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Vesicles are spherical macromolecular self-assembly structures formed
by one or several closed bilayers in an aqueous medium. Their structural
and functional versatility has led to numerous research and some
industrial-scale applications, particularly in the fields of drug delivery
and cosmetics. The main challenge in transferring the increasing number
of suggested vesicle formulations from the academic bench to the
market is the lack of gentle and controlled vesicle production processes.

Flow Processing to Structure and
Functionalize Vesicles for
Food Applications

This work explored new design and process strategies to generate func-
tionalized vesicles for applications in the food industry in particular.

The assembly of food grade polymersomes from a new type of biocom-
patible and biodegradable amphiphilic diblock copolymer is reported.
They showed controlled release properties under duodenal conditions.
Furthermore, the gentle and scalable process of dynamically enhanced
vesicle extrusion was introduced by constructing a ROtating Membrane
ExtrudeR (ROMER). The device generates a defined shear flow at the
outlet of a nanopore membrane to tear off the leading endcaps of
extruded vesicles. The ability of the ROMER device to specifically adjust
vesicle size and lamellarity was studied as a function of shear rate, pore
shape, and bilayer elasticity. Finally, the functionalization of vesicles with
superparamagnetic nanoparticles was evaluated with regard to creating
versatile magnetic absorbents for bioseparation applications.

The experimental section of this work provides a useful set of simple and
reliable methods for the routine characterization of vesicle suspensions
during their development and production. Included are dynamic light
scattering techniques to measure vesicle size and polydispersity, an opti-
mized protocol of the TNBS assay to estimate vesicle lamellarity, the
Stewart assay for total phospholipid determination, and the calcein leak-
age assay to characterize the encapsulation efficiency and release
behavior of vesicles towards hydrophilic molecules.
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Notation

Latin Letters

Symbol  Unit Meaning

Ay - absorbance (at wavelength \)

A m? area

ag A2 mean headgroup or surface area per amphiphile

B - baseline value of autocorrelation function

C m~! mean curvature

Co m~! spontaneous curvature

c gor mol L' mass or molar concentration

D m? s} diffusion coefficient

D - Taylor deformation parameter

Dy, nm hydrodynamic diameter

d m diameter

d nm lamellar repeat distance

dg nm thickness of bilayer membrane

dc nm hydrophobic core thickness of bilayer /membrane
E % relative external surface area of vesicle

Ey kgT [J] bending or curvature elastic energy of membrane
F - form factor

G(T) - distribution function of decay rates

h m height of plate-plate shear gap

h m thickness of lubrication layer

1 a. u. intensity of light or neutrons

L m cylinder length of spherocylindrical vesicle

Lp m length of a pore channel

lerit A critical hydrophobic chain length per amphiphile
K m* permeability of a pore channel

Ky mN m™! area expansion or stretching elastic modulus

k st rate constant for vesicle membrane permeation

continued on next page
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Notation

Symbol  Unit Meaning
(cont.)  (cont.) (cont.)
kg JK™! Boltzmann constant (1.381 x 10723 JK1)
M, gmol ! number-average molecular weight of polymers
M, gmol ™! weight-average molecular weight
N - number of stacked, coherent scattering bilayers
Naifs - number of single, diffuse scattering bilayers
n rpm [s7!] number of revolutions
n - power-law index
n m~! number density of vesicles in a pore channel
n; - number of vesicles or pores in the size interval ¢
P ms! permeability coefficient of vesicle membrane
PDI - polydispersity index
P - critical packing parameter
Q m3 st volume flow rate
Qo(z) - cumulative size distribution, number-weighted
Qs(x) - cumulative size distribution, volume-weighted
¢(lgx) - logarithmic size density distribution
q nm~? magnitude of scattering vector
r m radius
Ry, nm hydrodynamic radius
R¢ nm radius of gyration
Ry m radius of equivalent sphere of undeformed vesicle
Rp m radius of a pore channel
Ry m radius of a vesicle
R mol/mol% Percentage of molecules released from vesicle
Rp - molar ratio of detergent to lipid in bilayer
R* - Rp in detergent-saturated bilayer
R - Rp at complete bilayer solubilization
R? - coeflicient of determination (goodness of a fit)
S - solubility or partition coefficient
S - structure factor
T K absolute temperature
T °C temperature
T, °C glass transition temperature of polymers
T °C main phase transition temp. of membrane lipids
t S time
vV m? volume
Vint L internal aqueous volume of a vesicle
in pl. water/pmole amphiphile
v A3 hydrophobic chain volume per amphiphile

continued on next page
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Symbol  Unit Meaning

(cont.)  (cont.) (cont.)

v - reduced volume of vesicle

v m st local velocity of fluid or vesicle

wa - weight ratio of block A in multiblock copolymer
x m vesicle or pore size defined by equivalent diameter
T m nominal pore diameter of a commercial membrane
T10, m lower limiting diameter at which Q,(z) is 10%
T50,r m median diameter at which @, (z) is 50%

290, m upper limiting diameter at which @, (z) is 90%

x; m diameter at the upper limit of the size interval i
T m mean diameter in the size interval ¢

Greek Letters

Symbol  Unit Meaning

Q - fractional area expansion of bilayer/membrane
15} - optical constant of experimental DLS setup

r 571 decay rate of autocorrelation function

r 571 average decay rate of autocorrelation function

Y - shear deformation (strain)

A st shear rate

A - relative excess area of vesicle

AP Pa pressure difference

AQs(x) % relative size frequency, volume-weighted

Ax; m width of the size interval 7

5 s~ elongation rate

n Pas dynamic viscosity under simple shear flow

nE Pas dynamic viscosity under uniaxial elongation flow
Text Pas dynamic viscosity of vesicle’s external fluid

s mN m~! shear viscosity of bilayer/membrane (in-plane)

0 rad scattering angle

Ke 1071 bending or curvature elastic modulus of membrane
KG 107197 Gaussian curvature modulus of bilayer/membrane
Km s~m mth cumulant of the distribution G(I)

A - viscosity ratio 7ing/Mext

continued on next page
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Notation

Symbol  Unit Meaning

(cont.)  (cont.) (cont.)

A nm wavelength of radiation source

Aem nm emission wavelength detected from sample
Aex nm excitation wavelength of radiation source
Amax nm wavelength at which absorbance is maximal
1 mN m~! shear elastic modulus of membrane (in-plane)
0 nm location parameter of lognormal size distribution
o s~ mth moment about the mean of distribution G(I)
p kg m—3 density

o - with parameter of lognormal size distribution
o mN m~! bilayer or membrane tension

0o mN m™! effective membrane tension of undeformed vesicle
o mN m~! lysis tension of vesicle membrane

TS mN m™! shear stress in bilayer/membrane plane

T S delay time

) v/v% volume fraction of dispersed nanoparticles

w st angular velocity
Indices

Symbol  Meaning

0 initial value; nominal value; value of undeformed vesicle

B bilayer

b bending

c curvature

E elongation

ext external fluid of vesicle suspension

int internal fluid of vesicle suspension

T size distribution index

(r = 0: number-weighted; r = 3: volume-weighted)
S shear
T, 2 across-, up- and down- pore channel/shear gap directions

Dimensionless Numbers

xXVvi



Symbol

Meaning

Cag stretching capillary number for vesicle deformation

Cag i critical stretching capillary number for vesicle breakup

Ca, bending capillary number for vesicle deformation

Cay ey critical bending capillary number for vesicle breakup

Regap Reynolds number for fluid flow behavior in plate-plate shear gap

Rey Reynolds number for vesicle flow behavior in simple shear flow
Abbreviations

Abbrevation Meaning

AAS
ac

b
BCP
Cer
Chol

cryo-TEM

DLPC
DLS
DTNB

LUV

atomic absorption spectroscopy

alternating current

block

block copolymer

ceramic

cholesterol

cryogenic transmission electron microscopy
1,2-dilinoleoyl- sn-glycero-3-phosphocholine
dynamic light scattering
5,5’-dithiobis-2-nitrobenzoic acid

deuterium oxide; heavy water
phosphatidylcholine isolate from egg yolk from Lipoid GmbH
fatty acid

iron oxide, magnetite

giant unilamellar vesicle

hexagonal phase

inverse hexagonal phase

indium tin oxide

liquid-disordered or fluid-like lamellar phase
solid-ordered or gel-like lamellar phase with tilted alkyl chains
liquid-ordered lamellar phase

lauric acid bilayer

light microscopy

large unilamellar vesicle

LUVETsgp  vesicles prepared by the repetitive extrusion technique using

100 nm pore membranes for final extrusions

continued on next page
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Notation

Abbrevation Meaning

(cont.) (cont.)

MLV multilamellar vesicle

MNF magnetic nanofluid

MNP magnetic nanoparticle

NP nanoparticle

OA-OA oleic acid bilayer

OLV oligolamellar vesicle

PAA poly(acrylic acid)

PBD polybutadiene

PBO poly(butylene oxide)

PC phosphatidylcholine

PC200 polycarbonate membrane with 200 nm nominal pore diameter
PCL poly(caprolactone)

PDMS poly(dimethylsiloxane)

PE phosphatidylethanolamine

PEE poly(ethyl ethylene)

PEO poly(ethylene oxide)

PET poly(ethylene therephthalate)

PMCL poly(y-methyl-e-caprolactone)

PMOXA poly(methyloxazoline)

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
PPO poly(propylene oxide)

PS polystyrene

Pt platinum

ROMER rotating membrane extruder

rpm revolutions per minute

SANS small angle neutron scattering

SC sodium cholate

SEC size exclusion chromatography

SEM scanning electron microscopy

SUV small unilamellar vesicle

S100 phosphatidylcholine isolate from soybean from Lipoid GmbH
TNBS 2,4,6-trinotrobenzene sulfonate

TNP trinitrophenyl

Triton Triton X-100

VETs90 vesicles prepared by the repetitive extrusion technique using

200 nm pore membranes for final extrusions
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Summary

Vesicles are spherical compartment structures in an aqueous medium. They consist
of an aqueous core and one or more self-assembled, closed bilayers of amphiphilic
molecules. The amphiphiles may be biomembrane phospholipids, synthetic surfact-
ants, or amphiphilic block copolymers. The structural and functional versatility of
vesicles has led to numerous successful and even some commercial applications in
various fields, such as biomembrane research, biomedicine, diagnostics, cosmetics,
and food technology. This wide applicability and the strong interest in vesicles can
be understood on the basis of their most outstanding properties which include (i)
a high biocompatibility, (ii) the adjustability in composition and size, ranging from
20 nm to several tens of micrometers, (iii) the ease of surface modification, and (iv)
the ability of encapsulating both hydrophilic and hydrophobic molecules into the
aqueous core and the membrane interior, respectively.

Whereas vesicles have been developed to the point where they serve as stimuli-
responsive drug delivery vehicles in biomedical applications, their application in
food systems is currently lagging behind the technologies established in the biomed-
ical field. Furthermore, the increasing variety of vesicle formulations suggested in
either field of biomedicine, cosmetics, or foods needs to be augmented by gentle and
controlled production processes.

The present work explored the design and controlled formation of functionalized
vesicle structures, in particular but not exclusively for food applications with nu-
tritional, large-scale processing, and technological perspectives. This included the
assembly of edible polymersomes from a new type of food grade, amphiphilic block
copolymer for controlled delivery-release applications under gastrointestinal condi-
tions. The gentle and scalable process of dynamically enhanced vesicle extrusion
was introduced and investigated for its ability to specifically adjust vesicle size and
lamellarity. Finally, vesicles were combined with superparamagnetic iron oxide nan-
oparticles (NPs) with the aim of creating versatile magnetic adsorbents for biosep-
aration applications.

Multilamellar vesicle (MLV) precursors were prepared by the thin film hydration
method. They were homogenized by repetitive extrusion through polycarbonate
membranes with 800 nm, 400 nm, and 100nm pore diameters to obtain VETsgy,
VETs 00, and LUVETs g, i.e. (large unilamellar) vesicles prepared by the extru-
sion technique, respectively. Giant unilamellar vesicles (GUVs) were formed using
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Summary

the electroformation method. The mean size and polydispersity of LUVET suspen-
sions, NP dispersions, and their composites were analyzed by dynamic light scat-
tering (DLS). The degree of vesicle lamellarity was estimated using an optimized
version of the TNBS assay for external vesicle surface area determination. These
routine measurements were complemented with cryo transmission electron micro-
scopy (cryo-TEM) and small angle neutron scattering (SANS) experiments. The
Stewart assay was used to determine total phospholipid concentrations, while ves-
icle release properties were studied by the calcein leakage assay.

The biocompatible and biodegradable PEO-b-PMCL diblock copolymer was invest-
igated for its ability to form food grade polymersomes with high storage stability
and controlled release properties under gastrointestinal conditions.

The membrane bound vesicle structure was demonstrated by the successful prepar-
ation of LUVETSs gy from PEOy3-b-PMCLgz with the hydrophilic, fluorescent dye
calcein encapsulated in the aqueous core at high self-quenching concentration. The
stability of the obtained polymer vesicles in terms of load retention was, however,
not significantly higher than that of conventional, thin-walled lipid vesicles. This
was revealed by the small difference between the passive permeability coefficients
of calcein from LUVETs oy prepared from PEQOg3-b-PMCLgz and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), respectively. In terms of barrier prop-
erties towards hydrophilic molecular cargo, the increased membrane thickness of the
PEQO3-b-PMClLg3 bilayer was compensated by its less hydrophobic nature and its
less ordered, entangled structure compared to the densely packed POPC membrane.
The presence of external bile salts at duodenal concentration triggered an immediate
and complete release of calcein from the POPC LUVETSsqg. In contrast, calcein re-
lease from the PEOy3-b-PMCLg3 LUVETSs oy under the same gastrointestinal stress
conditions followed a first-order release kinetic and was only complete after an in-
cubation time of 30 min. This controlled destabilization behavior renders the food
grade PEO-b-PMCL vesicles promising carriers for the delivery of nutrients and
neutraceuticals to their site of absorption at increased bioavailability. To this end,
the synthesis protocol of aqueous PEO-b-PMCL LUV suspensions needs, however,
to be optimized in terms of coexisting mixed morphologies, vesicle yield, and encap-
sulation efficiency.

The self-assembly of certain PEO-0-PMCL polymers into predominantly lamellar
vesicle structures was also directly observed under the light microscope by the form-
ation of GUVs from PEOy3-b-PMCLj5o using an adapted electroformation protocol.
The higher voltage required for the PEO-b-PMCL membrane to grow and its higher
resistance to lateral fusion compared to POPC bilayers reflected the enhanced mech-
anical stability of polymersome membranes.

The gentle, continuous, and scalable process of dynamically enhanced vesicle ex-
trusion was introduced within the scope of this work by designing and setting up
the ROtating Membrane ExtrudeR (ROMER). The device couples the conventional
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(static) extrusion process with a defined shear flow induced directly at the out-
let of a nanopore membrane. Varying shear rates were expected to allow for a
controlled shearing-off of leading vesicle endcaps emerging from the nanopore mem-
brane. Thereby, vesicle size and lamellarity were meant to be controlled by a single,
dynamically enhanced extrusion cycle. This was investigated in systematic para-
meter studies using regularized MLV, i.e. pre-extruded VETgyg, suspensions from
pharmaceutical grade phosphatidylcholines (PCs) and nanopore membranes with
200 nm pore diameters and different pore shapes.

Dynamically enhanced VETgy extrusion resulted in a small decrease in mean ves-
icle size and lamellartiy with increasing shear rates, if the shear forces acted at
the outlet of a nanopore membrane with cylindrical pore channels. However, the
collected vesicle suspensions were still characterized by the presence of heterogen-
eous, uni-, oligo- and multilamellar vesicles, irrespectively of the applied shear rate.
The ROMER shear flow had no influence on the structure of vesicles emerging from
conical pore exits. This showed that nanometer-sized lipid vesicles are only broken
up by the action of the ROMER shear forces in the limit where they emerge from
the confinement of cylindrical pore channels in a deformed, i.e. pre-stretched, state.
However, since large MLV precursors are extensively broken down by a pressure-
induced rupture mechanism at the pore entrance, this precondition for the effective
shearing-offt of pre-stretched vesicle endcaps at the pore exit is hardly given. There-
fore, dynamically enhanced extrusion of MLV pre-suspensions did not allow the
controlled generation of homogeneous, unilamellar to n-multilamellar vesicles by
adjusting the shear rate at the membrane outlet. Nevertheless, the ROMER setup
gave valuable insight into the mechanism of vesicle extrusion as discussed in this
work.

Water-based magnetic nanofluids containing fatty acid bilayer stabilized, superpara-
magnetic iron oxide NPs were considered to load magnetic nanoparticles (MNPs)
into the lumen of pharmaceutical grade phospholipid vesicles for bioseparation ap-
plications. The resulting magnetoliposomes could serve as cost-effective and versatile
magnetic adsorbents offering the wide variety of liposomal surface functionalization,
while showing no remanent magnetization.

Magnetoliposomes were prepared following the standard passive encapsulation pro-
tocol. This included MLV formation in the magnetic nanofluid, repetitive extrusion,
and removal of nonentrapped MNPs by size exclusion chromatography (SEC). It
turned out that fatty acid double layer coated iron oxide NPs were prone to agglom-
eration and to interactions with phospholipid bilayers. As a consequence, extrusion
of the composite suspension was not practicable through pore sizes < 400 nm. Fur-
thermore, the separation of VETs,o from nonentrapped particle agglomerates by
SEC was not successful. Finally, the particle agglomerates did not partition into
the liposome lumen but were mainly localized in the external medium, often accu-
mulated at the outer surface of the phospholipid vesicles. The poor stability of fatty
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Summary

acid bilayer coated iron oxide NPs was attributed to the reversible adsorption of
the dispersant layer and to the dynamic nature of fatty acid bilayers. Alternative
strategies to sterically stabilize iron oxide NPs for subsequent liposome functional-
ization have been suggested.

In summary, this work provides a versatile platform of simple and reliable meth-
odologies for the development, optimization, and in-process control of new vesicle
formulations and processing technologies.
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Zusammenfassung

Vesikel sind sphéarische Kompartiment-Strukturen in wéssrigen Medien. Sie bestehen
aus einem wassrigen Kern und einem oder mehreren selbstorganisierten, geschlosse-
nen Bilayern aus amphiphilen Molekiilen. Bei den amphiphilen Molekiilen kann es
sich um biologische Phospholipide, synthetische Surfactants oder amphiphile Block
Copolymere handeln. Die strukturelle und funktionelle Vielseitigkeit von Vesikeln
hat zu vielen erfolgreichen, z. T sogar kommerziellen Anwendungen in verschiedenen
Gebieten gefiihrt. Dazu gehoren die Grundlagenforschung von Biomembranen, die
Biomedizin, Diagnostik, und Kosmetik sowie die Lebensmitteltechnologie. Die breite
Anwendbarkeit und das grosse Interesse an Vesikeln ist auf deren ausserordentliche
Eigenschaften zurtickzufiihren. Die wichtigsten sind (i) eine hohe Biokompatibilitét,
(ii) die Einstellbarkeit der Zusammensetzung und Grosse, welche sich von 20nm
bis zum dreistelligen Mikrometer-Bereich erstreckt, (iii) die Leichtigkeit fiir Ober-
flachenmodifikation, und (iv) die Féhigkeit, sowohl hydrophile als auch hydrophobe
Molekiile im wassrigen Kern oder im Membraninneren zu enkapsulieren.

Wahrend Vesikel in biomedizinischen Anwendungen bis hin zu stimulus-reagierenden
Vehikeln fiir die Abgabe von Arzneimitteln entwickelt wurden, hinkt ihre Anwen-
dungsvielfalt in Lebensmittelsystemen den etablierten Technologien des biomedizi-
nischen Bereichs hinterher. Des weiteren muss die zunehmende Vielfalt von vorge-
schlagenen Vesikel-Rezepturen, nicht nur im Bereich der Biomedizin, sondern auch in
Kosmetik- und Lebensmittelanwendungen, durch schonende und kontrollierte Pro-
duktionsprozesse erweitert werden.

Die vorliegende Arbeit erkundet das Design und die kontrollierte Bildung von funk-
tionalisierten Vesikelstrukturen, vor allem aber nicht nur fiir Lebensmittelanwendun-
gen mit Perspektiven in der Erndhrung, der Herstellung im Industriellen Massstab
und technologischer Anwendungen. Dies beinhaltete das Zusammenfiigen von ess-
baren Polymersomen aus einem neuen, lebensmitteltauglichen, amphiphilen Block
Copolymer fiir kontrollierte Freisetzungsanwendungen unter gastrointestinalen Be-
dingungen. Der schonende und skalierbare Prozess der dynamisch erweiterten Ve-
sikelextrusion wurde eingefiihrt und beziiglich seiner Fahigkeit, Vesikelgrosse und
-lamellaritéit spezifisch einzustellen, untersucht. Schliesslich wurden Vesikel mit su-
perparamagnetischen Eisenoxid Nanopartikeln (NP) kombiniert, um vielseitige, ma-
gnetische Absorbenzien fiir Bioseparationsanwendungen zu kreieren.
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Zusammenfassung

Multilamellare vesikel (MLV) wurden mit der Film Hydratationsmethode herge-
stellt. Diese wurden durch wiederholte Extrusion durch Polycabonatmembranen
mit 800 nm, 400 nm, und 100 nm Porendurchmessern homogenisiert, um VETsgqg,
VETss00, und LUVETSs;gp ((large unilamellar) vesicles prepared by the extrusion
technique) zu erhalten. Gigantische unilamellare Vesikel (GUV) wurden mit Hil-
fe der Elektroformationsmethode hergestellt. Die Durchschnittsgrosse und Polydi-
spersitat von LUVET-Suspensionen, NP-Dispersionen und deren Komposite wur-
den mittels dynamischer Lichtstreuung (DLS) analysiert. Der Grad der Vesikel-
Lamellaritdt wurde unter Verwendung einer optimierten Version des TNBS assays
fiir die Bestimmung der externen Vesikeloberfliche abgeschétzt. Diese Routinemes-
sungen wurden mit cryo-TEM and SANS Experimenten ergidnzt. Der Stewart assay
wurde zur Bestimmung der Phospholipidkonzentration verwendet, wahrend die Frei-
setzungseigenschaften von Vesikeln mittels Calcein assay untersucht wurden.

Das biokompatible und biologisch abbaubare PEO-b-PMCL Block Copolymer wur-
de im Hinblick auf seine Féahigkeit untersucht, lebensmitteltaugliche Polymersomen
mit hoher Lagerstabilitat und kontrollierten Freisetzungseigenschaften unter gastro-
intestinalen Bedingungen zu bilden.

Die erfolgreiche Herstellung von LUVETSs gy aus PEOg3-b-PMCLgs konnte durch
die Enkapsulierung des hydrophilen, fluoreszierenden Farbstoffs Calcein im wiéss-
rigen Kern in hoher, selbst-quenchender Konzentration nachgewiesen werden. Die
Freisetzungskinetik von Calcein aus diesen Polymervesikeln im Vergleich zu den
konventionellen, diinnwandigen Lipidvesikeln wird jedoch nicht signifikant verzo-
gert. Dies wurde ersichtlich aus dem geringen Unterschied zwischen den passiven
Permeabilitatskoeffizienzen von Calcein aus PEQOq3-b-PMCLg3 und 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) LUVETSs;o. Beziiglich Barriereeigen-
schaften gegeniiber hydrophilen Molekiilen wurde die erhéhte Membrandicke des
PEOq3-b-PMCLgs-Bilayers durch seine geringere Hydrophobizitat und seine weniger
geordnete, verkeilte Struktur im Vergleich zu der dicht gepackten POPC Membran
kompensiert.

Die Gegenwart von externen Gallensalzen in Duodenumkonzentration l6ste bei den
POPC LUVETs;gg eine unmittelbare und komplette Freisetzung von Calcein aus. Im
Gegensatz dazu folgte die Calcein-Freisetzung aus den PEOy3-0-PMClLgz LUVETSs
unter denselben gastrointestinalen Stressbedingungen einer Kinetik erster Ordnung
und war erst nach 30 min Inkubationszeit abgeschlossen. Diese kontrollierte Destabi-
lisierung macht die lebensmitteltauglichen PEO-b-PMCL Vesikel besonders attrak-
tiv als Transporter fiir die Auslieferung von Néhrstoffen zu ihrem Absorptionsort mit
erhohter Bioverfiigharkeit. Hierflir muss aber das Syntheseprotokoll von wéssrigen
PEO-b-PMCL LUV-Suspensionen hinsichtlich coexistierenden gemischten Morpho-
logien, Vesikelausbeute und Enkapsulierungseffizienz optimiert werden.

Die Selbstorganisation von bestimmten PEO-b-PMCL Molekiilen in mehrheitlich
lamellare Vesikelstrukturen konnte auch direkt wihrend der Bildung von GUVs aus
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PEQOy3-0-PMCL5, unter Verwendung eines angepassten Elektroformationsprotokolls
unter dem Lichtmikroskop beobachtet werden. Die héhere Spannung, die von der
PEO-b0-PMCL Membran benotigt wurde um zu wachsen, und der hohere Wieder-
stand gegeniiber lateraler Fusion im Vergleich zu POPC Bilayern spiegelte die er-
hohte mechanische Stabilitdt von Polymermembranen wider.

Der schonende, kontinuierliche und skalierbare Prozess der dynamisch erweiterten
Vesikel-Extrusion wurde im Rahmen dieser Arbeit eingefiithrt. Hierfir wurde ein
ROtating MEmbrane Extruder (ROMER) entwickelt und erfolgreich aufgebaut. Das
Gerét verbindet den konventionellen (statischen) Extrusionsprozess mit einer defi-
nierten Scherstromung, die direkt am Austritt einer Nanoporenmembran erzeugt
wird. Es wurde angenommen, dass die eingestellte Scherrate das Abscheren von aus
der Nanoporenmembran austretenden Vesikelabschnitten kontrolliert, so dass die
Vesikelgrosse und -lamellaritat nach einem einzigen dynamisch erweiterten Extru-
sionszyklus spezifisch angepasst werden kann. Dies wurde im Rahmen einer sys-
tematischen Parameterstudie untersucht. Dabei wurden normalisierte MLV, d. h.
vorextrudierte VETgq-Suspensionen aus pharmazietauglichen Phosphatidylcholinen
(PC) und Nanoporenmembranen mit 200 nm Porendurchmesser sowie unterschied-
lichen Porenformen verwendet.

Die dynamisch erweiterte Extrusion von VETgy, resultierte lediglich in einer gerin-
gen Abnahme der mittleren Vesikelgrosse und -lamellaritdt mit zunehmenden Scher-
raten, wenn die Scherkrafte am Ausgang von Nanoporenmembraen mit zylindrischen
Porenkanalen wirkten. Unabhéngig von der angewandten Scherrate waren die so pro-
duzierten Vesikelsuspensionen durch die Prasenz von heterogenen, uni-, oligo- und
multilamellaren Vesikeln charakterisiert. Die ROMER Scherstromung hatte keinen
Einfluss auf die Struktur der Vesikel, die aus konischen Porenausgéngen hinaustra-
ten. Dies zeigte, dass nanometer-grosse Lipidvesikel nur durch die Einwirkung von
ROMER Scherkraften aufbrechen, wenn sie in einem deformierten, gestreckten Zu-
stand aus der Einschréankung von zylindrischen Porenkanélen austreten. Weil grosse
MLV-Vorlaufer allerdings bereits am Poreneingang durch einen druckinduzierten
Reissmechanismus stark aufgebrochen werden, wird diese Voraussetzung fiir die ef-
fektive Abscherung von gestreckten Vesikelabschnitten am Porenausgang kaum noch
erfiillt. Deshalb war es nicht moglich, mittels dynamisch erweiterter Extrusion von
MLV-Vorsuspensionen homogene, unilamellare bis n-multilamellare Vesikel durch
Variation der Scherrate am Membranaustritt gezielt zu generieren. Nichtsdestotrotz
hat der ROMER-Setup einen wertvollen Einblick in den Mechanismus der Vesikel-
extrusion ermoglicht.

Wasserbasierte, magnetische Nanofluide, die fettsdurebilayer-stabilisierte, superpa-
ramagnetische Eisenoxid-NPs beinhalten, wurden evaluiert, um magnetische Na-
nopartikel (MNP) in das Lumen von pharmazietauglichen Pospholipidvesikeln fiir
Bioseparationsanwendungen zu laden. Die resultierenden Magnetoliposomen kénn-
ten als kostengiinstige und vielseitige magnetische Absorbenzien dienen, die eine
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Zusammenfassung

grosse Vielfalt von liposomalen Oberfachenfunktionalisierungen offerieren und keine
magnetische Remanenz zeigen.

Magnetoliposomen wurden mittels Standardprotokoll der passiven Enkapsulierung
hergestellt. Dies beinhaltet die Bildung von MLVs im magnetischen Nanofluid, mehr-
fache Extrusion und die Entfernung von uneingschlossenen MNPs durch Gelfiltration
(SEC). Es hat sich herausgestellt, dass fettsaurebilayer-beschichtete Eisenoxid-NPs
stark zu Agglomeration und zur Interaktion mit Phospholipid-Bilayern neigen. Des-
halb war die Extrusion der Kompositsuspension durch Porengrossen < 400 nm nicht
praktikabel und die Trennung von VETs,o von uneingeschlossenen Partikelagglome-
raten mittels SEC nicht erfolgreich. Schliesslich lagerten sich die Partikelagglomerate
nicht in das Lumen der Liposomen ein, sondern befanden sich hauptsachlich im &us-
seren Medium, oft an der Oberfliche von den Phospholipidvesikeln akkumuliert.
Die geringe Stabilitat der fettsdurebilayer-beschichteten Eisenoxid-NPs wurde der
reversiblen Adsorption der Dispersionsschicht und den dynamischen Eigenschaften
von Fettsaurebilayern zugeschrieben. Alternative Strategien zur sterischen Stabili-
sierung von Eisenoxid-NPs fiir die darauffolgende Funktionalisierung von Liposomen
wurden vorgeschlagen.

Abschliessend bleibt festzuhalten, dass die vorliegende Arbeit eine niitzliche Samm-
lung von einfachen und zuverlassigen Methoden zur Entwicklung, Optimierung und
Qualitétskontrolle von neuen Vesikelrezepturen und Verarbeitungstechnologien bein-
haltet.
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1 Introduction

Vesicle structure and properties: Vesicles are nanometer- to micrometer-sized
spherical compartments formed in vitro in an aqueous medium. They consist of
an aqueous core and one or more closed shells, also called lamellae or membranes,
composed of amphiphilic molecules. The amphiphiles may comprise a single spe-
cies or a mixture of bilayer-forming low molar mass compounds (phospholipids or
synthetic surfactants) or amphiphilic block copolymers. The common feature of
vesicle-forming amphiphiles is their ability to self-assemble into highly ordered flex-
ible membranes that self-close in excess water with the hydrophilic parts of the
amphiphiles facing towards the inner and outer aqueous medium and the hydro-
phobic parts forming the membrane interior [1, 2]. If the membrane is constituted
from lipids present in biological membranes, vesicles are also called lipid vesicles
or more commonly liposomes. Accordingly, vesicles prepared from polymers are re-
ferred to as polymersomes.

Owing to the variability of amphiphile structures, vesicle membrane compositions,
medium conditions, and methods available for vesicle preparation, the physicochem-
ical properties of the resulting aggregate structures can be adjusted to numerous
possible applications [3-8|. Vesicle properties include, for example, their mean size
and lamellarity [9, 10], as well as the thickness, permeability, bending elasticity (ri-
gidity), and lysis tension (mechanical strength) of the vesicle membrane [11-19].

Functional versatility and applications of vesicles: A high biocompatibility, the
structural specificity and the possibility of tailoring vesicle properties via the process-
structure-property functions indicated in Figure 1.1 (top plane) render vesicles one
of the most researched biomimetic and nanocarrier systems in fundamental and
applied science. First described in 1964 [20], today, vesicles are often used as tem-
plates to build highly engineered multifunctional compartment structures that serve
for example as stimuli-responsive drug delivery vehicles [21-24], nanoreactors [25—
27], biosensors [28, 29], image contrast agents [30, 31], or cell-like systems [32-34].

It is again the well-defined structure of vesicles that allows to create this functional
versatility by assembling the functional components (Fig. 1.1, mid plane) into and /or
onto the vesicles (Fig. 1.1, top plane), while preserving the structure and proper-
ties of each component in the resulting composite (Fig. 1.1, bottom plane) [6, 35].
The structure of plain vesicles allows, for example, the passive encapsulation of both
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Structure

functional nanomaterials

functional vesicle-based composite

Property Process

Figure 1.1: Contents of this thesis. Process-structure-property functions of vesicles
(top plane), functional nanomaterials (mid plane) and their versatile composites (bot-
tom plane). Vesicles can be combined with a wide range of functional nanomaterials, e. g.
hydrophilic and hydrophobic bioactive cargo, surface-functional components, macromolec-
ules, and nanoparticles, to create multifunctional compartment structures for numerous
applications. This requires close control over the process-structure-property functions of
each component and of the resulting composite material. In the present work, this task
has been broken down to the indicated individual relationships with the overall aim of
developing new processing technologies for the controlled formation of functionalized and
application-tailored vesicle systems.

hydrophilic and hydrophobic molecular cargo into the aqueous lumen and the hydro-
phobic membrane core, respectively. This is the basic and most unique functionality
of vesicles that has been used ever since the early, traditional liposome formulations
up to the new-generation carrier systems developed today. Furthermore, vesicles
can readily be surface modified, e. g. with protective polymers, targeting ligands, or
diagnostic labels [35]. Enzymes [36], cellular macromolecules [32], and nanoparticles
[24, 37] are other examples of functional nanomaterials that are integrated into ves-
icles along the synthesis path of the multifunctional compartments listed above.
It has to be noted that close control over the process-structure-property functions
of each component and of the composite material is required to harness the full
potential of multifunctional vesicles (Fig. 1.1).

Vesicles in an industrial context: The enormous scientific interest in function-
alized vesicle systems is closely related to the high demand of the pharmaceutical,
cosmetic and food industries for stable, stimuli-responsive capsules with controlled



release properties. To act as such, the capsules should protect the encapsulated
cargo from degradation through all steps of preparation, storage, and administra-
tion, while releasing the cargo at a target destination by an internal or external
trigger (stimulus) [23]. Decreased degradation and a high degree of localization of
released cargo promotes the efficacy of the encapsulated agent at the target destina-
tion and allows to lower its overall concentration in the initial product. In the case of
pharmaceuticals, encapsulation of cytotoxic drugs and the decrease in administered
dose also reduces the risk of adverse side effects which is especially promising in
cancer treatment [38, 39].

Vesicles are highly attractive for the design of such ’smart’ delivery-release vehicles
due to the unique properties outlined above, including their biocompatibility, ad-
justability in physicochemichal properties, and functional versatility. In the bio-
medical field, targeting and triggered cargo release from functionalized vesicles has
been demonstrated in a multitude of experimental drug delivery applications [22—
24]. A considerable number of therapeutic liposome formulations has also been
approved for clinical use, however, most of them lack selective targeting properties
[21, 35, 40]. The use of vesicles in cosmetic and food applications has been explored
to a more limited extent and is, so far, almost exclusively based on traditional lipo-
somes with no targeting and triggered release properties [6, 41, 42]. Following the
design strategies developed for the assembly of ’smart’ vesicle-based drug delivery
vehicles, there is obviously great potential and interest of the food industry to use
vesicles as 'smart’ carriers of nutritional and health supplements for targeted deliv-
ery of the supplements to the site of absorption [6, 43, 44].

While multifunctional vesicles are being shown to perform well in an increasing
number of experimental applications, the transfer from academic bench to indus-
trial application is still a challenge [21]. In particular, the large variety of suggested
vesicle applications needs to be augmented by simple, gentle, and controlled pro-
duction processes [35, 45]. With this perspective, one of the main objectives of
this work is to provide new, scalable processing technologies to the pharmaceut-
ical, cosmetic and food industries for the controlled formation of functionalized and
application-tailored vesicle systems. In terms of vesicle properties and functions,
special emphasis is placed on food applications. In the pursuit of this aim, in-
dividual relationships within the process-structure-property functions of (function-
alized) vesicles are evaluated as indicated in Figure 1.1 and as mentioned in the
following outline of the present thesis.

Chapter 2 gives general background information on the structure and properties of
self-assembled vesicles. The principles of their conventional preparation methods,
of the new process introduced in this work, as well as of the main characterization
methods used are presented. The latter include, in particular, a simple chemical
assay for external vesicle surface area determination that has been optimized in the
frame of this work and published in Analytical Biochemistry 442, 262-271 (2013).



1 Introduction

Chapter 3 focuses on the structure-property function of standard phospholipid ves-
icles and polymersomes prepared from a new type of food grade block copolymer,
namely poly(ethylene oxide)-block-poly(y-methyl-e-caprolactone) (PEO-6-PMCL).
Large unilamellar vesicles are used to study the release properties of encapsulated
molecular cargo under undisturbed and gastrointestinal stress conditions, while the
formation of giant unilamellar vesicles gives information about the mechanical prop-
erties of the vesicle membranes.

Chapter 4 studies the process-structure relationship of lipid vesicles generated by
dynamically enhanced vesicle extrusion using the so-called ROtating Membrane Ex-
trudeR (ROMER) prototype. The structure of the collected vesicles in terms of
mean size, polydispersity, and relative external surface area, i.e. lamellarity, is de-
scribed as a function of the applied shear rate, pore shape, and bilayer elasticity.
A discussion of vesicle deformation and breakup criteria in the ROMER device is
included.

Chapter 5 reports on the design of functionalized liposomes for magnetic biosepar-
ation applications following a reverse engineering approach. That is, combining the
well-known properties/advantages of superparamagnetic nanoparticles (NPs) and
lipid vesicles in a vesicle-based, NP-entrapping composite system with the aim of
preserving the structure and property of each component.

Chapter 6 closes this thesis with a summary of the main achievements in the general
conclusions. It also gives an outlook on the potential of the investigated systems as
well as a collection of ideas for further research.

The three result chapters 3 to 5 contain their own introductions and materials &
methods sections so that they can also be read and understood individually.
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2.1 Self-assembly of amphiphilic molecules

Amphiphilic molecules (amphiphiles), such as surfactants, lipids, copolymers,
and proteins, are composed of hydrophilic and hydrobhobic parts. Due to this dual
character they are able to spontaneously self-assemble into a variety of highly or-
ganized aggregate structures in aqueous solution. Thereby, the actual morphology
assumed by an aggregate depends on the molecular constitution and concentration
of the amphiphile as well as on the bulk solution conditions, as outlined below.
The main driving forces in the self-assembly of amphiphilic molecules originate from
(i) the hydrophobic attraction of the hydrophobic chains based on their tendency
to minimize contact with water (hydrophobic effect) and from (ii) the hydrophilic
repulsion of the headgroups imposed by their opposite requirement to be in contact
with water. The latter repulsive forces between the hydrophilic headgroups include
contributions from steric, hydration, and, in the case of charged headgroups, elec-
trostatic forces [2, 46].

Preferred self-assembly structures based on the critical packing parameter: To
a first approximation, the preferred self-assembly structure formed can be predicted
by simple geometric considerations of the molecular shape and packing behavior of
the amphiphilic building blocks. This can be done according to Israelachvili’s simple
concept of the critical packing parameter p that describes the molecular shape
of an amphiphile within an equilibrium aggregate structure as [2]:

b= v/aolcrit (21)

Here, v is the volume and I the critical length of the hydrophobic chain(s) in the
fluid state, while ag is the optimal headgroup area at which the opposing interaction
forces of hydrophobic attraction and headgroup repulsion are balanced. It has to be
noted that the optimal headgroup area ag is not a simple geometrical value, but an
equilibrium parameter that depends on the solution conditions, such as temperature,
pH, and electrolyte concentration. As a consequence, the aggregate structure formed
by certain amphiphiles can readily transform from one to another simply by changing
the solution conditions [2, 47, 49].
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Figure 2.1: Israelachvili’s concept of the critical packing parameter. Schematic
representation of the molecular shapes of amphiphilic molecules and their preferred self-
assembly structures in dilute and concentrated aqueous solution according to Israelachvili’s
critical packing parameter model. Amphiphilic molecules are represented by a sphere
(hydrophilic headgroup) and one or two connecting lines (hydrophobic chain(s) in the
fluid state). Adapted from Israelachvili [2], Holmberg et al. [47], and Evans et al. [48].
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Dilute amphiphile-water systems: Figure 2.1 illustrates some of the well-known
self-assembly structures that are formed above the critical aggregation concentra-
tion (CAC) of an amphiphile in aqueous solution according to its molecular packing
shape. Cone shaped molecules with a large headgroup area (p < 1/3) will preferen-
tially assemble into spherical micelles. Less pronounced cone shapes (1/3 < p < 1/2)
indicate the formation of nonspherical, cylindrical, or rod-like micelles. Amphiphiles
exhibiting only a small mismatch between the hydrophilic and the hydrophobic moi-
eties (1/2 < p < 1) self-assemble into flexible bilayers, while cylindrical molecules
(p = 1) form planar, extended bilayers. Finally, amphiphilic molecules with p > 1
will associate into a range of inverted structures incorporating aqueous cores, such
as inverse cylindrical micelles (p &~ 2) and inverse spherical micelles (p ~ 3) (not
shown in Fig. 2.1) [2]. In dilute systems, these normal structures are singularly
dispersed in the aqueous medium generating isotropic disperions.

Concentrated amphiphile-water systems: At higher amphiphile concentrations,
the aggregate structures also interact between each other and further self-assemble
into more ordered, three-dimensional networks. The resulting concentrated amphi-
phile-water systems are known as lyotropic liquid-crystalline phases or meso-
phases [2, 47, 49]. The terms liquid-crystalline and mesophase refer to the physical
behavior of these highly viscous phases that is intermediate to liquid and solid, while
lyotropic relates to their concentration-dependent phase behavior.

The rightmost column in Figure 2.1 depicts the preferred liquid-crystalline phases
formed with increasing critical packing parameter from p < 1/3 to 1. In analogy to
the gradation of isotropic normal structures, they range from micellar cubic phases
(M;) to columnar hexagonal phases (H;) to various interconnected, bicontinuous
cubic phases (Cy), such as Im3m (geometry shown in Fig. 2.1), Pn3m, or Ia3d, and
to lamellar phases (L). At p > 1 the aggregate structures proceed again through
the corresponding inverted phases designated as inverse cubic phases (Cz), inverse
hexagonal phases (Hz) and, finally, inverse micellar cubic phases (M,) [2].

It has to be noted that, due to the ordering effect in liquid crystals, the optimum
headgroup area of a given amphiphile is decreased with increasing amphiphile con-
centration. As a consequence, the isotropic aggregate structures are usually driven
to higher p values upon transition into lyotropic phases. Hence, at higher amphiphile
concentrations, spherical micelles tend to transform into ordered hexagonal phases,
cylindrical micelles into interconnected cubic phases, and flexible bilayers stack to
form lamellar phases (Fig. 2.1).

Lamellar phases are the precursors of self-assembled vesicle structures as described
in the following Section 2.2. They are built up of connected bilayer sheets (lamel-
lae) alternating with water layers. The amphiphiles constituting the bilayers are
arranged such that the hydrophilic headgroups face toward the aqueous surround-
ings on either side of the bilayer surface, while the hydrophobic chains form the
bilayer interior.
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Phase behavior of amphiphilic molecules: The phase behavior of amphipiles in
aqueous solution is generally summarized in so-called phase diagrams which de-
scribe the range of equilibrium structures formed under specified conditions, most
commonly amphiphile concentration and temperature [47, 50]. Varying amphiphile
concentrations, i. e. solvent contents, describe the lyotropic phase behavior of a given
amphiphile, while changing temperatures reveal its thermotropic phase behavior. In
the case of amphiphilic block copolymers, the sequence of phases can also be studied
as a function of amphiphile molecular weight or hydrophobic to hydrophilic block
weight ratio (see later Fig. 2.5) [51, 52].

The phase behavior of a number of important biomembrane lipids, including phos-
phatidylcholines (PCs) which are most commonly used for vesicle preparation, and
some lipid mixtures have been determined and reviewed [53, 54]. The lyotropic
phase diagrams of the main amphiphiles used in this work are presented in Section
2.4 and Figure 2.5.

2.2 Vesicle structure

Vesicles enter the scheme of self-assembly structures as they evolve from bilayer
forming amphiphiles with 1/2 < p < 1 in excess water (Fig. 2.1). Upon hydration,
vesicle forming amphiphiles first self-assemble into a lamellar phase before they
transform to unbound flexible bilayer sheets and, finally, to closed spherical bilayers,
i.e. vesicles [55-58]. The self-closing of flexible bilayer sheets in dilute aqueous
solution is driven by the elimination of the energetically unfavorable contact of the
hydrophobic edges with water.

According to this self-assembly process of vesicle formation, the basic vesicle
structure can be described as a spherical shell consisting of one or more bilayer
membranes and encapsulating a small volume of the aqueous solution in which the
vesicle is formed. From a structural perspective, vesicles are most commonly clas-
sified by their size and number of bilayers (lamellac) as schematically shown in
Figure 2.2. Unilamellar vesicles consist of a single bilayer. Based on their mean
diameter d, they are subdivided into small unilamellar vesicles (SUVs; d < 50 nm),
large unilamellar vesicles (LUVs; 50nm < d < 1pm), and giant unilamellar vesicles
(GUVs; d 2 1um). Oligolamellar vesicles (OLVs) are comprised of a few and multil-
amellar vesicles (MLVs) of several concentric bilayer shells. Finally, multivesicular
vesicles (MVVs) are large or giant vesicles encapsulating smaller, nonconcentrically
arranged vesicles inside [3, 59].

Considering the molecular packing geometry, vesicle forming amphiphiles are
characterized by relatively large critical packing parameters (1/2 < p < 1), i.e.
tapered cylindrical to cylindrical molecular shapes (Fig. 2.1). This requires rather
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Figure 2.2: Structure of bilayered lipid and polymer vesicles. Schematic illus-
tration of the vesicle membrane structure in the fluid state (enlargements at the top)
and overall vesicle structures (bottom) of (A) lipid vesicles (liposomes) formed from
a biologically derived phospholipid and (B) polymer vesicles (polymersomes) prepared
from an amphiphilic diblock copolymer. Included are the common structural vesicle
classes of small unilamellar vesicles (SUVs; d < 50nm), large unilamellar vesicles (LUVs;
50nm < d < 1pm), giant unilamellar vesicles (GUVs; d 2 1pm), oligolamellar vesicles
(OLVs), multilamellar vesicles (MLVs), and multivesicular vesicles (MVVs). The drawings
are not to scale. Adapted from Jesorka and Orwar [59], Battaglia and Ryan [60], and
Discher and Ahmed [16].
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small headgroups and bulky hydrophobic moieties as presented for example by
double-chain amphiphiles, such as phospholipids. Phospholipids are the basic con-
stituents of all biological membranes and are the traditional and most intensively
investigated vesicle building blocks. Vesicles prepared from such naturally occurring
lipids, including synthetic biomembrane lipids and natural lipid extracts, are gener-
ally called lipid vesicles or more commonly liposomes [3, 61, 62].

Additionally, a large variety of other amphiphilic molecules has been designed and /or
identified for vesicle formation. They include for example synthetic surfactants
(vielding synthetic surfactant vesicles, including niosomes in the case of nonionic
surfactants) [8, 63] and amphiphilic block copolymers (constituting so-called poly-
mer vesicles or polymersomes) [7, 12, 64, 65].

In this work, vesicles were prepared from standard phospholipids or linear am-
phiphilic diblock copolymers consisting of a hydrophilic and a hydrophobic poly-
mer chain (see Sec. 2.4 for more details). Both types of amphiphiles basically self-
assemble into the same structure of bilayered vesicle membranes with the
hydrophilic parts facing the internal and external aqueous medium and the hydro-
phobic parts forming the membrane interior as illustrated in Figure 2.2. However,
the considerably higher molecular weights of vesicle forming copolymers generally
result in thicker (2-30nm) and often highly entangled polymer membranes (Fig.
2.2B) as opposed to the thin-walled and ordered lipid membranes with a typical
bilayer thickness dp of around 4nm (Fig. 2.2A) [16, 60, 66-68]. These distinct
bilayer architectures provide the polymer and lipid membranes with further differ-
ences in their physicochemical properties as summarized in Section 2.4 and discussed
in Chapter 3 [12, 16-18].

2.3 Vesicle and vesicle membrane properties

The following sections describe the basic properties of vesicles and their membranes
as summarized in [18, 69, 70]. More detailed information of the introduced concepts
and the underlying theories can be found in the references given in the text. The
theories have originally been developed to describe the behavior of lipid vesicles, but
they basically apply to any other type of self-assembled vesicle system, including
polymer vesicles as presented in the reviews by Forster and coworkers [71, 72].

2.3.1 Thermodynamic state of vesicle membranes
Lipid bilayers: Based on the thermotropic phase behavior of biomembrane lipids,

the bilayers of lipid vesicles exist in different lipid phase states as a function of
temperature [53]. The main temperature dependent phase transition taking place

10
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Figure 2.3: Main phase states of lipid bilayers. Schematic representation of the lipid
arrangement in a planar bilayer below and above the main phase transition temperature
T Adapted from Walde and Ichikawa [36].

in lipid bilayers is referred to as the lamellar gel-to-lamellar liquid-crystalline phase
transition or simply melting transition. It is induced at the main phase trans-
ition temperature (or lamellar chain melting temperature) T, of the lipid or
lipid mixture constituting the bilayer as illustrated in Figure 2.3.

At temperatures at least 5-10°C below Ty, lipid bilayers are in the so-called gel,
crystalline-analogue, or solid-ordered state. The lipid arrangement in the bilayer
corresponds to that typically found in the stacked bilayers of the lamellar equi-
librium phase Lg. It is characterized by rigid, extended, and tilted hydrophobic
chains allowing for an ordered and dense packing of the lipid molecules in the bilay-
ers. Therefore, solid-ordered bilayers are highly viscous with the mobility of the
amphiphiles within the bilayer being rather restricted, similar to a two-dimensional
crystal.

Above Ty, lipid bilayers are in the liquid-disordered state, also referred to as
liquid-crystalline, liquid-analogue, or simply fluid state, as is the case for biological
membranes under physiological conditions. Here, the hydrophobic chains exist in a
flexible and disordered conformation, while the hydrophilic headgroup hydration is
increased, i.e. the optimal headgroup and overal bilayer areas are increased, just as
in the bilayers of the liquid-crystalline L, phase. This leads to the fluid-like beha-
vior of liquid-disordered bilayers in which the amphiphiles exhibit fast lateral and
rotational diffusions, like in a two-dimensional fluid [3, 36, 53].

Most of the dynamic processes observed in lipid vesicle systems, including their form-
ation by the swelling of a lamellar phase, shape fluctuations, and shape transform-
ations, are restricted to the fluid state of the lipid vesicle membranes [5, 58, 73, 74].
From a practical point of view, this implies that all mechanical treatments of lipid
vesicles during their preparation have to be carried out in their fluid state, i.e. at
a temperature at least 5°C above T}, of the lipid or lipid mixture used [3]. Table
2.1 lists the T3, values for the main phosphatidylcholines (PC) used in this work
as determined from dilute aqueous PC dispersions, i.e. MLV systems. It has to be

11
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noted that the T, values of biomembrane lipids depend to some extent on the ex-
perimental conditions, such as water content, membrane curvature, and the degree
of protonation in the case of charged headgroups. For a comprehensive list of T,
values, see the reviews on lipid vesicles by Walde and references therein [3, 36].

Polymer membranes: In the case of vesicle forming amphiphilic block copolymers,
fluid and mechanically treatable polymer membranes are obtained at temperatures
above the glass transition temperatures T, of the constituting polymer chains,
particularly of the hydrophobic polymer forming the thick membrane interior. 7,
induces the transition of a given polymer from the glassy state to the amorphous
state which are characterized by rigid, rod-like and flexible, coil-like chain conform-
ations, respectively.

According to this, vesicle forming, all low T}, and flexible diblock copolymers (also
called coil-coil diblock copolymers) are able to form fluid polymer bilayers (Fig.
2.2) by spontaneous self-assembly in aqueous solution and at moderate temperatures
[71, 75-77]. Examples of such coil-coil copolymers and their T, values, including the
widely studied polymers PEO-b-PEE and PEO-b-PBD, as well as the PEO-b-PMCL
polymer used in this work, are given in Table 2.1. Other hydrophobic polymers that
are commonly used in vesicle forming copolymers and have sufficiently low 7§ for
aqueous self-assembly are listed in reference [77]. It has to be noted that, at high
molecular weights of flexible coil-coil copolymers, the hydration kinetics usually
have to be enhanced, e.g. by heating, sonication, or exposure to an ac electric field,
to aid in the dissolution and self-assembly of such highly hydrophobic copolymers
[57, 67, 78].

In the case of high T}, rigid (rod-rod) or rigid-flexible (rod-coil) copolymers whose
hydrophobic blocks are in the glassy state at room temperature, elevated temperat-
ures or an apolar organic solvent are needed to fluidize the hydrophobic membrane
core and allow for vesicle formation [75, 77, 79].

2.3.2 Bending elastic energy and parameters controlling vesicle
shape

The average size and shape assumed by self-assembled fluid vesicles is determined by
the minimum of the bending elastic energy of its closed membrane which originates
from the bilayer curvature C' [69, 70, 73]. The following paragraphs briefly introduce
the concepts of minimal bending energy and equilibrium vesicle shapes that are
based on a number of basic vesicle bilayer properties (see for example [73]).

12
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Spontaneous bilayer curvature: Bilayer membranes adopt a spontaneous curva-
ture C( under asymmetric conditions between the two monolayers which cause the
membrane to curve in a preferred direction. Such membrane asymmetry can be
induced either by different solution conditions on both sides of the membrane or by
different compositions of the two monolayers. The latter composition asymmetry
can arise from a different number or geometry of the amphiphilic molecules consti-
tuting each monolayer. As for the geometry difference, an asymmetric insertion of
e. g. cone shaped molecules with a high intrinsic spontaneous curvature into a planar
bilayer composed of cylindrical molecules with basically zero spontaneous curvature
results in bending of the mixed bilayer (compare Fig. 2.1). The effects of geometry
difference and number difference add up to an effective area difference between the
two monolayers which gives rise to the effective spontaneous curvature of the bilayer
[18, 69, 80-82].

Equilibrium vesicle shapes of minimum bending energy: Single-component, sym-
metric bilayers prefer to be planar, i.e. Cy =~ 0. However, in dilute aqueous solution,
it becomes energetically and entropically more favorable for them to curve into closed
bilayers (vesicles), thereby eliminating the energetically unfavorable edges [2]. The
energy that is required to curve a membrane patch into a vesicle, is called bending
elastic energy E,, curvature elastic energy, or free energy of bending/curvature.
Its minimum is responsible for a large variety of experimentally observable, station-
ary vesicle shapes, such as spheres, prolates, oblates, and stomatocytes [73, 80].
Three models have been developed to estimate the bending energy of vesicle bilayers
and to predict the resulting shapes of minimum bending energy [70, 73]: The original
spontaneous-curvature model introduced by Helfrich [83, 84], the area-difference-
elasticity model [80, 85], and the bilayer-couple model [84, 86]. They allowed the
construction of shape phase diagrams describing the minimal energy shapes as a
function of (i) the spontaneous curvature of the vesicle membrane (spontaneous-
curvature model) or the area difference between the two monolayers (representing
the spontaneous curvature in the area-difference-elasticity and bilayer-couple mod-
els) and (ii) of the reduced vesicle volume v. The latter shape influencing para-
meter is defined as the ratio between the vesicle volume V' and the volume of a sphere
having the same surface area as the vesicle and an equivalent radius Ry [73]:

V

(A/3)n (2.2)

v =

For v = 1, the most stable vesicle shape of minimum bending energy is a sphere.
For v < 1, the vesicles are deflated and dispose of excess membrane area allowing for
the numerous shape transformations away from a sphere as revealed by the shape
phase diagrams of the different elastic models [73, 80, 84]. An example of stationary
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vesicle shapes for v < 1 as predicted by the spontaneous-curvature model can be
found in Chapter 4.3.1.

Geometrical parameters describing the vesicle shape: The reduced volume v
(Eq. 2.2) is, in general, a convenient geometrical parameter to characterize the
(non-) sphericity of vesicles and to quantify their excess area available for shape
fluctuations and shape changes. As such, it also enters the more recent theories
of nonequilibrium vesicle dynamics, including the small deformation theories for
vesicles in external flow fields as discussed in Chapter 4. See some important works
and recent reviews on the subject in [74, 87-93].

Some authors prefer to characterize the non-sphericity, i.e. excess area, of vesicles
by the relative excess area A:

 A—AnRj

A
B3

(2.3)

where A is the vesicle surface area and Ry is the radius of a sphere having the same
volume. A is related to the reduced volume v via A = 47(v=2/3 — 1). Spherical
vesicles do not have excess area, i.e. A =0 (v =1). As a consequence, they cannot
be deformed in the limit of the small deformation regime. For A > 0 (v < 1), the
equilibrium shapes are non-spherical and the vesicles exhibit shape fluctuations at
rest and nontrivial dynamics in external flow fields [91, 93].

2.3.3 Basic vesicle properties at equilibrium

Following the background information given in the previous sections, it is worthwhile
to summarize the basic vesicle properties under equilibrium conditions at this stage.
Vesicles in the fluid state have soft matter characteristics with their amphiphilic
building blocks being in constant thermal motion within the bilayer [2]. Hence,
fluid vesicles are not static entities but typically highly dynamic systems that
exhibit thermal shape fluctuations around their mean shape, usually a quasi-sphere
[80].

In most cases, vesicles are not at thermodynamic equilibrium, i. e. they are not
thermodynamically stable structures, due to the bending energy that is confined in
the vesicles as they are formed in excess water [70, 94]. Depending on the prepara-
tion method used, this necessary bending energy is supplied for example in the form
of shear (gentle agitation, vortexing, or magnetic stirring), ultrasound (sonication),
pressure (extrusion through narrow pares or high pressure homogenization), or an
ac electric field (electroformation) (see Section 2.5). It has to be noted that the
bilayer curvature is negligible for giant vesicles, but becomes increasingly important
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for vesicles smaller than 100 nm which, therefore, require higher energy inputs dur-
ing preparation [69].

Once formed, vesicles represent a metastable, kinetically trapped state where
the enclosed volume and the membrane area of the vesicle can be considered fix at
constant temperature and under constant osmotic conditions. This is especially true
for polymer vesicles as they consist of entangled, little dynamic, high molar mass
amphiphiles [60, 65].

The area constraint can be rationalized in terms of the extremely low monomer
solubility of most vesicle forming amphiphiles in water, including double-chain phos-
pholipids and high molecular weight block copolymers [3]. This results in low ex-
change rates of the constituting amphiphilic molecules between the vesicle bilayer
and the external bulk phase (or the internal medium) as measured by the inter-
bilayer diffusion of the amphiphiles (of the order of several hours for PCs) [95, 96].
Furthermore, the exchange rates of amphiphiles between the two monolayers of the
vesicle bilayer based on their transbilayer diffusion (flip-flop) are known to be ex-
tremely low for single-component bilayers (of the order of several days or longer for
PCs) [95, 97, 98]. Therefore, for time scales smaller than the typically long inter-
bilayer and transbilayer amphiphile diffusion times of a given vesicle system, the
number of molecules in the vesicle membrane and, hence, the vesicle membrane area
remain absolutely constant. Due to the cohesive forces between the amphiphiles in
this condensed state, vesicle membranes exhibit very limited elastic compress-
ibility, i.e. great resistance to changes in membrane area (see Sec. 2.3.5).

The constant volume of vesicles under constant osmotic conditions is based on
the semi-permeability of vesicle membranes. They exhibit high permeabilities
towards water in the presence of an osmotic pressure gradient between the internal
and external media so that the vesicle volume quickly adjusts itself until the osmotic
pressures are balanced (of the order of a few minutes for GUVs) [13, 99]. At the
same time, amphiphilic vesicle membranes provide a high permeability barrier to-
wards polar solute molecules in the presence of a solute concentration gradient across
the membrane which is a key property of vesicles in the multitude of encapsulation
applications [17, 40, 100].

2.3.4 Permeability of vesicle membranes

The passive permeability of vesicle membranes towards a specific molecule is char-
acterized by the permeability coefficient P which corresponds to the permeation
rate of the molecule across the vesicle membrane. For this transmembrane move-
ment, the molecule must partition into and diffuse across the amphiphilic membrane.
In the case of hydrophilic solutes, the molecular diffusion along its concentration
gradient across the membrane can be described by Fick’s first law, where the diffu-
sion rate is inversely proportional to the membrane thickness [17, 101, 102]. Based
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on these permeation processes, P depends on many factors which are discussed in
the frame of the passive calcein permeability study from lipid and polymer vesicles
presented in Section 3.3.2.

Some important factors influencing vesicle membrane permeability include the thick-
ness and relative hydrophobicity of the hydrophobic membrane core [17, 103], the
fluidity and order of the bilayer membrane [103-107], the bilayer compressibility and
amphiphile packing density [108—110], the electrostatic properties of the bilayer bar-
rier influenced by the internal and external buffer compositions [109, 111], and the
size and charge of the solute which, in the latter case, is dependent on the solution
pH [17, 112]. As for the fluidity dependent permeability of lipid bilayers according
to their lipid phase state, the permeation rates are enhanced for liquid-disordered
bilayers above T' = T,,, and highest around the transition temperature Ty, [104].

A more detailed introduction into lipid bilayer permeability, including a discus-
sion of the influencing factors and mechanisms of bilayer permeation is given by
[100, 102, 110]. Experimental values of the permeability coefficients P of lipid
bilayers to water, neutral solutes such as glucose, glycerol, and urea, as well as
small ions can be found in [13, 100, 108, 113, 114]. The permeabilites of lipid
and /or polymer membranes towards different charged solutes have been reported in
[17, 19, 109, 115, 116].

For a given vesicle membrane formulation, its permeability is often assessed in terms
of water permeability which has been extensively measured for both lipid and poly-
mer membranes, e.g. by monitoring the osmotic swelling and shrinking of GUVs
[12, 13, 99, 108] or LUVs [78]. Typical P values for the water permeabilities across
lipid and polymer membranes in the fluid state are given in Table 2.1 and will be
commented in Section 2.4. The passive permeability of vesicle membranes towards
polar solutes can be analyzed from a set of simple permeation assays, such as en-
zymatic assays [17, 117] and fluorescence quenching assays [19, 116, 118]. The latter
approach using calcein as fluorescent dye was adopted in this work (see Sec. 3.2.3).

2.3.5 Deformation of bilayer membranes

The unique physical properties of bilayer membranes not only govern the equilibrium
shapes and shape fluctuations of vesicles at rest [73, 80], but also their deformation
behavior under stress induced e. g. by pressure [11, 14, 119], external flow fields [74,
87-93], or electric fields [120, 121]. This section summarizes the deformation modes
of bilayer membranes and their material parameters characterizing the membrane
elasticity and membrane viscosity. The context to vesicle bilayers is also given.

Mechanically, a bilayer membrane may be considered as a two-dimensional sheet
consisting of two monolayers. Depending on the stresses imposed on the bilayer by
different external forces, it can undergo various independent modes of deformation
(strain), including area expansion or compression (Fig. 2.4A), bending (Fig. 2.4B),
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Figure 2.4: Deformation modes of bilayer membranes. Schematic representation
of the independent modes of bilayer deformation and the underlying force-moments acting
on the bilayer membrane. (A) area expansion (or dilation) resulting from in-plane tensile
stresses o, (B) bending induced by bending moments M, (C) shear deformation induced by
in-plane shear stresses 75, (D) monolayer slipping induced by intermonolayer shear stresses
7m- The indicated parameters characterize the elastic (black symbols) and viscous (gray
symbols) responses of the bilayer to these deformations as described in the text. Adapted
from Dimova et al. [18] and Evans and Needham [122].

shear (Fig. 2.4C), and monolayer slipping (Fig. 2.4D). Thereby, the amplitude of
deformation depends on the elastic properties of the bilayer which are characterized
by the set of elastic moduli described below. In the linear limit where deformations
are reversible, an elastic modulus is defined as the proportionality constant between
the stress acting on the membrane and the resulting deformation (Hook’s law; see for
example Eq. 2.4) [18, 122]. The rheological properties of bilayer membranes influence
the rates of deformation and are characterized by the membrane viscosities, e. g. for
dilation (expansion) and shear [18, 123, 124]. A full description of the constitutive
equations for viscoelastic membranes can be found in [122].

(A) Area expansion (dilation) or area compression (condensation): Area ex-
pansion of a bilayer is described by the fractional increase in bilayer area « = AA/A.
It induces a uniform membrane tension o in the plane of the bilayer as illustrated
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in Figure 2.4A. The proportionality between the in-plane tensile stress ¢ and the

areal strain « is given by:
g = KAO./ (24)

where K 4 is the area expansion elastic modulus, also called stretching stretch-
ing modulus. K4 has the dimension of a tension and characterizes the expansibil-
ity /compressibility of the bilayer, i.e. the resistance the bilayer offers to isotropic
area expansion/compression. There is a critical fractional area expansion a.,;; where
the bilayer ruptures following oy = K. The corresponding critical membrane
tension o, generally referred to as rupture tension, describes the tensile strength
or simply the mechanical strength of bilayer membranes [11, 122].

Vesicles at rest, i. e. undeformed vesicles, exhibit a so-called effective membrane ten-
sion, abbreviated as o in this work, which is zero for spherical vesicles (A = 0). For
quasispherical vesicles with excess area (A > 0), 0 is non-zero but smaller than the
membrane tension of deformed vesicles, o [88, 125]. The critical membrane tension
(rupture tension) that induces failure of the vesicle membrane and, hence, lysis of
the vesicle is referred to as lysis tension o; [11-13, 122]. The value of o, is a
measure of vesicle toughness.

It has to be noted that the area expansion of quasispherical vesicle membranes at
lysis (oy; often referred to as .y in the vesicle literature) is composed of the area
expansion that simply leads to the flattening of excess area (aa; governed by k.,
see below) and the area expansion that induces the critical membrane tension (auit;
governed by K4): a; = aa + gy [14, 18, 123]. Micropipette aspiration experiments
of giant vesicles allow probing the complete range of membrane tension as a function
of av and extracting the elastic moduli k. and K 4, as well as the lysis tension o; [12—
14, 18, 122, 123]. Table 2.1 lists some typical values of these mechanical parameters
for the bilayer membranes of lipid and polymer vesicles in the fluid state. They will
be commented in the following Section 2.4.

Finally, it is important to note that the membrane tension o is often referred to as
surface tension in the vesicle literature. This is because the thin bilayer membrane
(compared to the vesicle diameter) can be idealized as a two-dimensional, homo-
geneous surface to study the classical modes of bilayer deformation, including area
expansion, bending, and shear [122]. In the limit of small vesicle deformation theor-
ies, bilayer membranes in the fluid state are generally considered as two-dimensional,
incompressible surfaces [87, 89-93].

(B) Bending: Bending moments M imposed on a bilayer induce bending of the
bilayer at constant area which is quantified by the change in bilayer curvature AC
(Fig. 2.4B). Here, the linear response of the bilayer between the bending moments
M and the curvature change AC' is described by two elastic moduli, namely the
curvature or bending elastic modulus k. and the Gaussian curvature modu-
lus kg. They have the dimension of an energy as does the bending elastic energy
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of the curved bilayer introduced in Section 2.3.2. The two elastic moduli . and
kg characterize the bending elasticity of the bilayer, i. e. its resistance to bending.
In other words, they represent the resistance of the bilayer towards a deforma-
tion away from its preferred, spontaneous curvature Cy. Due to the extreme thin-
ness of bilayer membranes, their resistance to bending is generally small (Tab. 2.1)
(14, 55, 73, 91, 94, 122, 126].

In closed bilayers (vesicles), the low bilayer bending rigidity, together with its limited
compressibiliy, primarily sets the equilibrium shape of vesicles at rest as described
in Section 2.3.2. Moreover, there is no contribution by the Gaussian curvature to
the deformation of vesicles as long as the vesicle topology does not change, e. g. no
creation of two vesicles out of one nor a transition from a closed to a perforated
vesicle membrane [55, 73, 91, 127]. Therefore, continuous vesicle deformation in-
volving bending of the vesicle bilayer is controlled by the bending elastic modulus
k. only. It characterizes the bending rigidity/elasticity of the vesicle membrane and
is often related to vesicle stiffness/softness. Due to its low value for fluid bilayers,
k. governs the thermal shape fluctuations of quasispherical vesicles in the fluid state
from which it can be extracted using fluctuation spectroscopy [127], micropipette
aspiration [14, 18], or scattering methods [128, 129]. A comprehensive review on
measuring techniques and literature data for the bending rigidity of GUVs has re-
cently been published by Dimova [130]. More values for s, of lipid bilayers are listed
in [131].

(C) Surface shear: A shear stress acting tangent to the bilayer edge (75) induces
a shear deformation in the plane of the bilayer membrane at constant area (), i.e.
relative displacement of amphiphilic molecules in the monolayer planes (Fig. 2.4C).
The proportionality constant between this in-plane (surface) shear stress 75 and
shear strain v is defined as the shear elastic modulus pu, giving 7 = pvy. It charac-
terizes the static resistance of the bilayer membrane to in-plane shear deformation
which is negligible for fluid bilayers (1 = 0). Thus, shear elasticity is peculiar to
bilayers in the crystalline-analogue state [18, 122].

However, both fluid and crystalline-analogue bilayers oppose to shear deformations
dynamically due to inner friction between the displacing molecules (viscous dissipa-
tion). The friction between the amphiphiles in the plane of the monolayers is char-
acterized by the so-called shear surface viscosity 7s (again, the term surface refers
to the thin bilayer membrane as a whole and not to the surface of the bilayer). ng is
defined as the proportionality constant between the in-plane shear stress 75 and the
resulting shear rate 4: 7¢ = ns%¥ [75, 122, 123]. Equivalently, a dilatational surface
viscosity np can be defined to describe the viscous response of bilayer membranes to
area dilation (expansion) and condensation (compression) (Fig. 2.4C) [18, 122].
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(D) Monolayer slipping (intermonolayer shear): Finally, a shear stress acting
normal to the edge of one of the monolayers (my) creates a shear strain across
the bilayer membrane resulting in the relative displacement of the monolayers, i.e.
monolayer slipping (Fig. 2.4D). Again, their is generally no elastic response of bilayer
membranes to intermonolayer shear deformations, but the viscous molecular friction
between the displacing monolayers can be characterized by the so-called intermono-
layer friction coefficient b. The value of b increases with the degree of interdigitation
between the hydrophobic chains [123, 124]. Monolayer slipping is not observed in
closed bilayer membranes (vesicles).

Summary: The closed bilayer membranes of vesicles in the fluid state are charac-
terized by a fluid-like behavior, limited compressibility (K4, 0;), low bending rigidity
(ke), and a negligible resistance to shearing (u = 0). These unique mechanical prop-
erties are responsible for the large variety of equilibrium shapes vesicles can adopt
at rest and for the even more complex non-equilibrium dynamics of vesicles in ex-
ternal flow. The continuous deformation of vesicles under application of external
forces usually involves the two independent deformation modes of bilayer bending
and area expansion. Thereby, the vesicle bilayer eventually ruptures in response to
area expansion, while its bending energy primarily sets the vesicle shape at rest.
The deformation and breakup behavior of fluid-phase vesicles in external shear flow
is discussed in Chapter 4. Section 2.6 describes the breakup of vesicles by pressure
extrusion and their flow behavior in narrow pore channels.

2.4 Vesicle membrane constituents and resulting
membrane properties

The physicochemical properties of vesicle membranes, including those summarized
in Table 2.1, largely depend on the composition of the membrane and the resulting
bilayer architecture. This allows controlling the membrane properties by selecting
the molecular structure and mixture of the vesicle building blocks as described in
the following for lipid and polymer vesicles. Basically, all amphiphiles that are
able to self-assemble into lyotropic lamellar fluid phases in aqueous solution are
suitable for the preparation of vesicles. Furthermore, a large variety of amphiphilic
guest molecules can be incorporated in the vesicle host bilayer to further adjust the
membrane properties or to introduce functionality to the vesicle template.
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2 Background

2.4.1 Phospholipids constituting lipid vesicles

Within the class of the universal, biomembrane constituting phospholipids, glycero-
phospholipids represent the most abundant structural group. They consist of a
glycerol backbone with two hydrophobic fatty acid chains esterified with the gly-
cerol hydroxyl groups (-OH) at the carbon atoms C-1 and C-2, and a hydrophilic
phosphate headgroup bound to the hydroxyl group at C-3 (see Tab. 4.3 for the
chemical structures of the main glycerophosopholipids used in this work) [3].

Hydrophilic headgroup species and liposome surface charge: The type of phos-
phate headgroup in position C-3 defines the glycerophospholipid species and influ-
ences the surface properties and dynamics of pure or mixed lipid bilayers [97, 138,
139]. The charge-neutral phosphatidylcholines (PCs; +/—) characterized by a
zwitterionic phosphocholine headgroup are the most widely used glycerophosphol-
ipids for the preparation of well-defined model membranes and vesicles. Surface
charges can readily be introduced into lipid vesicle membranes by preparing them
from mixtures of bilayer forming lipids, usually PCs, and smaller fractions of other
glycerophospholipids or surfactants with charged headgroups. Negatively charged
glycerophospholipids (at neutral pH), such as phosphatidylserine (PS; —), phos-
phatidylglycerol (PG; —), and phosphatitic acid (PA; —), are commonly used for
the assembly of PC based, anionic liposomes. To obtain cationic liposomes, PC host
bilayers can be doped for example with fatty acid amines, such as stearylamine (SA;
+ at neutral pH) [3, 140].

Fatty acid composition and liposome membrane properties: Each glycerophos-
pholipid species with a given hydrophilic phosphate headgroup comprises a large
number of yet chemically different molecules based on the various combinations of
fatty acid chains in positions C-1 and C-2. The nature of the hydrophobic fatty
acid tails in the molecules constituting a lipid bilayer, particularly the number of
double bonds per chain, greatly influences the basic bilayer properties, such as the
thermotropic phase behavior (Sec. 2.3.1), permeability (Sec. 2.3.4), and elasticity
(Sec. 2.3.5). In the following, this will be discussed for pure PC bilayer membranes,
though the influence of the fatty acid composition on lipid bilayer properties is ba-
sically independent on the headgroup species.

The main phase transition temperature T, of single-component PC bilayers in-
creases with the length of the fatty acid residues and strongly decreases with the
presence of cis-double bonds, which is the standard double-bond configuration in
naturally occurring, unsaturated fatty acids (Tab. 2.1) [3]. The drop in 7;, with
increasing chain unsaturation is most pronounced when two or more alternating cis-
double bonds are present in one or both fatty acid chains of the bilayer forming PC
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2.4 Vesicle membrane constituents and resulting membrane properties

molecule (polyunsaturated PC bilayers) compared to saturated or monounsaturated
PC bilayers [13]. This reflects the high degree of disorder and fluidity of the poly-
unsaturated fatty acid chains above T;,, which results in a low level of lipid packing
density and cohesive interactions in liquid-disordered, polyunsaturated PC bilayers.
As the permeability and mechanical strength of vesicle membranes are governed
by membrane fluidity, packing density, and cohesion [11, 105, 122], the paramet-
ers for the permeability (P) and lysis tension (o;) of lipid bilayers correlate with
T,, as a function of fatty acid composition (Tab. 2.1) [13]. Consequently, vesicles
prepared purely from saturated/monounsaturated PCs are generally less permeable
and tougher than those obtained from polyunsaturated PCs [13, 106, 141].

As for the elastic properties of phospholipid vesicle membranes, the bilayer com-
pressibility as measured by the area expansion elastic modulus K4 is practically
independent on fatty acid chain length and unsaturation (Tab. 2.1) [14]. On the
other hand, the bending rigidity of saturated /monounsaturated PC bilayers slightly
increases with fatty acid chain length as a result of the increased bilayer thickness
(see values of the bending elastic modulus k. in Tab. 2.1). Again, an abrupt drop in
bending rigidity is observed for polyunsaturated PC bilayers due to their increased
fluidity and flexibility [14].

Functionalization of phospholipids and lipid vesicles: Apart from surface charge
modification via the lipid headgroup charge, the well defined surface of lipid vesicles
allows for a large variety of other chemical surface modifications. This is a powerful
approach to amend the basic lipid bilayer properties with specific functionalities and
control the biological behavior of liposomal vehicles. Multifunctional liposomes can
be designed by separately or simultaneously incorporating lipids with headgroup-
attached ligands, such as protective polymers, targeting ligands, diagnostic labels,
stimuli-responsive polymers, and cell-penetrating peptides, into the lipid bilayer
without affecting liposomal integrity [23, 35, 59, 142].

Phospholipid products: Lipid vesicles can be prepared from natural lipid extracts
with different degrees of purification or from biologically derived, synthetic lipids
with well-defined chemical structures. Egg yolk and soybeans contain large amounts
of PCs in their plasma membranes establishing them as the cheapest commercial
sources for PC isolation. The obtained egg yolk PCs (simply called egg PC in this
work) and soybean PCs (soy PC) show a strong preference to form lyotropic lamel-
lar phases in aqueous solution, i. e. vesicles in dilute systems (Fig. 2.5A) [143, 144].

The typical fatty acid distribution in egg PC is dominated by saturated and monoun-
saturated fatty acid chains, whereas soy PC primarily contains diunsaturated fatty
acids [3, 140] (see also Tab. 4.2 for the fatty acid composition of the egg and soy PC
isolates used in this work). More precisely, according to the predominant fatty acid
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Figure 2.5: Phase diagrams of egg PC—water and PEO-b-PMCL—water mix-
tures. (A) Binary phase diagram of egg PC and water as a function of temperature.
Adapted from Holmberg et al. [47] and Larsson [143]. (B) Binary phase diagram of
PEOg23-6-PMCL,, and water as a function of hydrophobic to hydrophilic block weight
ratio (wpycr). Adapted from Braun et al. [52].
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2.4 Vesicle membrane constituents and resulting membrane properties

species in positions C-1 and C-2, the PCs isolated from egg yolk and soybeans are
widely represented by the chemical structures of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC or C16:0-C18:1¢9 PC) and 1,2-dilinoleoyl-sn-glycero-3-
phosphocholine (DLPC or diC18:2¢9¢12 PC), respectively (see Tab. 4.3 for the
chemical structures of POPC and DLPC). Therefore, vesicles prepared from soy PC
tend to be more flexible, more permeable, and less robust than pure egg PC ves-
icles as detailed above (Tab. 2.1) [145]. Furthermore, the polyunsaturated soy PCs
are susceptible to lipid peroxidation induced by free oxygen radicals, whereas the
saturated /monounsaturated egg PCs are practically insensitive [146, 147]. The res-
ulting lipid chain breakdown would then further alter the mechanical stability and
permeability of soy PC based vesicle membranes [146-148]. To avoid lipid oxidation
in unsaturated lipids and their liposome preparations, it is recommended to store
them in a closed container at —20°C and/or under nitrogen atmosphere.

While egg PC has been widely used in early studies on the preparation and charac-
terization of vesicles [105, 114, 149, 150], today, POPC is a common model lipid for
basic lipid vesicle and bilayer research [3, 5]. For industrial vesicle applications, both
egg PC and soy PC are largely employed. In this work, PC isolates from egg yolk
and soybean were used for the development of new vesicle processing technologies,
while POPC served as defined and well-known reference material.

2.4.2 Amphiphilic block copolymers constituting polymer
vesicles

Since the late 1990s, advances in controlled polymerization techniques have allowed
the design of defined amphiphilic block copolymers that mimic natural amphiphiles
and their self-assembly structures, including vesicles [12, 151, 152].

Building blocks of polymer vesicles and polymer membrane conformations: In
contrast to the naturally derived lipid vesicles, polymer vesicles (polymersomes) can
be assembled from different copolymer architectures, such as diblock, triblock and
multiblock copolymers, which give rise to various membrane conformations [65].

The majority of polymersomes is prepared from linear, cylindrically shaped AB dib-
lock copolymers consisting of a hydrophilic (A) and a hydrobhobic (B) polymer
chain. As presented in Figure 2.2B (Sec. 2.2), they self-assemble into the conven-
tional amphiphilic bilayer structure in dilute aqueous solution which, based on their
macromolecular nature, is usually thicker and highly entangled compared to the
low molar mass and highly ordered lipid bilayers [16, 60, 65, 66, 68]. Furthermore,
depending on chain flexibility, the hydrophobic chains in polymeric bilayers are typ-
ically interdigitated to various degrees as opposed to the well-separated phospholipid
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bilayers [60]. Examples for bilayer forming AB diblock copolymers are the proto-
typical and most widely studied copolymers introduced by Discher and coworkers,
namely poly(ethylene oxide)-b-poly(ethylethylene) (PEO-b-PEE) and poly(ethylene
oxide)-b-polybutadiene (PEO-b-PBD) [12, 66-68, 99, 103, 123, 135].

In addition to the cylinder shaped AB diblock copolymers, bilayered polymersomes
can also be obtained from U-shaped BAB triblock copolymers which form a loop
in their hydrophilic middle chain upon self-assembly into bilayer membranes in
excess water. In contrast, the more widely used ABA triblock copolymers can
have two possible conformations within polymersome membranes: They can either
stretch across the membrane in a cylindrical shape forming a monolayer or they
can integrate into a bilayer by adopting a loop in their hydrophobic middle block
(U-shape) so that the two hydrophilic chain ends extend to the same side of the
bilayer. An example for the former, monolayer forming type of ABA triblock co-
polymer is poly(methyloxazoline)-b-poly(dimethylsiloxane)- b-poly (methyloxazoline)
(PMOXA-b-PDMS-5-PMOXA)

which has been introduced and intensively investigated by Meier’s group at the Uni-
verstity of Basel [4, 78, 117, 153]. Similarly, monolayered polymersome membranes
can be prepared from a range of multiblock copolymers. Based on the individual
adjustability of the chemical composition and length of each block in amphiphilic
block copolymers, multiblock copolymers offer an extra level of control within poly-
mersome membranes. As an example, ABC copolymers comprising two chemically
different hydrophilic chain ends (A and C) and one hydrophobic middle block (B)
are able to assemble into asymmetric membranes and, finally, into polymersomes
with different internal and external surface chemistries.

The large variety of chemical compositions and molecular architectures of am-
phiphilic block copolymers that have been designed for the assembly of polymer-
somes is summarized in several recent reviews [7, 64, 65].

PEO-b-PMCL: In this work, a relatively new type of biocompatible and biode-
gradable AB copolymer, namely poly(ethylene oxide)-block-poly(y-methyl-e-capro-
lactone) (PEO-b-PMCL), was used for the preparation and characterization of food
grade polymersomes (Chapter 3; see Fig. 3.1 for the chemical structure of PEO-b-
PMCL). Its ability to self-assemble into vesicles at specific hydrophobic to hydro-
philic block weight ratios in excess water was first demonstrated by Zupancich et al.
(2006) [76]. The low T, of the hydrophobic PMCL block (=~ —60°C) [136] allowed
for the assembly of fluid and flexible vesicle membranes at room temperature.

Braun et al. then presented the full lyotropic phase behavior of vesicle forming
PEO-b-PMCL copolymers at varying hydrophobic to hydrophilic block weight ra-
tios (wpmcr) in water [52]. The resulting binary phase diagram is shown in Figure
2.5B. Similar to binary egg PC—water mixtures (Fig. 2.5A), the phase diagram of
PEO-b-PMCL with wpycr, > 0.8 and water is dominated by lyotropic and isotropic
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lamellar phases, i.e. vesicles, in concentrated and very dilute dispersions, respect-
ively. For wpper > 0.86, the copolymer first self-assembles into an inverse hexagonal
phase (Hy) before it transforms into the lamellar phase upon dilution.

Chemical copolymer constitution and polymersome membrane properties: The
enormous versatility of block copolymer chemistry allows not only to adjust the
physicochemical properties of polymersome membranes but also to introduce func-
tionalities into the polymer vesicles via the molecular design of the constituting
building blocks.

These design opportunities in the synthesis of amphiphilic block copolymers in-
clude the control over chemical block composition, block molecular weight and chain
length, hydrophilic to hydrophobic block ratio, number of blocks, and the resulting
overall molecular architecture. The different copolymer architectures can then be
exploited for their influence on the structure of the self-assembled polymer mem-
branes, such as the degrees of chain coiling, entanglement, and interdigitation, as
well as the membrane thickness and its polarity profile, which, ultimately, determ-
ines the physicochemical membrane properties [7, 16, 65, 103].

Generally, polymer vesicles possess superior properties in terms of mechanical tough-
ness and rheological robustness over lipid vesicles because of the increased thickness,
the entangled structure, and, hence, the enhanced cohesion of polymer membranes.
This has been characterized by measuring the lysis tension o; and the shear surface
viscosity ng of polymer vesicles in the fluid state prepared from flexible (coil—coil)
diblock copolymers [12, 66, 67, 123, 135]. The values of o; for fluid polymer mem-
branes exceed the characteristic ones for fluid lipid bilayers by at least a factor
of 2 (Tab. 2.1). Furthermore, the lysis tension, i.e. toughness, of polymersomes
was found to increase with increasing molecular copolymer weight and the resulting
increased membrane thickness [67]. Based on the extremely high rheological para-
meters measured in polymer bilayers, polymersomes have also been referred to as
hyperviscous vesicles [123]. At the same time, the enhanced mechanical and rhe-
ological stabilities of fluid polymersome membranes do not compromise their elastic
nature, as characterized by the area expansion (K,4) and the bending (k.) elastic
moduli [12, 67, 123, 135]. They fall in the range of values typical for lipid membranes
(Tab. 2.1).

Due to the increased thickness of polymer membranes, polymersomes are generally
described to be less permeable than their thin-walled lipid analogs in the poly-
mersome literature [16, 65, 154]. However, the vast majority of these descriptions
refer to the pioneering work by Discher et al. studying the permeability of fluid,
but highly hydrophobic PEO-b-PEE membranes towards water [12]. Indeed, the
obtained permeability coefficient P was considerably lower than those found for
typical water permeabilities of fluid lipid bilayers (Tab. 2.1). A similar result has
been reported for PEO-b-PBD membranes which are also characterized by a highly

27



2 Background

hydrophobic and relatively rigid membrane interior [99, 103]. As summarized before
(Sec. 2.3.4) and discussed in Section 3.3.2, the passive permeability of amphiphilic
membranes towards polar solutes is not only dependent on membrane thickness,
but also on a number of other factors, such as the fluidity, chain order, and relative
hydrophobicity in the membrane. Consequently, polymersome permeability, in fact,
varies over a broad range, depending on the chemical composition of the chosen am-
phiphilic building blocks and the resulting membrane architecture. For copolymers
assembling into less hydrophobic [17] and/or more flexible membranes [99, 103], the
membrane permeability towards hydrophilic molecules has been reported to be en-
hanced compared to conventional lipid bilayers.

The increased thickness and entangled structure of polymer membranes do consti-
tute a high barrier against the transmembrane movement of amphiphiles (flip-flop),
which is largely suppressed in polymersome bilayers [155, 156].

Functionalization of polymer vesicles: In polymersomes, there are many pos-
sibilities to further control vesicle permeability by assembling them from block co-
polymers that are responsive to external stimuli, such as pH, temperature, redox
conditions, and light. Cargo release from such stimuli-responsive polymersomes can
then be triggered by changing the external conditions and, thereby, switching the ar-
chitecture or the stability of the polymer membrane as reviewed in [7, 22, 154, 157].
In analogy to liposome functionalization, further functionalities have been intro-
duced to the surface of polymersomes by incorporating copolymers with functional-
ized hydrophilic blocks or with eng-group attached ligands into the polymer mem-
brane [68, 158]. It has to be noted, however, that the presentation of surface func-
tional groups by the hydrophilic polymer brush constituting the surface of polymer-
somes is less controlled compared to functionalized, well-defined headgroup surfaces
of liposomes.

2.4.3 Cholesterol

Cholesterol is another amphiphilic biomembrane lipid that is enclosed in animal
plasma membranes at relatively high molar fractions (=~ 20-40mol%). It belongs
to the class of higher sterols, such as phytosterols (plant plasma membranes) and
ergosterol (fungal plasma membranes). Insertion of cholesterol into lipid membranes
induces a number of unique and substantial modulations in the structural and
physical bilayer properties. These effects have been reviewed by several authors
[107, 159, 160] and are summarized below.

Cholesterol is a uncharged amphiphile with a small hydrophilic -OH headgroup and
a large hydrophobic body consisting of the steroid 4-ring framework and a short
hydrocarbon side chain (see Tab. 4.3 for the chemical cholesterol structure). In the
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case of predominantly saturated, mono-, and/or diunsaturated chain bilayers, the
inverse-shaped cholesterol molecules (p > 1) intercalate in an upright conformation
into lipid bialyers, with the —OH headgroup embedded in the hydrophilic surface
layer [107, 159, 161].

On a structural level, the insertion of cholesterol into liquid-disordered bilayers (fluid
or L, phase state) leads to an increased lipid packing density so that the mainly
hydrophobic cholesterol molecules are shielded from interactions with water by the
neighboring phospholipid headgroups (umbrella model) [162]. The tighter molecular
packing results in a decrease in the mean headgroup area per phospholipid molecule
in the mixed phospholipid—cholesterol bilayer (condensing effect) [11, 110, 159]. At
the same time, the conformational freedom and flexibility of the fatty acid chains
are reduced and the total bilayer thickness increases (ordering and rigidifying ef-
fect) [107, 110, 163, 164]. In solid-ordered bilayers (gel or Lg phase state), the
effects of cholesterol insertion are the opposite, promoting area dilation, disorder,
and fluidity in the mixed bilayers [107, 165-167]. As a consequence, at sufficiently
high cholesterol concentrations in a given phospholipid—cholesterol bilayer system,
the phase transition between the solid-ordered (Lg) and the liquid-disordered (L)
phase state vanishes [160, 165] and gives rise to an intermediate, thermodynamically
discrete state, the liquid-ordered phase state (Lg) [107, 168, 169]. Liquid-ordered
bilayers have mechanical and permeation properties similar to solid membranes, as
outlined below, while the fluidity and rapid diffusion in the plane of the bilayer are
maintained.

On the mechanistic side, the condensing and ordering effects of cholesterol in fluid
bilayers generally impart high barrier properties against transbilayer diffusion of
both polar solutes (passive permeation) [107, 110, 170, 171] and membrane lip-
ids (flip-flop) [95, 172]. Furthermore, cholesterol promotes a significant increase
in overall mechanical membrane stability, as measured by the higher values of the
area expansion modulus K4 [11, 110, 132, 173], the bending modulus &, [110, 127,
128, 137, 174], and the lysis tension o; [11, 15, 173] of cholesterol containing vesicle
membranes (Tab 2.1). Consequently, the stiffer and tougher cholesterol containing
vesicles obtained from a given mechanical treatment, such as extrusion or sonica-
tion, tend to be larger than their cholesterol-free analogues [15, 128, 137].

It has to be noted that the nature and magnitude of interactions between host mem-
brane phospholipids and cholesterol and the resulting effects on bilayer properties
depend on the chemical structure of the phospholipids [160]. The condensing and
ordering effects of cholesterol decrease with increasing degrees of fatty acid chain un-
saturation and are practically eliminated in bilayers consisting of polyunsaturated
phospholipids with more than two cis-double bonds in each acyl chain [11, 159—
161, 175].

In this study, cholesterol was incorporated into egg PC and soy PC bilayers to de-
crease the elasticity and increase the mechanical strength of vesicles processed by
dynamically enhanced extrusion (Chapter 4).
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2.4.4 Detergents

Surfactants ("surface active agents”) are amphiphilic molecules that accumulate
at interfaces, such as water-air and water-oil interfaces, thereby reducing their sur-
face tension [47]. This definition comprises basically all amphiphilic molecules in-
troduced in Section 2.1, including the cylinder shaped, virtually water insoluble,
bilayer forming glycerophospholipids. In this section, we refer to micelle-forming
surfactants (often called detergents), i. e. cone shaped amphiphiles that possess an
aqueous solubility (critical micelle concentration) in the micro- to millimolar range
above which they self-assemble into micellar aggregates. These include, among many
other amphiphiles, synthetic surfactants such as sodium dodecyl sulfate (SDS) and
Triton X-100, physiological surfactants such as the various bile salts, and monoacyl-
glycerophospholipids (lysoglycerophospholipids) [82].

In liposome technology, detergents are used as additives (cosurfactants) to modulate
bilayer properties [174, 176, 177], as templates for vesicle formation by the detergent
depletion method [3], and as liposome solubilizing agents [178-180]. These principles
and the underlying interactions of surfactants with lipid bilayers have been reviewed
in detail by Heerklotz [82].

Vesicle solubilization by detergents: The solubilization of bilayered vesicles in the
presence of excess detergent is also referred to as vesicle-to-micelle transform-
ation. For lipid vesicles, the process sequence of bilayer solubilization by detergents
can almost generally be described by the three-stage model [82, 178, 179, 181], as
schematically illustrated in Figure 2.6.

In stage I, detergent monomers partition into the vesicle bilayers without affect-
ing vesicle integrity until the bilayers saturate with detergents. At saturation,
the system enters stage Il where mixed detergent-lipid micelles detach from the
detergent-saturated bilayers. Hence, stage II is characterized by the coexistence of
detergent-saturated bilayers and mixed micelles. By stage III, all membrane lipids
are solubilized into mixed micelles and the vesicle-to-micelle transformation is com-
plete.

According to this model, the detergent-induced solubilization of a given liposome
suspension is characterized by the total detergent concentration (Dye) required for
the onset and completion of mixed micelle formation, D and D!, respectively.
The corresponding parameters for the effective molar ratio of detergent to lipid in
the vesicle bilayer at saturation and complete solubilization are RE® and R re-
spectively (Fig. 2.6). A comprehensive list of experimental values of %' and R
for different aqueous detergent-lipid mixtures is given in [82]. For the aqueous
PC/Triton X-100 and PC/sodium cholate systems used in this study, we referred to
[178] and [176, 178, 182, 183], repectively.
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Figure 2.6: Three stages of bilayer solubilization by detergents. Bottom: Solubi-
lization of vesicle bilayers by detergents shown through changes in turbidity of a LUVET g
suspension as a function of total detergent concentration Dy after sample equilibration.
D and D§9l mark the beginning and end of stage II, i.e. the onset and completion
of vesicle solubilization, respectively. Composition of LUVET g9 suspension: 0.645 mM
POPC/POPE 95:5 (mol/mol). Detergent: Triton X-100. Top: Schematic representation
of stages I-1II. Lipids and detergents are represented by filled and empty spheres (hydro-
philic headgroups) with two and one connecting lines (hydrophobic chains), respectively.
Adapted from Lichtenberg et al. [179].

To a first approximation, the three-stage model for detergent-induced vesicle solu-
bilization applies to both lipid and polymer vesicles even though the mechanisms
governing lipid and polymer membrane solubilization by detergents are different
[155, 179]. These mechanisms are discussed in the frame of the bile salt-induced
permeabilization and solubilization study of lipid and polymer vesicles presented in
Section 3.3.2 of the present thesis. All experiments that rely on a fast and complete
vesicle solubilization were conducted with an excess of the commonly utilized ethyl-
ene oxide detergent Triton X-100 for both lipid and polymer vesicles [155, 178, 179].
The detergent deplition method that is widely used for the preparation of mem-
brane protein incorporating vesicles [3] is based on the reverse process of the vesicle-
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to-micelle transformation, the micelle-to-vesicle transformation or vesicle reforma-
tion/reconstitution [82, 184].

Detergents as bilayer additives (cosurfactants): Symmetric insertion of deter-
gents into lipid host bilayers at molar ratios below saturation (Rp < RE*; Fig. 2.6)
induces changes in bilayer properties that are very much opposite to the effects of
cholesterol on fluid bilayers described in Section 2.4.3.

On the structural level, the cone shaped detergents increase the conformational free-
dom and flexibility of the hydrophobic chains in the mixed bilayer and decrease the
total bilayer thickness (disordering and fluidizing effect) [82]. On the mechanistic
level, this results in enhanced transbilayer diffusion rates of both polar solutes (pass-
ive permeation) [82, 176] and host membrane lipids (flip-flop) [82, 185] across the
fully equilibrated lipid-detergent membranes. In the case of an asymmetric dis-
tribution of guest detergents within the lipid host bilayer, membrane permeability
towards polar solutes may be further increased by pore formation or mechanical fail-
ure in the mixed bilayer [82, 183]. Regarding the mechanical membrane properties,
detergents act as softening agents in lipid bilayers inducing significantly lower bend-
ing rigidities and tensile strengths in the mixed bilayers. This has been quantified
by the lower values of the bending elastic modulus . [174, 181, 186] and the lysis
tension o; [187], respectively, of detergent containing vesicle membranes.

In this study, the bile salt sodium cholate (SC) was used to decrease the bending
rigidity of egg PC and soy PC vesicles and to increase the penetrability of nanopore
membranes in dynamically enhanced vesicle extrusion (Chapter 4; see Tab. 4.3 for
the chemical structure of SC). SC is commonly used to prepare ultraflexible lipid
vesicles, the so-called Transfersomes [81, 188, 189].

2.5 Preparation of Vesicles

As introduced in Section 2.3.3, most vesicle structures are not a thermodynamically
stable state. This means that their formation in aqueous solution does not occur
truly spontaneously but requires the input of external energy [70, 94]. Therefore,
the physical properties of the resulting kinetically trapped vesicles, including their
mean size and lamellarity (see Fig. 2.2), depend not only on the chemical structure
of the amphiphile (or amphiphile mixture) used and on the solution conditions, but
particularly on the method of vesicle preparation [3].

The principle methods for the preparation of lipid vesicles have been summarized
in the literature [3, 5, 36, 59]. For a detailed description on the preparation of
nanometer- and micrometer-sized (lipid) vesicles and important related works, the
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reader is referred to the reviews by Walde and coworkers [3, 5]. Experimental proto-
cols for liposome preparation can be found in [142]. Please remember that the vesicle
membranes need to be in their fluid state for all type of mechanical treatments car-
ried out during vesicle preparation (Sec. 2.3.1). Therefore, it is recommended to
follow the preparation protocols at a temperature at least 5°C above T,, or T} of
the constituting lipids or block copolymers, respectively [3].

In general, the methods described for the preparation of lipid vesicles are also applic-
able to vesicle forming, synthetic amphiphiles with similar amphiphilicity to that of
lipids, including amphiphilic block copolymers [4, 65, 77, 135]. However, the form-
ation of polymersomes can be more complex and slower compared to liposomes,
depending on 7, and the related flexibility of the block copolymer chains (see Sec.
2.3.1). For highly hydrophobic and/or high T, copolymers, elevated temperatures
or an apolar organic solvent are needed to fluidize polymer membranes and allow
for polymersome formation [71, 75, 77].

In the following sections, the principles and characteristics of the vesicle preparation
methods used in this work are summarized.

2.5.1 MLVs formed by thin amphiphile film hydration

Simple hydration of vesicle forming amphiphiles in excess aqueous solution under
agitation yields multilamellar vesicles (MLVs). This is the easiest way to prepare
vesicle suspensions and can be achieved by the relatively quick dispersion of a thin
amphiphile film [3] or by prolonged stirring of the bulk amphiphile in the aqueous
solution [190].

Principle of thin amphiphile film hydration: In the thin film hydration method,
the vesicle forming amphiphile is first dissolved in a suitable organic solvent, usually
chloroform. The obtained stock solution is then added to a round-bottom flask.
Complete solvent removal by rotary evaporation followed by high vacuum drying
overnight yields a dry thin amphiphile film on the glass surface of the flask as
illustrated in Figure 2.7A.

The subsequent addition of an aqueous solution (hydration or swelling medium)
at T > T, or T, of the amphiphile used (Sec. 2.3.1) induces swelling of the dry
film. This film swelling process proceeds through the hydration of the hydrophilic
domains, formation of a lamellar phase, and increasing separation of the lamellae
which eventually buckle and unbind to self-close into vesicles [57, 70, 192]. For the
preparation of MLVs, the swelling process is accelerated by gentle (hand shaking)
or vigorous shaking (vortex mixing). This promotes complete film dispersion in the
aqueous solution in the form of bilayer to n-multilayer fragments resulting in the
formation of mainly multilamellar vesicles (Fig. 2.7B). [3, 36, 142, 192].
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Figure 2.7: Schematic illustrations of the formation of MLVs and GUVs by thin
film hydration. (A) Dry thin film of vesicle forming amphiphiles deposited onto a solid
surface. (B) MLV formation by hydration of the thin amphiphile film in excess aqueous
solution under shaking (indicated by the circular arrow). (C) GUV electroformation by
hydration of the thin amphiphile film on the surface of an electrode in excess aqueous
solution and in the presence of an ac electric field. E indicates the direction of the external
electric field. Adapted from Shimanouchi et al. [191].

If the swelling process is initialized in an amphiphile film deposited on a flat surface
and is allowed to occur under undisturbed conditions (strict avoidance of agitation)
over a prolonged hydration time of several hours, mainly unilamellar giant vesicles
are obtained. This is the so-called gentle hydration (or spontaneous swelling)
method historically and currently used for the preparation of GUVs [5, 57, 135].

Characteristics of MLVs prepared by the thin film hydration method: The MLV
suspensions obtained from thin film hydration are generally very heterogeneous in
terms of size (typically 0.1-10 um) and lamellarity [36, 192, 193]. On average, lipid
MLVs are composed of at least 10 bilayers [190, 194], while their mean diameter is
of the order of a few micrometers. Consequently, with respect to their large size,
MLVs offer a relatively low internal aqueous volume for solute entrapment [36]. Fur-
thermore, the preparation of MLVs by thin film hydration is not very reproducible.
For a given amphiphile and solution composition, the obtained vesicle size, size
distribution, and lamellarity depends on the quality of the dry film, including its
thickness and the number of crystal defects, and on the energy input during agita-
tion [3, 36, 192].

Due to these characteristics, unprocessed MLVs have limited use in research and in-
dustrial applications. However, MLV suspensions are widely used as pre-suspensions
in the preparation of more defined vesicles by different homogenization techniques,
such as extrusion (see Sec. 2.5.3), sonication [3, 194-196], fench press [3, 194, 197],
high pressure valve homigenization [3, 198-200], and microfluidization [3, 201-203].
Based on the simple and little controlled formation of MLVs in excess aqueous solu-
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tion, MLVs are often referred to as being formed spontaneously, including this work.
Strictly and thermodynamically speaking, this is not the case as energy is supplied
in the form of agitation to generate the MLVs from dry amphiphiles [70, 94].

2.5.2 MLVs subjected to freezing and thawing

Aqueous MLV suspensions, as obtained for example by the thin film hydration
method (Sec. 2.5.1), are often taken through 5 to 10 freeze-thaw cycles prior to
further homogenization, most commonly by the extrusion technique (Sec. 2.5.3).
To do so, the MLV suspension is placed inside a thick-walled glass recipient, e.g.
the round-bottom flask used for thin film dispersion, and subjected to repetitive
complete freezing in liquid nitrogen at T ~ —195 °C followed by complete thawing
in a water bath at 7' > T,, or T, of the amphiphile used (Sec. 2.3.1) [3, 36].

Effects of freeze—thaw cycles on vesicle suspensions: Although the process of
freeze-thawing is not completely understood, it has proven to be useful to induce a
number of equilibrating and slightly homogenizing effects in vesicle suspensions.
Freeze—thaw cycles promote an even distribution of amphiphiles throughout the
bilayers of mixed-component LUVs and MLVs. This is especially important for the
preparation of functionalized vesicles incorporating for example marker lipids or
head-group functionalized lipids in their matrix membrane [10, 204]. Equilibration
is also achieved in the distribution of solutes between the aqueous domains of the
vesicle interior and the external aqueous bulk solution. This results in significantly
higher solute encapsulation efficiencies of freeze-thawed vesicle suspensions com-
pared to their untreated analogues [3, 205, 206]. In MLV suspensions, the increase
in encapsulation efficiency is especially pronounced as, in addition to equilibrating
the solute distribution, freeze-thawing imparts significantly larger interlamellar spa-
cings. This leads to lower degrees of mulitlamellarity and increased internal volumes
in freeze-thawed MLVs [9, 205]. Finally, the freezing-thawing procedure eliminates
very small vesicles (SUVs) possibly present in the initial MLV suspension through
vesicle fusion, especially if the suspension medium is pure water [3]. Very small ves-
icles would not be affected in the subsequent extrusion process and would broaden
the size distribution of the resulting homogenized vesicle suspension.

2.5.3 Conventional vesicle extrusion

The extrusion technique originally introduced by Olson et al. (1979) [150] is the
most popular method to reproducibly prepare homogeneous vesicle suspensions with
controlled mean size and lamellarity at the research level [3, 9, 15, 119, 193, 206].
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Principle of the extrusion technique: The method consists of repetitively (at
least 10 times) forcing a MLV suspension in the fluid state under moderate pressure
through the well-defined, cylindrical pore channels of a track-etched polycarbonate
filter membrane. The mean pore diameter of the membranes commonly used ranges
from 30 to 400 nm [3, 9, 193]. Unilamellar or multilamellar vesicles that are larger
than the mean diameter of the pore channels are reduced in size and lamellarity upon
passage through the channels as schematically illustrated in Figure 2.8C [15, 119].
The resulting mean vesicle size reflects the mean diameter of the pores [9, 10, 15].
A closer description of the mechanism of vesicle extrusion is given in Section 2.6.
Usually, a MLV pre-suspension is first repetitively extruded 10 times through polycar-
bonate membranes with a relatively large mean pore diameter of 400 nm and/or
200nm. Final extrusions through membranes with 100 nm, 80 nm, 50 nm, or even
30nm pores are then repeated between 10 and 30 times. The obtained “Vesicles
prepared by the Extrusion Technique” are abbreviated as VETs, where n indicates
the mean pore diameter of the membrane used for final extrusions [3, 9].

Commercial extrusion devices: The most widely used commercial device for re-
petitive vesicle extrusion at laboratory scale is the LIPEX™ Extruder from Northern
Lipids as illustrated in Figure 2.8 [207]. It is a heavy-duty vessel system that uses
compressed nitrogen gas to force the fluid-state vesicles through the polycarbonate
filter membrane in a batch-wise operation mode [193]. The applied pressures typic-
ally range from about 1.5 to 20 bar [15, 206, 208, 209]. Higher extrusion pressures
of up to 55 bar can be built up in the LIPEX vessel to process even concentrated,
viscous vesicle suspensions containing for example 400 mgml~! of lipids [9, 193].
The research scale LIPEX device as used in this thesis handles vesicle suspension
volumes of 1.0-10mL (Fig. 2.8). A larger LIPEX unit is also available from North-
ern Lipids to process preclinical volumes of 10-800 mL. Larger volumes of vesicle
preparations may be processed by cycling them through the continuously operating
Maximator® device from CPL Sachse [210-212]

For the preparation of research volumes (0.2-1.0 mL) of high value VET suspensions
where low vesicle concentrations are acceptable, the syringe-based extrusion devices
as supplied by Avestin (LiposoFast™; Ottawa, ON, Canada) [213] and Avanti Polar
Lipids (Alabaster, AL, USA) [214] are best suited. They consist of two Hamilton
syringes connected by a filter holder which allows for the manual back-and-forth
extrusion of the sample [212, 215]. This extrusion system is limited by the pressure
that can be applied manually and by the reduced back pressure tolerated by the
syringe and filter holder setup.

It has to be noted that, for a given set of amphiphiles and pore diameter used, the
generated vesicle size depends on the operation conditions in the extrusion device
[212]. Higher extrusion pressures, i. e. higher pore flow rates, generally result in smal-
ler vesicle sizes as predicted by the pressure-dependent models of vesicle extrusion
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Figure 2.8: LIPEX device for repetitive vesicle extrusion. (A) Photograph and
(B) schematic representation of the research scale LIPEX device showing the main func-
tional components of the apparatus: (1) inlet of initial MLV or recycled vesicle suspension;
(2) water-jacketed, robust vessel containing the to be extruded suspension; (3) track-
etched polycarbonate membrane disc (gray dashes) placed on a polyester drain disc, a
stainless steel support mesh, and a stainless steel support disc (from top to bottom); (4)
outlet of extruded vesicle suspension; (5) compressed nitrogen gas cylinder; (6) adjustable
pressure reduction valve; (7) nitrogen gas supply; (8) connectors to circulating water bath
for optional heating when processing high Tj, lipids or high T, copolymers. (C) Close-
up of the track-etched polycarbonate membrane with cylindrical, straight-through pore
channels illustrating the principle of repetitive static vesicle extrusion. Drawing not to
scale. Part (A) is reprinted from Mui et al. [216] with permission from Elsevier; Part (C)
is adapted from Walde [3].

proposed by Patty and Frisken [15] and Bertrand and Jods [119] (Sec. 2.6).

Characteristics of vesicles prepared by the extrusion technique: The extrusion
technique yields highly reproducible and rather homogeneous VET suspensions with
an average vesicle size that corresponds, in a first approximation, to the mean pore
diameter of the polycarbonate membrane used for final extrusions. This is especially
true for VET oo suspensions which are characterized by mean vesicle diameters close
to or slightly larger than 100nm [15, 208, 209, 217] and predominant unilamellar-
ity [9, 10, 204, 206, 218, 219]. Therefore, they are most commonly referred to as
LUVET;y, suspensions.

Unilamellar VET systems can also be generated by final vesicle extrusions through
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membranes with pore sizes smaller than 100nm, e.g. VETgy, VET5y, and VETj3q
suspensions [9, 219]. In this case, the resulting mean vesicle diameter is generally
larger than the pore size used [9, 15, 209]. This can be explained by the relaxation
of the vesicles from a spherocylindrical to a quasispherical shape as they leave the
pore channels during the final extrusion passages (see Fig. 2.11) [119].

VETsq and particularly VET o, preparations retain a significant population of oli-
golamellar vesicles and exhibit mean vesicle sizes that are smaller than the pore
diameter used [9, 10, 217, 219]. The reason for this is the presence of uni- and
oligolamellar vesicles considerably smaller than 400 nm and smaller than 200 nm
in the initial MLV suspension which are not affected by the extrusion treatment.
Based on the heterogeneity of MLV pre-suspensions, it is obvious that VET popula-
tions obtained from repetitive MLV extrusion through pore sizes larger than 100 nm
are increasingly heterogeneous in terms of size and lamellarity with increasing pore
size, i.e. increasing cutoff of maximum vesicle size. As described in Section 2.5.2,
this heterogeneity can be reduced by subjecting the MLV precursors to freeze-thaw
cycles prior to extrusion, thereby eliminating very small vesicles and decreasing the
degree of multilamellarity in the pre-suspension. Indeed, VET5y, suspensions pre-
pared from freeze-thawed MLVs exhibit a unilamellar character almost as high as
that typically generated in LUVET o systems [9, 10].

2.5.4 Dynamically enhanced vesicle extrusion

The process of dynamically enhanced vesicle extrusion was introduced in the pursuit
of the main objective of this work: The development of a scalable production pro-
cess for the well controlled, reproducible, and gentle formation of nanometer-sized
vesicle carriers for biomedical, cosmetic, and food applications (see Chapter 1 and
Introduction in Chapter 4).

Principle of dynamically enhanced vesicle extrusion: Following the reliable but
laborious and little scalable, static extrusion process (in terms of the various ves-
icle recirculations cycles through membranes with decreasing pore sizes; Sec. 2.5.3),
the process of dynamically enhanced vesicle extrusion augments the conventional
extrusion process with a defined shear flow field acting directly at the outlet of the
nanopore membrane (see Fig. 2.9C). The shear forces are expected to shear off the
leading bilyer to n-multilayer endcaps of spherocylindrical vesicles emerging from
the nanopore channels. These endcap fragments would immediately self-close to
form smaller, uni- to n-multilamellar vesicles upon leaving the pores. By selecting
a defined pore diameter and controlling the applied shear rate, this would allow to
specifically adjust the size and lamellarity of MLV precursors after a single, dynam-
ically enhanced extrusion cycle, independently on the applied extrusion pressure and
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Figure 2.9: ROMER device for dynamically enhanced vesicle extrusion. (A)
Technical drawing and (B) schematic representation of the research scale ROMER device
with the main functional components of the apparatus: (1) MLV suspension inlet, (2)
static, circular, planar membrane holder, (3) flat nanopore membrane disc glued onto
membrane holder, (4) planar rotor, (5) shear gap between rotor and static membrane
module with plate-plate shear geometry and shear gap height h, (6) motor for rotor speed
adjustment, (7) pm-screw for shear gap height adjustment, (8) collection reservoir for dy-
namically extruded vesicle suspension, (9) connectors to circulating water bath for optional
heating of the ROMER housing when processing high T, lipids or high 7, copolymers.
(C) Close-up of the plate-plate shear flow induced at the outlet of the freestanding, static
nanopore membrane illustrating the principle of dynamically enhanced vesicle extrusion.

throughput.

If this principle will be proved successful in the frame of the present thesis, dy-
namically enhanced vesicle extrusion would, indeed, constitute a gentle, continuous
and scalable process for the controlled generation of well-defined vesicle structures.
Chapter 4 reports on the effect of dynamically enhanced MLV extrusion on vesicle
size, lamellarity, and polydispersity as a function of the applied shear rate, nanopore
shape, and vesicle membrane elasticity.

ROMER device: Continous, dynamically enhanced vesicle extrusion can be car-
ried out using the so-called ROtating Membrane ExtrudeR (ROMER) as designed
in the frame of this work (ROMER I; Figs. 2.9 and 4.1) and in the PhD thesis of
Sebastian Holzapfel also carried out at the Laboratory of Food Process Engineering
at ETH Zurich (ROMER II; Fig. 4.18) [220, 221].

For the present work, a research scale prototype of the ROMER device (ROMER I,
simply called ROMER in this thesis) was constructed in collaboration with Biihler
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AG (Uzwil, Switzerland) and built by Jan Corsano at the Laboratory of Food Pro-
cess Engineering at ETH Zurich. Figure 2.9 schematically shows the setup and
principle of the ROMER apparatus. In the following, the main functional compon-
ents of the ROMER process are described by referring to the numbers indicated in
Figure 2.9. Photographs of the experimental ROMER setup can be found in the
Materials and Methods part of Chapter 4 (Fig. 4.1).

The core of the ROMER device is a rotor-stator system. The lower stator element
consists of a circular, planar membrane holder with a circular recess between an
inner and an outer radial distance of 7, = 10.5mm and 7o, = 12.5mm (2). The
recess houses the inlet for the to be extruded MLV suspension (1). Gluing a planar
membrane disc (3) onto the membrane holder provides for a free-standing, active
membrane ring above the circular recess with an inner and an outer radius of ap-
proximately 7, = 10.5mm and 7y, = 12.5mm (Fig. 2.9B, see also photographs in
Fig. 4.1). The shear flow acting directly at the outlet of the free-standing ring mem-
brane is induced by the action of a planar rotor (4) located at a small distance above
the planar membrane module and, hence, forming a plate-plate shear flow geometry
(Fig. 2.9B and C). The shear rate 4(r) resulting in the shear gap (5) between the
membrane and the rotor at a radial distance r is given by:

A(r) = vwl(lr) _ % _ (27Thn)r

where h is the shear gap height, v, (r) the tangential velocity of the rotor at the radial
distance r, w the angular rotor velocity, and n the number of rotor revolutions. The
ROMER apparatus allows adjusting the shear rate by precisely controlling the rotor
speed n via a compact drive (6; 0-12000rpm) and the shear gap height h via a
pm-screw (7; 0-2000 pm).
In all ROMER experiments reported in this thesis, we refer to the representative
shear rate %, acting at the radial center of the planar ring membrane, i.e. at
Trep = (Tin + Tout)/2 = 11.5mm. The deviation of the effective shear rate along the
entire width of the ring membrane, i. e. between r;, = 10.5 mm and ry = 12.5 mm,
from “p is at the most £5%. The shear gap height h was typically set at 200 pm.

(2.5)

2.5.5 GUVs prepared by the electroformation method

The electroformation method developed by Angelova and Dimitrov [222-224] is cur-
rently the most widely used method to prepare giant unilamellar vesicles (GUVs)
for vesicle and biomembrane research applications [5, 18, 225].

Principle and practical aspects of the electroformation method: Following the
standard electroformation method, highly uniform GUVs can be obtained if the hy-
dration of a thin amphiphile film as described in Section 2.5.1 is carried out in water
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Figure 2.10: Electroformation chambers with a Pt wire or a ITO glass plate
setup. The photographs show the two setups of electroformation chambers commonly
used in GUV electroformation comprising (A) two parallel, cylindrical Pt wires or (B) two
parallel, ITO coated glass plates separated by a spacer frame (here: PDMS spacer). The
chamber is placed under an inverted microscope and connected to an external ac supply
to monitor the swelling of the amphiphile film and the subsequent GUV growth during
the electroformation experiment.

or in an aqueous solution of low ionic strength and in the presence of an alternating
current (ac) electric field (see Fig. 2.7C) [191, 226, 227]. The mechanism of this elec-
tric field-induced GUV formation is not fully understood. However, it is generally
recognized that the ac electric field and, in particular, the periodic electroosmotic
motion of water molecules (electroosmotic vibration) enhance the swelling kinetics
of the amphiphile film and promote bilayer separation. Therefore, during vesicle
electroformation, the initial electro-swelling of a film of vesicle forming amphiphiles
is followed by the controlled growth of unilamellar, giant vesicles as indicated in
Figure 2.7C [57, 191, 223, 224, 227].

In an electroformation experiment, the amphiphile film is directly deposited from an
organic stock solution on one or both surface(s) of two parallel electrodes assembled
in an electroformation chamber. As illustrated in Figure 2.10, the setup of the elec-
troformation chamber is most commonly based on (A) two parallel, cylindrical Pt
wire electrodes [123, 191, 224, 226, 227] or on (B) two parallel, transparent elec-
trode plates consisting of indium tin oxide (ITO) coated, electrically conductive
glass slides. The ITO glass plates are usually separated by a silicon, a PDMS, or
a teflon spacer [103, 227-231]. The chambers are designed such that they can be
placed under an inverted microscope. After connecting the electroformation cham-
ber to an external ac supply and filling in the hydration medium at 7" > T}, or T,
of the amphiphile used, this allows to monitor film swelling and GUV growth, to
adjust the applied electric field parameters accordingly, and, finally, to observe the
obtained GUVs.

The growth behavior of GUVs and the final diameters of electroformed GUVs depend
on a number of experimental conditions, including the amphiphile composition used,
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the thickness and structure of the initial dry amphiphile film, the swelling medium,
the membrane fluidity and bending rigidity, and the applied electric field parameters
(voltage, frequency, duration). For electroformed lipid vesicles, these dependencies
have been described in several detailed studies [191, 222-224, 226, 227, 229]. This
work summarizes the relations between the driving voltages required for lipid and
polymer GUV electroformation and the respective physicochemical membrane prop-
erties (Sec. 3.3.3).

The standard ac electric field parameters applied to lipid membranes consist of a
voltage of 1-2V (peak-to-peak value), a frequency of 10Hz, and a total electro-
formation time of 60-120 min [191, 226, 227]. Polymer GUVs can also be obtained
within 60—120 min by keeping the frequency at 10 Hz and applying somewhat higher
driving voltages in the range of 4 to 10V, depending on the fluidity of the polymer
membrane [12, 57, 103, 123, 231, 232]. For extremely little fluid polymer mem-
branes, the necessary electroformation time can extend to several hours [233, 234].
For the formation of both lipid and, in particular, the less dynamic polymer GUVs,
it is recommended to start the electroformation experiment at lower voltage to allow
for the initial film swelling before raising it to the driving voltages indicated above
to promote GUV growth [123, 227, 232, 235] (see also Secs. 3.2.5 and 3.3.3 for the
experimental protocols and a Results and Discussion part of the lipid and polymer
GUVs prepared in this work).

Characteristics of GUVs prepared by the electroformation method: The giant
vesicles obtained by the well controlled and reproducible electroformation method
are rather homogeneous, uniformly spherical, and almost exclusively unilamellar
[227, 230, 236, 237]. The diameters of a GUV population generated in a standard
electroformation experiment typically range from around 5 to 50 pm for both lipid
[191, 226, 230] and polymer GUVs [12, 65, 123]. Some vesicles can also easily grow
to diameters of up to 100 pm or, occasionally, even to 200-300 pm, depending on the
electroformation conditions used [226, 227, 236].

An important, desired or undesired, feature of electroformed vesicles is that they
remain connected to the residual amphiphile film on the electrode through narrow
membrane tubes (tethers) as indicated in Figure 2.7C [5, 230, 237]. This attachment
to the electrode is highly advantageous for the subsequent (long term) investigation
of individual GUVs, particularly if microneedles or micropipettes are involved for
microinjection [5, 226, 238, 239] or micromanipulation applications [75, 123, 235].
For other applications, electroformed GUVs might be detached from the electrode
by gently pipetting the entire suspension out of the electroformation chamber or by
picking up individual GUVs with a micropipiette and transferring them in another
observation chamber [5]. Generally, the attachment of GUVs to the electrode is
stronger if they are formed on Pt wires rather than on ITO plates.

Furthermore, it has to be noted that electroformed GUVs tend to exhibit a small
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membrane tension o just after their formation. At this point, they possess no excess
area (A = 0) and, hence, do not undergo thermal shape fluctuations (Sec. 2.3.5).
Upon storage for a few hours to days, electroformed GUVs become increasingly
relaxed and fluctuating [227, 228]. This peculiarity should be kept in mind when
using electroformed GUVs for the characterization of mechanical membrane prop-
erties, particularly the membrane bending rigidity (x.) as extracted from thermal
shape fluctuations (Sec. 2.3.5) [127]. On the other hand, freshly electroformed, tense
GUVs are advantageous for the perforation of vesicle membranes in the microinjec-
tion experiments mentioned above.

In contrast to the procedure of thin film hydration under agitation (Sec. 2.5.1; Fig.
2.7B), the electroformation method generally does not allow for an efficient, passive
encapsulation of water-soluble macromolecules and charged compounds into the lu-
men of GUVs during their formation (Fig. 2.7C). This is due to the fact that large
and charged molecules hardly permeate into the amphiphile film and between the
lamellae during the relatively short time of film swelling. The same applies to the
formation of GUVs by the gentle hydration method (Sec. 2.5.1) [5].

Finally, it has to be mentioned that, in the case of electroformed lipid GUVs, there
are some concerns about partial oxidation of the lipid acyl chains induced by the
applied electric fields. This has been confirmed for electroformed GUVs prepared
from di-polyunsaturated PCs comprising two or more alternating cis-double bonds
in each fatty acid chain [146]. The authors of this study assumed that lipid bilay-
ers consisting of saturated /monounsaturated PCs are practically insensitive to lipid
oxidation, as reported earlier [147]. The oxidation-induced chemical breakdown of
fatty acid chains incorporated into vesicle membranes is known to alter a number
of physicochemical bilayer properties, such as the bilayer fluidity, permeability, and
mechanical stability [146-148]. This has to be considered when using GUVs com-
posed of polyunsaturated lipids and prepared by the electroformation method for
research applications.

Applications of electroformed GUVs: The micrometer-sized and highly unilamel-
lar GUVs obtained from electroformation are suitable model systems for the light
microscope-assisted real time observation and analysis of individual vesicles and
their membranes. Therefore, electroformed GUVs are widely used in different re-
search application as reviewed in [5, 18, 225].

Electroformed GUVs are for example used to study the lateral structure and dy-
namics of lipid membranes by fluorescence microscopy [225, 240], as well as the
mechanical and rheological membrane properties by micropipette aspiration, fall-
ing ball viscosimetry, and tether pulling experiments [75, 123]. Furthermore, the
membrane permeability to water can be determined from the osmotic swelling and
shrinking of electroformed GUVs [99, 241]. The dynamics of entire vesicles have been
studied by monitoring the deformation behavior of electroformed GUVs, e. g. in the
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presence of external electric fields [120, 121] and in external shear flows [74, 90].
Based on the characteristics of electroformed GUVs summarized in the previous
section, the preparation of freely suspended and/or flaccid GUVs by the electro-
formation method is a delicate task. Such GUVs can more easily be obtained by the
spontaneous swelling (gentle hydration) method, however, at the expense of sample
homogeneity in terms of GUV size and unilamellarity [5]. The important works by
Evans, Needham, and coworkers on the mechanical properties of lipid bilayers have
for example been carried out by micropipette aspiration of spontaneously formed
GUVs [11, 13, 14, 122]. Finally, larger amounts of suspended GUVs which, in ad-
dition, allow for high encapsulation efficiencies of any type of solute molecule can
preferably be prepared by the methods that are based on initial w/o or w/o/w
emulsions. Because the presence of residual oil in the obtained vesicle membranes is
very likely, these GUV systems are, in turn, not suitable for the study of membrane
properties and vesicle dynamics [5].

2.6 Mechanism and models of the vesicle extrusion
process

Despite the extensive use of the extrusion technique (Sec. 2.5.3), the actual mech-
anism by which relatively large MLVs break up into smaller and predominantly
unilamellar vesicles upon repetitive extrusion through narrow pore channels is only
slowly being elucidated [15, 119, 208, 209, 242].

The straight-through pore channels of the track-etched polycarbonate membranes
most commonly used for vesicle extrusion have a uniform, cylindrical shape [243,
244]. They are relatively long (6-10pm) and narrow with the well-defined mean
pore diameter typically ranging from 30 to 400nm [3, 9, 15, 193, 209]. It is clear
that forcing an order of magnitude larger MLV into such a nanopore channel must
lead to a process of membrane rupture and resealing along the channel which then
results in the observed reduction in vesicle size and lamellarity [208]. A thorough
understanding of this process and of the influence of different process and material
parameters on the vesicles generated has been the objective of the studies listed
above. Ultimately, three models have been proposed to describe the process of ves-
icle extrusion and to predict the final vesicle size given the influencing parameters
of the extrusion system [15, 119, 242]. They are all based on bilayered phospholipid
vesicles.
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2.6.1 Model for shear-dependent vesicle breakup inside the pore
channel or at the pore exit

The first consideration about a possible mechanism for LUV formation by the ex-
trusion technique has been theoretically described by Clerc and Thompson (1994)
[242]. They proposed a shear-induced breakup of long phospholipid bilayer cylinders
inside the pore channel or at the pore exit based on the Rayleigh instability.

The derived model only predicts the dependency of the final vesicle radius (Ry) on
the pore radius (Rp) following Ry = 7'/2Rp and does not quantitatively account
for different extrusion conditions. However, since the shear-induced breakup of a
given vesicle membrane in the pore depends on the velocity of the vesicle suspen-
sion through the pore channel, Clerc an Thompson suggested that the final vesicle
size is also influenced by the flow rate of the suspension resulting from the applied
extrusion pressure.

In general, the model by Clerc and Thompson predicts a final vesicle size larger than
observed in subsequent systematic extrusion experiments [15, 208, 209].

2.6.2 Systematic experimental studies on vesicle extrusion

The predominant flow rate dependency of the final vesicle size obtained by repetitive
vesicle extrusion through a given pore diameter as suggested by Clerc and Thompson
[242] was not confirmed in subsequent numerical and experimental extrusion studies.
This was evaluated by doubling the length of a pore channel, i. e. reducing the pore
flow rate by half, while keeping the extrusion pressure constant. The experiments
showed no significant change in the final vesicle sizes generated at the varying pore
flow rates in the case of relatively low extrusion pressures applied (< 7 bar for Rp =
50nm) [119, 209].

Instead, the average size of extruded vesicles was found to depend on the extrusion
pressure, particularly in the low pressure range evaluated in the flow rate studies
mentioned above. Generally, the final vesicle size decreases as the applied extru-
sion pressure increases for all pore diameters commonly used in vesicle extrusion
(evaluated range: 50-200nm) [15, 119, 208, 209]. Furthermore, there is a minimum
pressure related to the lysis tension of the vesicle membrane below which the vesicles
cannot be extruded successfully [209].

These detailed experimental studies of the effects of the various extrusion paramet-
ers on vesicle size as reported by Frisken and coworkers have led to the formulation
of the following pressure-dependent extrusion models.
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2.6.3 Static model for pressure-dependent vesicle breakup at
the pore entrance

Based on their finding that the average size of sequentially extruded vesicles de-
pends on the applied extrusion pressure rather than on the induced pore flow rate
[208, 209], Frisken and coworkers proposed a pressure-dependent breakup mechan-
ism of large vesicles at the entrance of the pore channels as follows (see Fig. 2.11A).
A to be extruded vesicle in suspension, i.e. at rest and at equilibrium, is character-
ized by a quasispherical shape, constant internal volume, practically zero membrane
tension, and finite bilayer membrane expansibility (Secs. 2.3.3 and 2.3.5). As, during
the initial extrusion passages, a large vesicle is pushed almost quasistatically into
the narrow pore channel, the area of the vesicle membrane expands and a membrane
tension o is induced (Fig. 2.11A). If the pressure difference AP = P, — P, applied
across the entering vesicle is large enough, the induced membrane tension exceeds
the lysis tension o; of the vesicle membrane. Consequently, the vesicle bursts at the
neck of the cylindrical channel, thereby reducing its volume and entering the pore.

Patty and Frisken described this initial entry of a large vesicle into the pore channel
using the analogy of blowing a bilayer bubble into a small circular opening (“bubble
blowing model” 2003) [15]. This static description suggests an axisymmetric rupture
of the entering vesicle at the pore opening such that the cylindrical bilayer portion in
the pore entrance separates from the main vesicle (Fig. 2.11A) and proceeds through
the channel in the form of a spherocylindrical vesicle (Fig. 2.11B).

The derived model predicts the dependency of the final vesicle radius (Ry) on

(i) the pore radius Rp used,
(ii) the applied extrusion pressure AP, and
(iii) the lysis tension o; of the vesicle membranes being extruded

RPO'Z
~ 2.
By ~\[5xp (2.6)

The bubble blowing model successfully fits experimental data for repetitive extru-
sion of large vesicle precursors with lysis tensions ranging from 2.9 to 9.4mN/m
(e.g. ceramide-doped, plain, and cholesterol-doped POPC vesicles) through pore
diameters of 50 to 100 nm applying extrusion pressures of roughly 1.5 to 25 bar [15].
However, the model is not consistent with data for vesicles sequentially extruded
through 200 nm pore membranes. Furthermore, it is not valid in the limit of the
final extrusion passages where the vesicle size approaches the diameter of the pore
and the vesicles slip in and out of the pore channels without breaking. The reason
for this is that the bubble blowing model is based on a static description of the
initial passages of vesicle extrusion which does not fully reflect the physics of the
repetitive extrusion process.

according to the relation:
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Figure 2.11: Mechanism of repetitive vesicle extrusion. Idealized schematic dia-
gram of (A) the initial passages and (B) the final passages of vesicles through cylindrical
pore channels in the repetitive extrusion process. (A) Large vesicle of initial radius Ry be-
ing pulled into the cylindrical pore of radius Rp under a pressure difference AP = P, — Py
applied across the entering vesicle. (B) Spherocylindrical vesicle flowing through the cyl-
indrical pore channel of radius Rp under a pressure difference AP = P; — Py applied across
the channel. The vesicle moves at a velocity v and is separated from the channel wall by
a lubrication layer of thickness h. The spherocylinder has a cylinder length Lc and an
endcap radius Reg. Adapted from Hunter and Frisken [208] and Bruinsma [245].

2.6.4 Dynamic model for pressure-dependent vesicle breakup at
the pore entrance

To date, the most complete description of the process of repetitive vesicle extrusion
through nanopore channels is provided by the recent study by Bertrand and Joods
(2012) [119]. It includes a flow model and molecular dynamics simulations to further
exploit the behavior of vesicles flowing through the pore channels.

The proposed model builds on the pressure-dependent breakup mechanism of large
vesicles at the pore entrance as introduced by Frisken and coworkers [15, 208, 209
and described in the previous section (Sec. 2.6.3 and Fig. 2.11A). However, in con-
trast to the static bubble blowing model developed by Patty and Frisken [15], the
flow model by Bertrand and Joos is based on a dynamic, i. e. rheological, description
of the final pore passages of vesicles in the repetitive extrusion procedure [119]. Tt
is composed of (A) a simple geometrical argument and (B) elements of a previous
theory for spherocylindrical vesicles flowing through narrow channels developed by
Bruinsma [245].
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(A) Geometric argument: Area and volume constraints. During the final ex-
trusion passages, the vesicles characterized by predominant unilamellarity, constant
internal volume, and finite bilayer expansibility (Secs. 2.3.3 and 2.3.5) flow in and
out of the pore channels of a given mean diameter without rupturing. Thereby, their
shape is assumed to transform back and forth from a relaxed quasisphere outside
of the channel to a stretched spherocylinder inside (Fig. 2.11B). Due to the larger
surface area of the spherocylinder compared to the quasisphere of equal volume, a
membrane tension o is induced in the vesicles as they enter the pore channel, i.e.
as their membrane area expands. Consequently, the final vesicle size resulting from
repetitive extrusion corresponds, to a first approximation, to the critical vesicle size
above which the vesicle membrane can not tolerate this area difference and ruptures.
Remember that vesicle rupture occurs at the lysis tension o; of its bilayer membrane
induced by the critical bilayer area expansion a.;; (Sec. 2.3.5).

These considerations were developed into a simple geometrical argument comprised
in the flow model by Bertrand and Joés. It already gives an estimation of the final
size of repetitively extruded vesicles for a given pore radius Rp used and for the
critical area expansion a..; of the vesicle membranes being extruded [119].

(B) Flow of vesicles in a cylindrical pore channel: To account for the pressure
dependency of the final vesicle size, Bertrand and Jods combined their geometrical
argument with elements of Bruinsma’s description for the flow of spherocylindrical
vesicles through narrow, cylindrical channels [245] (see also the studies by Frisken
and coworkers for a summary of Bruinsma’s theory in relation to vesicle extrusion
[208, 209]). Figure 2.11B schematically shows a spherocylindrical vesicle flowing
through a cylindrical pore channel which corresponds to the assumed situation of
the final extrusion passages. The key variables of Bruinsma’s analytical flow de-
scription are indicated in the scheme.

The vesicle moves through the pore channel of radius Rp at a velocity v. A lubrica-
tion layer of thickness h separates the vesicle surface from the channel wall so that
the vesicle essentially travels through a channel of effective radius Reg:

Rt = Rp — h (2.7)

The thickness of the lubrication layer h increases with increasing vesicle velocity
v which then further decreases the effective pore radius Reg. Bruinsma has given
the following expression for the estimation of the lubrication layer thickness h as a
function of v [245]:

(2.8)

TextV ) 2/3
g

h(v) = 2.05Rp (

where 7).y is the viscosity of the external fluid.
As for the membrane tension o of the spherocylindrical vesicle bilayer, Bruinsma
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shows that an additional membrane tension is induced by viscous stresses as the
vesicle flows through the pore. This results in a tension profile along the vesicle axis
(2-coordinate) following [245]:

(2.9)

where o(2p) is the membrane tension at the frontal endcap of the spherocylinder
(at z = 0; see Fig. 2.11B). This predicts a linear decrease of the membrane tension
along the cylindrical lubrication region from front to back.

Finally, Bruinsma found that the flow rate () of spherocylindrical vesicles through
a narrow pore channel resulting from the applied pressure difference obeys Darcy’s
law. The standard form of Darcy’s law describes the laminar flow of a viscous fluid
through a cylindrical channel by:

AP
-k () o1

where 7 is the fluid viscosity, @) the volume flow rate, K the permeability of the
channel, AP the pressure difference applied across the channel, and AL the channel
length. In the case of vesicle extrusion, AL corresponds to the length of the pore
channel Lp. For the flow of a homogeneous fluid through a cylindrical pore channel,
the permeability K is a purely geometrical factor given by K = wRg /8 [208, 209].
The presence of vesicles in the fluid leads to viscous dissipation as the vesicles are
pushed through the channel. Therefore, Bruinsma argues that each vesicle traveling
in the channel at a given time reduces the pressure difference AP across the entire
channel which leads to an effective channel permeability [245]:

TRy

Ko =
T 84 0.233(nLc)(Le/Reg)?

(2.11)

where n = N/Lp is the number of vesicles N per unit length in the pore channel
and L¢ the length of the cylindrical portion of the spherocylindrical vesicle. Hence,
the channel permeability is no longer purely geometrical, but depends on the num-
ber density of vesicles inside the channel which is determined by the amphiphile
concentration of the vesicle suspension.

Complete dynamic extrusion model: Extending the simple geometrical argument
(A) with the elements of Bruinsma’s flow description of spherocylindrical vesicles
in a pore channel (B) yields the complete dynamic extrusion model developed by
Bertrand and Jods [119].
The model predicts the average final size of repetitively extruded vesicles given

(i) the pore radius Rp and
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(ii) the length Lp of the pore channels used,

(iii) the applied extrusion pressure AP, and

(iv) the lysis tension o; and related approximate critical area expansion o of the
vesicle membranes being extruded.

Fitting this model to experimental data of vesicles repetitively extruded through
pore diameters ranging from 50 to 100nm (from Patty and Frisken [15]) showed
good agreement between the predicted and experimental values, except for the lowest
extrusion pressures applied. In addition, the flow model was systematically applied
to a wider range of extrusion parameters compared to that evaluated in the previous
experimental extrusion studies by Frisken and coworkers[15, 208, 209].

Combining the results from these earlier experimental studies and from the flow
model of Bertrand and Jods [119], including their molecular dynamics results, leads
to the following current conclusions about the dependency of the final vesicle
size on different extrusion parameters.

Pore diameter 2Rp: The pore size used is the primary determinant for the aver-
age final size of vesicles produced by the repetitive extrusion technique. Due to
the volume conservation and finite membrane expansibility characteristic to vesicle
structures, the pore entrance imposes a geometrical constraint on the vesicles as
they are forced through the channel. Smaller pore diameters induce larger area
expansions in the entering vesicle membranes as they transform from a quasispher-
ical shape outside the channels to a spherocylindrical shape inside during the final
extrusion passages. For a given bilayer composition, this results in smaller critical,
i.e. final, sizes of vesicles that are able to slip in and out of the channels without
rupturing [119].

Lysis tension o: The lysis tension of a vesicle membrane is characteristic to its
bilayer composition and measures the tensile strength of the membrane (Sec. 2.3.5).
Tougher vesicle membranes tolerate larger area expansions before rupturing. This
explains the increased final size of vesicles exhibiting higher lysis tensions and pre-
pared by repetitive extrusion at otherwise constant extrusion conditions [15, 128].

Extrusion pressure AP: Increasing pressure differences AP applied across a given
pore geometry leads to higher flow rates @ (Eq. 2.10) and, hence, higher velocities
v of the spherocylindrical vesicles traveling inside the pore channels during the
final extrusion passages (Fig. 2.11B). This results in a thickening of the velocity-
dependent lubrication layer h(v) surrounding the vesicles as they flow through the
pores (Eq. 2.8). Consequently, the effective diameter 2R.¢ available for the vesicles
to move through the channels diminishes (Eq. 2.7) and the final vesicle size decreases
due to the geometrical constraints described above [119].

Pore length Lp: The vesicle flow rate inside the pore channel can also be varied
through the length of the pore channel Lp while keeping the applied pressure diffe-
rence AP constant (Eq. 2.10). As mentioned earlier, the final vesicle size was found
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not to depend on the pore flow rate for relatively low extrusion pressures applied
(< Thar for Rp = 50nm) [119, 209]. However, the flow model of Bertrand and Jods
predicts that, at higher extrusion pressures, the final mean vesicle size significantly
decreases with increasing pore flow rate (or decreasing channel length at constant
AP) [119]. This can be attributed to the membrane tension induced in the ves-
icle bilayer during its flow through the pore channel as described by Bruinsma (Eq.
2.9) [245] and confirmed by the molecular dynamics simulations of Bertrand and
Joos [119]. Indeed, their simulation results revealed a frequent rupture of spherocyl-
indrical vesicles near the critical size inside the channel. This shear-induced rupture
always occurred just behind the frontal endcap where the membrane tension along
the vesicle axis was found to be maximal [119].

The effect of the shear-induced membrane tension on the final vesicle size adds up
to the effect of the velocity-dependent lubrication layer as they both originate from
the vesicle flow rate in the pore channel.

Amphiphile concentration c: A slight variation in the vesicle flow rate inside the
pore channels results also from variations in amphiphile concentration of the vesicle
suspension being extruded. A higher amphiphile concentration leads to a greater
number density of vesicles per channel which reduces the pore flow rate (Eq. 2.11).
In this case, the lubrication layer thickness decreases and the average vesicle size pro-
duced is slightly increased as observed by Frisken and coworkers [209] and predicted
by the flow model of Bertrand and Jods [119].

2.7 Analysis of submicrometer-sized vesicles

2.7.1 Scattering techniques

Scattering techniques, such as light, neutron, and X-ray scattering, are essential
tools for the structural characterization of a material in the submicrometer size
range. The basic principle of all scattering experiments is schematically shown in
Figure 2.12. It consists of a monochromatic incident beam of single wavelength A
that is scattered by the sample. The intensity of the scattered radiation is measured
as a function of the scattering angle 6 with respect to the transmitted beam. The
most important variable of scattering experiments is the scattering vector ¢ whose
magnitude is then given by [246]:

Arsin($)

. (2.12)

q:
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Figure 2.12: Principle of scattering techniques. An incident beam of single
wavelength A is scattered by the sample and the scattered beam is detected at the scat-
tering angle 6 relative to the transmitted beam. Adapted from Richardson [246].

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is also known as quasi-elastic light scattering (QELS)
or photon correlation spectroscopy (PCS). It is extensively used to estimate the
mean diameter and size distribution of submicrometer-sized vesicles because it in-
volves simple sample preparation, the measurement is non-invasive, and time for
analysis is relatively short [195, 217, 247-252]. DLS instruments basically measure
the diffusion coefficient of colloidal particles in solution undergoing Brownian mo-
tion and relate this to particle size. Detailed descriptions of the PCS technique can
be found in the literature [253-255].

Theory of dynamic light scattering: Autocorrelation function. In a typical
DLS setup, a defined sample volume is illuminated by an incident laser beam that
is scattered by the dispersed particles. Due to the continuous Brownian motion of
the dispersed particles, the intensity of the scattered light detected at the scattering
angle 0 will fluctuate over time (Fig. 2.12). Analysis of these time-dependent intens-
ity fluctuations provides information on particle motion and ultimately particle size.
This information is extracted from the time autocorrelation function of the scattered
light intensity as constructed by a digital autocorrelator. For a given delay time 7,
the normalized intensity—intensity time autocorrelation function is given by [255]

U1+ 7))
(@)
where I(t) and I(t + 7) are the intensities of the scattered light measured at times

t and t + 7, respectively, and the symbol (...) indicates averaging of the enclosed
quantity over . The second order intensity—intensity time autocorrelation function

g?(r) = (2.13)
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g® (1) (Eq. 2.13) can also be expressed in terms of the first order time autocorrela-
tion function of the scattered electric field g(*)(7) using the so-called Siegert relation
[256]:

g?(1) = B+ Bl (7). (2.14)

In Eq. 2.14 the factor § is an optical constant that depends on the experimental
geometry, while the parameter B is the long-time value of ¢?)(7), commonly referred
to as the baseline of the correlation function. The correlation function decreases
with increasing delay time 7 and approaches the constant background value B as
correlation is lost. The decay rate I' of correlation is higher, the faster the dispersed
particles move, i.e. the smaller the particles are.

Monodisperse systems: For monodisperse particles in Brownian motion the field—
field time autocorrelation function can be described by a single exponential decaying
function g(V)(7) = exp(—I'7). The translational diffusion coefficient of the particles
D is then obtained from the derived decay rate I' [257]

I' = D¢, (2.15)
where ¢ is the magnitude of the scattering wave vector q (Fig. 2.12) given by

.00

g = dmsin(s) (2.16)
Ao

Here, n represents the refractive index of the solvent and )\ is the wavelength of the

laser in vacuum.

Finally, the measured diffusion coefficient D can be translated into a hydrodynamic

radius R, using the Stokes-Einstein relation which assumes that particles are spher-

ical, non-interacting and have smooth surfaces [257]:

kgT

— B 2.17
T (2.17)

where kg is Boltzmann’s constant, 7T is the absolute temperature, and 7 is the
dynamic viscosity of the suspension liquid.

Polydisperse systems: In most cases, samples are polydisperse and g(l)(T) can no
longer be treated as a single exponential but must be generalized to a sum or an
integral over a distribution function G(I") of decay rates I' corresponding to each
of the particle species in the population. ¢/)(7) is then represented as the Laplace
transform of the distribution function G(I") [254]:

gV(r) = /OOO G(T) exp(—D7)dr. (2.18)

23



2 Background

Recovering G(I') from ¢")(7) using DLS data, either analytically or numerically, is
a very complex task, especially with regard to the noise associated with the data

[258].

Method of cumulants: One commonly employed method to characterize G(I)
consists of fitting the measured autocorrelation function g(*(7) using the cumulant
expansion first described by Koppel (1972) [259] and revisited by Frisken (2001)
for data analysis of polydisperse vesicle samples [250]. Unless stated otherwise, the
method of cumulants was used to analyze DLS data of vesicle suspensions collected
in this thesis. It is based on expanding the logarithm of the field—field autocorrel-
ation function g(¥(7) in terms of the cumulants ,,(I') of the distribution giving a
polynomial in the delay time 7:
K3 3 R4 4

hl[g(l)(T)] =-Tr + %7’2 - 57' + ET — (219)

The first cumulant describes the average decay rate k1 (I') = I and yields the average
diffusion coefficient D = T'/¢? from Egs. 2.15 and 2.12. The mean hydrodynamic
radius Ry, of the polydisperse sample can then be derived from D using the Stokes-
Einstein expression (Eq. 2.17). The second cumulant is identical to the second
moment about the mean (ko(I') = p2) and corresponds to the variance of the dis-
tribution of decay rates. The normalized second cumulant, commonly referred to as
polydispersity index PDI, is a useful measure to describe the relative width of the
size distribution. It is calculated on basis of the first and second cumulants I’ and

2, Tespectively:
M2

PDI = T2 (2.20)
PDI values of 0.02 or less are generally obtained for nearly monodisperse or mon-
odisperse, clean preparations [253].
The method of cumulants is appropriate only for small delay times 7 and monomodal
G(T"), but yields reliable results for a PDI < 0.3 [250, 254]. The validity of cumulant
analysis has been demonstrated by scattering from both known mixtures of monod-
isperse polystyrene latex spheres and from defined LUVET g, VET50 and VET 499
suspensions [217, 250, 257]. It is not recommended to use parameters beyond ug,
because over-fitting of data with many parameters in a power-series expansion will
render all the parameters, including T’ and pg, less precise [254]. Frisken [209] has
shown that the use of u3 has not changed the values of the other parameters signi-
ficantly in the fits of different versions of the cumulant function evaluated for data
analysis of extruded vesicle suspensions.
In this work, the cumulant function with terms up to the second moment about the
mean (o was directly fitted to the data of the intensity—intensity autocorrelation
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function ¢® (7). Using the Siegert relation (Eq. 2.14) and replacing the second cu-
mulant k9(I") by the second moment about the mean p5, the basic cumulant function
(Eq. 2.19) can be written as

g (1) = B + Bexp(—2T7 + pa7?), (2.21)

where B, 8, T and o are fitting parameters.

The cumulant expansion has the advantage of providing information on G(I') in
terms of T' and py without a priori knowing the form of G(I'). On the other hand,
it does not give information on the shape of the size distribution without having
to assume a functional form of G(I'), such as lognormal, 2-exponential, Gaussian
and Schulz distributions [252-254]. According to Patty and Frisken (2006) [252], the
asymmetric Schulz distribution provides a good estimate of the number-weighted size
distribution of extruded vesicles. If the form of the distribution function G(I') is
known to be bimodal or broad unimodal, it is more appropriate to analyze DLS data
by direct numerical inversion of the autocorrelation function using inverse Laplace
transform algorithms [217, 258], such as the non-negatively constraint least square
(NNLS) analysis [247, 260], exponential sampling [261], or the Provencher algorithm,
also known as CONTIN [128, 262].

Advantages and limitations of particle sizing by DLS: It has to be noted that
hydrodynamic diameters D) and PDI values extracted from light scattering data
are intensity-weighted averages that scale with the particle radius to the power of
six (%) [263]. Therefore, particle sizing by DLS is very sensitive to the presence
of large particles, i. a. dust, which predominate the scattering patterns. Intensity-
weighted averages can be converted to volume-weighted averages (scaling with %)
using the Mie theory [264, 265, if the refractive index of the particle is known. This
conversion is, however, only applicable for solid spheres with a homogeneous density,
a requirement which is not fulfilled for the geometry of vesicles. In the latter case,
a coated sphere model with identical refractive indices of lumen and medium would
be more appropriate [247, 266].

Particles with diameters significantly smaller than the wavelength of the illumin-
ating laser (typcially less than d = Xy/10) show an isotropic scattering pattern
(Rayleigh theory) and can be well characterized by single-angle DLS measurements.
In contrast, the scattering function of larger particles with diameters in the range
of the wavelength of the incident beam shows an angular dependence characteristic
to particle size (Mie theory) and DLS results become dependent on the detector
position with respect to the scattering angle 6 [217].

Since DLS measures the diffusion coefficient D and not the particle diameter, the
determination of Stokes-Einstein diameters (Eq. 2.17) can be distorted by attractive
and repulsive particle interactions, which become stronger with increasing particle
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concentration. Another concentration effect is multiple scattering occurring at re-
latively high particle concentrations and leading to a faster dacay of ¢(®(7) than
that predicted by the Brownian motion of dispersed particles. This results in an
underestimation of particle size and is the reason for perfomring DLS experiments
on diluted samples [257].

Although the limitations of DLS in terms of model-dependent distribution charac-
terization, limited shape information, intensity-weighted results, and data analysis
for broad size distributions are apparent, it remains a useful technique for compar-
ing different samples on a relative size scale provided all measuring conditions, such
as particle concentration, scattering angle, and nature of dispersing agent, are kept
constant.

Small angle neutron scattering (SANS)

Small angle neutron scattering (SANS) is a powerful technique for the in-situ char-
acterization of the structure and dynamics of self-assembled supramolecular aggreg-
ates, including lipid membranes. Model-based analysis of SANS data yields quant-
itative information on the distribution of structural features, their sizes, shapes and
correlation lengths in a range of ~ 1-1000 nm [246, 267].

For unilamellar and multilamellar vesicles, typical structural parameters obtained
from SANS measurements include mean size, size distribution, and multilamellar-
ity parameters of the vesicle population. Furthermore a number of structure and
material parameters can be derived on the level of the bilayer membrane, such as
the lamellar repeat distance, bilayer thickness, molecular surface area, thicknesses
of the bilayer polar and hydrophobic regions, area compressibility, and the degree
of hydration of the lipid headgroup [219, 268-273].

In contrast to light and X-rays, neutrons are scattered by protons in the atomic
nucleus rather than by electrons surrounding the nuclei. Therefore, SANS is inde-
pendent on the atomic number of elements and, thus, well suited for the study of
soft and biological materials which are inherently rich in light elements.

In addition, neutron scattering cross sections do not only change from element to ele-
ment, but can also differ between the element’s isotopes, giving SANS a remarkably
different sensitivity to hydrogen and its isotope, deuterium. This unique scattering
behavior of neutrons allows to separate and enhance the scattering contributions
of e. g. bilayer components of interest by specific deuteration of lipid constituents
and/or variation of the HyO/D,O ratio in the solvent under minimal perturbation
of the host membrane. The extra information obtained from such contrast variation
experiments allows, for example, to improve the validity of phospholipid structural
parameters [274, 275] and to assess lateral heterogeneity and domain formation in
model membranes [276, 277].

While X-rays can be generated for every day use in the laboratory, even though at
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2.7 Analysis of submicrometer-sized vesicles

orders of magnitude smaller intensities than those from a synchrotron source, neut-
rons in adequate quantities for SANS experiments are exclusively available from
central reactor or spallation sources [246]. Due to the limited access to beamtime at
such large-scale facilities, SANS is not suitable for routine sample analysis. Instead,
the valuable information on aggregate morphologies, sizes and size distributions ob-
tained from SANS measurements is restricted to a few selected and representative
samples.

2.7.2 TNBS assay for external vesicle surface area
determination

The TNBS assay as optimized in the frame of this thesis and published in Analytical
Biochemistry 442, 262-271 (2013) is a simple and reliable chemical assay to quantify
the proportion of phospholipids present in the outermost monolayer of lipid vesicles
[10]. It gives an average value for the relative external surface area E of a liposome
suspension which is a practical estimate for its degree of lamellarity.

Estimation of liposome lamellarity via determination of the relative external
surface area: The relative external surface area E (or proportion of phospholipids
constituting the outermost monolayer) of lipid vesicles can be measured by several
chemical assays [140, 204, 218, 278-280], including the TNBS assay [10, 204]. They
all use a particular marker lipid that is embedded in the liposomal bilayers during
their preparation. The marker lipids exposed in the outermost monolayer of the
vesicles are then quantified by reaction with a specific externally added reagent and
by recording the concomitant spectroscopic signal change. Normalization of this
signal change to that caused by reaction of all marker lipids present in the liposomal
analyte suspension (100% signal) gives the relative external surface area E [140].
For unilamellar vesicles comprising a single bilayer membrane and having a diameter
of 2 100nm (LUVs), E is approximately 50%. Even higher E values (> 50%) are
typically found in small unilamellar vesicles with diameters below 100 nm (SUVs)
because of the asymmetric lipid distribution across their highly curved bilayer mem-
branes. For multilamellar vesicles (MLV), E is lower than 50% and decreases with
increasing degree of multilamellarity [140].

Principle of the TNBS assay: In the TNBS assay, the marker lipid is simply
a naturally occurring aminolipid, usually phosphatidylethanolamine (PE), and the
external reagent is TNBS (2,4,6-trinotrobenzene sulfonate) as schematically shown
in Figure 2.13 [10].
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Figure 2.13: Principle of the TNBS assay for external vesicle surface area de-
termination using POPE as marker lipid in a POPC host membrane. The extent of outer
lipid labeling is proportional to the UV /Vis absorbance increase at Apax = 344nm upon
reaction of the primary amine of exposed POPE headgroups with externally added TNBS
yielding trinitrophenyl-POPE (TNP-POPE). The assay relies on (i) an even distribution
of marker lipids throughout all bilayer leaflets of MLVs and LUVs and on negligible rates
of (ii) marker lipid flip-flop and (iii) reagent permeation across the vesicle membranes.

The primary amine of an exposed PE headgroup reacts in its nucleophilic, non-
protonated form with externally added TNBS yielding a colored, trinitrophenyl
(TNP)-labeled product with an absorption maximum at Apa, = 344nm [281, 282].
Under suitable assay conditions, the amount of TNP-labeled PE formed in an intact
and Triton-solubilized vesicle sample, respectively, is proportional to the UV/Vis
absorbance increase at Ay, = 344 nm, which allows for the direct determination of
E [10].

For mechanistic details of the trinitrophenylation reaction and their translation into
an optimum TNBS assay protocol for external vesicle surface area determination,
the reader is referred to our publication in [10]. The derived protocol as applied in
this thesis is also described in the Materials and Methods part of Chapter 4 (Sec.
4.2.6). Compared with earlier versions of the TNBS assay [140, 204, 283], our op-
timized protocol consumes considerably less marker lipids and reduces the amount
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2.7 Analysis of submicrometer-sized vesicles

of samples to be prepared and measured, while the accuracy is maintained or even
improved.

Accuracy and applicability of the TNBS assay: The results obtained from the
chemical assays introduced above, including the TNBS assay, reflect true external
vesicle surface area only if the following criteria are fulfilled (see also Fig. 2.13 for
criteria (i-iii)) [10]:

(i) Even distribution of the marker lipids throughout all bilayers of the liposomal
analyte suspension [204].

(ii) Negligible transbilayer diffusion (flip-flop) of marker lipids during the incuba-
tion time of reaction [204].

(iii) Negligible membrane permeability of the externally added reagent during the
time of analysis [204].

(iv) Proper consideration of a possible background reaction of the reagent [10].

(v) Equal extent of marker lipid modification in the outer surface of intact vesicles
and in mixed micelles formed on vesicle solubilization with detergent to obtain
the 100% signal from all marker lipids present in the sample [204].

With respect to criterion (i), different marker lipids are known to be randomly dis-
tributed between the two monolayers of the bilayer(s) in LUVs and MLVs, especially
when taking them through freeze-—thaw cycles during their preparation (Sec. 2.5.2)
204, 205, 284, 285]. However, geometric packing constraints in the highly curved
bilayers of SUVs typically lead to asymmetric lipid distributions in mixed lipid SUVs
with a preferential partitioning of phospholipids with small headgroup volumes in
the inner monolayer [149, 284]. For this reason, marker lipids have been observed to
distribute nonrandomly between the outer and inner membrane surfaces of SUVs.
No reliable results are obtained for such SUVs if external surface quantification is
based on the chemical quantification of marker lipids [204, 218].

During the development of our optimized TNBS assay, we evaluated the five criteria
listed above and showed that they were all fulfilled when applying the proposed
protocol to well-defined vesicles (VETs199_400) prepared from POPC/Chol/POPE
65:30:5 (mol/mol). In these reference vesicles, the presence of cholesterol in the
bilayer membranes ensures negligible rates of both PE flip-flop (criterion (ii)) and
TNBS permeation (criterion (iii)) across the vesicle membranes during time of ana-
lysis (see Sec. 2.4.3 for the effects of cholesterol on bilayer properties) [95, 107, 170,
172]. Accurate external surface area results can also be obtained for cholesterol-free
lipid vesicles if their membrane fluidity is decreased simply by slightly increasing the
PE content, e. g. to POPC/POPE 91:9 (mol/mol). Finally, the optimized TNBS as-
say can successfully be applied to plain liposomes prepared from commercial egg PC
isolates which typically retain a large enough fraction of egg PE (= 9 mol% in the egg
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PC product used in this thesis; Tab. 4.1) [10]. With no need of incorporating extra
marker lipids, natural egg PC isolates offer an inexpensive and easy-to-use model
system for the development and control of new liposome processing technologies as
implemented in this work (Chapter 4).

Advantages and limitations of the TNBS assay and related chemical assays:
It must be noted that, in contrast to SANS and electron microscopy techniques,
external surface area measurements do not provide absolute quantities regarding
the average number of lamellae in a liposome preparation. The weight of internal
lipids is the same for a vesicle with a few lamellae closely associated with the outside
bilayer as for a vesicle comprising a larger number of lamellae in its center.

On the other hand, the analysis of external vesicle surface areas involves simpler
technologies that are less invasive, less costly in terms of labor and equipment,
and available on a daily basis. These are important advantages for a systematic
evaluation of vesicle samples during the development and optimization of vesicle
preparation protocols, liposome formulations, and processing technologies. External
surface area assays allow monitoring of vesicle integrity and provide comparative and
representative average values for the degree of lamellarity of vesicles generated at
varying process and material parameters.
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3 Vesicles from food grade
amphiphilic block copolymers

3.1 Introduction

Based on the long-standing goal to enhance drug efficacy and minimize adverse side
effects in biomedical applications, vesicles have moved a long way from traditional
pharmaceutical carriers to stimuli-responsive drug delivery vehicles with controlled
release properties in terms of location, time, and dose [22-24]. While the in vivo
performance of vesicular drug carriers is usually tested after intravenous injection
23], special vesicle formulations have also been developed for alveolar [35], trans-
dermal [286, 287], and oral drug administration [35, 288, 289].

Yet, the promising strategies of ‘smart’, stimuli-responsive vesicles developed in the
field of (oral) drug delivery have not been transferred to the design of personalized
foods, which aim at improving human nutrition, preventing diseases, and promoting
public health [290]. Following the concepts of ‘smart’ drug delivery vehicles [23, 289],
vesicles have great potential to deliver nutrients and nutraceuticals to a target site
of the gastrointestinal (GI) tract and control cargo release under particular stimuli
conditions, thereby greatly increasing the absorption and bioavailability of the en-
capsulated agents.

Previous studies on the application of vesicles in foods have mainly reported on the
use of traditional, unfunctionalized liposomes that release cargo by passive diffu-
sion or in response to global environmental changes. Nevertheless, they have been
shown to offer advantages e.g. in cheese manufacturing, food supplementation and
fortification, flavor control, and food preservation [6, 41, 42].

The incorporation of vesicle carriers in a food matrix for specific and efficient oral
delivery of encapsulated bioactive agents to the site of absorption is a challenging
task. A prerequisite for the successful delivery via the ingested food product is the
protection of the vesicle-entrapped compound in its active form from enzymatic and
chemical degradation, as well as from temperature, ionic strength, and pH variations
at all stages of food processing, transport, storage, and preparation. After food con-
sumption, the vesicle structure should still be stable under the harsh conditions of
the GI tract and show controlled release properties when reaching the target site to
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confer high bioavailability to the bioactive ingredient [42, 288].

Polymersomes are particularly attractive to design stimuli-responsive, delivery-re-
lease carriers for the purpose described above. Due to the higher molecular weight
of vesicle-forming amphiphilic block copolymers (BCP) compared to their naturally
occurring lipid analogues, polymeric vesicle membranes tend to be thicker, tougher,
and often less permeable than conventional lipid bilayers [12, 16, 67, 99]. As a con-
sequence, polymer vesicles may have superior properties in terms of stability and load
retention. Furthermore, the versatility of block copolymer chemistry, e. g. chemical
composition, block length, hydrophilic to hydrophobic block ratio, and crosslinking,
surpasses the design flexibility of lipid vesicles and allows to extensively tailor the
polymer membrane properties to specific applications [4]. The successful assembly
and controlled destabilization of a large number of stimuli-responsive polymersome
formulations have been summarized in recent reviews within the biomedical field
[22, 154, 157], whereas no such systems have been reported for food applications.

Aim: The motivation of this study is to assemble food grade polymersomes that can
serve as templates for the encapsulation, protection, targeted delivery, and controlled
release of nutritional and health supplements in functional or personalized foods.
Approach: To that end, a biocompatible and biodegradable amphiphilic diblock co-
polymer, namely poly(ethylene oxide)-block-poly(y-methyl-e-caprolactone) (PEO-
b-PMCL), is considered for vesicle formation [52, 76, 291]. In contrast to PCL-
based amphiphiles that have semicrystalline character in bulk [292], the hydrophobic
PMCL block has a low glass transition temperature 7, of approximately —60 °C and,
hence, is in an amorphous state at room temperature [136]. This allows the forma-
tion of self-assembly structures, including spherical and worm-like micelles, as well
as vesicles, from PEO-b-PMCL of varying PMCL block molecular weights in water
without excessive heating and without the use of a cosolvent, as demonstrated for
the first time by Zupancich et al. (2006) [76].

Earlier efforts to generate self-assembled structures from PEO--PMCL in aqueous
phase reported on the formation of spherical micelles only [293, 294]. Vesicle struc-
tures were obtained in a number of studies from dilute dispersions of semicrystalline
PEO-b-PCL |, however, their formation involved the use of cosolvents and/or heat-
ing above T, ~ 60°C [79, 291, 292]. The resulting PEO-b-PCL vesicles are typically
rigid and leaky [292].

The ability of PEO-b-PMCL to form biocompatible and biodegradable fluid-phase
vesicles under physiological conditions is a prerequisite to create edible polymer-
some carriers for sensitive food supplements. Recently, a full binary phase diagram
of PEO-b-PMCL block copolymers in water has been published for varying hydro-
phobic PMCL block lengths across the whole concentration range from bulk polymer
to dilute aqueous solution [52] (Fig. 2.5). Based on these data and on previous mor-
phological studies of dilute PEO-b-PMCL dispersions in water [76, 295], we focus
on dilute aqueous solutions of PEO-b-PMCL amphiphiles (< 1w/w%) with a hy-
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drophobic to hydrophilic block weight ratio (wpycr,) larger than 0.8, as this favors
the formation of vesicles (Fig. 2.5).

Outline: This chapter describes the ability of selected PEO-b-PMCL block copoly-
mers (PEOQg-b-PMCLa) with WpMCL — 0.86 and PEOQ3—b—PMCL63 with WpMCL —
0.88) to form vesicles in aqueous solution. Furthermore, the efficiency of the gen-
erated food grade polymersomes to encapsulate and retain a molecular cargo under
undisturbed conditions, as well as their release properties under GI stress conditions
are reported.

The spontaneous self-assembly of PEO-b-PMCL into vesicle structures is induced
upon hydration of a dry polymer film in excess water at room temperature. Follow-
ing thin film hydration, both 100 nm-sized large unilamellar vesicles (LUVETSsqg)
and micrometer-sized giant unilamellar vesicles (GUVs) are prepared using the com-
mon and highly reproducible methods of vesicle extrusion and electroformation, re-
spectively. Dynamic light scattering (DLS) and light microscopy (LM) imaging are
used to characterize the mean size and size distribution of the obtained LUVETSsqg
and GUVs, respectively. The vesicle structure is further demonstrated by encapsu-
lating hydrophilic molecules in the aqueous vesicle lumen. LUVETs;y, are loaded
with a self-quenched fluorescent dye, calcein, and the permeability coefficient of the
PEO-b-PMCL membrane towards calcein is determined under undisturbed storage
conditions by monitoring the increase in fluorescence intensity with the eflux and
dilution of calcein into the external medium. Accordingly, the release properties
of PEO-b-PMCL LUVETSs;gg in the presence of gastrointestinal bile salts are stud-
ied. To our knowledge, this is the first study to report on the release properties
of PEO-b-PMCL vesicles and to quantitatively measure calcein permeability from
polymersomes in general.

The behavior of the PEO-0-PMCL block copolymer throughout vesicle formation
and the subsequent release studies is compared to that of the most widely studied
vesicle forming phospholipid, POPC. This allows to discuss the obtained results in
the context of the structure-property relationships of novel PEO-b-PMCL polymer-
somes and conventional lipid vesicles (Fig. 1.1).
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3.2 Materials and methods

3.2.1 Materials

The phospholipid used was 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC;
> 99%; 25 mg mL~! solution in chloroform) from Avanti Polar Lipids (Alabaster, AL,
USA). The food grade, amphiphilic diblock copolymer poly(ethylene oxide)-block-
poly(y-methyl-e-caprolactone) with the block lengths PEOg3-b-PMCLsq (M,, = 7400
gmol™!, wpycr, = 0.86) and PEOys-b-PMCLgs (M,, = 9050 g mol ™!, wpycr, = 0.88)
was synthesized and provided by our collaborator Jorg Braun (Department of Chem-
istry, Universtiy of Basel, Switzerland) [52, 76]. Figure 3.1 presents the molecular
formula of PEO,-0-PMCL,,, while the chemical structure of POPC is included in
Table 4.3 (see Chapter 4).

All other solvents and chemicals, namely chloroform (> 99.8%; stabilized with eth-
anol), diethyl ether (> 99.8%), methanol (> 99.8%), calcein disodium salt (2,4-bis-
(N,N’-di(carboxymethyl) aminomethyl)fluorescein) disodium salt), sodium chlor-
ide (NaCl; > 99.8%), sodium phosphate monobasic dihydrate (NaHyPOy - 2H50;
> 99.0%), sodium phosphate dibasic dihydrate (NagHPO, - 2H50; > 99.0%), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; > 99.5%), ethylenediamine-
tetraacetic acid (EDTA; > 98.5%), Triton X-100 (simply called Triton in this work),
bile salts (> 95%), and Sepharose 4B, were of analytical grade and purchased from
Sigma-Aldrich (Buchs, Switzerland). All aqueous solutions were prepared using ul-
trapure water from a Synergy water purification system (Merck Millipore, Billerica,
MA, USA) and stored at 4 °C.

O O
~ H

n m

Figure 3.1: Chemical structure of the amphiphilic diblock copolymer PEO,-
b-PMCL,,. The subscripts n and m indicate the average number of monomer units in
the hydrophilic PEO chain and in the hydrophobic PMCL chain, respectively.

3.2.2 Preparation of calcein-entrapped large unilamellar
vesicles

For the bilayer permeability experiments, LUVETS;oy were prepared from POPC
and PEOgy3-b-PMClLgs, respectively, containing the fluorescent dye calcein at self-
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Figure 3.2: Structure and pH dependent valency of calcein. Chemical structure
and pKa values of the fluorescent dye calcein with a disodium salt form as used in this
study. Carboxyl pKa; = 2.1 and pKas = 2.9; hydroxyl pKas = 4.2 and pKay = 5.5;
methylimino pKas = 10.8 and pKag = 11.7 [297].

quenching concentration (80 mM) [296] (Fig. 3.2 and 3.4). Both types of amphiphilic
molecules were taken through the vesicle preparation procedures commonly used in
liposome technology, including the thin film hydration method, freeze-thaw cycles,
and the extrusion technique [3, 9, 193, 206].

A stock solution of 5w/w% PEOg3-b-PMCLgs was prepared in chloroform, while
POPC was used as obtained (25 mgmL™" solution in chloroform). The amphiphile
stock solution and excess chloroform were added to a 50 mL round-bottom flask to
form a thin film by rotary evaporation. Residual solvent was removed under high
vacuum overnight. The dry film was then hydrated with an appropriate amount
of calcein-containing buffer solution (80 mM calcein, 10 mM sodium phosphate buf-
fer, pH 7.4) to yield an amphipihle concentration of 5mM POPC and 1w/w%
PEOy3-0-PMCLg3 (~ 1.1mM), respectively. While the lipid film was dispersed
within seconds under gentle agitation, the BCP film was allowed to hydrate for
another 24 h by reconnecting the round-bottom flask to the rotary evaporator at
atmospheric pressure, 120 rpm, and 25 °C. Subsequently, the amphiphile suspension
was vortexed until complete film dispersion and subjected to ten cycles of freezing
and thawing from liquid nitrogen to 50°C. To obtain LUVETSs;q, the dispersion
was sequentially extruded 10 times through polycarbonate membranes with 400-,
200-, and, finally, 100-nm pore diameters (Whatman, Kent, UK) using a LIPEX
extruder (Northern Lipids, BC, Canada) and compressed nitrogen gas (purity grade
4.5, 99.995%; PanGas, Dagmersellen, Switzerland) [193]. Extrusion was performed
at room temperature where both POPC and PEQO,-b-PMCL,, bilayers are in a fluid
state (POPC: T}, = —2.5°C; PMCL: T, ~ —60°C) [54, 136].

The calcein-containing vesicles were separated from the non-entrapped dye molecules
by size exclusion chromatography (SEC) using a Sepharose 4B column (diameter:
1cm, length: 26 cm) and an iso-osmotic elution buffer (190 mM NaCl, 10 mM so-
dium phosphate, pH 7.4). The equivalent osmolality between the external and in-
ternal buffer solutions was verified with an osmometer (Advanced Micro-Osmometer,
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Figure 3.3: Separation of calcein-entrapped LUVETs;g¢ from free calcein by
SEC. SEC elution profiles of calcein-entrapped LUVETSs g (first peaks) and free calcein
molecules (second peaks) after loading the calcein-containing LUVET(y suspensions pre-
pared from POPC (®) or PEOy3-b-PMCLg3 (®) on the column. Sepharose 4B column:
1 x 26cm. Sample loading: 500pL. Flow rate: 0.33mLmin~'. LUVET;y suspension
before SEC: [POPC|] = 5mM; [PEO3-b-PMCLgs] = 1 w/w%; [calcein] = 80 mM. Absorb-
ance A was measured at A = 485 nm using a BioTek PowerWave XS microplate reader
(POPC) or a PerkinElmer Lambda 19 spectrophotometer (PEO23-b-PMCLgs).

Model 3MO, Advanced Instruments, Norwood, MA, USA) and was found to be
around 365 mOsm /kg. A sample volume of 0.5 mL was loaded to the SEC column
and the flow rate was controlled at 0.33 mL min~! using a peristaltic pump (Pharma-
cia Peristaltic Pump P-3, Pharmacia, London, UK). The calcein-containing vesicle
fractions were identified by UV /Vis spectrophotometry at 485 nm. According to the
obtained separation curve (Fig. 3.3), samples were collected and combined during
an elution time interval of 17-31 min (total volume: ~ 4.6 mL) and 22-33 min (total
volume: =~ 3.6 mL) for the lipid and BCP vesicle fractions, respectively. The POPC
concentration in the combined, eluted lipid vesicle suspension was approximately
135 M as determined by the Steward assay for 3 independent samples (see Sec.
4.2.7 for a close description of the Stewart assay protocol) [142, 298]. The PEOq;-
b-PMCLgs concentration in the BCP eluate was not analyzed.

Calcein-entrapped vesicles were stored after the extrusion step in the calcein-contain-
ing buffer solution at 4 °C in the dark and used within 1 week after preparation. Prior
to release experiments, a 0.5 mL aliquot of the vesicle suspension was passed down
the SEC column and immediately used for fluorescence leakage measurements.
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3.2.3 Calcein release measurements

The release of vesicle-entrapped calcein across lipid and BCP bilayers was evalu-
ated according to previous vesicle permeability studies by Lafleur and coworkers
[296, 299].

The calcein-loaded liposome suspension collected after column separation was fur-
ther diluted with iso-osmotic elution buffer (190 mM NaCl, 10 mM sodium phos-
phate, pH 7.4) by a factor of 175 to obtain a POPC concentration of approxim-
ately 0.77pM in the cuvette. Considering an internal aqueous volume of Vi, =
3.3 uL/pmole lipid calculated for the collected POPC LUVETSs; oy assuming a mean
vesicle diameter of 112nm (Fig. 3.6), an average headgroup area of 0.68 nm?, and a
bilayer thickness of 3.7 nm [36, 300], this POPC concentration ensured the maximum
calcein concentration in the bulk solution after total dye release from all the vesicles
not to exceed 200nM. 200nM of calcein in the external buffer solution denoted
the upper concentration limit of the linear region identified in our standard curve
of fluorescence intensity versus free calcein concentration (Fig. 3.4C). At the high
end of encapsulated calcein concentration (80 mM), the fluorescence intensity of the
dye was highly quenched, resulting in low background fluorescence intensity of the
calcein-entrapped vesicle suspensions (Fig. 3.4A).

Based on the minor fraction of PEOy3-b-PMCLgs vesicles collected (Fig. 3.3) and on
preliminary fluorescence measurements of calcein-loaded, intact and Triton-solubil-
ized BCP vesicles, the polymersome suspension was used as obtained after column
separation, i.e. without further dilution. Eluted and diluted samples were allowed
to equilibrate for 1h in the measuring cuvette to prevent initial leakage artifacts
associated to small variations in osmotic pressures and/or temperatures between
the internal and external buffer solutions [301-303].

The release of calcein from the vesicles over time was directly monitored by the
increase in fluorescence intensity as the dye leaked into the external buffer solution
where it was diluted to below self-quenching concentrations.
For the spontaneous release measurements under undisturbed conditions, 3 mL of
calcein-entrapped vesicle suspension was added to a 1 cm — 3 mL quartz fluorescence
cuvette and steady-state fluorescence spectra were recorded at 1-h time intervals
over a total storage time of 10h. The excitation wavelength was set at Aoy =
490nm and the data was analyzed at an emission wavelength of Ao, = 515nm.
Between measurements, samples were stored at room temperature in the dark. The
percentage of calcein released after storage time ¢ (R(t)) was calculated according
to:

R(t) = 100(I(t) — Ip)/(Tsota1 — Io) (3.1)

where [ is the background fluorescence intensity of the calcein-entrapped vesicle
suspension at the beginning of the experiment (¢ = 0), I(¢) is the fluorescence in-
tensity at time t, and I, corresponds to the total fluorescence intensity after total
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Figure 3.4: Fluorescence and self-quenching properties of calcein. (A) Relative
fluorescence intensity RF'I of calcein at Ay = 520nm as a function of sub-quenching
and quenching calcein concentration in the elution buffer (190 mM NaCl, 10 mM sodium
phosphate, pH 7.4). (B) Fluorescence spectra of the elution buffer containing different sub-
quenching concentrations of calcein (0, 10, 50, 100, 200, 400, 800nM) after appropriate
dilution of the iso-osmolar calcein solution (80 mM calcein, 10 mM sodium phosphate,
pH 7.4). The RFI increases with increasing calcein concentration in the measured range
of sub-quenching dye concentrations. (C) Dependence of RFI of the elution buffer at
Aem = 515nm on the concentration ¢ of calcein below the self-quenching concentration.
Line represents linear least-square fit between 10 and 200 nM of calcein:

RFT =1.083 x 10%c — 8.888 x 10%; R? = 0.9999. Aex = 490 nm.
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dye release from all the vesicles. [, was measured after complete vesicle solubiliz-
ation by the addition of 20 pL of 5 w/v% Triton to the analyte suspension at the end
of the experiment (total volume in cuvette: 3020 pL.). The percentage of released
calcein was plotted as a function of storage time.

Time courses of bile salt-induced calcein release were recorded continuously by per-
forming time scan fluorescence measurements of the calcein-entrapped vesicle sus-
pensions upon bile salt addition. 2970 pLL of calcein-entrapped vesicle suspension
was added to a 1 cm — 3mL quartz fluorescence cuvette and the background fluores-
cence intensity Iy was measured for 300s. The release experiment was then initiated
by adding 30 pL of a 300 mg mL~! bile salt solution in elution buffer (190 mM NaCl,
10mM sodium phosphate, pH 7.4) to achieve a total sample volume of 3000 pL
with an external bile salt concentration of 3 mgmL™!. Bile salt-induced release kin-
etics were monitored for 40 min, before the total fluorescence intensity Iliot. Was
determined by adding 20 uL. of 5w/v% Triton. In each case of surfactant solution
addition, mixing was achieved by withdrawing the vesicle suspension from the cu-
vette and redelivering it into the cuvette with an Eppendorf pipette and the same
polypropylene tip used for bile salt solution and Triton solution addition. The fluor-
escence intensity was monitored at 3-s time increments for a total measuring time
of 3600 s and the excitation and emission wavelengths were set at Aoy = 490 nm and
Aem = D15 nm, respectively.

The calcein calibration curve (Fig. 3.4B-C) and fluorescence release measurements
were recorded on a SPEX Fluorolog 2 instrument from HORIBA Jobin Yvon (UK).
The excitation wavelength was set at Aoy = 490nm and the emission was usually
recorded between A, = 500nm and 650 nm. Excitation and emission bandpath
widths were set at 1 mm and 3 mm, respectively. The spectrofluorometer was not
equipped for sample stirring or temperature control.

The self-quenching properties of calcein evaluated over a broad range of calcein
concentrations of about 107 to 102>mM (Fig. 3.4A) was demonstrated on a Bio-
Tek FL600 fluorescence microplate reader (Bio-Tek Instruments, Winooski, VT,
USA) using black 96-well polystyrene plates with a sample volume of 400 pL/well.
Excitation and emission wavelengths were set at Ay = 490 nm and A, = 520 nm.
All fluorescence measurements were carried out at room temperature.

3.2.4 DLS

The mean size, polydispersity and size distribution of calcein-entrapped vesicles be-
fore and after separation by SEC were analyzed by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern Instruments, UK). The measurements were
performed in the backscattering mode at a scattering angle of § = 173° and the
measuring temperature was controlled at 25 °C.
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Calcein-loaded LUVET, suspensions collected before and after column separation
were diluted with elution buffer (190 mM NaCl, 10 mM sodium phosphate, pH 7.4)
by a factor of 50 and 2, respectively. For the lipid vesicle suspensions, this resulted
in a POPC concentration of around 50 to 100 pM in the cuvette. Diluted samples
were placed in a 1.5 mL disposable polystyrene cuvette and the measurement of each
sample was repeated three times to check for reproducibility and sample stability.
The intensity time autocorrelation functions were analyzed using the Multiple Nar-
row Modes algorithm incorporated in the Malvern DTS software (version 5.10),
which is based on a non-negatively constraint least square fit (NNLS; see Sec. 4.2.5
in the Background Chapter) [260, 304]. In addition to the intensity weighted res-
ults of average hydrodynamic diameters and poyidspersity indices (scaling with 79),
volume weighted size distributions (scaling with r3) are displayed after conversion
of the intensity weighted size distributions using Mie theory [264]. It has to be
mentioned that the conversion of intensity to volume weighted averages basically
assumes a particle geometry of homogeneous solid spheres, which is not fully con-
sistent with that of vesicles.

3.2.5 Preparation of giant unilamellar vesicles (GUVs)

GUVs were formed from POPC and PEO,3-b-PMCLsg, respectively, following the
electroformation method with a Pt wire setup [123, 222, 224, 226]. The homemade
formation and investigation chamber used is illustrated in Figure 2.10A. A detailed
description of its components and dimensions is given in Bucher et al. [226]. The two
parallel Pt wire electrodes in the chamber had a diameter of 0.5 mm and a distance
of 3mm.

POPC and PEOs3-b-PMCLsq stock solutions were prepared at 0.2 mgmL~" in chlo-
roform (263 1M POPC) and 2.0 mg mL ™" in chloroform/diethyl ether /methanol 2:7:1
(v/v) (270 pM PEOs3-b-PMCLj), respectively. To form thin amphiphile films on
the electrode surface, the stock solutions were deposited on the two Pt wires using
a 10 pL. Hamilton syringe as follows: 2pL of the POPC solution (526 pmol) was
deposited in two different areas of each of the two Pt wires to create a total of four
thin film regions for GUV formation and subsequent investigation. The PEOq3-b-
PMCLj5q solution was deposited as a single 1 pL droplet (270 pmol) onto the center
of each of the two Pt wires. Special care was taken to avoid sliding during solution
deposition at a specific spot as this promotes the formation of a uniform thin film
which, in turn, is important for the successful formation of a controlled amount of
spherical GUV close to the electrode surface [226]. The films were subsequently
dried by placing the chamber under reduced pressure overnight in a desiccator.
Prior to start the electroformation experiment, the chamber containing the dried
amphiphile films was taped onto the microscope stage to allow the direct monitor-
ing of vesicle growth. A function generator (Agilent 33120A, Agilent Technologies,
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CA, USA) was connected to the Pt wires and an ac electric field with a sinusoidal
waveform was applied at a frequency of 10 Hz and an initial voltage of 0.1V (peak-
to-peak value). The electro-osmotically controlled swelling of the lamellar films was
initiated by carefully adding 1.2mL of buffer solution (0.5mM HEPES, 0.5mM
EDTA, pH 7.4, room temperature) to the working chamber under prevention of
agitation and air inclusions. For the formation of POPC GUV, the voltage was
increased to 2V and kept constant for 90 min before switching the ac field off. GUV
formation from the PEQO.3-b-PMCLs, film was induced by gradually increasing the
voltage from 0.1 to 2V during the first 60 min and keeping it constant for another
60 min. GUV growth was then promoted by further increasing the voltage to 3V
within 30 min and keeping it for an additional 90 min. The ac field was switched
off after a total electroformation time of 4h. All electroformation experiments were
carried out at room temperature.

3.2.6 GUV imaging and characterization

GUVs were observed under an inverted light microscope (Nikon DIAPHOT-TMD)
in the phase contrast mode using a 60x long working distance objective lens (LWD
Plan 60 / 0.7-1.7 Ph3DL, Nikon). Images were acquired, processed, and analyzed
using a digital camera (Nikon DS-Fil) and the Nikon NIS-Elements D3.0 imaging
software.
For lipid and polymer GUVs obtained after the electroformation experiment, size
distribution functions and their characteristic parameters were calculated using a
Matlab code written by Tim Althaus at the Laboratory of Food Process Engineer-
ing, ETH Zurich. The GUV size x was defined by its diameter parallel to the Pt
wire which was manually measured for each GUV observed on the wire. As this
characterization of GUV size by image analysis can be regarded as a counting tech-
nique, the collected values of GUV diameters were equally weighted by considering
the size distribution functions based on the number of GUVs [305]. The number
weighted logarithmic density distribution function gy(lgz) was calculated according
v n; 1 ZZ‘Z
Yo, e Az lg(exp(1))

and plotted against the GUV diameter z in a semi-logarithmic plot with logarithmic
abscissa. n; is the number of all GUVs in the size range from z; — Ax; /2 to z;+Ax; /2
where Ax; is the interval width and Z; is the mean value of the interval.

The cumulative number distribution function

qo(lg i) (3.2)

o D k=1 Mk

Qo(%‘) = ZZ; .

(3.3)
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was calculated to determine the number weighted median diameter x50 (Qo(x500) =
0.5), as well as the limiting diameters x99 (Qo(z10,0) = 0.1) and 2900 (Qo(z90,0) =
0.9). They denote those GUV diameters where 50%, 10% and 90%, respectively,
of the GUVs in number are smaller than the given diameter. A useful measure to
compare the width of size distributions is the so-called span value given by

Z90,0 — T10,0

spangy = B (3.4)

in the case of number based distribution characteristics.
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3.3 Results and discussion

3.3.1 Large unilamellar vesicles prepared from PEO-b-PMCL

Calcein-entrapped LUVETSs g were prepared from PEQOq3-b-PMClLgsz to study the
ability of the food grade diblock copolymer to (i) form uniform nanometer-sized ves-
icles, (ii) to encapsulate and retain hydrophilic molecules in the aqueous vesicle core
under undisturbed storage conditions, and (iii) to show controlled release properties
under GI stress conditions.

According to earlier systematic studies on aggregate morphologies from PEQO,-b-
PMCL,, in water at varying PMCL block lengths [52, 76], the chosen PEOq3-b-
PMCLgs block copolymer architecture with wpycr, = 0.88 was very likely to pre-
dominantly self-assemble into lamellar sheets and vesicles in concentrated and dilute
dispersions, respectively (Fig. 2.5).

With this perspective, the methods originally described for liposome preparation
could be applied to the vesicle forming synthetic amphiphile [64, 65, 77, 135]. More
specifically, we adopted the most commonly used combination of thin film hydra-
tion, freeze-thawing and repetitive extrusion through, ultimately, 100-nm pore mem-
branes to prepare LUV structures with controlled sizes, i.e. LUVETSs;q, both from
POPC and PEOs3-b-PMCLgs [3, 9, 193, 206]. The hydrophilic fluorescent marker
calcein was added to the hydration medium in which the vesicles were formed.
Finally, the presence and size of calcein-entrapped LUVETs o before and after sep-
aration of free dye molecules by SEC were evaluated by DLS measurements.

For phosphatidylcholines, including the intensively studied model lipid POPC, this
preparation protocol is well known to yield homogeneous and mostly unilamellar
liposomes with a mean diameter that reflects the 100-nm nominal pore diameter of
the filter membrane [9, 15, 208, 209, 219, 299].

TEM: In the frame of this thesis, the reproducible results of the extrusion tech-
nique for liposome preparation have been confirmed in our laboratory [10]. An
example of a well defined POPC LUVET,(, suspension as prepared for comparison
in the present study is shown by the cryo-TEM micrograph in Figure 3.5A provided
by Paul Beck [306].

Cryo-TEM images were also recorded of LUVETS; o prepared from 0.1 w/w% PEOq3-
b-PMClLgs solutions in water following the imaging procedure described in Section
4.2.8. However, at the low polymer concentration of the isotropic regime of PEO-b-
PMCL vesicle dispersions (< 1w/w%; Fig. 2.5) [52], no aggregate structures were
found in the small sample volume of the cryo-TEM specimen. Figure 3.5 includes a
TEM micrograph of an analogous 0.1 w/w% PEQOq3-b-PMCL5y LUVETy, suspen-
sion (wpymer, = 0.87) recorded by our project partner Jorg Braun at the Zentrum
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200 nm

Figure 3.5: Cryo-TEM and TEM micrographs of POPC and PEO-b-PMCL
large unilamellar vesicles. (A) Cryo-TEM micrograph of LUVETSs; oo prepared from
POPC using a 100-nm pore polycarbonate membrane for final extrusion cycles. 15mM
POPC in Millipore water. (B) TEM micrograph of LUVETSsyyy prepared from PEOg3-
b-PMCLs4 using a 200-nm pore polycarbonate membrane for final extrusion cycles.
0.1w/w% PEOg23-b-PMCL34 in Millipore water. wpycr, = 0.87. Part (B) is adapted
from Braun et al. [52] with permission from John Wiley & Sons Inc.

fir Mikroskopie, University of Basel (ZMB), instead [52]. Despite the collapsed
state of vesicles in dried TEM specimens, the image clearly reveals spherical vesicle
structures as the predominant species in isotropic PEO-b-PMCL dispersions with
wpmer > 0.8 [52, 76, 295]. As described by Braun et al. [52] and other authors
studying the same BCP system [76, 295], a few worm-like micelles and membrane
fragments coexist with the bilayered vesicles.

DLS: In this study, the presence of mixed morphologies was also evident from
the DLS results of calcein-entrapped LUVETSs (g prepared from a calcein containing
1w/w% PEOg3-b-PMCLg3 solution (Fig. 3.6).

The volume-weighted size distribution of the PEOy3-b-PMCLgs vesicle suspension
recorded before separation of free dye molecules by SEC was broad and multimodal.
Its primary peak at 106 nm represents the predominant LUVET,(, population, while
the small peak at 35 nm indicates the coexistence of a few micellar structures. The
shoulder arising from aggregate sizes of around 200 to 700 nm can most probably
be attributed to packed vesicle clusters as the dispersion was prepared at the upper
polymer concentration limit of the isotropic regime, i.e. at 1w/w% (Fig. ??7) [52].
Packed vesicles have previously been observed for semi-dilute aqueous block copoly-
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Figure 3.6: Size distributions of calcein-entrapped POPC and PEO-b-PMCL
LUVETs1099. Volume-weighted size distributions of calcein-entrapped LUVETs gy from
POPC (black line) and PEOg3-b-PMCLg3 (gray line) before (dotted line) and after (solid
line) separation of free dye molecules by SEC. Amphiphile concentration before separation:
5mM POPC; 1w/w% PEOQOg3-b-PMCLgs. Amphiphile concentration after separation:
~ 1351uM POPC; « 1W/W% PEO93-0-PMClLgs.

mer solutions. Only at very low concentrations around or even below 1w/w%, they
were reported to detach from each other to form very stable isotropic dispersions
[51, 52, 56].

The average size of the minor micelle population at around 35 nm was in good agree-
ment with the cross-sectional diameters of spherical and wormlike PEO-b-PMCL
micelles described in literature [76, 293|. The persistence of mixed aggregate mor-
phologies resulting from the self-assembly of vesicle forming PEO-b-PMCL in water
was probably influenced by the polydispersity of the polymer molecules comprising
the aggregates [307, 308]. Depending on the hydrophobic block molecular weight,
aggregate morphologies have been reported to progress from spherical to worm-like
micelles and, finally, to bilayers as the number of monomer repeat units in the PMCL
block was increased [76]. This is the classic evolution of aggregate morphologies as
described for other polymeric amphiphile systems in water [309-311]. Additionally
and more importantly than block length polydispersity, the strong hydrophobicity
of bilayer forming block copolymers and the inability of macromolecular exchange
between aggregates are thought to be responsible for the coexistence of mixed mor-
phologies. The aggregate structures initially formed upon hydration of the bulk
polymer in water are kinetically trapped systems that have not reached global equi-
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librium [307, 312, 313].

After separation of non-entrapped calcein molecules by SEC, the size distribution
of the calcein-loaded PEOy3-b-PMCLg3 LUVET g9 suspension practically overlaid
with the narrow, monomodal distribution function of the well defined and ana-
logously prepared POPC sample (Fig. 3.6). This indicates that the passage of
the initial PEO.3-b-PMCLg3 LUVET oy preparation over the Sepharose column not
only successfully separated free dye molecules but also micellar aggregates from the
calcein-entrapped vesicle population. Also, the vesicle clusters detected in the ini-
tial 1 w/w% PEOy3-b-PMCLg3 LUVET) (o dispersion separated into stable isotropic
vesicles upon dilution on the column to a polymer concentration of < 1w/w% [51].
The intensity-weighted mean hydrodynamic diameters D), of the calcein-entrapped
LUVET;y, suspensions from POPC and PEO.3-b-PMCLgs as obtained from DLS
measurements were 112nm and 115nm, respectively. In accordance to the nar-
row size distributions in Figure 3.6, the corresponding polydispersity indices PDI
were low and accounted for 0.06 and 0.11 for the phospholipid and polymer sample,
respectively. Narrow size distributions, i.e. low PDI values, and controlled mean
vesicle sizes that are close to or slightly larger than the filter pore size used for fi-
nal extrusions are characteristic for LUVET;(q suspensions both from phospholipids
[3, 9, 10, 15, 208, 209] and amphiphilic block copolymers [65, 135, 314, 315].

Summary: The previous morphological studies on PEO-0-PMCL aggregate struc-
tures by Zupancich et al. and Braun et al. [52, 76] and our DLS results for calcein-
loaded POPC and PEOy3-0-PMCLg3 LUVET g suspensions, including the overlay-
ing monomodal size distributions and the consistent mean hydrodynamic diameters,
confirm the successful formation of defined LUVETs gq from PEOy3-b-PMClLgz by
the applied preparation procedure.

3.3.2 Release properties of large unilamellar PEO-b-PMCL
vesicles

The vesicular structure of PEOy3-b-PMCLg3 LUVETS; oo was further demonstrated
by its ability to encapsulate highly hydrophilic substances in the membrane-confined
aqueous core. Due to the selective permeability of the self-assembled amphiphilic
bilayer, the negatively charged and water-soluble fluorescent dye calcein could be
entrapped in the aqueous interior of osmotically balanced vesicles at a high self-
quenching concentration. As described earlier [19, 117, 296, 299, 301, 315], this
allowed to directly monitor the permeation of calcein across the vesicle membrane
as an increase in fluorescence intensity upon release and dilution, i.e. dequenching,
of the dye into the external medium.
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The following two sections present the release kinetics of the marker molecule cal-
cein from PEQOq3-b-PMCLgs and standard POPC LUVETSs ¢y measured under un-
disturbed and gastrointestinal stress conditions, respectively.

Passive permeability of polymeric PEO-b-PMCL and standard POPC vesicle
membranes

The ability of PEOg3-b-PMCLgs polymersomes to retain a molecular cargo during
storage was examined by measuring the spontaneous release of calcein from PEQOq3-b-
PMCLgz LUVETSs; o under undisturbed conditions. The observed stability in terms
of load retention was compared to that of conventional phospholipid LUVETSs;q
prepared from POPC.

Results: Figure 3.7 shows the time courses of the percentage of passive calcein
release from the calcein-entrapped POPC and PEOg3-b-PMCLg3 LUVETSs o9 during
a storage time of 10 hours at room temperature. Following the lipid membrane
permeability study by Shimanouchi et al. [19], the behavior of calcein release from
the bilayered vesicles was analyzed by a first-order kinetic according to:

R(t) - Rmax<1 - exp(—kt)) (35)

The apparent rate constant k for calcein permeation across the vesicle membrane
was extracted from the best fit of Eq. 3.5 to the experimental data (Fig 3.7). It was
found to be 9.4 x 107°s™! and 6.9 x 107°s~! for the POPC and PEOy3-b-PMCLgs
membranes, respectively. The corresponding apparent permeability coefficient P to
calcein was then calculated from the relation P = (Dy/6)k derived from a com-
mon model for solute permeation across vesicular membranes [115, 118, 316]. As
described in the previous section, the mean hydrodynamic diameter D) was 112nm
and 115 nm for the POPC and PEOg3-b-PMCLg3 LUVET oo samples, respectively.
The results for passive calcein permeability across POPC and PEQOg3-b-PMClLgs ves-
icle membranes, measured at room temperature and pH 7.4, were 1.7 x 10 ¥ nms~*
and 1.3 x 102 nm s, respectively.

Passive permeability obtained for POPC vesicles vs. literature values: The P
value obtained for passive calcein permeation through the POPC membrane was
almost one order of magnitude higher than that reported by Shimanouchi et al. for
the same loaded vesicle system under comparable experimental conditions (pH 7.5,
T=25°C; P=19x10"*nms™') [19].

Increased temperatures during repeated exposure of the analyte solution to the light
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Figure 3.7: Passive permeability of POPC and PEO-b-PMCL vesicles. Time
courses of the percentage of passive calcein release (Eq. 3.1) from calcein-entrapped
LUVETs; from POPC (@) and PEOg23-b-PMCLg3 (m). pH = 7.4; T' &~ room temperature.
Fluorescence spectra recorded at Aex = 490nm and analyzed at Aey, = 515nm. Analyte
solution in the cuvette before addition of 20 pL 5 w/v% Triton: Total volume = 3000 nL;
[POPC] =~ 0.77uM; [PEOg23-b-PMCLg3] < 1w/w%; internal [calcein] = 80mM, total
[calcein] ~ 200nM. Solid lines represent best fit curves to the experimental data using
Eq. 3.5 with R? = 0.981 (POPC; —) or R? = 0.947 (PEOg3-b-PMCLg3; —). Results
represent the values of a single experiment.

source of the fluorescence spectrometer have probably contributed to a slightly en-
hanced calcein permeablility measured in the present work [19, 100, 104]. However,
the considerable discrepancy between the P values for POPC membranes reported
here and in literature can not solely be attributed to the lack of temperature control
during fluorescence measurements. This becomes apparent from the literature values
of calcein permeability from POPC LUVETs;o, measured at elevated temperatures
(e.g. T =50°C, P~ 1.2x 10" nms™!) [19] which were still lower than our result
obtained at room temperature (P = 1.7 x 10~® nms™!). Apart from incubation tem-
perature, solution pH, and the resulting valency of slightly acidic marker molecules,
including calcein, carboxyfluorescein, and 5,5’-dithiobis-2-nitrobenzoic acid (DTNB)
[17, 112, 317], the permeability of such a marker molecule across a specific vesicle
bilayer is influenced by a number of other factors. Among these are the composition
and ionic strength of the internal and external buffer solutions [112, 301, 317, 318],
the resulting bilayer surface charges [109], the presence of an osmotic gradient across
the bilayer [301, 319, 320], as well as counter ion permeability in the case of charged
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marker species [100, 321].

Indeed, the lower permeability coefficient of calcein across POPC membranes re-
ported by Shimanouchi et al. was determined from isotonic release measurements
using the tetra sodium salt form of calcein [19], whereas calcein disodium salt was
used in the otherwise similar experimental protocol of the present study. At the
neutral pH of the employed buffer solutions (pH 7.5 and pH 7.4, respectively), both
calcein forms carried approximately the same amount of multiple negatively charged
groups (see Fig. 3.2 for the structure and pKa values of calcein) [317]. Therefore,
it can be assumed that the encapsulated calcein molecules themselves did not differ
in permeation rate-determining hydrophilicity and solubility in the POPC bilayer.
However, the apparent permeability coefficient P of calcein with a tetra sodium salt
form was very likely to be decreased due to its association with a larger amount
of Na™ counterions which permeate lipid membranes at considerably lower rates
(P~ 107710 nms~!) [100, 113, 114]. The permeation of anionic fluorescent dye
and charged molecules, in general, across lipid bilayers is always coupled to the
movement of counterions which restore transmembrane electrical balance. As a con-
sequence, the permeability of counterions substantially influences the flux rate of
the diffusing dye [100, 321].

For the same reason of the dependence of ion permeation on counterion permeabil-
ity, the release rate of vesicle-encapsulated calcein is also dependent on internal and
external buffer compositions [112, 317, 321], which were different in the iso-osmotic
systems investigated by Shimanouchi et al. and in the present study [19]. Compared
to their experimental setup exhibiting a large inward Na™ concentration gradient,
our system disposed of practically balanced Na® concentrations, a larger outward
Cl™ concentration gradient, and a reduced inward gradient in terms of ionic strength.
All of these gradients further contribute to enhanced release rates of calcein from
lipid vesicles as they promote the permeation of more mobile CI™ counterions into
the vesicles (P ~ 10~*nms™!) instead of the calcein-coupled efflux of less permeable
Na™ from the vesicles to maintain electroneutrality [100, 114].

Given that the experimental conditions were not exactly the same (salt form of cal-
cein, buffer compositions), the calcein permeability from POPC LUVETSs;oy determ-
ined as reference value for lipid vesicles in this study (P = 1.7 x 10~® nm s™!) can be
taken as comparable with that reported by Shimanouchi et al. (P = 0.2 x 107> nms™!)
[19]. Our result was also in line with the P values of egg PC VETsyqy to the less
negatively charged trivalent anion 5(6)-carboxyfluorescein (P ~ 0.5 x 1073 nms™!)
[109], as well as to the smaller divalent anion DTNB (P = 60 x 103 nms™!) [17],
both also determined at neutral pH and T = 25 °C.

Passive permeability of PEO-b-PMCL vs. POPC vesicle membranes: As for
the PEOqy3-b-PMCLg3 membrane, calcein permeabilty was found to be decreased
by a factor of 1.3 compared to that measured across the POPC bilayer (P =
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1.3x 103 nms™! and 1.7 x 107> nms™!, respectively). With a first regard to the
12-fold higher molecular weight of PEO,3-0-PMCLgs than that of POPC, one would
expect the permeability of PEOy3-b-PMClLgs vesicles to be reduced by several factors
rather than being within the P range of POPC vesicles.

Owing to the increased membrane thickness resulting from the self-assembly of
high molar mass copolymers, polymersomes are often described to be less per-
meable to small hydrophilic solutes than their thin-walled phospholipid analogs
[12, 16, 65, 78, 117, 154, 322, 323]. Among the generally limited number of poly-
mersome permeability studies, this assumption can be evaluated by comparing the
various permeability coefficients to water reported in liposome and polymersome
literature, as has been done by Discher et al. and Carlsen et al. [12, 99]. Indeed, the
P values for water across polymer membranes with hydrophobic core thicknesses of
dc ~ 10nm formed from PMOXA-b-PDMS-b-PMOXA (P = 0.8ums™1) [78, 322],
PEO-b-PEE (P = 2.5pms™") [12], and PEO-b-PBD (P = 3.1ums™ ') [99] were
found to be at least ~ 1 order of magnitude below those reported for lipid mem-
branes in the fluid state composed purely of mono- and dimono-unsaturated PCs
with acyl chain lengths of 14 to 18 carbon atoms (d¢c ~ 3nm, P ~ 20-80 pms™!)
[13, 108, 300]. Similarly, the release of doxorubicin from PS-b-PAA vesicles with
a wall thickness of approximately 30 nm was described to be considerably smaller
than that measured earlier from egg PC liposomes [323, 324].

It has to be noted, however, that none of the studies mentioned above have reported
on quantitative permeability results for both polymeric and lipidic membranes to
a specific solute under constant experimental conditions which would allow for a
more direct comparison of polymersomes and liposomes in terms of load retention.
Also, the assumption of decreased membrane permeabilities of polymersomes has
especially been confirmed for polymers comprising a hydrophobic block moiety with
a relatively high glass transition temperature. These polymers self-assemble into
stiff vesicle membranes [99] that are, in the case of T, > room temperature, even
in a glassy state during release measurements at room temperature [323]. In con-
trast, more flexible polymer membranes, e.g. from PEO-¢g-PDMS with d¢ ~ 5nm
and Ty = —123°C, exhibited comparable water permeabilities to those of lipid mem-
branes in the fluid state (P = 28 pms™!) [99]. PEO-b-PBO and PEO-b-PBO-b-PEO
vesicles were even shown to be one order of magnitude more permeable to DTNB
than egg PC liposomes at neutral pH, which was attributed to the more hydrophilic
nature of the polyether membranes [17].

The wide range of permeability coefficients reported for polymersomes relative to
those of liposomes indicates that permeation of a specific solute across polymer
membranes is not only influenced by the well-known effect of molecular polymer
weight and resulting membrane thickness. Polymersome permeability also depends
on the fluidity [99, 103, 115, 323, 325] and the relative polarity of the hydrophobic
membrane core [17, 103, 115, 117], as well as on the polymeric membrane structure,
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3.3 Results and discussion

including the degree of coil formation, chain entanglement, and interdigitation within
the membrane as opposed to a stretched and ordered bilayer structure [17, 60, 99].
All of these factors enter the simple solubility-diffusion model that describes the
passive permeation of solutes across vesicle membranes following Fick’s first law and
considering the bilayer as a homogeneous barrier of thickness dg [101, 326, 327]:

_sD
s

Here, S is the solubility or partition coefficient of the solute between the membrane
and the aqueous phase, while D represents its diffusion coefficient within the mem-
brane. According to Eq. 3.6, the solubility-diffusion model considers the entry of a
specific solute into the membrane and its diffusion through the membrane as possible
rate-limiting steps for permeation, as measured by S and D, respectively. While the
fluidity and order of the vesicle membrane primarily influence vesicle permeability
via D, the S dependence of P is mainly determined by the relative polarity profile
of the membrane interior.

Fickian diffusion behavior of anionic marker molecules similar to calcein through ves-
icle membranes, with the permeation rate being inversely proportional to the mem-
brane thickness at a given chemical composition of amphiphiles, has been demon-
strated for both polymersomes [17] and liposomes [328]. Also, water-soluble fluores-
cence probes with multiple negative charges, including calcein, have been suggested
to permeate lipid vesicle membranes in the gel or liquid-crystalline state by the
simple solubility-diffusion mechanism rather than through transient pores or lipid
packing defects within the bilayer [19, 329]. This allows us to discuss the permeabil-
ity results for POPC and PEQOq3-b-PMCLgs vesicles obtained from the spontaneous
release of calcein based on the considerations outlined above.

Following the linear scaling of the hydrophobic membrane thickness d¢ with the
number of PMCL units described for PEOy3-b-PMCL,, lamellar phases, dc and dg
of the PEOg3-b-PMCLgs membrane can be estimated to be around 17 nm and 23 nm,
respectively [52, 152]. The corresponding literature values for POPC bilayers are
dc = 2.7nm and dg = 3.7nm [300]. If the permeation rate across the two membrane
systems was only dependent on total or hydrophobic membrane thickness, the per-
meability of PEOg3-b-PMCLg3 membranes would be expected to be approximately
6 times lower than that of POPC bilayers. This is not the case as indicated by
the small factor of 1.3 found between the P values of PEOq3-6-PMCLgs and POPC
LUVETSsqqp.

According to the solubility-diffusion model (Eq. 3.6), the effect of the increased
bilayer thickness of PEQOg3-b-PMCLgs vesicles on membrane permeability is com-
pensated by higher partition and diffusion coefficients for calcein within the polymer
membrane compared to those resulting in the interior of the POPC membrane. The
higher partition coefficient of the PEO93-0-PMClLgs system can be rationalized in
terms of the weaker hydrophobicity of the polyether membrane compared to the

P (3.6)
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3 Vesicles from food grade amphiphilic block copolymers

aliphatic lipid membrane (Fig. 3.1 and Tab. 4.3). At the same time, diffusion
of small solutes through the PEOg3-b-PMCLg3 membrane seems to be facilitated
due to differences in the polymeric and lipidic membrane structures. In a previous
study on PEOg3-b-PMCL,, lamellar phases with m ranging from 25 to 54, the hy-
drophobic chains within the lamellae were considered to be in a partially stretched
conformation, but showed a tendency to coiling at higher numbers of PMCL units
[52]. With m = 63 in the PEOg3-b-PMCL,, polymer under investigation, the hy-
drophobic blocks within the PEOy3-b-PMCLgz membrane can be assumed to be
partially coiled. Chain coiling leads to a lower packing density of the self-assembled
block copolymers and promotes the entanglement and interdigitation of the hydro-
phobic chains in the membrane core [60]. As a consequence, the diffusion coefficient
of small molecules in the more disordered and less densely packed PEOy3-b-PMClLgs
membrane is increased compared to ordered lipid bilayers.

Summary: This is the first example to our knowledge in which the passive per-
meabiltiy of PEO-PMCL vesicles has been analyzed, and the first to quantitatively
measure calcein permeability from polymersomes in general. Although the molecu-
lar weight and the membrane thickness of the PEOq3-b-PMCLg3 membrane studied
in this work were several times larger than those of a conventional POPC bilayer,
the permeability coefficients obtained for the two vesicle systems were rather sim-
ilar (P =13 x102nms™! and 1.7 x 10~® nms™!, respectively). This revealed the
influence of the nature of the hydrophobic block moiety and the architecture of the
self-assembled polymer membrane on polymersome permeabiltiy as discussed in this
section.

Bile salt-induced permeability of polymeric PEO-b-PMCL and standard
POPC vesicle membranes

The controlled release of encapsulated active components from vesicle carriers is
equally important in delivery-release applications than their ability to retain the
cargo during storage and transport to the site of activation. Therefore, after study-
ing the passive permeabiltiy of PEOy3-b-PMCLgs vesicles, we tested the release
properties of the food grade polymersomes under gastrointestinal stress conditions.
More specifically, the calcein-entrapped PEOg3-b-PMCLg3 LUVETSs oo were exposed
to bile salts added to the external iso-osmotic buffer solution and the bile salt-
induced release kinetics of calcein were followed by fluorescence spectroscopy. The
concentration of bile salts in the external medium was set at 7mM which reflects
the lower and upper range of bile salt concentrations in the human duodenum after
ingestion of a meal and in the fasted state, respectively [330, 331]. The bile salts
employed consisted of an approximate 1:1 mixture of sodium cholate and sodium
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Figure 3.8: Bile salt-induced permeability of POPC and PEO-b-PMCL ves-
icles. Time-courses of calcein release induced by the addition of bile salts to calcein-
entrapped LUVET g suspensions from POPC (—) and PEOg3-b-PMCLg3 (—). pH =
7.4, T =~ room temperature. Fluorescence intensity measured at Aex = 490nm, Aey =
515nm, and 3s time intervals. Analyte solution in the cuvette after bile salt addition:
Total volume = 3000 pL; [POPC] ~ 0.76 uM; [PEO23-b-PMCLg3] < 1w/w%); internal
[calcein] = 80mM, total [calcein] ~ 200nM; [bile salts] = 7.08 mM. [Triton] = 0.53 mM
after addition of 20 pnL 5w /v% Triton.

deoxycholate which, in addition to chenodeoxycholate, make up the major compon-
ents of bile salts in humans [332].

Again, the results obtained for the polymer vesicles were compared to the bile salt-
induced release behavior of standard POPC vesicles measured under the same expe-
rimental conditions.

Results: Figure 3.8 shows the time courses of calcein release induced by the addi-
tion of bile salts to the calcein-entrapped POPC and PEQOq3-b-PMCLg3 LUVETS oo
over an incubation time of 40 min at room temperature. In addition to the bile
salt-induced release kinetics reflected by the increase in fluorescence intensity (I(¢);
t = 5-45min), the measurement curves include the constant background and total
fluorescence intensities of the calcein-entrapped vesicle suspensions before bile salt
addition (Ip; ¢ = 0-bmin) and after excess Triton addition (lioa; t = 45-60 min),
respectively.
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3 Vesicles from food grade amphiphilic block copolymers

The time course obtained from the POPC sample had the form of a step func-
tion with the fluorescence intensity of the calcein-loaded vesicle suspension abruptly
jumping to a maximum value upon bile salt addition. Increasing incubation time
did not lead to further increase in fluorescence intensity. Instead, the curve slowly
decayed with time, possibly due to photobleaching of the fluorescence dye under the
continuous exposure to light. The addition of excess Triton to ensure total calcein
release at the end of the experiment resulted in a shift of the fluorescence intensity
to a lower plateau reflecting a simple dilution effect due to Triton solution addition.
The overall time course shows that the addition of external bile salts at duodenal
concentration triggered an immediate and complete release of trapped material from
the POPC vesicles in the analyte solution.

In contrast, the release profile of calcein from the PEOy3-b-PMCLgs LUVETSs o re-
vealed a gradual release behavior of molecular cargo from the polymer vesicles in
the presence of external bile salts following a first-order kinetic over an incubation
time of approximately 30 min. The fraction of calcein released 30 min after the ad-
dition of bile salts also corresponded to the total amount of initially loaded calcein.
This was indicated by the plateau of the fluorescence intensity at incubation times
> 30min, as well as by the shift of this plateau to a lower value upon excess Triton
addition.

Interactions of bile salts with POPC membranes: The presented release meas-
urements were performed on very dilute vesicle suspensions due to the high sensit-
ivity of fluorescence measurements and the requirement of performing quantitative
calcein release experiments in the linear range of fluorescence intensity vs. total
calcein concentration (see Sec. 3.2.3 and Fig. 3.4 in Materials and Methods). This
resulted in a very high bile salt to lipid molar ratio R in the POPC analyte solu-
tion after addition of bile salts at duodenal concentration (R = 9300), which is well
known to induce lipid bilayer solubilization ([181] and references therein; see also
Background Sec. 2.4.4). For various mixtures of phosphatidylcholine vesicles and
the bile salt sodium cholate, the effective bile salt to lipid molar ratio in the vesicle
bilayer resulting in complete vesicle solubilization, R, was reported to be smaller
than 1 [176, 178, 182, 183]. Therefore, with the molar ratio of bile salt to POPC in
the analyte solution being far above unity, the fast and complete calcein release de-
tected from the POPC vesicles can directly be related to complete bile salt-induced
vesicle solubilization.

The immediate and strong response of the fluorescence intensity of the calcein-
entrapped POPC vesicle suspension to bile salt addition (Fig. 3.8) also shows that
the transition kinetics for this vesicle-to-micelle transformation were very fast in
the case of POPC vesicles. This can be attributed to the high membrane fluidity
of PC bilayers in the liquid-crystalline state and to a fast transbilayer movement
(flip-flop) of bile acids across these bilayers. The latter process is a critical step
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in the mechanism described for a relatively rapid detergent-induced solubilization
of lipid bilayers: It is initialized by a fast penetration of detergents into the outer
monolayer and proceeds through the flip-flop mediated transmembrane equilibration
of detergents between the two monolyers to bilayer saturation and, finally, to bilayer
solubilization [179, 184, 333].

Interactions of bile salts with PEO-b-PMCL membranes: The exact concentra-
tion of PEQO.3-b-PMCLgs in the polymer analyte solution was not known, since this
parameter had not been analyzed in the purified, calcein-entrapped polymersome
suspension collected after separation and concomitant dilution on the SEC column.
However, considering the concentration of PEOy3-b-PMCLgz in the initial unpuri-
fied vesicle suspension (~ 1.1 mM) and that of bile salts subsequently added to the
purified vesicle suspension (7mM), the molar ratio of bile salts to vesicle-forming
BCPs in the PEOy3-b-PMClLgs analyte solution can be estimated to also be well
above unity. Therefore, it is very likely that the PEOy3-b-PMCLgs vesicles in the
investigated suspension were also solubilized in the presence of external bile salts at
duodenal concentration.

With this regard, the gradual release profile of calcein observed from the PEOq3-b-
PMCLgs vesicles can be explained by much slower kinetics of the bile salt-induced
vesicle-to-micelle transformation of polymer membranes compared to those involved
in the fast detergent solubilization of lipid bilayers. Apparently, the structure of
the PEOy3-0-PMCLgs membrane did not allow for the fast flip-flop-mediated mech-
anism of bilayer solubilization. It was rather disintegrated by a slow process that
proceeds via formation and detachment of mixed micelles from the outer monolayer
[179, 181, 184]. The shedding of mixed micelles from closed vesicles results in par-
tial vesicle solubilization, i. e. increased membrane permeability, as indicated by the
release behavior of the PEOy3-b-PMCLgs vesicles in the presence of bile salts [179].
The recorded bile-salt induced leakage profile does, however, not allow to draw any
conclusion on whether or not the PEO93-0-PMClLgs vesicles were completely solu-
bilized by the time of complete calcein release at ¢t ~ 30 min.

Summary: The comparison of the release behavior of PEOg3-b-PMCLg3 and POPC
vesicles in the presence of bile salts again demonstrated the role of bilayer architec-
ture in the permeability properties of vesicle membranes. The obtained results
confirm the less ordered and entangled structure, as well as the higher resulting
rigidity of the thicker PEOy3-b-PMCLg3 membrane compared to the highly ordered,
fluid-like POPC bilayer. All of these structural and physical properties decrease the
mobility of bile salts in the polymer membrane and prevent its fast flip-flop mediated
solubilization.
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3 Vesicles from food grade amphiphilic block copolymers

Closing remarks: Some important remarks about the release studies described in
this section need to be added. In the bile salt-induced release measurements, the
decrease in fluorescence intensity detected upon Triton addition was considerably
larger than that expected from the small decrease in calcein concentration due to
sample dilution (dilution factor: 1.007) (Fig. 3.8). This singularity was not observed
in the previous release experiments under undisturbed conditions and can not be
explained at this stage. The apparent mismatch in linearities between fluorescence
intensity and free calcein concentration did not allow to draw any quantitative con-
clusions from the bile salt-induced release measurements. Nevertheless, the bile salt-
induced calcein release profiles clearly indicated that the encapsulation efficiency of
the PEOq3-b-PMCLg3 LUVET o suspension was much lower compared to its POPC
analogue (Fig. 3.8). In fact, the encapsulation efficiency of calcein into PEOgs-b-
PMCLgs vesicles was very low, considering the dilutions of the calcein-entrapped
POPC and PEQO.3-0-PMCLgs LUVET; oo suspensions by factor 175 and 1, respect-
ively, prior to release measurements.

The poor loading efficiency of hydrophilic cargo into the PEOq3-0-PMCLgs vesicle
suspension can partially be attributed to the formation of micellar structures and
membrane fragments, in addition to the predominant vesicle morphology, upon hy-
dration of PEO-b-PMCL with wpper > 0.8 in aqueous solution (Fig. 3.5) [52, 76,
295]. Here, the low encapsulation efficiency was also the result of a small overall
yield of calcein-entrapped PEQs3-0-PMCLg3 LUVETSs;o¢ obtained from the prepar-
ation protocol used. The small yield is indicated by the minor peak in the elution
profile of the PEOy3-b-PMClLgs vesicle fraction compared to that recorded from the
eluted POPC vesicles (Fig. 3.3.). It is likely that the hydration time of 24 h did not
allow for the complete hydration and dispersion of the lamellar polymer film in the
aqueous phase. Previous works studying the self-assembly structures of amphiphilic
block copolymers, including PEO-b-PMCL, in aqueous solution allowed for sample
hydration and equilibration of at least 1 week [52, 56, 76]. Optimization of the pro-
tocols used in this study, both for the synthesis of PEO-b-PMCL polymers and for
the subsequent preparation of nanometer-sized vesicle suspensions, should be con-
sidered to gain control over the self-assembly of the amphiphiles into well-defined
vesicle structures and to increase encapsulation efficiency.

3.3.3 Giant unilamellar vesicles prepared from PEO-b-PMCL

The ability of PEO-0-PMCL copolymers with wpycr, > 0.8 to self-assemble into
vesicle membranes in aqueous solution was further evidenced by generating and
directly visualizing micrometer-sized GUVs from PEQ.3-0-PMCLsy with wpyer, =
0.86.

Vesicle samples were prepared both from standard POPC and from the food grade
diblock copolymer using one of the most popular, established, and reproducible

86



3.3 Results and discussion

methods for GUV formation, i.e. the electroformation method [5, 222, 227] (Sec.
2.5.5). The homemade investigation chamber used contained two parallel Pt wire
electrodes where GUV growth was induced from a thin amphiphile film in aqueous
solution and in the presence of an ac electric field [226] (Fig. 2.10). This allowed the
real time observation of the swelling of the amphiphile film, of the eventual bending
of lamellar sheets and, finally, of the growth of GUVs by light microscopy [191, 223].
Whereas the lipid GUVs from POPC were easily obtained by setting the electric field
parameters within the range typically applied for phospholipids (10 Hz, 2V, 90 min
in this study) [191, 226, 334], the synthetic GUVs from PEOs3-b-PMCLj5, could only
be formed after adjusting the standard electroformation protocol as follows. The
polymer film was hydrated at relatively low voltage for a prolonged swelling time by
gradually increasing the voltage from 0.1 to 2V during the first 60 min and keeping
it constant for another 60 min. GUV growth was then promoted at higher voltage for
a second period of 2 hours by further increasing the voltage from 2V to 3V within
30 min and holding it at 3V for the next 90 min. The frequency of the ac electric
field was kept constant at 10 Hz throughout all electroformation experiments.

The obtained GUVs were visualized by phase contrast LM and characterized by
statistical image analysis in terms of number-weighted vesicle size distributions.

Results: Figure 3.9 shows highly uniform, spherical GUVs that were successfully
formed at the surface of the Pt wires, not only from conventional POPC (Fig. 3.9
A-B) but also from the PEOg3-b-PMCLjsg copolymer (Fig. 3.9 C-D), using the stand-
ard and adapted electroformation protocols, respectively. The obtained lipid and
polymer GUVs were similar in size with diameters usually ranging from about 3
to 50 pm (Fig. 3.10). In some experiments, the giant POPC vesicles even grew up
to a maximum diameter of around 90 pm. These observations are consistent with
previous reports on the size range of electroformed liposomes [191, 226, 230] as well
as polymersomes [12, 65, 335].

The number-weighted diameter distributions of populations of POPC and PEOq3-
b-PMCL5y GUVs detected and analyzed after one representative electroformation
experiment are shown in Figure 3.10. They were rather narrow and monomodal,
as expected for electroformed vesicles [65, 191, 230]. The derived distribution para-
meters, including the number-weighted median diameter x50 ¢ and span, value (Egs.
3.3 and 3.4), were comparable for the lipid and polymer GUV populations. They
accounted for 12.4 pm and 14.3 pm and for 1.51 and 1.74, respectively.

Pathways of GUV formation from PEO-b-PMCL and POPC films: The ob-
served formation of GUVs from the dry amphiphile films is a direct proof for the
ability of both POPC and PEQOg3-b-PMCLs, to self-assemble into lamellar phases
and vesicle membranes in concentrated and dilute aqueous solutions, respectively,
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Figure 3.9: LM micrographs of electroformed POPC and PEO-b-PMCL GUVs.
GUVs electroformed on a Pt wire from POPC (A-B) and PEOg3-b-PMCLj5 (C-D) in buffer
solution (0.5 mM HEPES, 0.5 mM EDTA, pH 7.4). Electroformation POPC: 10Hz, 2V,
90 min. Electroformation PEQO93-6-PMCL5g: 10Hz; 60min at 0.1-2V, 60min at 2V,
30min at 2-3V, and 90 min at 3V. T" = room temperature. Scale bar = 20 pm.
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Figure 3.10: Size distributions of electroformed POPC and PEO-b-PMCL
GUVs. Number-weighted size distributions of the electroformed GUVs prepared from
POPC (black line) and PEOy3-b-PMCL5o (gray line) and shown in Figure 3.9. Solid
lines: Distribution functions calculated from statistical image analysis of LM micrographs.
Dotted lines: Lognormal fits to the measured data.
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as illustrated in the corresponding phase diagrams of equilibrated amphiphile-water
mixtures as a function of concentration (Fig. 2.5) [47, 52].

According to earlier studies on the hydration kinetics of thin films of vesicle form-
ing block copolymers by Battaglia and coworkers [57, 336], hydrating amphiphile
films proceed through the entire phase sequence described for the corresponding
amphiphile-water mixtures under equilibrium conditions as water diffuses into the
film, both in the absence and presence of an ac field. Thereby, the initial swelling
rate is controlled not only by the diffusion of water into the amphiphile assembly
but also by the series of phase transitions that take place within the film as the
water content increases. For the PEOy3-0-PMCLsy copolymer investigated here,
these phase transitions lead from the disordered polymer melt through (i) an in-
verse hexagonal phase to (ii) a lyotropic lamellar phase, before the stacked lamellae
unbind to transform into vesicles, that is (iii) an isotropic lamellar phase (Fig. 2.5B)
[52]. In contrast, the morphologies of low molar mass phosphatidylcholines only
evolve into (i) lyotropic and (ii) isotropic lamellar phases, i.e. vesicles, upon diffu-
sion of water into the bulk phase (Fig. 2.5A) [47]. Application of an ac electric field
during thin film hydration facilitates GUV formation by strongly enhancing both
the diffusion of water into the amphiphile film and the unbinding of lamellae for
subsequent GUV growth [57, 191, 223, 227].

Kinetics of GUV formation from PEO-b-PMCL and POPC films — Polymer
and lipid membrane properties: The longer hydration time required in our elec-
troformation experiments for the initial swelling of the PEOy3-b-PMCLj5q film com-
pared to the almost immediate hydration of the POPC film can be explained based
on the pathways and mechanisms of vesicle formation upon thin film hydration out-
lined above. The diffusion and phase transition processes within the amphiphile
film were much slower for the high molecular weight copolymer because of its higher
hydrophobic content and lower mobility. In addition, PEOgy3-b-PMCLj5, proceeds
through a larger number of necessary phase transitions from the bulk amphiphile to
unbound lamellae than POPC which further slowed down the initial swelling kinet-
ics of the polymer film [57].

To promote the growth of GUVs from the swollen lamellae the PEOg3-b-PMCLs
film had to be subjected to a higher driving voltage (3V) than that typically ap-
plied to phospholipids (1-2 V) [191, 226, 334]. This higher resistance of the polymer
membrane to vesicle growth can directly be related to its increased thickness, the
higher bending rigidity, and the lower membrane fluidity as described in a previous
study on the growth behavior of GUVs during electroformation [191]. The higher
rigidity of the PEOy3-b-PMCL59 membrane became also directly apparent from mi-
croscopic observations of growing GUVs during the electroformation experiments.
Adjacent polymer GUVs were more resistant to electric field-induced lateral fusions
than the thin-walled, fluid-like GUVs from POPC (see for example the closely joined
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PEOy3--PMCLs5q GUVs at the right side of Figs. 3.9C and D) [228].

Relation of membrane properties and electroformation conditions required for
GUV formation: The relations between the driving voltage required for electro-
formation, the resulting growth behavior of GUVs, and the physicochemical prop-
erties of vesicle membranes are also revealed from earlier electroformation protocols
reported in literature.

Phospholipid GUVs are not formed under standard electroformation conditions
(10Hz, 1-2V) if the bilayers are in the gel state, that is if the temperature 7" during
electroformation is below the main phase transition temperature 7T}, of the phosphol-
ipid used [191]. Similarly, the electroformation method is inefficient in generating
giant polymersomes from glassy lamellar films (7" < T,) composed for example of
rigid (rod-rod) or rigid-flexible (rod-coil) diblock copolymers with high 7}, hydro-
phobic chains [75]. On the other hand, the energy supplied by the ac electric field of
appropriate voltage allows to overcome the kinetic barrier to vesicle formation from
lipid and polymer films if the membranes are in a fluid state, i.e. T' > T, and T,
respectively. This was the case for the POPC (T3, = —2.5°C) and PEO-b-PMCL
(Iy ~ —60°C) amphiphiles used in this study [54, 136] (see Background Section
2.3.1 for the temperature dependent phase states of lipid and polymer bilayers).
As observed and discussed in the frame of our own experiments, the necessary driv-
ing voltage for the electroformation of more resistant polymer GUVs is usually higher
than that commonly applied to phospholipids (1-2V) [191, 226, 334]. Depending
on the fluidity of the polymer membrane, the typical voltages range from 4 to 10V,
while the frequency is kept at 10 Hz as for phospholipids [12, 57, 103, 123, 231, 232].
Rodriguez-Garcia et al. applied for example 9V to highly hydrophobic PEO-b-PBD
to form relatively rigid and little permeable giant polymersomes, whereas flexible
and highly permeable GUVs from water soluble PEO-b-PPO-b-PEO (Pluronics)
were already obtained at 5V [103]. Similarly, increasing driving voltages of 3.6-
8.0V have been applied to a set of PEO-b-PBD polymers of increasing molecular
weights to generate GUVs that were characterized by increasing bilayer thicknesses
and decreasing susceptibility to electrodeformation [231]. In addition to the energy
input from the ac electric field, the highest M,, sample had to be heated to 60 °C to
allow for vesicle formation, while the low M,, polymersomes were grown at room tem-
perature. In contrast, Reiner et al. reported on the electroformation of GUVs from
an even manifold higher M,, PEO-b-PBD at 10V without the necessity of heating.
However, this was only possible after an extensive electroformation time of 18 h and
after increasing the fluidity of the high M,, PEO-b0-PBD membrane by incorporat-
ing a small fraction of the detergent-like Pluronic F-127 (PEO-b-PPO-b-PEO) [233].
Dimova and coworkers also prepared and characterized GUVs from PEO-b-PBD but
with a relatively low molecular weight. These GUVs formed within less than 30 min
at room temperature and at a driving voltage of 9V as described in their widely used
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electroformation protocol for the preparation of giant polymersomes [123]. Applica-
tion of lower voltages close to those typically used for phospholipids (=~ 800 mV) also
yielded giant PEO-b-PBD vesicles, but the growing times were significantly longer
(about 3h) and the resulting GUVs were smaller.

Based on these earlier electroformation reports, the total electroformation time of 4 h
required for the preparation of PEOy3-0-PMCL5y GUVs under the electroformation
conditions used here could probably be reduced by increasing the driving voltage
during the growth phase from 3V to around 10V. This would likely result in a
shorter growth time which currently accounts for 2h. The initial swelling of the
PEOy3-b-PMCLj, film is still recommended to be conducted at gentle voltages of
up to 2V for a swelling time of around 2h as suggested by the protocol developed
in this study.

Summary and outlook: In addition to the dye encapsulation and release studies
on PEQOg3-b-PMCLg3 LUVETSs oo reported in the first part of this chapter, the ac
electric flied-assisted growth of GUVs from the PEOy3-0-PMCLj5q film presented in
this section was another, this time direct and visual, proof of the ability of the in-
vestigated PEO-b-PMCL polymers to self-assemble into vesicle membranes in excess
aqueous solution.

At the same time, this work provides the first protocol for the successful electroform-
ation of GUVs based on the biocompatible and biodegradable PEO-b-PMCL diblock
copolymer. An earlier study has already reported the formation of giant PEO-b-
PMCL polymersomes using the w/o/w double emulsion transformation method [5].
It involved the production of a well defined, polymer stabilized w/o/w double emul-
sion in a microfluidic flow focusing device, followed by evaporation of the volatile oil
phase [337]. This method generally allows a precise control over the final size of the
giant vesicles and a highly efficient encapsulation of water soluble molecules, includ-
ing macromolecules, in the vesicle lumen [338-340]. However, the obtained vesicle
membranes are often heterogeneous in terms of lamellarity, amphiphile aggregates
associated with the membrane, and residual solvent trapped inside the membrane
and, hence, show altered membrane properties [5, 337-339].

In contrast, the electroformation technique is well known to generate homogeneous,
spherical, and unilamellar giant vesicles consisting of a plain amphiphile membrane.
Therefore, it is currently the most widely used method for the preparation and char-
acterization of model membranes [5, 18] (Background Sec. 2.5.5). Accordingly, our
adapted electroformation protocol for the routine formation of PEO-6-PMCL GUVs
gives access to numerous experimental techniques to further characterize the mem-
brane properties and dynamics of these food grade polymersomes towards specific
applications. The widely used micropipette aspiration technique allows for example
to determine the stretching and bending elasticities (K4 and k), tensile strength
(01), permeability, and shear surface viscosity (ns) of GUV membranes (Background
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Sec. 2.3.5) [13, 14, 75]. Further rheological membrane properties have been directly
measured by falling ball viscosimetry and tether pulling experiments [123]. Fluor-
escence recovery of fluorescent probes incorporated into GUVs after photobleaching
gives quantitative information regarding the membrane fluidity [68, 240]. Finally,
the visibility of GUVs under the optical microscope allows to measure membrane
permeability by the osmotic swelling and shrinking of GUVs [99, 241] and to mon-
itor the deformation behavior of GUVs under osmotic stress conditions [339], in the
presence of external electric fields [120, 121], and in external flow fields [74, 88, 90].

3.4 Conclusions

The aim of this study was to assemble food grade polymersomes and demonstrate
their potential as controlled delivery-release nanocapsules of functional components
in food applications.

Biocompatible and biodegradable PEO-b-PMCL diblock copolymers with wpycr, >
0.8 were evaluated for their ability to

(i) form vesicle structures in aqueous solution under physiological conditions,
(ii) encapsulate and retain hydrophilic molecules in the aqueous vesicle lumen
under undisturbed conditions, and
(iii) show controlled release properties under GI stress conditions.

All experiments were amended with standard phospholipid vesicles prepared from
POPC for comparison.

(i) The PEO-b-PMCL amphiphiles studied were able to self-assemble into lamellar
vesicle structures by the hydration of a thin polymer film in excess aqueous solution
at room temperature. The use of an organic cosolvent and/or elevated temperatures
for membrane fluidization was not necessary.

This was well evidenced by the direct LM visualization of micrometer-sized GUVs
prepared from PEOags3-b-PMCLj using the electroformation method (2500 = 14.3 pm).
The alternating electric field-induced growth of GUVs from the dry polymer film
upon water addition could be observed in real time.

Thin film hydration under agitation allowed the spontaneous formation of nanometer-
sized PEO-b-PMCL vesicles in aqueous solution. Well-defined vesicles with a mean
hydrodynamic diameter of 115 nm, i.e. LUVETSs;qg, were obtained by repetitive ex-
trusion of spontaneously formed PEOq3-b-PMCLgs vesicles through 400 nm, 200 nm,
and finally 100 nm pore membranes. The vesicle structure of nanometer-sized PEO-
b-PMCL aggregates was verified by TEM. A few micelles, worm-like micelles and
membrane fragments coexisted with the predominant species of spherical vesicles.
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(ii) Further proof of the PEO-b-PMCL vesicle structure was shown by passively en-
capsulating the strongly hydrophilic fluorescent dye, calcein, at high self-quenching
concentration into the aqueous core of PEOg3-b-PMCLgz LUVETSs;09. Compared to
POPC LUVETs;q, the encapsulation efficiency of calcein into the polymer LUV-
ETs100 was, however, very small.

Both POPC and PEOy3-b-PMCLgs vesicles exhibited first-order release kinetics
of encapsulated calcein under osmotically balanced, undisturbed storage condi-
tions. The derived permeability coefficients P of calcein across POPC and PEOq3-b-
PMClLg3 vesicle membranes were 1.7 x 1073 nms~! and 1.3 x 1073 nms~!, respect-
ively. In other words, the ability of PEOy3-b-PMClLgs vesicles to retain hydrophilic
molecular cargo under undisturbed conditions was only 1.3 times higher compared
to standard POPC vesicles, despite of the membrane thickness of PEOq3-b-PMClLgs
vesicles exceeding that of POPC bilayers by approximately factor 6.

(iii) Exposure of calcein-entrapped POPC LUVETS; gy to external bile salts at duo-
denal concentration triggered an immediate, complete, and uncontrolled release of
encapsulated cargo. In contrast, calcein release from PEQOy3-0-PMCLgz LUVETs g
under the same GI stress conditions followed a first-order release kinetic and was
only complete after an incubation time of 30 min.

The behavioral differences of PEO-b-PMCL and POPC vesicles during the prepara-
tion procedures and the release experiments described in this study provided further
insight into the structure-property functions of the investigated vesicle systems.
During electroformation, PEO-b-PMCL membranes required higher voltages to grow
and were more resistant to lateral fusion than lipid membranes indicating a higher
rigidity of the polymer membrane.

As for the release studies, the small difference between the permeability coefficients
obtained for the thick PEO-b-PMCL membrane (dg ~ 23nm) and the thin POPC
bilayer (dg = 3.7nm) originated from the less hydrophobic nature of the PMCL
membrane core compared to the aliphatic lipid membrane. Furthermore, coiling
and entanglement of the long PMCL chains lowered the amphiphile packing density
in the PEO-b-PMCL membrane and facilitated the permeation of small molecules
across the polymer membrane as opposed to the highly ordered and densely packed
POPC membrane. On the other hand, the less ordered and entangled structure, as
well as the lower fluidity of the PEO-b-PMCL membrane prevented its fast solubil-
ization by the penetration and transmembrane equilibration of duodenal bile salts.
These comparative observations highlighted that, in addition to the well-known ef-
fect of membrane thickness, vesicle permeability is also influenced by the fluidity,
the relative polarity profile, and the architecture of the vesicle membrane. All of
these structural and physical membrane properties need to be taken into account
when designing vesicle carriers for controlled delivery-release applications.
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3 Vesicles from food grade amphiphilic block copolymers

The controlled destabilization of PEO-b-PMCL vesicles under gastrointestinal stress
conditions renders these food grade polymersomes promising candidates for the de-
livery of functional food components to the site of absorption at increased bioavail-
ability. The versatility of block copolymer chemistry and the adjustability of vesicle
membrane properties offer many possibilities to further develop the PEO-b-PMCL
carriers towards ‘smart’, stimuli-responsive vehicles for food applications. Additional
functions could be introduced, e.g. for specific targeting, triggered release, and en-
hanced intestinal permeability, to maximize the absorption rate and bioavailability
of the encapsulated agent. The adjusted electroformation protocol described in this
work for the preparation of GUVs from PEO-b-PMCL polymers gives access to a
wide range of characterization methods on the single vesicle and membrane level.
They can be useful for the assessment of new PEO-b-PMCL vesicle formulations
during further development steps. With regard to practical implementations, the
synthesis protocol of aqueous PEO-b-PMCL dispersions should be further optimized
in terms of reducing coexisting mixed morphologies and improving encapsulation ef-
ficiency.
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4 Process development and
investigation of dynamically
enhanced vesicle extrusion

4.1 Introduction

The large variety of functional vesicle formulations suggested and, in some cases,
implemented in the fields of biomedicine [21, 35], cosmetics [6], and foods [6, 41, 42]
requires close control over the physicochemical properties of vesicle templates pre-
pared for the different applications.

For delivery-release applications, vesicle size and lamellarity are key parameters to
be controlled during the assembly of nanometer-sized vesicle carriers. They influence
important characteristics of the carrier, including the density of surface functionaliz-
ation, the amount of internal volume, the entrapment efficiency, as well as the release
behavior of encapsulated cargo across one ore more bilayers, depending on whether
the vesicles are uni- or oligolamellar [19, 35, 36, 341]. In the case of unilamellar lipid
vesicles, the release characteristics across the single bilayer are still dependent on
vesicle size as this influences the fluidity and, hence, the permeability of the vesicle
membrane [19]. For intravenous applications of liposomes as drug delivery vehicles,
unilamellar vesicles with a diameter of around 100 nm are considered optimal, e. g.
for prolonged blood circulation life-times in vivo and for maximum accumulation at
the sites of disease [38, 342-344].

The extrusion technique originally introduced by Olson et al. (1979) [150] is the most
popular method to control the mean size and lamellarity of nanometer-sized vesicle
suspensions in fundamental and applied research applications [3, 9, 10, 193, 206]. It
consists of repetitively (at least 10 times) forcing spontaneously formed multilamellar
vesicles (MLVs) through track-etched polycarbonate membranes with defined pore
diameters, typically ranging from 30 to 400 nm. The method yields highly reprodu-
cible and rather homogeneous VET (vesicles prepared by the extrusion technique)
suspensions with a mean vesicle size that reflects the mean pore diameter of the
filter membrane used. This is especially true when using 100 nm pore membranes
for final extrusions yielding so-called LUVETs gg with predominantly unilamellar
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character [3, 9, 10]. The well-defined and homogeneous LUVETs;gq represent the
vesicle structure of choice for controlled delivery-release applications. However, their
preparation requires up to 30 recirculations cycles through membranes with decreas-
ing pore sizes (Sec. 2.5.3) which is time consuming and not suitable for industrial
large-scale production as outlined in the following [45].

The most widely used device for repetitive vesicle extrusion at the research level
is the LIPEX™ Extruder from Northern Lipids [207]. It is a vessel system that
operates at medium pressures of up to ~ 55bar (800 psi) and is marketed for the
batch-wise processing of vesicle suspensions from bench volumes (0.1-10 mL) to pre-
clinical scales (10-800mL) [9, 193, 206]. For clinical and industrial applications
(> 1L), high pressure filter holders have also been incorporated into continuously
operating extrusion processes with recycling options [45, 193, 345]. This has for
example been realized in the Maximator® device from CPL SACHSE [210-212].
Limited surface areas and clogging of the nanopore membranes pose, however, ser-
ious technical limitations in the large-scale processing of liposome suspensions by
continuous, repetitive vesicle extrusion [45, 193, 211].

Currently, the homogenizing techniques employed in industrial liposome manufac-
turing [41, 45] are adopted from emulsion processing [346] and include mainly micro-
fluidization [201, 202, 347] and high-pressure valve homogenization of coarse MLV
pre-suspensions [198-200]. These devices operate at high homogenizing pressures of
around 200-2000 bar generating rather polydisperse populations of SUVs with lim-
ited loading efficiencies. Furthermore, high energy dissipation and concomitant local
temperature increase in the high-pressure process chambers can lead to degradation
of both vesicle constituents and sensitive encapsulated components [45, 203].

The vesicle preparation methods based on replacement of organic solvents by aqueous
media, including reverse-phase evaporation and enthanol injection, do not require
homogenization devices [3]. They are gentle and easy to scale up, thereby offering
attractive alternatives to the high-pressure homogenization techniques [45]. Further-
more, reverse-phase evaporation and ethanol injection allow for high encapsulation
efficiencies of water-soluble and ethanol-soluble substances, respectively. However,
the obtained vesicle suspensions are rather polydisperse and usually contain signific-
ant populations of oligolamellar vesicles. Even more compromising is the presence
of residual solvent in the final vesicle suspensions which seriously limits their appli-
cation in pharamceutical and food products [45].

Aim: The aim of the present study was to develop new, scalable processing tech-
nologies to generate nanometer-sized, loaded vesicle carriers in a well controlled,
reproducible and gentle manner for pharmaceutical, cosmetic, and food applica-
tions. The lack of such processing technologies is still one of the major challenges
to bridge the gap between the increasing variety of suggested vesicle formulations
at the research level and their appearance on the market [35, 45].

Approach: Our approach was to combine the reliable technique of vesicle extru-
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sion with the beneficial principles of dynamically enhanced membrane emulsifica-
tion [220]. The latter technology has been introduced, systematically studied, and
optimized for the gentle and controlled production of narrow drop size distributions
in emulsion systems at the Laboratory of Food Process Engineering at ETH Zurich
220, 348, 349]. Accordingly, a research scale prototype of the so-called ROtating
Membrane ExtrudeR (ROMER) has been designed and built in collaboration with
Biihler AG (Uzwil, Switzerland) in the frame of this work.

The core of the ROMER device consists of a plate-plate shear flow cell with a nan-
opore membrane integrated in the lower plate allowing for continuous, dynamically
enhanced vesicle extrusion (see Sec. 2.5.4 for a closer description of the setup). A
defined and adjustable shear flow field can be induced at the outlet of the nanopore
membrane by precisely controlling the rotational speed of the upper plate and by
adjusting the shear gap height at the micrometer-scale.

Depending on the applied shear rate, the ROMER device shall allow for the gentle
and controlled shearing-off of extruded vesicles to specifically adjust vesicle size and
lamellarity to a given application after a single extrusion cycle. This principle has
previously been demonstrated in a microfluidic cross-flow channel [350] which can
be regarded as a single pore model of dynamically enhanced membrane extrusion
[221]. Ota et al. reported on the formation of monodisperse giant unilamellar ves-
icles by shearing off the leading edge of a deformed planar bilayer in a microfluidic
T-junction [350].

Outline: This chapter studies the efficiency of dynamically enhanced vesicle ex-
trusion in homogenizing lipid MLV suspensions using the new ROMER device at
varying material and process parameters. The process-structure relationships of the
dynamically extruded vesicles are described (Fig. 1.1).

The MLV precursors are prepared by thin film hydration using pharmaceutical grade
phosphatidylcholine (PC) isolates from egg yolk and soybean. Optionally, choles-
terol (Chol) or sodium cholate (SC) is incorporated in the lipid host membrane
to vary bilayer elasticity. Commercially available nanopore membranes with rated
pore diameters of 200 nm are evaluated, including track-etched polymer membranes
from polycarbonate (PC200) and polyethylene therephthalate (PET200), as well
as a sintered ceramic membrane (Cer200). The pore size distributions and porous
structures of the membranes are characterized using scanning electron microscopy
(SEM) and statistical image analyses of the electron micrographs.

In preliminary experiments, the conventional LIPEX extruder is used to test the
performance of the nanopore membranes in static vesicle extrusion. The LIPEX ex-
truder is also used to benchmark MLV homogenization after 1 to 10 static extrusion
cycles through the nanopore membranes selected for subsequent systematic ROMER
experiments. Finally, the efficiency of the ROMER device in MLV homogenization
is studied as a function of the applied shear rate, pore shape, and bilayer elasti-
city. The extent of MLV homogenization in terms of vesicle size, polydispersity, and
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lamellartiy is routinely analyzed by dynamic light scattering (DLS) and an optimized
protocol of the TNBS assay for relative external vesicle surface area determination.
Morphological studies of vesicles obtained from static and dynamically enhanced ex-
trusion are carried out by cryo transmission electron microscopy (cryo-TEM) and,
in the latter case, complemented by small angle neutron scattering (SANS).

The chapter closes with a discussion on the deformation and break-up behavior of
lipid vesicles in dynamically enhanced extrusion based on dimensionless numbers
and on the results presented in this work.
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4.2 Materials and methods

4.2.1 Materials

The naturally occurring synthetic phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC; 25 mg mL ™! solution in chloroform) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE; powder) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Pharmaceutical grade phosphatidylcholines
(PCs) purified from soybean (LIPOID S100, abbreviated as S100 in this work;
coarse agglomerates) and from egg yolk (LIPOID E80, abbreviated as E80 in this
work; coarse agglomerates) were obtained from Lipoid (Ludwigshafen, Germany)
and used without further purification. Chloroform (99.9%; stabilized with eth-
anol) was a product of ECSA Centonze (Balerna, Switzerland), ethanol absolute
(99.9%) of Scharlab (Barcelona, Spain), HCI fuming (37%) of Merck (Darmstadt,
Germany) and D(+)-sucrose of AppliChem (Darmstadt, Germany). All other chem-
icals, namely cholesterol (Chol; 99%), sodium cholate hydrate (SC; from ox or sheep
bile, 99%), 2,4,6-trinitrobenzene sulfonate (TNBS; 5 w/v% solution in HyO, BioRe-
agent), Triton X-100 (simply called Triton in this work), boric acid (99.5%), so-
dium hydroxide (98%), iron(III) chloride hexahydrate (98%), ammonium thiocy-
anate (99%) and deuteriumoxide (D20O; 99.9 atom% D), were of analytical grade
and obtained from Sigma-Aldrich (Buchs, Switzerland).

Stock solutions of 1w/w% POPE in chloroform, 1w/w% Chol in chloroform and
0.1w/w% SC in ethanol were prepared and stored at —20°C. All aqueous solu-
tions were prepared using ultrapure water from a Synergy water purification system
(Merck Millipore, Billerica, MA, USA) and stored at 4 °C.

The chemical compositions and fatty acid distributions of the PC isolates E80 and
S100 as provided by the distributor are listed in Tables 4.1 and 4.2, respectively.
Table 4.3 shows the chemical structures of the predominant phospholipid species of
S100 and E80, as well as of the synthetic phospholipids, sterols and co-surfactants
used. The nominal specifications and short names of the commercial nanopore
membranes used are summarized in Table 4.4.

4.2.2 Preparation of regularized MLV pre-suspensions

Regularized MLV pre-suspensions for subsequent ROMER experiments and for nan-
opore membrane performance tests in conventional extrusion were prepared using
the thin film hydration method, followed by freeze—thaw cycles, and the conven-
tional extrusion technique [3, 9, 193, 206] (Sec. 2.5.1-2.5.3). The vesicle membrane
matrix was formed from E80 or S100 phospholipids. In the case of the addition of
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Table 4.1: Chemical composition of E80 and S100 PC isolates. Chemical compo-
sition of the phosphatidylcholine isolates E80 (source: egg yolk) and S100 (source: soy-
bean) used in this work, accoring to the distributor Lipoid (Ludwigshafen, Germany).

Component E80 S100
w/w%] [w/w%]
Phosphatidylcholine 81.8 96.3
Lysophosphatidylcholine 2.0 1.0
Phosphatidylethanolamine 8.2 < 0.1
Lysophosphatidylethanolamine < 0.5 n.a.
N-acylphosphatidylethanolamine n.a. <0.1
Phosphatidylinositol na. <0.1
Cholesterol 0.6 n.a.
Sphingomyelin 2.5 n. a.
Triglycerides 2.6 0.6
Non-polar lipids n.a. 1.4
Free fatty acids <0.06 <0.05
DL-a-tocopherol 0.08 0.19
Water 0.4 0.5
Ethanol <0.2 < 0.2
n.a. = not analyzed. Components not analyzed by the distri-

butor represent minor fractions or lack completely in the respect-
ive egg yolk or soybean sources.

Table 4.2: Fatty acid distribution of E80 and S100 PC isolates. Fatty acid (FA)
composition in % to total fatty acids of the phosphatidylcholine isolates E80 (source: egg
yolk) and S100 (source: soybean) used in this work, accoring to the distributor Lipoid
(Ludwigshafen, Germany).

100

Fatty acid (trivial name) Abbreviation ~ E80  S100
%] [%]
Palmitic acid C16:0 28-34  12-17
Stearic acid C18:0 12-15  2-5
Oleic acid C18:1¢9 26-30 11-15
Linoleic acid C18:2¢9¢12 13-18 59-70
a-Linolenic acid C18:3¢9¢12¢15 < 1.0 3-7
Polyunsaturated FAs C 20 and higher 6-10 n.a.

= not analyzed. Components not analyzed by the distributor represent minor
fractions or lack completely in the respective egg yolk or soybean sources.
Note: The abbreviation 18:1¢9, for example, indicates that the linear fatty acid has 18
carbon atoms with one cis double bond starting at position 9, where the carboxy C
atom is carbon number 1.
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Table 4.3: Biologically occurring lipids and surfactants used in this work. Ab-
breviation, nomenclature according to IUPAC, chemical structure, and molecular weight

of the phospholipids, sterols, and co-surfactants used.
Abbreviation IUPAC nomenclature and chemical structure M,
[g/mol]
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 760.076
(E80)
0s” "
Pior~" J\/\/\/\/\/\/\/\
\ o O Y O
—N* Ve O\n/\/\/\/\=/\/\/\/\
/
(0)
782.082

(S100)
717.996

DLPC 1,2-dilinoleoyl-sn-glycero-3-phosphocholine
O¢P]O_ j\/\/\/\/V\/\/\
\O/\i;/\O — —
O\[]/\/\/\/E/E/\/\/

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

POPE
ethanolamine
0s. 0 Q
s N J\/\/\/\/\/\/\/\
o (0) Y (0)
+H3N—/_ O\n/\/\/\/\=/\/\/\/\
386.654

(¢}

(33)-cholest-5-en-3-ol

cholesterol

430.553

3a,Ta,12a-trihydroxy-53-cholan-24-oic acid

sodium cholate
sodium salt
Na*
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Table 4.4: Nominal specifications of nanopore membranes used in this work, as provided by the manufacturer.

Short name PC800 PC200 PET210 Cer200
Manufacturer Whatman Whatman Oxyphen Fraunhofer IK'TS
(Kent, (Kent, (Wetzikon, (Dresden,
UK) UK) Switzerland) Germany)
Product name Nucleopore®  Nucleopore®  RoTrac® Mikrofiltrations-
flachmembran
Material Polycarbonate Polycarbonate Polyethylene Aluminium oxide
(PC) (PC) therephthalate (PET) (Al O3)
Porous structure Track-etched  Track-etched  Track-etched Sintered
channels channels channels particles
Pore diameter 800 200 210 200
[nm] (support: 2.5 pm)?
Pore density 30 300 50 n.a.
[10% cm 2]
Membrane thickness 9 10 35.5 10
[pm] (support: 1mm)?
Air flow rate 40.6 5.1 0.7 n. a.
[Lmin~! cm=2 bar™!]
n.a. = not available.

2 The ceramic sinter membrane is asymmetric and consists of a coarse support and a thin active membrane layer.

102



4.2 Materials and methods

bilayer stiffening or softening components, 30mol% Chol or 10mol% SC, respect-
ively, was included in the lipid mixtures. For external surface area determinations,
5mol% POPE was incorporated in the lipid vesicles prepared from S100 matrix
membranes, whereas E80, which naturally contained 8.8 mol% PE, was used as ob-
tained.

Appropriate amounts of lipid stock solutions (Sec. 4.2.1) and E80 or S100 agglom-
erates were weighed in a 100 mL round-bottom flask and dissolved in additional
chloroform. A thin lipid film was formed by rotary evaporation, followed by residual
solvent removal under high vacuum overnight. Unless otherwise stated, the dry lipid
film was hydrated in ultrapure water to yield a total lipid concentration of 6.45 mM
(corresponding to 5mgmL~" S100) and vortexed until complete film dispersion.
The MLV suspension obtained was taken through 10 freeze-thaw cycles to promote
an even distribution of lipids throughout the bilayers and to reduce the extent of
multilamellar character, as well as the amount of limit size vesicles [3, 9, 205].

To improve the quality and reproducibility of DLS measurements, the MLV suspen-
sion was cleaned and regularized by pre-extruding it three times through a PC800
nanopore membrane using the conventional LIPEX extruder from Northern Lipids
(Burnaby, BC, Canada) and compressed nitrogen gas (purity grade 4.5, 99.995%;
PanGas, Dagmersellen, Switzerland) [209, 257]. Static and dynamic extrusion exper-
iments were carried out at room temperature, which is well above the main phase
transition temperatures T, of soy PC (-15+5°C) [351] and egg PC (-5.8+6.5°C)
[54]. Finally, the obtained VETgy, suspension was diluted with Millipore water to
a total lipid concentration of 0.645mM. This was the working concentration of
ROMER and membrane performance experiments carried out on the day of vesicle
preparation. Typically, around 150 mL of VETgq, suspension was prepared for an
experimental ROMER series using one nanopore membrane type and testing four
shear rate settings in triplicate.

For cryo-TEM studies of defined vesicles prepared by the conventional extrusion
technique, LUVETSs oy were prepared at a total lipid concentration of 10 mM in
MilliQ water following the procedure described in Section 3.2.2. ROMER samples for
cryo-TEM imaging were prepared at a total lipid concentration of 20 mM. Samples
for SANS measurements were prepared at the standard concentration of ROMER
experiments (0.645 mM) but using D20 instead of HoO as hydration medium.

4.2.3 ROMER experiments

The design and principle of the ROMER device (Sec. 2.5.4) allowed to study the
effect of a shear field at the membrane outlet on the homogenization of MLVs by
dynamically enhanced pore extrusion. Systematic ROMER experiments were per-
formed at varying shear rates using two types of commercial, track-etched nanopore
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Table 4.5: Vesicle membrane compositions studied in systematic ROMER experiments.

Lipid mixture Molar ratio
[mol /mol]
S100/POPE 95:5

$100/Chol/POPE  65:30:5
$100/SC/POPE  85:10:5

E80 100
E80/Chol 70:30
E80/SC 90:10

membranes (PC200 and PET210; Tab. 4.4) and different vesicle membrane compos-
itions of varying bilayer elastic properties (Tab. 4.5).

Figure 4.1 illustrates the experimental setup of the ROMER process as implemented
in our laboratory and described below. Prior to an experimental ROMER series,
in which one combination of membrane type and vesicle bilayer composition was
studied at varying shear rates, 16 units of static membrane modules were prepared
by gluing flat membrane discs (1) onto the planar membrane holders (2, Fig. 4.1A)
using a two-component adhesive (Scotch-Weld™ DP 610 for PC membranes, Scotch-
Weld™ DP 810 for PET membranes; 3M Deutschland, Germany). The adhesive
bond was allowed to harden for 2-4 hours at 60 °C, followed by curing for at least 3
days at room temperature.

Four discrete shear rate settings (frep = 0s™!, 6021571, 30107s™!, and 6021457
see Sec. 2.5.4 for the definition of 4.,) were tested by controlling the rotational
speed of the rotor (4) at 0, 1000, 5000, and 10000 rpm and keeping the shear gap
height (5) constant at 200 pm (Fig. 4.1B). A feeler gauge (6) was used to adjust the
shear gap height via the ym-screw in the fully assembled ROMER device (0) by pre-
liminarily omitting the insertion of the product reservoir (3) to allow access of the
feeler gauge to the shear gap (Fig. 4.1B and C). The rotor speed was controlled via
a compact drive (9; MCD EPOS 60 W) with its associated software (EPOS User-
Interface version 2.31) from Maxon Motor (Sachseln, Switzerland). The VETgg
pre-suspension was pumped from the reserve polypropylene syringe (7; BD Plas-
tipak™ Luer Lok 20 mL, Becton Dickinson, Allschwil, Switzerland) via connecting
polyvinyl chloride tubing (Becton Dickinson) through the membrane and into the
shear gap using a syringe pump (8; PHD 2000 Infusion, Harvard Apparatus, MA,
USA) at a controlled flow rate of 1mLmin~!. A piezoresistive pressure sensor (9;
XTM-190 3.5 bar or 18 bar, Kulite Semiconductor, Kaiserslautern, Germany) was
inserted at the membrane inlet to detect possible membrane defects developing dur-
ing extrusion experiments. Pressure data were visualized and recorded using the
LabVIEW software (version 8, National Instruments) (Fig. 4.1C).

Each shear-enhanced extrusion experiment at a specific shear rate setting was run
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Figure 4.1: Photograph of the experimental setup of the ROMER device (0).
The key components of the process and associated elements are highlighted. (A) Top
view of the membrane module with the circular flat nanopore membrane (1) glued onto
the static membrane holder (2). The product reservoir (3) is inserted for subsequent
sample collection. (B) Side view of the shear-enhanced extrusion chamber with the rotor
(4) situated above the static membrane module (2). The shear gap height (5) between
membrane and rotor was adjusted using a feeler gauge (6). (C) ROMER process including
a reservoir syringe containing the initial VETgpp suspension (7), a flow rate-controlled
syringe pump (8), a pressure sensor at the membrane inlet (9), the motor of the ROMER
device (10), a Millipore water container (11) and HPLC pump (12) for rinsing, and
connectors to optional thermostat controller (waterbath) of the ROMER housing (13).
The device was installed on a vibration-free optical table (14).

for 400s and carried out in triplicate. Extruded samples were collected from the
product reservoir (3). Between every extrusion experiment, the membrane module
was replaced, the inlet tubing was rinsed with Millipore water (11) using a HPLC
pump (12; 515 HPLC Pump, Waters Corporation, MA, USA), and the product
reservoir (3) and rotor (4) were cleaned and dried.

The structure of dynamically extruded vesicle populations was systematically ana-
lyzed off-line using DLS and the TNBS assay to measure their mean hydrodynamic
diameter Dj, and polydispersity index PDI, as well as the average relative external
surface area F, respectively. Mean values and standard deviations of the means of
these structural parameters (Dy, PDI, E) were calculated, normalized to the cor-
responding values of the initial VETgy suspension (Dy, o, PDIy, Ey), and plotted as
a function of shear rate.
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4.2.4 SEM and characterization of membrane pore structures

For the surface characterization of pore shape and pore size, nanopore membranes
were visualized by scanning electron microscopy (SEM). Two-dimensional micro-
graphs of membrane surfaces were taken by Sebastian Holzapfel on a Ultra 55 scan-
ning electron microscope from Carl Zeiss (Oberkochen, Germany) at the Frontiers
In Research: Space & Time (FIRST) center at ETH Zurich. Prior to examina-
tion, samples were coated with a thin layer (/= 10nm) of gold-platinum alloy using
a sputter system (SCD-050, BAL-TEC AG, Liechtenstein) to increase surface con-
ductivity. This reduces loading of the sample with electrons and subsequent imaging
artifacts. For each membrane type, around 100 micrographs of adjacent membrane
areas were acquired to allow for a statistical analysis of mean pore size and pore size
distribution of at least 750 pores.

Surface pore areas were derived from the pore perimeters measured manually using
a touch screen and the image processing software ImageJ (version 1.43r). Thereby,
single pore openings were distinguished from surface pore clusters to separately cal-
culate the size distribution functions, including their characteristic parameters, of
the single pore population and of the total pore population.

The pore size x was defined by the diameter of an equivalent circular pore area.
Since pore size characterization by the analysis of SEM micrographs is based on a
counting technique, all measured pore sizes were equally weighted by considering the
distribution functions based on the number of pores [305]. The number-weighted
logarithmic density and cumulative distribution functions ¢o(lgz) and Qo(x), re-
spectively, as well as the corresponding distribution parameters 500, Z10,0, Z90,0,
and spang were then calculated as described in Section 3.2.6.

4.2.5 DLS

Vesicle size and polydispersity were analyzed by dynamic light scattering (DLS) as
outlined in Section 4.2.5. The light scattering instrument used for most DLS meas-
urements was a BI-200SM research goniometer (Brookhaven Instruments, NY, USA)
that was equipped with a diode laser (DPY315M-100, Coherent, CA, USA) operat-
ing at a wavelength of 532nm. The temperature of the refractive index matching
naphthalene bath surrounding the sample holder was maintained at 25°C and the
scattering angle 6 was set to 90°.

Vesicle suspensions were diluted in their suspension medium (Millipore water) to
approximately 0.1 mM total lipids and placed in a 5mL cylindrical glass vial. For
each sample, the intensity time autocorrelation function was recorded five times for
a period of 2min to check reproducibility and sample stability. The collected data
was combined and analyzed with the method of cumulants (Eq. 2.21, see Sec. 4.2.5)
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[259] to extract the intensity-weighted average hydrodynamic diameter D, and poly-
dispersity index PDI using the Brookhaven particle sizing software BI-9000 (version
4.02). Three independent identical samples were analyzed following this procedure
and the corresponding sample mean values and standard deviations of the means
were calculated.

Volume-weighted size distributions of a few example liposome suspensions were de-
termined on a Zetasizer Nano ZS (Malvern Instruments, UK) in the backscattering
mode (scattering angle § = 173°) and at 7" = 25°C.

Vesicle suspensions were diluted in their suspension medium (Millipore water) to
approximately 0.2 mM total lipids and placed in a 1.5mL disposable polystyrene
cuvette. Two to three independent identical samples were analyzed and the meas-
urement of each sample was repeated three times.

The intensity time auto correlation functions were analyzed using the Multiple Nar-
row Modes algorithm incorporated in the Malvern DTS software (version 5.10),
which is based on a non-negatively constraint least square fit (NNLS; Sec. 4.2.5)
260, 304]. The obtained intensity-weighted size distributions (scaling with r%) were
converted into volume-weighted size distributions (scaling with r3) using Mie theory
[264], even though Mie theory applies to homogeneous solid spheres only which do
not precisely represent the geometry of vesicles.

4.2.6 TNBS assay

The degree of vesicle lamellarity was estimated by measuring the relative external
surface area E of PE-doped vesicles using the TNBS assay described earlier by
Gruber and Schindler [204] and optimized in the frame of this thesis [10]. In prin-
ciple, the ratio of outermost monolayer lipid to total vesicle membrane lipid was
derived from the spectroscopic signal change induced by the reaction of exposed
aminolipids with external TNBS and normalized to the signal change for reaction of
all aminolipids present (see Section 2.7.2 for a closer description of the assay prin-
ciple).

The TNBS reagent solution, a 0.1 w/v% TNBS solution, was freshly prepared be-
fore use by diluting the commercially available 5 w/v% TNBS solution in HoO with
borate buffer (0.2 M boric acid, pH 8.5). For external aminolipid labeling, 300 pL of
vesicle suspension (containing 0.645 mM total lipids, typically with 5 mol% POPE)
was mixed with 100 pL of start buffer (0.2 M boric acid, 1M sucrose, pH 9.0) to
reach a reaction pH of 9.7. The labeling reaction was then started by adding 25 nL
of TNBS reagent solution. After incubation for 40 min at room temperature, the
reaction was stopped by adding 15puLL of 3M HCI and the externally labeled ves-
icles were solubilized with 10 pL. of 5w /v% Triton to obtain a clear, mixed micellar
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sample solution (450 pL, no turbidity). For total aminolipid labeling, the corres-
ponding total solution was prepared by first adding 100 pL of start buffer (0.2M
boric acid, 1M sucrose, pH 9.0) containing 0.5w/v% Triton to a 300-pL aliquot
of the same vesicle suspension which leads to vesicle solubilization. Then 25 pL of
TNBS reagent solution was added to start the labeling of all aminolipids present
and, after 40 min at room temperature, the reaction was stopped with 15 uL of 3M
HCI. Finally, the mixture was diluted by adding 10 pL. of Millipore water to obtain
the mixed micellar total solution (450 pL, no turbidity). The sample blank solution
and the total blank solution were prepared following the same protocols as described
above, but in the absence of lipids, i.e. using Millipore water in place of the vesicle
suspension.

The sample solution, the total solution and the two blank solutions were prepared in
triplicate. Their absorption spectra were measured at room temperature against
a matrix blank between 280 and 600nm using a Hitachi U-2800 double beam
UV/Vis spectrophotometer and 1-cm, 0.7-mL quartz cuvettes. The absorbance at
Amax = 344nm (Asyy) was used to calculate the relative external surface area

Asample . Asample,blank

E (%) = 10024 sad , 4.1
( O) Agiﬁal . Agzial,blank ( )

where ASyPe, Agyypleblank = gtotal “and ALELPETE are the average absorbance values
of the three repeat sample solutions, the sample blank solutions, the total solutions,
and the total blank solutions at An.x = 344 nm, respectively. Linearity between Azyy
and POPE concentration was demonstrated in DHPC/POPE micellar solutions with
POPE concentrations ranging from 5 to 45 pm.

4.2.7 Stewart assay

Phospholipid concentrations in the liposomal S100 suspensions were determined fol-
lowing a recent version of the colorimetric assay described by Stewart [142, 298].
The method is based on the ability of phospholipids to form a colored complex with
ammonium ferrothiocyanate which is readily soluble in chloroform and exhibits an
absorption maximum around Ay,.x = 488 nm. In contrast to the Bartlett assay [352],
which measures total inorganic phosphate after acid digestion of the phospholipid,
the presence of inorganic phosphate from buffer solutions does not interfere with the
Stewart assay.

A 0.1 M ammonium ferrothiocyanate solution was prepared by dissolving 30.40 g of
ammonium thiocyanate and 27.03 g of ferric chloride hexahydrate in Millipore water
and making up to 1 liter. The solution is stable at room temperature for several
months. An aliquot (typically 150 uL) of the liposome suspension (containing =
0.5mgmL~! total lipids) was added to a polypropylene centrifuge tube, followed
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Figure 4.2: Quantification of total phospholipids by the Stewart assay. (A) Ab-
sorption spectra of S100 phosphilipids reacted with ammonium ferrothiocyanate at differ-
ent concentrations of S100 in chloroform (0.005, 0.01, 0.02, 0.03, 0.04, and 0.05 mgmL™!),
measured against chloroform. (B) Dependence of the absorbance A at A = 485 nm on the
concentration ¢ of complexed S100 phospholipids in the chloroform phase. Line represents
linear least-square fit between 0 and 0.05mgmL~': A = 10.079¢ — 0.005; R? = 0.9989.

by 2.0mL of chloroform and 2.0mL of the ammonium ferrothiocyanate solution.
The test tube was vigorously vortexed for 15s to extract the colored complex into
chloroform and centrifuged for 5min at 1000 rpm to get a clear separation of the
biphasic system. The resulting complexed phospholipid concentration in the chlo-
roform phase was approximately 0.04mgmL~. The absorption spectrum of the
chloroform layer was acquired against a chloroform blank between 350 and 700 nm
using a Hitachi U-2800 double beam UV /Vis spectrophotometer and 1-cm, 1.4-mL
quartz cuvettes. The absorbance at A = 485 nm was compared to a calibration curve
(Fig. 4.2 B) to find the phospholipid concentration in the liposome suspension. For
each sample, the analysis was conducted in triplicate. The calibration curve was
generated from a 0.1 mgmL~! S100 stock solution in chloroform that was prepared
in duplicate and diluted to a concentration range of 0.005 to 0.05 mg mL~! (Fig. 4.2).
It has to be noted that the slope of absorbance vs. complex concentration standard
curves varies for different phospholipid head groups and has to be determined for
every single species or mixture of phospholipids used. Since the Stewart assay re-
quires a positive charge to be present in the lipid, it is unresponsive to negatively
charged phospholipids, such as phosphatidic acids and phosphatidylglycerol.
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4.2.8 cryo-TEM

Morphological studies of Millipore water based 10-20 mM liposome suspensions were
carried out by cryo-transmission electron microscopy (cryo-TEM) at the Electron
Microscopy Center ETH Zurich (EMEZ). Specimens were prepared and analyzed by
Takashi Ishikawa (Department of Biology, ETH Zurich and Biomolecular Research
Laboratory, PSI Villigen) following the procedure described earlier [353].

A 3.5pL drop of the liposome suspension was adsorbed on a holey carbon grid
(Quantifoil Micro Tools, Jena, Germany), blotted at controlled temperature (room
temperature) and humidity (~ 95%) to form a free spanning aqueous thin film, and
plunged in liquid ethane using a Vitrobot apparatus (FEI, Eindhoven, Netherlands).
At the high cooling rate of water during freezing in liquid ethane, the aqueous spe-
cimen is vitrified and can subsequently be analyzed at liquid nitrogen temperatures
of around —162°C. This was done in a 626 cryo-holder from Gatan (Pleasanton,
CA, USA) using a Tecnai G2 F20 microscope (FEI) that was equipped with a field
emission gun and Tridem energy filter (Gatan) operated at an accelerating voltage
of 200kV. The data were recorded by a 2048 x 2048 CCD camera (Gatan) at an
underfocus of 5-10 pm to enhance the poor absorption contrast typical for biological
samples. Small, contrast rich particles appearing in many of the micrographs stem
from ice crystal contaminations formed during the freezing procedure.

4.2.9 SANS

SANS was used to extract quantitative information on vesicle morphology, lamel-
lar structure and bilayer interactions in polydisperse liposome suspensions gener-
ated by dynamically enhanced pore extrusion. VETgq pre-suspensions for ROMER
experiments and subsequent SANS measurements were hydrated and extruded in
D50 following the protocol described in Section 4.2.2. D,0O addition maximizes
the scattering contrast between the protonated bilayers and the deuterated disper-
sion medium thus creating best conditions for membrane thickness evaluation [272].
Samples were prepared and analyzed at the standard lipid concentration of ROMER
experiments (0.645mM) using pure POPC. At this concentration (= 0.05w/w%),
there is no long-range order between the bilayers of different vesicles [219].

SANS measurements were conducted by Marianne Liebi on the SANS-I beam line
at the Paul Scherrer Institute (PSI, Villigen, Switzerland). The neutron wavelength
was fixed at 8 A. Data were collected on a two-dimensional *He position-sensitive
detector at sample-to-detector distances of 2m, 6 m, and 18 m covering a momentum
transfer of 0.003 < ¢ < 0.15A~'. All scattering patterns collected were azimuthally
isotropic. After correcting the data for background signal from the empty setup,
sample transmission, and detector efficiency, the two-dimensional intensity maps
were radially averaged to obtain the one-dimensional intensity functions /(g). The
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commonly called scattering curves were obtained by plotting the scattering intensity
I(q) over the magnitude of the scattering vector ¢ in a double-logarithmic graph.
The scattering intensity functions I(q) were described as the product of the size
averaged form factor F'(¢) and the structure factor S(q) following [268, 354, 355]:

I(q) = (F?)(q)S(q) (4.2)

For fitting of the scattering curves, the software package SASfit was used as de-
scribed in Results and Discussion [355]. All fits included a constant incoherent
background.
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4.3 Results and discussion

4.3.1 Vesicles prepared from the commercial soybean and egg
yolk phosphatidylcholine isolates E80 and S100

With regard to the development of a continuous processing of tailored vesicles at
pilot scale, ROMER experiments were conducted using pharmaceutical grade phos-
phatidylcholines (PCs) purified from egg yolk and soybean. They belong to the
cheapest and most established commercial sources for the isolation of phosphatidyl-
cholines at large quantities.

The lipid and fatty acid compositions of the respective E80 and S100 products used
in this work are summarized in Tables 4.1 and 4.2 (see Materials and Methods).
According to their typical fatty acid distributions (Tab. 4.2), the predominant phos-
phatidylcholine proportions present in E80 (~ 83 mol% PC) and S100 (=~ 95mol%
PC) can be widely represented by the chemical structures of POPC and DLPC,
respectively (Tab. 4.3). In this regard, vesicles prepared from E80 or S100 are prob-
ably similar in many respects to pure POPC or DLPC vesicles, but the presence
of minor fractions of the various lipidic components other than PCs in the natural
isolates (Tab. 4.1) may significantly alter physical bilayer properties [145].

LUVET oo suspensions prepared from E80 and S100 PC isolates

In a first step, the ability of ES0 and S100 to form well-defined vesicle structures
was evaluated by following the most common and highly reproducible protocols for
the preparation of 100 nm-sized unilamellar vesicles. They include thin film hydra-
tion, freeze-thawing, and sequential static extrusion through, ultimately, 100 nm-
pore polycarbonate membranes as described in the Background Sections 2.5.1-2.5.3
and in the Experimental Section 3.2.2.

The morphologies of the resulting E80 and S100 LUVETSs oy were evaluated by
cryo-TEM imaging. Subsequent image analysis allowed to calculate the cumulat-
ive volume distribution functions Q3(z) (Eq. 3.3 with the vesicle number n being
replaced by the vesicle mass, i.e. vesicle volume, m) and to extract the volume-
weighted median diameters x5 3 (see Sec. 3.2.6). DLS measurements were performed
to determine the vesicle mean sizes and size distributions in terms of average hydro-
dynamic diameters Dj and polydispersity indices PDI.

Results: The cryo-TEM micrographs in Figure 4.3 show that the application of the
conventional extrusion protocol to E80 and S100 suspensions led to the expected
formation of mostly unilamellar vesicles with a mean diameter close to that of the
pore size used, i.e. 100nm [3, 9, 193, 206]. The average hydrodynamic diameters of
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Figure 4.3: Cryo-TEM micrographs of LUVETs;g9 prepared from ES80
and S100. LUVETs;gg were prepared from commercial, pharmaceutical grade phos-
phatidylcholines purified from egg yolk (E80; A-B) and soybean (S100; C-D) using track-
etched polycarbonate membranes with 100 nm pore diameters for final extrusions. Black

arrows: prolate vesicle shapes. white arrow: oblate vesicle shape. Total lipid concentra-
tion: 10 mM. Scale bar = 100 nm.

E80 and S100 LUVETs;oy prepared at an extrusion pressure of approximately 12-
14 bar were 119nm and 97 nm, respectively (Tab. 4.6). This is in good agreement
with DLS results reported in literature for LUVETSs o prepared in a comparable
pressure range using egg PC (Dj, = 139£36 nm) [9], POPC (D}, ~ 126 nm) [15], soy
PC (Dy, = 100-125nm) [218], and DOPC (D}, = 94 nm) [217].

Size of E80 vs. S100 LUVETs;go: The larger size and uniform sphericity of LUV-
ETs99 from E80 (Fig. 4.3A-B) compared to those prepared from S100 (Fig. 4.3C-D)
is most likely the result of an increased membrane cohesion induced by some of the
lipidic residues present in the E80 isolate but absent in the S100 product (Tab. 4.1).
Cholesterol (~ 1.2mol% in E80), for example, is well known to have a condensing
effect in lipid bilayers, especially in coexistence with sphingomyelin (=~ 2.7 mol%
in E80) [11, 172]. Increasing fractions of phoshatidylethanolamine (= 8.8 mol% in
E80) were also reported to considerably increase the lipid packing density in various
mixed PC/PE vesicle formulations because of the smaller volume of the PE head-
group and its hydrogen bonding capability (Tab. 4.3) [10, 138, 356, 357]. Finally,
the abundance of unsaturated acyl chains with two or more alternating cis double
bonds is considerably lower in E80 phospholipids than in S100 phospholipids (Tab.
4.2) resulting again in increased lipid ordering and higher rigidity in E80 bilayers
[13, 14, 106, 141].
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All these characteristic ES0 components, including cholesterol, sphingomyelin, phos-
phatidylethanolamine and saturated/monounsaturated chain PCs, contribute to
an increased lysis tension o; [13, 15, 141] and a higher elastic bending modulus
k. [14, 128, 137] in the vesicle membrane. An increase in both of these mater-
ial parameters has previously been shown to result in larger sizes of LUVETs g
and sonicated unilamellar vesicles prepared from POPC and egg PC, respectively
[15, 128, 137].

Shape of E80 vs. S100 LUVETs;go: The surface of the LUVETSqq from E80 was
rather smooth and spherical (Fig. 4.3A-B) as typically observed in extruded vesicles
prepared from egg PC [9, 193, 358].

The deflated, non-spherical shapes adopted by some of the visualized S100 LUVETs;qq
correspond to well-described stationary shapes of vesicles disposing of excess mem-
brane area, i.e. having a reduced volume of v < 1 (Eq. 2.2, Background Sec.
2.3.2). According to the spontaneous-curvature model for vesicles consisting of
single-component, symmetric bilayers with spontaneous curvature Cy = 0, vesicles
with v < 1 are most stable, i.e. confine minimum bending energy, by adopting pro-
late ellipsoid shapes (black arrows in Fig. 4.3C-D). For v < 0.65, the bending energy
becomes minimal for oblate ellipsoids corresponding to the vesicle shape indicated
by the white arrow in Fig. 4.3D [73, 84]. Hence, the observed non-sphericity of S100
LUVETs gy can primarily be attributed to vesicle excess area and is not necessarily
related to the S100 bilayer’s lower elastic energy barrier to bending and concomitant
thermally induced surface undulations or even membrane invaginations [81].

Cryo-TEM vs. DLS: Due to the different weighting of measured vesicle sizes, the
volume-weighted median diameters x5 3 (scaling with r3) calculated from cryo-TEM
image analysis were slightly smaller than the intensity-weighted average diameters
Dy, (scaling with 7%) obtained from DLS experiments (Tab. 4.6). The small shift
between volume and intensity-weighted size distribution parameters and the low
PDI values of both E80 and S100 LUVET;(, suspensions indicate rather homogen-
eous monomodal size distributions which is intrinsic to the extrusion method using
100 nm-pore filters [3, 15].

Cryo-TEM allows the undistorted direct visualization and authentic size determ-
ination of individual vesicles, but statistically firm and true size distributions can
only be derived from a large number of independent micrographs, provided that the
frozen liquid film across the holey grid contains a representative vesicle population
as present in the bulk. DLS, on the other hand, is an experimentally simple, fast,
and easily accessible in-situ measurement technique that averages over the whole
sample volume providing good sample statistics. Therefore, DLS was used to com-
pare average sample sizes and polydispersities in the following systematic parameter
studies using the ROMER device, bearing the limitations of the indirect and model-
dependent light scattering technique, including its sensitivity to large particles, in
mind (see Sec. 4.2.5) [248].

114



4.3 Results and discussion

“A91IR[D JO SUOSLDI 10 POIJIUIO DIR SYNSAI (T4 JO SUBSOUI Y} JO SUOIJRIADD PIRPURIS 970\

‘sojdures [eOIJULPT

jo suorjeredord juopusdopul U JO SUESUI ST} JO SUORIASD PIEPUR)S F SON[RA URSUL JUSOIdOT SIMNSN (1 < )
‘sojdures [ROIJUOPT T = U

Jo sjuptaImsesU JULPUIdIpUl ¢ JO SURGUI A} JO SUOTIRIAGD pIEDPUR)S F SON[BA URdUT JUAsAIdDl SYNSNT (1 —
“ejep Surderose 10J pasn so[dures Jo DAUINN ()

‘pozATeur jou = "e'u

eu Ggeo 1°¢8T + L'8L61 00T ()00TS

eu 0€0 16+ L8P 00T ()08 NTIN
90+ 61V 1€°0 ¢'8 F 8€LE ¢:01:68 (nddOd/DS/001S
80+ T'ST L20 G0+ 9LIL G:0€:99 (HAdOd/1°UD/001S
LTF67VI €¢0 L'CCF G4L8 G:G6 »AdOd/001S
'L+ €8y 9¢0 vy + G€ce 01-06 (0DS/08H
ET+¥79¢ 8T°0 €LF6¢ha 0€-04 (mIoUD/08H

¢TF ST 020 811 F 8°6¥¢ 001 (108 08 THA

(%] [—] [t [910u] uorjisodwod  uorsuadsns

H Iad a orel IR[OIN prdry I[IISOA
€a8 G0°0 ¢'0+ 896 00T m00TS

LETT 600 COFTI6IT 00T M08 OTTLHANT

[t [—] [t [91ou] uorjisoduwioo  uorsuadsns

£ 0y ad a ORI Ie[OJ\ prdry O[IISIA

‘Aesse SN, U2 Aq POUTTLIONOP / BOIR 9JRLINS [RUIOIXO OAIJR[OI 9} PUR SISA[RUR 9F€WI [NH],-OAIO WOIJ
poje[mOTeD €057 I9joUIRIP URIPIU POYSIOM-OUWIN[OA O} ‘SJUSMIAINSBOUT QT(] WO PAUIe}qo (74 Xopur AjsiodsipAiod pue YT
JOJOWIRIP OWRUAPOIPAY 0FRIOAR o[} oJ€ UMOYG "SUOISTLI)XO [RUY JOJ ‘A[oA1300dsol ‘U ()0 pue WU ()()T JO SIojoweIp o10d [euruou
UHM soueIquDW d)euoqIroA[od payoje-yoer) Susn anbiurde) UOISNI)Xe 9ATIIedel [RUOTIUSATO0D d) A poredard ozom 008STH A
pue 00TSTHANT *(DS) 2¥e[oyd wnipos pue ([0y;)) [0I9)SO[0YD JO UOIHIPPE B[} JNOYIIM PUE [IIM SIUBIUIDUI XLIJEUX
00T1S pue g8 wodaj paredoad suorsuadsns ATIN pPue 0081 A ‘00TTHANT JO siojowieded [eanjonils :9°'§ o[qe],

115



4 Process development and investigation of dynamically enhanced vesicle extrusion

VETj3 pre-suspensions prepared from E80 and S100 PC isolates

To compare the extents of vesicle homogenization by shear-enhanced pore extru-
sion at varying material and process parameters on relative scales, the structural
parameters of dynamically extruded vesicles will be normalized to the correspond-
ing values of the initial VETgy, suspensions. Table 4.6 includes the size distribution
parameters D, and PDI as well as the relative external surface areas E obtained
from DLS measurements and TNBS assays, respectively, for the different VETgq
pre-suspensions used as starting material for ROMER experiments.

The pre-suspensions were obtained by extruding heterogeneous MLV precursors
three times through PC800 membranes using the LIPEX device as described in
Section 4.2.2. Since aminolipids are practically absent in soybean isolates (Tab.
4.1), S100 vesicles were doped with a small fraction of POPE (5mol%) to allow
for subsequent external surface area analysis with TNBS. The addition of POPE
marker lipids was not observed to influence the mean size of VETgy, suspensions
based on S100 (data not shown).

Plain phospholipid VETsgg: The pre-extruded VETgqy suspensions prepared from
plain E80 and S100/POPE had an average diameter of approximately 350 nm and
880 nm, respectively, and were generally fairly polydisperse (PDI = 0.2). As expec-
ted, the corresponding values of relative external surface area E inversely correlated
with vesicle size, i.e. E decreased with increasing vesicle diameter due to a higher

degree of lamellarity (E80 VETsggo: E = 22.5%; S100/POPE VETsgqp: E = 14.9%).

Effect of cholesterol insertion: In contrast, both the diameter and relative ex-
ternal surface area of E80 VETsggg increased upon incorporation of the membrane
stiffening component cholesterol (Dy, &~ 540 nm; E = 26.4%). This can be explained
by the higher resulting bilayer bending modulus leading not only to increased ves-
icle sizes [128, 137] but also to larger interlamellar distances, which in turn decrease
vesicle lamellarity [107]. The concomitant increase in vesicle size and external sur-
face area upon cholesterol incorporation was not apparent for S100/POPE VETsgq.
This is most probably due to the higher degree of lipid chain unsaturation in the
S100 membranes, which is known to reduce the ordering and rigidifying effects of
cholesterol [159, 359].

Effect of sodium cholate insertion: Inclusion of cone-shaped sodium cholate (SC)
in E80 and S100 bilayers, on the other hand, considerably decreased the equilibrium
size of both VETgy systems to D, ~ 320-350nm. This can be explained by the
smaller spontaneous radii of bilayer curvature resulting from such phospholipid—
SC mixtures [81]. The corresponding external surface area results (E > 40%) were
close to the values expected for predominantly unilamellar vesicle populations [9, 10].
However, at the average vesicle diameter of more than 300 nm, these E values are
strongly believed to be overestimated due to contributions of internal lipid labeling
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following TNBS permeation through the soft and less ordered phospholipid—SC ves-
icle membranes [10, 176, 182].

Plain phospholipid MLVs: The large difference in mean sizes between plain E80
and S100/POPE VETsgy prepared in the absence of membrane interacting com-
pounds was unexpected and can not fully be explained. However, it is apparent
that the obtained VETggg sizes directly originated from the average diameters of
the corresponding MLV precursors as listed in Table 4.6. At constant swelling
conditions, pure E80 spontaneously formed relatively small MLVs upon thin film
hydration (Dj, ~ 450nm), while S100 self-assembled into very large MLVs (D), ~
2um) of comparable polydispersity.

Having a mean diameter of D, > 1pm, S100 MLVs cannot accurately be char-
acterized by DLS since measurements are affected by multiple scattering and/or
a fluctuating number of low concentrated particles in the measuring volume [257].
After the pre-extrusion step, the resulting S100 VETsgqq fell into a range of sizes and
polydispersities that just allowed a reliable analysis of size distribution parameters
using DLS and the method of cumulants [254, 257], while offering a heterogeneous
initial system for ROMER experiments.

All ROMER experiments reported in Section 4.3.5 have been carried out using both
E80 and S100 vesicle formulations as listed in Table 4.6. They basically showed
the same behavior and trends in the systematic studies of dynamically enhanced
pore extrusion, but the effects of varying shear rates on the initially larger S100
systems were more pronounced. Therefore, the results presented in this chapter are
restricted to vesicles prepared from S100 matrix membranes.

4.3.2 Characterization of nanopore membranes

The selection of adequate membrane properties, including the material, the design,
and the membrane pore characteristics (pore size and size distribution, pore geo-
metry, pore density), is key to process efficiency and product quality of any membrane-
based process technology. While the choice of membrane shape, dimensions, material
and the resulting thermal, mechanical, and chemical stabilities is governed by the
configuration of the apparatus and the processing conditions, the product proper-
ties are very much influenced by the membrane pore characteristics. In dynamically
enhanced vesicle extrusion, uniform cylindrically shaped pore channels are expec-
ted to allow for a most effective and controlled shearing-off of the frontal endcap
of liposomal spherocylinders emerging from such pore channels (see Fig. 2.9 in the
Background Section).

To study the pore characteristics of different types of commerical planar nanopore
membranes suitable for mounting in the ROMER device, their surface pore struc-
ture was analyzed by SEM and compared to the nominal membrane specifications
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provided by the manufacturer (Tab. 4.4). The nominal pore diameters of all mem-
branes evaluated and used for ROMER experiments were around 200 nm.

Track-etched polymer membranes

SEM: The SEM micrographs in Figure 4.4 illustrate the surface pore structures of
the track-etched polycarbonate and polyethylene therephthalate membranes PC200

Figure 4.4: SEM micrographs of track-etched PC200 and PET210 membranes.
Visualized are the membrane surfaces of track-etched nanopore membranes based on
polycarbonate (PC; A-B) and polyethylene therephthalate (PET; C-D) with nominal pore
diameters of 200 nm (PC200) and 210nm (PET210), respectively.
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(Fig. 4.4A-B) and PET210 (Fig. 4.4C-D), respectively, at different magnifications.
The observed well-defined circular pore openings are characteristic for track-etched
membranes as they are fabricated by irradiating thin polymer films with heavy-
ion beams followed by uniform chemical etching along the created latent tracks.
For both PC and PET films, the processes of track formation and etching are well
studied. This allows the production of precise membrane structures with roughly
cylindrical pore channels spanning from surface to surface. Pore density, pore size,
and pore shape can be adjusted almost independently by controlling the irradiation
and etching conditions [243, 360].

Pore size distribution and pore shape: In a statistical analysis of the collected
SEM micrographs, the pore areas at the surface of PC200 and PET210 membranes
were measured to calculate the corresponding pore size distributions shown in Fig-
ure 4.5 and summarized in Table 4.7.

The median diameter x50 of the single pore population (no overlapping pore open-
ings) measured on the surface of the PC200 membrane was in perfect agreement with
its nominal 200-nm pore diameter xy indicating the presence of uniform cylindrical
pore geometries (see sketch in Fig. 4.5). In contrast, the median diameter x5
of the single pore openings determined for the PET210 membrane was as large as
662 nm. This is more than three times the rated pore diameter o = 210 nm derived
from air flow measurements by the manufacturer. Apparently, the pore channels in
the PET210 membrane are strongly biconically shaped. This is most likely a direct
consequence of the prolonged etching time required to develop the ion tracks in the
thicker PET210 film (35.5 pm) compared to that needed for breakthrough and pore
size adjustment in the thin PC200 foil (10 pm). In addition, the latter polymer
material is more sensitive to the alkali etch solution [243].

The pore cone angle and resulting surface pore diameter in PET210 membranes
could probably be reduced by optimizing the etching conditions such that the ratio
of track etch rate to bulk (radial) etch rate is high and the formation of cylindrical
pore shapes is favored [243]. To increase the track etch rate in PET films, the
ion tracks are often sensitized by UV treatment or the addition of alcohols to the
etchants [243, 361]. Due to different activation energies of the track etching and bulk
etching processes, a simple increase in temperature during etching can also be used
to elevate the etch rate ratio towards cylindrical pore formation [243, 362]. Indeed,
the controlled generation of cylindrical pore shapes has been described for thin films
(~ 10 pm) based on both PC and PET using standard alkali etch solutions at 60 °C
(244, 363], while well-defined conically shaped pores have been formed in PET films
by one-side etching at room temperature [362, 364].

Due to the biconical pore shape, a higher percentage of overlapping pore openings,
i.e. lower relative total single pore area, was found on PET210 surfaces than on
the cylindrically perforated PC200 membrane (Tab. 4.7), even though the nominal
pore density of the latter membrane type was higher (Tab. 4.4). Including these
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Figure 4.5: Pore size distributions of PC200 and PET210 membrane surfaces.
Number-weighted pore size distributions of single pore openings on the surface of the track-

etched nonapore membranes PC200 (black line) and PET210 (gray line).

Solid lines:

Distribution functions calculated from statistical image analysis of SEM micrographs.
Dotted lines: Lognormal fits to the measured data. Schematic illustrations of the derived
pore shapes including the nominal pore diameter g and the measured number-weighted

median diameter x50 of the single pore opening. Drawing not to scale.

Table 4.7: Pore size distribution characteristics of PC200 and PET210 mem-
brane surfaces. Included are the number-weighted pore size distribution parameters
x50,0 (median diameter) and spang (distribution width) for the single pore population and
the total pore population (including both single pore openings and merged pore openings).

Short name of membrane type PC200 PET210
Nominal pore diameter xg [nm] 200 210
Total number of pores measured ] 891 1453
Total number of single pores measured ] 751 1111
Relative total area of single pore openings (%] 71 61
Median diameter 50 of single pore openings [nm]| 202 662
Median diameter x50 of total pore openings  [nm| 209 672
spang value of single pore openings ] 0.11 0.13
spang value of total pore openings -] 0.48 0.57
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clusters of merged pore openings in the calculation of pore size distributions resulted
only in a minor shift of the number-weighted median pore diameter z59, to larger
pore sizes for both PC200 and PET210 membranes (see single vs. total pore size
distribution parameters in Tab. 4.7). However, the presence of surface pore clusters
significantly influenced the distribution widths as indicated by the strong increase
in the corresponding spang values.

The very narrow pore size distributions of the single pore openings in both PC200
and PET210 membranes shown in Figure 4.5 and represented by the low spang values
in Table 4.7 are characteristic to track-etched membranes [243]. The monomodal,
logarithmic single pore size frequencies qo(lgx) derived from SEM image analysis
could be well described by lognormal distribution functions (Fig. 4.5).

Potential of track-etched polymer membranes in dynamic vesicle extrusion:
Even though both polycarbonate and polyethylene therephthalate films are widely
used for track-etched membrane production [243], the nanopore membranes used in
conventional (static) vesicle extrusion are almost exclusively based on track-etched
polycarbonate membranes [3, 15, 193, 365]. Indeed, the PC200 membrane showed
a precise porous structure with well-defined cylindrical pore channels which is most
suitable for static vesicle extrusion and probably also for dynamically enhanced ves-
icle extrusion.

On the other hand, the biconical pore shape and the relatively large proportion of
merged pore openings observed in PET210 membranes is expected to reduce the
efficiency of shear forces at the membrane outlet in dynamic vesicle extrusion. How-
ever, the thicker PET210 membrane offers an advantage over the PC200 foils in
terms of pressure resistance. While the extrusion pressures in the ROMER setup
using PC200 membranes were limited to a range of 1 to 1.5 bar, PET210 membranes
resisted trans-membrane pressures of up to 4 bar.

It has to be noted that the pressure resistance of both track-etched membrane types
during ROMER experiments was, in most cases, limited by the adhesive bond
between the polymer foil and the stainless steel membrane holder (Fig. 4.1) and
not by the burst pressure of the membrane itself.

Ceramic sinter membranes

With regard to the ultimate goal of large-scale processing of concentrated vesicle sus-
pensions by dynamically enhanced membrane extrusion at high throughput rates, a
ceramic sinter membrane based on Al,O3 was also evaluated for potential use in the
ROMER device. Ceramic membranes are widely used in micro- and ultra-filtration
applications because of their high pressure resistance and excellent durability against
high temperature processing and corrosive feed stocks, especially relevant for clean-
ing procedures.
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Figure 4.6: SEM micrographs of asymmetric ceramic sinter membrane Cer200.
The Cer200 membrane is an asymmetric, sintered nanopore membrane based on ceramic
Al,O3 particles with a nominal pore diameter of 200nm. (A) Cross-sectional fracture
showing the coarse membrane support with 2.5-pm pores and the thin (=~ 10m) active
membrane layer with 200-nm pores. (B) Surface of active nanopore membrane with 200-
nm pores.

Potential of ceramic sinter membranes in dynamic vesicle extrusion: In conven-
tional vesicle extrusion, controlled vesicle size reduction has been achieved using
ceramic sinter membranes despite their typical irregular pore shapes and tortuous
paths as opposed to the straight-through pore channels of track-etched polymer
membranes [193, 345].

Sinter membrane modules usually consist of the mechanically strong, self-supporting
membrane itself. This eliminates the need of a membrane holder and concomitant
issues with membrane detachment due to insufficient bonding of the active mem-
brane to its support as frequently observed for composite membrane modules in the
ROMER device. Furthermore, sinter membrane modules generally allow for high
throughput operations and back-flushing of cleaning solutions.

As for the extrusion of vesicles, liposome suspensions can alternatively be passed
through a sinter membrane in opposite directions to maintain the membrane in
an unclogged condition, even when processing concentrated samples [345]. Back-
flushing is not possible when using track-etched polymer membranes because of a
different filter housing configuration and, more importantly, because of their lim-
ited membrane thickness and pressure resistance based on the restricted penetration
depth of accelerated heavy ions through the polymer films. Therefore, clogged track-
etched membranes usually have to be replaced which may compromise the cleanliness
of the extrusion procedure.
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4.3 Results and discussion

To avoid the build-up of high back pressures, asymmetric sintered nanopore mem-
branes are often employed. They consist of a thin active membrane layer that is
sinter bonded onto a coarse membrane support of the same alloy.

SEM: The SEM micrographs in Figure 4.6 show the cross-section and the active
membrane surface of the asymmetric, sintered ceramic membrane Cer200 evaluated
in this work. It consisted of a 10 pm active membrane layer with a rated pore
diameter of 200 nm and a membrane support with 2.5-pm pores, both formed from
Al,O3 particles. The total thickness of the sinter membrane was 1 mm.

4.3.3 Performance of nanopore membranes in conventional
extrusion

Prior to ROMER experiments, the performances of the considered nanopore mem-
branes were studied by inserting them in the static LIPEX extruder (Fig. 2.8) and
analyzing the vesicle structures obtained from the most commonly applied extru-
sion procedure (Background Section 2.5.3) [3, 9, 193, 206]. The extrusion technique
has been studied in detail, especially for track-etched polycarbonate membranes,
and is well known to effectively size down MLVs upon passage through well-defined
cylindrical pore channels [9, 15]. Therefore, track-etched polycarbonate membranes
served as reference membrane in the nanopore membrane performance tests de-
scribed in this section.

VET ;g suspensios prepared using track-etched PC and PET membranes

To verify the rated 210-nm pore diameter of the PET210 membrane and to evaluate
the performance of its biconical pores in conventional extrusion, a VETsqy suspen-
sion was prepared by sequentially extruding a S100 MLV pre-suspension 10 times
through a PET210 membrane using the LIPEX extruder. The resulting vesicle size
distribution measured by DLS on the Malvern Zetasizer NS was compared to that
of a VETyq suspension obtained by taking the same MLV pre-suspension through
the same extrusion procedure but using the reference PC200 membrane.

DLS results: Despite the pronounced biconical pore shape and surface pore diamet-
ers of around 660 nm (Fig. 4.5 and Tab. 4.7), the PET210 membrane was found to
allow for an effective down-sizing of MLVs similar to that achieved by the cylindrical
200-nm pores of the PC200 membrane. This was revealed by the DLS results of the
obtained VETy, suspensions presented in Figure 4.7. The good agreement between
the peak positions of the monomodal size distributions resulting from repetitive
MLV extrusion through PET210 and PC200 membranes confirms that the mean
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Figure 4.7: Size distributions of VETsgo suspensions produced with track-
etched PC200 and PET210 membranes. The VET5q suspensions were obtained by
sequential extrusion of a S100 MLV pre-suspension 10 times through a track-etched PC200
(—) or a PET210 (—) membrane. S100 concentration: 0.645mM.

pore diameter at the center of the PET210 membrane is, indeed, close to 200 nm as
indicated by the manufacturer.

Mechanism of vesicle breakup in cylindrical and biconical pore channels: The
results of the PC200 and PET210 membrane performance tests support the models
for the conventional extrusion process by Patty and Frisken (Sec. 2.6.3) [15] and
Bertrand and Jods (Sec. 2.6.4) [119]. They describe the mechanism of vesicle size
reduction in conventional extrusion by a pressure-induced breakup at the pore en-
trance rather than by a shear-induced fissioning of the spherocylinder inside the
pore channel or at the pore exit (Sec. 2.6.1) [242].

According to these pressure dependent models, the final vesicle size is, to a first
approximation, only dependent on the geometrical constraints of the pore diameter
imposed on the vesicles due to volume conservation and finite bilayer expansibility.
As a large vesicle is pushed almost quasistatically into a channel during the initial
extrusion passes, the bilayer area expands inducing a membrane tension in the ves-
icle membrane (Fig. 2.11A). The vesicle bursts upon reaching a critical membrane
tension o4 equal to the lysis tension o; of the vesicle membrane with the neck
region being the most probable location for vesicle rupture.

Our experiment shows that vesicles rupture to similar extents during multiple ex-
trusion passes through straight-through pore channels whether this neck region is
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located at the entrance of cylindrical pores or in the center of biconical pores as in
the case of track-etched PC200 and PET210 membranes, respectively.

The larger volume fraction of vesicles > 200nm present in the VET5y, population
obtained from the PET210 membrane compared to that produced by the PC200
membrane (Fig. 4.7) is most likely the effect of the gradual contraction of the bicon-
ical pore channels. This gradual contraction induces lower membrane tensions in
the neck region of vesicle bilayers entering the biconical pores and, as a consequence,
allows for the passage of larger vesicles through these pores of a given nominal dia-
meter without bursting.

In contrast, the sharp edges of the entrances of cylindrical pores quickly lead to the
build-up of high membrane tensions in the neck region locally exceeding the lysis
tension and inducing pore nucleation in the bilayer followed by vesicle membrane
rupture [119]. Ultimately, this results in smaller critical vesicle sizes that can per-
sist during the final extrusion passes through PC200 membranes. Additional flow-
induced rupture events of spherocylindrical vesicles traveling through cylindrical
pore channels were frequently observed near this critical vesicle size [119]. This is
probably the reason for the larger volume fraction of vesicles < 100 nm formed by
multiple MLV extrusion through the PC200 membrane (Fig. 4.7).

LUVETs; g9 prepared using asymmetric ceramic sinter membranes

The suitability of asymmetric ceramic sinter membranes for vesicle extrusion was
evaluated by following the conventional extrusion protocol for the preparation of
LUVET;g suspensions using the LIPEX extruder (Sec. 3.2.2) and planar, asym-
metric ceramic membrane discs.

To avoid possible interactions between the Al,O3 membrane surface and charged
compounds of the S100 PC isolate, the MLV pre-suspension was prepared from
zwitterionic, synthetic POPC. The MLV suspension was sequentially extruded 10
times through a Cer200 membrane with a rated pore diameter of 200 nm, followed
by 10 extrusion cycles through a Cer100 membrane with a rated pore diameter of
100nm. The Cer100 membrane used for final extrusions was inserted in the LIPEX
extruder such that the position of the active nanoporous membrane layer was var-
ied between the membrane inlet and the membrane outlet. The obtained vesicle
morphologies were analyzed in terms of size distributions and vesicle shapes by DLS
measurements (Fig. 4.8) and cryo-TEM imaging (Fig. 4.9), respectively.

DLS results: In contrast to the typical monomodal size distributions of LUVETSs;q
obtained by repetitive vesicle extrusion through standard track-etched PC mem-
branes, MLV homogenization by repetitive extrusion through sintered ceramic mem-
branes of the same nominal pore diameters resulted in broad bimodal size distribu-
tions for both Cerl00 configurations tested (Fig. 4.8).
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Figure 4.8: Size distributions of LUVETs g9 produced with asymmetric
ceramic sinter membranes and standard polymeric track-etched membranes.
The LUVET oo suspensions were obtained by sequential extrusion of a POPC MLV sus-
pension 10 times through 200 nm pores and 10 times through 100 nm pores of track-etched
PC membranes (PC200 and PC100; black line) and asymmetric sintered ceramic mem-
branes (Cer200 and Cerl00; gray lines). The position of the active membrane layer of
the Cer100 membrane was varied between the membrane inlet (gray solid line) and the
membrane outlet (gray dashed line). POPC concentration: 10 mM.

Interestingly, a rather successful downsizing of MLVs was only achieved by forcing
them through the active membrane layer directly at the inlet of the asymmetric
Cer100 membrane as demonstrated by the maximum of the primary peak of the
resulting vesicle size distribution at 80 nm. This primary peak was even slightly
shifted towards smaller vesicle diameters compared to the predominant vesicle size
of 90 nm measured in the homogeneous LUVET(, suspension after analogous MLV
extrusion through the reference PC200 and PC100 membranes. Processing the MLV
pre-suspension in the opposite membrane direction, i.e. from the coarse membrane
support at the inlet to the active membrane layer at the outlet of the Cer100 mem-
brane, resulted in a very limited downsizing of vesicles and a primary peak maximum
of the corresponding size distribution at around 500 nm (Fig. 4.8).

Mechanism of vesicle breakup upon passage through porous sinter membranes:
According to the proposed pressure-induced mechanism of vesicle breakdown upon
extrusion through nanochannels (Background Secs. 2.6.3-2.6.4) [15, 119, 208], mul-
tiple contractions along the tortuous path through nanoporous sinter membranes
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and high related transmembrane pressures are likely to be the reason for the ob-
served generation of relatively small vesicles upon multiple passages through the
Cer100 membrane with the nanoporous layer being at the membrane inlet.
Increasing extrusion pressures are known to decrease the size of extruded vesicles
for a given bilayer composition and pore diameter using conventional track-etched
membranes [15, 119, 208, 209]. This has been explained by the higher flow rates
resulting in the pore channels which leads to a thickening of the lubrication layer
surrounding the spherocylindrical vesicles as they flow through the channels, and,
hence, to a decreased effective pore diameter (see Fig. 2.11B and Egs. 2.7-2.8 in Sec.
2.6.4) [119, 208, 245]. A similar phenomenon of reduced effective diameter of the
pore entrance due to high transmembrane pressures required for sinter membrane
processing could be responsible for the extensive breakdown of vesicles at the nan-
opore inlet of Cer100 membranes.

Nevertheless, a considerable amount of vesicles with diameters > 200 nm remained
in the LUVET g suspension produced by the Cer100 membrane with the active
membrane layer at the membrane inlet. The resulting shoulder of the correspond-
ing bimodal size distribution (Fig. 4.8) can be attributed to the absence of defined
surface to surface channels in sinter membranes, i.e. reduced pore lengths, which
would promote an additional flow-induced breakup of vesicles inside the channel
during the final extrusion cycles [119].

Cryo-TEM: The cryo-TEM micrographs in Figure 4.9 confirm the presence of two
vesicle size populations in the LUVET; oy sample collected after final extrusion passes
through the Cer100 membrane with the active membrane layer facing the vesicle
feed. Uniform vesicles with diameters ranging from 50 to 100 nm coexisted with
approximately 200 nm-sized vesicles. The former population of small vesicles was
predominantly unilamellar and spherical in shape, comparable to the well-defined

Figure 4.9: Cryo-TEM micrographs of LUVETs g9 produced with asymmetric
ceramic sinter membranes. The LUVET g suspension was prepared by sequential ex-
trusion of a POPC MLV suspension 10 times through 200 nm pores and 10 times through
100 nm pores of the asymmetric ceramic sinter membranes Cer200 and Cer100, respect-
ively. The active membrane layer of the Cer100 membrane was at the membrane inlet.
POPC concentration: 10 mM. Scale bar = 200 nm.
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LUVETy suspensions produced with conventional track-etched PC membranes
(Fig. 4.3). In contrast, the less downsized vesicles, while also being mostly unilamel-
lar, seemed to have large excess areas leading to the observed deflation of the quasi-
spherical vesicle shape [73]. This excess area explains the larger final size adopted by
these flaccid vesicles since it allows them to tolerate larger area expansions without
rupturing during the final passes through the 100-nm pore membrane [119, 366].
Likewise, the pre-stretching and creation of excess area of unsized vesicles while
passing the coarse membrane support before entering the nanoporous layer towards
the exit of the Cer100 membrane largely prevented vesicle breakdown when oper-
ating in the opposite filter direction (Fig. 4.8). Unsuccessful downsizing of vesicles
was also reported in a ceramic extrusion setup using a cylindrical, asymmetric mem-
brane module with the active membrane lining the inner wall and operating in an
outside-to-inside direction [345].

Recovery of vesicle constituents after passage through nanopore
membranes

Total lipids and lipid compositions of initial MLV suspensions are known to be
recovered after conventional extrusion through polycarbonate membranes using dif-
ferent devices [15, 212, 367]. However, these static extrusion setups are usually
operated at higher extrusion pressures than those tolerated by the free-standing
membrane configuration of the ROMER device. The different nanopore membranes
were, therefore, tested for possible lipid retention during a single passage of unsized
vesicles through the ROMER membrane module under the standard conditions of
subsequent ROMER experiments.

VETy suspensions prepared from an initial S100 concentration of 0.5 mg mL~! were
pumped through the various membrane types mounted onto the ROMER membrane
holder at controlled flow rates. The total phospholipid concentration was quantified
before and after extrusion using the Stewart assay and the recovered phospholipid
fraction was plotted as a function of extrusion pressure (Fig. 4.10).

Track-etched PC200 and PET210 membranes: No significant loss of lipids was
detected after one extrusion cycle through the track-etched polymer membranes,
in spite of the moderate transmembrane pressures of around 1.3bar and 1.8 bar
resulting from low volumetric VETggo extrusion at 1 mlmin~! through the pressure-
sensitive PC200 and PET210 membranes, respectively (Fig. 4.10). The recovery of
phospholipids after VETgyy extrusion through the PET210 membrane was slightly
lower than that measured after the PC200 membrane. This is probably caused by
the higher degree of merging and branching channels within the thicker PET210
membrane resulting from different surface angles of track-etched pores fluctuating
around normal angle [243]. Nevertheless, approximately 89% and even 94% of total
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Figure 4.10: Recovery of total phospholipids after one VETggo extrusion cycle
through different nanopore membranes. S100 VETgg precursors were passed 1
time through the track-etched polymer membranes PC200 and PET210 and through the
ceramic sinter membrane Cer200 using the ROMER device at increasing extrusion pres-
sures. Initial S100 concentration cgy: 0.645 mM.

phospholipids were recovered after extrusion through the straight-through channels
of PET210 and PC200 membranes, respectively. This is in the upper range of lipid
recovery reported previously for conventional liposome extrusion through polycar-
bonate membranes [367].

Ceramic sinter membrane Cer200: The filter resistance and extent of lipid reten-
tion by the ceramic sinter membrane was drastically increased compared to the
track-etched polymer membranes. The transmembrane pressures resulting from
VETgo extrusion at 2mlmin~' through the Cer200 membrane were in a range
of 6-8 bar, whereas the corresponding lipid recoveries were < 10% (Fig. 4.10). Even
when increasing the extrusion pressure to 10-12 bar by controlling the flow rate of
the vesicle feed at 8 mlmin~!, the amount of the recovered phospholipid fraction
remained below 50%. It can be assumed that a large fraction of pores, especially
the smaller ones, was inactive under the investigated extrusion conditions leading to
the entrapment of vesicles along the tortuous path through the Cer200 membrane.
Additional lipid loss was probably caused by the adsorption of lipids to the negat-
ively charged surface of Al,O3 particles as surface forces dominated over the flow
forces through the depth-type sinter membrane.
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Summary of nanopore membrane performance tests: The performance of the
track-etched PET210 membrane in conventional vesicle extrusion was comparable
to the reference polycarbonate membrane PC200 despite its biconical pore chan-
nels as opposed to standard cylindrical pore shapes. The use of both track-etched
membrane types will allow to study the influence of pore shape on the efficiency
of dynamically enhanced vesicle extrusion in subsequent systematic ROMER ex-
periments. Static vesicle extrusion through asymmetric ceramic sinter membranes
resulted in broad bimodal vesicle size distributions, deflated vesicle shapes, and
low lipid recovery rates. As a consequence, the Cer200 membrane was not further
considered for ROMER experiments.

Homogenization of MLVs by repetitive extrusion through track-etched PC
and PET membranes: Benchmarking the vesicle extrusion process

In a last preliminary experiment prior to ROMER experiments, structural vesicle
parameters were recorded after 1 to 10 extrusion passes of a standard VETgyy pre-
suspension based on S100 through the selected PC200 and PET210 membranes using
the conventional LIPEX extruder. Since the repetitive extrusion procedure is one of
the most popular techniques to reproducibly homogenize MLV suspensions in terms
of vesicle size, polydispersity and lamellarity [9, 216], this data set will be used to
benchmark the new ROMER process. Structural vesicle parameters measured after
a single passage through the ROMER device at controlled shear rates will be com-
pared to those obtained here after n static extrusion cycles.

Figure 4.11 shows the structural vesicle parameters, including the hydrodynamic
diameter Dy, the relative external surface area F, and the polydispersity index
PDI, all normalized to the corresponding initial values, of a VETgg suspension as
a function of the number of extrusion passes through PC200 and PET210 mem-
branes, respectively. The extrusion pressure was kept constant at 6 bar throughout
the repetitive extrusion procedure using both types of track-etched nanopore mem-
branes. As the phospholipid proportion in the outermost vesicle monolayer detected
by external surface area analysis inversely relates to the degree of vesicle lamellarity
(Sec. 2.7.2), the results of the normalized external surface area E/FE, were plotted
as reciprocal values. This helps to illustrate the concomitant changes in vesicle size
and lamellarity upon sequential extrusion (Fig. 4.11A and 4.11B).

General results: Overall, the mean size (Fig. 4.11A), degree of lamellarity (Fig.
4.11B) and polydispersity (Fig. 4.11C) of the VETgqo suspension rapidly decreased
with increasing numbers of extrusion cycles through both PC200 and PET210 mem-
branes during the initial extrusion passes. These data are consistent with previous
studies on vesicle size reduction and the related increase in relative external surface
area, i.e. decrease in vesicle lamellarity, for egg PC MLVs extruded between 1 to 10
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Figure 4.11: Homogenization of MLVs by repetitive, static extrusion using
the LIPEX device. Hydrodynamic diameter Dj (A), relative external surface area E
(B), and polydispersity index PDI (C), normalized to the respective initial values D, o,
Ey, and PDIy, of a VETggy suspension passed the indicated number of extrusion cycles
through a PC200 (@) or a PET210 membrane (m) using the LIPEX device. Extrusion pres-
sure: 6 bar. VETgyg precursors were prepared by pre-extruding a MLV suspension from
S100/POPE 95:5 (mol/mol) 3 times through a PC800 membrane. Total lipid concentra-
tion: 0.645 mM. Results represent mean values and standard deviations of the means of
two (4-10 cycles) to three (1-3 cycles) independent extrusion experiments using the same
VETggo pre-suspension. The lines are drawn to guide the eye.
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times through polycarbonate membranes with 30-, 50-, 100-, 200- and 400-nm pore
diameters [9, 216].

Homogenization of MLVs using PC200 vs. PET210 membranes: Whereas

the structural parameters of extruded S100 vesicles remained already unchanged
after 5 passes through the PC200 membrane, the final vesicle morphology after re-
petitive extrusion through the PET210 membrane was only reached after 8-10 cycles.
This can again be attributed to the less effective pressure-induced breakdown of ves-
icles at the conically shaped entrance of PET210 pores compared to that triggered
by the cylindrical pore openings of the PC200 membrane as described earlier.
After 8-10 extrusion cycles, the values of the mean sizes and relative external sur-
face areas of the VETsyy, obtained from repetitive extrusion through PC200 and
PET210 membranes converged (Fig. 4.11A and B). This is a result of the constant
extrusion pressure applied and of the comparable geometrical constraints imposed
by the entrance or the center of the cylindrical PC200 and biconical PET210 pore
channels, respectively [119].

Obtained VET,go suspensions vs. literature reports: The indicated final vesicle
diameters (PC200: 161nm; PET210: 168nm) and final relative external surface
areas (PC200: 40.7%; PET210: 43.0%) were in good agreement with previous results
for VETsy prepared by passing frozen and thawed egg PC MLVs 10-20 times
through 200-nm pore PC membranes [9, 10].

Due to the fact that the model by Patty and Frisken predicting the final vesicle
size as a function of pore size, extrusion pressure and vesicle lysis tension (Eq.
2.6) was only consistent with data for vesicles extruded through pore sizes ranging
from 50 to 100nm and not with those obtained from 200-nm pores (Sec. 2.6.3)
[15], our results for final VET45q, diameters could not be verified with this model.
Nevertheless, the final diameter of 161 nm measured after 10 extrusion cycles through
the PC200 membrane at 6 bar compared well with the experimental data reported by
Patty and Frisken for POPC VETs,o prepared under the same extrusion conditions
(Dj, =~ 180nm). The small variation in the observed VETg diameters is based
on the different bilayer compositions used here (S100) and in the study by Patty
and Frisken (POPC). This can still be explained by their general model: S100
contains a considerably higher percentage of unsaturated acyl chains with two or
more alternating cis-double bonds than POPC (Tab. 4.3 and 4.2) conferring a lower
lysis tension to the S100 bilayers (Tab. 2.1) [13] and, hence, resulting in smaller sizes
of extruded vesicles (Eq. 2.6) [15].

Polydispersity of VET;gy suspensions: The PDI values (Fig. 4.11C) of the VET4
suspensions prepared with increasing numbers of extrusion cycles through the PET210
membrane did not approach the baseline values of the reference PC200 samples
as quickly as the series of vesicle size (Fig. 4.11A) and lamellarity (Fig. 4.11B).
Moreover, it has to be noted that the results for these PDI values obtained from
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DLS measurements were generally subject to large variations, even within repeat
measurements of an individual sample. This is reflected by the large standard devi-
ations of the mean PDI results indicated in Figure 4.11C.

According to a detailed study of the method of cumulants for DLS data analysis of
VETs0 samples by Frisken [250], the observed instability of PDI results is based
on the limited robustness of the traditional cumulant fit to the measured intensity—
intensity autocorrelation function ¢®(7) (Sec. 2.7.1, Eq. 2.21). Traditional cumu-
lant fitting functions are derived from the standard expansion of the logarithm of
the fieldfield autorcorrelation function ¢g*(7) in terms of the cumulants &, (I") of
the distribution of decay rates G(I') about the delay time 7 = 0 (Egs. 2.19 and
2.21). Frisken reported that such traditional cumulant fits give unstable results for
all fitting parameters derived from data analysis of VET5y, suspensions. In partic-
ular, they do not allow for a satisfactory determination of the PDI value that is
defined on the basis of the first and second cumulants #;(I") = T’ and so(I') = puo,
respectively (Eq. 2.20) [250]. More robust fitting functions and consistent results of
fitting parameters for polydisperse samples could be obtained by following a modi-
fied version of the original cumulant method as reformulated by Frisken in terms of
the moments p,, of the distribution about the mean rather than of the cumulants
km(I') about 7 = 0 [250].

4.3.4 Morphology of vesicles prepared by dynamically enhanced
extrusion

Prior to systematic ROMER experiments, the integrity and morphology of vesicles
produced by dynamically enhanced membrane extrusion in the evaluated shear rate
range were analyzed by cryo-TEM imaging and SANS measurements. VETgq pre-
suspensions were pumped through the ROMER device using PC200 membranes and
applying the standard ROMER settings at the minimum and maximum shear rates
tested in this study (Yrep.min = 602157 and rep max = 60214571 see Sec. 4.2.3 in
Materials and Methods).

Due to the very small sample volume of cryo-TEM specimens, the total lipid con-
centration of samples prepared from S100 for cryo-TEM investigation was increased
to 20mM (15.5mgmL~" S100). Samples for SANS measurements were prepared at
the standard lipid concentration of ROMER experiments (0.645 mM; 0.5 mgmL~!
POPC), but using pure POPC instead of S100 phospholipids for better comparab-
ility with literature data.

According to a number of studies on conventional vesicle extrusion, the concen-
tration of total lipids has no effect on the scattering behavior [368], the vesicle
size [9, 128, 217], and the extent of multilamellarity [9] of LUVET;qy, VETgy and
VET g0 suspensions prepared at lipid concentrations between 0.1 and 400 mg mL ™!,
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4 Process development and investigation of dynamically enhanced vesicle extrusion

Therefore, it can be assumed that the results obtained here from cryo-TEM and
SANS experiments are comparable even though the samples have been prepared at
different lipid concentrations. Nevertheless, it has to be taken into account that the
known influence of lipid film thickness, i. e. lipid concentration at film hydration, on
the properties of the initial MLV suspension is probably not fully overcome after the
three pre-extrusion cycles applied through coarse 800 nm-pore membranes followed
by a single pass through the PC200 membrane in the ROMER device [3].

cryo-TEM

Indeed, the recorded cryo-TEM micrographs show rather heterogeneous vesicle sus-
pensions obtained from ROMER processing of S100 VETsgyy both at low (Fig.
4.12A—C) and high shear rates (Fig. 4.12D-F). Both samples contained the desired
unilamellar (A and D) and oligolamellar (B, E and F) vesicles, but also large mul-
tilamellar and multivesicular structures (C and F). The latter dense lipid structures
were not disintegrated after a single pass through the PC200 membrane, even when
applying a strong shear flow field at the membrane outlet (F). High shear forces
did, however, slightly reduce the size of unilamellar (A — D) and multilamellar ves-
icles (C — F) compared to the corresponding structures collected after dynamically
enhanced membrane extrusion at low shear rates.

At the same time, strongly deformed, elongated vesicles with a tendency to budding
were generated by the action of high shear stresses as revealed by Figure 4.12E. It can
be assumed that the VETgyo precursors of these vesicles disposed of excess membrane
area as already suggested for the deflated S100 LUVETS g visualized in the cryo-
TEM images of Figure 4.3C-D. An initial excess membrane area relative to a sphere
(A, Eq. 2.3) is known to strongly enhance vesicle deformation in a given shear
flow [90, 92, 366]. The development of buckling instabilities and growing endcaps
as observed in Figure 4.12E has previously been reported for strongly deformed
vesicles under shear in the case of large initial excess areas [366]. Additionally, an
inhomogeneous shear flow field as it is likely to develop at the maximum rotor speed
applied was suggested to promote tip formation in deformed vesicles [366]. Both
stable and undulating tube-like lipid structures have also been observed following
exposure of liposomes to the large velocity gradients and resulting shear flow fields
induced by sonication [195].

The shape transformation and preservation of vesicle integrity in spite of the large
bilayer deformation observed here was probably also supported by a stress-induced
lateral demixing of the S100 components, such that the components with a high
affinity for highly curved bilayers accumulated at the strongly deformed edges. The
polyunsaturated lipid tails of DLPC, which is the predominant phospholipid species
in S100, were, for example, found to stabilize both positive and negative regions
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of curvature in highly curved DPPC/DLPC vesicles [369]. Similar spontaneous
adjustments of local bilayer composition and elasticity in response to stress- or
temperature-induced shape transformations have been reported for other mixed lipid
vesicles [73, 141, 188, 195, 287].

Figure 4.12: Cryo-TEM micrographs of dynamcally extruded vesicles. VETgq
precursors were dynamically extruded 1 time through a PC200 membrane using the
ROMER device and applying low (fep = 6021571 A-C) and high shear rates (Yrep =
6021451 D-F), respectively. Flow rate: 1ml min~!. Shear gap height: 200 pm. Rotor
speed: 1000 rpm (A-C) and 10000 rpm (D-F). VETsggg were prepared by pre-extruding a
MLV suspension from S100 3 times through a PC800 membrane using the LIPEX device.
Total lipid concentration: 20 mM. Scale bar = 200 nm.
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4 Process development and investigation of dynamically enhanced vesicle extrusion

SANS

In accordance to cryo-TEM observations, SANS measurements revealed no signific-
ant influence of the applied shear rate on the structural properties of a POPC VETgq
suspension after dynamically enhanced extrusion through PC200 membranes. The
shape of the recorded scattering curves was the same for samples generated at zero,
low, and high shear rates as shown in Figure 4.13.

Model-independent analysis of SANS curves: For the characterization of the
overall particle size, a preliminary model-independent analysis of SANS curves is
often done by the Guinier approximation [246, 355, 370]. It relates the low ¢-
range scattering from a dilute dispersion of three-dimensional objects, including
liposomes [269], to the radius of gyration Rg without assuming a specific particle
shape: I(q) = Iy exp(—R%q¢*/3). The value of Rg can then be determined from the
so-called Guinier plot of In I(q) versus ¢* that has a slope of —R%/3 in the linear
Guinier region at low g-values (¢ < 1/Rg).

In the case of the investigated ROMER samples, the linear Guinier region of vesicle
size was not accessible within the ¢-range probed by the experimental SANS setup.
This is indicated by the pronounced region of power-law decay of the scattering
functions in the log-log plots presented in Fiugre 4.13 which extends down to the
lowest ¢ values measured. Apparently, the vesicle structures present in the ROMER
samples were in a range of large diameters that scattered to low ¢ values outside of
the accessible g-range.

Complementary DLS measurements of the same ROMER suspensions revealed mean
hydrodynamic diameters ranging from 374nm to 368 nm for samples generated at
zero and high shear rates, respectively. The minor size reduction detected at increas-
ing shear rates confirms the negligible effect of the shear flow field at the membrane
outlet on the structure of relatively large POPC vesicles obtained after one ROMER
passage under the chosen process conditions.

In the following, the model-dependent analysis of the recorded SANS curves is dis-
cussed on the basis of the fitting results for the high shear sample only.

Model-dependent analysis of SANS curves | considering a population of weakly
ordered membrane stacks: As the bilayers of large vesicles collected from the
ROMER device represent local disc-like structures in the measured g-range, the re-
corded scattering curves could be fitted well with a form factor based on Porod’s
approximation for flat cylinders [355, 371]. The cylinder length L corresponds to
the bilayer thickness dg, while the radius R was chosen such that the diameter of
the cylinder stretched beyond the distances probed in the SANS experiment. To
account for polydispersity, the form factor for flat cylinders was combined with a
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Figure 4.13: Radially averaged SANS curves of dynamcally extruded vesicles.
VETggo precursors were dynamically extruded 1 time through a PC200 membrane using
the ROMER device and applying zero (0), low (frep = 6021571 @), and high shear rates
(rep = 60214 s71; @). Flow rate: 1mlmin~!. Shear gap height: 200 pm. Rotor speed:
Orpm, 1000 rpm, and 10000 rpm, respectively. VETsggg were prepared by pre-extruding
a MLV suspension from POPC 3 times through a PC800 membrane using the LIPEX
device. Total lipid concentration: 0.645mM. Solid gray line: model-dependent fit curve
to the SANS data of the high shear sample (®) considering a population of weakly ordered
membrane stacks. Dashed black line: ¢~3 power-law fit to the SANS data of the high
shear sample. Diagram: ROMER vesicle suspension with fitting parameters for bilayer
thickness dp, lamellar repeat distance d, number of coherent scattering bilayers in the
membrane stack N, number of diffuse scattering bilayers Ng;rr, and median diameter 2
of the unilamellar vesicle population.

Delta size distribution which simply scales the form factor with a constant particle
number density n.

The scattering curves from dilute dispersions of disc-like structures, such as the con-
sidered planar bilayers, are well known to exhibit a power-law behavior of ¢=2 at
q > 1/R¢ [246]. However, this was not in agreement with the slope of -3 extracted
from the power-law region of the log-log plots presented in Figure 4.13 (see ¢~ fit
curve). The intermediate g3 decay of the scattering curves from ROMER samples
between that typically observed for discs (¢~2) and the Porod scattering from sharp
interfaces of dense structures (¢=?) [246] can be assigned to the presence of both
uni-/oligolamellar vesicles and dense multilamellar structures in the heterogeneous
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ROMER suspensions. These two vesicle populations have also been observed by
cryo-TEM imaging (Fig. 4.12).

Sample multilamellarity and the resulting steeper slope of the scattering curves
could be well described by including a structure factor of weakly ordered membrane
stacks [372]. Disorder was considered by the so-called stacking disorder caused by
small variations in bilayer separations and described within the paracrystalline the-
ory [268, 373, 374]. A Gaussian distribution of the number of bilayers in the stack N
was introduced to account for the polydispersity of the stack size without affecting
the form factor and the stacking separation, i.e. the lamellar repeat distance d [354].
With respect to the morphology of large vesicles, the number of coherent scatter-
ing bilayers in the stack N represents the mean number of bilayers per multilayer
vesicle, while the additional diffuse scattering term Ng; s accounts for the number
of single, uncorrelated bilayers outside of the scattering domain, i.e. unilamellar
vesicles [190].

The best full g-range fit to the SANS curve of the high shear sample including the
form factor of flat cylinders and the structure factor of weakly ordered membrane
stacks was obtained with a bilayer thickness of dg = 4.1 nm, a mean stacking num-
ber of N = 8.4 with a lamellar repeat distance of d = 6.3 nm, and a mean number of
uncorrelated scattering bilayers of Ny;;; = 7.4 (see schematic illustration in Figure
4.13). The results for bilayer thickness dg and lamellar repeat distance d in the
ROMER sample prepared from pure POPC are in good agreement with literature
values extracted from SAXS and SANS scattering data of fully hydrated POPC
MLVs [190, 219, 300].

According to the numbers of coherent (N = 8.4) and diffuse scattering bilayers
(Ngisg = 7.4), the vesicle population of the investigated high shear sample con-
sisted of approximately 85% unilamellar and 15% multilamellar vesicles comprising
an average number of 8 lamellae per MLV. The estimated proportion of unilamellar
vesicles was comparable or even higher than that typically reported for homogeneous
LUVET o and VET5y, suspensions, which, however, are characterized by a lower
mean number of lamellae per MLV of 2 to 3 [9, 10, 193, 219, 341]. This indicates
that the MLV population in the studied ROMER suspension, while being relat-
ively small, probably contained so-called lipid-rich liposomes with a large number
of tightly packed bilayers. Such lipid-rich liposomes with practically uncountable
numbers of lamellae were already observed in the cryo-TEM micrographs in Figures
4.12 C and F [341].

With respect to the applied pre-extrusion cycles through PC800 membranes followed
by the single passage of the VETgq suspension through the PC200 membrane in the
ROMER device, the measured mean number of 8 lamellae per MLV is reasonable
compared to the average stack size of N ~ 25 and N = 3 reported for fully hydrated
MLVs and VETsg0, respectively [190, 219].
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Model-dependent analysis of SANS curves Il considering a population of weakly
ordered membrane stacks and a population of unilamellar vesicels: The ob-
tained fitting results were verified by a second approach for the global fit to the
same scattering data, which included a population of unilamellar vesicles, in addi-
tion to the population of stacked bilayers as described above. The unilamellar vesicle
population was represented by introducing a second form factor for spherical shells
with an inner radius R and a shell thickness AR corresponding to the vesicle bilayer
thickness dp [355]. The spherical shell model was convoluted with a lognormal size
distribution for the vesicle core radius R [355]:

(In R — In p)?

202

p(R,0, 1) = (RV2m02) texp (4.3)

where i and o represented the location and width parameters, respectively.

The best fit including the co-existing populations of stacked bilayers and unilamellar
vesicles was obtained with a global bilayer thickness of dg = 4.3nm (fit curve not
shown in Fig. 4.13). This is in good agreement with the corresponding value de-
rived from the previous fitting procedure including the population of weakly ordered
membrane stacks only (dg = 4.1nm). The lognormal distribution parameters of the
vesicle population were p = 97nm for the median radius and ¢ = 0.32 for the geo-
metric standard deviation reflecting the pore size of the PC200 membrane used for
ROMER sample preparation.

While the stacking number of the stacked bilayer population revealed a mean num-
ber of lamellae per MLV of N = 6.9, the diffuse scattering term Ng ;s was close
to one as the single, uncorrelated bilayers were now represented by the unilamellar
vesicle population. Calculating the total bilayer areas in the stacked membrane and
unilamellar vesicle populations confirmed the proportions of stacked to uncorrelated
bilayers, i.e. multi- to unilamellar vesicles, identified in the high shear sample by
the previous fitting approach.

Summary: Vesicle morphologies and dimensions of the high shear ROMER sus-
pension as extracted from experimental SANS data using the two fitting procedures
are summarized in the schematic illustration of Figure 4.13.

It has to be noted that the indicated structural parameters and their mean values
reported in the text above were generally associated with broad statistical distri-
bution functions. Heterogeneity in the ROMER suspensions was also reflected by
the line shape of their diffuse scattering curves exhibiting only a weak signature of
one quasi-Bragg reflection (Fig. 4.13). In contrast, the diffraction patterns of fully
hydrated MLVs from a single lipid species in the L, phase are known to exhibit two
to three robust orders of Bragg peaks [372, 375]. The observed decrease in Bragg
peak intensity accompanied by peak broadening indicates a high degree of stacking

139
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disorder in the MLV population of ROMER suspensions as already revealed by the

cryo-TEM micrographs in Figures 4.12C and F [372, 375].

From the cryo-TEM and SANS experiments reported in this section it can be con-

cluded that the ROMER samples prepared from phospholipid VETgy, pre-suspensions
under standard process conditions were rather heterogeneous in terms of size and

lamellartiy, irrespective of the applied shear rate.

4.3.5 Effectivity of dynamically enhanced vesicle extrusion at
varying material and process parameters

Finally, the efficiency of the shear flow field in the ROMER prototype on the homo-
genization of MLVs was systematically studied as a function of nanopore shape and
vesicle bilayer composition in the shear rate range between 0 and 60214 1.

Influence of pore shape in dynamically enhanced vesicle extrusion

The influence of pore shape on the homogenizing effect of dynamically enhanced ves-
icle extrusion was studied by passing VETgy, pre-suspensions through the ROMER
device at varying shear rates using the two track-etched polymer membranes PC200
and PET210 with cylindrical and biconical pore channels, respectively. Both mem-
brane types have a nominal pore diameter of around 200 nm and have been shown to
perform similarly in the conventional, repetitive extrusion process using the static
LIPEX device, despite their different pore shapes (Secs. 4.3.2 and 4.3.3).

Experimental ROMER series were carried out using the standard device configu-
ration at four increasing shear rate settings (frep = 0, 6021, 30107, and 60214 s71)
as described in Materials and Methods (Sec. 4.2.3). The VETgyo pre-suspensions
were prepared from S100/POPE 95:5 (mol/mol) and the feed rate was controlled at
1 mLmin~! resulting in average transmembrane pressures of 1.4 bar and 1.8 bar for
the PC200 and PET210 membranes, respectively.

The initial VETggg and the dynamically extruded vesicle suspensions were analyzed
by DLS measurements and the TNBS assay to obtain the structural vesicle paramet-
ers as summarized in Figure 4.14. Shown are the hydrodynamic diameter D; (Fig.
4.14A), the relative external surface area E (Fig. 4.14B), and the polydispersity
index PDI (Fig. 4.14C), all normalized to the corresponding initial structural para-
meters, of S100 VETsgy after dynamically enhanced extrusion through the PC200
and PET210 membranes as a function of the applied shear rate. Absolute values
of the structural parameters of the initial VETggy suspension (index 0) and of the
extruded suspensions collected after exposure to zero (index 40) and to maximum
shear (index 4ymax) are also indicated in Figure 4.14.
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Figure 4.14: Homogenization of MLVs by dynamically enhanced extrusion
using the ROMER device — effect pore shape. Hydrodynamic diameter Dy, (A), re-
lative external surface area E' (B), and polydispersity index PDI (C), normalized to the re-
spective initial values Dy, o, Ey, and PDIg, of VETsggg after one dynamically enhanced ex-
trusion cycle through PC200 (cylindrical pores; ®) or PET210 membranes (biconical pores;
m) using the ROMER device at increasing shear rates (Yyep = 0-60214s71). Flow rate:
1 mlmin~!; resulting mean extrusion pressure: 1.4 bar (PC200) and 1.8 bar (PET210). Ex-
trusion time: 400s. Shear gap height: 200 pm. Rotor speed: 0rpm, 1000 rpm, 5000 rpm,
and 10000rpm. VETggg precursors were prepared by pre-extruding a MLV suspension
from S100/POPE 95:5 (mol/mol) 3 times through a PC800 membrane using the LIPEX
device. Total lipid concentration: 0.645 mM. Results represent mean values and standard
deviations of the means of three (* two) independent ROMER experiments using the same
VETgg pre-suspension for each membrane type tested. Lines are drawn to guide the eye.
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Dynamically enhanced homogenization of MLVs using cylindrical vs. bicon-
ical pore membranes: Dynamically enhanced VETgy, extrusion through the cyl-
indrical pores of the PC200 membrane allowed a reduction of the average vesicle
diameter from 335 nm to 276 nm at increasing shear rates between 0 and 60214571,
In contrast, inserting the PET210 membrane with biconical pore channels under
the same processing conditions did not result in a significant shear-induced vesicle
size reduction (Fig. 4.14A). The evolution of vesicle lamellarity as a function of the
applied shear rate was directly reflected by the observed size changes. The lamel-
larity decreased, i.e. the relative external surface area increased, as vesicles were
downsized with increasing shear rates using the PC200 membrane, while size and
lamellarity were not influenced by the shear flow at the outlet of the PET210 mem-
brane (Figs. 4.14A and B).

It has to be noted that the size reduction as a function of shear rate obtained with
the PC200 membrane was relatively small compared to the initial vesicle size. This is
indicated by the normalized values of mean hydrodynamic vesicle diameters plotted
in Figure 4.14A. The vesicle size after simple extrusion through the PC200 mem-
brane in the absence of a shear field (fyep = 0s™!) accounted for 36% of the initial
VETgqg size. This corresponds to a vesicle size reduction of 64% by the conventional
extrusion component of the ROMER process, whereas the shear flow at the mem-
brane outlet contributed to an additional down-sizing of only 6% at the maximum
shear rate tested (pep = 60214s71).

The performances of the PC200 and PET210 membranes in dynamically enhanced
vesicle extrusion could not be distinguished in terms of sample polydispersity as
the PDI values were not influenced by the applied shear rate for either membrane
type used (Fig. 4.14C). Apart from the anyhow small variation in mean vesicle
size as a function of shear rate (Fig. 4.14A), this can be explained by the instabil-
ity of PDI results for polydisperse samples obtained from the traditional cumulant
fit to the measured DLS data as already discussed in Section 4.3.3 [250]. Indeed,
the PDI values of ROMER sampels were as high or slightly higher than those of
the initial VETgg suspensions resulting in relative PDI values around and above
unity, respectively (Fig. 4.14C). This shows that a single passage of the hetero-
geneous VETgy pre-suspension through the ROMER device broadens the vesicle
size distribution, irrespectively of the applied shear rate. The increase in sample
polydispersity during ROMER, processing was comparable to that generated by a
single extrusion cycle through the static LIPEX device using the same vesicle and
membrane systems (Figs. 4.14C and 4.11C).

Homogenization of MLVs by dynamically enhanced vs. repetitive static ex-
trusion: Due to the minor influence of the ROMER shear flow on the structure of
dynamically extruded vesicles, varying shear rates did not allow to specifically adjust
vesicle morphology, for example to the well defined VET 400 structures obtained
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from the conventional extrusion procedure [3, 9, 193]. The mean diameter and ex-
ternal surface area of the ROMER suspension generated with the PC200 membrane
at maximum shear rate (Dp smax = 276 nm; Eipax = 33%) compared just well to the
structure of VETsyq prepared by 10 static extrusion cycles through 400-nm pore
PC membranes [9, 10].

Inserting the same type of 200-nm pore membranes in the dynamic and static extru-
sion devices showed that, under the applied extrusion conditions, the dynamically
enhanced ROMER process was slightly less efficient in the homogenization of S100
VETgo precursors than the static LIPEX device (Figs. 4.11 and 4.14). Even at
the maximum shear rate tested, the relative vesicle diameters obtained by ROMER
processing (Dp, 4max/Dn,o = 0.29 for PC200; Dj, 4max/Dho = 0.38 for PET210) were
slightly larger than those measured after a single extrusion cycle through the LIPEX
device (D, 1/Dpp = 0.24 for PC200; Dy, 1 /Dy o = 0.35 for PET210) for both PC200
and PET210 membrane types used. The larger extent of vesicle size reduction
achieved by static extrusion can be assigned to the larger extrusion pressure of 6 bar
applied to the LIPEX device compared to the transmembrane pressures of < 2bar
resulting from the low throughput of 1mLmin~! through the PC200 and PET210
membranes during ROMER processing.

In other words, the well known downsizing effects of increased pressures and higher
resulting flow velocities through the pores in the conventional extrusion process
(Sec. 2.6) [15, 119, 208, 209] were not overcome by the shear flow field induced at
the membrane outlet of the ROMER device.

Mechanism of vesicle breakup in dynamically enhanced pore extrusion: The
observations described above confirm the pressure-dependent models of vesicle ex-
trusion through a given pore diameter as suggested by Patty and Frisken (Sec. 2.6.3)
[15] and Bertrand and Jods (Sec. 2.6.4) [119]. Based on their models describing a
pressure-induced mechanism of vesicle breakup at the entrance of cylindrical pores
and on the collected ROMER data (Fig. 4.14), we are able to summarize the rupture
events at the inlet, inside and at the outlet of nanopore channels during ROMER
processing as follows (see also Fig. 4.15 for a schematic summary).

Large VETgg precursors are primarily broken up at the inlet of the static ROMER
membrane. The applied pressure and the geometrical constraints imposed by the
200-nm orifice of cylindrical PC200 and biconical PET210 pores induce a mem-
brane tension that exceeds the rupture tension of the S100 bilayer as the VETsgq
are pushed into the pore. Cevc and coworkers have determined a critical vesicle to
nanopore radius ratio of Ry/Rp = 1.5 for pure soy PC vesicles above which the
lipid bilayer is not able to tolerate the deformation and concomitant area expansion
during pore penetration without bursting [188]. With a ratio of initial vesicle radius
to nominal pore radius Ry o/Rp of 4.3-4.7 during the presented ROMER experi-
ments using either membrane type (Fig. 4.14A), S100 VETsgoo were, indeed, very
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likely to rupture at the pore inlet (Fig. 4.15). Vesicle breakdown at the 200-nm pore
orifice becomes also apparent from the larger extent of vesicle size reduction (i.e.
smaller relative vesicle diameters Dy, /Dy, ) with increasing initial VETgy sizes (i.e.
increasing Ry 0/ Rp values) by ROMER processing over the entire shear rate range
(Figs. 4.14A and 4.16A). In analogy to conventional pressure extrusion, this shows
that the mean vesicle size produced by the ROMER device is mostly defined by the
geometrical constraints of the pore diameter rather than by the applied shear rate
[15, 119].

The bilayer fragments released into the pore and drifting through the channel upon
vesicle breakup self-close into smaller vesicles which are then hardly affected by the
shear flow field at the membrane outlet (Fig. 4.14A). This can be rationalized espe-
cially in the case of a stochastic rupture of large vesicles via multiple pore nucleation
in the neck region of the pore channels. Stochastic vesicle rupture gives rise to
bilayer sheets flowing along the channel as observed in the simulations by Bertrand
and Joos [119]. In their study, the flat bilayer fragments are proposed to fold and
self-close into smaller vesicles at the pore exit under a simultaneous loss of internal
volume, that is under creation of excess surface area. Such deflated vesicles would
be even less susceptible to a subsequent shear-induced breakup at the membrane
outlet of the ROMER device since flaccid vesicles easily deform in the presence of
high shear forces until the reservoir of excess area becomes zero [366, 376]. Only
upon further deformation, the vesicle membrane area would expand and induce a
membrane tension in the bilayer that would eventually reach its lysis tension.

In contrast to a stochastic breakup mechanism, the static description of vesicle ex-
trusion by Patty and Frisken proposes an axisymmetric rupture of large vesicles at
the opening of cylindrical pores such that hemispherical bilayer fragments are sep-
arated from the entering vesicles (“bubble blowing model”; Fig. 2.11A) [15]. In this
case, the vesicle fragments are assumed to immediately self-close and travel through
the pore channel in the steady-state shape of a spherocylinder, before they relax
into a spheroid outside of the channel [119, 208, 245]. The spherocylinder has a
greater surface area and, hence, higher membrane tension than the sphere of equal
volume. Furthermore, additional membrane tension has been described to build up
by viscous stresses as the spherocylindrical vesicle flows through the pore channel
such that the tension decreases from front to back of the spherocylinder (Eq. 2.9
and Fig. 2.11B) [119, 245]. According to this, the frontal endcap of vesicles exiting
cylindrical pore channels in the form of a spherocylinder is more likely to be sheared
off in dynamically enhanced vesicle extrusion.

Summary: Indeed, the pre-stretched state of a spherocylindrical vesicle membrane
and the confining wall effects of well-defined cylindrical pore exits seem to be a pre-
requisite for vesicle breakup by the shear forces at the membrane outlet in dynam-
ically enhanced vesicle extrusion (Fig. 4.15). This is indicated by the shear-induced
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Figure 4.15: Summary of vesicle breakup events in dynamically enhanced pore
extrusion. Schematic illustration of dynamically enhanced vesicle extrusion through
cylindrical (PC200) and biconical nanopore channels (PET210) by the ROMER device,
including characteristic flow patterns and breakup mechanisms of vesicles along the process
sequence (not drawn to scale). (i) Extensive pressure-induced breakup of large vesicles in
the uniaxial elongation flow at the entrance constriction of the pore channel. (ii) Small
extent of vesicle breakup in the simple shear flow at the pore exit in the case of confined
and deformed emerging vesicles. (iii) No vesicle breakup in simple shear flow in the case
of free-flowing, quasispherical vesicles.
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4 Process development and investigation of dynamically enhanced vesicle extrusion

reduction in vesicle size and lamellarity achieved by ROMER processing of VETsgg
using the PC200 membrane with cylindrical pore channels (Figs. 4.14A and B).
Due to the extensive pressure-induced VETggg breakdown at the inlet of the 200-nm
pores, the effect of the shear flow field at the membrane outlet was, however, small.
In contrast, the structure of vesicles exiting the conical openings of the PET210
membrane was not significantly influenced by the ROMER, shear flow in the eval-
uated shear rate range (Fig. 4.14). As reported previously, vesicles being forced
through the biconical PET210 channels break up to similar extents at the central
PET210 constriction as those entering cylindrical PC200 pore channels, but they
seem to quickly relax into spheroids as they exit the conical channels. The ROMER
results for the PET210 membrane show that vesicles entering the simple shear flow
at the membrane outlet in an unconfined, quasispherical state are not broken up by
the viscous flow forces (Fig. 4.15).

The flow behavior of vesicles in the simple shear flow of the ROMER device, as well
as at the inlet and outlet of cylindrical pores is discussed in further detail in Section
4.3.6.

Influence of vesicle membrane elasticity in dynamically enhanced vesicle
extrusion

In order to reduce the extent of vesicle breakdown at the pore inlet, the bilayer
softening agent sodium cholate (SC) was added to the initial S100-based vesicle sus-
pension following the original Transfersome formulations by Ceve [177, 189, 377].
Typical Transfersomes consist of a soy PC matrix membrane with 11-13 w/w% SC.
They are known to be extremely deformable and have been shown to penetrate pores
at vesicle to pore radius ratios of Ry/Rp < 5 without bursting [188, 378].
According to this, VETgy pre-suspensions were prepared from S100/SC/POPE
85:10:5 (mol/mol) which corresponds to a total phospholipid/SC weight /weight ra-
tio of approximately 94:6. This is clearly below the saturation and solubilization
limit of similar phosphatidylchline/cholate bilayer systems [176, 178, 181-183]. Sys-
tematic ROMER experiments were carried out under standard process conditions
as described in the previous section and in Materials and Methods (Sec. 4.2.3) but
using the PC200 membrane only. The aim of these experiments was to study the
possibly larger effect of the ROMER shear flow on the breakdown of highly deformed
but intact VETsggg at the exit of cylindrical 200-nm pore channels.

Figure 4.16 again shows the results in the form of relative extruded vs. initial struc-
tural vesicle parameters as a function of the applied shear rate for S100 vesicles with
and without the incorporation of SC. For reasons of clarity, only the absolute values
of the initial VETgg parameters (index 0) are included in the figure.
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Figure 4.16: Homogenization of MLVs by dynamically enhanced extrusion us-
ing the ROMER device — effect vesicle membrane elasticity. Hydrodynamic dia-
meter Dy, (A), relative external surface area £ (B), and polydispersity index PDI (C), nor-
malized to the respective initial values Dy, o, Ey, and PDI, of VETsggg from S100/POPE
95:5 (mol/mol) (@), S100/Chol/POPE 65:30:5 (mol/mol) (0), and S100/SC/POPE 85:10:5
(mol/mol) (A) after one dynamically enhanced extrusion cycle through PC200 mem-
branes using the ROMER device at increasing shear rates (jrp = 0-60214 s71). Flow
rate: 1 mlmin~!; resulting mean extrusion pressure: 1.4bar (S100/POPE), 1.2 bar (S100/
Chol/POPE), and 1.1bar (S100/SC/POPE). Shear gap height: 200 pm. Rotor speed:
0 rpm, 1000 rpm, 5000 rpm, 10 000 rpm. VETgyg precursors were prepared by pre-extruding
a MLV suspension 3 times through a PC800 membrane using the LIPEX device. Total
lipid concentration: 0.645 mM. Results represent mean values and standard deviations
of the means of three (*two) independent ROMER experiments using the same VETgg
pre-suspension for every bilayer composition tested. The lines are drawn to guide the eye.
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4 Process development and investigation of dynamically enhanced vesicle extrusion

Homogenization of soft MLVs by dynamically enhanced extrusion: Apart from
an increased bilayer elasticity, the incorporation of edge-active SC in the S100 host
membrane inevitably led to higher spontaneous membrane curvatures as already
mentioned in Section 4.3.1 [81, 181, 187]. This resulted in significantly smaller
equilibrium sizes of the initial VETsgy with a mean Dj, o of 354 nm (Tab. 4.6). Con-
sidering the low value of the resulting initial vesicle to pore radius ratio Ry o/ Rp of
1.8 and the increased bilayer elasticity, it is not surprising that SC-doped vesicles
were, indeed, only broken up to small extents during passage through the PC200
membrane (Fig. 4.16A). Their structure, including vesicle size, lamellarity and poly-
dispersity, was practically insensitive to the subsequent ROMER shear flow (Figs.
4.16A-C), even though the energy required for the fragmentation of more deform-
able lipid membranes is known to be lower [15, 187-189].

This shows again that lipid bilayer membranes are not broken up by the simple
ROMER shear flow if the degree of vesicle deformation at the pore exit is small,
in this case due to the small initial vesicle to pore radius ratio. Furthermore, it
has to be noted that mixed PC/SC vesicles with high bilayer elasticites often adopt
non-spherical shapes with surface undulations under the influence of thermal motion
[81, 177, 181]. The increased thermal fluctuations in such mixed fluid bilayers “hide”
excess area that can easily be pulled out by the ROMER shear flow thereby deform-
ing the soft vesicles without reaching their otherwise low lysis tension [89, 187, 188].
For the same reason of non-spherical shape fluctuations that are not resolvable
with dynamic light scattering, the PDI values of the SC-containing VETggq pre-
suspensions were higher than those of the corresponding standard phospholipid
suspensions (Tab. 4.6, Fig. 4.16C). Additionally and more importantly, the poly-
dispersity of mixed PC/SC vesicle suspensions is usually increased due to the co-
existence of vesicles with small mixed micelles and much larger aggregates with
thread-like protrusions over a broad range of total cholate concentrations as ob-
served by Elsayed and Ceve [181]. The reductions in vesicle size and polydispersity
by roughly 40% measured after passage of the cholate-enriched VETsgqg through the
PC200 membrane (Figs. 4.16A and C) can primarily be attributed to the breakdown
of these large mixed aggregates.

The absolute values of external surface area results for SC-incorporating vesicles
were clearly overestimated as mentioned previously for the S100/SC/POPE VETsg
(Tab. 4.6) and indicated by E > 50% for the corresponding 200-nm sized dynam-
ically extruded vesicles (Fig. 4.16B). This is a direct consequence of surfactant in-
sertion into lipid vesicles which not only lowers bilayer bending rigidity [174, 181,
186, 187, 379] but simultaneously facilitates permeation of the mixed lipid bilayer
[176, 182, 183, 188]. In the case of the TNBS assay, the increased bilayer permeabil-
ity led to overestimated E values due to internal lipid labeling by permeation of the
external reagent into the mixed lipid vesicles during time of analysis [10, 204]. An
additional increase of the apparent relative external surface area of soft vesicles was
probably caused by the presence of mixed micelles and thread-like mixed aggregates
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in the S100/SC/POPE vesicle suspension [181]. Nevertheless, the relative initial vs.
extruded external surface area results for the SC-containing vesicles (Fig. 4.16B)
reflected the evolution of soft vesicle size at the different ROMER parameters stud-
ied (Fig. 4.16A). The collected data showed a small reduction of both mean vesicle
size and lamellarity upon ROMER processing and negligible influence of the applied
shear rate on the structure of soft vesicles using cylindrical pore membranes.

Homogenization of rigid MLVs by dynamically enhanced extrusion: As op-
posed to working with more elastic ROMER precursors, cholesterol was added
to the initial VETgq suspension based on S100 to increase the bending rigidity
[127, 128, 134, 137, 174] and lysis tension [11, 15, 380] of the vesicle bilayers.
Figure 4.16 includes the structural data for VETsgg from S100/Chol/POPE 65:30:5
(mol/mol) collected after standard ROMER processing using the PC200 membrane
at varying shear rates. It reveals a very similar behavior of S100-based VETsggg
with and without the addition of the membrane stiffening agent cholesterol under
the evaluated processing conditions. Briefly, the average vesicle sizes and lamellarit-
ies were primarily reduced by the simple passage of VETsgy, through the cylindrical
pore channels and showed a small decrease with increasing shear rates (Figs. 4.16A
and B), whereas the suspension polydispersities were not affected by ROMER pro-
cessing (Fig. 4.16C).

The breakup phenomena of cholesterol-containing VETsgqy along cylindrical pore
channels in the ROMER device can, thus, be summarized in analogy to those de-
scribed in the previous section for standard S100 VETsggy. In accordance to the
scheme in Figure 4.15, large rigid vesicles break up mainly axisymmetrically at
the opening of narrow cylindrical pores and travel through the channel in a smaller
spherocylindrical shape. If the spherocylinder exiting the pore is large, i. e. deformed
enough, its leading endcap is sheared off by the ROMER shear flow acting at the
membrane outlet.

In spite of the increased bilayer rigidity of cholesterol-incorporating vesicles, the ex-
tent of shear-induced size reduction by ROMER processing was the same for VETgq
precursors with and without the inclusion of cholesterol. For both standard and rigid
vesicles, the diameter decreased by 6% with respect to the initial VETgq diameter
at increasing shear rates between 0 and 60214s™! (Fig. 4.16A). A possible explana-
tion for this is the larger lysis tension of cholesterol-supplemented vesicle membranes
allowing for larger area projections of the bilayer to be pulled into the pore before
vesicle rupture [11, 122]. This results in larger spherocylinders traveling through the
pore channel which requires a higher degree of vesicle deformation at constant pore
diameter. The increased bilayer area dilation at the pore exit probably compensates
for the higher cohesion of the cholesterol-incorporating bilayer and allows for the
observed extent of shear-induced vesicle fragmentation at the membrane outlet.
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4 Process development and investigation of dynamically enhanced vesicle extrusion

Summary: Generally, the results presented in Figure 4.16 demonstrate again that
the extent of vesicle homogenization in terms of size, lamellarity and polydispersity
by ROMER processing was primarily influenced by the initial vesicle to pore size
ratio. The larger the mean size, lamellarity, and polydispersity of the initial vesicle
suspension was, the larger was the reduction of these structural parameters upon
passage through the ROMER device at constant pore diameter, irrespective of the
applied shear rate and the vesicle membrane elasticity.

4.3.6 Vesicle deformation and breakup criteria in dynamically
enhanced pore extrusion

The importance of nanopore membrane effects at the channel outlet and the other-
wise minor influence of the shear flow on vesicle deformation during ROMER pro-
cessing can be demonstrated by evaluating a number of deformation parameters.
In analogy to droplet or bubble dynamics in viscous flow fields [381-383], a di-
mensionless capillary number C'a can be defined to describe the deformation and
breakup behavior of vesicles in viscous fluids. Ca relates the disruptive forces of the
flow stresses responsible for vesicle deformation to the opposing cohesive forces of
the elastic bilayer that keep the vesicle in its equilibrium shape, generally a sphere
[91]. At low Ca, the vesicle can constantly relax to its equilibrium shape of zero
membrane tension and minimum curvature energy (Secs. 2.3.2 and 2.3.5), while
at increasing C'a it is increasingly deformable until it breaks up when exceeding
the so-called critical capillary number Ca.i. It has to be noted that the deform-
ation of fluid-phase lipid vesicles typically involves two types of independent local
shape changes in the elastic bilayer, including isotropic area expansion and bend-
ing (Sec. 2.3.5) [122]. The two modes of deformation can be described separately
by distinguishing between a stretching capillary number Cag [366, 384] and a
bending capillary number Ca, [90, 92, 384, 385]. Cax and Ca, measure the
ratio between the disruptive forces of the viscous flow and the vesicle’s resistance to
stretching (characterized by the elastic area expansion modulus K 4) and to bending
(characterized by the elastic bending modulus &.), respectively:

viscous flow stress Next G Ro
Cax = — TV (4.4)
bilayer area expansibility Ky
Ca. — — viscous ﬂ?w st?e'ss' _ Next GRY (4.5)
bilayer bending rigidity Ke

Here, 7., is the viscosity of the external fluid, G the rate of deformation in laminar
flow fields, and Ry the radius of an equivalent sphere of the undeformed vesicle. G
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is generally composed of the linear combination of shear and elongation rates acting
in any type of mixed laminar flow according to G = |§| + |£| [386].

Vesicle flow behavior in the linear shear flow of the ROMER shear gap

Considering the flow field in the shear gap of the ROMER apparatus as pure uniaxial
shear flow in which the velocity changes only in y-direction (Fig. 4.15), the deform-
ation rate G is represented by the induced shear rate only (Eq. 2.5). According to
this, Cax and Ca, were calculated by replacing GG in Equations 4.4 and 4.5 with the
representative shear rate ¥.ep to evaluate the deformation behavior of S100 vesicles
suspended in the ROMER shear flow. The radius Ry of the undeformed vesicles in
the shear gap was taken to be equal to Rj, 50 = Dp40/2 = 168 nm measured for the
S100-based VETsgy after passage through the PC200 membrane in the absence of
a shear field (Fig. 4.14A). For the material parameters of S100 bilayers, the elastic
moduli K4 = 247mN/m and k. = 0.44 x 107! J for DLPC membranes were ad-
opted from literature [14] since DLPC largely represents the phosphatidylcholine
composition of the S100 mixture (Tabs. 4.1, 4.2, and 4.3).

The results for the different parameters describing the deformation of free-flowing
S100 vesicles in the ROMER shear gap under standard process conditions are sum-
marized in the upper part of Table 4.8. The lower part of the Table includes
literature values of the corresponding critical deformation parameters for phos-
phatidylcholine vesicles in unconfined external shear flows, as well as the critical
Cag and Ca, values for S100 vesicle breakup at the inlet and outlet of the PC200
membrane in the ROMER device.

Stretching capillary number Cagk: The stretching capillary number Cay for S100
vesicles in the ROMER shear gap was around 107 for the entire range of investigated
shear rates. This is three orders of magnitude below the critical stretching capillary
number Cag it ~ 10=2 for lipid vesicle breakup observed in a three-dimensional
shear flow near ultrasound-driven microbubbles in a glycerol/water mixture with
Next = 200 water [366]. Performing the same acoustic streaming flow experiment in
pure water resulted in Cax ~ 107* to 1073 and did not allow for vesicle rupture. In
a numerical study on the flow behavior of lipid vesicles under linear shear flow in the
small deformation regime, Biben and Misbah have chosen Cax = 10™* to preserve
the local incompressibility of the vesicle membrane in the imposed shear flow [384].
These numbers strongly suggest that the shear-induced membrane tension of S100
vesicles moving through the ROMER shear gap at Cax = 107 does not exceed the
rupture tension of the bilayer. Exposure to the simple shear flow field does probably
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Table 4.8: Deformation and breakup behavior of lipid vesicles in the fluid state
in dynamically enhanced membrane extrusion using the ROMER device.
Upper part: Dynamical parameters describing the deformation and flow behavior of fluid-
phase S100 vesicles freely suspended in the shear gap of the ROMER device assuming
simple shear flow conditions (¢ = 0). Included are the stretching and bending capillary
numbers Cag (Eq. 4.4) and Ca, (Eq. 4.5), the Taylor deformation parameter D (Eq.
4.6), the shear-induced membrane tension o (Eq. 4.7), and the effective shear Reynolds
number for vesicles Rey (Eq. 4.9) as a function of the applied shear rate 4yep. Shear gap
height: 200 pm. Internal and external fluid: MilliQ water with 7 = 0.89 x 1072 Pas and
p=997kg/m?3 at T = 25°C. Radius Ry of undeformed vesicles in the shear gap = aver-
age radius of standard VETsgpo from S100/POPE 95:5 (mol/mol) after a single passage
through the PC200 membrane in the absence of a shear field: Ry, 50 = 168 nm.

Lower part: Critical dynamical parameters describing the breakup behavior of fluid-
phase phosphatidylcholine vesicles in unconfined external shear flows (literature data)
[13, 90, 366], as well as at the outlet (confined simple shear flow) and at the inlet (con-
fined uniaxial elongation flow) of the PC200 membrane pore channels incorporated in the
ROMER device.

Rotor speed  4yep C’a&?) Ca,&b) D(®x) o Rey
[rpm] [s7] [ [ [ [mN/m] [
1000 6021 04x10° 06 012 09x102 1.9x10™*
5000 30107 1.8x107° 29 016 36x1072 95x107*
10000 60214 3.6 x 107° 5.7 0.17 6.6 x1072 19x1073
Unconfined shear flow 1.0x 1072 >500 1.44 5.1 1. a.
ROMER membrane outlet 1.9 x 1074 80 0.01 5.1 n.a.
ROMER membrane inlet 7.3 x107% 07 n.a. 5.1 n.a.

Literature values of material parameters for fluid phase PC vesicle membranes used in calculations:
() glastic area expansion modulus of DLPC bilayers K 4 = 247 mN/m [13]

(P) elastic bending modulus of DLPC bilayers s, = 0.44 x 1079 J [13]

(©) effective membrane tension of undeformed giant DMPC vesicles og ~ 107> mNm ™! [88]
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hardly lead to a steady deformation of the vesicles if their shape is close to spherical,
i.e. their excess area is small, as they are released from the nanopore membrane.

Bending capillary number Ca,: The same findings were revealed by the ROMER
values for the bending capillary number Ca, of S100 vesicles which increased from
0.6 to 5.7 between the minimum and maximum shear rates tested (Tab. 4.8). Ac-
cording to the experimental results on lipid vesicle dynamics in the shear field of
a Poiseuille flow by Mader et al. [90], the estimated Ca, values of the ROMER
process were below the transition range of 10 < Ca, < 100 for the onset of vesicle
deformation. The experimental study by Mader et al. covered a very wide and high
range of bending capillary numbers of Ca, = 1.5 to 527 compared to most other
studies on vesicle dynamics in simple shear flow focusing on small deformation the-
ories at Cla,, < 100 [87, 92, 376, 385, 387, 388]. At high capillary numbers, Mader
et al. showed that vesicles became increasingly sensitive to deformation due to the
elongational component they experience in the Poiseulle flow, but they did not rup-
ture under the investigated flow conditions. This confirms that the simple shear
flow conditions in the ROMER device do not allow for the breakup of quasispherical
S100 vesicles suspended in the shear gap, even when applying the maximum shear
rate, i.e. Ca, = 5.7 (Tab. 4.8).

Small deformation theories: Based on the low capillary numbers found for S100
vesicles in the ROMER shear gap (Tab. 4.8), we can assume that the vesicle dynam-
ics in the induced shear flow can be described by small deformation theories. In the
small deformation limit, vesicles in linear shear flow reveal three types of motion,
namely tank-treading, tumbling, and vacillating-breathing (also described as trem-
bling or swinging). They are governed by three main control parameters: the excess
area A, the viscosity ratio between the internal and external fluids A = in/ext,
and the bending capillary number C'a, that is also referred to as dimensionless shear
rate x [92, 376, 389-391].

In the absence of a viscosity contrast (A = 1), which was the case for the investig-
ated ROMER suspensions, the deformation of an initially spherical vesicle in linear
shear flow resembles the deformation of an emulsion drop. It assumes a steady
ellipsoidal shape and orients under a fixed inclination angle § < 7/4 with respect
to the shear flow direction, while the membrane undergoes a tank-treading motion
(87, 89, 387, 392]. In this limit, the degree of vesicle deformation can be quantified
by the Taylor deformation parameter D = (L — B)/(L+ B) originally introduced in
a deformation model for liquid drops with static interfacial tension [393, 394]. Here,
L and B are the major and minor axis of the ellipsoidal contour in the shear plane
(88, 89, 91, 366, 376, 392, 395].

Since the instrument setup and the small dimensions of vesicles suspended in the
ROMER shear gap did not allow to optically measure the vesicle shapes, D was
estimated from a simple model by de Haas et al. describing the Taylor deformation
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parameter D for giant vesicles in simple shear flow as a function of shear rate 4 [88]:

. 4oyD 647r, 2)
_ D 4.6
7 SRyt P (15kBT (4.6)

Here, o0y is the effective membrane tension of the undeformed vesicle (Sec. 2.3.5). In
the study by de Haas et al. [88], ¢ ranged from 107 to 1072 mN m~! for giant DMPC
vesicles prepared by gentle hydration. Assuming an average oy of 1073 mNm~! for
the S100 vesicles subjected to the ROMER shear flow, we found a deformation
parameter D of around 0.15 (Tab. 4.8). The small variation in D (0.12-0.17) as a
function of the broad shear rate range evaluated can be explained by the tendency of
the deformation parameter to saturation at sufficiently large strain rates in the small
deformation regime, as shown experimentally [88, 392, 395], numerically [376], and
theoretically [89]. In the regime of large deformations, Marmottant et al. predicted
a critical deformation for lipid vesicles at burst of D = 1.44 [366]. This exceeds
the estimated D value for S100 vesicles in the ROMER shear gap by a factor of
about 10.

Finally, the relation between the Taylor vesicle deformation D, the shear rate 5, and
the membrane tension o during deformation by de Haas et al. [88]

_ % next'yRO

D :
5 o

(4.7)

indicates a shear-induced membrane tension o of around 1072mNm™! for the S100
vesicles suspended in the ROMER shear flow. Again, this is well below the lysis
tension o; = 5.1mNm~! of DLPC membranes reported in literature [13].

Summary: Based on the dynamical parameters discussed above, including the
stretching and bending capillary numbers Cax and Ca,, the Taylor deformation
parameter D, and the shear-induced membrane tension o, we conclude that free-
flowing nanometer-sized S100 vesicles do not rupture by the sole action of ROMER
shear forces in the evaluated shear rate range. Assuming unconfined simple shear
flow conditions, i. e. neglecting any membrane and wall effects, they undergo a tank-
treading motion at small stationary deformation instead. This was certainly the
case for the S100-based vesicles emerging from the ROMER membrane in a quasi-
spherical undeformed state, including the standard S100 vesicles exiting the conical
pore openings of PET210 membranes (Figs. 4.14 and 4.15) as well as the soft SC-
incorporating S100 vesicles with high initial bilayer curvatures that were unaffected
by the passage through 200 nm pore channels (Fig. 4.16).

Requirements for theoretical vesicle breakup in the ROMER shear gap: Accord-
ing to the breakup criterion Cak cit =~ 102 by Marmottant et al. [366], the diameter
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of unilamellar S100 vesicles freely moving through the ROMER shear gap at max-
imum shear rate (Jrep max = 60214 s~1) would have to be > 95 m to allow for vesicle
breakup under the simple shear flow conditions (Eq. 4.4). In this regard, it is sur-
prising that Liu et al. observed a size reduction of tocopherol supplemented egg PC
SUVs upon exposure to linear shear forces in a cone-plate geometry at 4 > 1000s~*
[396]. In agreement with our observations, Natsume and Yoshimoto did not detect
any significant size change in 100-200 nm sized POPC vesicles subjected to a cone-
plate shear flow at 4 < 1500s™! [397].

The breakdown of free-flowing MLVs with an initial mean diameter of around 1 pm
into SUVs by viscous flow forces typically requires high energy inputs and mixed flow
fields with an increased fraction of elongational flow components. Such flow condi-
tions are for example generated by the popular ultrasound treatment [3, 195, 196,
398] and by well established homogenizing techniques [45], including microfluidiza-
tion [3, 201, 347], French press [3, 194, 197], and high pressure valve homogenization
[3, 199, 200]. The latter methods use high homogenizing pressures of roughly 200
2000 bar and, depending on the configuration of the mixing chamber, a combination
of disruptive cavitational, shear, elongational, and inertial forces [346]. Vesicle rup-
ture by sonication involves the action of three-dimensional shear fields generated by
acoustic cavitation around oscillating microbubbles [195, 366, 399, 400].

Influence of lamellarity on vesicle deformation behavior: It has to be noted that
the experimental studies on vesicle dynamics reported in literature and discussed
here in relation to the ROMER deformation parameteres are based on unilamellar
giant vesicles [74, 88, 90, 389, 392, 395]. Unilamellarity was also assumed for the
calculation of the ROMER deformation parameters presented in Table 4.8, even
though the samples collected from the ROMER device retained oligolamellar char-
acter (Figs. 4.14B and 4.16B). Since the effective elastic moduli of multilayered
vesicles are larger than those of unilamellar vesicles [19, 88, 401-403], the actual
deformation of extruded vesicles by the simple ROMER shear flow can be assumed
to be even smaller than predicted by the estimated deformation parameters.

Fluid flow conditions in the ROMER shear gap: As to the flow conditions in the
ROMER shear gap, it has to be mentioned that the flow regime was not purely lam-
inar across the entire shear gap height under the experimental conditions used. This
is indicated by the Reynolds number for the description of the fluid flow behavior
between two parallel plates at the radial distance r [404]:

inertial flow forces  pwr?

Regap =

— 4.8
viscous flow forces i (48)

where w is the angular velocity of the rotating plate, i.e. the rotor in the ROMER
setup. Inserting the viscosity n = 0.89 x 1073 Pas and density p = 997kg/m? of
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water at 25°C for the dilute vesicle suspension yielded high Re,,, numbers at the
membrane outlet in a range of roughly 10* to 10° between the minimum and max-
imum shear rates applied. This could indicate that the flow field in the ROMER
shear gap was also influenced by turbulent flow contributions and secondary flow
effects outside of the laminar boundary layers [404]. To answer this consistently, the
power characteristics of the ROMER device had to be known. Furthermore, above a
rotational speed of 1000 rpm, the ROMER shear gap was periodically depleted due
to fluid ejection by centrifugal forces.

Nevertheless, the influence of inertial forces on the deformation behavior of nanometer-
sized vesicles in the ROMER shear flow can be excluded as predicted by the effective
shear Reynolds number for a vesicle suspended in a shear flow [87, 384, 405]:

_ Pext ’7 Rg
77ext

Rey (4.9)

We find Rey ~ 107* to 1073 for the ROMER shear gap in the evaluated shear
rate range (Tab. 4.8) which is clearly in the range of negligible inertial forces at
Rey <1072 [87, 384].

Shear-induced vesicle breakup at the membrane outlet of the ROMER
device

In the previous section we demonstrated that an unconfined linear shear flow at
the evaluted ROMER shear rates induces only small deformations in nanometer-
sized lipid vesicles. However, if acting at the outlet of well-defined cylindrical pore
membranes used for a preceding extrusion step, the same shear flow is able to break
up S100-based vesicles to a small extent. This was shown by the slight decrease
in vesicle size and lamellarity with increasing ROMER shear rates at the outlet of
PC200 membranes when processing VETgg precursors based on S100 PCs with and
without the incorporation of cholesterol (Figs. 4.16A and B). These PC200 data
and the otherwise low values of deformation parameters calculated for free-flowing
S100 vesicles in the simple ROMER shear flow (upper part of Tab. 4.8) indicate
that shear-induced vesicle breakup in the ROMER device can only happen directly
at the membrane outlet. More specifically, the leading endcaps of vesicles emerging
from and “held” at the cylindrical channel opening in a deformed state are sheared
off as hypothesized previously (Fig. 4.15).

Determination of critical shear deformation parameters at membrane outlet:

According to the mechanism of shear-induced vesicle breakup directly at the mem-
brane outlet of the ROMER device, the corresponding critical deformation para-
meters were estimated from the collected PC200 data assuming that the mean hy-
drodynamic vesicle diameter Dy, measured after ROMER processing represented the
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Figure 4.17: Determination of critical deformation parameters for shear-
induced vesicle braekup at the membrane outlet of the ROMER. device. Plot-
ted are the reciprocal maximum vesicle sizes that persist during ROMER processing of
VETsgoo from S100/POPE 95:5 (mol/mol) using PC200 membranes under the indicated
shear flow conditions (data taken from Fig. 4.14A). Lines represent linear least-square
fits between 6021 and 60214s~!: (A) 4 = 18.630R; " + 6.127 x 105, R? = 0.9993. (B)
4 = 2.539 x 1015]%,:3 +2.276 x 10%; R? = 0.9975.

maximum diameter Dy, of vesicles that were just stable to further disruption in
their confined position at the pore outlet under the applied shear flow conditions. In
the limit of shear-induced vesicle breakup, Equations 4.4 and 4.5 for the stretching
and bending capillary numbers become

next ’.yRmax

Cag crit = 4.10

AK crit K, ( )
ex’ .RS

Caperit = TextT Pmax (4.11)
Re

where Ry has been replaced by R.. = Rj.

The value of Cak it was determined from the linear plot of 1/Ry, vs. % that has a
slope of Next/(Ca it a) (Fig. 4.17TA). In analogy, Cay et Was obtained from the
slope of the linear plot of 1/R} vs. 4 which is described by 7ex/(Cay eitrse) (Fig.
4.17B). The data of these plots were taken from the experimental ROMER series
using standard VETgyy precursors from S100/POPE 95:5 (mol/mol) in water and
PC200 membranes (Fig. 4.14A).

Results: The critical stretching capillary number Cag i found for the S100/POPE
vesicles exiting the PC200 membrane in the ROMER device at A = 1 accounted
for 1.9 x 10~* and was two orders of magnitude below the corresponding critical
value for lipid vesicle breakup in an unconfined shear flow (Tab. 4.8) [366]. In
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fact, the obtained Cag i, value was in a range of stretching capillary numbers
(Cax =~ 10~ to 107?) that has previously been reported not to allow for the shear-
induced rupture of free-flowing lipid vesicles in pure water, i.e. in non-viscosified
external medium [366]. Likewise, the critical bending capillary number C'a; rit = 8.0
of the ROMER process was within a range of low Ca, numbers (< 10) in which
lipid vesicles suspended in a Poiseuille flow would not even adopt a steady shape of
deformation [90].

According to Equation 4.7, the plot of 1/Ry, vs. 4 in Figure 4.17A can also be used
to estimate the critical Taylor deformation parameter for the S100-based vesicles
emerging from PC200 pore channels during ROMER processing. In this case the
slope of the linear fit is described by 47exs /(507 Derig). We find D3 = 0.01 which is
again two orders of magnitude below the corresponding critical value for free-flowing
lipid vesicles in an external shear flow (Tab. 4.8) [366].

Relation of critical shear deformation parameters and mechanism of vesicle
breakup at membrane outlet: The low values of Cag it, Caycriv Und Deyie Of
the ROMER process described above demonstrate that the membrane effects in dy-
namically enhanced vesicle extrusion significantly decrease the critical deformation
parameters for the shear-induced breakup of lipid vesicles compared to those re-
ported for unconfined shear flow conditions. In contrast to unconfined linear shear
flows, the ROMER shear flow is able to create the critical breakup conditions for
lipid vesicles in the case of pre-stretched vesicle bilayers draging along and slowly
emerging from cylindrical pore channels in the form of deformed spherocylinders
(Fig. 4.15). According to the simulations of vesicle extrusion by Bertrand and Joos
[119], the maximum membrane tension induced in such spherocylindrical vesicles
upon channel passage is just behind the frontal endcap which is, therefore, assumed
to be preferentially sheared off by the ROMER cross flow (see also Eq. 2.9 and Fig.
2.11B in Background Sec. 2.6.4.)

Based on this possible mechanism of shear-induced vesicle breakup at the mem-
brane outlet of the ROMER device, the corresponding values of Cag cit, C'ty erit
und D,y most probably represent the additional area expansion, bending, and de-
formation required to shear off the frontal endcap of pre-deformed vesicles exiting
the cylindrical PC200 pore channels. This explains the important decrease of the
critical ROMER deformation parameters by about two orders of magnitude com-
pared to those reported in literature for the breakup of quasispherical, i. e. relaxed,
lipid vesicles in unconfined shear flows (Tab. 4.8). Furthermore, the confinement
of spherocylindrical vesicles at the pore exit increases the efficiency of the ROMER
shear flow as the confined vesicles are not able to rotate under the influence of the
shear flow field which then fully acts on bilayer deformation.

After all, one has to bear in mind that the overall extent of vesicle breakup by
the applied ROMER shear rates at the membrane outlet was small. This indicates
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that the criteria for shear-induced vesicle breakup at the pore exit, including vesicle
pre-deformation and confinement, were only met for a small fraction of the vesicle
population to which the presented critical deformation parameters applied. The
reason for this is the extensive pressure-induced breakdown of the large VETgq
precursors in the elongational flow fields at the pore inlets. The corresponding crit-
ical elongation capillary numbers for vesicle breakup at the inlet of the ROMER
membrane are treated in the following and last section of this chapter.

Elongation-induced vesicle breakup at the membrane inlet of the ROMER
device

The ROMER experiments presented in this study showed that vesicle breakup was
much more pronounced upon simple inflow of large vesicles into narrow pore channels
than in the subsequent pore outflow and superimposed shear flow. For comparison
of the critical vesicle breakup conditions generated at the inlet and outlet of the
ROMER membrane, we also estimated the critical elongation capillary numbers for
the breakup of lipid vesicles in the pore entrance flow.

Determination of critical elongation deformation parameters at membrane intlet:
Considering the sharp-edged entrance of a cylindrical PC200 pore channel as an
abrupt contraction that induces an axisymmetric inflow field with a predominant
fraction of elongational flow components, the critical capillary numbers for vesicle
breakup at the pore inlet can be rewritten according to the general Equations 4.4
and 4.5 for the stretching and bending capillary numbers as:

Cag crit = nEEK:’W (4.12)
ER3 .

Ca/i,crit = 8% Ths0 (413)
Re

Here, ng is the elongational viscosity of the vesicle suspension flowing through the
contraction, € the elongation rate in the laminar entrance flow, and Rj, 5o the av-
erage hydrodynamic radius of vesicles collected after simple passage through the
ROMER membrane in the absence of a shear flow, i. e. the mean size of vesicles that
were stable to further disruption upon entering the pore channel under the applied
extrusion conditions.
The elongation rate € of the axisymmetric entrance flow was estimated using Cog-
swell’s empirical analysis of contraction flows that considers both shear and elong-
ational flow contributions in the contraction region [406, 407]:

. A2

T3+ AP (4.14)
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7 is the viscosity under simple shear flow described by the power-law model with
the power-law index n (n = C4"~1). AP is the pressure loss at the entrance of the
contraction and ,p, represents the apparent shear rate at the wall of the orifice:

4Q

s

(4.15)

Yapp =
with ) being the volumetric flow rate through the orifice of radius r.

For the dilute water-based vesicle suspensions used in our ROMER experiments
we assumed Newtonian flow behavior, so that the shear viscosity n was taken to be
constant and n = 1. The value of ) of the vesicle suspension was, in a first approxim-
ation, set equal to the shear viscosity of water at T' = 25°C (n = 0.89 x 1073 Pas).
Furthermore, we used ng = 31 according to the Trouton ratio of elongational to
shear viscosities of 3 for axisymmetric elongation flows of Newtonian fluids.
Cogswell’s analysis of the entrance flow into an abrupt contraction assumed locally
fully developed flow kinematics in the converging region such that the resulting axial
velocity profile was the same as that for a power law fluid undergoing Poiseuille flow
through a channel of equal cross-sectional geometry [406, 407]. As a consequence,
the results obtained from Cogswell’s analysis have been shown to be in particularly
good agreement with true elongational flow characteristics at high strain rates [408|.
Based on this boundary condition, we used the process parameters and experimental
results of the LIPEX device to estimate the elongation rate € of the entrance flow
into the PC200 pore channels (Eq. 4.14) and the resulting critical elongation ca-
pillary numbers for vesicle breakup at the membrane inlet (Egs. 4.12 and 4.13).
Extrusion experiments using the LIPEX device were carried out at much higher
volumetric flow rates through its supported membrane disc compared to those ap-
plied through the free-standing, pressure-sensitive membrane configuration of the
ROMER device. Indeed, flow rate-pressure dependencies recorded in preliminary
extrusion experiments with the LIPEX device revealed a Poiseuille flow behavior
of standard VETgyy pre-suspensions through the PC200 pore channels at extrusion
pressures above 3 bar (data not shown).

Results: Adopting the experimental values of the extrusion of a standard VETgg
pre-suspension from S100/POPE 95:5 (mol/mol) through a PC200 membrane using
the LIPEX device (Fig. 4.11A: extrusion pressure AP = 6 bar, pore entrance radius
r = 100 nm, single pore flow rate during first extrusion cycle Q@ = 1.1 x 10~" mlmin—*
vesicle radius after 1 extrusion cycle Ry, = 127nm), we find Cag e = 7.3 X 106
and Ca,, it = 0.7 for the elongation-induced breakup of lipid VETgy, precursors at
the inlet of a PC200 membrane as used in the ROMER device.

Relation of critical elongation deformation parameters and mechanism of ves-
icle breakup at membrane inlet: The obtained values of Cag i and Cay et
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describing the elongation-induced vesicle breakup at the membrane inlet of the
ROMER device were about 1 to 1.5 orders of magnitude lower than the corres-
ponding critical shear capillary numbers for the membrane outlet (Tab. 4.8). This
confirms that large vesicles subjected to ROMER processing are more efficiently
broken up at the constriction of the pore entrance than by the shear flow field at the
pore exit. Furthermore, the presented set of critical elongation and shear capillary
numbers gives another quantitative comparison for the two vesicle breakup mechan-
isms of the ROMER, process which is in line with our experimental data. The vesicle
size reduction resulting from simple inflow of the standard VETgy, suspension into
the PC200 pore channels was about 1 order of magnitude larger than that achieved
by the subsequent shear flow at the membrane outlet at the maximum shear rate
tested (Fig. 4.14A).

Summary: In conclusion, the experimental ROMER setup showed that uniaxial
elongation flows as that developed at the constriction of a pore entrance are more
efficient in breaking up lipid vesicles than simple shear flows as that induced at the
membrane outlet. This is also well known from the intensively studied deformation
and breakup behavior of drops in viscous flow fields [381-383]. Whereas uniaxial
elongation forces fully act on the deformation of the relatively rigid vesicle mem-
brane, linear shear forces are converted into the deformation as well as into the
rotation of a tank-treading vesicle as described in this subchapter.

A final and important remark refers to the large difference between the stretching
and bending capillary numbers C'ayx and Ca, reported in this study as well as in the
literature (Tab. 4.8). The values for Cay are generally several orders of magnitude
lower than the Ca, values. The same applies to the critical capillary numbers. This
indicates that lipid bilayers are more sensitive and eventually rupture in response
to area dilation rather than to bending as described previously [122, 409]. In other
words, the bending energy is negligible in the problem of vesicle deformation and
breakup in external flows and primarily sets the shape of vesicles at rest [73, 84, 409]
(see Background Secs. 2.3.2 and 2.3.5).
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4.4 Conclusions

This study aimed at designing and investigating a scalable and gentle process for the
controlled production of well-defined, nanometer-sized vesicles for pharmaceutical,
cosmetic, and food applications.

To this end, the ROMER device was constructed in collaboration with Biihler AG
(Uzwil, Switzerland), built in house by Jan Corsano, and successfully put into op-
eration in the frame of this study. It coupled the reliable but not optimally efficient
conventional extrusion process with a defined shear flow directly at the outlet of
a freestanding nanopore membrane allowing for continuous, dynamically enhanced
vesicle extrusion. After selecting appropriate membrane systems (i: instrument
setup), the ROMER process was investigated for its ability to efficiently and spe-
cifically homogenize lipid MLVs, more precisely VETsgy, by applying a single ex-
trusion cycle and varying the shear rate, pore shape, and vesicle bilayer elasticity
(ii: parameter study).

The extents of VETggy homogenization at varying process and material paramet-
ers were quickly and reliably analyzed in house, not only in terms of vesicle mean
size and polydispersity using DLS, but also in terms of vesicle lamellarity using the
TNBS assay for external vesicle surface area determination. This was only possible
after optimizing earlier versions of the TNBS assay in terms of marker lipid con-
sumption and time of analysis. The optimized protocol allowed to monitor vesicle
integrity and provided comparative and representative average results for the degree
of vesicle lamellarity generated during the ROMER parameter studies.

(i) Instrument setup: SEM studies revealed that the straight-through nanopore
channels of the considered track-etched polymer membranes, PC200 and PET210,
had uniform cylindrical or pronounced biconical shapes, respectively. The Cer200
membrane showed irregular pore shapes and tortuous paths as expected for sintered
ceramic membranes.

Despite the biconical pore shape, the PET210 membrane performed equally well in
conventional, static vesicle extrusion as the standard PC200 membrane. They yiel-
ded almost perfectly overlapping, narrow, and monomodal vesicle size distributions
reflecting the 200-nm mean diameter of the cylindrical PC200 pores and the 210-
nm mean constriction of the biconical PET210 pores. Insertion of the PC200 and
PET210 membranes in the free-standing membrane configuration of the ROMER
device allowed the extrusion of VETgyy precursors at low transmembrane pressures
(1-2 bar) without bursting of the membrane foils and under negligible loss of total
lipids. Hence, the PC200 and PET210 membranes exhibiting well defined, straight-
through pore channels and variable pore shapes were suitable for ROMER parameter
studies, despite their limited pressure resistance.

Static vesicle extrusion through the Cer200 membrane was characterized by broad,
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bimodal vesicle size distributions, irregular vesicle shapes, and very low lipid recov-
ery rates. Consequently, the Cer200 membrane did not qualify for the application
in dynamically enhanced vesicle extrusion in spite of the highly attractive proper-
ties of self-supporting, ceramic sinter membranes in terms of mechanical stability,
durability, and back-flushing operations.

(ii) Parameter study: Generally, the shear flow induced at the outlet of a nano-
pore membrane had small or no influences on the homogenization of lipid VETsgg
in dynamically enhanced vesicle extrusion.

Increasing shear rates from 0 to 60214s~! led to a small decrease of the mean size
and lamellarity of S100 VETsg after dynamically enhanced extrusion through the
cylindrical pores of the PC200 membrane. At these parameter settings, the vesicle
size reduction resulting from the static extrusion component of the ROMER, process
accounted for 64% of the initial VETgyy size, whereas the shear flow at the mem-
brane outlet contributed to an additional down-sizing of only 6% at the maximum
shear rate tested. Probing the PET210 membrane with biconical pore channels in
the ROMER device under the same experimental conditions revealed no significant
effect of the shear flow on the structure of dynamically extruded vesicles.

This demonstrated that the confinement of uniform, cylindrical pore exits and the
pre-stretched state of vesicles emerging from these pores are prerequisites for the
shearing-off of leading bilayer endcaps by the shear forces applied at the membrane
outlet. Vesicles emerging from conical pore exits and entering the ROMER, shear
flow in an unconfined, quasispherical state are not broken up by the sole action
of the viscous flow forces (Fig. 4.15). This was confirmed by the estimation of
a set of dynamical parameters describing the deformation behavior of free-flowing,
nanometer-sized S100 vesicles under linear ROMER shear flow conditions, including
the stretching and bending capillary numbers C'ayx and Ca,, the Taylor deformation
parameter D, and the shear-induced membrane tension o. The obtained values were
far below the corresponding critical deformation parameters reported in literature
for the breakup of lipid vesicles in unconfined, external shear flow fields. In contrast,
the confining effects of the cylindrical PC200 pores were found to shift the critical
deformation parameters to considerably lower values allowing for the observed par-
tial breakup of S100 vesicles at the outlet of the PC200 membrane by ROMER
processing (Tab. 4.8).

Variation in bilayer elasticity of the VETgy precursors did not provide further in-
sights into the effectivity of dynamically enhanced vesicle extrusion. More rigid,
cholesterol containing S100 VETsggg showed a very similar behavior in ROMER
processing as that described above for plain S100 VETSsgg. Incorporation of sodium
cholate in the S100 host membrane did not only increase bilayer elasticity but led
to a concomitant increase of spontaneous bilayer curvature and, hence, to signific-
antly smaller VETg, precursors. Consequently, the more flexible, SC containing
S100 VETsgyy were hardly affected by the passage through 200 nm pore membranes.
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They exited the ROMER membrane in a predominantly undeformed state, even
when using cylindrical PC200 pore membranes, and were insensitive to the sub-
sequent shear flow in the evaluated shear rate range.

The latter experiment is a clear demonstration for the poor control of ROMER pro-
cessing over the vesicle structure generated from self-assembled vesicle precursors.
It is concluded that the ROMER process was not able to overcome the heterogeneity
of spontaneously formed MLV pre-suspensions after a single dynamically enhanced
extrusion cycle. As a result, varying shear rates applied at the outlet of a nanopore
membrane did not allow to specifically and efficiently form homogeneous, unilamel-
lar to n-multilamellar vesicles by dynamically enhanced MLV extrusion under the
experimental conditions investigated. This was confirmed by morphological cryo-
TEM and SANS studies of the vesicle suspensions collected after ROMER processing
of plain S100 VETsgyy through PC200 membranes. They revealed the presence of
heterogeneous, uni-, oligo- and mulitlamellar vesicles in the obtained suspensions,
irrespective of the applied shear rate.

Nevertheless, the setup of the ROMER device gave valuable insight into the mechan-
ism by which MLVs break up into smaller, more homogeneous vesicles upon conven-
tional (static) extrusion through nanopore channels, which is still rather speculat-
ive. The minor influence of the strong shear flows induced at the outlet of nanopore
membranes on MLV homogenization by ROMER processing supports the pressure-
dependent mechanism of vesicle extrusion as described by Frisken and coworkers.
According to this, vesicles are primarily broken up at the entrance of nanopore chan-
nels as they are forced into the constriction. Our results showed that the extent of
vesicle breakup is practically the same whether the entering vesicles encounter this
constriction at the entrance of cylindrical pores (PC200 membrane) or in the center
of biconical pores (PET210 membrane). Again, this supports the pressure-induced
breakup mechanism of vesicles upon entering the pore channel as opposed to a shear-
induced fissioning of vesicles inside cylindrical pore channels. The effective breakup
of vesicles at the pore entrance was further demonstrated by estimating the critical
elongation capillary numbers for vesicle breakup in the uniaxial elongation flow into
the PC200 pore inlets of the ROMER device. Indeed, the obtained values were con-
siderably lower than the critical shear capillary numbers calculated for the breakup
of vesicles at the pore outlets.

Dynamically enhanced membrane extrusion is still regarded as promising principle to
tailor unilamellar vesicles of shear flow-controlled size if the ROMER setup could be
adapted in such a way that it allows the direct shearing off of bilayer sheets bending
into the shear flow. This would omit the discontinuous preparation step involving
the uncontrolled formation of self-assembled, heterogeneous vesicle pre-suspensions.
Furthermore, it would allow for the one-step loading of an aqueous solution into the
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Figure 4.18: Photograph of the pilot scale ROMER 1I device developed for
dynamically enhanced membrane emulsification and vesicle extrusion. For more
details on the ROMER II setup and its technical data, please refer to the PhD thesis of
Sebastian Holzapfel [221]. Reproduced from Holzapfel et al. [220] with kind permission
from John Wiley & Sons Inc.

vesicles which will be suspended in the second, cross-flowing aqueous medium.

The latter option of separate internal and external fluid streams has been con-
sidered in the design of an optimized, pilot scale setup of the ROMER device.
Based on the findings of this study and on our laboratory’s expertise in dynamic-
ally enhanced membrane emulsification, the ROMER II device has been constructed
and built in close collaboration with Bithler AG (Uzwil, Switzerland) for both dy-
namically enhanced membrane emulsification and vesicle extrusion. A photograph
of the ROMER II setup is shown in Figure 4.18. The new device allows for the
precise control of more defined flow conditions in the shear gap and disposes of ad-
ditional elements to improve process control and monitoring. It has been described
in detail and successfully applied in dynamically enhanced membrane emulsification
using highly defined, micro engineered membranes in the PhD thesis of Sebastian
Holzapfel carried out at the Laboratory of Food Process Engineering at ETH Zurich
220, 221].

The application of the ROMER II device in dynamically enhanced vesicle extrusion
is currently hampered by the lack of mechanically stable nanopore membranes with
well defined, straight-through pore channels [221].
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5 Magnetic nanoparticle
functionalized liposomes

5.1 Introduction

Vesicles can be functionalized with magnetic nanoparticles (MNPs) by assembling
the MNPs into the aqueous core, in the hydrophobic membrane interior or at the
outer membrane surface of the vesicles [24]. MNP functionalized vesicles in which
the membranes are constituted from naturally occurring phospholipids are generally
called magnetoliposomes. Included are also single MNPs or MNP clusters that are
tightly coated with a lipid bilayer. This latter composite structure represents the
pioneering type of magnetoliposomes described by De Cuyper and coworkers more
than 20 years ago [31, 410, 411].

Magnetoliposomes have been widely studied and optimized as biocompatible con-
trast enhancing agents in magnetic resonance imaging (MRI) [31, 412, 413]. In
addition to contrast enhancement, the versatile MNP-entrapping liposomes possess
the ability to co-encapsulate hydrophilic molecules, such as fluorescent labels and
drugs, allowing for multimodal imaging or a combination of therapy and diagnosis
(theragnostics’) [30, 31]. The presence of superparamagnetic NPs in liposomes can
further be exploited by applying an alternating magnetic field resulting in local heat
generation [414]. This localized heating effect can be used for hyperthermia treat-
ment of cancer after magnetically guiding the magnetoliposomes to the target tumor
[37, 414]. For the design of smart drug delivery vehicles [24], the same heating effect
has successfully been used for an alternating magnetic field-triggered content release
from liposomes loaded with MNPs in their lumen [415-417] or in their membrane
interior [273, 418, 419].

The ability of magnetoliposomes to move along an external magnetic field gradient
is key to most of the applications listed above as it is used for example in separ-
ation steps during their synthesis [410, 420, 421], for specific tissue accumulation
(37, 422], or for drug targeting [24]. Nevertheless, this basic feature has been con-
sidered to a very limited extent for the application of magnetoliposomes in magnetic
separations of specific target molecules from biological fluids [423, 424], which are
routinely carried out in life sciences and biotechnology using functionalized magnetic
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particles [414, 425, 426]. With a few exceptions of new generation nanomagnets
[427, 428], commercially available magnetic adsorbent particles are typically larger
than 500 nm, most of them are ferromagnetic, and they have a limited capability for
a chemically strong and reliable attachment of affinity ligands that bind the selected
target molecules. In addition, the high price of the current commercial adsorbents
limits their use in process-scale bioseparations despite the attractive quality and
credibility of magnetic separations in a wide range of disciplines [429].

Aim: This study aims at combining the well-known properties of superparamagnetic
NPs and liposomes in a reverse engineering approach to provide versatile and cost-
effective magnetoliposome-based adsorbents for magnetic separation applications,
e.g. for the extraction of high value pharmaceutical and nutraceutical products
from crude bio-feedstocks (Fig. 1.1).

Approach: Water-based magnetic nanofluids (MNFs) containing unfunctionalized
superparamagnetic iron oxide NPs are used to load MNPs into the lumen of lipo-
somes during their formation in the aqueous MNF [412, 413, 430]. Provided that this
synthesis protocol allows the quantitative encapsulation of MNPs into the liposome
lumen under preservation of the structure-property functions of each component,
the resulting functional composite bears the following potentials for bioseparation
applications.

The entrapped MNPs impart magnetophoretic mobility to the liposome-based ad-
sorbent [412]. The boundaries of the liposomes avoid extensive agglomeration of iron
oxide NPs which is often an issue under the high salt concentrations of biological
fluids [431]. Confinement of MNPs to the liposome lumen also prevents dilution of
the MNPs in the feedstock and ensures high enough responsiveness of the adsorbent
to an external magnetic field. At the same time, superparamagnetic NP-entrapping
liposomes show no remanent magnetization, i.e. they become non-magnetic after
removal of the magnetic field, allowing for fast sorption and desorption processes in
magnetic separator devices [429]. Finally, the lipid bilayer shell of magnetoliposomes
is highly biocompatible and its well-defined structure offers the possibility to undergo
a wide variety of surface functionalization for biomolecule targeting [35]. Positively
and negatively charged, as well as specifically functionalized (e.g. biotinylated or
antibody-coupled) amphiphiles can readily be incorporated into the liposome mem-
brane to design anion exchange, cation exchange, or affinity adsorbents based on
magnetoliposomes [3, 35, 429].

To harness the full potential of functionalized vesicles, close control over the process-
structure-property functions of each component and of the composite is required
(Fig. 1.1). In the case of MNP-functionalized liposomes prepared by the passive en-
capsulation of a water-based MNF' into the liposome lumen, this is reflected by the
direct influence of the concentration and colloidal stability of MNPs in the water-
based MNF, as well as of the size and lamellartiy of the vesicle carrier on the final
magnetic loading. In this work, the superparamagnetic iron oxide NPs were ster-
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ically and electrostatically stabilized in the aqueous medium by a dispersant shell
consisting of a fatty acid bilayer, while vesicle size and lamellarity was controlled
using the conventional extrusion technique.

Outline: This chapter reports on the ability of oleic acid (OA-OA) and lauric acid
(LA-LA) bilayer stabilized, superparamagnetic iron oxide NPs to partition into the
aqueous domains of pharmaceutical grade liposomes following the passive MNP en-
capsulation protocol. After the hydration step of a thin film in the aqueous MNF,
this protocol includes homogenization of the obtained MLVs by sequential extrusion,
followed by the removal of nonentrapped MNPs by size exclusion chromatography
(SEC).

Since a high colloidal stability of MNPs is crucial throughout the different synthesis
steps [24, 413], the aggregation behavior of the fatty acid bilayer coated MNPs in
the hydration medium is first evaluated and minimized as a function of pH, buffer
salt composition, and particle concentration using dynamic light scattering (DLS)
and optical inspection. After the formation of MLVs in the water-based MNFs, the
behavior of the composite suspensions during the extrusion and separation steps is
described and discussed in the context of previous studies on magnetoliposome pre-
paration. Total iron and phospholipid concentrations before and after each synthesis
step are determined by atomic absorption spectroscopy (AAS) and chemical assays
to report on the fate of MNPs and liposomes, respectively. Finally, the structure
of MNPs and liposomes, as well as the amount of encapsulated MNPs in the ob-
tained magnetoliposome suspensions is characterized by cryo transmission electron
microscopy (cryo-TEM).
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5.2 Materials and methods

5.2.1 Materials

Pharmaceutical grade phosphatidylcholines purified from soybean (LIPOID S100,
abbreviated as S100; coarse agglomerates) were obtained from Lipoid (Ludwig-
shafen, Germany) and used as obtained. The chemical structure of DLPC, the
predominant species of S100, is shown in Table 4.3. Tables 4.1 and 4.2 summarize
the chemical composition and fatty acid distribution in the S100 PC isolate (see
Chapter 4).

Chloroform (99.9%; stabilized with ethanol) was a product of ECSA Centonze
(Balerna, Switzerland) and HCIl fuming (37%) of Merck (Darmstadt, Germany).
All other chemicals, namely sulfuric acid (98%), sodium hydroxide (98%), iron(II)
sulfate heptahydrate (> 99.5%), iron(III) chloride hexahydrate (98%), ammonium
thiocyanate (99%), Triton X-100 (simply called Triton in this work), cross-linked
Sepharose 2B, and buffer salts, including sodium phosphate monobasic dihydrate
(NaH,POy - 2H50; > 99.0%), sodium phosphate dibasic dihydrate (NagHPOy - 2H50;
> 99.0%), citric acid (99%), sodium acetate (> 99.0%), tris(hydroxymethyl)amino-
methane (Tris; > 99.8%), and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES; > 99.5%), were of analytical grade and purchased from Sigma-Aldrich
(Buchs, Switzerland). All experiments were carried out with ultrapure water from
a Synergy water purification system (Merck Millipore, Billerica, MA, USA).

Water-based MNFs containing hydrophilic superparamagnetic NPs were provided by
our collaborators from the Laboratory of Magnetic Fluids at the Romanian Academy
— Timisoara Branch (RATB) headed by Prof. Ladislau Vékas.

The primary NPs consisted of a magnetite (Fe3Oy4) core with a diameter of 6-12 nm
and were sterically and electrostatically stabilized by a bilayer of fatty acids, namely
oleic acid (OA) or lauric acid (LA) (Figure 5.1A). Based on the common two-step
procedure used to prepare the aqueous MNFs, including the synthesis of magnetic
NPs by co-precipitation of Fe3O,4 in the presence of the primary surfactant and
the subsequent stabilization/dispersion of the NPs in water in the presence of the
secondary surfactant, the inner monolayer of fatty acids was chemically adsorbed
on the surface of the iron oxide particles, while the secondary fatty acids formed a
physically adsorbed outer monolayer [432, 433]. During the dispersion step in water,
fatty acid bilayer coated primary particles usually aggregate into small clusters of
a few particles forming larger secondary particles as illustrated in Figure 5.1B [432,
434, 435]. The hydrodynamic diameter of secondary particles in the water-based
MNFs obtained from RATB were in the range of 30 to 40 nm.

Table 5.1 summarizes the characteristics of the water-based MNFs used in this study,
as provided by RATB. In the following, the short names OA-OA and LA-LA will
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Figure 5.1: Schematic representation of hydrophilic iron oxide NPs stabilized
with a bilayer of fatty acids. (A) Structure of the primary superparamagnetic NP
consisting of a magnetite (FesO4) core and a stabilizing bilayer of fatty acids. Surfact-
ants with filled head groups represent uncharged fatty acid molecules; surfactants with
empty head groups represent negatively charged soap molecules (adapted from Shen et al.
[434] and Walde et al. [436]). (B) In water-based magnetic nanofluids, bilayer stabilized
primary particles are typically organized into condensed particle aggregates, i. e. secondary
particles, of a small number of primary particles.

Table 5.1: Characteristics of the water-based magnetic nanofluids (MNFs)
used in this work, as provided by the Laboratory of Magnetic Fluids at Romanian
Academy — Timisoara Branch (RATB). Synthesis and characterization of the nanofluids
were carried out at RATB.

Short name of MNF OA-OA MNF LA-LA MNF
Sample code from RATB 100105-62 110517-1

Matrix fluid water water

Particle core material FesOy FesOy4

Particle coating structure fatty acid bilayer fatty acid bilayer
Particle coating composition oleic acid (C18:1¢9) lauric acid (C12:0)?
Mean particle core diameter [nm] <10 < 10

Mean Dy, of secondary particles [nm] 31 37

Density p of MNF [gcm ™3] 1.0365 1.0800

Particle volume fraction ¢ [v/v%]|" 0.947 1.989

Total iron concentration [mgmL~']¢  32.9 64.3

Total Fe3O,4 concentration [mgmL~'°¢ 45.5 88.9
Magnetization [Gs] 70 100

2The abbreviation 18:1¢9, for example, indicates that the linear fatty acid has 18 carbon atoms
with one cis double bond between position 9 and 10, where the carboxy C atom is carbon n° 1.

b Calculated from ¢ = 100(pMNF - pwater)/(pmagnetite - pwater) with Pwater = 0-9970gcm_3 and
Prmagnetite = H.17gem ™3 at T = 25°C.

¢ Obtained from AAS measurements carried out at ETH (see Sec. 5.2.4)
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be used to refer to the double layer fatty acid coatings consisting of oleic acid and
lauric acid bilayers, respectively.

Prior to every use of original or diluted MNFs for sample preparation, the water-
based MNFs were treated by bath sonication for 15-30 min or by tip sonication for
10 s to minimize particle agglomeration.

5.2.2 Preparation of magnetoliposomes using hydrophilic
MNPs

For the entrapment of hydrophilic magnetic NPs in the aqueous domains of vesicles,
S100 vesicles were prepared following the most commonly used methods to form
loaded vesicle suspensions. They include thin film hydration in an aqueous medium
containing the to be encapsulated solute, followed by freeze—thaw cycles, sequential
vesicle extrusion and, finally, a separation step to eliminate nonentrapped solutes
(3, 36].

A thin lipid film was prepared by dissolving the S100 phospholipids in chloroform
in a round-bottom flask and evaporating the solvent by rotary evaporation. To en-
sure complete solvent removal, the lipid film was further dried under high vacuum
overnight. Particle-entrapping MLVs were formed by hydrating the lipid film directly
in the appropriate amount of MNF to yield a total lipid concentration of 20 mM.
If not stated otherwise, the particle concentration in the hydrating MNF had been
adjusted to 0.1v/v% using MilliQQ water for the dilution of the original MNF. This
corresponds to 3.5mgmL~! and 3.2mgmL™! of total iron, i.e. 4.8mgmL~! and
4.5mgmL~! of magnetite, in the case of OA-OA and LA-LA MNFs, respectively
(see Table 5.1). The suspension was vortexed until complete film dispersion, before
it was freeze-thawed six times to promote a homogeneous distribution of NPs inside
and outside the vesicle boundaries and to enhance unilamellarity and, hence, encap-
sulation efficiencies of the generated vesicles [3, 9, 205].

The obtained MLVs were downsized to VETs,g by sequentially extruding the disper-
sion at least 10 times through a polycarbonate membrane with 400-nm pore sizes
(Whatman, Kent, UK) using a LIPEX extruder (Northern Lipids, BC, Canada)
and compressed nitrogen gas (purity grade 4.5, 99.995%; PanGas, Dagmersellen,
Switzerland). The resulting uni- and oligolamellar vesicles had a mean diameter of
approximately 250 nm as obtained from DLS measurements.

Finally, nonentrapped MNPs were separated from the MNP containing vesicles by
size-exclusion chromatography (SEC) using a lipid pre-saturated Sepharose CL-2B
column (diameter: 1cm; length: 20 cm, if not stated otherwise) and water as eluent.
A sample volume of 0.4 mL was applied to the column and the flow rate was con-
trolled at ~ 0.3 mL min~! using a peristaltic pump. Sample fractions of 0.8 mL were
collected and analyzed for their total iron and phospholipid concentrations using
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colorimetric assays to identify vesicle and particle fractions, to evaluate separation
efficiencies, and to estimate the amount of encapsulated NPs. The vesicle fractions
were combined for subsequent cryo-TEM investigations.

5.2.3 DLS

The mean hydrodynamic diameter Dy, polydispersity index PDI, and volume-weight-
ed size distribution of the water-based OA-OA and LA-LA MNFs and of the mag-
netoliposome suspensions were characterized by dynamic light scattering (DLS).
DLS experiments were performed on a Zetasizer Nano ZS (Malvern Instruments,
UK) in the backscattering mode (scattering angle § = 173°). The use of these Non-
Invasive Backscatter (NIBS) optics allowed the measurement of undiluted MNP-
containing samples which were analyzed in duplicate or triplicate. The measuring
temperature was set at 25°C. Data were collected and analyzed as described in
Section 3.2.4.

5.2.4 Iron quantification by AAS

The magnetite particle concentration in the MNFs and in the magnetoliposome
suspensions were measured based on total iron using atomic absorption spectroscopy
(AAS). The instrument used was a SpectrAA-240 K spectrometer equipped with
a GTA-120 Graphite Tube Atomizer Varian Techtron (Varian Inc., now part of
Agilent Technologies, CA, USA). Samples were diluted in 0.1 M HCI to reach a
total iron concentration of approximately 5-10pgL~! and analyzed in duplicate.
AAS measurements were carried out by Christophe Zeder at the Laboratory of
Human Nutrition at ETH Zurich.

5.2.5 Iron quantification using 1,10-phenanthroline

The amount of total free and encapsulated magnetite particles in the magnetolipo-
some suspensions before and after SEC purification was determined based on total
iron in the form of ferrous iron ions (Fe?") that form a strongly colored red-orange
complex with 1,10-phenanthroline in the pH range between 3 and 9 [437].

Eluted sample fractions containing MNPs were diluted in ultrapure water to reach a
total iron concentration of approximately 40 mg L~!. For the complete dissolution of
the magnetite particles by acid digestion, an aliquot of 5mL of diluted sample and
0.5mL of 40% sulfuric acid were added to a 100 mL volumetric flask and the mixture
was kept at 50 °C for 2-3 hours. The pH of the obtained solution was readjusted to
approximately 4.5 by adding 1 mL of 1M NaOH and 4 mL of 3M sodium acetate
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buffer. Finally, 0.1 mL of 5w /v% Triton was added to the flask to ensure complete
liposome solubilization, i.e. avoid sample turbidity, and the sample was diluted to
the mark using ultrapure water. The complexation reaction between Fe?t and 1,10-
phenanthroline was induced by adding 2.0 mL of the obtained analyte solution to
a Dr. Lange iron test cuvette LCK321 with a measuring range of 0.2-6.0mg L~ Fe
(HACH LANGE GmbH, Diisseldorf, Germany), following the test instructions. Fe?*
ions present in the analyte solution were, thereby, reduced to Fe?* by the presence
of ascorbic acid in the test cuvette. Total iron concentration was then obtained from
the absorbance measurement of the test solution against a matrix blank using a Dr.
Lange spectrophotometer.

Results obtained from the sample digestion protocol and the LANGE iron cuvette
test described above were verified with standard iron solutions prepared from fer-
rous sulfate in a Fe?" concentration range of 0.5-2.0 mg L~!. They were also in good
agreement with AAS results.

5.2.6 Phospholipid quantification using the Stewart assay

The phospholipid concentration in the S100 magnetoliposome fractions collected
after SEC purification was determined according to the Steward assay protocol de-
scribed in Section 4.2.7 [142, 298].

The liposome containing fractions were diluted in ultrapure water by a factor of 5-
10 to reach a total S100 concentration of approximately 0.2mgmL™! in each of the
collected magnetoliposome samples. The Stewart assay was initialized by mixing
an aliquot of 200 pL of diluted magnetoliposome sample with 2.0 mL of chloroform
and 2.0mL of 0.1 M ammonium ferrothiocyanate. This ensured the concentration
of the colored phospholipid-ammonium ferrothiocyanate complex in the chloroform
phase (~ 0.02mgmL™") to be within the corresponding concentration range of the
calibration curve (0.005-0.05 mgmL™"; see Fig. 4.2).

5.2.7 cryo-TEM

Magnetoliposome suspensions were visualized before and after SEC purification by
cryo-transmission electron microscopy (cryo-TEM) at the Electron Microscopy Cen-
ter ETH Zurich (EMEZ). For cryo-TEM investigations, the total iron concentration
in the samples was adjusted to approximately 1 mgmL~!. Therefore, the initial
MLV suspensions were prepared in OA-OA and LA-LA MNFs at a particle volume
fraction of 0.03v/v% and processed as described in Section 5.2.2. Specimens were
prepared and analyzed by Takashi Ishikawa (Department of Biology, ETH Zurich
and Biomolecular Research Laboratory, PSI Villigen) following the procedure de-
scribed in Section 4.2.8 [353].
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5.3 Results and discussion

5.3.1 Colloidal stability of fatty acid bilayer coated iron oxide
NPs in aqueous solution

Since the MNP-entrapping liposomes were prepared by directly forming the vesicles
in the water-based MNFs, medium conditions for optimum particle stability were
first elucidated. These included the pH and buffer salt composition of the matrix
fluid, as well as the particle concentration in the MNFs serving as lipid film hydra-
tion medium. The following sections summarize best particle suspension conditions
identified to maximize colloidal stability and minimize the aggregation behavior of
double layer fatty acid coated iron oxide NPs in the hydration medium. This is essen-
tial for a successful partitioning of hydrophilic nanometer-sized magnetic particles
in the aqueous core and interlamellar space of uni- and oligolamellar vesicles.

Effect of solution pH on MNP stability

The pH of the MNF matrix fluid is expected to strongly influence the electrostatic
stability of fatty acid bilayer coated particles as it controls the relative proportion
of neutral and charged fatty acid species in the outer monolayer via the protonation
of the carboxylic acid head groups (Fig. 5.1). The effect of matrix fluid pH on MNP
stability was evaluated by dispersing LA-LA particles at a volume fraction of 0.2 %
in different buffer solutions covering a pH range of 4 to 8. The buffer solutions,
each 100 mM in strength, were prepared from various mixtures of sodium phosphate
monobasic/sodium phosphate dibasic and citric acid/sodium phosphate dibasic (see
caption of Fig. 5.2).

Figure 5.2 shows the stability of the LA-LA particle dispersions as a function of pH
in terms of macroscopic particle aggregation and sedimentation after an equilibration
time of 18 h at room temperature. The MNPs were observed to be macroscopically
stable in buffer solutions of pH > 6, including ultrapure water. Starting from a bulk
pH < 6, particle aggregation was induced at increasing extents in buffer solutions
with decreasing pH as revealed by the stronger degrees of particle sedimentation.
At pH < 4 the destabilized magnetite particles were even partially dissolved in the
matrix fluid as indicated by the yellow supernatant.

These observations show that the carboxylic headgroups of the outer fatty acid
monolayers are predominantly and increasingly protonated at bulk pH values de-
creasing from 6. As a consequence, the repulsive electrostatic forces acting between
the fatty acid bilayer stabilized particles in the MNF are decreased to such an ex-
tent that the particles aggregate and precipitate. Considering the pKa of 4.6 char-
acteristic of a carboxyl group in aqueous solution, the strong particle aggregation
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pH 8 pH7 pH 6 pH 5 pH 4 water

Figure 5.2: Stability of fatty acid bilayer coated MNPs in aqueous solution
as a function of solution pH. Shown is the stability of 0.2v/v% LA-LA iron oxide
NPs in aqueous solutions of pH 4 to 8 as measured by macroscopic particle aggregation
and sedimentation. Sample equilibration: 18 h at room temperature. pH 6-8: 0.1 M so-
dium phosphate monobasic/sodium phosphate dibasic. pH 4-5: 0.1 M citric acid/sodium
phosphate dibasic.

behavior observed at relatively high pH was not expected in a first place. However,
it is perfectly in line with the shift of the pKa of free carboxyl groups of fatty acid
monomers in aqueous solution to an apparent pKa of 7 to 8.5 reported for carboxyl
groups arranged at the interface of fatty acid bilayers [436].

From a more fundamental perspective, it is obvious that the colloidal stability of
fatty acid bilayer coated MNPs is also dependent on the stability of the fatty acid
bilayer itself. Fatty acid/soap vesicles, commonly called fatty acid vesicles, are
known to be thermodynamically stable at a fatty acid to soap molar ratio close to
1 which is typically restricted to a rather narrow bulk pH range of around 7, 8, or
9, depending on the fatty acid. For fatty acid vesicles from OA and LA, the pH
range of stable bilayers containing equimolar amounts of the acid and soap species
is around 8.0-9.5 and 7.0-8.5, respectively. At the lower and upper boundary of
the stable pH range, fatty acid vesicles coexist with soap micelles and fatty acid oil
droplets, respectively. [436]. The half-ionization of stable fatty acid/soap bilayers is
also indicated in the schematic representation of the fatty acid bilayer coating of a
primary MNP in Figure 5.1A.

Optimum pH solution conditions: Based on the pH dependence observed for the
aggregation behavior of fatty acid bilayer stabilized MNPs in aqueous solution (pH <
6) and reported for the thermodynamic stability of bilayered fatty acid vesicles
(pH ~ 7-9), the pH of the hydration medium containing OA-OA or LA-LA particles
should be controlled at neutral or slightly basic pH, ideally pH 8, for the preparation
of magnetoliposomes by thin film hydration.
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Figure 5.3: Stability of fatty acid bilayer coated MNPs in aqueous solution as a
function of buffer salt composition. Shown is the macroscopic stability of 1073 v/v%
LA-LA iron oxide NPs in aqueous solutions of pH 7 and 8 in the presence of the buffer
salts indicated on each flask. Sample equilibration: 1h (top) and 48h (bottom) at room
temperature. Strength of buffer salts: 50 mM.

Effect of buffer salt composition on MNP stability

In order to control the pH of the MNF hydration medium in the identified range of
optimum particle stability, MNP stability was now evaluated in the presence of dif-
ferent buffer salts added to the aqueous matrix fluid. The LA-LA MNF was diluted
in different 50 mM buffer solutions, including Tris (pH 7), HEPES (pH 7 and 8),
and sodium phosphate (pH 7). For each buffer composition tested, a 10-fold dilu-
tion series of the LA-LA MNF in the buffer solution was prepared at particle volume
fractions ranging from 107 to 107* %. The same set of samples was prepared in
ultrapure water as a control. Again, the colloidal particle stability was evaluated in
terms of macroscopic aggregation and sedimentation behavior at room temperature
over an observation time of 48 h.

Figure 5.3 shows the LA-LA particle dispersions in the different buffer solutions at
a particle volume fraction of 1072 % after a storage time of 1h and 48h, respect-
ively. Both, the Tris buffer solution at pH 7 and the HEPES buffer solution at pH
8 induced immediate and strong LA-LA particle agglomeration at volume fractions
of 1073 % and smaller. This was indicated by the onset of particle sedimentation
already 1h after sample preparation (Figs. 5.3A and B). The corresponding LA-LA
particle dispersions in HEPES buffer and sodium phosphate buffer, both at neutral
pH, were initially more stable, but also ended in strong particle aggregation and
complete sedimentation after an observation time of 48h (Figs. 5.3C and D). In
contrast, stable MNP dispersions were obtained over the entire range of volume
fractions investigated when diluting the MNF in its matrix fluid itself, i.e. water.
No particle sedimentation in the water-based LA-LA dispersions could be detected
by eye after a storage time of 48h (Fig. 5.3E).

Optimum buffer solution composition: Apparently, all evaluated buffer salts dis-
turb the particle stabilizing bilayer of fatty acids in such a way that this type of
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MNPs strongly precipitates in buffer solutions at ¢ < 1072 %. Complete particle
sedimentation in the presence of buffer salts was typically observed after an equilib-
ration time of a few hours alreaday. As a conclusion from the particle stability tests
in the presence of buffer salts, the concentrated water-based MNFs obtained from
RATB were dispersed in plain ultrapure water for further experiments, in spite of
the lack of pH control in the resulting MNFs.

Effect of particle concentration on MNP stability

In a last step, the stability of OA-OA and LA-LA MNPs in water was studied as a
function of particle concentration in order to identify a stable concentration range to
follow throughout all steps of magnetoliposome preparation. Dilution series of the
OA-OA and LA-LA MNFs in water were prepared in triplicate at particle volume
fractions ranging from 10° to 107" %. The concentration-dependent particle ag-
gregation was evaluated by measuring the size of secondary particles, i.e. particle
aggregates, in the obtained dispersions using DLS after a sample equilibration time
of 3 days at room temperature.

Figure 5.4 shows the mean hydrodynamic diameter D), of OA-OA and LA-LA sec-
ondary particles formed in water as a function of particle volume fraction. It reveals
a strong aggregation behavior of both particle systems at volume fractions smal-
ler than 107*%. The formation of such particle clusters upon strong dilution of
fatty acid bilayer coated NPs in aqueous solution can be attributed to the relatively
high monomer solubility of fatty acids in water [436]. Above the critical particle
concentration detected at ¢ ~ 107*%, the fatty acids of the physically adsorbed
outer monolayer of the particle coating are in equilibrium with the monomers in
the matrix fluid. Dilution of the particles below the critical concentration leads to
the desorptive loss of part of the outer monolayer and, hence, to reversible particle
aggregation [434].

Due to the different lengths of the hydrocarbon chains, the approximate free monomer
concentration of the short-chain lauric acid in equilibrium with LA-LA bilayers
(~ 23mM) is much higher than that of the long-chain oleic acid in equilibrium
with OA-OA bilayers (< 1 mM) [436]. This explains the stronger extent of dilution-
induced particle aggregation of the LA-LA NPs compared to the OA-OA NPs at
¢ < 107 % (Fig. 5.4). At the same time, the differences in monomer solubilities
would suggest the critical particle concentration for the onset of dilution-induced
particle aggregation to be shifted to higher ¢ values in the case of the water-based
LA-LA MNF. Indeed, strong particle aggregation in the LA-LA MNF was already
observed at intermediate volume fractions between 5 x 1072 and 2.5 x 10~* %, how-
ever, this aggregation behavior was completely transient within the mentioned ¢
range (Fig. 5.4). Strongest aggregation of the LA-LA particles within this range
was found at ¢ ~ 7.5 x 1074-1073 % as indicated by the intermediate D, maximum
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Figure 5.4: Aggregation behavior of fatty acid bilayer coated MINPs in aqueous
solution as a function of particle concentration. The concentration-dependent ag-
gregation behavior of OA-OA (@) and LA-LA (A) iron oxide NPs in water is shown
through changes in the mean hydrodynamic diameter Dj, of particle clusters as a function
of particle volume fraction ¢. Equilibration of particle dispersions prior to measurements:
3 days at room temperature. Results represent mean values of at least two independ-
ent dilutions of the original OA-OA and LA-LA MNFs (Tab. 5.1) in ultrapure water,
respectively. The lines are drawn to guide the eye.
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Figure 5.5: Stability of fatty acid bilayer coated MINPs in aqueous solution as
a function of particle concentration. Shown is the macroscopic stability of LA-LA
iron oxide NPs in water as a function of the particle volume fraction ¢ in v/v% indicated
on each flask. Sample equilibration: 1h (top) and 48h (bottom) at room temperature.
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in Figure 5.4 and by the complete particle sedimentation observed in some but not
all of the replicate 7.5 x 107* % samples of the LA-LA dilution series as shown in
Figure 5.5. Precipitated samples could not be analyzed by DLS measurements and
were not considered in the data shown in Figure 5.4. The particle concentration
dependent transient aggregation behavior of LA-LA MNPs in water was well repro-
ducible, but it was specific to the LA-LA MNF sample used in this study and was
not observed for other LA-LA MNF preparations obtained from RATB. We do not
have an explanation for this peculiarity.

Optimum MNP concentration: To avoid the aggregation-inducing ranges of par-
ticle volume fractions reported in this section, the volume fractions of OA-OA and
LA-LA MNPs were kept in the stable range of ¢ > 5 x 1072 % during preparation of
aqueous magnetoliposome suspensions (Fig. 5.4). Accounting for a dilution factor
of the liposome fraction of 10 at the most during the separation step of magnetol-
iposomes from nonentrapped MNPs by column filtration [296], the initial volume
fraction of OA-OA and LA-LA MNPs in the hydration medium was set at 107! %,
1.5 orders of magnitude above the upper critical particle concentration for LA-LA
MNP agglomeration. At this particle volume fraction, the secondary particles from
both OA-OA and LA-LA MNPs in water have a mean hydrodynamic diameter of
around 50nm as obtained from our DLS measurements (Fig. 5.4). This is larger
than the mean D;, values of the concentrated OA-OA and LA-LA MNFs obtained
from RATB (31nm and 37nm, respectively; Tab. 5.1), but it should still allow
for the encapsulation of MNPs in uni- and oligolamellar vesicles prepared by thin
film hydration and the sequential extrusion technique. Previous works reported on
the successful entrapment of 30 nm and 60 nm-sized clusters of surfactant stabilized
MNPs in the aqueous domains of LUVETS g and VETsggg, respectively [413, 438].

The initial particle concentration in the hydration medium is an important para-
meter when forming magnetoliposomes by passive encapsulation of a MNF as it
directly influences the magnetic loading of the final magnetoliposomes. In the ab-
sence of interactions between the particles and the lipid membranes, the amount of
encapsulated magnetic particles is linearly related to the initial MNP concentration
[413, 438, 439].

The 0.1v/v% OA-OA and LA-LA particle dispersions used in the following as hydra-
tion medium contained 3.5 mg mL™! and 3.2 mg mL™! of total iron, i.e. 4.8 mgmL™!
and 4.5mgmL~! of magnetite, respectively, as determined by AAS. This is slightly
above the range of total iron concentrations of approximately 0.05-2.5mgmL™!
present in the MNP containing hydration media of previous studies describing the
preparation of magnetoliposomes for magnetic drug targeting [273, 416, 438, 439].
Based on these figures, it can be assumed that the magnetoliposomes formed in
0.1v/v% OA-OA and LA-LA particle dispersions will be guidable along external
magnetic field gradients in the case of quantitative MNP encapsulation in the
aqueous vesicle interior. The apparent extent of OA-OA and LA-LA particle en-
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capsulation in the aqueous domains of extruded liposomes will be elucidated and
discussed in the following section.

For the envisioned application of magnetoliposomes in magnetic separation pro-
cesses, higher magnetic loadings than those theoretically obtained from the initial
0.1v/v% particle suspensions should be considered in further development steps.
Magnetoliposomes that have been designed for a fast magnetic separation were, for
example, prepared in a MNF containing 56 mgmL~! of total iron [421].

5.3.2 Preparation of magnetoliposomes using fatty acid bilayer
coated iron oxide NPs

Multilamellar vesicles from S100 were now prepared by thin film hydration in the
water-based OA-OA and LA-LA MNFs of optimum colloidal stability, that is in the
absence of buffer salts and at a particle volume fraction of 0.1%. The concentration
of total lipids was 20 mM resulting in an initial iron-to-lipid molar ratio of around
310mol% and 290mol% in the OA-OA and LA-LA samples, respectively. These
conditions allowed the formation of homogeneous and stable MLV suspensions in
the two MNFs.

In the following, we describe the behavior of the composite systems throughout the
remaining process steps towards uniform and purified magnetoliposomes, including
sequential vesicle extrusion and size exclusion chromatography (SEC). The fate of
MNPs and vesicles after each process step was evaluated by quantifying total iron
and total phospholipid concentrations in the suspensions before and after the re-
spective treatments. Finally, cryo-TEM was used to characterize the particle and
vesicle structures, as well as the amount of encapsulated and contaminating external
MNPs in the obtained magnetoliposome suspensions.

Extrusion of multilamellar vesicle/MNP composite suspensions

The MLVs formed in 0.1v/v% OA-OA and LA-LA MNFs were homogenized in
terms of size and lamellarity using the commonly applied extrusion technique [3,
9, 193, 206]. Membrane penetrability to the MNP containing vesicle suspensions
was evaluated by sequentially extruding the suspensions 10 times through 400 nm,
followed by 10 times through 200nm pores of track-etched polycarbonate filters
(abbreviated in the following as PC400 and PC200 membranes). Sample aliquots
were collected after 1, 5, and 10 extrusion cycles through each membrane type
used and analyzed for total iron concentration by AAS to check for possible filter
effects towards the MNPs (Fig. 5.6). As reported in Chapter 4.3.3 and known from
literature, total lipids from initial MLV suspensions are typically recovered after
repetitive extrusion through polycarbonate membranes [15, 212, 367]. Therefore,
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Figure 5.6: Filter effect towards iron oxide NPs upon repetitive extrusion of
unpurified magnetoliposome suspensions. Total iron concentration of S100 MLV
suspensions formed in 0.1v/v% OA-OA (@) and LA-LA MNFs (A), respectively, after
sequential extrusion the indicated number of times through 400 nm and 200 nm pores of
track-etched polycarbonate membranes (PC400 and PC200). Initial composite suspension:
20 mM total lipids; 62mM and 58 mM total iron in 0.1v/v% OA-OA and LA-LA MNFsg,
respectively. Results represent mean values of two repeat AAS measurements of a single
magnetoliposome sample. Lines are drawn to guide the eye.

the extrusion experiment was carried out without explicitly measuring the recovery
of total lipids after extrusion.

Sequential extrusion of the initial MLV suspensions in 0.1v/v% OA-OA and LA-LA
MNFs through the PC400 membrane required increasing extrusion pressures of 5-
15bar and a small number of membrane replacements due to filter clogging during
the first 5 extrusion cycles. The remaining 5 extrusion cycles were relatively straight-
forward and could be completed at a constant extrusion pressure of approximately
5bar using a single filter membrane. Further extrusion of the obtained VETyg
suspensions in MNFs through the PC200 membrane progressed similarly but mem-
brane penetrability was drastically decreased, so that the extrusion pressure had to
be increased to 30-45 bar. Forcing the VET 90/LA-LA particle suspension through
the PC200 membrane resulted in complete filter clogging after each of the first 5
extrusion cycles and became smoother during the remaining 5 passes. Extrusion of
the corresponding OA-OA suspension through the PC200 membrane almost com-
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pletely failed and the extrusion experiment was omitted after 2 cycles.

The clogging issues experienced during the first 1-5 extrusion cycles of the OA-OA
and LA-LA magnetoliposome suspensions through both PC400 and PC200 mem-
branes were reflected by an important drop in total iron concentration in the corres-
ponding extruded samples (Fig. 5.6). Only after around 5 passes through membranes
of a specific pore size, the iron concentration in the regularized magnetoliposome
suspensions reached a value which then remained constant with increasing numbers
of extrusion cycles. In the case of the final VETyqo/LA-LA particle suspension, this
value corresponded to only 44% of the total iron content initially present in the
0.1v/v% LA-LA MNF used for thin film hydration. The corresponding VET 409 sus-
pensions retained 72% and 86% of the initial iron content of the 0.1v/v% OA-OA
and LA-LA MNFs, respectively.

The increasing loss of total iron detected in the magnetoliposome suspensions after
extrusion through pore sizes decreasing from 400nm to 200nm (Fig. 5.6) clearly
indicates the presence of a considerable amount of large particle aggregates with
diameters > 200nm, some of them even with diameters > 400 nm, in the initial
MLV suspensions formed in 0.1v/v% OA-OA and LA-LA MNFs. The presented
extrusion experiment showed that the particle aggregates exceeding the pore size of
the filter membrane used are successfully removed during the extrusion procedure.
At the same time, it has to be assumed that particle aggregates smaller than the
pore size used for final extrusions will persist and coexist with the magnetically
loaded vesicles and the free secondary MNP clusters in the extruded suspensions.
Both the mean diameter of the magnetoliposomes and that of the largest particle
aggregates that are just able to pass the membrane pores will represent the aver-
age pore diameter of the membrane used for final extrusions. This will most likely
interfere with a clear separation of particle-entrapping vesicles from free MNPs by
size exclusion chromatography.

For practical reasons outlined above, the S100 MLVs formed in 0.1v/v% OA-OA
and LA-LA MNFs were, in the following, only taken through 10 extrusion cycles
through PC400 membranes for homogenization. The obtained VETs,q in the MNFs
had a mean hydrodynamic diameter of approximately 250 nm as derived from DLS
measurements (Fig. 5.7). This is in good agreement with the average diameter of
aqueous VETgg suspensions prepared from pure phosphatidylcholines in the absence
of MNPs [9, 10]. Figure 5.7 shows the volume-weighted particle size distribution of
a VET 99/LA-LA particle suspension with the primary peak at 45 nm representing
the free secondary LA-LA particles and the shoulder at 250 nm representing the
liposomal fraction of the composite system.

Among the earlier studies on magnetoliposome formation by the passive encapsula-
tion of hydrophilic MNPs in the vesicle core followed by sequential extrusion, most
have reported the use of 200 nm pore membranes for final extrusions [412, 415, 416,
421, 438, 439], while only a few were able to prepare LUVET g in the presence of
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Figure 5.7: Particle size distribution of unpurified VET,90/MNP compos-
ite suspension. The composite suspension was formed by S100 thin film hydration in
0.1v/v% LA-LA MNF followed by sequential extrusion 10 times through 400 nm pores of
track-etched polycarbonate membranes. Initial composite suspension: 20 mM total lipids;
58 mM total iron.

aqueous MNP dispersions [273, 413]. The authors of the latter works emphasized
an optimal stabilization and dispersion of the MNPs in the hydration medium, a
condition which was obviously not achieved in the course of our experiments using
fatty acid bilayer coated MNPs. Garnier et al. also used a negatively charged layer
of surface adsorbed dispersants, namely citric acid, for the stabilization of iron oxide
NPs, but highlighted the cycles of excess citric acid elimination as critical steps for
obtaining a well-dispersed aqueous MNF [413]. On the other hand, Amstad et al.
worked with ultrastable colloidal suspensions of individually PEG-nitroDOPA sta-
bilized iron oxide NPs which exhibited an irreversible binding of the dispersants to
the iron oxide surface via a nitroDOPA anchor group [273].

Separation of magnetoliposomes from free MNPs by SEC

In a last step of magnetoliposome preparation, aliquots of the VET49o/MNP sus-
pensions were passed down a SEC column with the aim of removing nonentrapped
MNPs from the bulk solution. Under appropriate conditions, SEC is known to allow
for excellent separation of liposomes from low molar mass compounds, proteins, and
enzymes [36, 142, 440]. While the smaller nonentrapped molecules diffuse into and
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through the porous beads packed in the column bed, liposomes percolate through the
interbead spaces and elute first from the column (see Fig. 3.3 for an elution profile
of calcein-entrapping liposomes and free dye molecules indicating a clear separation
of the two fractions). SEC has also been shown to perform well in the purification
of magnetoliposomes prepared by passive MNP encapsulation [412] and is widely
used in this field [273, 413, 416, 421, 438, 439].

Figure 5.8A shows the elution profiles of the liposome and MNP fractions in terms
of S100 phospholipids and iron concentrations, respectively, recorded after applying
an aliquot of the VET 99/OA-OA particle suspension on the column. Sample elu-
tion was monitored throughout the time required for the entire bed volume to elute.
The profiles of the liposome fraction and of the eluted OA-OA particle fraction com-
pletely overlapped in the entire elution time interval probed indicating basically no
separation between liposomes and nonentrapped MNPs. However, it is noticeable
that the upper column bed remained colored after running the composite sample
through the column, even after extensive rinsing with elution buffer, i.e. water (Fig.
5.8C). Based on these observations, the fate of the secondary particle clusters and
the larger particle aggregates both initially present in the unpurified VET 499/ MNP
suspension after column separation can be described as follows (see also schematic
illustrations in Fig. 5.8C). Nonentrapped small particle clusters seem to be retained
by the porous bead matrix in the column, while the external particle aggregates
co-elute with similar-sized liposomes, which may or may not be loaded with small
particle clusters.

Given the almost perfect overlay of the MNP and liposome elution profiles found for
the VET 50/ OA-OA particle suspension (Fig. 5.8A), it is very likely that the unsuc-
cessful magnetoliposome purification by SEC was influenced by interactions between
the fatty acid bilayer coated particles and the phospholipid vesicle membranes. At
the same time, the overlay of the MNP and liposome elution profiles was just as good
after separately loading the MNF used for magnetoliposome formation and a mag-
netically empty liposome suspension to the column, as carried out for the LA-LA
composite sample. This is shown in Figure 5.8B by the overlapping elution pro-
files of iron and S100 phospholipids obtained after separate injection of a 0.1v/v%
LA-LA particle dispersion and a S100 VET 4o suspension, respectively. The S100
VET, suspension had been prepared in water containing calcein as low molecu-
lar weight marker molecule and the corresponding separation curve obtained from
UV /Vis spectrophotometric measurements was included in Figure 5.8B for compar-
ison. The first minor SEC peak representing the calcein-loaded VETyq fraction is
in good agreement with that obtained from phospholipid analysis using the Stewart
assay. The second SEC peak is the result of a delayed elution of nonentrapped small
dye molecules after diffusion through the porous bead matrix.

The presented set of elution profiles confirms that the route through the porous
beads was not accessible for both OA-OA and LA-LA MNPs under the evaluated
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Figure 5.8: Separation of magnetic fluid-loaded VETs 9o from nonentrapped
fatty acid bilayer coated MNPs by SEC. (A) Elution profiles of VETsyq¢ (0) and OA-
OA MNPs (@) after loading a composite VET499/OA-OA particle suspension. The com-
posite suspension was prepared by 10 extrusion cycles of S100 MLVs formed in 0.1v/v%
OA-OA MNF through PC400 membranes. Composite suspension before SEC: ~ 20 mM
total lipids; ~ 2.5mgmL~"! total iron. Sepharose CL-2B column: 1 x 20cm. Sample
loading: 400 uL. Flow rate: 0.29 mLmin~!. (B) Elution profiles of VETs 0 (0) and LA-
LA MNPs (A) after separately loading a magnetically empty VET oo suspension and a
0.1v/v% LA-LA MNF (total iron: 3.2mgmL~!). The VET,g suspension was prepared
by 10 extrusion cycles of 20 mM S100 MLVs formed in 40 mM calcein through PC400 mem-
branes. The corresponding separation curve of calcein-entrapped VETs gy from free cal-
cein (@) was recorded by UV /Vis spectrophotometry. Sepharose CL-2B column: 1x 15 cm.
Sample loading: 400 uL. Flow rate: 0.26 mLmin~'. The specific elution profiles of lipo-
somes and MNPs were obtained from total phospholipid and iron concentration measure-
ments, respectively. (C) Photographs of the SEC columns after the separation experiments
presented in parts A and B, including schematic representations of the expected composite
structures using OA-OA or LA-LA particles before and after SEC.
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test conditions, whether the particles were solely contained in the water-based MNF
or in a vesicular composite suspension. This shortcoming is primarily ascribed to
the self-organization of the fatty acid bilayer coated MNPs into secondary particle
clusters. Most of these secondary particles were too large, i.e. too similar in size
to VETSs400, to allow for a successful separation of the liposome population from
nonentrapped MNPs by SEC. The VETy fraction and large particle clusters co-
eluted in the void volume of the column, while a considerable amount of free MNPs
remained trapped in the column matrix in the case of both OA-OA and LA-LA
particle suspensions (Fig. 5.8C).

The extent of particle trapping was much larger for the LA-LA MNF as evidenced
by the dark residual color of the upper column bed and by the low LA-LA particle
recovery after gel filtration. According to the ratios of the total amounts of iron
loaded to and collected from the column during the separation experiments (Figs.
5.8A andB), the recovery of LA-LA particles was only around 26% compared to 75%
of the initially loaded particles retrieved from the eluted OA-OA samples. The exact
reason for particle retention in the column is not known. Fatty acid bilayer coated
MNPs are unlikely to be adsorbed by the predominantly uncharged Sepharose bed
since Sepharose contains only a small number of residual charged groups with like
charges (negative) as the carboxylic fatty acid head groups. Instead, the increased
sensitivity of LA-LA particles to aggregate in water (Fig. 5.4) suggests that particle
aggregation and geometrical constraints also play a role in the high LA-LA particle
loss observed during column filtration.

Due to a possible fouling of the bead matrix by particle retention, the separation
experiments using OA-OA and LA-LA particle dispersions were carried out on sep-
arate freshly prepared SEC columns which were different in length. The one used
for the VET 99/OA-OA particle sample was 20 cm long, while that involved in the
LA-LA experiment measured 15cm. This explains the longer elution times of the
VETs, and particle aggregate fractions recorded after the OA-OA column (Fig.
5.8A) compared to those obtained from the LA-LA column (Fig. 5.8B).

Because of the unsuccessful SEC purification of the VET49o/MNP composite sus-
pensions and the consequential presence of contaminating external MNPs in the
eluted liposome fractions, the concentration data of S100 phospholipids and total
iron collected before and after column separation could not be used for an estima-
tion of encapsulation efficiencies. Instead, the extent of partitioning of the OA-OA
and LA-LA stabilized MNPs into the aqueous domains of VETs,, was evaluated by
cryo-TEM as reported in the following and last section of this chapter.

Ensuring a clear separation of magnetoliposomes from nonentrapped MNPs by SEC
is a delicate task that requires good MNP dispersion stabilities, as well as no inter-
actions between the particles and the lipid membranes. Garnier et al. reported on
very similar difficulties as described above during the separation step of magnetic-
ally loaded LUVETSs; o from nonentrapped citric acid coated iron oxid NPs by SEC
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[413]. They also recorded overlapping elution profiles of magnetoliposomes and non-
entrapped MNPs in preliminary experiments and attributed this failure to the large
amount of particles applied to the SEC column. A good separation as demonstrated
by the absence of nonentrapped MNPs in the final magnetoliposome suspensions us-
ing cryo-TEM was only possible after pre-clearing the composite suspensions from
nonentrapped MNPs by a salt-induced aggregation and centrifugation step prior to
SEC. In another study, VETs9yy were loaded with tetramethylammonium hydroxide
stabilized iron oxide NPs and the magnetoliposome fraction recovered after SEC was
described to be completely free of contaminating external MNPs [438]. However,
the presented TEM micrographs revealed that most MNPs were in an aggregated
form and localized outside the liposomes.

According to the intermediate separation step described by Garnier et al. [413], the
separation efficiency of the composite suspension investigated in the present work
could be improved by taking advantage of the pH or dilution dependent aggregation
behavior of the fatty acid bilayer coated MNPs (Sec. 5.3.1). The resulting external
MNP aggregates could then be removed by centrifugation. The same approach of
separating nonentrapped MNPs from magnetoliposomes by density instead of size
after inducing external MNP aggregation has been used in a number of other stud-
ies involving the preparation of magnetoliposomes by passive MNP encapsulation
[417, 441, 442].

5.3.3 Characterization of magnetoliposome suspensions by
cryo-TEM

The magnetoliposome suspensions prepared by the passive encapsulation of fatty
acid bilayer coated MNPs as detailed above were visualized before and after SEC
purification by cryo-TEM. This powerful technique allows to directly visualize and
characterize the structures of liposomes and water-basted MNFs, as well as the loc-
alization of the MNPs in the composite suspensions.

Due to instrumental limitations, samples for cryo-TEM investigation were prepared
at a total iron concentration of around 1 mgmL~'. To meet this criteria, the initial
MLV suspensions were formed in OA-OA and LA-LA MNFs containing 0.03v/v%
iron oxide particles instead of the standard particle volume fraction of 0.1v/v%
used in the experiments described above. The initial lipid concentration was kept
constant at 20mM. The behavior of the slightly lower concentrated composite sus-
pensions during extrusion and gel filtration was comparable to that observed for the
standard samples. The photographs of the magnetoliposome suspensions loaded to
and collected from the SEC column included in Figure 5.8C actually represent those
prepared for cryo-TEM imaging.

Figure 5.9 shows the cryo-TEM micrographs of the VET o suspensions prepared in
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Figure 5.9: Cryo-TEM micrographs of unpurified and purified magnetolipo-
some suspensions containing fatty acid bilayer coated MNPs. Visualized are
VET 0 suspensions prepared in OA-OA (A) and LA-LA MNFs (B) before and after (in-
sets) SEC purification. The initial MLV suspensions were formed from 20 mM S100 in
0.03v/v% OA-OA and LA-LA MNFs, respectively, and extruded 10 times through PC400
membranes. White arrows: Encapsulated MNPs. Black arrows: Interactions between
MNP aggregates and liposome membranes. Scale bar = 200 nm.

OA-OA and LA-LA MNFs before and after (insets) SEC purification.

The liposomes dispersed in the water-based OA-OA MNF (Fig. 5.9 A) were pre-
dominantly spherical in shape and had uni- to oligolamellar character as expected
for aqueous VET 499 preparations [9, 10, 219]. However, the MNPs were mainly loc-
alized outside the liposomes in the form of intermediate-sized aggregates, indicating
poor encapsulation efficiency of OA-OA MNPs in VETs,qg. It is striking that many
of the OA-OA particle aggregates visualized were closely associated with vesicle sur-
faces (Fig. 5.9 A, black arrows). This confirms the assumption of particle-bilayer
interactions that has been made earlier based on the overlapping MNP and liposome
elution profiles recorded after gel filtration of the OA-OA composite suspension (Fig.
5.8 A). The white arrows in Figure 5.9 A highlight a few particle clusters that were
small enough to partition into the liposomes. Their encapsulation was likely to be
mediated by the same interactions between particles and, in this case, internal lamel-
lae since the internal MNPs also seemed to be bound to lipid bilayers. No freely
dispersed particles were observed in the lumen of the liposomes. It is also possible
that these particle clusters represent external MNPs that were actually bound to
the outer surface of the liposomes viewed from the top.

The micrograph in Figure 5.8 B confirms the susceptibility of the LA-LA MNPs
used to form large particle aggregates in water as already predicted from their beha-
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vior throughout the different steps of magnetoliposome preparation. Again, many
particle aggregates were found to be associated with vesicle bilayers (Fig. 5.9 B,
black arrows), but none of the LA-LA MNPs was integrated into the liposomes. In
contrast to the spherical morphology of liposomes observed in the OA-OA nanocom-
posite (Fig. 5.8 A), the VETsy09 prepared in the LA-LA MNF were highly irregular
in shape (Fig. 5.8 B). This can be explained by the presence of relatively large
amounts of LA monomers in the matrix fluid of the LA-LA MNF. As mentioned
earlier, based on the bilayer-monomer equilibrium existing between the fatty acid
bilayer coating of the MNPs and the matrix fluid, the free monomer concentra-
tion of LA in the LA-LA MNF can be estimated to be around 23 mM compared
to < 1mM of OA monomers in the OA-OA MNF [436]. This results in a molar
ratio of free LA monomers to S100 phospholipids (20 mM) during vesicle formation
in the LA-LA MNF of more than 1. In the very probable case of the presence of
excess LA in the LA-LA MNF, the concentration of free LA monomers is expected
to be even higher. Therefore, the liposomes formed from S100 phospholipids in the
LA-LA MNF most likely consisted of mixed S100/LA bilayers. Incorporation of
short chain LA molecules into highly ordered diacyl phospholipid bilayers leads to
increased flexibility and higher (local) curvature of the vesicle membranes resulting
in the irregular equilibrium shapes observed in Figure 5.8 B.

5.3.4 Discussion on the stabilization and performance of iron
oxide NPs for liposome functionalization

As revealed by the different experiments presented in this chapter, the coating of
iron oxide NPs with a fatty acid bilayer provided rather poor steric MNP stabiliza-
tion in water, as well as in liposome suspensions. The bilayer coating did not prevent
the MNPs from agglomerating in aqueous solutions and from interacting with lipo-
somal membranes, as seen in the cryo-TEM micrographs (Fig. 5.9). Ultimately, this
did not allow for a successful assembly of MNPs in the liposome lumen, which was
especially true for the LA-LA MNPs. The following discussion is amongst others
based on a recent review on NP functionalized liposomes and capsules by Amstad
and Reimult [24].

The colloidal stability of the OA-OA and LA-LA MNPs relies on two coating layers
of fatty acids both of which are reversibly adsorbed to the iron oxide surface and to
the inner fatty acid monolayer, respectively [443]. Together with the high monomer
solubility of fatty acids in water [436], this results in a very dynamic coating layer
that renders the MNPs prone to agglomeration. Agglomeration of the fatty acid
bilayer coated particles was already apparent in the initial MNFs (Tab. 5.1 and Fig.
5.4). It then obstructed the different steps of magnetoliposome preparation (Sec.
5.3.2) and, finally, led to poor encapsulation efficiencies of MNPs in liposomes (Fig.
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5.9). Similarly, a decrease in encapsulation efficiency upon MNP agglomeration
prior to or during passive encapsulation was reported for starch-coated, agglomer-
ated iron oxide NPs that were primarily located outside liposomes rather than in
the liposome lumen [442]. Large amounts of nonentrapped particle agglomerates
were also observed in the case of iron oxide NPs stabilized with anionic [444] and
cationic surfactants [438].

To our knowledge, no previous study has reported the use of fatty acid bilayer stabil-
ized MNPs for the preparation of magnetoliposomes by passive MNP encapsulation
into the liposome lumen. However, hydrophobic MNPs coated with a monolayer of
fatty acids, typically oleic acid, have been used in several studies for passive MNP in-
corporation into the hydrophobic core of the vesicle membrane [273, 418, 419, 445].
In accordance to the colloidal properties of hydrophilic fatty acid bilayer coated
MNPs, the hydrophobic MNPs stabilized with a reversibly adsorbed oleic acid mono-
layer were shown to have a strong tendency to agglomerate into clusters. In most
cases, these oleic acid monolayer stabilized MNP clusters were too large to be embed-
ded in the membrane interior [24, 273, 418, 443]. Instead, they were surrounded by
a phospholipid monolayer yielding stable, MNP functionalized micelles at the outer
surface of the liposomes [273, 418, 446]. This very same behavior was also observed
for hydrophobic OA MNPs obtained from RATB when trying to assemble them into
liposome membranes by the hydration of a OA MNP functionalized lipid film follow-
ing the method described by Amstad et al. [273]. Due to steric constraints, the OA
MNPs did not insert into the bilayers but accumulated in the form of large particle
aggregates at the liposome surface, as seen on cryo-TEM images (data not shown).
Interestingly, these steric constraints could be overcome according to an alternative,
recently developed synthesis procedure that is based on the transformation of MNP
functionalized mixed micelles into vesicles rather than on passive MNP encapsula-
tion. It allowed the inclusion of oleic acid monolayer stabilized MNP clusters of up
to 60 nm in size into liposome bilayers [447].

The interactions observed between the hydrophilic OA-OA and LA-LA MNPs and
the liposome membranes (Fig. 5.9) can be ascribed to a relatively low packing
density of fatty acids on the iron oxide nanoparticles [273]. The phosphate head
groups assembled at the membrane exterior have a high affinity to iron and, hence,
strongly interact with partly exposed core surfaces of the iron oxide NPs [448]. Such
particle-lipid bilayer interactions are common among iron oxide NPs that are steric-
ally stabilized with reversibly adsorbing dispersants, such as starch, dextran or fatty
acids [24]. The resulting accumulation of MNPs at the outer surface of liposomes
as observed here was, for example, also reported for iron oxide NPs stabilized by
carboxydextran [449] and could be visualized by confocal microscopy using rhodam-
ine B surface modified CoFe,O, and Fe;O3 NPs [430, 450]. It has to be noted that
the binding of MNPs to the outer liposome surface does not allow for the complete
removal of nonentrapped MNPs irrespective of the separation technique used, i.e.
SEC, centrifugation, or magnetic sorting [412]. As mentioned before, the resulting
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presence of externally associated MNPs obscures the quantitative determination of
the encapsulation efficiency or of the number of MNPs encapsulated in the liposome
lumen [449]. Furthermore, it disturbs the control of magnetoliposomes in external
magnetic fields and often reduces their stability and efficiency [24, 412].

Based on the considerations discussed above, the steric stabilization of the mag-
netite NPs used in this study needs to be drastically improved in order to gain
control over the assembly of MNPs into liposomes [24]. Only optimally stabilized
MNPs will allow the preparation of magnetoliposome suspensions that encapsulate
and retain a controlled amount of MNPs in the liposome lumen, while being free of
contaminating external MNPs and maintaining the liposome membrane properties.
Reducing the number of reversibly adsorbed dispersant layers from two to one would
confine the dynamic nature of the dispersant shell and confer a higher MNP stability
in aqueous solution and in the presence of liposomes. Physisorbed coating layers
are found in many commercially available, superparamagnetic iron oxide based fer-
rofluids and typically consist of natural or synthetic polymers, inorganic molecules
or surfactants [431, 451, 452]. Indeed, iron oxide NPs sterically stabilized with dex-
tran [415], carboxydextran [449], siloxane [453], cationic surfactants [438], anionic
surfactants [444], and citrate [412, 413, 416, 421] were successfully loaded into the
lumen of nanometer-sized liposomes, even though the vast majority of these particles
was in an agglomerated state. As described above, the stabilization of iron oxide
NPs by reversible physisorption of sugars, polymers or surfactants still leads to sub-
stantial aggregation and particle-membrane interactions because of the poor affinity
of these dispersants towards iron oxide [431, 452].

Alternatively, the colloidal stability and performance of iron oxide NPs in biological
fluids can be drastically increased by the well-defined assembly of dispersants on the
NP surface through covalently bound molecular anchors that have high affinity for
the NP surface. Different strategies to sterically stabilize superparamagnetic iron
oxid NPs by this modular and highly controlled buildup of core-shell structures have
recently been described in a comprehensive review [431]. Dispersants that perform
particularly well to individually stabilize iron oxide NPs are PEG-nitrocatechols.
The high affinity nitrocatechol groups, including nitroDOPA and nitrodopamine,
allow for an irreversible binding of dispersants to the iron oxide NP surface at ex-
tremely high packing density resulting in superior particle stabilization in terms of
aggregation and membrane interaction [273, 443]. The use of individually stabilized
iron oxide NPs would allow to closely control the magnetic loading of magnetolipo-
somes and their response to external magnetic fields, not only via the concentration
of optimally dispersed MNPs in the liposome lumen, but also by the possibility
of adjusting the core diameter and the dispersant shell thickness of the core-shell
NPs [24]. However, the synthesis of such ultrastable core-shell MNPs is currently
too expensive for the envisioned application in magnetoliposome-based absorbents
for large-scale bioseparations. As mentioned in the introduction, this cost limita-
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tion applies also to the direct use of core-shell MNPs functionalized with covalently
attached affinity ligands [427, 428, 431] as magnetic absorbents in industrial applic-
ations, even though their superior colloidal and mechanical stability would allow for
a high recyclability. Furthermore, it has to be noted that the use of free NPs of dia-
meters < 100nm is currently not desired by the bioprocessing industries, especially
the food and the feed industries.

5.4 Conclusions

Water-based magnetic nanofluids (MNFs) containing fatty acid bilayer stabilized,
superparamagnetic iron oxide NPs were combined with liposomes with the aim of
providing cost-effective and versatile MNP-functionalized liposomes for magnetic
bioseparation applications.

The procedure used to encapsulate MNPs into the liposome lumen relied on passive
encapsulation and involved four consecutive steps:

(i) dispersion stabilization of the water-based MNFs,
(ii) MLV formation by thin lipid film hydration in the water-based MNF,
(iii) MLV homogenization by the extrusion technique, and
(iv) separation of nonentrapped MNPs by size exclusion chromatography (SEC).

(i) Fatty acid bilayer stabilized iron oxide NPs in aqueous solution can be synthes-
ized by chemical co-precipitation in large quantities and at low cost. However, the
fatty acid bilayer coating is a very dynamic system that only reveals its full potential
for electrostatic and steric NP stabilization under specific bulk solution conditions.
The OA-OA and LA-LA bilayer coated MNPs used in this study were found to ag-
gregate and precipitate in aqueous solution at bulk pH values < 6 and in the pres-
ence of buffer salts, including Tris, HEPES and sodium phosphate. Furthermore,
dilution-induced desorption of fatty acids from the outer monolayer led to strong
particle aggregation at particle volume fractions of ¢ < 1074 % and ¢ < 5 x 1073 %
in the OA-OA and LA-LA MNFs, respectively.

(ii) The use of water-based OA-OA and LA-LA MNFs under the established op-
timum dispersion conditions, that is in the absence of buffer salts and at ¢ > 1072 %,
allowed the formation of stable MLV suspensions by thin film hydration.

In spite of the optimized dispersion stability of fatty acid bilayer coated MNPs, the
presence of MNP agglomerates in the obtained MLV composite suspensions was still
apparent and obstructed the remaining process steps towards uniform and purified
magnetoliposomes.
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(iii) 15-30% of the initial MNP concentration was filtered out during sequential
extrusion of the MLV composite suspensions 10 times through 400 nm pore mem-
branes. Further extrusion of the obtained VET,y, composite suspensions through
200 nm pore membranes was not practicable. It resulted in extensive filter clogging
and in an overall MNP loss of more than 50% after 10 extrusion cycles.

(iv) MNP loss was also observed after running the VET oy composite suspensions
through the SEC column. Furthermore, the elution profiles of the VET, o frac-
tion and of nonentrapped MNPs completely overlapped as a result of unsuccessful
separation between magnetoliposomes and free particle agglomerates by SEC.

cryo-TEM investigations of the final magnetoliposome suspensions confirmed the
presence of OA-OA and LA-LA MNPs in a predominantly aggregated form. Due to
steric constraints, the MNP aggregates were mainly localized outside the liposomes
resulting in poor encapsulation efficiency of fatty acid bilayer stabilized MNPs in
nanometer-sized liposomes. The micrographs also revealed accumulation of OA-OA
and LA-LA MNP aggregates at the outer surface of liposomes indicating interac-
tions between fatty acid bilayer coated iron oxide NPs and phospholipid bilayers.
While the VETsy09 formed in the OA-OA MNF were spherical in shape, the lipo-
somes observed in the LA-LA composite had highly irregular equilibrium shapes
following the integration of excess LA molecules in the vesicle membrane.

The assembly of fatty acid bilayer stabilized iron oxide NPs into pharmaceutical
grade phospholipid vesicles was obviously not successful. Nevertheless, the results
presented in this chapter demonstrate the importance of controlling the process-
structure-property functions of both functional nanomaterials and vesicle carriers
if they are to be combined in a functional composite, in which the structure and
properties of each component are preserved (Fig. 1.1).

The stabilization of fatty acid monolayer coated iron oxide NPs in water by phys-
isorption of an outer fatty acid monolayer typically results in the entrapment of
multiple primary particles. Thereby, the control over the size of fatty acid bilayer
coated MNP clusters, i.e. secondary particles, is already poor during MNP syn-
thesis. As evidenced throughout the preparation steps of magnetoliposomes and in
the final composite structure, fatty acid bilayer coated MNPs were prone to further
agglomeration and to interactions with phospholipid bilayers. Ultimately, the poor
steric stabilization of iron oxide NPs provided by the reversibly adsorbed fatty acid
bilayer did not allow for the passive encapsulation of the MNPs into the liposome
lumen. In the case of the MNF containing LA-LA bilayer stabilized MNPs, the
combination of the MNF with liposomes did not preserve the structure and proper-
ties of liposomes in the composite suspension. Liposome deformation was induced
by alterations in the composition and fluidity of the liposome membrane upon LA
integration in the phospholipid bilayer.

To gain control over the assembly of MNPs into the aqueous domains of nanometer-
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sized liposomes, the process-structure-property functions of fatty acid bilayer sta-
bilized MNPs need to be better controlled in a first place. Different strategies for
the steric stabilization of superparamagnetic iron oxide NPs have been discussed
in this chapter to further exploit the potential of magnetoliposomes in magnetic
bioseparation applications.
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6 General conclusions and outlook

The aim of this work was to evaluate new design and process strategies to structure
functionalized vesicles for applications in the food sector, in particular. In this re-
gard, special emphasis was placed on food grade, scalable, and cost-effective vesicle
and production systems. The main conclusions drawn from the experimental res-
ults of this study, their impact on possible applications, and some ideas for future
research and developments in the field are summarized in the following paragraphs
sorted by Chapters 3-5.

Edible polymersomes: Aiming at health promoting vesicle applications in func-
tional foods, we have successfully formed food grade polymersomes using a new type
of biocompatible and biodegradable PEO-b-PMCL diblock copolymer (Chapter 3).
Despite the high molecular weight of the amphiphilic copolymer and the increased
thickness of its bilayer membrane, the passive permeability barrier of PEO-b-PMCL
vesicles towards encapsulated hydrophilic molecules has been found to be only
slightly larger than that of their standard lipid analogues from POPC. At the same
time, the presence of external bile salts at duodenal concentration induces a defined
first-order release kinetic from loaded PEO-b-PMCL vesicles, whereas POPC vesicles
are immediately disintegrated under concomitant loss of cargo. These release char-
acteristics owe to the structural and physicochemical properties of the polymer and
lipid vesicle bilayers. Compared to the highly ordered, densely packed, and fluid-
like POPC bilayer with an aliphatic hydrocarbon core, the PEO-b-PMCL bilayer
exhibits a lower packing density and an increased membrane rigidity due to polymer
chain entanglement as well as a lower hydrophobicity of the polyether membrane
core. Experimental evidence of the increased rigidity of thick-walled PEO-b-PMCL
bilayers has also been obtained from electroformation experiments as PEO-b-PMCL
vesicle membranes require higher ac electric field voltages to grow into GUVs and
are more resistant to lateral fusion than POPC bilayers.

The edible and tough PEO-b6-PMCL vesicles offer a very interesting carrier system
for delivery-release applications of functional food components. Their controlled
destabilization under duodenal stress conditions allows for a triggered cargo release
close to the site of absorption, thereby increasing the bioavailability of the encapsu-
lated agent. Furthermore, the rigid polymersome membrane is likely to resist high
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mechanical stresses during optional integration of loaded PEO-b-PMCL vesicles into
a food matrix and/or preparation of the functional food by the consumer.

To investigate this more specifically, PEO-b-PMCL vesicles should be loaded with
a nutritionally relevant, active component and incorporated in a selected food mat-
rix, e. g. a beverage. The osmotic, mechanical, and physicochemical vesicle stability
in terms of load retention should then be studied through all steps of functional
food production, storage, and preparation as well as during the passage through the
GI tract to the target destination, i.e. the site of nutrient absorption in the small
intestine. The delivery-release behavior of the PEO-b-PMCL carriers to the small
intestine could be further optimized by taking advantage of the versatility of block
copolymer chemistry and of the adjustability of vesicle membrane properties. Addi-
tional functions could be introduced, e. g. for specific targeting of the vesicle carrier
to the small intestinal mucosa, triggered cargo release, and enhanced intestinal per-
meability, to maximize the absorption rate and bioavailability of the encapsulated
agent. These concepts are also being explored in vesicle-based (oral) drug delivery
applications [22; 23, 40, 157, 289]. The mechanical and rheological properties of
the considered PEO-b-PMCL-based membranes could be measured on GUV model
systems following our adjusted electroformation protocol and the experimental tech-
niques referred to in Section 3.3.3.

With a view to industrial implementations, the PEO-b6-PMCL molecules and their
loaded polymersomes need to be produced in a highly controlled manner and at
large scale, which is still a challenge. At the same time, both synthesis protocols
should be optimized towards reduced formation of coexisting mixed morphologies
and increased vesicle yield as well as encapsulation efficiency.

Dynamically enhanced vesicle extrusion: Based on the need of the pharmaceut-
ical, cosmetic, and food industries for the controlled and gentle large-scale produc-
tion of defined vesicle structures, the scalable process of dynamically enhanced ves-
icle extrusion has been introduced by designing and successfully putting the ROMER
device into operation (Chapter 4).

Experimental ROMER results using 200-nm pore membranes gave valuable insight
into the efficiency and mechanism for the breakup, i.e. homogenization, of lipid
MLVs by static and dynamically enhanced vesicle extrusion. Large vesicles that are
forced through narrow pore channels extensively break up by a pressure-induced
rupture mechanism at the constriction of the pore entrance where the flow pattern
is dominated by uniaxial elongation flows. Thereby, the extent of vesicle breakup
is the same whether the entering vesicles encounter this constriction at the very
entrance of cylindrical pore channels or in the center of biconical pore channels.
Further vesicle breakup in the subsequent pore outflow and simple ROMER shear
flow induced at the pore exit is only possible if the vesicles emerge from the pore
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channel in a confined and deformed, i.e. pre-streched, state as supported by cyl-
indrical pore channels. However, following the extensive vesicle breakup at the pore
entrance, these shear-induced breakup criteria are only met for a small fraction of
the extruded vesicle population. The structure of free-flowing vesicles exiting from
biconical pore channels in a quasipherical, i. e. relaxed, state is not influenced by the
ROMER shear flow.

As a consequence, dynamically enhanced MLV extrusion allows only a small addi-
tional decrease in mean vesicle size and lamellarity as a function of the applied shear
rate if the linear shear forces act at the outlet of a cylindrical nanopore membrane.
Because of the low efficiency of the ROMER shear flow for vesicle breakup at the pore
exit, ROMER processing of MLV precursors does not overcome the heterogeneity of
the initial self-assembly system after a single dynamically enhanced extrusion cycle.
The obtained vesicle suspension is characterized by the presence of uni-, oligo-, and
multilamellar vesicles, irrespective of the applied shear rate. We conclude that, in
contrast to dynamically enhanced membrane emulsification, dynamically enhanced
vesicle extrusion does not allow the controlled generation of homogeneous, unilamel-
lar to n-multilamellar vesicles by adjusting the shear rate at the membrane outlet
when working with spontaneously formed MLV pre-suspensions.

Further considerations of shear enhanced vesicle extrusion would certainly require
the availability of more robust nanopore membranes with defined, straight-through
pore channels. Micro engineering techniques are increasingly being used to design
self-supporting membranes with highly defined pores in terms of size, position, and
shape. However, the fabrication of mechanically stable nanopore membranes with
pore diameters down to ~ 400nm is highly sophisticated and still delicate [221].
Once ~ 200 nm pore membranes with a pronounced conical pore geometry are avail-
able, it would be interesting to test their performance in shear enhanced vesicle ex-
trusion using the current ROMER device. Having the narrowest constriction of the
pore channel at the pore exit would localize both the elongation- and shear-induced
vesicle breakup towards the channel outlet. This could increase the efficiency of the
ROMER shear flow in shearing off bilayer fragments which would then self-close to
possibly form smaller, unilamellar vesicles. However, one has to bear in mind that
this approach would still include the discontinuous and uncontrolled process step
for the formation of self-assembled MLV pre-suspensions.

For the dynamically enhanced production of defined vesicle structures, it would
be most advantageous to eliminate the preparation and use of heterogeneous MLV
precursors altogether. One possibility to do so is to modify the ROMER device
such that it allows the direct shearing off of bilayer sheets bending into the shear
flow. Vesicle formation could then be combined with the simultaneous loading of
an aqueous solution into the vesicle lumen with the internal solution forming the
outward flow onto the bending bilayer and the external, cross-flowing medium de-
taching the vesicle. The feasibility of this principle has already been demonstrated
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for the controlled formation of loaded GUVs in a microfluidic model setup [350].

Magnetoliposomes: With the aim of creating cost-effective and versatile magnetic
absorbents for bioseparation applications, we considered fatty acid bilayer stabilized,
superparamagnetic iron oxide NPs for encapsulation into the lumen of pharmaceut-
ical grade phospholipid vesicles (Chapter 5).

Under optimum dispersion conditions of the fatty acid bilayer stabilized MNPs in
water (pH ~ 7-9, particle volume fraction ¢ > 1072 %, absence of buffer salts), stable
magnetic MLV suspensions can be obtained by thin film hydration in the MNP dis-
persion. However, the strong tendency of fatty acid bilayer stabilized MNPs to
agglomerate and to interact with phospholipid bilayers hampers the subsequent ho-
mogenization of the MLV composite suspensions by extrusion through pore sizes
< 400 nm as well as the removal of nonentrapped particle agglomerates by SEC. For
the same reason, fatty acid bilayer stabilized MNPs do not partition into the lumen
of nanometer-sized liposomes following this method of passive MNP encapsulation.
The experimental results suggest that the dynamic nature of the fatty acid bilayer
coating and its reversible adsorption to the iron oxide particle surface do not provide
the high steric stabilization of MNPs required for their controlled assembly into ves-
icles. It is concluded that the combination of fatty acid bilayer stabilized, super-
paramagnetic iron oxide NPs with phospholipid vesicles does not allow the successful
preparation of MNP-functionalized liposomes in which the structure and property
of each component is preserved. The latter is pivotal for further developments and
applications of MNP-functionalized liposomes as versatile magnetic absorbents in
bioseparation processes.

There is a number of alternative, reversibly adsorbed coating materials that have
previously been used to sterically stabilize iron oxide NPs in aqueous medium, fol-
lowed by encapsulation into the lumen of liposomes (see Sec. 5.3.4). Whereas sub-
stantial particle aggregation and particle-bilayer interactions is still an issue in many
of these composite systems, citrate stabilized iron oxide NPs are currently the most
established and reliable low cost, hydrophilic MNPs for the formation of magnetol-
iposomes by the passive encapsulation and extrusion methods [412, 413, 416, 421].
The protocol by Garnier et al. is especially advisable as it pays close attention to
an optimal MNP dispersion during the synthesis of the water-based nanofluid. This
allows the preparation of well defined magnetoliposomes with diameters down to
100 nm, high magnetic loading, and no contaminating external MNPs [413].

Since there is no need of an actual aqueous compartment within vesicle-based mag-
netic absorbents, magnetoliposomes for magnetic separations could also be prepared
by tightly assembling a phospholipid bilayer around MNP clusters [410, 454, 455].
These simple synthesis protocols allow the use of hydrophobically coated MNPs
dispersed in aqueous or organic medium and do not rely on high colloidal MNP sta-
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bilization as opposed to the methods based on passive MNP encapsulation. They
ensure a high magnetic loading, but probably at the expense of magnetoliposome
unifomity.

Polymersomes would also be an interesting template for the design of vesicle-based
magnetic absorbents. Due to their increased membrane thickness they could also ac-
commodate hydrophobic superparamagnetic NPs within the vesicle membrane core,
probably even in a clustered form [273, 447, 456]. As for the methods mentioned
above, this would involve the generally easier synthesis and better stabilization of
hydrophobic MNPs in organic solvents as opposed to water-based magnetic nano-
fluids. Furthermore, the higher robustness of polymersomes would probably allow
for an improved recyclability of polymersome-based magnetic absorbents compared
to their lipid analogues. On the other hand, the surface of polymersome membranes
is less ordered and defined than the outer hydrophilic head group layer of liposome
membranes so that the former could primarily serve as ion-exchanger rather than
for the presentation of affinity ligands on highly selective absorbents.

Summarizing, this thesis highlights the structural and functional versatility of ves-
icles as it studied new design and processing strategies in a nutritional (Chapter
3), large-scale processing (Chapter 4), and technological context (Chapter 5) for
food, pharmaceutical, and cosmetic applications. The effectiveness of the considered
vesicle formulations and processing technologies was evaluated according to their
process-structure-property functions using a comprehensive set of characterization
methods. Most of them involve simple measuring techniques that provide fast and
reliable average results. They constitute a valuable toolbox for the further develop-
ment and quality control of vesicle formulations and their production processes.
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