occur during this post-insertion, and subsequent
removal of free lipid-PEG-ligand conjugates is necessary. Additionally, an effective insertion is
hindered at higher PEG grafting densities, which makes a reproducible insertion challenging.[160]
Another possibility is to incorporate the lipid-PEG-ligand conjugates during the liposome
formulation step (pre-conjugation, Figure 8 B).[161][162] This leads to a statistically even
distribution of lipid-PEG-ligand conjugates on the inner and outer surface of the liposomal
membrane. However, this approach has the disadvantage that the ligands on the inner liposomal

membrane are inaccessible for targeting, while liposomal characteristics such as stability or drug
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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 formulation with
the so-called post-coating method.[163] To achieve this, the hydroxyl group at the end of the lipid-
PEG chain is chemically modified to be reactive for mild ligand coupling with respectively modified
ligands. For example, exposed maleimide moieties would be suitable for thiol-coupling in a Michael
addition with thiolated antibodies or proteins containing accessible cysteines [164] (Figure 8 C).
Another possibility are the so-called click-reactions [165] with e.g. norbornene moieties for the
inverse electron demand Diels-Alder cycloaddition (IEDDA) with a tetrazine-modified ligand, or
azide/alkyne moieties for the copper catalyzed azide-alkyne cycloaddition (CuAAC) [166], or a
combination to achieve multifunctional liposomes as reported by our group [167] (Figure 8 D).
Such multifunctional liposomes could potentially be of advantage for the treatment of multidrug
resistant cancer.[77] Attractive targets in cancer-cell therapy for active targeting (Figure 8) are,
amongst others (i) endothelial growth factor receptors (EGFRs) [168], whose targeting led to a
better internalization of anti-cancer drug doxorubicin containing liposomes bearing PEG-DSPE
maleimide-thiol coupled with an appropriate antibody (FabV fragments of cetuximab, a
monoclonal immunoglobulin G antibody) [169]. Additionally, an efficient transfection of small
interfering siRNA from cationic EGFR-targeted liposomes to lung cancer cells in mice was
reported.[170] (ii) Folate receptors (FR), which are overexpressed in cancer cells since folate is
essential for cell proliferation after reduction to tetrahydrofolate. FR targeting was shown to
increase the internalization of PEG-folate containing liposomes loaded with doxorubicin.[171] (iii)
Transferrin receptors (TfR), which are overexpressed in cancers due to a higher cellular iron
demand. Targeting TfR with lipid-PEG-transferrin containing liposomes was shown to enhance
therapeutic efficiency against liver cancer when compared to non-targeted liposomes.[172]
Unfortunately, the receptor presence and density on cancer cells varies between cancer types,
patients and possibly also within one patient, which is why ligand-targeted liposomes were not
able to surpass passively targeted liposomes in therapeutic efficiency yet.[173] Additionally,
coupling of targeting ligands like antibodies to liposomes is cost-intensive and leads to a more
complex drug delivery system. Therefore it is more difficult to achieve pharmaceutical quality,

explaining the slow progress of such systems in clinical development.[174]

PEG alternatives

Besides the gold-standard PEG, there is an ongoing research for other hydrophilic, soluble and
biocompatible polymers that can be used for steric stabilization of liposomes.[175] Some examples

from the literature are poly(acryl amide) (PAA) [176] , poly(vinyl pyrrolidone) (PVP) [1771[178],
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poly(vinyl alcohol) (PVA) [179], poly(2-methyl-2-oxazoline) [180], phosphatidyl polyglycerol [181]
and poly[N-(2-hydroxypropyl)methacrylamide] (poly(HPMA)) [182] (Figure 9). All the mentioned
polymers possess a highly flexible main chain and have been shown to decrease liposomal
clearance and therefore increase circulation times in a comparable manner to PEG, influenced by
grafting density and polymer size.
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FIGURE 9: MOLECULAR FORMULAS OF POLYMERS USED FOR STERIC STABILIZATION OF LIPOSOMES. SHOWN
ARE POLY(ETHYLENE)GLYCOL (PEG), POLY(ACRYL AMIDE) (PAA), POLY(VINYL PYRROLIDONE) (PVP),
POLY(VINYL ALCOHOL) (PVA), POLY(2-METHYL-2-OXAZOLINE), PHOSPHATIDYL POLYGLYCEROL, POLY[N-(2-
HYDROXYPROPYL)METHACRYLAMIDE] ~ (POLY(HPMA))  AND  BIS(HEXADECYL) ~ HYPERBRANCHED
POLYGLYCEROL (hbPG).

In 2010, Hofmann et al. from the group of Prof. Frey published the controlled synthesis of
hyperbranched polyglycerols (hbPG) via anionic ring-opening polymerization (AROP) [183] linked
to lipid structures like cholesterol or aliphatic glyceryl ethers as initiators [184], making subsequent
lipid-polymer conjugation reactions obsolete. Such amphiphilic hbPGs, as for example
bis(hexadecyl)hbPG shown in Figure 9, are readily incorporable into liposomes, possess a flexible
aliphatic polyether backbone, are biocompatible and bear multiple hydroxyl end groups for
functionalization. Due to more potentially available ligand coupling sites per polymer in
comparison to PEG, hbPG is a promising candidate for active targeting of liposomes. Incorporation
of hbPG-lipids into liposomes resulted in lower aggregation in human blood serum when compared
to PEGylated liposomes [185], and biodistribution studies in mouse model showed comparable
behaviors [186]. Repetitive administration of polyglycerol containing liposomes were also shown

to not cause the ABC-phenomenon as reported for PEGylated liposomes [187].
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1.5 STIMULI SENSITIVE LIPOSOMES

After the liposomes reached their target site via passive and/or active targeting, encapsulated
therapeutics only become bioavailable upon a release from the liposomes. Therefore, stimuli-
sensitive liposomes, meaning liposomes that destabilize and release their encapsulated cargo
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 cargo release. External stimuli such as light, heat,
magnetic field or ultrasound can also cause the liposomal membrane to destabilize and lead to

subsequent cargo release.

pH-sensitive liposomes undergo an acid-triggered change in membrane permeability or stability
that causes the rapid release of encapsulated cargo. They are typically composed of one or more
lipids such as cholesterolhemisuccinat (CHEMS) or phosphoethanolamines (PE), such as 1,2-
dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE) (Figure 10 A). These lipids are widely used for
pH-sensitive liposomes that are capable of releasing encapsulated cargo in acidic environment as
present at inflammatory or infectious sites, in tumor microenvironment or after cellular uptake in
endosomes and lysosomes.[188][189] While CHEMS is negatively charged at neutral pH, 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 permeability.[190][191] Sudimack et al. reported that no membrane fusion upon
destabilization of liposomes containing only CHEMS as pH-sensitive lipid was found.[192] Other
lipids as fusogenic DOPE (and other unsaturated species of phosphoethanolamines) undergo a lipid
phase change upon acidification, for example from liquid disordered phase L, to inverted
hexagonal phase Il (Hy), leading to destabilization of the liposomal membrane and/or to its fusion
with the endosomal membrane (Figure 10 B).[193][194] While DOPE is 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 formation of non-bilayer phases.[195] Additionally, pH-
sensitive PEG on the liposomal surface could increase their passive accumulation to the tumor site,
while being cleaved off within the tumor tissue to enhance cellular uptake, release cargo, expose
targeting ligands or positive charges, or after cellular uptake to enhance endosomal escape of

encapsulated therapeutics (Figure 10 C).
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FIGURE 10: (A) pH-SENSITIVE LIPOSOME WITH PHOSPHOETHANOLAMINE (PE) LIPIDS AND SUCCINAT
RESIDUES DERIVING FROM CHOLESTERHOLHEMISUCCINAT (CHEMS). UPON ACIDIFICATION, THE AMINE
GROUPS OF THE PE INTERACT STRONGLY WITH NEIGHBOURING PHOSPHATE GROUPS, RENDERING THE LIPID
MORE HYDROPHOBIC AND POTENTIALLY FACILITATING LIPID PHASE TRANSITION. PROTONATION OF THE
HEMISUCCINAT LEADS TO A MEMBRANE PERMEABILITY CHANGE AND CARGO RELEASE. (B) FUSION OF
LIPOSOMAL AND ENDOSOMAL MEMBRANE ALLOWS FOR ENDOSOMAL ESCAPE OF CARGO. (C) pH-
DEPENDENT CLEAVAGE OF LIPID-ORTHOESTER-PEG SHIELDING ({N-(2-METHYL-2-ALKOXY-[1,3]DIOXAN-5-
YL)-AMIDO}-POLY-(ETHYLENEGLYCOL) [196] (l) EXTRACELLULARLY, FOR EXAMPLE DUE TO LOW pH IN
TUMOR MICROENVIRONMENT, TO POTENTIALLY EXPOSE TARGETING LIGANDS OR POSITIVE CHARGES THAT
CAN INCREASE CELLULAR UPTAKE. RESULTING DESTABILIZATION CAN ALSO LEAD TO EXTRACELLULAR
CARGO RELEASE. (II) INTRACELLULARLY, FOR EXAMPLE DUE TO LOW pH IN ENDOSOMES, TO POTENTIALLY
EXPOSE FUSOGENIC LIPIDS OR LEAD TO AN OVERALL MEMBRANE DESTABILIZATION, RESULTING IN CARGO
RELEASE AND/OR ENDOSOMAL ESCAPE.
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Typical pH-sensitive PEGs contain orthoester- [197], acetal- [69][198], ketal- [77] or vinylether-
linkages [199][200] amenable to pH dependent cleavage. By modifying the ratio of the pH-sensitive
linkages to other liposomal components, either during PEG synthesis or liposome formulation, the
liposome stability can be tuned. However, in vivo validation of pH-cleavable PEGylated liposomes

is just recently beginning to be explored.[201]

Thermosensitive liposomes (TLs) are typically composed of lipids with a gel to liquid phase
transition temperature around the target temperature, for example 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) with a Tm of 41 °C close to body temperature (Figure 11 A). Such
liposomes are reported to effectively release encapsulated cargo under controlled hyperthermia
conditions, which are typically achieved by the use of external heat-generating medical systems,
such as magnetic resonance guided high intensity focused ultrasound.[202] Kim et al. reported a
hyperthermia approach using DPPC liposomes in combination with active-targeting to effectively

deliver and release DXR to tumor cells.[203]

A rather rapid ‘burst’ release of cargo from liposomes can be achieved by low intensity ultrasound
(20 kHz to several MHz) in combination with ultrasound responsive perfluorocarbon (PFC) gas.
Liposomes or other vesicular structures containing PFC gas (or comparable) are also referred to as
microbubbles.[204][205] The applied acoustic pressure causes the microbubbles to oscillate,
causing convection microstreams up to the point at which the microbubbles reach resonance and
collapse. The resulting shockwaves lead to disruption of the liposomal membrane
(Figure 11 B).[206] It was shown by Lin et al. that liposomes with encapsulated DXR and
perfluoropentane nanodroplets release DXR to the cytosol after cellular uptake in response to

ultrasound.[207]

Another strategy for triggered cargo release is the incorporation of amphiphiles containing
disulphide linkages or cross-links that can be disrupted by thiolytic reducing agents as dithiothreitol
(DTT), or by changes in the reductive potential at tumor sites caused by glutathione (GSH), leading
to a lipid phase change and/or membrane destabilization (Figure 11 C).[150] Fu et al. prepared
liposomes with disulphide-linked PEG and cell-penetrating peptides (CPPs) on the liposomal
surface. Upon diffusion to the tumor site, the PEG was cleaved by GSH and the now accessible
CPPs facilitated cellular uptake, leading to an enhanced therapeutic efficiency for cancer

treatment.[208]
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FIGURE 11: (A) THERMOSENSITIVE LIPOSOMES CONTAINING DPPC (1,2-DIPALMITOYL-SN-GLYCERO-3-
PHOSPHATIDYLCHOLINE). UPON HEATING ABOVE THE Tm OF THE RESPECTIVE LIPID, CARGO IS RELEASED
DUE TO PHASE TRANSITION AND/OR MEMBRANE PACKING DEFECTS. (B) LIPOSOME WITH ENCAPSULATED
PERFLUORCARBON (PFC) GAS ALSO TERMED MICROBUBBLE. UPON LOW INTENSITY ULTRASOUND, THE
MICROBUBBLE COLLAPSES AND CAUSES MICROSTREAMS AND SHOCKWAVES THAT DISRUPT THE
LIPOSOMAL MEMBRANE LEADING TO CARGO RELEASE. (C) DISULPHIDE LINKAGES BETWEEN PEG AND LIPIDS
OR BETWEEN LIPIDS CAN CAUSE DESTABILIZATION OF THE LIPOSOMAL MEMBRANE UPON REDUCTION, FOR
EXAMPLE WITH DITHIOTHREITOL. (D) LIPOSOME CONTAINING 1,2-BIS(TRICOSA-10,12-DIYNOYL)-SN-
GLYCERO-3-PHOSPHOCHOLINE (DCs,sPC) THAT POLYMERIZES UPON UV IRRADIATION CAUSING LIPOSOMAL
MEMBRANE DEFECTS AND CARGO RELEASE. (E) LIPID-PROTEIN-PEG CONTAINING LIPOSOME LOSES ITS PEG
SHIELD UPON CONTACT WITH PROTEASES. (F) LIPOSOMES CONTAINING SUPER MAGNETIC IRONOXIDE
ACCUMULATE WITHIN TUMOR TISSUE UPON APPLICATION OF A MAGNETIC FORCE TO THE TUMOR AREA.

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

600 — 900 nm, can also trigger liposomal cargo release during photodynamic therapy.[209] The
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liposome has to contain a photosensitizing agent, typically hydrophobic and therefore located
within the liposomal membrane, that is amenable to photocleavage, polymerization or
conformational changes.[210][211] Yavlovich et al. prepared DPPC liposomes containing
20 mol-% 1,2-bis(tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine (DCssPC) [212] (Figure 11 D),
a lipid that can polymerize upon UV irradiation, leading to defects within the liposomal membrane
[213]. Although UV irradiation is not able to transmit deep into biological tissues, it led to a
complete release of calcein from liposomes within 40 min of irradiation.[214] Liposomes with
encapsulated photosensitive sulphonated dye aluminium phthalocyanine [215] showed high
phototoxicity when irradiated with red light (wavelength 600 — 700 nm) due to the formation of

reactive oxygen species (ROS) as investigated by Morgan et al. [216].

Two further possibilities for triggered cargo release are incorporation of enzyme- or magneto-
sensitive components. Zhu et al. formulated liposomes bearing matrix metalloproteinase (MMP)
sensitive PEG-lipids containing a respective peptide which was cleaved within the tumor area due
to highly expressed extracellular MMPs [217], resulting in tumor-specific PEG removal and
subsequently in enhanced cellular uptake (Figure 11 E).[218] Encapsulation of super magneticiron
oxide (FesQ,) into liposomes and application of a magnetic force to the tumor area was shown to

result in a higher liposome accumulation (Figure 11 F).[219]

Of note, stimuli-sensitive liposomes can be combined with active targeting moieties to achieve a
more complex, but potentially also more potent drug delivery system. Barbosa et al. formulated
pH-sensitive CHEMS:DOPE liposomes containing lipid-PEG-folate for active targeting of cancer
cells, that showed increased cytotoxicity over non-targeted pH-sensitive liposomes.[220] On the
other hand, Sudimack et al. reported that folate receptor(FR)-targeted pH-sensitive liposomes
showed increased cancer cell cytotoxicity over FR-targeted non-pH-sensitive liposomes, indicating
that a combination of targeting and triggered release is a promising approach for drug

delivery.[192]

1.6 LIPOSOMES AND MACROPHAGES

Besides evading the reticuloendothelial system (RES) by stealth liposomes, numerous studies also
focused on developing liposomes that specifically target macrophages and monocytes, since they
are involved in many diseases like cancer, asthma or atherosclerosis and play an important role for

infectious and inflammatory diseases.[221] Therefore, RES-targeted liposomal drug delivery is a
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promising approach for treating aforementioned diseases. Hematopoietic stem cells can
differentiate to monocytes and enter the circulation. While monocytes are immune effector cells
themselves, they can differentiate depending on microenvironmental conditions into dendritic
cells or macrophages.[222][223] Macrophages themselves are polarized into the mainly
inflammation associated M1 phenotype after activation by lipopolysaccharides or inflammatory
cytokines, or into the tissue repair and regeneration related M2 phenotype after activation by
certain interleukins, glucocorticoids or pathogen-associated molecular patterns (PAMPs). M2-like
tumor associated macrophages (TAMs) promote tumor growth by increasing angiogenesis through
releasing matrix metalloproteases and endothelial growth factors.[224] M2 and TAMs contain toll-
like receptors (TLRs), which can recognize conserved PAMPs. Therefore, attachment of TLR ligands
to liposomes is an efficient strategy for targeting M2 and TAMs in order to enhance cellular uptake,
while other receptors are also possible targets, such as scavenger (SR) and mannose receptors
(MR) (Figure 12).[225] Liposomes containing mannose or trimannose as targeting vectors, for
example coupled to 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) (Figure 12)
[226][227] and incorporated during liposome formulation, were shown enhanced in vitro and in
vivo uptake to macrophages, which was MR-mediated as revealed by inhibition studies.[228]—
[231] Various other reports investigated the influence of the liposomal charge and size on
macrophage recognition and uptake.[232]-[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 phosphatidylserine (PS)
(Figure 12) showing the best internalization into macrophages [235], while omitting association
with monocytes and dendritic cells [236]. The enhanced internalization of PS containing liposomes
likely originates from the apoptosis or necrosis of a cell, during which PS flips from the inner to the
outer side of the cell membrane and gets recognized by SRs on macrophages for subsequent

phagocytosis and clearance.[237]

Macrophage-targeted liposomes with encapsulated bisphosphonate Clodronate (Figure 12), a
drug normally used to treat osteoporosis [238], were shown to induce macrophage apoptosis,
therefore reducing TAM promoted tumor growth [239] or arthritis [240]. In arthritic regions,
macrophages scavenge oxidised low-density lipoproteins (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 delivery of encapsulated
therapeutics [241][242], while encapsulated contrast agents could reveal atherosclerotic
lesions.[221][243][244] Metformin (1,1-Dimethylbiguanid, Figure 12), another small molecule
normally used to treat diabetes type 2 [245], was found to suppress M2 polarization of

macrophages in tumor environment, which resulted in a suppressed tumor growth [246][247].
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Although the underlying mechanism remains unclear, Metformin seems to be an interesting cargo

for macrophage-targeted liposomal delivery.
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FIGURE 12: CONCEPT FOR MACROPHAGE-TARGETING OF LIPOSOMES WITH ENCAPSULATED SMALL
MOLECULES.  LIPOSOMES  CONTAINING LIPIDS WITH PHOSPHATIDYLGLYCEROL (PG) OR
PHOSPHATIDYLSERINE (PS) HEADGROUPS ARE REPORTED TO ENHANCE PHAGOCYTOSIS. SCAVENGER
RECEPTORS (SR), TOLL-LIKE RECEPTORS (TLR) AND MANNOSE RECEPTORS (MR) ARE POTENTIAL TARGETS
FOR ACTIVE TARGETING MOIETIES PRESENT ON THE LIPOSOMAL SURFACE, FOR EXAMPLE TRIMANNOSE
COUPLED TO 1,2-DIPALMITOYL-SN-GLYCERO-3-PHOSPHOETHANOLAMINE (DPPE) TO TARGET THE MR. AS
HYDROPHILIC CARGO, SMALL MOLECULES LIKE CLODRONATE OR METFORMIN KILL OR POLARIZE M2
MACROPHAGES UPON INTRACELLULAR RELEASE, RESPECTIVELY. CERTAIN PATHOGENS AS MYCOBACTERIA,
HUMAN IMMUNODEFICIENCY VIRUS (HIV) AND SALMONELLA CAN RESIDE AND PERSIST IN MACROPHAGES
AS RESERVOIR, A CIRCUMSTANCE THAT COULD BE HANDLED BY TARGETING THERAPEUTIC LIPOSOMES TO
MACROPHAGES.

Some bacteria and viruses, as mycobacteria (e.g. tuberculosis) [248], human immunodeficiency
virus (HIV) [249] or salmonella [250][251], can survive macrophage phagocytosis and therefore
persist within for proliferation and re-infection. This is especially dangerous since macrophages
can cross the blood brain barrier (BBB) and spread engulfed pathogens.[252] It is therefore of great
importance to design liposomes that contain antiretroviral drugs and efficiently target potentially
pathogen-infected macrophages.[253][254] Several studies reported on macrophage targeting

strategies using PEGylated antibody or (tri)mannose containing 1,2-dipalmitoyl-sn-glycero-3-
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phospho-(1'-rac-glycerol) (DPPG) liposomes, that resulted in an enhanced efficiency of
encapsulated anti-infective agents.[255]-[257] However, the fact that macrophages can cross the
BBB could also be exploited by using macrophage-targeted 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 approach by Saiyed et al. [258] using liposomes with
encapsulated supermagnetic FesO4and therapeutics led to magnetic-sensitive macrophages after
uptake of the Fe;0,4 containing liposomes. An applied magnetic field was then guiding the magnetic

macrophages to the brain.

1.7 ZEBRAFISH EMBRYOS AS MODEL SYSTEM FOR /N VIVO EVALUATION OF LIPOSOMES

Liposomal therapeutics in preclinical development are typically evaluated first by physicochemical
characterization, then by in vitro cell culture experiments and after that by in vivo studies using
mammalians like dogs, pigs, rats or mice.[259] Due to evolutionary proximity, these organisms
possess a striking homology to the human genome and a relatively similar anatomy, cell biology
and physiology.[260] However, in addition to ethical issues, the usage of mammalians as animal
models is quite laborious, cost- and time-intensive.[261] Furthermore, imaging possibilities within
these animals are restricted to mainly nuclear imaging, near-infrared emitting dyes or magnetic
resonance imaging.[262] Already in the 1930s, zebrafishes (Danio rerio) were used as
embryological and developmental model, while in the 1980s, genetic techniques (e.g. cloning)
allowed further investigations on vertebrate development.[263] 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 1990s.[264]-[266] Since then, an
increasing number of publications report on the use of zebrafish embryos (ZFEs) for in vivo
evaluation of nanoparticular therapeutics, closing the huge gap between cell culture and
mammalian in vivo studies.[260][267] In contrast to invertebrate models such as Drosophila
melanogaster[268], the ZFE model possesses a high level of genetic homology to humans [269],
although zebrafish diverged from humans around 450 million years ago [270]. The ZFE model offers
several advantages over classical mammalian models, despite the obvious differences between
fish and human physiology, with a comparison of certain characteristics to the mouse model

shown in table 1.[271]
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TABLE 1: COMPARISON OF IMPORTANT ATTRIBUTES OF ZEBRAFISH EMBRYO AND MOUSE MODEL SYSTEMS
ADAPTED FROM [260]. S AND + DESCRIBE THE RELATIVE COST AND STRENGTH OF THE MODEL,
RESPECTIVELY.

No?
model system attributes :j D
husbandry infrastructure S 5SS
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 mating yields between 200 and 300 ZFEs per day per adult pair, with the
embryogenesis being completed 72 hours post fertilization (hpf). ZFE husbandry and experimental
costs are low and their small size renders them suitable to arraying into multiwell plates for high
throughput screening (HTS). The embryos are optically transparent and robust, which enables the
use of a broad variety of fluorescent-based (live) imaging, a unique feature for a vertebrate
research animal (Figure 13).[272] Spaink et 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 and subsequent
screening via fluorescence analysis.[273] This in vivo HTS enables determination of circulation,
clearance, tissue targeting and side effects not accessible via in vitro HTS in cell culture.[274]
Additional advantageous treats of ZFEs are their high reproducibility, ethical considerations and
the availability of transgenic lines, for example with green fluorescent protein (GFP) expressing
vasculature or macrophages.[275] In contrast to adult zebrafish [276], ZFEs lack an adaptive
immune system within the first month [277] and therefore support growth of human cancer cells,
since an active immune suppression is not necessary upon cancer cell injection. However, several
mammalian organs as breast, lung or the prostrate are not present and can therefore not be
addressed in zebrafish embryos, while in addition some metabolizing liver enzymes are not fully

characterized yet.[278]
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FIGURE 13: SPECIAL TRAITS OF THE ZEBRAFISCH EMBRYO (ZFE) MODEL FOR HIGH THROUGHPUT SCREENING
(HTS) OF LIPOSOMES. AROUND 200 ZFES ARE OBTAINED FROM THE MATING OF ONE ADULT PAIR. TOXICITY
ASSAYS TYPICALLY RELY ON THE HEARTBEAT OR MORPHOLOGICAL CHANGES. LIPOSOME BIODISTRIBUTION
AND TARGETING CAN BE ASSASSED BY FLUORESCENT-BASED LIVE IMAGING USING FLUORESCENT PROBES
SINCE THE FISH HAS A TRANSPARENT SKIN. TRANSGENIC ZFE LINES CAN EXPRESS THE GREEN FLUORESCENT
PROTEIN (GFP) E.G. IN THE VASCULATURE, FURTHER ENHANCING IMAGING POSSIBILITIES. ZFES POSSESS M1
AND M2 MACROPHAGES 30 HOURS POST FERTILIZATION, MAKING THEM AMENABLE TO INVESTIGATIONS
ON INFLAMMATORY DISEASES AND CANCER. SEVERAL INFECTION MODELS, FOR EXAMPLE SALMONELLA,
ARE AVAILABLE FOR STUDIES. ADAPTED FROM [267].

ZFEs are already used by various companies for in vivo evaluation of new drugs, including toxicity,
absorption, metabolism and half-life, to early identify complications which lowers the probability
of failing in subsequent cost-intensive in vivo mammalian or even clinical trials.[272] The complex
systemic circulation behavior of liposomes, taking the serum proteins, blood flow and shear stress
into account, could be assessed recently in a time-effective manner by various groups using the
ZFE model.[279]-[281] Since ZFEs already possess M1 and M2 macrophages 30 hours post
fertilization, it is also possible to evaluate liposomes designed for the treatment of cancer or
inflammatory disorders.[282]-[284] Several infection models are available, for example salmonella
or tuberculosis, with the latter showing features of human pathology [285][286] that are often
absent in the mouse model [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 beneficial for in vivo screening of future nanomedicines prior

application to higher vertebrate model systems.
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1.8 LIPOSOMES IN CLINICAL APPLICATION AND DEVELOPMENT

Often, the bottleneck for translation of newly identified and thoroughly characterized liposomal
drug-carriers are 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 therapeutics. Resulting liposomes
should have pharmaceutical quality and possess long-term 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 intellectual 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.
Clinical trials of liposomal drugs are 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 cost-benefit analysis of the liposomal drug with its approved counterparts or other therapies can
even lead to a fail at clinical phase Ill. Nevertheless, 15 liposome-based products made it to the

market, with three of the most important briefly described in the following.

Doxil® was the first PEGylated liposomal drug delivery system approved by the united states food
and drug administration (FDA) in 1995. The liposomes were remote loaded with the anti-cancer
drug doxorubicin hydrochloride (DXR) (efficiency 90%) via a transmembrane gradient of
ammonium sulfate for intravenous injection against advanced ovarian cancer and HIV-associated
Kaposi’'s sarcoma [289]. The liposomal composition contains hydrogenated soy
phosphatidylcholine (HSPC), cholesterol and mPEG-DSPE in a molar ratio of 65:38:5.[290] In
comparison to free DXR, Doxil® showed up to 16 times higher tumoral DXR concentrations [291],

reduced cardiotoxicity and slower clearance (0.1 vs. 45 L/h) [292].

Moycet® is the non-PEGylated liposomal DXR consisting of egg phosphatidylcholine (EPC) and
cholesterol in a molar ratio of 55:45. DXR is actively loaded via a transmembrane pH gradient, with
pH 4 within the liposomes and pH 7.4 on the outside, leading to the formation of ion-pairs between
the negatively charged EPC lipids on the liposomal surface and the positively charged DXR [293],
resulting in DXR crossing the lipid bilayer and being subsequently protonated and entrapped within
the acidic liposomal core with efficiencies of up to 99%.[294] Myocet® showed 2-10 times higher
levels of DXR in tumor tissue compared to free DXR, while also reducing clearance (5 vs. 45 L/h),

cardiotoxicity and gastrointestinal adverse effects.[295] Myocet® in combination with the
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chemotherapeutic compound cyclophosphamide is approved for the use in Europe and Canada

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

Ambisome® was FDA-approved 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
leishmaniasis or aspergillosis. It is composed of HSPC, cholesterol, 1,2-disteaoryl-sn-glycero-3-
phosphatidylglycerol (DSPG) and AmB in a molar ratio of 2:1:0.8:0.4.[296] Ambisome® showed a
higher therapeutic index, prolonged circulation times and higher dose toleration in comparison to

free AmB.[297][298]

Other examples for approved liposomal drug delivery systems are Visudyne® (2000), the first light-
activated system used to treat choroidal neovascularization [299], or Inflexal® V (1998), a liposome
composed of lecithins and phospholipids 1,2-diolyeol-sn-glyocero-3-phosphatidylcholine (DOPC)
and DOPE coated with a haemagglutinin surface from influenca A and B viruses, therefore also
referred to as virosome.[300] These virosomes are almost non-immunogenic in comparison to
conventional influenza vaccines and showed statistically significant improved therapeutic

efficiency.[301]

Besides the approved liposome-based products, about 30 are already in clinical trials, including
liposomes for inhalation against bacterial infections (Afrikace™ [302]) and liposomes for topical
application for DNA repair in Xeroderma pigmentosum patients (T4N5 [303]). ThermoDox® is a
temperature-sensitive formulation for DXR delivery to tumors [304], while liposomal Cisplatin is
used for the treatment of pancreatic cancer (Lipoplatin™) and lung cancer (Nanoplatin™).[305] The
cationic liposome Endotag-I composed of DOTAP and DOPC with encapsulated anti-cancer drug
Paclitaxel is used for the treatment of breast and pancreatic cancer by reducing tumor

angiogenesis.[306]

Recently conducted in vivo studies furthermore investigated the encapsulation of insulin in
biotinylated liposomes as oral treatment of diabetes [307], primaquine containing heparin-
targeted cationic liposomes for intravenous injection against malaria [308], pro-liposomal dry
(liposomal) powder for inhalation containing pyrazinamide or antibiotic levofloxacin to treat

tuberculosis [309][310] and many more.[311]
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2. MOTIVATION AND OBJECTIVES

Hyperbranched polyglycerol shielded liposomes: Control of physical behavior and biological

performance

Passive targeting, cellular uptake, biodistribution and blood circulation time of liposomes are
influenced by their physicochemical properties and biological identity, which are both amenable
to alteration by liposome surface modifications.[221][155] The gold standard of surface
modifications is poly(ethylene glycol) (PEG), due to its biocompatibility and low
immunogenicity.[155][312][313] Although PEGylation of liposomes leads to enhanced blood
circulation times, increased stability and decreased recognition by the reticuloendothelial system
[132][135][314][315], it comprises certain drawbacks also known as PEG dilemma, as reduced
cellular uptake to target cells, decreased drug release and side effects like the accelerated blood
clearance (ABC) phenomenon caused by repetitive administration of PEGylated liposomes.[198]
[316]—-[319] Recently developed polymeric amphiphile hyperbranched polyglycerol (hbPG)
represents a promising alternative to PEG, since it is also biocompatible and possesses multiple
hydroxyl-groups for functionalization with targeting moieties, potentially increasing the liposome’s
active targeting ability upon chemical modification with targeting vectors.[183][184][186][320]-
[322] Prior active targeting however, it is advantageous when the liposomes already accumulated
within the target tissue, which is usually accomplished by liposomes that are small enough to
penetrate the target tissue.[83] The different architectures of hbPG and PEG suggest a disparate
influence on aforementioned physicochemical properties and accordingly also on the biological
identity of liposomes. Therefore, the impact of hbPG-based lipids in various sizes and amounts on
physicochemical properties of liposomes was investigated and compared to PEG based lipids in
section 3.1.1, with the aim to achieve small liposomes with potentially enhanced passive targeting
ability. Another objective was to compare the effect of PEG- and hbPG-based lipids on the
liposomes’ protein corona, which is formed within the blood stream and is proposed to be
important for the liposomes’ biological identity and recognition by macrophages.[323]-[327]
Therefore, liposomes containing either hbPG, PEG or no polymer were investigated in terms of
their protein corona composition and their uptake by macrophages in section 3.1.2. Since the
physicochemical properties and biological identity have a huge impact on the liposomal
biodistribution and blood circulation time, the latter were analyzed in zebrafish embryo model in
section 3.1.3 for liposomes containing hbPG and PEG in various sizes and amounts in comparison

to conventional unmodified liposomes.
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Screening for lipid compositions at the edge of stability

The prospect of enhancing the therapeutic potential of liposomes as drug delivery vehicles
depends on an effective and fast release of cargo after uptake to target cells, which is contradictory
to desired stability during circulation inside the blood stream and upon storage.[21] PEGylation of
liposomes was a huge step towards increasing blood circulation time to intensify the enhanced
permeability and retention (EPR) effect (see Introduction section 1.4) and to enhance liposome
stability, but consequently, cargo release efficiency suffered.[8][12][13][26]-[28] This
contradictory problem was addressed in part 3.2 by developing a systematic screening approach
to identify non-PEGylated liposomes at the ‘edge of stability’ using the fluorescent membrane
stability indicator 6-dodecanoyl-2-dimethylaminonaphthalene (laurdan) [40][41][328] in
combination with dual 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 stabilizing and modifying
lipids served as starting point for screening of their membrane stability using laurdan in section
3.2.1. The aim was to identify liposomes that would destabilize and subsequently release
encapsulated cargo upon decreased pH and elevated temperature as present in tumor
environment or in lysosomes/endosomes after liposome endocytosis by macrophages.[329] To
guantify the desired cargo release under aforementioned conditions as well as the cargo retention
upon storage of identified liposomes at the ‘edge of stability’ in comparison to conventional
liposomes, a semi-automated method had to be developed to accomplish an easy readout and to
handle the large amounts of samples necessary for screening (section 3.2.2). Since the liposomes
at the ‘edge of stability’ were potentially fragile, helper lipids known from literature as cholesterol
[15] or pH-sensitive cholesterylhemisuccinate [150][330][331] were prepositioned for liposome
modification, in order to potentially increase liposomal cargo retention while not decreasing the
desired cargo release to an insufficient level. To ensure that candidate liposomes achieved
pharmaceutical quality, they had to be physicochemically characterized by dynamic light
scattering. With the aim to confirm applicability of candidate liposomes in vitro, cell experiments
using macrophages and melanoma cells as potential targets [21][332][333] had to be performed,
while a method for a simple read out of cargo release after internalization of liposomes had to be
conducted (section 3.2.3). In vivo experiments in section 3.2.4 using zebrafish embryos (ZFE) as
model system, as recently reported by the lab of Prof. Dr. Huwyler [267][280][284], would be the
last step to evaluate performance of identified liposomes at the ‘edge of stability’. Finally, PEG-
based lipids containing pH-sensitive ketal [38] or novel vinyl-ether [37] cleavage sites were
incorporated into liposomes, with the aim to achieve even more stable liposomes capable of still

releasing cargo at decreased pH (section 3.2.5).
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3. RESULTS AND DISCUSSION
3.1 HYPERBRANCHED POLYGLYCEROL SHIELDED LIPOSOMES: CONTROL OF
PHYSICAL BEHAVIOR AND BIOLOGICAL PERFORMANCE

ABSTRACT
Hyperbranched polyglycerol (hbPG) and PEG based lipids in different sizes from 3000 to 8000 g/mol

were incorporated in amounts ranging from 1 to 10 mol-% into liposomes during formulation by
dual centrifugation. Physicochemical characterization revealed the possibility of a decrease in
liposome diameter using high amounts of large polymers, potentially increasing the liposomes’
passive targeting / tumor penetration ability. Analysis of the protein corona after incubation of
hbPG and PEG containing liposomes with blood and subsequent purification revealed a
comparable protein composition, albeit differences in macrophage uptake in vitro, which was
higher for hbPG liposomes. Biodistribution studies in zebrafish embryos displayed enhanced
liposome circulation times with increasing molecular weight and amount of large polymers on the
liposomal surface. PEG liposomes overall circulated better than hbPG liposomes, which were
mainly taken up in circulating and tissue resident macrophages. The latter might offer the
possibility of passively “targeting” macrophages by application of hbPG-shielded liposomes as drug

delivery vehicle.
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FIGURE 14: SECTION OVERVIEW. PHYSICOCHEMICAL PARAMETERS OF LIPOSOMES CONTAINING DIFFERENT
AMOUNTS AND SIZES OF HBPG- OR PEG-BASED LIPIDS WERE ANALYZED IN THE FIRST SUBSECTION 3.1.1.
THE PROTEIN CORONA OF LIPOSOMES CONTAINING SMALL HBPG OR PEG WAS INVESTIGATED IN
SUBSECTION 3.1.2. THE BIODISTRIBUTION OF LIPOSOMES CONTAINING HBPG- AND PEG-BASED LIPIDS IN
DIFFERENT SIZES WAS STUDIED USING THE ZEBRAFISH EMBRYO MODEL IN SUBSECTION 3.1.3.
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INTRODUCTION

Hyperbranched polyglycerol (hbPG) based lipids were synthesized by the group of Prof. Dr. Frey
(Mainz, Germany).[184] These amphiphilic polymers are anchored via bis-(hexadecyl)glycerol to
the liposomal membrane, extend blood circulation time and bear multiple terminal hydroxyl-
groups for functionalization with targeting moieties (Figure 15).[18][39][40] The latter was one of
the initial reasons for picking hbPG as alternative to PEG, which is typically used in formulation of
long-circulating “stealth” liposomes.[12] Terminal PEG molecules can also be synthetically
modified to achieve active targeting, but multi-functionalization of hbPG could possibly lead to an
increased targeting efficiency.[335]-[337] Commercially available PEG is typically anchored via di-
stearoyl or cholesterol to the liposomal membrane, whereas the latter was previously reported by
our group to be less stable as anchorage.[167] Because of that, the group of Prof. Dr. Frey
synthesized PEG with bis-(hexadecyl)glycerol as membrane anchor, which was used in the
following sections. The focus was set on the influence of hbPG- and PEG-based lipids with various
molecular weights (MW) and amounts on the liposomes’ physicochemical parameters, protein
corona, macrophage uptake and biodistribution (Figure 14). The conventional non-shielded
liposome (CL) served as control and consisted of egg phosphatidylcholine (EPC) and cholesterol
(55:45 mol-%, same lipid composition as clinically relevant liposome Myocet®), whereas for the
surface modified liposomes, EPC was substituted with the respective mol-% of hbPG or PEG based

lipids.

TABLE 2: HYPERBRANCHED POLYGLYCEROL (HBPG) AND POLY-(ETHYLENE GLYCOL) (PEG) BASED LIPIDS
SYNTHESIZED BY THE GROUP OF PROF. DR. FREY. MOLECULAR WEIGHTS (MW) AND MOLECULAR WEIGHT
DISTRIBUTION (D, DEFINED AS Mw/Mn, WITH Mw AS WEIGHT AVERAGE AND Mn AS NUMBER AVERAGE
MOLECULAR WEIGHT)[338][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 129 [,

Small (S) 61 3191  1.09

_ o) oH
PEG Medium (M) 113 5470  1.08 HWOJ[\/}L

Large (L) 160 7560 1.08 14

adetermined using *H-NMR spectroscopy
bdetermined by SEC
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FIGURE 15: POSSIBLE STRUCUTRES OF POLYMERIC AMPHIPHILES. (A) HBPG-S AND (B) PEG-S.

3.1.1 PHYSICOCHEMICAL PARAMETERS

All polymeric amphiphiles were synthesized by [ EEEEEEEEEEE - I

from the research group of Prof. Dr. Frey (Johannes Gutenberg-University, Duesbergweg 10-14, Mainz, Germany). TEM
images shown in this section were recorded by Dr. Claudia Weber from the research group of Prof. Dr. Landfester (Max
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 reported by our group with a model ligand for hbPG [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 nanoparticles that are small enough
(typically £ 150 nm) to penetrate the target tissue to reach the side of action (see also Introduction
section 1.4).[83] In most tumor environments, active targeting occurs primarily after the passive
targeting process.[340]-[343] This is why the effect of hbPG in comparison to PEG on the liposomal
diameter was addressed in this section, with the aim to achieve small liposomes with potentially

increased passive targeting / tumor penetration ability.

To investigate the effect of PEG and hbPG in different sizes and amounts on the physicochemical
parameters of liposomes, all polymer permutations shown in table 2 were incorporated into
liposomes with increasing mole percentages ranging from 1 to 8 during liposome preparation. A
conventional, non-shielded liposome (CL) with the same lipid composition besides the amphiphilic
polymers served as control. Commercially available methoxypoly(ethyleneglycol) 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine (MPEG-DSPE) with a molecular weight of 3000 g/mol was also
incorporated as comparison to small PEG-based lipids. Sulforhodamine B (SRb) was used as
hydrophilic model cargo for encapsulation. Liposome stocks directly obtained after dual
centrifugation were purified by size exclusion chromatography (SEC) to determine encapsulation

efficiencies (%EE) as described in the methods section. Purified liposomes were then subjected to
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dynamic light scattering (DLS) for size, PDI and zeta potential analysis. Nanoparticle tracking
analysis (NTA) for determination of liposome size and concentration was also performed, and
transmission electron microscopy (TEM) images were recorded.[344] Liposome sizes obtained

from DLS, NTA and TEM are depicted in Figure 16 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 f~
260 200 4
220 = 180 ¢
small (S) \ L
180 = - 160 A
140 f---- ool -30% 140 |
100 120 -
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FIGURE 16: EFFECT OF SMALL, MEDIUM AND LARGE HBPG (GREEN) AND PEG (RED, FREY GROUP; YELLOW,
COMMERCIAL) IN INCREASING MOLE PERCENTAGES ON THE HYDRODYNAMIC DIAMETER (du) OF
LIPOSOMES, MEASURED VIA (A) DLS AND (B) NTA. DOTTED LINES ARE PROVIDED TO SIMPLIFY COMPARISON
BETWEEN ROWS. CONVENTIONAL NON-SHIELDED LIPOSOMES (CL) SERVED AS STARTING POINT. ERROR
BARS INDICATE 3 INDIVIDUAL LIPOSOME PREPARATIONS, EACH CONTAINING THREE TECHNICAL
REPLICATES. (C) TEM IMAGES OF LIPOSOMES CONTAINING 8 MOL-% PEG OR HBPG IN THE RESPECTIVE SIZE.

DLS results (Figure 16 A) show a relative decrease in liposome diameter of around 50% for
liposomes containing 8 mol-% hbPG-M, hbPG-L or PEG-L when compared to CL without polymer.
A general trend that an increase of polymer amount results in a decrease of liposome diameter is
visible for all medium and large polymers. This has been reported for PEG before [345] and is also
visible for hbPG liposomes. A second trend generally shows a decrease in liposome diameter with
bigger polymers (higher molecular weights), which is most prominent when comparing small and
large polymers. It is difficult to explain the origin of the observed trends without minor
speculations. Taking into account that high amounts of these large polymers themselves should
increase liposome membrane thickness and therefore should lead to an overall size increase, the

likely induced steric repulsion between single polymer units on the liposomal surface, which



Results and discussion

should increase with polymer amount and size, could to be a decisive factor for the overall
decrease in liposome diameter. With higher steric demand of the polymers, a higher curvature of
the liposomal surface could be promoted. Conclusively, the incorporation of high amounts of large
polymers resulted in the formation of more (Figure 17 B) smaller liposomes, leading to an
enhanced maximum available surface and therefore probably to an attenuation of steric

hindrance. Calculations on this are addressed later (table 3).

Yet, the decrease in liposome diameter is not linear, which could be explained by the so-called
mushroom-brush transition (Figure 18 B).[346] At low polymer density on the liposomal surface,
PEG and hbPG behave like isolated units in solution, which leads to a hemisphere (mushroom)
conformation. However, as soon as the density increases, polymers start to laterally repulse, which
linear polymers like PEG appease by extending in the brush conformation.[347] This phenomenon
occurs at lower mol-% with increasing polymer size, prior complete saturation of the liposomal
surface, which is reported for PEG,00 (roughly PEG-S) and PEGsgoo (PEG-M) at around 5 and
2 mol-%, respectively.[143][348] Considering the rather compact architecture of hbPG in
comparison to PEG as described in literature [320], this transition is probably reached at even
lower mol-% for hbPG, and overcoming steric repulsion by formation of smaller liposomes could
occur even earlier. That could be one explanation of DLS results for 1 and 2 mol-% of hbPG-M and
-L containing liposomes, that resulted in a stronger decrease in liposome diameters when
compared to the same amounts of PEG-M and -L, respectively (Figure 16 A). Calculations addressed
later indicate that PEG-M and -L at 1 and 2 mol-% can be considered in mushroom conformation
(see Figure 18 C). The observed phenomenon could be of advantage, since less material would be
needed to initially form smaller liposomes with hbPG-M and -L in comparison to PEG with the
respective molecular weights. The difference is equalized at 3 mol-% of polymer (Figure 16 A, rows
2 & 3), where PEG-M and -L should have reached the brush conformation according to Lee et al.
[143], which is in line with subsequent calculations, and steric repulsion is probably only

constricted by the formation of smaller liposomes.

Of note, when more than 8 mol-% of large polymers were introduced during liposome preparation,
a second species could be observed with diameters around 20 — 30 nm during DLS measurements
(Sup Figure 1). It presumably arose from the formation of micelles, as the liposomal surface was
assumed to be completely saturated with polymer already, which would be in line with the

literature.[143]
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Surprisingly, for small polymers (Figure 16 A, row 1) above 3 mol-%, a liposome diameter decrease
of up to 30% was only observable for PEGylated liposomes, both with commercially available
mMPEG-DSPE and PEG synthesized by the Frey group. Small hbPG containing liposomes showed an

increase in size again after 3 mol-%, resulting in no significant diameter change at 8 mol-%.

In comparison to liposome size changes obtained from DLS measurements, NTA results were more
moderate (Figure 16 B). Related to the conventional liposome with no surface modification
(at 0 mol-%), which was initially measured 175 nm in diameter compared to 234 nm measured via
DLS, size decreases were less distinct. The only pronounced relative size decreases with 20, 24 and
31% were obtained for 8 mol-% PEG-L, hbPG-M and hbPG-L containing liposomes, respectively.
Overall, although diminished, data trends were similar when compared to DLS results. The
difference in liposome diameters between the two used methods DLS and NTA most likely derived
from the measurements themselves. Whereas in DLS, millions of liposomes were measured in
triplicate measurements and the overall average was calculated, in NTA, only around 100
liposomes were recorded in one measurement.[104] In addition, aggregates, which likely occur in
non-shielded liposomes, are mostly ignored during NTA measurements, which could be another
explanation of the differences to DLS results. Obtained TEM images show vesicular, unilamellar
liposomes with 8 mol-% of the respective polymer (Figure 16 C). There were no micelles visible,

indicating that the liposome surface was not oversaturated with polymer.

While the total liposome number measured by NTA increased with decreasing liposome size, the
encapsulation efficiency (%EE) of SRb decreased accordingly (Figure 17 A), 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 decreased encapsulation efficiency for hydrophilic substances.[349]
Notably, even though hbPG polymers showed a higher molecular weight distribution ® compared
to PEG (table 2), hbPG liposomes were better reproducible overall than PEG liposomes by dual
centrifugation, indicated by the overall smaller error bars in Figure 16 A and liposome PDIs

recorded by DLS (Figure 17 C).
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FIGURE 17: EFFECT OF SMALL, MEDIUM AND LARGE HBPG (GREEN) AND PEG (RED, FREY GROUP; YELLOW,
COMMERCIAL) IN INCREASING MOLE PERCENTAGES ON LIPOSOME (A) SULFORHODAMINE B
ENCAPSULATION EFFICIENCY (%EE), (B) CONCENTRATION MEASURED VIA NTA AND (C) POLYDISPERSITY
(PDI) MEASURED VIA DLS. DOTTED LINES ARE PROVIDED TO SIMPLIFY COMPARISON BETWEEN ROWS.
CONVENTIONAL NON-SHIELDED LIPOSOMES (CL) SERVED AS STARTING POINT. ERROR BARS INDICATE 3
INDIVIDUAL LIPOSOME PREPARATIONS, EACH CONTAINING THREE TECHNICAL REPLICATES.

Zeta potentials of 8-mol% hbPG containing liposomes showed comparable values to the non-
shielded conventional liposomes with around —10 mV, whereas PEGylated liposomes showed
slightly higher zeta potentials (Sup. Fig. 3). Exceptions for hbPG-S or mPEG-DSPE were observed,
for whom the zeta potential decreased to —20 or —40 mV, respectively. The latter can be explained
by the negatively charged phosphate of the phospho-ethanolamine (PE) group that likely induced
the decrease in zeta potential, whereas for hbPG-S, the decrease could derive from other factors

like sample ion strength, particle concentration or pH, which is however highly speculative.

The obtained experimental data is majorly in line with calculations done (table 3). Assuming that
aliposome is a globular sphere, it’s volume V can be calculated by formula 3 with d as the diameter

of the liposome

V= énd3 (3)
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If the liposome diameter d now decreased by a factor x (around 0.5 in the case of hbPG-M, -L and
PEG-L) the surface area O (formula 4) also decreases.

O=r(xd)’ (4)
However, it has to be calculated how many of these smaller liposomes could theoretically be
formed out of a larger liposome with a constant amount of lipids, and their overall resulting surface
area. Considering that egg phosphatidyl choline (EPC), the major component of all tested
liposomes, mainly consists of 1-steaoryl-2-oleoyl-glycero-3-phosphocholine (SOPC), which has an
estimated length of 4 nm, a maximum lamellar thickness / of 8 nm is assumed, which would also
be in line with obtained TEM images (Figure 18 A). The inner volume V; of the liposome can then
be calculated using formula 5.

Vi=zn(d-2I’ (5)
The resulting lipid volume V| can be calculated as shown in formula 6.

Vi=V-V, (6)
If the diameter d gets multiplied by the diameter decrease factor x, the percentage of lipid needed
for one liposome with its respective diameter can be calculated with formula 7, with V,

corresponding to the lipid volume of the conventional non-shielded liposome CL.
%lipid= L2 100% (7)
i

Values for %lipid were obtained for 8 mol-% polymer containing liposomes (table 3). Results show
that for hbPG-M, -L and PEG-L containing liposomes, around 4 liposomes (#lipos) with / = 8 nm
could be formed with the available lipid volume from the conventional liposomes. Comparing the
theoretical data with the liposome number measured by NTA (#lipos NTA) normalized to CL, the
overall increase differs, since the measured liposome diameter decrease between NTA and DLS
also differs, but trends are similar. The overall percentage of surface area increase %0+ can finally

be calculated with formula 8.
nkxd )y

nd?

%04 = ﬁﬂipos R ) -100% (8)
Results in table 3 show that there is an increase in surface area by formation of smaller liposomes,
albeit it is relatively low with around 7% for hbPG-M and -L liposomes half the size of CL.
Figure 18 A depicts TEM images of CL and liposomes with 8 mol-% hbPG-L, which fit the overlaid

circles representing sizes obtained from DLS and calculated membrane thickness.
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TABLE 3: EXPERIMENTAL DATA AND CALCULATIONS FOR CONVENTIONAL LIPOSOME CL AND LIPOSOMES
WITH 8 MOL-% HBPG OR PEG -5, -M AND -L. EXPERIMENTAL DATA INCLUDES THE LIPOSOME
HYDRODYNAMIC DIAMETERS (dn) OBTAINED FROM DLS AND THE NUMBER OF LIPOSOMES (LIPOSOME
CONCENTRATION) OBTAINED FROM NTA NORMALIZED TO CL (#LIPOS NTA). CALCULATED DATA INCLUDES
THE SIZE DECREASE FACTOR X, THE PERCENTAGE OF LIPID NEEDED TO FORM A LIPOSOME NORMALIZED TO
CL (%LIPID), THE MAXIMUM NUMBER OF LIPOSOMES THAT CAN BE FORMED WITH THE SAME LIPID
MATERIAL AVAILABLE FOR CL (#LIPOS), THE OVERALL INCREASE IN SURFACE AREA %0+, THE POLYMER
CONTOUR LENGTH C (ESTIMATED FOR HBPG), THE FLORY DIMENSION Rr AND THE RATIO OF Rr TO THE
DISTANCE D BETWEEN TWO POLYMERS AT 8 MOL-%.

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 on PEG, the Flory dimension (Ry) is needed. It describes the coil size or spatial
configuration of macromolecular chains, which is illustrated in Figure 18 B. It is calculated via
formula 9, where N is the total number of monomers (see table 2), a is the length of a single
monomer unit in water (ethylene glycol: 0.28 nm), and v is the Flory exponent, a dimensionless

measure of flexibility, which is =3/5 for good solvent (here: aqueous buffer).[350][351]
Rf=a-NV (9)

The average distance between two adjacent polymers D can be calculated using formula 10, with

A as PEG area per lipid molecule in the bilayer (0.67 nm? [352]) and M as mole fraction of PEG

lipid.[353]
/2
D= [ﬁ}z (10)

The ratio of the Flory dimension Ry to the distance D can be used to determine the conformation
of PEG, with a ratio of %<1 indicating a mushroom conformation where PEG forms a loose coil as
in water.[352] At higher PEG density on the liposomal surface, in the case of R—;>1, chains expand
in rather elongated conformations (brush), as soon as the steric repulsion overcomes the

R
conformational entropy cost of stretching the chain. Theoretical conformations (Bf) of PEG lipids

depending on mol-% and respective molecular weights are shown in Figure 18 C. At
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8 mol-%, regardless of the polymer size, all PEG based lipids can be considered in brush
conformation with %f>1 (table 3), which is in line with the literature.[143][352] The length of a

polymer chain in a maximally elongated conformation can be described by the contour length C
calculated via formulas 11 and 12, with a as the length of a single monomer unit in water, P as the
overall molecular weight of the polymer, R as the molecular weight of the bis(hexadecyl)-glycerol

anchor (500 g/mol) and mono as the monomer weight.

C=a ‘N (112)

N=-L2E (12)
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FIGURE 18: (A) TEM IMAGES OF CONVENTIONAL LIPOSOME CL (LEFT) AND LIPOSOMES CONTAINING
8 MOL-% HBPG-L (RIGHT) OVERLAID BY CIRCLES REPRESENTING SIZES OBTAINED BY DLS AND CALCULATED
MEMBRANE THICKNESS. (B) POSSIBLE STRUCTURAL CHANGES OF PEG IN MUSHROOM (MUSH) OR BRUSH
CONFORMATION AND HBPG AT LOW OR HIGH SURFACE DENSITY, WITH ILLUSTRATION OF THE FLORY

R
DIMENSION (Rr) AND THE DISTANCE D BETWEEN TWO POLYMERS. (C) THEORETICAL CONFORMATIONS (Bf)
R
OF PEG LIPIDS DEPENDING ON MOL-% AND RESPECTIVE MOLECULAR WEIGHTS. Bf>1 INDICATES BRUSH

R
(ORANGE), Bf<1 MUSHROOM CONFORMATION (GREEN). (D) POSSIBLE STRUCTURES OF HBPG-S (35

MONOMERS) BASED ON ASSUMPTIONS MENTIONED IN THE TEXT, WITH ILLUSTRATION OF THE FLORY
DIMENSION (Rr) OF A BRANCH AND THE DISTANCE D BETWEEN TWO BRANCHES.

Calculations on the size of a hyperbranched polymer like hbPG would have to take all sidechains

(branches) into account, which are all flexible and can be hyperbranched unevenly, leading to a
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much higher complexity compared to a linear PEG chain. Toillustrate possible simplified structures
of hbPG, only the main PG backbone was assumed to build atactic branches. The latter is likely the
case, since racemic glycidol was used for polymerization, and no stereoselective catalysator was
applied. The minimum distance D of each branch was assumed to be D2Rgy,anch), With Repranch) s
the Flory dimension of one linear branch calculated as above, so that branches have maximum
flexibility and no steric repulsion. For hbPG-S, the 35 PG subunits were then arranged as an even
grid or tree-like, with a minimum branch length of 2 monomers (Figure 18 D). The estimated length
of the PG backbone between 17 and 19 PG monomers derived from the number of branches and
their distance D and is in line with NMR measurements of the PG backbone before
hyperbranching.[354] For the contour length C of hbPG, mainly PGs within the backbone were
assumed to contribute, which resulted in relatively short contour lengths (table 3). Possible
structures for hbPG-M (Sup Figure 3) and hbPG-L were also drawn and resulted in increased
structural possibilities with increased molecular weight. As mentioned above, hbPG is described as
more compact than PEG in literature [320] (illustrated in Figure 18 B) and it is therefore tentatively
suggested that these polymers begin to sterically repulse another even earlier than linear PEG

chains, leading to fully covered liposomes already at lower mole percentages.

Since liposomes were prepared in aqueous media, a brief comment on hydrodynamic volumes Vy
is also necessary. Vyis approximately proportional to the intrinsic viscosity n of a polymer and its
molecular weight M,.[355]-[357] So Vi tends to increase with increasing molecular weight, which
could explain the tendency that larger polymers lead to a stronger decrease in liposome size due
to more spatial demand. The intrinsic viscosity of hyperbranched PG is lower than for linear PEG,
and therefore the hydrodynamic volume of hbPG should also be lower than for PEG.[320]
[321][183] Obtained results indicate however that the situation is more complex due to different
structural conformations of the polymers (mushroom vs. brush and branched vs. linear), which
have a high impact on their spatial demand and also influence polymer hydration levels as it is
reported in literature.[347][358][359] Of note, when the ratio of total lipids to aqueous buffer was
increased by the factor 2 (according to previous protocols [322]) during preparation of liposomes
containing more than 5 mol-% of PEG-L, resulting liposomes showed increased diameters,
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 sizes of hbPG

(Sup Figure 4).

To briefly conclude this first part, shielding of liposomes with 8 mol-% of hbPG-M, -L or PEG-L led

to a decrease in liposome diameter measured by DLS and NTA, which could be of importance for
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potentially enhancing liposomal passive targeting / tumor penetration ability. PDIs (0.13+0.02),

reproducibility and sizes (11746 nm) of these liposomes achieved pharmaceutical quality.[83]

3.1.2 PROTEIN CORONA & MACROPHAGE UPTAKE

In this section, recent findings obtained in a collaboration with the research group of Prof. Dr. Landfester (Max Planck
Institute for Polymer Research, Ackermannweg 10, 5518 Mainz, Germany) are briefly illustrated. Protein corona and cell
experiments were performed by Dr. Claudia Weber and Johanna Simon. Most parts of this chapter are published in

[360].

In a complex biological system, many influences on nanoparticles such as liposomes have to be
considered. Amongst others, proteins are adsorbed onto the liposomal surface, forming a so-called
protein corona upon injection into the blood stream and therefore changing the liposomes’
biological identity.[361]—-[365] The latter can influence cellular uptake, body distribution and
clearance.[366] It is known from the literature that PEG minimizes unspecific protein adsorption
onto the liposomal surface, due to its hydrophilicity, excluded volume and its ability to act as a
steric barrier.[367] However, so-called ‘stealth’ proteins (dysopsonins) are adsorbed onto the
PEGylated liposomal surface, which could explain the minimized unspecific cell uptake of
PEGylated liposomes.[324][368]-[370] The conventional liposome used in this section consisted
of 55 mol-% EPC and 45 mol-% cholesterol as before (composition of clinically relevant Myocet®),
whereas for shielded liposomes, 5 mol-% of EPC was replaced by mPEG-DSPE3*® (composition
comparable to clinically relevant Doxil®) or hbPG-S2, respectively (table 4). To compare
conventional, PEGylated and hbPG-bearing liposomes in terms of their protein corona
composition, they were incubated with human plasma, purified by asymmetric flow field flow
fractionation (AF4) or centrifugation and subjected to liquid chromatography/mass spectrometry
(LC-MS).[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 bound proteins,
whereas after purification by centrifugation, this so-called soft corona cannot be analyzed.[374]
Purified fluorescently labeled liposomes (0.1 mol-% lipophilic carbocyanine dye DiD, see section
5.1 Materials) were subsequently incubated with murine macrophages (RAW 264.7 cells) to

investigate cellular uptake by flow cytometry and confocal laser scanning microscopy (CLSM).
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TABLE 4: SAMPLES USED IN PROTEIN CORONA AND MACROPHAGE UPTAKE STUDIES. SHOWN ARE THE
RESPECTIVE LIPID COMPOSITIONS, POLYMERS WITH MOLECULAR WEIGHT AND FORMULA, AND LIPOSOME
DIAMETER, PDI AND ZETA POTENTIAL MEASURED BY DLS. ERRORS INDICATE THREE INDIVIDUAL LIPOSOME
PREPARATIONS, EACH CONTAINING THREE TECHNICAL REPLICATES.

composition

. . . - polymer  d, zeta N
liposome EPC:CHOL: amphiphilic MW in in PDI potential amphiphilic polymer
D polymer polymer ) formula
h g/mol nm in mv
in mol-%
172 0.16
CL 55:45:0 - - 117 1004 -20+1
AP SN LV EVO’\%O
A N N
L-PEG 50:45:5 mPEG-DSPE 3000 125015 -28+1 12 o H 45
+14  +0.03 05
OhbPG
Lo OtH
e 19 029 i ]/\Olﬁ’ tn
L-hbPG 50:45:5 hbPG-S52 2750 21 £0.06 -21+1 \H;O

It was found that the composition and amounts of loosely bound proteins of the soft protein
corona assessed via AF4 were rather similar for CL, PEGylated and hbPG liposomes, with the latter
showing a slightly increased amount of apolipoporotein Al (Figure 19 A). For the hard corona
analyzed after liposome centrifugation, changes were only visible for hbPG liposomes when
compared to CL, but surprisingly not for PEGylated liposomes. The amount of albumin was
decreased within the hard corona of L-hbPG, while tissue leakage proteins, histidine-rich
glycoprotein and coagulation factor Xll were enriched. Overall, the liposomal surface modifications
seemed to not strongly alter the composition of the adsorbed proteins, albeit slight differences of
protein amounts observed for the hard corona of L-hbPG. Regarding the total amount of adsorbed
proteins, it was rather low (< 0.7 mg/m?) when compared to more hydrophobic polystyrene based
nanoparticles, but in range of other hydrophilic hydroxyethyl starch based
nanoparticles.[371][372]
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FIGURE 19: PROTEIN CORONA COMPOSITION OF CONVENTIONAL LIPOSOME (CL) AND PEG OR HBPG

LIPOSOMES

IN COMPARISON WITH PURE BLOOD PLASMA AS AQUIRED FROM LIQUID

CHROMATOGRAPHY/MASS SPECTROMETRY (LC-MS) OF TWO BIOLOGICAL REPLICATES. (A) CORONA
COMPOSITION AFTER AF4. (B) CORONA COMPOSITION AFTER CENTRIFUGATION.
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Strikingly, flow cytometry results indicate that cellular uptake by macrophages differed strongly
between the three investigated formulations (Figure 20), despite similar protein corona

compositions.
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FIGURE 20: INFLUENCE OF LIPOSOME SURFACE MODIFICATION AND PROTEIN CORONA ON MACROPHAGE
UPTAKE ASSESSED BY FLOW CYTOMETRY. FLUORESCENTLY LABELED (DID) CONVENTIONAL LIPOSOME (CL)
AND LIPOSOMES CONTAINING PEG (L-PEG) OR HBPG (L-HBPG) WERE INCUBATED FOR 2 AND 24 H WITH
RAW264.7 CELLS AT A CONCENTRATION OF 7.5 pug/mLPRIOR (REFERRED TO AS 0%) OR AFTER INCUBATION
WITH 5 OR 100% HUMAN PLASMA (HP). THE PERCENTAGE OF CELLS SHOWING A POSITIVE FLUORESCENCE
SIGNAL IS SHOWN. (A) AFTER 2 H INCUBATION TIME, CELLS INCUBATED WITH PEGYLATED LIPOSOMES L-PEG
SHOWED A LOWER FLUORESCENCE IN COMPARISON WITH CL AND L-HBPG. (B) AFTER 24 H INCUBATION
TIME, L-PEG AND L-HBPG SHOWED THE LOWEST AND HIGHEST CELLULAR FLUORESCENCE SIGNALS,
RESPECTIVELY. OVERALL, CELLULAR UPTAKE SEEMED TO BE INDEPENDENT FROM PLASMA INCUBATION.
ERROR BARS INDICATE TWO BIOLOGICAL REPLICATES.

Regardless of liposomal pre-incubation with human plasma (0, 5 and 100%), the uptake of
liposomes by macrophages did barely alter, indicating that not the protein corona, but the
liposomal properties themselves have a higher influence on macrophage uptake. First of all, the
size of the respective liposomes could be one important factor for recognition and uptake by
macrophages.[221] That is why at least a part of the difference in macrophage uptake could derive
from the fact that L-hbPG is 1.5 times larger than L-PEG. However, regarding the comparable sizes
of CL and L-hbPG, the liposome sizes were suggested to be non-decisive for observed differences.
All tested liposomes had diameters in the range of 100 — 200 nm, which is reported to not lead to
a distinct difference in macrophage uptake.[375] Zeta potentials of all three tested liposomes were
negative and comparable and should therefore only have a minor influence on cell uptake
(table 4). Notably, negatively charged liposomes were previously reported to lead to an enhanced
macrophage internalization.[376] CLSM images (Figure 21) indicated qualitatively that all tested
liposomes were successfully internalized, with differences roughly corresponding to flow

cytometry results.
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‘ scale bars: 20 um

FIGURE 21: CONFOCAL LASER SCANNING MICROSCOPY (CLSM) IMAGES OF CONVENTIONAL LIPOSOME (CL),
PEGYLATED LIPOSOME (L-PEG) AND HBPG CONTAINING LIPOSOME (L-HBPG) INCUBATED WITH
MACROPHAGES (RAW264.7 CELLS) FOR 2 H (TOP) AND 24 H (BOTTOM) AT A CONCENTRATION OF 75 pg/ml.
LIPOSOMES WERE FLUORESCENTLY LABELED WITH MEMBRANE DYE DID AND ARE DEPICTED IN GREEN, CELL
MEMBRANES WERE STAINED WITH CELLMASK™ DEEP RED AND ARE DEPICTED IN RED.

PEGylated liposomes L-PEG showed the lowest uptake after 2 and 24 h, which was expected, since
PEG is reported to reduce unspecific uptake by macrophages.[12] Scavenger receptors present on
the macrophage surface are reported to recognize PEG, in particular in combination with albumin,
which was the main part of the L-PEG protein corona (Figure 19). These PEG-albumin complexes
could potentially lead to a block of the scavenger receptor mediated cell uptake of
L-PEG.[377][378] Remarkably, liposomes L-hbPG showed a strong increase in cellular uptake from
2 to 24 hours incubation time, even surpassing CL at 24 h. Since CL, L-PEG and L-hbPG only differ
in their composition by their polymer shielding, the latter is thought to be mainly responsible for

observed differences.

Besides other dissimilar intrinsic properties like viscosity or hydrodynamic radii, multiple hydroxyl
groups are exposed in hbPG, while mPEG-DSPE possesses one 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 non-receptor mediated, and the role of the hydroxyl groups
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of hbPG in liposome recognition and internalization. Microscopy images (Figure 21) indicate that
liposomes were taken up mainly by endocytosis rather than membrane fusion, since liposomal
membrane dye was exclusively present in liposomes even after cell uptake, which is in line with
the literature.[379] However, more than a single uptake mechanism can occur simultaneously,

which is why the explanation of observed differences is fairly ambiguous.[329]

A study from Wagener et al. found comparable biodistribution of PEG and hbPG liposomes in mice
via positron emission tomography imaging.[186] However, splenic uptake for hbPG liposomes was
found to be higher than for PEGylated liposomes. Besides the more complex in vivo situation, this
phenomenon could possibly be attributed to a higher monocyte uptake, since the red pulp as the
main part of the spleen is a center of activity of the reticuloendothelial system and contains more
than half of the bodies’ monocytes.[380] Monocytes can differentiate into macrophages after
recruitment to inflammatory sites, but are also immune effector cells themselves with a very
similar nature.[381][223] These observations could therefore be in line with abovementioned

findings.

To conclude this part, although PEG and hbPG are both very hydrophilic, other intrinsic properties
of hbPG presumably affect not only the liposomal physicochemical parameters as shown in the
first section, but also the biological identity and can therefore have a strong impact on liposome
recognition and uptake by macrophages, independently from the protein corona. This could lead
to a unique opportunity of ‘targeting’ liposomes to mononuclear phagocytes like monocytes and
macrophages, to potentially stimulate macrophage-mediated host defense
mechanisms.[329][333] Additionally, the overall low protein adsorption of tested liposomes could
be advantageous for in vivo application, since individual deviations deriving from divergent plasma

compositions between patients are likely reduced.[23][97][98]

3.1.3 BIODISTRIBUTION & BLOOD CIRCULATION

In this section, findings obtained in a collaboration with the research group of Prof. Dr. Huwyler (Pharmaceutical
Technology Uni Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland) are illustrated. Zebrafish experiments were

performed by Dr. Dominik Witzigmann and Dr. Sandro Sieber.

The situation in vivo is far more complex than in vitro due to various parameters that can affect
the pharmacokinetic profile of the administered liposomes, like their 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 pharmacokinetics is a pre-requisite for clinical development of all
nanoparticular drug delivery vehicles. It is in general accomplished by a systemic injection of
candidate liposomes into rodents and subsequent organ extraction for analysis of biodistribution
via microscopic, magnetic resonance, radioactive or fluorescent tracers.[201] However, these in
vivo studies are quite laborious and cost intensive. Zebrafish embryos (ZFE) were recently
proposed as simple vertebrate screening model to investigate biodistribution and blood circulation
behavior for nanoparticles like liposomes.[280][281][287][384] Main advantages of using ZFEs as
in vivo model are low experimental costs, high reproducibility, husbandry conditions, high level of
genetic homology to humans, available transgenic lines, ethical considerations and the transparent
skin, enabling direct non-invasive fluorescence measurements of the whole fish.[272][260] It has
been shown by Sieber et al. that certain data obtained from in vivo studies in mice could be
reproduced using ZFEs, and vice versa that results obtained from ZFE studies could predict
behavior in mice.[280][279] In this section, the focus was set on the influence of amount and size
of PEG or hbPG on liposome circulation and biodistribution using the ZFE model, by comparing low
and high amounts of small, medium and large PEG to respective hbPG containing liposomes
(physicochemical parameters in sup. table 1), which were already introduced in section 3.1.1.
Liposomes were loaded with hydrophilic model cargo SRb and additionally fluorescently
membrane labeled with DiD as in section 3.1.2. Biodistribution and blood circulation was analyzed
by CLSM qualitatively and semi-quantitatively in the whole fish or tail region 24 hours post

injection using image analysis as stated in the methods section.

The workflow from fertilization to CLSM is depicted in Figure 22 A. Fertilized zebrafish eggs were
kept for 2 days at 28 °C, then the emerged hatchlings were fixated on warm agarose gel for
liposome injection. Around 1 nL of liposome sample was injected into the bloodstream in front of
the heart (duct of Cuvier) and ZFEs were kept from now on at 37 °C. After 72 hours post

fertilization, embryogenesis was completed and CLSM was performed.[272]
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FIGURE 22: (A) EXPERIMENTAL SETUP FOR INJECTION OF LIPOSOME SAMPLES INTO ZEBRAFISH EMBRYOS
(ZFE). INSPIRED BY [279]. (B) INFLUENCE OF POLYMER SIZE AND TYPE ON LIPOSOME CIRCULATION AND
BIODISTRIBUTION. CONFOCAL LASER SCANNING MICROSCOPY (CLSM) IMAGES OF MEMBRANE-LABELED
(DID, RED) CONVENTIONAL LIPOSOME (CL, TOP), PEGYLATED (LEFT) AND HBPG LIPOSOMES (RIGHT) WITH 5
MOL-% OF POLYMER WITH INCREASING MOLECULAR WEIGHT FROM SMALL (S) OVER MEDIUM (M) TO
LARGE (L) 24 HOURS POST INJECTION.

First, the effect of polymer sizes on liposome biodistribution and circulation was addressed.
Figure 22 B shows the biodistribution and circulation of fluorescently membrane labeled liposomes
(red) within the whole ZFE 24 hours post injection. Beginning with the conventional liposomes CL,
their red fluorescence staining pattern was mainly arranged in dotted clusters, indicating a bound
non-circulating state possibly caused from binding to the vasculature or for example from uptake
by macrophages.[280] Besides, hardly any circulating liposomes could be observed, which would

result in a more diffuse fluorescence along the blood vessels. This indicates a low half-life in
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circulation and a rather fast clearance, which would be in line with the literature.[16] Regarding
PEGylated liposomes (5 mol-%), their fluorescence was evenly distributed across the ZFEs blood
vessel structure. This is an indication for a better circulation [280], mainly due to a slower clearance
by macrophages according to literature [16], as no dotted fluorescence pattern could be observed.
In contrast to PEGylated liposomes, hbPG (5 mol-%) containing liposomes showed cluster
formation in all permutations, indicating a decreased circulation probably caused by an increased
recognition and uptake by macrophages. Also, increasing liposome surface polymer size of PEG
and hbPG probably led to a better circulation in blood, indicated by a more diffuse distribution
pattern. Also, shielded liposomes seemed to circulate better than conventional liposomes, with
PEGylated liposomes circulating better than hbPG liposomes. Of note, biodistribution and
circulation of liposomes is also dependent on their physicochemical parameters like diameter,
which generally decreased with increasing molecular weight of the polymer as already discussed
in section 3.1.1, so the better circulation could also derive from the fact that liposomes with bigger
polymers were smaller in general. Zeta potentials were slightly negative for all tested liposomes,
and PDIs were between 0.1 and 0.3, which is why these parameters were assumed to have no

major impact on differences in circulation behavior (sup. table 1).

To identify whether the observed dotted distribution patterns arose from macrophage uptake, the
transgenic zebrafish cell line expressing green fluorescent protein (GFP) in its macrophages
Tg(mpegl:Gal4;UAS:KAEDE) was used for injection with 1 nL of DiD-labeled liposomes prepared
with 10 mol-% hbPG-L as surface modification and sulforhodamine b (SRb) as cargo. Images

obtained from CLSM after 24 hours incubation can be seen in Figure 23.

As visible in Figure 23, liposomal hydrophilic cargo SRb (Figure 23 D) and lipophilic membrane dye
DiD (Figure 23 C) mainly co-localized, indicating that most liposomes were still intact after 24 hours
incubation. This can also be seen in the merged images (Figure 23 B, F), resulting in a rather pink
color. Most importantly, liposomes seemed to strongly colocalize with macrophages
(Figure 23 C-F), both circulating macrophages within the blood vessels, and tissue resident
macrophages. Still, most of the liposomes were in circulation. This qualitatively confirmed previous

assumptions, that dotted distribution patterns indicate an increased uptake by macrophages.
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FIGURE 23: CLSM IMAGES OF TRANSGENIC ZEBRAFISH EMBRYO (ZFE) INCUBATED WITH LIPOSOMES FOR
24 HOURS. LIPOSOMES ARE DEPICTED IN BLUE (DID), LIPOSOMAL CARGO IN RED (SRB) AND MACROPHAGES
IN GREEN (GFP). (A) WHOLE ZFE WITH MACROPHAGES EXPRESSING GREEN FLUORESCENT PROTEIN. (B)
MERGED IMAGE OF THE WHOLE ZFE WITH CIRCULATING LIPOSOMES. THE BOTTOM FOUR IMAGES SHOW
THE TAIL REGION OF THE ZFE WITH (C) LIPOSOMES ONLY, (D) CARGO ONLY, (E) MACROPHAGES ONLY AND
(F) MERGED CHANNELS. CONTRAST AND BRIGHTNESS WERE ENHANCED EQUALLY ACROSS ALL PICTURES BY
40% FOR BETTER VISUALIZATION.

Second, the effect of the amount of surface polymer on liposome circulation and biodistribution
was addressed by injection of liposomes containing 2 or 10 mol-% PEG or hbPG in sizes from small
to large with SRb as cargo into transgenic ZFEs that express GFP in their vasculature
(kdrl:EGFPs843).[385] This time, the tail region was magnified to better visualize differences in

circulation and macrophage uptake 24 hours post injection (Figure 24 A).
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FIGURE 24: (A) CLSM IMAGES OF TAIL REGIONS OF TRANSGENIC ZEBRAFISH EMBYROS 24 HOURS POST
INJECTION EITHER OF PEGYLATED LIPOSOMES (ROWS 1 & 2) OR HBPG LIPOSOMES (ROWS 3 & 4).
LIPOSOMAL CARGO SRB IS DEPICTED IN RED (ROWS 2 & 4), AND MERGED IMAGES IN ROWS 1 AND 3 DEPICT
ADDITIONALLY THE VASCULATURE IN GREEN (GFP), AND THE MEMBRANE LABELED LIPOSOMES IN BLUE
(DID). COLUMNS a AND b DEPICT RESULTS WITH LIPOSOMES CONTAINING 2 OR 10 MOL-% OF SMALL
POLYMERS, RESPECTIVELY. COLUMNS c AND d DEPICT RESULTS WITH LIPOSOMES CONTAINING 2 OR
10 MOL-% OF LARGE POLYMERS, RESPECTIVELY. CONTRAST AND BRIGHTNESS WERE ENHANCED EQUALLY
ACROSS ALL PICTURES BY 40% FOR BETTER VISUALIZATION. (B) SCHEME OF THE TAIL REGION WITH TISSUE
AND VESSEL TYPES.
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Increasing the amount of small PEG on the liposomal surface from 2 to 10 mol-% (Figure 24 A, a2,
b2) resulted in a more evenly distributed fluorescence pattern within the extracellular space. This
suggests a qualitative increase in liposome circulation, since long circulating liposomes generally
show a stronger extravasation, with differences overall best visible for the cargo only images
(Figure 24 A, rows 2 and 4). For liposomes containing large PEG, there were only minor changes
visible when increasing the amount of polymer, and fluorescence patterns were comparable to
liposomes containing 10 mol-% small PEG (Figure 24 A, b2, c2 and d2). Images c1 and d1 suggested
however that a considerable number of liposomes (pink) was extravasated and did therefore not
colocalize with the green vasculature. Similar trends that increased amounts/sizes of polymer lead
to a better circulation were also visible for hbPG bearing liposomes, whereas in sharp contrast to
PEGylated liposomes, all of them were mainly located inside the caudal hematopoietic tissue (CHT,
Figure 24 B), and only liposomes containing 10 mol-% hbPG-L showed an increased extravasation
(Figure 24 d4). The CHT was reported to be functionally homologous to liver sinusoidal endothelial
cells and Kupffer cells of the mammalian liver and therefore comprises the reticuloendothelial
system in ZFE, which could be one explanation of the observed patterns for hbPG liposomes.[279]
For small hbPG, increasing the polymer amount led to a qualitative increase in circulation visible
by an increase in diffuse fluorescence along the vasculature (Figure 24 A, a4 and b4). Liposomes
with 2 mol-% large hbPG showed a qualitatively better circulation when compared to small hbPG
(Figure 24 A, a4 and c4), and increasing the amount presumably led to an increased circulation and
extravasation regarding the fluorescence patterns (Figure 24 A, c4 and d4). When comparing PEG
to hbPG liposomes in the respective amounts and sizes, the latter showed a highly dotted
distribution pattern in all cases with clusters mainly located within the CHT, which can likely be

attributed to an increased uptake by macrophages as discussed previously.

In order to semi-quantify the circulation, CHT binding/uptake and extravasation, images depicting
cargo only were analyzed and cropped according to Sieber et al., with a detailed description
provided in the methods section.[280] Absolute fluorescence intensities in the respective
compartments are illustrated in Figure 25 A, relative fluorescence distribution between

compartments is shown in Figure 25 B.
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FIGURE 25: (A) ABSOLUTE FLUORESCENCE INTENSITY VALUES OF LIPOSOMAL CARGO SULFORHODAMINE B
(SRB) IN ZEBRAFISH EMBRYO TAIL REGION AFTER 24 HOURS INCUBATION WITH LIPOSOMES CONTAINING
SMALL OR LARGE PEG/HBPG IN AMOUNTS OF 2 AND 10 MOL-% IN CIRCULATION (RED), CHT (BLUE) AND
EXTRAVASCULAR SPACE (GREY). (B) RELATIVE FLUORESCENCE DISTRIBUTION OF LIPOSOMAL CARGO SRB
BETWEEN COMPARTMENTS IN PERCENTAGE. ERROR BARS INDICATE THREE TECHNICAL REPLICATES.

Absolute fluorescence intensities depicted in Figure 25 A indicate that PEGylated liposomes
showed an overall higher total fluorescence intensity when compared to hbPG liposomes, which
could derive from the different distribution patterns. The overall fluorescence intensity for hbPG
liposomes with a dotted/clustered distribution pattern is likely underrepresented when compared
to evenly distributed, long circulating PEGylated liposomes. The latter showed considerably higher
fluorescence intensities in circulation and extravascular space, whereas hbPG liposomes were
almost evenly distributed between circulation and CHT. This suggests that hbPG is less efficient in
prolonging circulation when compared to PEG, probably due to an increased macrophage uptake.
This phenomenon can also be observed for the relative distribution of liposomes between
compartments (Figure 25 B). Differences in liposome distribution within same polymer types are
only observable for 10 mol-% hbPG-L, which showed a 3-4 times higher extravasation compared

to other hbPG containing liposomes.

To briefly conclude this section, hbPG liposomes showed dotted distribution patterns throughout

all permutations, indicating an increased uptake by macrophages mainly of the CHT. They were
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therefore not able to prolong liposome circulation as good as PEG. For both PEG and hbPG,
increasing the size and amount of the surface polymer led to a qualitative increase in circulation

and extravasation.

3.2 SCREENING FOR LIPID COMPOSITIONS AT THE EDGE OF STABILITY

ABSTRACT

To identify liposomes at the edge of stability, capable of releasing encapsulated cargo upon slight
changes of pH or temperature, various stabilizing and modifying lipids were chosen and combined
to form liposomes via dual centrifugation. A total of 168 formulations were screened for their
membrane stability in the first section by measurement of the emission shift of the membrane-
incorporated solvatochromic fluorescent probe laurdan. The edge of stability could be identified
for 6 defined lipid combinations, which were optimized in the second section by variation of their
lipid ratio to yield efficient model cargo release upon pH decrease and elevated temperature.
Besides high cargo release determined via size-exclusion chromatography (SEC), insufficient cargo
retention upon storage required a liposome refinement step using pH-sensitive cholesteryl-
hemisuccinate (CHEMS). Three formulations were finally classified as candidates for efficient cargo
release and retention via SEC and dynamic light scattering (DLS). In the third section, cell
experiments with human macrophages and melanoma cells confirmed increased capability of fast
intracellular doxorubicin release for candidate liposomes compared to conventional liposomes
using flow cytometry, confocal microscopy and ImageStream®. In the fourth section, treatment of
salmonella infected zebrafish embryos with antibiotic loaded candidate liposomes led to an
increased zebrafish survival compared to conventional liposomes. Application of pH-sensitive PEG
to candidate liposomes in section five resulted in an increased cargo release when compared to

conventional PEG or hbPG, which could be an important advancement for further development.
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FIGURE 26: SECTION OVERVIEW INCLUDING THE SYSTEMATIC SCREENING APPROACH TO IDENTIFY
LIPOSOMES AT THE EDGE OF STABILITY, CAPABLE OF RELEASING ENCAPSULATED CARGO.
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INTRODUCTION

Extracellular stability and intracellular lability are contradictory requirements for nanoparticles in
drug delivery. It is well known in the literature that encapsulated drugs are not bioavailable until
they are released from the liposome. [82][83][173] Therefore, liposomes should grant sufficient
cargo retention during storage and transit to the target site and prevent premature cargo release,
while at the target tissue, the cargo should be delivered in an adequate concentration within an
appropriate time period at a sufficient rate.[388] There are many molecular and biophysical
concepts and compounds described in literature to address liposome stability and cargo release,
as for example by the use of temperature- or pH-sensitive lipids, synthetic lipids and amphiphiles,
amongst others.[10][82]-[89] Since liposomes with comparable physicochemical properties as
liposomes used in this approach were reported to be primarily taken up by the endocytic pathway,
experiments of this section aimed to achieve rather simple liposomes which trigger cargo release
upon body temperature and decreased pH as present in late endosomes/lysosomes and pathologic
tissues such as tumors or metastases.[379][395] To cover a high variety for screening, lipids with
different fatty acid chain lengths, saturation, phase transition temperatures and headgroup
charges were chosen for liposome formulation (table 5). As in the first section 3.1, the conventional
non-shielded liposome (CL) served as control and consisted of EPC and cholesterol (55:45 mol-%,
same lipid composition as clinically relevant liposome Myocet®). Dual centrifugation was used for
liposome formulation, as it is suitable for screening purposes by combining high sample numbers
and fast turnaround times with low material needs (2-5 mg total lipid) and high encapsulation
efficiencies of around 50% for small hydrophilic molecules like sulforhodamine b (SRb) or
doxorubicin (DXR) (Figure 27).[33][121][122] The latter were mainly chosen due to their
comparable molecular weight and simple readout using fluorescence, with SRb as non-toxic model
cargo for in vitro screening purposes, and toxic DXR as drug for cell experiments. It must be noted
that the cargo itself can have a huge impact on liposomal parameters like size, stability, cell uptake
and cargo release, which is the main reason why the abovementioned comparable model cargos
were most reasonable and in line with the typical approach for liposome optimization in literature,
which is often cargo based.[290] DXR, a chemotherapy medication used to treat cancer for more
than 30 years, accumulates within the cell nucleus after release from liposomes, where it is
proposed to intercalate into DNA to form DNA adducts and to inhibit topoisomerase I, finally
resulting in apoptotic cell death.[397] Its accumulation inside the nucleus, its fluorescence and the
possibility to counterstain the cell nuclei, for example with Hoechst 33258, render DXR a suitable
molecule for a comfortable readout of liposomal drug release in cell experiments. To ensure that

all cargo is within the liposomes before incubation in vitro at lower pH and elevated temperature,
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with cells or in vivo with zebrafish embryos for cargo release studies, a method for semi-automated

SEC by HPLC was developed amenable to screening in order to handle the huge number of samples.

TABLE 5: LIPIDS USED FOR LIPOSOME FORMULATION. STABILIZING LIPIDS (TOP) WERE MIXED WITH EACH
OF THE MODIFYING LIPIDS (BOTTOM). DEPICTED ARE FATTY ACID CHAIN LENGTHS (NUMBER OF CARBON
ATOMS:NUMBER OF DOUBLE BONDS), PHASE TRANSITION TEMPERATURES (TM), NETTO LIPID CHARGES AT
PH 7.4 (PH5.5) AND STRUCTURES OF EACH LIPID. FOR LIPID ABBREVIATIONS, SEE SECTION 5.1 MATERIALS.

fatty acid Tm netto lipid charge
chainlength in°C pH 7.4 (pH 5.5)
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Sulforhodamine b Doxorublc.ln
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FIGURE 27: CHEMICAL STRUCUTRES OF SULFORHODAMINE B (SRB) AND DOXORUBICIN HYDROCHLORIDE
(DXR) AS MODEL CARGOS WITH COMPARABLE MOLECULAR WEIGHTS FOR SCREENING AND CELL
EXPERIMENTS, RESPECTIVELY.

3.2.1 MEMBRANE STABILITY

Prior encapsulating and releasing a model cargo from liposomes, it was necessary to identify the
edge of liposomal membrane stability, so that small changes of pH and/or temperature would
already start to destabilize the liposome for subsequent cargo release. The membrane acts as a
natural barrier for encapsulated hydrophilic cargo, depending on the cargo itself and the
membrane lipid order, whereas the latter depends on the lipid components and their phase
transition temperatures (Tm).[398]-[401] In order to potentially identify regions of liposomal
membrane stability and instability faster and to keep the number of variables as low as possible,
liposomes were initially kept simple by combining two lipids as components. Therefore, membrane
stability was manipulated first by mixing stabilizing lipids of group 1 with every modifying lipid from
group 2 (table 5) with increasing mole percentages. Starting from 100 mol-% lipid 1, 10 mol-% were
stepwise substituted by lipid 2 up to 90 mol-%. For lipid combinations L1-18, this resulted in 10
different ratios for each combination and a total number of 168 liposome samples (table 6).
Modifying lipids depicted identical fatty acid chains lengths and Tms (table 5), so that their effect
on membrane stability could mainly be attributed to their charge and miscibility with each
stabilizing lipid of group 1. Incorporation of cholesterol into the liposomal membrane was
intentionally omitted, since it can have a membrane rigidizing effect and therefore reduces the

cargo release, which would obliterate the edge of stability.[402][403]
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TABLE 6: CONVENTIONAL LIPOSOME (CL) AND LIPID COMBINATIONS L1-18 PREPARED FOR THE EVALUATION
OF MEMBRANE STABILITY VIA THE LAURDAN ASSAY. STARTING FROM 100 MOL-% LIPID 1, 10 MOL-% WERE
STEPWISE SUBSTITUTED BY LIPID 2 UP TO 90 MOL-%.

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-dodecanoyl-2-dimethylaminonaphthalene) was
additionally membrane incorporated (0.1 mol-%) during liposome preparation since it indicates
membrane phase changes and destabilization by a fluorescence emission shift
(Figure 28).[404][328] Membrane phase changes can occur, if the measurement temperature
exceeds or falls below the specific Tm of the respective lipid forming the liposome. The Tm
depends on the lipids’ fatty acid chain length, saturation and headgroup.[31] In the usual case of
liposomes consisting of more than one lipid, phases can be co-existing and depend on the lipid
composition, ratio, lipid hydration and cholesterol content of the membrane.[108] The occurring
fluorescence emission shift upon membrane phase change or destabilization is caused by an
increased laurdan dipole moment upon excitation at 350 nm, which leads to a re-arrangement of
surrounding dipoles like water molecules. Since the required energy for that re-arrangement
increases with higher intimate water molecule concentration, laurdan fluorescence emission shifts
to higher wavelengths from 440 to 490 nm upon change from gel to liquid disordered membrane
phase and upon destabilization.[405] 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 in laurdan fluorescence emission maximum and therefore the

membrane stability or phase can be described by the laurdan generalized polarization value LGP,
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which can be calculated according to formula 13, with / as emission intensities at the respective
wavelengths.[106][108][109]

LGP= (1240 - lag0) (13)

(1240 * l490)

The Tm of DPPC and DPPG as stabilizing lipid 1 is 41 °C and was therefore higher than the ambient
temperature of 25 °C (table 6, L4-L9), which is why these lipids were likely in rigid gel phase and
the LGP decreased upon liposomal destabilization caused by an increase at 490 nm fluorescence
emission. All other lipids with a Tm lower than 25 °C were in liquid crystalline phase with more
water molecules already within the intimate surrounding of laurdan, which resulted in moderate
and high decreases of laurdan emission at 440 nm and 490 nm upon destabilization, respectively,

resulting in an overall increase of LGP.
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FIGURE 28: LAURDAN STRUCTURE AND FLUORESCENCE EMISSION SHIFT FROM 440 TO 490 NM UPON
LIPOSOMAL MEMBRANE DESTABILIZATION OR PHASE CHANGE FROM RIGID GEL TO LIQUID DISORDERED.
VALUES OBTAINED FOR A MEMBRANE AROUND THE EDGE OF STABILITY ARE INDICATED IN LIGHT BLUE.
EXCITATION WAVELENGTH WAS 350 NM.

To monitor regions of membrane stability and instability, obtained LGP values at pH 7.4 were
blotted against increasing mol-% of modifying lipid 2 (Figure 29 A). Besides linear LGP increase,
decrease or consistency, six out of the 18 liposome samples showed a sigmoidal LGP shape, namely
L2, L4, L6, L11, L14 and L15 (Figure 29 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 earlier. Of note, liposomes containing EPC did not lead to a sigmoidal
curvature of LGP in any combination with modifying lipids, probably due to its

heterogeneity.[108][109]
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FIGURE 29: LAURDAN GENERALIZED POLARIZATION VALUES (LGP) OF LIPOSOMES CONTAINING 0.1 MOL-%
LAURDAN, PLOTTED AGAINST INCREASING MOL-% OF MODIFYING LIPID 2 OF (A) ALL TESTED LIPID
COMBINATIONS AND (B) LIPID COMBINATIONS WITH A SIGMOIDAL LGP CURVATURE.
(C) NORMALIZED LGP VALUES AS ABSOLUTE DEVIATION FROM THE STARTING LIPOSOME CONTAINING
100 MOL-% LIPID 1 IN PERCENTAGE PLOTTED AGAINST INCREASING MOL-% OF MODIFYING LIPID 2.
NORMALIZATION ENABLED THE VISUALIZATION OF THE AREA IN WHICH THE EDGE OF LIPOSOMAL
MEMBRANE STABILITY WAS EXPECTED, INDICATED BY THE BLUE CIRCLE. LIPID COMBINATIONS ARE
DEPICTED IN THE LEGEND.
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For the conventional liposome CL, no changes in laurdan polarization could be observed with
increasing cholesterol content (Sup Figure 5). The obtained graphs were normalized for better
visualization to uncover the area of beginning liposomal membrane destabilization using a
sigmoidal fit. Instead of the LGP values, the percentage of deviation from the LGP value of
corresponding starting liposome with 100 mol-% lipid 1 was plotted against increasing mol-% of
lipid 2, with 100 mol-% lipid 1 corresponding to 0% deviation, and 10 mol-% lipid 1 with 90 mol-%
of lipid 2 corresponding to 100% deviation (Figure 29 C).

Differences in normalized LGP deviation curve shapes observable in Figure 29 C derive from the
lipids themselves, depending on their saturation, acyl chain length, miscibility, charge and
combination, as explained in the following way. Regarding liposomes L2, L11 and L14 with pH-
sensitive DODAP as modifying lipid, their curvatures are quite similar, despite different stabilizing
lipids. While DMPC in L2 is saturated, stabilizing lipids DOPC and DOPG in L11 and L14 are
unsaturated, respectively. Additionally, the acyl chain length in DMPC is shorter than in DOPC and
DOPG, with the latter bearing a negative charge in contrast to the other two neutral lipids. Besides
these differences for the stabilizing lipids, the LGP deviation curvatures of the mentioned lipid
combinations are similar, which suggests that the modifying lipids, as DODAP in this case, have
more influence on their respective LGP deviation curve shape than the saturation, charge or acyl
chain length of the respective stabilizing lipids. Other indications for this suggestion are samples
L6 and L15, both with positively charged DOTAP as modifying lipid. Besides differences in
saturation, charge and acyl chain length of their stabilizing lipids DPPC and DOPG, respectively,
their curvatures look nearly identical. They can be clearly distinguished from L2, L11 and L14, since
they have a much steeper slope and are shifted to lower mole percentages. L4 has 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 lipid. The saturation and acyl chain lengths of DOPE and DOTAP are identical,
therefore this shift can probably be explained by their charge, which is neutral for DOPE and
positive for DOTAP, as well as their miscibility with stabilizing lipid DPPC. Overall, 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 liposomes containing neutral modifying lipids. When
comparing L14 and L15, which only differ in their modifying lipids with DODAP and DOTAP,
respectively, this shift is also observable. That suggests that positively charged DOTAP destabilizes

liposomes at even lower mol-% than neutral modifying lipids. However, LGP deviation starts to
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increase exponentially for all tested lipid combinations around 40 mol-% of modifying lipid, which

is why the edge of stability was expected around or prior this point (Figure 29 C, blue circle).

To briefly conclude, the area of beginning liposome membrane destabilization could be identified
for 6 lipid compositions using the fluorescent probe laurdan, with the edge of membrane stability
presumably lying within. The point of destabilization seemed to be mainly influenced by the
properties of the modifying lipids rather than of the stabilizing lipids. In the next step, the edge of
stability was seeked within the area of liposomes containing 20-40 mol-% modifying lipid, by
evaluation of liposomal physicochemical parameters and cargo retention as well as release at

lower pH and elevated temperature.

3.2.2 CARGO RELEASE AND RETENTION

TEM pictures shown in this section were recorded by Dr. Ingo Lieberwirth from the research group of Prof. Dr. Landfester

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

In order to identify the lipid ratio as close to the edge of liposomal membrane stability as possible
within the given 10 mol-% steps, the six lipid combinations identified using the laurdan assay in
section 3.2.1 were prepared again via dual centrifugation, starting within the abovementioned
area of destabilization corresponding to 20 — 40 mol-% of modifying lipid 2. This time, the
previously presented hydrophilic model cargo sulforhodamine b (SRb) was encapsulated
(Figure 27). SRb was chosen because its absorption at 550 nm is independent from the pH value of
the buffered medium, preventing falsification when comparing data obtained at pH 7.4 for cargo
retention and at pH 5.5 for cargo release.[407] Additionally, it was expected that its comparable
molecular weight to doxorubicin (DXR) (Figure 27) as mentioned earlier would lead to less
alteration of liposomal physicochemical properties when liposomes are prepared with DXR as
cargo for subsequent cell experiments. It was expected that liposomes at the edge of stability
would display typical encapsulation efficiencies around 50%, retain cargo upon short-term storage
for 1 week at pH 7.4 and 5 °C, while showing a fast cargo release within 4 hours under lysosomal
conditions at 37 °C and pH 5.5.[379][111][112] Destabilized liposomes would show a decreased
encapsulation efficiency and less effective cargo retention upon storage, if any, while liposomes
too stable would show less effective cargo release. Also, liposomal physicochemical parameters
like diameter and PDI were investigated to potentially see a beginning destabilization by a

significant parameter change.
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For cargo release and retention studies, freshly prepared liposomes with 20 — 40 mol-% modifying
lipid 2 and SRb as cargo were first subjected to SEC to remove non-encapsulated cargo and to
determine the encapsulation efficiency as described in the methods section. One aliquot of the
purified liposomes was then incubated at 37 °C with a citric acid phosphate buffer resulting in a
pH of 5.5 for 4 hours and subjected to SEC again to determine cargo release. Another aliquot was
kept at 5 °Cfor 1 week and subsequently purified again to determine cargo retention upon storage.
A small column filled with Sephacryl S-500 HR suitable for relatively high pressure as present in
HPLC was self-packed for size exclusion and connected to an HPLC system. Using the latter with
included autosampler and automated fraction collector enabled determination of encapsulation
efficiency, cargo release and retention in a high throughput format. Two elution profile examples
after SEC with the liposomal (L) fraction at 0.7-1.5 min, corresponding to encapsulated SRb
measured via absorption at 550 nm, and the free cargo fraction (FC) between minutes 2 and 5,
corresponding to unbound SRb, are shown in Figure 30 A, either after short incubation under

lysosomal conditions (release conditions) or after 1 week storage (retention conditions).

Results for cargo release and retention of the corresponding lipid combinations can be seen in
Figure 30 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 fatty acid chain was
unsaturated disteaoryl, the edge of stability could be clearly identified, indicated by a drop of cargo
release or retention prior or past 30 mol-% of modifying lipid 2, respectively. Similar yet less
distinct results could be obtained for L2, with the edge of stability again at 30 mol-% 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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FIGURE 30: (A) EXAMPLE OF AN ELUTION PROFILE OBTAINED AFTER SIZE EXCLUSION CHROMATOGRAPHY
VIA HPLC OF A LIPOSOME WITH ENCAPSULATED SRB AFTER STORAGE FOR 1 WEEK AT PH 7.4 AND 5 °C
(RETENTION CONDITIONS) OR AFTER INCUBATION AT PH 5.5 AND 37 °C FOR 4 HOURS (RELEASE
CONDITIONS). (B) CARGO RELEASE AND RETENTION IN PERCENT, DEPENDING ON THE MOLE PERCENTAGE
OF MODIFYING LIPID 2 FOR THE SIX LIPID COMBINATIONS L2, L4, L6, L11, L14 AND L15. LIPOSOMES THAT
SHOWED A RELEASE OF > 80% AFTER INCUBATION AT PH 5.5 AND 37 °C FOR 4 HOURS AND IN ADDITION A
MAXIMUM CARGO RETENTION WITHIN THE CORRESPONING COMPOSITION WERE CONSIDERED AT THE
EDGE OF STABILITY (BLUE).
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For lipid combinations L4 and L6, the edge of stability could not be identified within the
investigated range of 20 — 40 mol-% modifying lipid. In the case of L6, consisting of neutral DPPC
and positively charged DOTAP, liposomes with 20 mol-% DOTAP seemed to be more stable due to
less cargo release and higher retention, hence the range for cargo release and retention evaluation
was extended down to 0 mol-%. A comparable pattern to previously mentioned samples L2, L11,
L14 and L15 was then detected between 0 and 20 mol-% for L6, with 10 mol-% DOTAP fulfilling the
set criteria of at least 80% release with highest possible retention. This confirmed the previous
suggestion based on the laurdan assay, that DOTAP as positively charged modifying lipid seemed
to destabilize the liposomes already at lower mol-%. In contrast to L6, the point of destabilization
for DOTAP containing L15 was reached around 30 mol-%. One explanation for this interesting fact
could be that the negatively charged DOPG and the positively charged DOTAP developed an ionic
interaction to a certain extent, which could have had a stabilizing effect on the liposomal
membrane. For lipid combination L4, the set parameters for the edge of stability could not be
reached within the 10 mol-% steps from 0 to 70, although it most likely lied around 60 mol-% and
could have possibly been identified if smaller mol-% steps were used. This also suggests that a

suitable binary lipid composition is not per se reflected by a sigmoidal LGP curve.

Encapsulation efficiencies around the identified edge of stability of the respective lipid
combinations were also evaluated and are shown in Figure 31 A. For L11, L14 and L15, the
encapsulation efficiencies dropped by at least 20% after the edge, suggesting that these liposomes
were already heavily destabilized right after preparation. For L2 and L6, the drop of encapsulation
efficiency was less distinct, which was in line with obtained release and retention values,
suggesting a less sharpened area of liposome destabilization. Physicochemical characterization
after the first purification step by SEC revealed a similar trend (Figure 31 B). While for L11, L14 and
L15 in addition to L6, a strong destabilization was proposed due to a significant increase in
liposome diameter and PDI measured by DLS, there were hardly any changes visible for L2 beyond
the edge, besides small changes in PDI, although release and retention values indicated beginning

destabilization.
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FIGURE 31: (A) ENCAPSULATION EFFICIENCIES OF SULFORHODAMINE B PRIOR, AT AND PAST THE EDGE OF
STABILITY FOR LIPOSOME SAMPLES L2, L6, L11, L14 AND L15. A DROP OF UP TOP 20% PAST THE EDGE OF
STABILITY INDICATED BEGINNING DESTABILIZATION. (B) LIPOSOME DIAMETER AND PDI MEASURED VIA DLS
PRIOR, AT AND PAST THE EDGE OF STABILITY. AN INCREASE OF DIAMETER AND PDI INDICATED BEGINNING
DESTABILIZATION. ERROR BARS INDICATE STANDARD DEVIATION FROM THREE INDIVIDUAL LIPOSOME
PREPARATIONS.

However, the average cargo retention of around 43% upon storage was considered insufficient for
identified liposomes, which is why a refinement step was necessary to ideally increase liposomal
cargo retention to at least 90%. Standard procedures to increase cargo retention mostly involve
incorporation of cholesterol (CHOL), which is thought to locate between phospholipids and act as
molecular plug that hinders encapsulated hydrophilic cargo from escaping.[410] As it was feared
that CHOL could decrease wanted cargo release to an insufficient level, the pH sensitive cholesterol
derivative cholesteryl-hemisuccinate (CHEMS) was membrane incorporated in small amounts of
5 and 10 mol-%, to not dominate previously evaluated characteristics, and the effect on release
and retention was investigated.[331] The negatively charged CHEMS gets protonated at pH 5.5 on
the hemisuccinate, potentially initiating membrane destabilization and cargo release at acidic pH,
while stabilizing the membrane at physiological pH for potentially increased cargo

retention.[393][411] To assess cargo retention prior cellular uptake, which was wanted to be as
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high as possible as the retention upon storage, liposomes were additionally incubated at pH 7.4
and 37 °C for 4 hours. Results of candidate liposomes and conventional liposome CL are shown in
Figure 32, along with the new set parameters of at least 90% cargo retention upon storage (dark

red bars) and prior cellular uptake (red bars) as well as at least 50% cargo release (black bars).
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FIGURE 32: CARGO RELEASE AND RETENTION AFTER CHEMS REFINEMENT. PARAMETERS THAT DID NOT
MEET THE SET THRESHOLDS OF AT LEAST 90% RETENTION (RED LINE) AND 50% RELEASE (BLACK LINE) ARE
INDICATED BY DASHED BARS. REFINED CANDIDATE LIPOSOMES WERE LABELED L2C, L6C, L14C AND L15C
AND INCLUDED 5 MOL-% CHEMS, WHILE L11C INCLUDED 10 MOL-% CHEMS. ERROR BARS INDICATE THREE
INDIVIDUAL LIPOSOME PREPARATIONS.

For candidates L2c, L6c, L14c and L15c, refined with CHEMS indicated by the small c, best results
were obtained with 5 mol-% CHEMS, whereas for candidate L11c, 10 mol-% CHEMS led to best
results. L6c was the only candidate containing DPPC as stabilizing lipid with a phase transition
temperature of 41 °C around body temperature, which led to insufficient cargo retention after
incubation for 4 hours at 37 °C and pH 7.4, probably caused by a beginning membrane phase
transition. So L6¢c not only showed pH-, but also temperature-triggered release, which could be
advantageous for other applications, but was not pursued any further in subsequent experiments.
Of note, the cargo release decreased for nearly all candidates upon refinement with CHEMS, since
the overall stability of the liposomal membrane was enhanced. However, increasing cargo
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 least 50%. Candidate L14c did not
show sufficient cargo retention above 90% upon storage although it doubled upon refinement with

CHEMS from 37% (Figure 30 B) to 76%. If 10 mol-% CHEMS were incorporated, cargo retention did
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not change strongly, whereas the cargo release dropped to below the desired 50%, which is why
this candidate was also not pursued in further studies. As comparison, the conventional liposome
with 45 mol-% CHOL showed only minor cargo release but high retention upon storage as well as
at elevated temperature. These CLs were therefore considered as highly stable and served as
negative control in further experiments. The three remaining candidates L2c, L11c and L15c
successfully met the set retention and release thresholds and were considered as highly potent pH

sensitive liposomes at the edge of stability, with the final compositions given in table 7Table 7.

TABLE 7: RESULTING LIPID COMPOSITIONS AND RATIOS OF FINAL CANDIDATE LIPOSOMES L2C, L11C AND
L15C AFTER REFINEMENT WITH HELPER LIPID CHEMS.

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 dye calcein (CAL) was also encapsulated into the refined liposomes, and
encapsulation efficiency, release and retention was determined the same way as for SRb via SEC
at 490 nm absorption. Results in Figure 33 suggested that obtained values were not exclusive for

SRb, but also potentially transferable to other small molecules.
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FIGURE 33: COMPARISON OF SULFORHODAMINE B (SRB) AND CALCEIN (CAL) AS CARGO FOR LEAD
CANDIDATES L2C, L11C AND L15C AFTER REFINEMENT WITH CHEMS. OBTAINED DATA SUGGESTED
POTENTIAL TRANSFERABILITY FROM SRB RESULTS TO OTHER SMALL MOLECULES. ERROR BARS INDICATE
THREE INDIVIDUAL LIPOSOME 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 over CHOL for

refinement (Figure 34).

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

FIGURE 34: COMPARISON OF CHOLESTEROL (CHOL) AND CHOLESTERYL HEMISUCCINATE (CHEMS) USED IN
THE RESPECTIVE MOLE PERCENTAGE FOR REFINEMENT OF LEAD CANDIDATES L2C, L11C AND L15C.
REFINEMENT WITH CHOL LED TO INSUFFICIENT CARGO RELEASE BELOW THE SET THRESHOLD OF 50%,
WHILE CARGO RETENTION WAS COMPARABLE TO RESULTS OBTAINED WITH CHEMS. ERROR BARS INDICATE
THREE INDIVIDUAL LIPOSOME PREPARATIONS.

Physicochemical characterization via dynamic light scattering of remaining lead candidates L2c,
L11c and L15c, either having 20 mM SRb or 90 mM DXR encapsulated, revealed comparable
diameters between 150 and 250 nm and PDIs below 0.3 (Figure 35), which would render these
candidates suitable for clinical application in accordance to literature.[83][412]-[414] Since two
cargos with comparable molecular weights were chosen, besides differences in concentration,
their influence on the liposomal physicochemical parameters was minimized. DXR concentration
was selected to be as high as possible for subsequent cell experiments due to further dilution by
cellular medium (Dulbecco’s modified Eagle’s medium, 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 thoroughly negative except for L11c, which showed a neutral zeta potential
around 0 mV. This 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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FIGURE 35: PHYSICOCHEMICAL PARAMETERS OF CANDIDATE LIPOSOMES L2C, L11C AND L15C AND
CONVENTIONAL LIPOSOME (CL) ASSESSED BY DYNAMIC LIGHT SCATTERING. LIPOSOMES WERE EITHER
PREPARED WITH 20 mM SRB OR 90 mM DXR AS CARGO. ERROR BARS INDICATE THREE INDIVIDUAL
LIPOSOME PREPARATIONS.

Upon long-term storage of the liposome stocks at 5 °C for 4 months (Figure 36), no significant
change of liposomal diameters, zeta potentials and PDIs were visible for candidates L11c and L15c,
indicating that the refinement with abovementioned small amounts of CHEMS led to a stabilized
membrane for at least the investigated time period. Candidate L2c showed a higher PDI and an
increase in zeta potential after 4 months, indicating some sort of destabilization, possibly caused

by a slow protonation of DODAP and/or CHEMS.
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FIGURE 36: COMPARISON OF PHYSICOCHEMICAL PARAMETERS FOR CANDIDATE LIPOSOMES L2C, L11CAND
L15C INITIALLY AFTER PREPARATION, AFTER STORAGE FOR 4 MONTHS AT PH 7.4 AND 5 °C, AND AFTER
INCUBATION AT PH 5.5 AND 37 °C FOR 4 HOURS. ERROR BARS INDICATE THREE INDIVIDUAL LIPOSOME
PREPARATIONS.

Surprisingly, after incubation under release conditions, a decrease in liposome diameter was
observable for candidates L2c and L15c¢, while the diameter of L11c remained constant (Figure 36).
This suggests that the cargo release occurred 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 mol-% of fluorescent lipophilic dye Nile Red into final
candidate liposomes and subsequent incubation at pH 5.5 for 4 hours at 37 °C did not result in
precipitation of Nile Red, also indicating that liposomal membranes were still intact. Zeta
potentials increased for all candidates upon acidification, as expected, since all contained pH

sensitive CHEMS. The strongest increase was visible for L2c from -42 to +59 mV, probably caused
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by an additional protonation of pH sensitive DODAP. 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 accessible to protonation. The zeta potential of L15c increased only slightly and
remained overall negative, since it did not contain lipids amenable to protonation except for
CHEMS. The marginal PDI increase after acidification could be a hint that at least some of the
liposomes were deformed either by an increase or decrease in size or shape. This could however
not be confirmed by cryo- transmission electron microscopy (TEM) measurements conducted for
L15c, since liposomes prior and after acidification looked comparable (Figure 37 A). In addition to
DLS analysis, TEM pictures were recorded for all candidate liposomes to prove the formation of

vesicles (Figure 37 B).

To conclude this part, 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, a semi-automated
purification by SEC via HPLC and dynamic light scattering. While the ratio for L2, L11, L14 and L15
lied within the expected 20 and 40 mol-% range based on the previously conducted laurdan assay,
lipid ratios for L4 and L6 were out of range, suggesting that a suitable binary lipid composition is
not per se reflected by a sigmoidal LGP curvature. Refinement 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 L2c, 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 indicated that
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 aggregation. Final candidates L2c, L11c
and L15c achieved pharmaceutical quality with diameters around 200 nm and PDlIs below 0.3 [83]
and were for the most part stable upon long-term storage. Encapsulation of DXR instead of SRb
did not lead to a significant change of physicochemical parameters, an important pre-requisite for

subsequent cell experiments.
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scaI bars: 100 nm

FIGURE 37: (A) CRYO-TRANSMISSION ELECTRON MICROSCOPY (TEM) IMAGES OF L15C AFTER INCUBATION
FOR 4 HOURS AT PH 7.4 (LEFT) AND PH 5.5 (RIGHT). COMPARABLE DIAMETERS AND SHAPES INDICATED NO
AGGREGATION UPON ACIDIFICATION. (B) TEM IMAGES AFTER TREHALOSE / URANYLACETATE STAINING OF
CONVENTIONAL LIPOSOMES (CL) AND CANDIDATE LIPOSOMES L2C, L11C AND L15C SHOW VESICULAR
STRUCTURES WITH SIZES IN THE RANGE OF OBSTAINED DLS DATA.
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3.2.3 INTRACELLULAR DRUG DELIVERY

In this section, findings obtained in a collaboration with the research group of Prof. Dr. Tittenberg (Department of
Dermatology, University Medical Center of the Johannes Gutenberg-University Mainz, Langenbeckstrasse 1, 55131
Mainz, Germany) and Prof. Dr. Maildnder (Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz,
Germany) are illustrated. Cell experiments were performed by Jonathan Schupp, Ambis ImageStream® was performed

by Adelina Haller.

The cargo release behavior of the three final candidate liposomes L2c, L11c and L15c as well as of
the conventional liposome CL with a composition corresponding to that of clinically relevant
Myocet® was assessed in vitro using monocyte derived macrophages and human melanoma cells
(UKRV-Mel-15a). DXR as cytostatic drug with comparable size to SRb was used as model drug and
yielded liposomes with similar physicochemical parameters (Figure 35) as previously evaluated. Its
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 DXR within the cell (and liposomes) and released DXR.
Macrophages as the innate immune systems’ major scavenger cells were chosen as a sort of
positive control to investigate phagocytosis of the liposomes and subsequent intracellular DXR
release. In addition, macrophages are an attractive target for manipulation by liposomes since they
are involved in e.g. inflammation and immune response (M1 phenotype) or wound healing, tissue
repair and tumor promotion (M2 phenotype).[415]-[417] UKRV-Mel-15a was chosen as model
human melanoma cell line deriving from cutaneous melanoma metastasis [418][419], which could
be a primary target for the candidate liposomes in the future, and which enabled analysis of uptake

and release in comparison to macrophages.

TOXICITY

In order to evaluate whether the liposomal lipid material is toxic itself, cells incubated with empty
liposomes were analyzed after 24 and 72 hours by flow cytometry using a Resazurin-based cell
viability assay. In addition, liposomes loaded with DXR were also subjected to the assay, to
potentially see a decrease in cell viability, which could be a first hint for a successful DXR release.
Free DXR in a concentration of 1 UM served as positive toxic control, which depicted the minimum
achievable concentration for all liposome samples despite differences in encapsulation
efficiencies. Conventional liposomes (CLs) served as negative control as they were already shown
to be non-toxic.[420][421] Results depicted in Figure 38 B indicate that the lipid material of the
candidate liposomes was only slightly toxic even after 72 hours in macrophages and melanoma

cells. When compared to empty CLs, empty candidate liposomes showed slightly higher toxicity
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after 24 hours in melanoma cells and macrophages (Figure 38 A), although the overall toxicity after
72 hours was equalized. When DXR was encapsulated into liposomes to yield an overall stock
concentration of 1 uM DXR, the Resazurin assay revealed that candidate liposomes indeed showed
toxicity comparable to 1 uM free DXR after 24 and 72 hours, indicating fast and efficient cargo
release, whereas CLs showed a comparable toxicity to their empty counterpart at both time points,
indicating insufficient cargo release. The higher toxicity of candidate liposomes over 1 uM free DXR
after 24 hours in melanoma cells or after 72 hours in macrophages was attributed to likely derive
from the additional, albeit low, intrinsic toxicity of the lipid material itself. The cell viability assay
therefore gave a first hint for a different cargo release pace and amount in vitro when comparing
candidate liposomes to CLs. Also, the low toxicity of candidate liposomes similar to CLs would

render them suitable for in vivo experiments.

A cell viability assay (24 h)
melanoma cells | macrophages
100 -
Z 80 -
S 60 -
=
© 40 -
< E E
20 |8
0 § 1 1 §
control L2c¢ L1lc L15¢c CL control L2c L11lc L15¢c CL
cargo
B cell viability assay (72 h) []Jnone
melanoma cells | macrophages B DXR (1 uM)
100 ~
Z 80 -
E
O 60 -
=
Q40 A -
X 2
20 A o
5
0 -+ : :
control L2c L1llc L15¢c CL control L2¢ L11lc L15¢ CL

FIGURE 38: RESAZURIN-ASSAY TO DETERMINE CELL VIABILITY OF HUMAN MELANOMA CELLS AND
MACROPHAGES ASSESSED BY FLOW CYTOMETRY AFTER (A) 24 HOURS AND (B) 72 HOURS. CANDIDATE
LIPOSOMES L2C, L11C, L15C WERE TESTED AMONG WITH THE CONVENTIONAL LIPOSOME CL EITHER EMPTY
(WHITE BARS) OR LOADED WITH DXR (GREY BARS) TO YIELD A TOTAL CONCENTRATION OF 1 uM UPON CELL
INCUBATION. UNTREATED CELLS SERVED AS NEGATIVE AND 1 uM FREE DXR AS POSITIVE CONTROL. RESULTS
WERE NORMALIZED TO UNTREATED CELLS. ERROR BARS INDICATE THREE INDIVIDUAL ASSAYS.
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CELL UPTAKE AND CARGO RELEASE ASSESSED BY FLOW CYTOMETRY

In addition to the observed toxicity via the Resazurin assay, the overall DXR fluorescence signal
inside the cells was monitored after incubation on melanoma cells and macrophages for 0.5 and 4
hours using flow cytometry. Since the DXR concentration within the liposomes was 50 mg/mL (90
mM), DXR fluorescence was heavily quenched, leading to a very limited fluorescence for intact
liposomes.[422] Upon DXR release to the cytosol however, this fluorescence signal would be de-
guenched due to dilution, and the emitting fluorescence signal increase was assessed by flow
cytometry. After localization to the nucleus and intercalation into DNA, the DXR fluorescence gets
also heavily quenched, which is why it was supposed that cytosolic DXR mainly contributed to the

obtained signals (Figure 39).[423][424]
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FIGURE 39: DETERMINATION OF DXR FLUORESCENCE INSIDE THE WHOLE CELL BY FLOW CYTOMETRY AFTER
0.5 H (WHITE BARS) AND 4 H (GREY BARS). HUMAN MELANOMA CELLS (UKRV-MEL-15A, LEFT) AND HUMAN
MACROPHAGES (RIGHT) WERE INCUBATED WITH FREE DXR IN A CONCENTRATION OF 1 uM OR THE THREE
CANDIDATE LIPOSOMES L2C, L11C AND L15C IN ADDITION TO THE CONVENTIONAL LIPOSOME (CL) ALL
CONTAINING DXR EQUAL TO 1 uM. ERROR BARS INDICATE STANDARD DEVIATION FROM THEE INDIVIDUAL
CELL EXPERIMENTS.

As clearly visible in Figure 39, obtained DXR fluorescence signals are higher in macrophages (right)
than in melanoma cells (left), indicating an increased capability of macrophages to take up DXR
and liposomes. For the melanoma cells, signals of candidate liposomes L2c, L11c, L15c and free
DXR were comparable after 4 hours, whereas the signal of the CLs was about three times lower.
This suggests that most of the DXR was still quenched and encapsulated in CLs, whereas DXR of
the candidate liposomes was released and unquenched, as their signals were comparable to the

signal obtained from cells treated with free DXR. A similar pattern can be observed for
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macrophages, whereas here, albeit at least three times as high as for CLs, the DXR fluorescence
signals obtained from cells treated with candidate liposomes did not reach the level of free DXR.
Both cell types display a signal increase between 0.5 and 4 hours, which most likely represents
accumulation of liposomal or free DXR inside the cells or DXR release from intracellular liposomes.

To ensure that obtained signals arose from DXR release, microscopy experiments were performed.

CARGO RELEASE ASSESSED BY MICROSCOPY

After DXR is released from liposomes and after endosomal escape, it diffuses to the nucleus.[397]
Due to quenching effects that occur upon subsequent DNA intercalation, this fraction was
underrepresented in flow cytometry measurements of the whole cell, which is why it was
specifically assessed now by confocal microscopy. Measuring the DXR fluorescence inside the
nucleus in one z-plane of the cell enabled discrimination of intracellularly released DXR inside the
nucleus and free or liposomal DXR inside the cytoplasm or organelles surrounding the nucleus at
different z-values. Counterstaining the nucleus with Hoechst 33258 allowed for its easy
identification, while an overlay of DXR and Hoechst fluorescence channels enabled evaluation of
co-localization and therefore quantification of DXR inside the nuclei. Membrane labeling was
omitted to minimize fluorescence crosstalk. Microscopy results shown in Figure 40 confirmed flow
cytometry results, again with higher DXR fluorescence signals for macrophages (right). While DXR
fluorescence intensities inside nuclei was quite low for CLs after 0.5 and 4 hours, indicating
ineffective cargo release, it was at least three times higher for pH-sensitive candidate liposomes
at both time points, also reaching the level of free DXR, which indicated sufficient cargo release.
All candidate liposomes seemed to be equally potent of releasing DXR, since there was no
significant difference observable between them at any time point. Previously obtained flow

cytometry results also showed comparable performances.

Upon labeling of cell plasma membranes and liposomes with the membrane carbocyanine dyes
DiO and DiD (see section 5.1 Materials), respectively, it was observed that most liposomes were
taken up rather than adhering to the outside of the cells (Sup Figure 6), supporting the hypothesis
that liposomes were mainly taken up to macrophages and melanoma cells by endocytosis rather

than membrane fusion.
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FIGURE 40: DETERMINATION OF DXR FLUORESCENCE INSIDE THE CELL NUCLEI BY CONFOCAL MICROSCOPY
AFTER 0.5 H (WHITE BARS) AND 4 H (GREY BARS). HUMAN MELANOMA CELLS (UKRV-MEL-15A, LEFT) AND
HUMAN MACROPHAGES (RIGHT) WERE INCUBATED WITH FREE DXR IN A CONCENTRATION OF 1 uM OR THE
THREE CANDIDATE LIPOSOMES L2C, L11C AND L15C IN ADDITION TO THE CONVENTIONAL LIPOSOME (CL)
ALL CONTAINING DXR EQUAL TO 1 puM. ERROR BARS INDICATE STANDARD DEVIATION FROM THEE
INDIVIDUAL CELL EXPERIMENTS.

Interestingly, there was an extensive lateral diffusion of liposomal membrane dye DiD within the
cellular plasma membrane observable for lead candidate liposomes L2c, L11c and L15c (Figure 41,
rows 3-5) after 24 hours, although transfer of such lipophilic probes between intact membranes
was reported to be negligible.[425] This suggests that membranes of pH-sensitive candidates
decomposed or became more permeable inside the cell within the observed 24 h time span,
releasing DiD and in consequence presumably also encapsulated DXR. This effect was more
prominent in macrophages (Figure 41, D) than in melanoma cells (Figure 41, B), indicating a
variable rate of liposome decomposition depending on the cell type, which could be one
explanation for the observed DXR fluorescence differences between macrophages and melanoma
cells obtained from microscopy and flow cytometry. Although little is known about the intracellular
processing of foreign materials like liposomes by macrophages [426], stated differences would be
reasonable, since macrophages as scavenger cells are majorly responsible for digestion of foreign
and apoptotic material as well as cellular debris and are therefore suggested to be more effective
in decomposition of pH-sensitive liposomes. Conventional liposomes did not show this diffusion
pattern (Figure 41, row 6), neither in macrophages nor in melanoma cells, indicating that these
liposomes and their membranes remained intact or impermeable in both cell types within the 24

hour time span, which would explain the observed insufficient cargo release.



Results and discussion

melanoma cells macrophages
4h 24 h 4h 24 h

°
@
.-
©
g 1
B
c
s }
e
a
° 2
Q
—
Y—
__
N
— 3

pH sensitive candidate liposomes
L1lc

L15c

{

CL

A

FIGURE 41: CONFOCAL LASER MICROSCOPY IMAGES OF HUMAN MELANOMA CELLS (LEFT, COLUMNS A AND
B) AND MACROPHAGES (RIGHT, COLUMNS C AND D) 4 AND 24 HOURS AFTER INCUBATION WITH FREE DXR
(ROW 2), DXR LOADED PH SENSITIVE CANDIDATE LIPOSOMES (ROWS 3-5) AND CONVENTIONAL LIPOSOMES
CL (ROW 6). CELL NUCLEI ARE DEPICTED IN BLUE (HOECHST 33258), DXR FLUORESCENCE IN WHITE AND
LIPOSOMAL MEMBRANE LABEL DID IN RED. CONTRAST AND BRIGHTNESS WERE ENHANCED EQUALLY
ACROSS ALL PICTURES BY 40% FOR BETTER VISUALIZATION.
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IMAGESTREAM®

As additional method to confirm results obtained from flow cytometry and microscopy, all samples
were subjected to the rather new ImageStream® system.[427] It is an advanced flow cytometer
able to acquire both, high quality fluorescence images as in microscopy and integrated
fluorescence signals as in flow cytometry. With this system, it was possible to analyze the DXR
fluorescence within the whole cell, as well as the DXR fluorescence that co-localized with the
stained nuclei. An example of the received images is shown in Figure 42 for L15c after 4 hours
incubation with human macrophages. Besides analysis of the whole cell fluorescence as shown in
column A row 2, a mask for the cell nuclei as visible in column E row 2 applied to the DXR

fluorescence channel in column D row 2 allowed quantification of DXR-nucleus co-localization.
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FIGURE 42: IMAGESTREAM® RESULTS FOR L15C AFTER 4 HOURS INCUBATION WITH HUMAN
MACROPHAGES. APPLICATION OF MASKS ENABLED QUANTIFICATION OF DXR FLUORESCENCE WITHIN
SPECIFIC CELLULAR COMPARTMENTS. CELL NUCLEI WERE STAINED WITH HOECHST 33258 (COLUMN E,
PURPLE) AND ALLOWED TO APPLY A NUCLEUS MASK (COLUMN E, ROW 2) TO DXR FLUORESCENCE (YELLOW,
COLUMN D, ROW 2) IN ORDER TO QUANTIFY CO-LOCALIZATION WITH THE STAINED NUCLEI. INVERTED
COLOR PICTURES ARE PROVIDED IN ROW 3 FOR BETTER VISUALIZATION.

Figure 43 A and B depict the obtained results after quantification of DXR fluorescence inside the

whole cell or cell nuclei, respectively.
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FIGURE 43: DETERMINATION OF DXR FLUORESCENCE INSIDE (A) THE WHOLE CELL AND (B) CELL NUCLEI BY
IMAGESTREAM® AFTER 0.5 H (WHITE BARS) AND 4 H (GREY BARS). HUMAN MELANOMA CELLS (UKRV-MEL-
15A, LEFT) AND HUMAN MACROPHAGES (RIGHT) WERE INCUBATED WITH FREE DXR IN A CONCENTRATION
OF 1 uM OR THE THREE CANDIDATE LIPOSOMES L2C, L11C AND L15C IN ADDITION TO THE CONVENTIONAL
LIPOSOME (CL) ALL CONTAINING DXR EQUAL TO 1 uM. ERROR BARS INDICATE STANDARD DEVIATION FROM
THEE INDIVIDUAL CELL EXPERIMENTS.

Trends already observed in results from flow cytometry and microscopy could be confirmed by
ImageStream®. While candidate pH-sensitive liposomes L2c, L11lc and L15c showed DXR
fluorescence levels around or even above free DXR after 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 of fluorescence in any case, indicating that these liposomes were not capable of
effectively releasing DXR (Figure 43). A direct comparison of DXR released from conventional
liposomes and DXR released from candidate liposomes revealed a 10-fold increased DXR release

capability for pH-sensitive candidate liposomes, which was even higher than the 3-fold increase
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obtained from flow cytometry and microscopy. This is especially evident when results from flow
cytometry, microscopy and ImageStream® after 4 hours incubation are normalized to the same
scale, with free DXR referring to 100% release (Figure 44). In addition to the differences for the
conventional liposomes CL, which showed a higher release capability in flow cytometry and
microscopy when compared to ImageStream®, flow cytometry results of candidate liposomes for
macrophages (Figure 44 A, right) showed a decreased level of fluorescence when normalized to
free DXR compared to ImageStream® results. The comparable results from the whole cell and
nuclei only measurements could be explained by a fast diffusion of released DXR to the nuclei
within the observed time span of 4 hours. Notably, in contrast to microscopy and flow cytometry
results, there were only little differences of the absolute DXR fluorescence between melanoma

cells and macrophages visible in ImageStream®.
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FIGURE 44: (A) RELATIVE DXR FLUORESCENCE WITHIN THE WHOLE CELL ANALYZED BY FLOW CYTOMETRY
(YELLOW BARS) OR IMAGESTREAM® (PURPLE BARS) NORMALIZED TO FREE DXR REFERRING TO 100%
RELEASE. (B) RELATIVE DXR FLUORESCENCE WITHIN CELL NUCLEI ANALYZED BY MICROSCOPY (GREEN BARS)
OR IMAGESTREAM® (PURPLE BARS) NORMALIZED TO FREE DXR REFERRING TO 100% RELEASE. ERROR BARS
INDICATE RESULTS FROM THREE INDIVIDUAL CELL EXPERIMENTS.
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To briefly conclude, cell experiments revealed the low toxicity of candidate pH-sensitive liposomes,
rendering them suitable for in vivo applications, and most importantly their up to 10-fold increased
DXR release capability in comparison to conventional liposomes, monitored via flow cytometry,
microscopy and ImageStream® for human melanoma cells and macrophages after 0.5 and

4 hours.

3.2.4 IN vIivO PERFORMANCE

In this section, recent findings obtained in a collaboration with the research group of Prof. Dr. Huwyler (Pharmaceutical
Technology Uni Basel, Klingelbergstrasse 50, 4056 Basel, Switzerland) are briefly illustrated. Zebrafish experiments were

performed by Dr. Sandro Sieber and Jonas Buck.

In order to verify previous findings and evaluate their relevance under in vivo conditions, the three
pH-sensitive candidate liposomes L2c, L11c and L15c were tested in zebrafish embryo (ZFE) model.
As already discussed in section 3.1.3, ZFEs are increasingly and successfully used to assess the
performance of nanomedicines.[267] Especially regarding liposome biodistribution [73][79] and
uptake into macrophages [284], the ZFEs have shown their validity as a predictive animal model
system. To this end, the selected candidate liposomes and the conventional liposomes (CL) were
loaded with the antibiotic compound ceftriaxone (Figure 45) and injected into salmonella infected
ZFEs. The liposomal ceftriaxone content was determined via absorption measurements at 254 nm.
Over time, salmonella accumulated predominately in zebrafish macrophages, as already
demonstrated by Torraca et al. [428]. Importantly, all injected liposomes (empty and loaded) were
also sequestered to a certain extent by macrophages independent of their lipid composition
(Sup Figure 7), identified by using the transgenic zebrafish cell line expressing green fluorescent
protein (GFP) in their macrophages (see section 3.1.3, p. 65). This finding is consistent with a
previous study, where the uptake of non-pegylated liposomes by zebrafish macrophages had been
demonstrated.[284] During intracellular trafficking, nanoparticle containing macrophage
compartments are acidified [429], which should trigger the pH-sensitive candidates to release their

encapsulated cargo.
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FIGURE 45: CHEMICAL STRUCTURE OF CEFTRIAXONE DISODIUM SALT HEMI(HEPTAHYDRATE).

In a next step, treated ZFEs were analyzed regarding their overall survival rate (Figure 46). Whereas
only 20% of untreated salmonella infected ZFEs (Sa+Dulbecco’s phosphate buffered saline (DPBS)
control) survived after 24 hours post injection, ceftriaxone loaded lead candidate liposomes (L2c
CEF, L11c CEF, L15c CEF) considerably increased the survival rate up to 90%. The ceftriaxone loaded
conventional formulation (CL CEF) had a considerably lower effect on ZFE survival 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 a non-lethal level but was not able to
completely eradicate the infection. In contrast, the slow releasing control formulation CL was not

able to keep the salmonella burden below a critical level, resulting in ZFE death.
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FIGURE 46: SURVIVAL OF SALMONELLA INFECTED ZEBRAFISH EMBRYOS (ZFE) AT DIFFERENT HOURS POST
INJECTION (HPI) OF LIPOSOMES AND CONTROLS. ZFE WERE INFECTED WITH 300 COLONY FORMING UNITS
OF SALMONELLA (SA) AND TREATED WITH FREE CEFTRIAXONE (CEF) AS POSITIVE CONTROL, EMPTY
LIPOSOMES (L2C, L11C, L15C, CL), CEFTRIAXONE LOADED LIPOSOMES (L2C CEF, L11C CEF, L15C CEF, CL CEF)
OR DPBS AS NEGATIVE CONTROL IN ADDITION TO UNTREATED ZFE (NO SA). ZEBRAFISH WERE KEPT AT 35 °C
AND SURVIVAL WAS ASSESSED BASED ON HEARTBEAT AT INDICATED TIMEPOINTS. EACH TREATMENT
GROUP CONSISTED OF AT LEAST 19 INDIVIDUAL ZFE.
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FIGURE 47: CONFOCAL LASER MICROSCOPY IMAGES OF THE TAIL REGION OF ZFE 24 HOURS POST INJECTION
OF EMPTY AND CEFTRIAXONE LOADED (CEF) CANDIDATE LIPOSOMES L2C, L11C AND L15C IN ADDITION TO
CONVETNIONAL LIPOSOMES (CL), ALL DEPICTED IN BLUE. FREE CEF AND DPBS SERVED AS POSITIVE AND
NEGATIVE CONTROL, RESPECTIVELY. SALMONELLA ARE DEPICTED IN RED, MACROPHAGES IN GREEN.
CONTRAST AND BRIGHTNESS WERE ENHANCED EQUALLY ACROSS ALL PICTURES BY 40% FOR BETTER
VISUALIZATION.
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In case of the free ceftriaxone (Figure 47, column D row 7), confocal images revealed a low
remaining burden of salmonella 24-hours post injection. On the other hand, a higher salmonella
burden was observed when ZFEs were treated with the ceftriaxone loaded lead candidates
L2c CEF, L11c CEF and L15c CEF (Figure 47, column A, rows 2, 4 and 6). Nevertheless, no
considerably different effect regarding the overall survival on ZFEs was observed (Figure 46). This
could be explained by the sustained release properties of the liposome formulations, which should
mainly release their cargo intracellularly. The once administered free ceftriaxone dose was enough
to eradicate almost all circulating bacteria from ZFE already 7 hours post injection. 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 to free ceftriaxone,
the sustainable released amount of liposome formulated ceftriaxone was only able to keep the
salmonella burden at a non-lethal level but was not able to completely eradicate all of them in
circulation. Of note, ceftriaxone is sensitive to hydrolysis at its B-lactam structure 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 range.[430] The administered free ceftriaxone was freshly
prepared prior injection into ZFE and should therefore not undergo hydrolysis. Importantly, the
conventional liposomes failed to release a sufficient amount of ceftriaxone resulting in a decreased

ZFE survival.

To conclude, salmonella infected ZFE treated with conventional ceftriaxone loaded liposomes
showed a considerably lower survival rate when compared to the ceftriaxone loaded pH-sensitive
lead candidates, which were able to increase the ZFE survival to the level of free ceftriaxone. 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.



Results and discussion

3.2.5 PH-seNsSITIVE PEG

Lukas Gleue contributed to liposome preparation and release/retention assays during his master thesis. All polymeric

amphiphiles were synthesized by [ENEEEEEEEE -~ I o the

research group of Prof. Dr. Frey (Johannes Gutenberg-University, Duesbergweg 10-14, Mainz, Germany).

Final pH-sensitive candidate liposomes lack shielding by polymers like PEG or hbPG as introduced
in chapter 3.1. However, the advantages of steric shielding can include enhanced stability, longer
circulation times, less tendency for aggregation, lower protein adsorption, alternated recognition
by macrophages, potential size control and modification with targeting moieties.[12] To
investigate the effect of such modifications on cargo release, pH-sensitive candidate liposomes
L2¢, L11c and L15c were prepared with 5 mol-% of amphiphilic polymers with comparable
molecular weights, as hbPG-S and PEG-S already introduced in section 3.1. In addition, candidate
liposomes were also prepared with 5 mol-% of novel amphiphilic PEGs that include ketal or vinyl-
ether (VE) moieties synthesized by the Frey group [8][39][432][199], providing pH-sensitive

shielding that could have an advantageous effect on cargo release capability (table 8).

TABLE 8: HYPERBRANCHED POLYGLYCEROL (HBPG), POLY-(ETHYLENE GLYCOL) (PEG), AND PH-SENSITIVE
KETAL- AND VINYLETHER-PEG BASED LIPIDS SYNTHESIZED BY THE FREY GROUP. MOLECULAR WEIGHTS (MW)
AND MOLECULAR WEIGHT DISTRIBUTION (D) ARE INDICATED. VALUES WERE OBTAINED FROM [39][141].

polymer

amphiphilic . Db amphiphilic polymer formula
olymer MW in and acid cleavage reaction
poly g/mo| a
OhbPG
hbPG 3084  1.20 /H/Ojﬂo%&o]l..
\H}\"o 35

PEG 3191 1.09 Hﬂﬁﬁj{\’o}a
14
Y% I, WH
Fonyroton O gt ML 0

ketal-PEG 3590 1.08 14y 68

T

(VE)-PEG 6

3determined using 'H-NMR spectroscopy
bdetermined by SEC
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The previously established protocol for cargo release was used, with sulforhodamine b (SRb) as
model cargo and liposome incubation at pH 5.5 for 4 hours and 37 °C to mimic lysosomal
conditions. Physicochemical properties of the liposomes containing the different amphiphilic
polymer modifications measured by DLS are shown in sup table 2, with the tendency of smaller

sizes and PDIs for shielded liposomes, and comparable encapsulation efficiencies for all samples.

70
60

50
OLl2c

WLlic
@ L15c

40

%release

30
20
10

0

no shield hbPG PEG KETAL-PEG VE-PEG

FIGURE 48: SULFORHODAMINE B RELEASE IN PERCENT FROM UNMODIFIED (NO SHIELD) LIPOSOMES AND
LIPOSOMES CONTAINING 5 MOL-% HBPG, PEG, KETAL-PEG OR VINYL-ETHER (VE)-PEG. RESULTS FOR PH-
SENSITIVE CANDIDATE LIPOSOMES L2C, L11C AND L15C IN ADDITION TO CONVENTIONAL LIPOSOMES (CL)
ARE DEPICTED. ERROR BARS INDICATE STANDARD DEVIATION FROM THREE INDIVIDUAL LIPOSOME
PREPARATIONS.

Results obtained from cargo release experiments shown in Figure 48 revealed that shielding with
non pH-sensitive PEG and hbPG reduced cargo release strongly, presumably caused membrane
stabilization, as expected. Only for candidate L11c containing 5 mol-% hbPG, the cargo release was
not reduced considerably. Strikingly however, 5 mol-% of ketal-PEG and VE-PEG restored cargo
release capability almost to the level of the non-shielded liposomes. This indicates that the
properties of liposomal membranes containing amphiphilic ketal- and VE-PEG were restored at
pH 5.5 within 4 hours for the most part, presumably due to cleaving off PEG at ketal/VE sites and
therefore reducing membrane stabilization effects. Cleavage kinetics previously conducted by
Worm et al. [354] and Fritz et al. [77] suggest that almost 100% of ketal-PEG is cleaved after
4 hours incubation at pH 5.4, supporting aforementioned assumption. Cleavage kinetics for VE-
PEG however showed half-lifes of around 112 hours as measured by Danner et al. [199], but

surprisingly led to comparable release capability after formulation within liposomes.



Results and discussion

To further evaluate the performance of pH-sensitive candidate liposomes shielded with pH-
cleavable ketal- or vinylether PEG in comparison to conventional liposomes shielded with PEG,
they were loaded with DXR to yield a total concentration of 1 uM and incubated for 0.5 and 4 hours
with human macrophages or melanoma cells (UKRV-Mel-15a) and subsequently analyzed by flow
cytometry. Preliminary results shown in Figure 49 indicated that pH-sensitive liposomes shielded
with ketal- and vinylether PEG showed an average six times higher cargo release capability over

conventional PEGylated liposomes.
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FIGURE 49: DETERMINATION OF DXR FLUORESCENCE INSIDE THE WHOLE CELL BY FLOW CYTOMETRY AFTER
0.5 H (WHITE BARS) AND 4 H (GREY BARS). HUMAN MELANOMA CELLS (UKRV-MEL-15A, LEFT) AND HUMAN
MACROPHAGES (RIGHT) WERE INCUBATED WITH FREE DXR IN A CONCENTRATION OF 1 pM OR THE THREE
CANDIDATE LIPOSOMES L2C, L11C AND L15C EITHER SHIELDED WITH 5 MOL-% KETAL-PEG (KET) OR
VINYLETHER-PEG (VE) IN ADDITION TO THE CONVENTIONAL LIPOSOME SHIELDED WITH 5 MOL-%
CONVENTIONAL PEG (CL PEG) ALL CONTAINING DXR EQUAL TO 1 uM.

To briefly conclude, shielding of pH-sensitive liposomes with ketal- or VE-PEG could be a powerful
tool for future development, e.g. to potentially increase their storage stability or to achieve active
targeting by modification of the polymers with targeting moieties, for instance by click chemistry,

while maintaining cargo release efficiency at a high level.
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4. CONCLUSION AND OUTLOOK

Hyperbranched polyglycerol shielded liposomes: Control of physical

behavior and biological performance

Physicochemical parameters

The effect of hbPG- and PEG-based lipids on liposomal physicochemical parameters was
investigated by dynamic light scattering and nanoparticle tracking analysis and revealed that
increased amounts and sizes of hbPG and PEG up to 8 mol-% resulted in a relative diameter
decrease of corresponding liposomes up to 50%. The main explanation of the observed
phenomenon was suggested to be the induced steric repulsion upon increasing amounts and sizes
of polymers, which also depended on the polymers’ structural conformation and hydrodynamic
volume.[60][73][74] Theory based calculations indicated however only a minor increase in
liposomal surface area upon formation of smaller liposomes, albeit four times more liposomes
could be formed with a constant lipid amount out of a liposome double the size, a calculation that
was partly backed by liposome concentration measurements using NTA. Although observed non-
linearity in liposomal diameter decrease can be explained for PEG with the established mushroom-
brush transition theory [346], no such theory is reported for hbPG, since the architecture of those
polymers is far more complex. Based on several simplifications, assumed rather compact
structures of hbPG were in line with *"NMR measurements [354] and, also based on DLS results, it
was tentatively suggested that hbPG polymers larger than 5000 g/mol begin to sterically hinder
another even earlier than PEG chains with comparable molecular weights, leading to a stronger
decrease in liposomal diameter at lower mole percentages. Interestingly, hbPG liposomes were
overall better reproducible than PEG liposomes although the molecular weight distribution of the
hbPG polymer was higher. This could probably be explained by a higher sample viscosity of
PEGylated liposomes that resulted in a worse mixing during dual centrifugation. Incorporation of
hbPG with around 3000 g/mol did not lead to an alteration of the liposomal diameter when
compared with PEG in the same size, indicated by DLS and NTA results, suggesting that the lateral
repulsion of small hbPGs potentially promoting a higher curvature of the liposomal surface occurs
above 8 mol-%, which could be a subject for further investigation. It became clear however, that
micelles were formed upon liposome preparation with more than 8 mol-% of large polymers as
indicated by DLS measurements, suggesting a completely saturated liposomal surface. Recorded
TEM images confirmed the formation of unilamellar liposomes in close range of 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 SRb up to 50% according to the respective
liposome size. All in all, modification of liposomes with 6—8 mol-% of hbPG or PEG based lipids
with a molecular weight above 5000 g/mol led to the formation of small liposomes in
pharmaceutical quality. Therefore, hbPG and PEG modification of liposomes, tunable in terms of
polymer size and amount, could be a powerful tool to enhance liposomal passive targeting and
tumor penetration ability while potentially providing enhanced stealth properties due to an
increased steric shielding of the liposomal surface.[117] Since the stealth effect of hbPG in
comparison to PEG is not sufficiently addressable by physicochemical characterization alone, it was

further investigated in the subsequent sections.

Protein corona & macrophage uptake

Conventional, hbPG or PEG modified liposomes were analyzed in terms of their protein corona
composition by LC-MS after incubation with human plasma and subsequent purification by
asymmetric flow field flow fractionation or centrifugation. Additionally, cellular uptake by murine
macrophages of mentioned liposomes was investigated before or after incubation with 5 and 100%
human plasma using flow cytometry and confocal microscopy. Although differences within the
hard corona assessed by centrifugation were observed for liposomes containing hbPG, the
macrophage uptake was strongly altered independently of the corona. While the uptake of
PEGylated liposomes was decreased as expected and reported in literature [368], the uptake of
hbPG containing liposomes was surprisingly enhanced. This outcome was contra-intuitive in many
respects, since it was expected that hbPG as comparable hydrophilic barrier to PEG would also
induce a stealth effect which would consequently result in a decreased recognition by
macrophages. Sizes obtained from DLS revealed that liposomes with PEG of a molecular weight
around 3000 g/mol were 1.5 times smaller than liposomes containing hbPG with a comparable
molecular weight, which is in line with findings described in section 3.1.1 and is reported to not
alter the uptake by macrophages strongly.[375] Overall, the low protein adsorption on surface
modified liposomes led to the formation of a protein corona with a specific composition, which
however seemed to not correlate with recognition and uptake by macrophages as indicated by
flow cytometry results. In contrast to that, the surface modification itself had a huge impact on the
latter, since hbPG liposomes showed an enhanced uptake to macrophages contradictory to PEG
liposomes, suggesting that hbPG represents no classical stealth barrier as PEG. These outcomes
lead to several conclusions. First of all, the use of body-similar nanovesicles like liposomes for drug
delivery is supported by their overall low protein adsorption, since disease-specific protein corona

effects and patient variations are potentially decreased.[23][97][98] Furthermore, the biological
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identity of liposomes can be altered strongly by surface modifications, as shown here for hbPG.
The latter can lead to a particularly interesting approach of ‘targeting’ liposomes to monocytes
and macrophages, which play a distinct role in inflammatory and infectious diseases like human
immunodeficiency virus (HIV) and tuberculosis in addition to asthma, atherosclerosis,
leishmaniasis and other macrophage-resident microorganisms and parasites, as well as
cancer.[221][433]-[436] It could be possible to reduce an inflammatory response of the body by
administering hbPG liposomes with encapsulated anti-inflammatory drugs or cell killing drugs like
Clodronate to deplete monocytes or macrophages.[332][437] In regard to cancer therapy, which
often suffers due to biological heterogeneity in metastatic tumors, hbPG liposomes loaded with
immunomodulators like Interferon gamma [438] could target and activate macrophages present
within tumor tissue to bestow tumor suppressive properties and circumvent the aforementioned
heterogeneity.[439] Therefore, targeting these types of cells can be of scientific and therapeutic
importance. The uptake of respectively labeled hbPG 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 due to changes in macrophage presence
and distribution.[441] In future studies, investigations using hbPG liposomes in comparison to
liposomes containing linear PG, with a tailored degree of methylated hydroxylgroups as recently
reported by Schubert et al. from the group of Prof. Frey [442], could yield additional information
on the effect of branching and hydroxylgroups on macrophage recognition and uptake. The impact
of the ‘hbPG-macrophage’ phenomenon remains to be investigated in vivo for potential

pharmacological effects and limitations.

Biodistribution & blood circulation

Biodistribution and blood circulation of conventional, PEGylated and hbPG bearing liposomes was
analyzed qualitatively and semi-quantitatively in zebrafish embryos by confocal microscopy and
subsequent image analysis to investigate the effect of the respective surface modification with
different molecular weights and amounts. Findings regarding conventional liposomes were in line
with the literature and suggested fast clearance and low circulation half-lifes due to binding to the
vasculature and uptake by macrophages.[12][16] For the surface modified liposomes, results
indicated that an increased amount and size of surface modification led to a qualitatively better
circulation, which can however be partly attributed to the resulting smaller liposomal diameter.
PEG liposomes circulated better than hbPG liposomes, that showed a high uptake by macrophages,
which was identified by liposome-macrophage co-localization using a transgenic zebrafish cell line

expressing GFP in its macrophages. Biodistribution studies 24 hours post injection revealed that in
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contrast to PEGylated liposomes, distinct amounts of hbPG liposomes ended up within the caudal
hematopoietic tissue, a tissue which represents the reticuloendothelial system of zebrafish
embryos, further supporting the previously observed increased uptake of hbPG liposomes by
macrophages. Additionally, more PEGylated liposomes were still in circulation and a higher
amount was extravasated in comparison to hbPG liposomes. Only liposomes with high amounts of
large hbPG showed a relatively high extravasation close to the level of PEGylated liposomes. These
results indicate that hbPG is less efficient than PEG in prolonging liposomal circulation, mostly due
to a higher uptake by macrophages. While this outcome represents a major drawback for using
hbPG liposomes as drug delivery vehicles to target cells other than phagocytic cells, it provides the
unique opportunity of passively targeting cells of the reticuloendothelial system to potentially
enhance its homeostatic function against cancer cells, parasites and other microorganisms.[433]
Monocytes and macrophages as peripheral blood cells can infiltrate all normal tissue, which could
make active targeting of hbPG liposomes obsolete, since they could be delivered to nearly all
tissues after phagocytosis, given that mentioned cells are recruited there.[329] Only future studies
can determine the capability of hbPG liposomes to activate macrophages. There is also still a great
need of appropriately designing the whole liposome not only in regard of its surface modification,
but also in terms of its overall lipid composition, to potentially enhance its therapeutic efficiency.

This particular task was explored in part 3.2.

Screening for lipid compositions at the edge of stability

Membrane stability

The membrane stability was investigated for 18 lipid combinations using laurdan, by mixing
stabilizing lipids with modifying lipids in variegated proportions. The laurdan generalized
polarization value (LGP) revealed the area of beginning liposomal destabilization for 6 lipid
combinations. For the other 12 combinations, there was no sigmoidal curvature of the LGP visible.
Several reasons could account for this phenomenon. First, conventional liposomes and L16-18
consisted of EPC, which is a heterogenous lipid mixture and therefore possess lipids with various
phase transition temperatures, which are also altered by the variegated cholesterol or modifying
lipid content. For those heterogenous lipid combinations, laurdan seemed to be inappropriate to
identify a distinct area of membrane destabilization. Second, the area of membrane destabilization

could be quite narrow and was potentially missed within the used 10 mol-% steps. Smaller steps



Conclusion and outlook

could help 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 lipids, resulting 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 stability. It remains to be investigated if other
solvatochromic fluorescent membrane probes like Prodan or Nile Red amongst others could reveal
additional information about membrane stability or at least confirm the results obtained with
laurdan.[443] The size and shape of the 6 sigmoidal LGP curvatures that were obtained depended
mainly on the nature of the respective modifying lipid, with positively charged DOTAP destabilizing
liposomes at slightly lower mole percentages than neutral DOPE and DODAP. However, for those
six combinations, the LGP started to alter exponentially around 40 mol-% of modifying lipid

content, indicating that around this point, the liposomal membranes were destabilized.

Cargo release and retention

The edge of membrane stability for five out of the six lipid compositions that showed a sigmoidal
LGP curvature could be identified via a cargo release and retention assay using model cargo
sulforhodamine b and semi-automated size exclusion chromatography by HPLC in addition to
physicochemical characterizations conducted by dynamic light scattering. For four samples, the
edge of stability, first defined by a minimum cargo release of 80% together with the highest cargo
retention of the respective lipid composition, lied with 30 mol-% of modifying lipid within the 20-
40 mol-% range previously proposed by the laurdan assay. However, one sample was out of range
with 10 mol-% of modifying lipid, which was already partially indicated by a shift of the LGP curve
to lower mol-% during the laurdan assay. The edge of stability for the last sample could not be
identified within the used 10 mol-% steps, suggesting that a sigmoidal LGP curvature does not
necessarily yield a lipid composition at the edge of stability. Additional evaluation of cargo
encapsulation efficiency and liposomal physicochemical parameters supported the proposed edge
of stability. Liposome modification with small amounts of CHEMS increased mandatory cargo
retention to above 90% upon storage for three samples, while, in contrast to cholesterol,
maintaining pH dependent cargo release above 50%. In comparison to the three final candidate
liposomes, conventional liposomes showed a cargo release of only around 10% with comparable
cargo retention, indicating that new candidate liposomes might have an enhanced capability of
intracellularly releasing higher amounts of encapsulated drugs. Also, one lipid composition that
could potentially be pursued in the future was identified as temperature-sensitive, a feature that

might be of advantage for temperature-triggered cargo release.[390] Altogether, it can be said
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that the developed method for determination of cargo encapsulation, release and retention via
SEC by HPLC is suitable for high throughput and enabled the identification of the edge of stability
for three liposomes, with the previously conducted laurdan assay as a first hint to narrow down
the area of interest and therefore decrease the amount of necessary samples. Nonetheless,
dynamic light scattering is also mandatory for stability measurements and to ensure
pharmaceutical quality of resulting liposomes. As commendable notion, the proposed screening
for cargo release and retention is only achievable after liposomal preparation by dual
centrifugation or comparable methods which allow simultaneous preparation of a huge number
of samples while most importantly providing high encapsulation efficiencies for hydrophilic cargo,
an important pre-requisite to reliably quantify cargo release after the first purification step, which
is not trivial due to high dilution. Of 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 target. Therefore, it would be of advantage to
include stability measurements and cargo release and retention assays in human serum during the
workflow in the future, since the serum proteins can alter liposomal membrane stability, as for
example by exchange of phospholipids between liposomes and lipoproteins, and therefore also

cargo release and retention properties.[329][444]

Intracellular drug delivery

First, a Resazurin assay revealed low toxicity of empty candidate liposomes L2c, L11c and L15c
comparable to self-prepared conventional liposomes with a lipid composition of liposomes that
are used in the clinic (Myocet®) after 72 hours for macrophages and melanoma cells. This suggests
that candidate liposomes are suitable for application in vivo. Upon encapsulation of DXR, candidate
liposomes showed toxicity comparable to free DXR after 24 and 72 hours, a first indication for
increased capability of releasing cargo in comparison to CLs. However, there is still a need to find
a lipid composition that shows even lower toxicity, to potentially decrease unwanted side effects.
In addition, the overall DXR fluorescence after incubation of macrophages and melanoma cells
with DXR loaded purified candidate liposomes and CLs for 0.5 and 4 hours was measured by flow
cytometry. Low overall fluorescence signals for CLs indicated insufficient DXR release and were
probably caused by quenching effects of DXR at high concentrations as present inside liposomes.
In comparison to CLs, candidate liposomes showed three times higher fluorescence signals for
macrophages and melanoma cells, even reaching the level of free DXR for the latter, indicating
cargo release due to dequenching of the DXR fluorescence signal. Subsequent microscopy

experiments enabled the quantification of released DXR present within cell nuclei by
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counterstaining with Hoechst 33258. Results after 0.5 and 4 hours incubation indicated that
candidate liposomes were around three times more 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 of liposomal membrane dye DiD within the cellular plasma
membrane after 24 hours indicated that lipid membranes of candidate liposomes became
decomposed or permeable, an effect not visible for CLs. Results obtained from ImageStream®
suggested an up to 10 times higher release capability of candidate liposomes in comparison to CLs
after 0.5 and 4 hours incubation with melanoma cells and macrophages, although in contrast to
microscopy and flow cytometry results, there was no difference in fluorescence intensities
observable between the two cell types. To identify whether DXR was released by membrane
disruption or diffusion, encapsulation of the pH-sensitive fluorophore 8-hydroxypyrene-1,3,6-
trisulfonic acid (HPTS) [330] (Figure 50 A) into candidate liposomes could be a helpful tool. HPTS is
membrane impermeable, so a HPTS release out of liposomes would suggest liposomal membrane
disruption, while HPTS retention would indicate that DXR is rather released by diffusion due to an
increased liposomal membrane permeability.[173][174] HPTS release and retention could be
assessed by its strong pH-dependent fluorescence at 450 nm excitation wavelength, which would
cause the fluorescence emission to decrease upon HPTS release in a cellular compartment with
lower pH, as present in late endosomes and lysosomes.[446] A potential DXR release by diffusion
was supported by steady physicochemical parameters of candidate liposomes prior and after
incubation under release conditions during screening (see Figure 36, section 3.2.2). There is also a
need to prove that liposomal cargo is retained within pH-sensitive candidate liposomes upon pH
increase within late endosomes and/or lysosomes. This could be obtained by co-incubation of cells
with (RS)-7-Chlor-4-(4-diethylamino-1-methylbutylamino)-chinolin (Chloroquine, Figure 50 B), a
membrane permeable weak base usually used to treat malaria and rheumatic diseases that
accumulates within acidic cellular compartments and consumes hydrogen ions due to its
protonation, while potentially also inhibiting proteolytic enzymes, leading to an increase of
pH.[447] However, it has to be taken into account that Chloroquine has been shown to inhibit
pinocytosis [448], increases lysosomal membrane stability in vitro [449] while also leading to a
swelling of lysosomes at high concentrations, which can decrease lysosomal mechanical stability
[450]. Alternatively, ammonium chloride or Monensin [451] (Figure 50 C), a polyether antibiotic,
could be used for intracellular alkalization or to collapse proton gradients. Ammonium chloride as
lysosomotropic amine [447] and Monensin as proton ionophore both raise the pH of acidic
intracellular organelles, and consequently the release from candidate liposomes should decrease.

Of note, proton gradients and therefore the pH is quickly re-established upon removal of
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ammonium chloride or Monensin, which could potentially enable the monitoring of release

kinetics.
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FIGURE 50: CHEMICAL STRUCUTRES OF (A) HPTS (8-HYDROXYPYRENE-1,3,6-TRISULFONIC ACID) (B)
CHLOROQUINE ((RS)-7-CHLOR-4-(4-DIETHYLAMINO-1-METHYLBUTYLAMINO)-CHINOLIN), (C) MONENSIN
AND (D) TOBRAMYCIN.

In vivo performance

Candidate pH-sensitive liposomes L2c, L11c and L15c in addition to conventional liposomes either
empty or loaded with antibiotic ceftriaxone were injected into salmonella infected zebrafish
embryos. The survival rate was monitored up to 48 hours post injection and revealed an increased
ZFE survival for CEF loaded pH-sensitive candidate liposomes at the level of free CEF, while
conventional liposomes showed a considerably lower survival rate. This suggests an increased
cargo release capability of candidate liposomes over conventional liposomes, although they were
not able to completely eradicate the infection. However, it remains unclear if the candidate
liposomes released their cargo inside the blood stream, probably caused by liposomal membrane
destabilization in the presence of serum proteins, or intracellularly. As 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 parameters. Preliminary results for L15c suggested that around 20% of the cargo
might already be released upon incubation with serum proteins, indicating that observed effects
on survival might be caused by a combination of CEF release from the liposomes inside the
bloodstream and intracellularly. Also, the aforementioned co-administration of compounds like
Chloroquine could yield additional information. Empty candidate and conventional liposomes had
no effect on the ZFE survival, indicating that candidate liposomes are as suitable for in vivo
application as tested conventional liposomes, albeit differences in lipid composition. However, CEF

might not be the optimal choice for treatment, since it is labile to hydrolysis and would therefore
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require the use of freshly prepared and purified liposomes, a pre-requisite which is not always
manageable. Therefore, other more storage stable antibiotics which can diffuse through a
liposomal membrane upon its acidification are needed, with the additional requirement for simple
guantification of encapsulation. Preliminary results encapsulating the more stable antibiotic
aminoglycoside Tobramycin (Figure 50 D), quantified after modification with fluorescamine
according to Tekkeli et al. [452], suggested however that it is less membrane permeable than
ceftriaxone or probably remains trapped within endosomes/lysosomes and therefore the
treatment of salmonella infected ZFEs was less successful than with free Tobramycin. Also, it has

still to be evaluated if a combination of liposomal and free antibiotics can be of advantage.

pH-sensitive PEG

Cargo release properties of pH-sensitive candidate liposomes L2c, L11c and L15c modified with
5 mol-% PEG, hbPG and pH-sensitive ketal- and vinylether-PEG were evaluated by SEC and flow
cytometry. SEC results revealed that conventional PEG and hbPG reduced liposomal cargo release
most likely due to stabilization effects, whereas ketal- and vinylether-PEG shielded liposomes
showed cargo release capabilities almost at the level of their unshielded counterparts. Flow
cytometry results indicated that pH-sensitive candidate liposomes containing 5 mol-% of ketal- or
vinylether-PEG were in average six times more effective in releasing encapsulated cargo as
conventional PEGylated liposomes. Albeit differences in cleavage kinetics of the sole polymers,
ketal- and vinylether-PEG led to comparable cargo release when formulated within liposomes,
probably due to negatively charged lipid phosphates in close proximity to cleavage sites which
might accelerate hydrolysis, an effect already observed for vinylether-PEG in literature.[453]
However, cleavage kinetics for vinylether-PEG 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 Fritz et al. for ketal-PEG.[77] In conclusion, the synergy of shielding
pH-sensitive liposomes with pH-sensitive PEG could be a powerful tool for further development,
since it was shown that the pH-dependent cargo release could be maintained at a high level, while
the PEG shield can potentially increase liposomal stability within the blood stream and upon
storage and offers the possibility of active targeting. Besides presented pH-sensitive PEGs, other
PEG modifications including pH-sensitive hydrazones [183][455] or (di)orthoesters [196], [197],
[456] could also be tested in combination with candidate liposomes in the future. Of note, it
remains unclear to what extent the cleaved PEG moieties can cause side effects, and that the size
of the cleaved parts can be tuned by the relative amount of PEG incorporated 3,4-Epoxy-1-butene

during synthesis to potentially reduce any unwanted issues.[354] All in all, pH-sensitive PEG has
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the potential to avoid certain drawbacks associated with classical PEG, as reduced intracellular
cargo release or decreased cellular uptake in tumor microenvironment.[457] However, only future
in vivo experiments can demonstrate the potential and limitations of pH-sensitive shielding in

combination with pH-sensitive candidate liposomes.



5. MATERIALS AND METHODS

5.1 MATERIALS

CARGO

Calcein

Ceftriaxone
Doxorubicin (DXR)
Sulforhodamine b (SRb)

Tobramycin

BUFFERS & CHEMICALS

Accutase™ (StemPro, cell dissociation reagent)

Ammonium bicarbonate solution
Biocoll

Chloroform

Dimethylsulfoxid (DMSO)

Dithiothreitol (DTT)

DMEM (Dulbeccos Modified Eagle Medium)

Dulbacco’s Buffered Saline (DPBS)

Ethanol 99.5%
Fetal bovine serum
Fetal calf serum
Formic acetonitrile
Formic acid

Formic water
Glu-Fibrinopeptide

GlutaMAX™

Materials and methods

Merck KGaA (Germany)
Merck KGaA
Merck KGaA
Merck KGaA

Merck KGaA

Thermo-Fisher Scientific

Waters, USA

Merck KGaA

Merck KGaA (Sigma-Aldrich)

Carl Roth GmbH (Karlsruhe, Germany)
Merck KGaA (Sigma-Aldrich)

Gibco, USA

Thermo-Fisher Scientific (Waltham,
MA, USA)

Carl Roth GmbH

Invitrogen, Germany
Thermo-Fisher Scientific
Biosolve, Netherlands
Thermo-Fisher Scientific
Biosolve, Netherlands
Merck KGaA (Sigma-Aldrich)

Thermo-Fisher Scientific



Glutamin
Hellmanex®

Hydrochloric acid (HCI)

lodoacetamide
Leucine enkephalin
Methanol

Milli-Q water
Nitrilgloves
Paraformaldehyde

PBS 10x pH 6.8

PBS pH 7.4

Penicillin

Potassium Chloride (KCl)

Potassium dihydrogen phosphate (KH,PO,)
Primocin™

Release buffer pH 5.5

Resazurin sodium salt
RPMI-1640 medium

Sephacryl S500-HR

Sodium Chloride (NaCl)
Streptomycin

Trehalose

Trisodium phosphate (NasHPQ,)
Triton-X 100 ™

Trypsin

Materials and methods

Invitrogen
Hellma (Millheim, Germany)

VWR (Darmstadt, Germany) and
Merck KGaA (Sigma-Aldrich)

Merck KGaA (Sigma-Aldrich)
Merck KGaA (Sigma-Aldrich)
Carl Roth GmbH
Merck Millipore
Carl Roth GmbH
Carl Roth GmbH

1.4 M NaCl, 80.6 mM Na,HPO,,
27 mM KCl, 15 mM KHPO, in H,0

140 mM NaCl, 8.06 mM Na;HPO,
2.7 mM KCl, 1.5 mM KH>PQO, in H,0
(dilution of PBS 10x)

Invitrogen
Merck KGaA
Carl Roth GmbH
InvivoGen

0.1 M NazHPO4, 0.05 M citric acid,
7 mM KCl, 0.34 M NaCl in H,0

Merck KGaA
Thermo-Fisher Scientific

GE Healthcare Life-Sciences
Carl Roth GmbH

Invitrogen

Thermo-Fisher Scientific
Carl Roth GmbH

Carl Roth GmbH

Gibco, Germany



Trypsin-EDTA

Uranyl acetate

DISPOSABLES AND GLASSWARE

8 well p-slides

86-well PP plates, black

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

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

HPLC glass 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, 0.3 — 0.4 mm

Suprasil® quartz glass cuvette, 1 cm

Syringe filter units, cellulose, pore: 0.2 um

DYES
DAPI

DiD(1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindo-
dicarbocyanine, 4-Chlorobenzenesulfonate Salt)

DiO (3,3'-Dioctadecyloxacarbocyanine Perchlorate)
eFluor™

Hoechst 33285
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Thermo-Fisher Scientific

Thermo-Fisher Scientific

Ibidi

Greiner

Greiner (Frickenhausen, Germany)
Sarstedt

Sarsted

Malvern Panalytical
Thermo-Fisher Scientific
Biozym

Starlab group

Carl Roth GmbH

Carl Roth GmbH

Hettich GmbH, Germany
Sarstedt

Sigmund Lindner (Warmensteinach,
Germany)

Hellma

Carl Roth GmbH

Thermo-Fisher Scientific

Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific

PromoCell
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Laurdan (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindo-

dicarbocyanine) Thermo-Fisher Scientific
LIPIDS

Cholesterol Carl Roth GmbH

EPC (egg phosphatidyl choline) Lipoid

Following lipids were all acquired from Merck (former Sigma-Aldrich)
CHEMS (cholesterolhemisuccinate)

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)

DODAP (1,2-dioleoyl-3-dimethylammonium-propane)

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)

DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOPG (1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-gylcerol) sodium salt)
DOTAP (N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride)
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)

DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt)

POLYMERIC AMPHIPHILES

All polymeric amphiphiles were synthesized as indicated by _
- and _ from the research group of Prof. Dr. Frey (Johannes Gutenberg-

University, Duesbergweg 10-14, Mainz, Germany).

AD185 (Bisoctadecylglycerol-PEG-EPB (4.5 mol-% vinylether)) VE-PEG
MW94 (Bishexadecylglycerol-linPEGg;:-OH) PEG-S
MW170 (Bishexadecylglycerol-linPEG;13-OH) PEG-M
MW191 (Bishexadecylglycerol-linPEG160-OH) PEG-L
MW?201 (Bishexadecylglycerol-Ketal-linPEGgs-Alkin) KETAL-PEG
UK338 (Bishexadecylglycerol-hbPG3s-OH) hbPG-S

UK364 (Bishexadecylglycerol-hbPG3o-OH) hbPG-S2
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UK367 (Bishexadecylglycerol-hbPGies-OH) hbPG-L

UK368 (Bishexadecylglycerol-hbPGg7-OH) hbPG-M

5.2 METHODS

LIPOSOME PREPARATION AND PROCESSING

LIPOSOME FORMULATION BY DUAL CENTRIFUGATION

First, the dissolved lipid components were combined in the respective mole percentage within a
PCR tube and then pre-ried in a SpeedVac® vacuum centrifuge overnight. Afterwards, the pre-dried
lipids were thoroughly dried for at least 3 hours using an Alpha 2-4 LD (Christ) lyophilization unit
and then stored at -20 °C until usage. For dual centrifugation, 5 mmol of the dried lipids were
incubated with 9.3 uL of hydrophilic cargo containing buffer for 10 min and then 350 mg ceramic
beads (SiLiBeads®) were added. The stated buffer 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 in 77.2 uL DPBS and

submitted to DC again for 2x2 min. Resulting liposome dispension was kept at 5 °C until usage.

LIPOSOME PURIFICATION

Preparative size exclusion chromatography was performed via an Agilent 1100 System (Agilent,
Germany) to remove non-encapsulated cargo and free lipids from the nanocarrier solution. The
liposome dispension was transferred from the PCR tubes to 1.5 mL HPLC glass vials with a 100 pL
pipette with respective tip, which omits uptake of the small ceramic beads. The residue within the
PCR tube was washed with 40 pL of DPBS to not lose any lipid material. Up to 100 uL of the
liposome dispension as obtained after dual centrifugation and washing was injected into the HPLC
system running with DPBS at a flowrate of 1 mL/min. A BioRad UNO Q1 column (BioRad, Munich,
Germany) filled with 2 mL of slurry Sephacryl S500-HR thoroughly cleaned with DPBS was used for
separation. A multiwavelength detector (G1365A Agilent 1100 Series, Germany) was used for
detection of the absorption of cargos and labels like ceftriaxon at 254 nm, laurdan at 380 nm,
calcein and DXR at 490 nm, Dil, SRb at 550 nm or DiD at 640 nm. An automated fraction collector
collected the resulting purified liposome solution with a volume of 600 pL. The encapsulation
efficiency was calculated by dividing the absorbance within the liposomal faction (L) by the total

absorbance according to formula 14.
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absorption L

%EE= x100% (14)

total absorption

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

efficiency (formula 15).

%release=100%- %EE (15)

LAURDAN ASSAY

A mixture of 2 mmol of total lipids containing 0.1 mol-% Laurdan was used for Laurdan screening
experiments. 10 L of obtained liposome stock dispersions were diluted with 50 uL DPBS 1x in a
black 96-well polypropylene optical bottom plate (Greiner) and subjected to a M200 Pro multiplate
reader (Tecan). The sample was excited at 350 nm and fluorescence emission intensities were
obtained at 440 (las0) and 490 nm (lago). For calculation of the Laurdan generalized polarization
value (LGP), formula 16 was used.
(1440-1490)
p= 114407450/ 16
(1440*1290) (16)
Values for LGP were plotted against the mole percentage of modifying lipid 2 using GraphPad Prism

7 (San Diego, USA). A sigmoidal 4PL fit with least squares method (formula 17) was applied.

(top value-bottom value)
(1+1 ((logEC50-x)*Hillslope ) )

y=bottom value+ (17)

The same formula was applied when LGP values were normalized to percentage of deviation from
lipid 1, with the LGP value of lipid 1 set to 0% deviation, and the LGP value of liposomes containing

10 mol-% lipid 1 and 90 mol-% of lipid 2 to 100% deviation.

PROTEIN CORONA

In order to obtain liposome-protein complexes, liposomes were incubated in PBS containing
5 vol-% human blood plasma for 1 h at 37 °C under constant agitation. A Pierce 660 nm Protein
Assay (Thermo-Fisher Scientific, Germany) was used for protein quantification according to the

manufacturer’s instruction.
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ASYMMETRIC FLOW FIELD FLOW FRACTIONATION

For AF4, the postnova AF2000 system equipped with a TIP- and focus-pump, a fraction collector,
an auto-samples, a degasser and a smart stream splitter was used. A regenerated cellulose
membrane with a molecular cut-off of 10 kD, a 500 um spacer and a stainless steel frit were
equipped to the separation channel. A 1260 Infinity fluorescence detector (Agilent Technologies,
USA) at 549 nm excitation and 565 nm emission and a UV detector (SPD-20A, Postnova, Germany)
were used, and data was evaluated with the AF2000Control 2.0.8.0 (Postnova, Germany). Splitting
of the channel flow resulted in a detector flow of 0.2 mL/min for the separation of 50 uL sample.
For 7.2 min, the initial crossflow using PBS as carrier liquid 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 7 min. Subsequently, the cross flow was exponentially lowered to 0 mL/min for elution of
remaining components. Liposome containing fractions were collected by an automated fraction
collector, dried using a SpeedVac® concentrator (Savant DNA120, Thermo-Fisher Scientific, USA)

and resuspended in 350 uL PBS.

CENTRIFUGATION

50 uL of the liposome sample were subjected to centrifugation (Sigma 3-30k, Germany) at 20 000 g
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 centrifugation as stated above. Finally,
the liposomes were resuspended in 200 uL PBS, dried with a SpeedVac® and resuspended again to

be comparable to the AF4 procedure.

ANALYTICS

DYNAMIC LIGHT SCATTERING

The size, polydispersity (PDI) and zeta-potential ({-potential) of 20 uL purified liposome samples
were determined in a disposable folded capillary cell at 25 °C using a Malvern Zetasizer Nano series
(UK). Liposome samples were diluted in 1 mL of freshly filtered 1 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
embryo image or of the tail image was subtracted by the background, which was manually selected
three times. Results shown were background corrected. Tail images were analyzed and cropped
according to Sieber et al.[280] In detail, compartments A, B, C and E were individually selected for
each image, and the mean fluorescence in each compartment was measured (Figure 51).
Compartments A refer to liposomes in circulation, B refer to background fluorescence, C to
liposomes in CHT (caudal hematopoietic tissue) and E to extravasated liposomes outside

vasculature.

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

scale bars: 100 um

FIGURE 51: ZEBRAFISH EMBRYO TAIL IMAGES RECORDED BY CLSM AFTER 24 H INCUBATION WITH
LIPOSOMES (RED) CONTAINING 10 MOL-% PEG-L (LEFT) OR 2 MOL-% HBPG-S (RIGHT). COMPARTMENTS A
(LIPOSOMES IN CIRCULATION), B (BACKGROUND), C (LIPOSOMES IN CAUDAL HEMATOPOIETIC TISSUE) AND
E (EXTRAVASATED LIPOSOMES) WERE INDICIDUALLY SELECTED FOR EACH IMAGE AND FLUORESCENCE
INTENSITIES WERE QUANTIFIED USING APPLICATION FUI.

LIQUID CHROMATOGRAPHY — MASS SPECTROMETRY (LC-MS) FOR PROTEIN ANALYSIS

Proteins were first precipitated using a Proteo Extract protein precipitation kit (Merck KgaA,
Germany) and then resuspended with 0.1% RapiGest SF (50 mM ammonium bicarbonate solution,
Waters, USA) and incubated for 15 min at 80 °C, as already described in [360][372][373]. 15 mM
lodoacetamide and 5 mM DTT (both Merck KGaA) were added to the protein solution for 1 h and
45 min at 56 °C, respectively. Protein digestion was performed using trypsin in a 1:50 ratio to
proteins and stopped on the next day using 2 uL HCI (Merck KGaA). For absolute 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 reversed-phase C18 column (1.7 um, 75 um x 150 mm, Waters, USA) and a
nanoACQUITY C18 trap column (5 pm, 180 um x 20 mm, Waters, USA). The mobile phase at a flow
rate of 0.3 puL/min consisted of water (A) and acetonitrile (B) each containing 0.1 vol-% formic acid.
A constant gradient starting from 98% A and 2% B and ending at 60% A and 40% B was applied. As
reference, Glu-Fibrinopeptide and Leucine Enkephaline (both Merck KGaA) were infused at a flow
rate of 0.5 pL/min. A NanoLockSpray in positive ion mode was used for electrospray ionization,
and data-independent 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 Hi3 e.coli standard and porcine
trypsin, resulting in final protein amounts.[458] Relative protein 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,
100 L of the sample prepared for dynamic light scattering analysis was further diluted in PBS by
the factor of 10. The sample was subjected to the analysis chamber via a 1 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

Corresponding liposome samples with a volume of 2 uL were placed and embedded in 1 wt-%
trehalose with 4 wt-% 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 (Gatan) charged-coupled device (CCD) camera, while the Digital

Mictrograph software (Gatan) collected the images.

For cyro-TEM, 5 pL of a liposome sample was vitrified with a Vitrobot™ (FEI) plunging device. The
sample was applied to a holey carbon coated TEM grid and immediately plunged into liquid ethane.
For the measurement using the FEI Tecnai F20 TEM, cryogenic conditions were ensured using a
Gatan 926 cryo TEM holder. Imaging was again performed at an acceleration voltage of 200 kV and

resulting micrographs were captured by the Ultrascan 1000 (Gatan) CCD camera.
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IN VITRO AND IN VIVO EXPERIMENTS

HUMAN MACROPHAGE CULTURE

Buffy coats obtained from healthy volunteers with approval by the local ethical committee
(Landesaerztekammer Rhineland-Palatinate) enabled the isolation of human peripheral blood
mononuclear cells (PBMCs) via Biocoll (Merck KgAA Germany) density gradient centrifugation.
Monocytes were extracted by plastic adherence. Cells were harvested using Accutase™ (Thermo-
Fisher Scientific) after cell growth for six days in RPMI-1640 (Merck KGaA Germany) supplemented
with 1 vol-% human plasma, Primocin™ (InvivoGen), 50 ng/mL human M-CSF (Immunotools) and

GlutaMAX™ (Thermo-Fisher Scientific).

MELANOMA CELL LINE UKRV-MEL-15a

UKRV-Mel-15a cell line deriving human melanoma cells were grown in RPMI-1640 medium
supplemented with 10 vol-% fetal calf serum (FCS, Thermo Fisher Scientific), GlutaMAX™ (Thermo-
Fisher Scientific) and Primocin™ (InvivoGen). Cells were harvested using a Trypsin-EDTA solution

(Thermo-Fisher Scientific).

RAW264.7 CELLS

Cells were obtained from ATCC® TIB-71™ (UK), cultured in DMEM supplemented with 10 vol-%
fetal bovine serum (FBS), 100 mg/mL streptomycin, 100 U/mL penicillin and 2 mM glutamine. Cells
were seeded out in 24-well plates with 100 000 cells per well in culture medium after having
reached 80% confluency. The medium was exchanged to serum-free DMEM after 24 hours, and
liposomes were added to achieve final concentrations of 7.5 pg/mL. Flow cytometry analysis was
performed using a Attune NxT flow cytometer (Thermo-Fisher, USA) at stated time points after

detachment of cells using 2.5 vol-% trypsin (Gibco, Germany).

HUMAN BLOOD PLASMA

Ten healthy donors provided human blood plasma according to standard guidelines at the
transfusion center of the university clinic Mainz, Germany. The plasma was pooled and stored at -
20 °C until usage. Directly before usage, the plasma was centrifuged (Sigma 3-30K, Germany) at

20000 g and 4 °Cfor 1 h in order to remove debris.
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FLOW CYTOMETRY

Human melanoma cells (UKRV-Mel-15a) and human macrophages were seeded in 24-well plates
containing 1 mL culture medium and 5-10*cells or 2.5-10° cells per well, respectively. Cells were
harvested after incubation with the liposome samples at stated time points using Accutase™, while
dead cells were excluded using fixable viability dye eFluor™ 780 (Thermo-Fisher Scientific). Cells
were fixed by incubation for 30 min with DPBS containing 4 vol-% paraformaldehyde. A LSRII
cytometer (BD Biosciences, USA) and Cytobank were used for flow cytometry and data analysis,

respectively.[459]

CELL VIABILITY ASSAY (RESAZURIN)

Human melanoma cells (UKRV-Mel-15a) and human macrophages were seeded in 96-well plates
containing 0.2 mL culture medium and 1-10% cells or 5-10% 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 experiments, human melanoma cells (UKRV-Mel-15a) and human macrophages
were seeded in 8-well p-slides (Ibidi, Germany) containing 0.3 mL culture medium and 1.5-10%cells
or 7.5-10%cells per well, respectively. After incubation with liposome samples, cells were washed
and fixed by 30 min incubation with DPBS containing 4 vol-% paraformaldehyde. Cell nuclei were
stained using 10 uM Hoechst 33258 dissolved in DPBS, and cell membranes were stained using the
green-fluorescent cytoplasmic membrane staining kit (PromoCell). A Leica TCS SP8 confocal
microscope acquired the images, which were analyzed using the Fiji application.[460]

For protein corona experiments, murine macrophages (RAW264.7) were seeded in 8-well p-slides
(Ibidi, Germany) containing 0.3 mL culture medium and 5-10*cells per well. Prior incubation with
liposomes for 2 or 24 h, cells 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-% Roti-Histofix (Carl Roth GmbH, Germany). Cell membranes were stained using CellMask™
Deep red (Thermo-Fisher Scientific) diluted 1:5000 in PBS. A Leica TCS SP5 Il confocal microscope
with a HC PL APO CS 63x/1.4 oil objective in a serial scan mode acquired the images, which were
captured using the LAS AF 3000 software. Cell membranes were pseudo-colored in red and

liposomes were pseudo-colored in green.
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LIPOSOME CARGO QUANITIFCATION

In order to quantify liposomal DXR content by absorption and external calibration, a part of the
liposome dispersions was transferred to a 96-well plate and cracked by adding PBS containing
5 vol-% of Triton-X100 ™ (Carl Roth GmbH). DXR absorbance was then measured at 488 nm using

a Sense Beta Plus Microplate Reader (Hidex).

ZEBRAFISH

Normal and transgenic zebrafish embryos (ZFE) expressing a green fluorescent protein in their
macrophages (Tg(mpeg1:Gal4;,UAS:KAEDE)) or vasculature (kdrl:EGFPs843) were raised at 28 °C in
zebrafish culture media and treated with 1-phenyl-2-thiourea (PTU) to avoid pigment cell
formation as already described previously.[461] All zebrafish experiments were performed in
accordance with Swiss animal welfare regulations. At 2 days post fertilization (dpf), ZFE were
anesthetized using tricaine and immobilized in agarose (0.3% w/v). Via the duct of Cuvier,
immobilized ZFE (approx. 20 ZFE per treatment) were intravenously injected directly into blood
circulation with 1 nL of respective liposomes for biodistribution and blood circulation studies or
300 colony forming units (CFU) of mCherry expressing salmonella (SDB15) for survival studies.
Salmonella infected ZFE were kept at 35 °C for 15 min in order to allow salmonella distribution
throughout the whole ZFE. Afterwards, 3 nL of ceftriaxone loaded liposomes, empty liposomes,
free ceftriaxone, or DPBS as a negative control were injected via the same route. ceftriaxone
loaded liposomes and free Ceftriaxone were injected at concentrations of 200 ug/mL ceftriaxone.
Infected and successfully injected ZFE were removed from agarose and kept at 35 °C in zebrafish
culture media. After indicated time points, ZFE survival was 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, Schéffengrund, Germany), a pneumatic Pico Pump PV830 (WPI, Sarasota,
Florida), and a Leica SSAPO microscope (Leica, Wetzlar, Germany). Confocal images were taken
using a Leica SP5-1I-Matrix point scanning confocal microscope equipped with a 40x HCXPlanApo

(NA 1.10) objective.
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SUP FIGURE 1: DLS RESULTS FROM A LIPOSOME WTH 30 MOL-% LARGE HBPG SHOW A SECONDS
SPECIES AT AROUND 25 NM, INDICATING THE FORMATION OF MICELLES.
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SUP FIGURE 2: ZETA POTENTIALS OF CONVENTIONAL NON-SHIELDED LIPOSOME (CL), AND LIPOSOMES

BEARING SMALL (S), MEDIUM (M) OR LARGE (L) HBPG OR PEG. ERROR BARS INDICATE THREE
INDIVIDUAL LIPOSOME PREPARATIONS.
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SUP FIGURE 3: POSSIBLE STRUCTURES AS BASIS FOR MATHEMATICAL CALCULATIONS FOR HBPG-M (67
MONOMERS).
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SUP FIGURE 4: DIAMETER AND PDI OF LIPOSOMES BEARING 8 MOL-% PEG-L OR HBPG-L, FORMULATED
WITH (A) LIPID:AQUEOUS BUFFER RATIO OF 0.13 (B) LIPID:AQUEOUS BUFFER RATIO OF 0.06.
INCREASING THE BUFFER AMOUNT LED TO A DECREASE IN DIAMETER AND PDI FOR PEGYLATED
LIPOSOMES, WHEREAS HBPG LIPOSOMES REMAINED CONSTANT.
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SUP TABLE 1: PHYSICOCHEMCIAL PARAMETERS OF LIPOSOME SAMPLES USED IN BIODISTRIBUTION AND
BLOOD CIRCULATION STUDIES IN CHAPTER 3.1.3.

olymer d, in zeta olymer d,in zeta
sample poly H PDI potential | sample poly A PDI potential
in mol-% nm . in mol-% nm X
in mv in mv
b 2 180:2 012:002 2951 | .. 2 2383 0.34:0.02  -34:1
3191 5 14451 0.12£0.02  -35:1 3084 5 2103 0.22:0.03  -22#1
| |
g/mo 10 113+2  0.25:0.01  -32:1 g/mo 10 148+2  0.23:0.02  -23:1
2 141+1  0.12£0.01  -7#1 2 293+1 0312001  -27#1
PEG-M * * * hbPG-M * * *
5470 5 125:1  0.2240.2 61 5420 5 184+2  0.29:0.01  -22+1
| I
g/mo 10 1132 0.16£0.02  -10#1 g/mo 10 1332 0.23:0.01  -29+1
2 1361 0.17:0.01  -9+1 2 15141  0.19:0.01  -24+1
PEG-L * * * hbPG-L * * *
7560 5 123+1  0.17¢0.01  -10#1 8270 5 1411 0.21:0.01  -23#1
| I
g/mo 10 1401 0.12£0.02  -10:1 g/mo 10 108+2 0.30:0.02  -19+1
30000
100 mol-% EPC
25000 A
= 20000 4
g increasing CHOL
: 15000 -~ contentin
o) )
< 10000 - 10 mol-% steps
L -
5000 10 mol-% EPC
0 T T 1
400 450 500 550
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SUP FIGURE 5: LAURDAN FLUORESCENCE EMISSION OF CONVENTIONAL LIPOSOME, STARTING FROM
100 MOL-% EPC, STEPWISE SUBSTITUTED BY 10 MOL-% CHOLESTEROL (CHOL) UP TO 90 MOL-%. NO
FLUORESCENCE SHIFT FROM 440 TO 490 NM WAS OBSERVABLE. EXCITATION WAVELENGTH WAS 350
NM.
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SUP FIGURE 6: CONFOCAL LASER MICROSCOPY IMAGES OF MELANOMA CELLS (COLUMN A) AND
MACROPHAGES (COLUMN B) 4 HOURS AFTER INCUBATION WITH CANDIDATE LIPOSOMES L2C, L11C
AND L15C IN ADDITION TO CONVENTIONAL LIPOSOME CL AND UNTREATED CELLS. PLASMA
MEMBRANES WERE STAINED WITH 3,3’-DIOCTADECYLOXACARBOCYANINE PERCHLORATE (DIO,
GREEN), CELL NUCLEI WITH HOECHST 33258 (BLUE) AND LIPOSOMES WITH 1,1’-DIOCTADECYL-3,3,3',3’-
TETRAMETHYLINDODICARBOCYANINE 4-CHLOROBENZENESULFONATE SALT (DID, RED).
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SUP FIGURE 7: CONFOCAL LASER MISCROSCOPY IMAGES OF ZFE EMBRYOS EXPRESSING A GREEN
FLUORESCENT PROTEIN IN THEIR MACROPHAGES (BLUE) 7 HOURS POST INJECTION OF PH-SENSITIVE
CANDIDATE LIPOSOMES L2C, L11C AND L15C AND CONVENTIONAL LIPOSOMES CL. LIPOSOMES WERE
DID LABELED AND ARE DEPICTED IN RED. ALL LIPOSOMES WERE SEQUESTERED TO A CERTAIN EXTENT
BY MACROPHAGES, WHICH IS ESPECIALLY EVIDENT IN THE MAGNIFIED IMAGES (BOTTOM).

tail region

maghnified
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SUP TABLE 2: PHYSICOCHEMICAL PARAMETERS OF FINAL CANDIDATE LIPOSOMES EITHER WITHOUT OR
WITH 5 MOL-% OF POLYMER MEASURED BY DLS. ERRORS INDICATE STANDARD DEVIATION FROM THREE
TECHNICAL REPLICATES, EXCEPT FOR THE UNSHIELDED LIPOSOMES (THREE INDIVIDUAL
PREPARATIONS).

sample 20::;_‘; dr_:'r::l PDI pr:)i:'iial (9;:;
in mV

- 17816 0.31+0.04 -40+1 38+2

hbPG 21945 0.26+0.03 -17+1 3315

L2c PEG 126+1 0.38+0.05 -1+1 3043

ketal-PEG 103+1 0.32+0.01 -1+1 47114

VE-PEG 1853 0.40+0.02 1+1 32+13

- 204+13 0.28+0.06 -1+£2 5042

hbPG 12442 0.35+0.02 0x1 4112

L11ic PEG 183+2 0.34+0.04 -3+1 44+1

ketal-PEG 136%1 0.16+0.02 -5+1 4218

VE-PEG 117+1 0.18+0.01 -5+1 4216

- 243+49 0.250.04 -71+7 3315

hbPG 19045 0.43+0.07 -23+2 38+1

L15c PEG 1614 0.29+0.01 -9+1 3243

ketal-PEG 178+3  0.16x0.01 -66+1 37+10
VE-PEG 139+1  0.17:0.01 -42+7 42+7
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