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Abstract

ormation of lipid-based compartments is a distinguishing feature of eukaryotic

life forms. These compartments play a crucial role in orchestrating independent

and self-contained metabolic, signalling or synthesis processes. Moreover, cell-
derived lipid compartments, like extracellular vesicles (EVs), have been shown to be
essential for intercellular signalling and are involved in a wide variety of disease states.
Although attaining a holistic understanding of EV-based communication is a compelling
goal, the extensive molecular and structural complexity of these vesicles as well as a lack
of reliable EV isolation techniques, have impaired detailed mechanistic insights. Inspired
by bottom-up synthetic biology principles, the central goal of my interdisciplinary
research was the development of a bio-inspired EV model system, which serves as a
platform to study EV-based intercellular signalling and empowers novel EV-inspired
therapeutics.

In this thesis, I present two major methodologies developed for the controlled
high-throughput assembly of synthetic vesicles. First, I describe a droplet-based
microfluidic approach for the production of giant unilamellar vesicles (GUVs) with well-
controlled biophysical and biochemical properties. I report on systematic investigations
of GUV interactions with living cells and present concepts on how fine-tuning of the
vesicles surface characteristics can be applied for targeted cellular delivery of
macromolecular cargos. Moreover, I show how these vesicles can be reconceptualised as
synthetic organelles, functioning within living cells and providing them with synthetic
functionalities. Based on these fundamental characterizations, in the second part of my
thesis, I present a complementary and quantitative approach for the sequential bottom-up
assembly of fully synthetic EVs (fsEVs). To exemplify the application of fSEVs for new
therapeutic concepts, I show that they exert analogous functionalities to naturally
occurring wound healing EVs. Furthermore, by combining the fSEV technology with
whole-transcriptome analysis, I systematically decode the synergistic functionalities
between individual EV components. This approach enabled me to perform an analytical
dissection of the associated EV signalling processes mediated by tetraspanin proteins.

Bioinspired and biocompatible synthetic compartments with precisely controllable
biophysical and biochemical properties are desirable tools for a wide range of living and

synthetic cells research. This study makes it tempting to view EV-like compartments in a
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broader perspective. For example, they have great application potential as on-demand
drug delivery systems, paving the way for hitherto impossible approaches towards
administration of advanced cargos such as microparticles, viruses or synthetic organelles.
Moreover, | anticipate that the highly controlled assembly of fSEVs will provide a robust
framework for innovative therapeutic applications of bottom-up assembled synthetic
biological modules and will additionally allow for new insights into fundamental EV-

related principles that govern cellular communication.
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Zusammenfassung

ie Ausbildung lipidbasierter Kompartimente ist eines der bedeutendsten

Kennzeichen eukaryotischer Lebensformen. Diese Kompartimente spielen

eine zentrale Rolle bei der Orchestrierung von unabhédngigen und
selbsterhaltenden metabolischen Prozessen in der Biosynthese und Zellkommunikation.
Dariiber hinaus ist bekannt, dass lipidbasierte extrazellulire Kompartimente, wie zum
Beispiel extrazellulidre Vesikel (EV), essenziell fiir die interzellulire Kommunikation sind
und zahlreichen pathologischen Verdnderungen zu Grunde liegen. Auch wenn ein
holistisches  Verstdndnis der EV-basierten Signalweiterleitung fiir zahlreiche
Anwendungen von fundamentaler Bedeutung ist, konnte auf Grund der auBerordentlichen
molekularen und strukturellen Komplexitit dieser Vesikel bisher kaum detaillierte
mechanistische Erkenntnisse erlangt werden. Inspiriert durch das Bottom-up Prinzip der
synthetischen Biologie, war daher die Entwicklung von synthetischen EV-Imitaten das
zentrale Ziel meiner interdisziplindren Forschungsarbeiten. Diese kiinstlichen Vesikel
sollten als originalgetreue Nachahmungen natiirlicher EVs zur Untersuchung von EV-
basierten interzelluldrer Kommunikationsmechanismen dienen und dariiber hinaus
neuartige EV-inspirierte Therapeutika ermoglichen.

Ich stelle in dieser Arbeit die Entwicklung zweier Technologien zur kontrollierten
Hochdurchsatzproduktion von synthetischen Vesikeln vor. Zuerst prasentiere ich einen
Tropfchen-basierten mikrofluidischen Ansatz zur Herstellung von groen unilamellaren
Vesikeln (GUV) mit definierbaren biophysikalischen und biochemischen Eigenschaften.
Auf dieser Grundlage stelle ich eine systematische und strukturierte Untersuchung der
Interaktionen dieser Vesikel mit lebenden Zellen vor und zeige Moglichkeiten zur
Feinjustierung der Vesikeleigenschaften auf. Letztendlich untersuche ich ihr Potenzial zur
Anwendung im gezielten Wirkstofftransport von makromolekularen Therapeutika, sowie
als vollsynthetische, intrazellulér aktive Organellen. Basierend auf diesen grundlegenden
Charakterisierungen présentiere ich im zweiten Teil der Arbeit einen komplementaren und
quantitativen Ansatz zur sequenziellen Bottom-up Konstruktion von vollsynthetischen
EVs (fSEVs, fully-synthetic Extracellular Vesicles). Um den therapeutischen Wert der
fsEVs zu unterstreichen zeige ich auBlerdem, dass sie analoge Funktionalititen zu
natiirlichen EVs aufweisen und verwende sie als Wirkstoffe zur Forderung der

Wundheilung. Des Weiteren zeige ich durch Kombination der fsEVs-Technologie mit
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Transkriptom-Analysen die systematische Dekodierung synergistischer Funktionalititen
zwischen einzelnen Proteinbestandteilen der EVs auf. Dieser Ansatz ermoglichte es mir
detaillierte Analysen der Tetraspanin-basierten EV Signalprozesse durchzufiihren.
Bioinspirierte und  biokompatible  synthetische = Kompartimente  mit
feinjustierbaren biophysikalischen und biochemischen Eigenschaften stellen ein
universelles Werkzeug fiir eine Vielzahl von Untersuchungen an lebenden und
synthetischen Zellen dar. Diese Arbeit zeigt die Anwendung von EVs in einem breiteren
Kontext. Beispielweise konnen EV-inspirierte Vesikel ihr Potenzial im zielgerichteten
Wirkstofftransport entfalten und damit Therapieansétze, basierend auf Mikropartikeln,
Viren oder synthetischen Organellen, ermdglichen. Dariiber hinaus erwarte ich, dass die
kontrollierte in vitro Konstruktion von fSEVs einen Rahmen fiir innovative, auf
synthetischer Biologie basierende, Therapeutika bietet. Zusitzlichen konnte die fSEV-
Technologie fundamental neue Einsichten in die Wirkprinzipien natiirlicher EVs erlauben

und somit unser Verstindnis interzellulirer Kommunikationswege vertiefen.
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1 Introduction

1.1 Principles of intercellular communication
ntercellular communication is a pivotal requirement for correct information exchange
and physiological functioning in multicellular organisms and multicellular
communities. Mammalian cells can apply a plethora of different information
exchange mechanisms and routs, depending on the amount of information to be
transmitted, the time scale in which the transmission should proceed and the distance over
which the information needs to be transferred. Spatial and temporal scales of intercellular
communication can span several orders of magnitude, e.g. electric signals can be
transmitted by direct intracellular coupling of adjunct cells through gap-junctions
(distance of ~10” meters)(Nielsen et al., 2012), while hormones released by endocrine
glands can distribute within the whole body of an organism (distance of ~1 meter) (Weiss
et al., 2016). Similarly, neuronal information processing, which mostly relays on
electrochemical signals that propagate through complex wired neuronal networks, allows
signal exchange in the range of <10 seconds (Kress and Mennerick, 2009), while
bioactive signalling peptides and proteins (e.g. antibodies) can circulate for days or weeks
within the body (10° - 107 seconds)(Tabrizi et al., 2010). Therefore, intercellular
communication routes can be classified according to their spatiotemporal mode of action.
Short-distance intercellular communication routs mostly require direct contact
between the interacting cells. For example, receptor-ligand interactions at the cell-cell
interface are involved in a multitude of cellular signalling processes inducing and
regulating a diverse set of physiological action like ICAM-LFA1 binding in T-cell rolling
on the vascular endothelium (Sigal et al., 2000), NCAM-NCAM (CD56-CD56) binding
involved in directional signalling during axonal cone growth (van den Pol et al., 1986) or
MHC-TCR recognition in antigen presentation between antigen presenting cells and T-
cells (Rossjohn et al., 2015). Contact-depended intercellular communication is also
fundamental for regulation of tensile force-distribution within multicellular assemblies,
e.g. in leader-cell formation during collective epithelial migration, where local
intercellular forces are integrated to coordinate global tissue dynamics (Vishwakarma et
al., 2018). Cells can establish long-distance intercellular communication in a contact-
dependent manner by extending cellular-protrusions that span several cell diameters, e.g.

neuronal axons and dendrites that mediate electric signalling between the central nervous
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system and peripheral organs (Overland et al., 2016) or by intercellular bridges termed
tunnelling nanotubes that allow for direct transfer of cytoplasmic material between distant
cells (Rustom et al., 2004; Staufer et al., 2018). However, also non-contact dependent
long-distance intercellular communication can be established, e.g. by release of soluble
signalling molecules like low-molecular weight compounds and protein-based hormones
(like insulin, thyroxin, steroids or GLP1). These signalling molecules are either distributed
through the blood-capillary system or passively diffuse in the extracellular environment
to coordinate multicellular actions involved in inflammation (Rauch et al., 2013),
metabolic-homeostasis (Warner and Mittag, 2012) or tissue remodelling (Dioufa et al.,
2010). Moreover, especially prokaryotic life forms can employ non-chemical, long-
distance and contact independent messengers in the form of light-pulses emitted by
oxidation of luciferin in a luciferase-catalysed and ATP/ O, dependent reaction (Fuqua et
al., 1994).

Encoding and compression of the transmitted information is also highly variable
between the distinct communication forms. While axonal signal-propagation is based on
digital information encoding in the form of local and temporary membrane depolarizations
(action potentials), hormone-based communication mostly acts in the form of analogue
signals (continuous time-varying changes in hormone levels). Moreover, several
mechanisms enable for amplification and regulation of the transmitted signals, e.g.
amplifying signalling cascades which involve proteolytic cleavage or phosphorylation of
signalling moieties (like C3 hydrolysis in complement system signalling (Lachmann,
2009)) and voltage-gated ion channels that allow for regulation of action-potential
propagation by threshold potentials (Platkiewicz and Brette, 2010).

Eventually, intercellular communication leads to specific cellular responses in the
receiving cell or cell collective. These responses might be of limited duration only, like
muscle contraction upon intracellular calcium release from the sarcoplasmic reticulum
after depolarization of myocytes (Fearnley et al., 2011). However, manifestation of long-
lasting effects after signal-propagation can occur, e.g. in the form of epigenetic and
transcriptomic changes by increase of nuclear calcium in active neurons (Zhang et al.,
2009) or by transfer of regulatory epigenetic elements like microRNAs through tunnelling
nanotube connections (Thayanithy et al., 2014). Taken together, this demonstrates that
cells live in a multi-dimensional information space, subjected to various kinds of signal-

inputs via different “channels” originating form proximal and distant senders. These
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signals are not mutually exclusive but rather set an information environment for cells
which results in interdependent feedback-response loops.

As it can be seen from the examples and descriptions given above, communication
lays at the heart of life. The variety of communication routs explored by organisms and
cells is as multi-faceted as life itself and new mechanisms of cellular communication
pathways are still discovered. One of the most controversially discussed para- and
endocrine signalling routs described in the recent biological literature are extracellular
vesicles (van Niel et al., 2018). These “packages” of compressed cellular information are
not only expected to greatly impact on therapeutic and diagnostic procedures but also hold
great potential to answer yet unsolved questions of cell biology (Kalluri and LeBleu,
2020). However, these vesicular structures of cellular origin, their biogenesis,
extracellular spreading, uptake, information encoding and their relevance in vivo remain
poorly understood and partially mysterious. This is in part because of the lack of
appropriate isolation and purification techniques, their intrinsic biological variability and
their similarity to other extracellular structures. Therefore, novel complementary
approaches, that revise current concepts of extracellular vesicle-research are critical to
disentangle the fundamental aspects of extracellular vesicle biology (Garcia-Manrique et
al., 2018). If successful, such technologies will not only advance the scientific field itself
but also open new horizons for the application of extracellular vesicles in diagnostic and
therapeutic procedures. In future, EV-inspired liposomal drug-delivery system could be
engineered which potentially surpass current liposomal carrier systems in terms of
biocompatibility, delivery-efficiency, targeting or immune-tolerance (Garcia-Manrique et

al., 2018).

1.2 Intercellular communication via extracellular vesicles

In 1983, two independent publications reported on the secretion of transferrin receptors
into the extracellular space on vesicles released from maturing reticulocytes (Harding et
al., 2013). These reports are widely considered as one of the first descriptions of
extracellular vesicles (EVs). However, it required several decades of intense research in
order to demonstrate that vesicular content released from cells into the extracellular
environment is not only a mechanism to discharge cellular waste but indeed a highly
regulated information-transfer mechanism employed by cells. Today, release of EVs and
their enrolment in intercellular signalling has been described in species across the whole

phylogenetic tree, from prokaryotic to eukaryotic and even archaea organisms. Since their
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first description, over 1000 scientific studies on EVs have been published, several national
and international societies have been formed (e.g. the International Society of
Extracellular Vesicles (ISEV) or the German, Spanish, UK and Austrian Societies of
Extracellular Vesicles) and numerous publicly-funded, open-access data banks for storage
and distribution of EV-related information have been established. Moreover, in 2013 the
Nobel Prize in Physiology or Medicine was jointly awarded to James Rothman, Randy
Schekman and Thomas Sudhof for their studies on intracellular vesicle transport, which
also provided some knowledge on EV maturation and secretion mechanism.

The term “extracellular vesicles”, is a collective-term covering a broad range of
water filled lipid vesicles that are enclosed by a unilamellar membrane and contain a
variety of biomolecular content (e.g. nucleic acids, proteins, carbohydrates, salts or low
molecular weight compounds like ATP or NADH) in their lumen (Thery et al., 2018).
This term includes all kinds of lipid membranous structures released by cells like
exosomes, microvesicles (MVs), microparticles, ectosomes, oncosomes, apoptotic bodies
and many more. Following the ISEV definition, EVs represents “the generic term for
particles naturally released from the cell that are delimited by a lipid bilayer and cannot
replicate, i.e. do not contain a functional nucleus” (Thery et al., 2018). EVs can be isolated
from almost all kind of bio-fluids ranging from blood-serum (Fernando et al., 2017), saliva
(Michael et al., 2010) and urine (Street et al., 2017) to microbial fluid-biofilms (Chebotar
etal., 2013) and cell culture supernatants (Patel et al., 2019a). When crude EV-preparation
are observed by electron microscopy, several different class of vesicles can be
distinguished by size: Small vesicles in the size range of 50 — 120 nm, medium-sized
vesicles of approximately 1,000 nm and large vesicles of 1,000 — 5,000 nm (Figure 1a).
Historically, EVs were mostly classified according to their size as exosomes (small
vesicles), microvesicles (medium-sized vesicles) and apoptotic bodies (large vesicles).
However, considerable overlap between these classes exist wherefore working with these
entities could arise specific issues. ISEV has therefore published a position statement for
minimal information required for studies of EVs and particularly recommends the usage
of the term “extracellular vesicles” for all these vesicular structures in combination with
further description of the EV origin, purification and molecular finger-print (e.g. surface

markers like CD9, CD63 or CD81) (Thery et al., 2018).
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As for now, the most reliable classification of specific EV-subsets can be achieved by
considering their cellular origin. In this case, vesicles with endosomal origin are generally
termed “exosomes” (Figure 1b), while plasma membrane derived vesicles are commonly
referred to as “ectosomes” or “microvesicles”. In practice, however, assigning an EV-
preparation to a specific biogenesis-pathway is extremely challenging as most isolation
and purification techniques only yield crude vesicular extracts containing severe
contaminations with plasma or serum proteins, other types of microparticles like

lipoproteins and various kinds of other EV-subtypes.

./
Exosomes

) L

ron microscopy of EVs
isolated from conditioned THP-1 cell culture medium by ultracentrifugation. Size-based EV-
subpopulations are labelled as EXO: exosomes, MW: microvesicles and APO: apoptotic bodies. Adopted
with permission from (Osteikoetxea et al., 2015b). (b) Transmission electron microscopy of intraluminal
vesicles and multivesicular bodies (left) and exosomes released by a cell into the extracellular space (right).

Adopted with permission from (Wang et al., 2019a).

EVs explore several mechanisms for intercellular information transfer and mediate contact
dependent (e.g. vesicle transfer at the immunological synapse) as well as contact
independent (e.g. vesicles directing migration of follower cells) signalling between
proximal and distant cells (Finetti et al., 2017; Kriebel et al., 2018). For instance, vesicles
containing (epi-)genetic information in the form of mRNA, miRNA, tRNA or DNA,
protect their intraluminal cargo from extracellular degradation and mediate intercellular
transfer to recipient cells by membrane fusion or endocytotic uptake of the vesicle.
However, EV do not only transfer (epi-)genetic information between cells but also
function as protein presentation platforms and protein-presenting carries. For example,
EVs released from multivesicular bodies (MVBs) of antigen presenting B-cells are loaded
with antigen-presenting MHC II molecules which can signal to distant T-cells(Muntasell
et al., 2007). Therefore, EVs can be viewed as structurally complex, compressed
“packages” of information released by cells to convey homeostatic or pathological

messages to their surroundings.
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1.2.1 Cellular biogenesis pathways of extracellular vesicles

1.2.1.1 Biogenesis of exosomes

Exosomes originate from intraluminal vesicles (ILVs) inside endosomal compartments
and mature during the process of multivesicular body (MVB) formation (van Niel et al.,
2018). The formation and maturation process is based on a vastly complex protein
machinery that orchestrates the accumulation and sorting of exosomal cargo and
membrane components. This level of control and the sheer amount of proteins involved
in exosome-formation, indicate that exosome signalling is of major importance to cells as
a considerable effort is put into their correct maturation, release and uptake.

The first step in exosome maturation is the formation and sorting of cargos or
membrane proteins into microdomains within MVBs, inducing inward budding and
vesicle fission into the MVB lumen (Figure 2). The endosomal sorting complex required
for transport (ESCRT) is a cytosolic protein complex of central importance for MVB and
ILV function, as it is crucial for membrane shaping and fission (Hurley, 2008). Together
with clathrin, ESCRT-0 and ESCRT-I mediate clustering of ubiquitinated transmembrane
proteins into MVB microdomains and ESCRT-II and ECRT-III perform budding and
fission of the vesicle membrane (van Niel et al., 2018). However, there is also
experimental evidence that exosomes can form in an ESCRT-independent manner, as
exosome secretion is also observed in cells depleted of specific ESCRT components
(Stuffers et al., 2009). This could be based on the spontaneous generation of highly curved
membrane subdomains by local accumulation of ceramides produced from sphingomyelin
via neutral type II sphingomyelinase (Trajkovic et al., 2008). Moreover, tetraspanins, a
class of membrane-spanning proteins with a conserved structure that mostly act as
scaffolding and organizing elements (Termini and Gillette, 2017), together with syntenin,
have been shown to mediated sorting of membrane proteins into MVB subdomains in an
ESCRT-independent manner (van Niel et al., 2011). The mechanisms of exosomes
formation might not only vary between individual cell types but is also likely to depend
on the exosomal cargo. In particular, it has been shown that sorting of specific cargos into
ILVs requires chaperones like the heat shock 70 kDa protein (HSP70) and heat shock
cognate 71 kDa (HSC70)(Geminard et al., 2004), which are highly enriched in exosomal
preparations compared to their cytosol of origin. Moreover, proteins post-translationally
modified by ubiquitination and farnesylation have been shown to be specifically sorted
into exosomes (Buschow et al., 2005; Luhtala et al., 2017). Especially the fact that

exosomes can contain RNA (e.g. mRNA or miRNA) and DNA moieties is of interest for
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studies focusing on intercellular communication and regulation (Thakur et al., 2014;
Valadi et al., 2007). Albeit contradictive reports on this aspect exist, the mechanism and
factors controlling a possibly specific sorting of nuclei acids into MVBs and subsequently
into exosomes are studied intensively (Mateescu et al., 2017; Villarroya-Beltri et al.,
2013). So far, several candidates that coordinate and regulated the incorporation and
integration of RNAs into exosomes have been proposed: the ESCRT-II subcomplex,
tetraspanin enriched microdomains, miRNA-induced silencing complex (miRISC) or
argonaute 2 (Gibbings et al., 2009; Irion and St Johnston, 2007; Perez-Hernandez et al.,
2013; van Niel et al., 2018).

1.2.1.2 Biogenesis of microvesicles

In contrast to exosomes, which are release through fusion of MVBs with the cells” plasma
membrane, MVs form by directed outward budding and fission of plasma membrane
microdomains. As for exosomes, the initial formation of these plasma membrane
subdomains involves a multitude of molecular machineries that coordinate and facilitate
the local accumulation of MV components (Figure 2). Here, Ca®"-dependent enzymes like
aminophospholipid translocases, scramblases and calpain promote the local exposure of
phosphatidylserine on the outside membrane (flipping from the inner to the outer
membrane leaflet), leading to an intrinsic bending of the plasma membrane and
subsequent rearrangement of cytoskeletal components under this microdomain inner
membrane leaflet (Piccin et al.,, 2007). This eventually promotes MV budding and
explains the comparably high concentrations of phosphatidylserine found in many EV
preparations (Matsumura et al., 2019). However, also other lipids are enriched in MVs
and are thought to be crucial for their generation and secretion by forming lipid rafts. For
example, cholesterol is highly abundant in EVs and cholesterol depletion from cells by
treatment with methyl-beta-cyclodextrin impairs MV release (Del Conde et al., 2005).
However, the formation of such lipid microdomains appears to be necessary but not
sufficient for MV biogenesis. Rather, as the activation of small GTPase from the RHO
family of proteins and RHO associated protein kinases appears to be crucial for MV
formation, a direct involvement of the actin cytoskeleton has been proposed (Li et al.,
2012). Moreover, the localization of myosin la to microvilli of enterocytes has been
linked to MV release, further supporting the central role of actin dynamics is MV
biogenesis (McConnell et al., 2009).
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Figure 2 | Biogenesis pathways of exosomes and microvesicles. Schematic representation of
microvesicles (upper panel) and exosome (lower panel) biogenesis pathways and incorporation
mechanisms for membrane cargo and nucleic acids. Microvesicles biogenesis is initiated by lipid
microdomain formation on the plasma membrane, followed by ESCRT-mediated cargo clustering and lipid
translocation. Eventually, budding of RNA-containing vesicles is mediated by cytoskeletal elements in a
Ca®" dependent process. Intrinsic bending of the membrane microdomain is induced by incorporation of
ceramides. Exosomal maturation at the MVE membrane can be initiated by ESCRT-dependent (right) or
independent (left) processes. In the ESCRT-independent process, tetraspanins can act as scaffolding and
structuring elements that initiated membrane cargo clustering and accumulation of cytoplasmic cargo
before ceramide promoted membrane bending and vesicle fission. In the ESCRT-dependent mechanism,
ESCRT-0 and ESCRT-I together with clathrin initiate aggregation of ubiquitinated membrane cargo and
ESCRT-II and ESCRT-III mediated budding and fission of the vesicle into the MVB lumen. Modified with

permission from (van Niel et al., 2018)

The mechanisms that conquer the selective loading of cytoplasmic cargos into MVs are
barely understood. For loading of membrane-associated cargos, the respective
components need to localize to the MV budding sites either by direct anchoring to
membrane lipids or through their intrinsic affinity towards lipid membrane rafts (Shen et
al., 2011; Yang and Gould, 2013). Interestingly, these mechanisms are also explored by

several viruses, which is one of the reasons why viruses and MVs have been proposed to
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be closely related (Nolte-'t Hoen et al., 2016). Other cytoplasmic components might be
sorted into MVs by their interaction with the inner leaflet of a membrane microdomain
through direct anchoring via myristoylation, prenylation or palmitoylation (Shen et al.,
2011; Yang and Gould, 2013). However, the mechanisms by which nucleic acids are
sorted and packed into MVs are still elusive and only a few experimental links, like the
involvement of conserved zipcode RNA sequence motifs at the 3 -untranslated region of
mRNA, have been proposed (Bolukbasi et al., 2012).

The current state of research only allows for one clear conclusion: EV-maturation
and regulation of EV-formation is not only highly complex but also tightly regulated and
involves a multitude of different protein complexes. Moreover, EV production might not
only differ between cell types from the same organism but also depends on pathological
states and other cellular conditions (e.g. cell cycle, growth arrest or the extracellular matrix
composition). Furthermore, even technical replicates of EV preparations show
intrinsically high, qualitative and quantitative, variations (Tiruvayipati et al., 2020). This
not only limits efforts which set out to explore exosome biology but also impairs the
reliable application for therapeutic and diagnostic procedures based on EVs. Therefore, in
the hope to circumvent or compensate the variations of natural EV preparations,
techniques and procedures for recombinant or chemical engineering of natural or semi-

synthetic EVs have been developed (Garcia-Manrique et al., 2018).

1.2.2  Isolation and purification of EVs
According to a recent literature survey, precipitation of EVs in PEG solutions is one of
the most commonly applied isolation methods (Konoshenko et al., 2018). This method is
based on the addition of superhydrophilic PEG polymers to biofluids, decreasing the
solubility of compounds (e.g. EVs) present in the solution, eventually leading to
precipitation of the vesicles. Obviously, this partially destructive approach only delivers
very crude EV preparations harbouring wide-ranging biomolecular contaminations (Van
Deun et al., 2014) and exemplifies the current lack of suitable isolation and purification
procedures which combine high yields, throughputs and reproducibility with economical
up-scaling options, superior purity and additivity. Moreover, it highlights the current
“primitive” state of EV isolation methods applied and underscores the need for advanced
EV analysis approaches.

The population of EVs released by a single cell is widely divers, containing

vesicles differing in size by several orders of magnitude. Moreover, their biophysical
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surface characteristics (like charge or fluidity), their biomolecular surface decoration (like
proteins and carbohydrates) as well as their density is greatly variable. This also applies
to vesicles of the same cellular origin (e.g. large variations in exosome density have been
described (Konoshenko et al., 2018)). Additionally, among lipoproteins, low molecular
weight signalling molecules and soluble proteins, EVs are only of type of cellular products
released into the extracellular environment and therefore present in biofluids. Therefore,
robust and reproducible isolation of specific EV subset with high yield, throughput and
purity, is a highly challenging task. Consequently, various isolation and purification
approaches have been developed. Some of these, relay on recognition of specific
molecular surface patterns on the EV surface and are therefore very specific but with low
yield and throughput. Others are based on EV size differences and therefore perform with
high throughput but low specificity. In the following, the most commonly applied isolation
and purification methods will be summarized. The particular isolation or purification
methods are not mutually exclusive but, in many cases, applied complementary and

sequentially.

1.2.2.1 Ultracentrifugation

The most commonly applied method for EV isolation from biofluids builds on separation
according to their buoyant density (Konoshenko et al., 2018). Most protocols based on
ultracentrifugation apply differential centrifugation stages in order to isolate cell debris,
apoptotic bodies and other aggregates before sedimenting the EVs (Livshits et al., 2015).
Commonly applied accelerations range between 100,000-120,000 g for several hours
(Konoshenko et al., 2018). However, no standard protocol has been defined yet, wherefore
most studies develop and apply own ultracentrifugation routines. Although these
procedures can be easily implemented in most laboratories, the major drawback still looms
in the very heterogencous EV mixtures obtained. EV populations isolated by
ultracentrifugation not only harbour many different kinds of EV subtypes but also contain
substantial contaminations which co-sediment with EVs (e.g. protein aggregates or
viruses). In order to purify these sample, the EV pellet can be repetitively resuspended
and re-centrifuged, resulting in purer EV fractions (Théry et al., 2006). However, this
comes to the expense of reduced overall yield (Livshits et al., 2015). Moreover,
subsequent filtration through 0.1 um, 0.22 pm or 0.45 um filters can be performed to
further purify the EV samples. Several protocols have been designed to improve the purity

of EV preparations obtained by ultracentrifugation. For instance, density gradient
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ultracentrifugation applies a sucrose cushion as a density gradient which effectively
separates EVs by their specific density (most exosomes range between 1.1 and 1.19 g/ml)
from other contaminant moieties (Webber and Clayton, 2013). However, this purification
method is even more laborious compared to classic ultracentrifugation and moreover
requires complex, time-consuming and hardware extensive procedures, rendering the

technique inapplicable for clinical settings (Zeringer et al., 2015).

1.2.2.2  Ultrafiltration

As described in section 1.2, several different types of EVs, with different molecular
compositions and sizes, exist. Therefore, many techniques applied for EV isolation are
based on their separation by size. Importantly, this does not allow for a precise isolation
of vesicles according to their cellular origin (e.g. exosomes and microvesicles) but rather
makes use of an apparently weak correlation between EV type and their size range
(Cheruvanky et al., 2007). An easily implementable method for EV isolation by size is
sequential filtration, where usually track-etched polycarbonate filter membranes with
narrowly defined pore sizes between 0.8 um and 0.1 um (+£20%), are applied (Xu et al.,
2016). Hereby, specific EV fractions can be enriched by sequential ultrafiltration. Also in
this case, EV purity and yield are directly and inversely proportional to the number of

filtrations steps, respectively.

1.2.2.3 Size exclusion chromatography

Several publications describe the combination of ultrafiltration and ultracentrifugation
with size exclusion chromatography, which purifies particles according to their
hydrodynamic radius (Gamez-Valero et al., 2016). This comprise two specific advantages:
First, chromatography is easily scalable and can therefore be incorporated into existing
industrial pipelines. Secondly, size exclusion chromatography is a non-destructive method
(Gamez-Valero et al., 2016), implying that the EVs are preserved in their natural physical
state. Most literature reports based on this isolation technique show high purities, with
only minor lipoprotein contaminants (Taylor and Shah, 2015). However, the resulting EV
preparations are significantly diluted, reducing the overall isolation yield and the whole

procedure requires substantial financial investments for the chromatographic solvents.
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1.2.2.4 Isolation based on affinity interactions

The EV surface is densely decorated with a wide variety of ligands, suitable for affinity
capture techniques. For instance, antibodies directed towards specific EV protein
biomarkers, lectins (carbohydrate binding proteins) and lipid binding proteins can identify
and bind to specific EV surface moieties. Several protocols have been developed which
apply antibodies against tetraspanins for immunoprecipitation of EVs subsets with
predefined surface markers (Greening et al., 2015; Oksvold et al., 2015). In these cases,
the antibodies are immobilized on a solid phase or on magnetic nanoparticles, capturing
EVs and allowing for subsequent washing and pull-down. This comprises several
advantages over methods based on ultracentrifugation or filtration but also induces
unspecific adsorption of non-EV associated compounds to the solid phase.

Although EVs comprise a significant amount of proteins, their major scaffolding
elements are lipids. This feature has been explored to highly enriched vesicular particles
from complex biofluids by applying lipid binding proteins as capture moieties. For
instance, annexin V, a phosphatidylserine binding protein, has been used to bind EVs to
solid phases, which contain considerable amounts of this lipid exposed on their surface
(Shih et al., 2016). Similarly, lectins such as wheat germ agglutinin or solanum tuberosum
lectin have been applied to isolate EVs based on their carbohydrate coating (Kosanovic¢
and Jankovi¢, 2014).

All the above-mentioned affinity-based methods allow for high quality enrichment
of vesicles with >80% purity (Heinemann et al., 2014) and comprise fast turn-around
times. However, the overall yield is very reduced and does still not allow to produce EV
samples with purities reaching those of protein or nucleic acid preparations. In summary,
it can be concluded that the currently available EV purification and isolation methods do
not generate EVs of adequate quality and yield for large-scale industrial or clinical

applications.

1.3 Diagnostic and therapeutic procedures based on extracellular vesicles

EVs hold several key features that renders them as promising candidates for therapeutic
and diagnostic procedures. First, their protein and nucleic acid cargos mirrors, at least to
some extent, the physiological state of their cell of origin. As several diseased tissues and
organs are not easily accessible for diagnostic biopsies or inspections, EVs have been
extensively studied as sources for liquid biopsies because they can be conveniently
retrieved from patients bio-fluids (Halvaei et al., 2018). So far, several prognostic and
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diagnostic markers have been identified. For instance, for liquid biopsy diagnosis of
glioblastoma based on EVs, the presence of EGFRVIIL, IDH1®**" or miR-21 have been
studied (Santiago-Dieppa et al., 2014). Moreover, in prostate cancer patients, not only the
total plasma concentration of CD63 positive vesicles was increased but also markers like
CK18 and PTEN were elevated in plasma EVs (Pang et al., 2020). Even though EVs show
partially outstanding sensitivity, specificity and positive predictive values, the use of EVs
as biomarkers in liquid biopsies is still limited due to variations in their isolation
procedures (Pang et al., 2020).

Considerable progress has been made for therapeutic administration of EVs. For
instance, several administration routs for therapeutic EVs have been investigated:
intravenous injection (e.g. to target macrophages in injured spinal cord (Lankford et al.,
2018)), subcutaneously injection (e.g. to suppress parasitic infections (Trelis et al., 2016)),
transdermal application (e.g. for acceleration of wound-healing in diabetic mice (Geiger
et al., 2015a)), intrathecal injection (e.g. for therapy of nerve injuries (Shiue et al., 2019)),
intranasal (e.g. for treatment of neuroinflammatory diseases (Lakhal and Wood, 2011)) or
intramuscular injection (e.g. for therapy of Duchenne muscular dystrophy (Aminzadeh et
al., 2018)). Also, circulation times as well as organotropism of EVs after systemic
administration have been extensively and systematically characterized (Lee et al., 2018a;
Wiklander et al., 2015). Therefore, EV-based therapies are raising high hopes in many
medical fields, as they display an intrinsically low immunogenicity, a certain degree of
organotropism, high cellular uptakes rates as well as considerably low side effects (Liu

and Su, 2019).

1.3.1 Fibrocyte derived therapeutic exosomes for wound healing

Of special importance to this thesis are previously described human exosomes derived
from primary CD45 [CD3/CD19/CD20/CRTH2]CD16CD115CD11b'CD34" fibrocyte
cultures that increase wound-healing speed and efficiency in diabetic mice (Geiger et al.,
2015b). The study of Geiger et al. was based on isolated circulating fibrocytes that were
stimulated with platelet-derived growth factor-BB, transforming growth factor-bl and
fibroblast growth factor 2. EVs produced by these cultures were isolated by
ultracentrifugation and their morphology was analysed by transmission electron
microscopy (TEM), their size (89 + 34 nm) as well as nanoparticle tracking analysis and
their EV-marker expression (CD9, CD63, CD81, CD80, CD86, MHC-I, MHC-II, TSG101

and flotillin-1) by flow cytometry and immunoblotting. The study determined several
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crucial moieties present in the EVs, like heat shock protein-90a., total and activated signal
transducer and activator of transcription 3, proangiogenic miRNAs miR-126, miR-130a,
miR-132, anti-inflammatory miRNAs miR-124a and miR-125b as well as the regulator of
collagen deposition miRNA-21. The authors could show that these EVs do not possess
any considerable immunogenicity and that they exhibited pro-angiogenic properties in
vitro. Moreover, they found increased in vitro proliferation and migration of keratinocytes
and activation of dermal fibroblasts. Finally, an accelerated wound closure of artificial
wounds in mice was observed. Based on this study, a pharmaceutical company was
established (DreiRosen Pharma, now acquired by Regenesis Therapeutics) that performed

pre-clinical evaluation for therapeutic administration of the described EVs.

1.3.2  Artificial and engineered extracellular vesicles

Especially with the ulterior motive that EVs could serve as potential nanocarries for
therapeutic compounds, considerable efforts have been made in order to manipulate EV
compositions and function either during their intracellular biogenesis and shedding or
after isolation. In particular, the incorporation of targeting moieties that provide EVs with
increased “organotropism” as well as loading of endo- and exogenous compounds into the
vesicle lumen have been pursued (Johnsen et al., 2014). One of the first approaches
developed in this direction, was the extrusion of cultured cells over polycarbonate
membrane filters with pore-dimensions in the size-range of natural EVs (Jang et al., 2013).
This produces high yields of drug-loaded vesicles that retain a certain natural targeting
ability due to their plasma membrane-like composition and topology. A similar procedure,
based on artificial tearing of cultured cell within microfluidic devices, has been used to
deliver endogenous RNA inside mimetic nanovesicles to target cells in culture (Jo et al.,
2014). However, in these setups, specific and selective sorting of defined exogenous
cargos is not possible and the very same purification procedures applied to EVs are used.
Other methods relay on the recombinant expression of proteins-of-interest that are either
fused to EV-targeting peptide sequences (Di Bonito et al., 2017) or to proteins know to
localize within MVBs (e.g. CD63) (Liu and Su, 2019; Stickney et al., 2016). This leads to
the preferential sorting of potentially therapeutic cargos into natural EVs. Such approaches
are not only applicable in therapeutic setting but also supportive for studies aiming to
perform quantitative characterizations of EVs (Hikita et al., 2018). However, again
laborious and imprecise EV purification procedures need to be performed and potential

interfering EV constituents cannot be eliminated from the final EV preparation.
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Several approaches for post-production modification of EVs have been developed. In this
way, synthetic targeting moieties and functional groups can be attached to the EV outer
membrane in order to increase target-specificity or cellular uptake. Moreover, therapeutic
compounds can be introduced into the vesicles” lumen and thereby be protected from
degradation or selectively released in the target tissue or cell type (Liu and Su, 2019). For
instance, cholesterol-linked DNA has been incorporated into EV membranes in a simple
one-step process. This allows to coupled horseradish peroxidase and perform
hybridization chain reactions for EV quantification (He et al., 2017). Moreover,
cholesterol-linked DNA has been used to functionalize isolated EVs with FasL, enabling
the suppression of proliferative alloreactive T cells in vivo (Yerneni et al., 2019). For
specific and quantitative loading of isolated EVs with therapeutic biomolecules (e.g.
miRNAs) or low molecular weight drugs (e.g. the chemotherapeutic doxorubicin),
electroporation protocols have been designed (Tian et al., 2014). Mild electroporation can
achieve efficient incorporation of anti-tumour miRNAs (e.g. miR-31 or miR-451a) into
EVs, which subsequently display pro-apoptotic properties when incubated with cancer
cell lines (Pomatto et al., 2019). However, the quality of post-production modified and
functionalized EVs is still dependent on cell-derived EVs and therefore influenced by their
intrinsic variation in terms of composition and quantity. This especially limits their
approval by regulatory authorities as constant and reproducible production parameters
cannot be guaranteed and therefore large product fluctuations with only limited quality
control can be expected (Yamashita et al., 2018). So far, all EV-based therapies are limited
by the insufficient quality of the applied EV production, isolation and purification
procedures, wherefore completely new approaches need to be implemented in order to

explore the full potential of EV-based and EV-inspired therapies.

1.3.3  Liposomes and EVs for drug delivery

From a “biomaterials” point of view, EVs can be classified as cell-derived natural
liposomes. Liposomes are spherical vesicles with one (unilamellar) or more
(multilamellar) double lipid membranes with a typical size range of 50 — 800 nm and an
aqueous lumen (Figure 3). They have been extensively used for drug delivery purposes
(e.g. chemotherapeutic, anti-inflammatory agents or imaging probes) and for studies on
lipid membrane biophysics and membrane interactions (Niehage et al., 2014; Sercombe
et al., 2015). In contrast to synthetic liposomes, EVs display significantly higher

complexity as they contain more building blocks and therefore also potentially possess a

15



Introduction

higher entropy according to Claude Shannon mathematical theory of communication
(Shannon, 1948). Therefore, comparted to synthetic liposomes, their biomolecular
structure confers them with a very distinct biological identity. However, liposomes are
commonly more defined on a quantitative and qualitative level and handling as well as
storage of liposomal formulations is in many cases more compatible with clinical routine
procedures (Chang and Yeh, 2012). Consequently, a wide variety of liposomal production
strategies, with high yields and compatible with GMP-production regulations, have been
developed (Has and Sunthar, 2019). Among these, vesicle extrusion through a porous
polycarbonate membrane filter is one of the most commonly used, as it allows for precise
regulation of liposomal size, on-line encapsulation of therapeutic agents, high throughputs
and only requires limited handling skills or equipment. However, in recent years,
microfluidic approaches for liposome generation have been developed (Yu et al., 2009).
Although current microfluidic strategies for liposome assembly do not offer industrial
mass-production throughputs, they allow for precise adjustment of liposome dimensions,

formulation and cargo (Carugo et al., 2016).

Liposome/PC complexes

Figure 3 | Electron microscopy of liposomal-preparations. (a and b) Cryo-electron microscopy images
of liposome preparation without (a) and with (b) a plasma protein corona. Adopted from (Corbo et al.,
2016). (¢) Cryo-electron microscopy images of multilamellar liposomes with DNA-coating. Adopted with

permission from (Huebner et al., 1999)

Intracellular uptake of liposomes can proceed through several endocytic pathways (e.g.
clathrin- and caveolae-mediated endocytosis, phagocytosis or micropinocytosis),
depending on liposome size, charge, surface-biofunctionalization or opsonin coating
(Figure 4) (Hillaireau and Couvreur, 2009). Moreover, fusogenic (e.g. cationic) liposomes
can undergo direct fusion with the plasma membrane and directly deliver their cargo into
the cytoplasm (Cavalcanti et al., 2018). Which of these uptake mechanisms will take place

is not mutually exclusive but influenced by the physical and chemical properties (e.g. size
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Figure 4 | Uptake mechanisms of liposomes. Liposomes can be internalized by cells through several
different mechanisms depending on their size, charge or coating. Actin cytoskeleton-depended
phagocytosis (A) is mostly performed for liposomes of larger size with opsonin coating. Clathrin- (B) and
caveolin (C)-dependent endocytosis is performed for smaller vesicles and requires aggregation of a clathrin-
complexes or caveolin-dimers under the inner membrane leaflet inducing inward budding of the membrane.
Macropinocytosis (D) is an actin-dependent process by which various particles can be engulfed and
captured by cellular protrusions for intracellular uptake. However, also other (E) processes can lead to
liposome uptake like liposome-induced intrinsic bending of the plasma membrane or liposomes fusion.

Adopted with permission from (Hillaireau and Couvreur, 2009).

and charge) of the liposomes, where for instance clathrin-mediated endocytosis is
preferentially applied to particles <200 nm (Rejman et al., 2004). Moreover, as the
physical and chemical liposome properties influence uptake (which also holds true for
EVs (Whitehead et al., 2015)), they vice versa dramatically impact on the systemic
circulation times and clearance of liposomes from blood and tissue by renal, hepatic or
the mononuclear phagocyte systems (Ishida et al., 2002; Juliano and Stamp, 1975).
Therefore, several strategies to dampen liposome clearance and therefore increase
delivery efficiency have been implemented. For instance, coating the liposome surface
with polyethylene glycol (so-called stealth liposomes) has been shown to prolong their
circulation times and decrease their immunogenicity (Mohamed et al., 2019). Moreover,
in combination with targeting moieties, like antibodies, attached to their surface,
respective liposomes can be preferentially accumulated in selected tissues (e.g. lymph
nodes) (Immordino et al., 2006). Interestingly, also passive targeting of non-
functionalized liposomes into solid tumours has been observed. This effect is based on the
enhanced permeability of the vascular endothelium inside tumorous tissue and their
decreased lymphatic drainage (Deshpande et al., 2013). Moreover, several liposomal

modification and functionalization strategies, which increase uptake efficiency in target
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tissue and provide stimulus-controlled (e.g. pH or temperature) on-demand release of

cargo, have been devised (Abri Aghdam et al., 2019; Heath et al., 1983).

1.3.3.1 Lysosomal degradation of liposomes and nanoparticles

If endocytosed liposomes are not conjugated to specific intracellular sorting signals, they
are usually sorted into early endosomes and subsequently degraded during lysosomal
maturation together with their cargo (Figure 5) (Hillaireau and Couvreur, 2009). Several
strategies exist to overcome or by-pass lysosomal degradation in order to achieve
cytoplasmic cargo release after liposome uptake: the attachment of pH-sensitive fusogenic
peptides derived from viral fusogenic proteins (EI-Sayed et al., 2009; Nakase et al., 2011),
lysosomal osmotic swelling through proton-sponge mechanism of synthetic protonable
polymers like polyethylenimine (El-Sayed et al., 2009) or ionizable pH-sensitive lipids

with low pK, incorporated into liposome membranes that allow for invers intralysosomal
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Figure 5 | Intracellular sorting of internalized liposomes. After intracellular uptake of liposomes via
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micropinocytosis (A) or clathrin-(B) and caveolin (C)-mediated endocytosis, liposomes can be directed
towards the Golgi apparatus and the endoplasmic reticulum or destroyed by lysosomal degradation.
Endosomal sorting through signalling moieties on the cargo directs macropinosomes and early endosomes.

To avoid cargo degradation, lysosomal escape mechanisms need to be implemented into the liposomes.

Modified from(van Niel et al., 2018).
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fusion and delivery of cargos like mRNAs (Draffehn and Kumke, 2016; Patel et al.,
2019b). However, liposome-based delivery still encompasses some fundamental
drawbacks, like the comparably high (liver-)toxicity of some lipid formulations (Knudsen
et al., 2015), low encapsulation efficiencies and considerably high leakiness of many
liposome formulations for therapeutics of interest (Colletier et al., 2002; Gonzalez Gomez
et al., 2019). Most importantly, current liposome preparations are limited in their size and
therefor in the total amount and breadth of cargo they can transport. Because of this, the
desired therapeutic dose in the targeted tissue can often not be reached and many
pharmaceuticals of future interest like nanoparticles, viruses or synthetic supramolecular
constructs (e.g. DNA-origami nanomachines) cannot be entrapped and delivered with

state-of-the-art liposomes.

1.4 Bottom-up synthetic biology

Every organism alive today - from single-celled archaea to multicellular mammals - once
originated from pre-existing life forms. As for now, no evidence for the spontaneous re-
emergence of life on earth has been reported. It follows, that at specific point in time, life
emerged from simple chemical building blocks and evolved from this state on, to form the
living nature found on earth today. This raises a merely curiosity-driven scientific
question: Can life-like entities, or fractions thereof, be recreated de novo and brought to
life? In other words: can chemical building blocks be assembled one by one in order to
create a synthetic biological system with life-like properties? Can matter be brought to
life?

The academic field pursuing these questions is generally termed ‘“bottom-up
synthetic biology” (Gopfrich et al., 2018; Jia and Schwille, 2019) and is currently mostly
centred around the creation of a synthetic cell or cellular functions that features
characteristics attributed to living matter (e.g. as defined by the National Aeronautics and
Space Administration (NASA)(Benner, 2010)). Efforts directed towards the assembly of
such synthetic cells have yielded compartmentalized systems able to undergo division (Xu
et al., 2019), sense and react to chemical gradients (Tian et al., 2019), apply protein-based
effector molecules (Weiss et al., 2017) or use transcription-translation systems and genetic
circuits for synthesis of biomolecules (Yue et al., 2019). Moreover, subcellular structures
like mitochondria (Biner et al., 2018), light-harvesting chloroplasts (Lee et al., 2018b) and

other organelles have been recreated (Simmel, 2019; Staufer et al., 2020).
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1.4.1 Bottom-up assembly of synthetic cells

Recreating an artificial cell and artificial subcellular structures from simple molecular
building blocks is, at best, a complex engineering problem. Cells possess an intrinsic
hierarchical order of structures and processes which perform interdependent,
spatiotemporally organized chemical reactions to remain in an out-of-equilibrium
thermodynamic state. However, because of the redundancy, the shear abundance and the
level of complexity of the involved biochemical pathways, there is still no holistic
understanding of a cell — not even of the minimal set of components needed to operate a
cell (Jia and Schwille, 2019). Also in this regard, bottom-up synthetic biology could
provide novel means to abstract the intricate molecular complexity of living cells in favour
of a highly defined and therefore controllable system.

Although bottom-up synthetic biology will certainly provide more in-detailed
knowledge on fundamental biological matters also beyond evolutionary biology, for
instance on the emergence of future life-forms, this field is not solely curiosity-driven
research. In contrary, several technological breakthroughs are expected to originate based
on bottom-up synthetic biology principles (Gopfrich et al., 2018). In particular, synthetic
cells have been designed for therapeutic interventions in cancer treatment (Krinsky et al.,
2018) or as synthetic platelets for the therapy of thrombocytopenia and
lymphoproliferative syndrome (Majumder and Liu, 2017). Therefore, while pursuing
questions of elemental importance for our self-conception, which could also transform our
perspective on life itself, bottom-up synthetic biology might produce a multitude of spin-
off technologies that impact on application-driven research.

A major breakthrough for the field of bottom-up synthetic biology was the
implementation of transcription-translation systems inside compartmentalized micro-
systems. For instance, the DNA replication machinery of ®29 viruses has successfully
been reengineered to perform in cell-free expression systems incorporated into liposome-
based minimal cells (van Nies et al., 2018). Such pathways are not only able to transmit
genetically encoded information to daughter cells but also to mediate genetic circuit
interactions between communicating synthetic cells (Adamala et al., 2017). Based on
studies in such micro-compartmentalized systems, meaningful mechanistic insights into
the dynamics of cellular organizations can be gained. For instance, the importance of
limited diffusion rates and crowded environments on the efficiency of transcription-
translation systems has been assessed in reversibly shrinking monodisperse liposomal

protocells (Deng et al., 2018). Also, stochastic effects in gene expression noise have been
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studied in such minimal synthetic cells (Hansen et al., 2016). Taken together, these and
other scientific synthetic cell efforts have shown that bottom-up synthetic biology can
recapitulate one of the most central aspects of life in synthetic cells: Storage, processing

and transmission of genetically encoded information.

1.4.2  Bottom-up assembly of synthetic organelles

The controlled assembly of artificial structures mimicking living cells has revolutionized
the field of bottom-up synthetic biology. Especially, the application of droplet-based
microfluidics has allowed to generate several well-defined compartmentalized systems to
mimic the cell-like discrimination between the intra- and extracellular milieu based on
water-in-oil droplets. Apart from the controlled assembly of synthetic cells, several
scientific bottom-up synthetic biology endeavours have focused on the synthesis of sub-
cellular structures, for instance on organelles. These are considered to be some of the
central hallmarks of eukaryotic life forms which provide confined reaction space inside
the cell body. Dozens of different organelles have originated since the first emergence of
eukaryotes, most of them with a highly complex and intriguing structure-function relation.
Recently, phase-separated, membraneless organelles have been described, a finding which
is still controversially discussed (Boeynaems et al., 2018). However, most eukaryotic
organelles are surrounded by one lipid bilayer (for instance the endoplasmic reticulum,
the endosomes or the Golgi apparatus) or two lipid bilayers (for instance the nucleus, the
mitochondria and the chloroplasts). Producing compartmentalized systems which closely
mimic these enclosed reaction spaces has turned in to an important ambition within the
field of bottom-up synthetic biology. Hereby, not only academic research, aiming to gain
deeper insights into the mechanical functioning of organelles, has been pursued but also
several efforts aiming to develop cellular “implants” which are able to restore or rescues
dysfunctional organelles within living cells arose (Staufer et al., 2020; van Oppen et al.,
2018). One important example for this approaches is the design of synthetic peroxisome-
like compartments based on polymerosome structures. In their study, Einfalt et al
reported on the entrapment of horseradish peroxidase enzymes inside these
polymerosomes, which are able to support cellular redox homeostasis not only in cultured
cells but also living zebra fish (Einfalt et al., 2018). Another important report on bottom-
up assembled synthetic organelles was published by Lee et al., who showed the
reconstitution of plant photosystems into synthetic lipid vesicles to create artificial

chloroplast able to produce ATP by light harvesting (Lee et al., 2018b). Moreover, several
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efforts have been made to also recreate membraneless organelles. For instance, phase
separated protein condensates working inside living cells have been reported. These
synthetic structures were are able to mediated orthogonal translation of specific RNAs,
expanding the canonical set of amino acids and producing artificial proteins (Reinkemeier
et al., 2019).

However, approaches aiming to constructor synthetic organelles, either to study
their physiology or to developed new therapy options, still suffer from two major
drawbacks: very low production throughput and comparably low control over the
molecular composition. Once these drawbacks could be overcome, single properties of
the organelles, e.g. their membrane composition, their size or their protein load could be
systematically varied. Moreover, if enough synthetic organelles could be produced at
reasonable production costs, this could empower their integration into clinical procedures.
Furthermore, investigations on the uptake and integration dynamics of lipid-enclosed
synthetic organelles could provide valuable insights into the emergence of natural

organelles as postulated by the endosymbiotic theory (Martin et al., 2015).

1.4.3  Application of bottom-up synthetic biology for intercellular signalling studies

Apart from insights into the genetic basis of life, bottom-up synthetic biology principles
have also been applied to investigate fundamental mechanisms of intercellular
communication. For instance, epithelia-like tissue collectives of synthetic cells have been
produced by incorporation of recombinant claudin-4 into giant unilamellar vesicle (GUV)
membranes (Figure 6a) (Belardi et al., 2019). Thereby, synthetic cells, interconnected by
tight-junction-like intercellular adhesions, have been produced and applied for studies on
epithelial polarization. Moreover, the spatiotemporal regulation of immune-cell
interactions and immune-synapse formation has been studied by recreating synthetic,
GUV-based antigen presenting cells featuring immune-cell surface markers like pMHC,
CD58, ICAM-1 and CD45 (Figure 6b) (Jenkins et al., 2018). Furthermore, communication
across larger scale consortia of synthetic cells has been implemented to study
fundamentals of reaction-diffusion morphogen gradients (Figure 6c¢). By this, uni-
directional and counter-directional artificial-morphogenesis and spatial patterning was
recreated in populations of synthetic cells leading to differential enzyme activities within
the assemble (Tian et al., 2019; Wang et al., 2019). These efforts demonstrate the value

of bottom-up synthetic biology to entangle the complexity of intercellular communication
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processes module-by-module and thereby decipher fundamental aspects of cellular

communication by applying quantitatively defined life-like components.
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Figure 6 | Synthetic cells applied for studies of intercellular communication. (a) Schematic illustration
and fluorescence microscopy images of GUVs containing fluorescent lipids as well as homophilic GFP-
tagged claudin-4 and 5 nm non-binding proteins. Formation of tight-junction like cell collectives between
the synthetic cells can be observed. Adopted with permission from (Belardi et al., 2019). (b) Bright field
and fluorescence microscopy images of an artificial antigen-presenting cells in contact with two T-cells.
Distribution of ICAM-1, CD45, pMHC and CDS58 on the GUV is visible. Adopted with permission from
(Jenkins et al., 2018). (¢) Bright field and fluorescence microscopy images of a 2D array of differentiated
protocells exposed to an intersecting “morphogen” gradient of sodium dodecylsulfate (from left to right)

and polyoxometalate (right to left). Scale bar is 500 pm. Adopted with permission from (Tian et al., 2019).

1.4.4  Droplet-based microfluidics for synthetic-biology

The use of droplet-based microfluidics for the assembly of synthetic cells is of special
importance for bottom-up synthetic biology as is allows for a very precise manipulation
of small amounts of fluids (typically in the nanoliter to attoliter range) comparable to those
of living cells. A wide variety of previously developed advanced microfluidic
manipulation modules are applicable for the production of GUVs (e.g. pico-injection
systems or controlled release modules (Frey et al., 2020; Weiss et al., 2017)) which offers
a divers toolkit and further expands the level of control over such minimal cell-like

compartments (Figure 7). The droplet-based microfluidic technology was originally
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developed for high-throughput and multiplex chemical analysis (Whitesides, 2006) but
was soon adopted for biological studies like organ-on-a-chip technologies (Zhang et al.,
2018). As microfluidic chips combine reduced costs due to inexpensive reagents and low
consumption volumes with fast and precise analysis, their application has enabled a
multitude of further key scientific technologies like (single cell-) next-generation
sequencing (Thompson et al., 2014) and portable, point-of-care therapeutic and diagnostic

devices (Nightingale et al., 2019).
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Figure 7 | Microfluidic modules for water-in-oil droplet manipulation. Schematic illustrations of

PDMS-based microfluidic chip architectures applicable for droplet formation (A) and droplet-content
manipulation (B). Aqueous phases are indicated in blue, oil-phases are indicated in yellow. Adopted with

permission from (Gopfrich et al., 2018).

Droplet-based microfluidics exploits the laminar flow of liquids inside micrometer-sized
channels for the generation of separated, usually water-filled, segmented droplets
immersed in an immiscible oil-phase. For this purpose, special T-junction or flow-

focusing junction architectures, which allow for the generation of monodisperse droplets
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based on shear-forces, are implemented into the microfluidic devices. Most device
architectures are produced from polydimethylsiloxane (PDMS) polymers as this material
is mostly bio-inert, allows for the diffusion of oxygen and CO, and is compatible with
negative imprinting of the channel architectures by photo-lithographic wavers (Friend and
Yeo, 2010; Fujii, 2002). The resulting droplets are stabilized by amphiphilic block-
copolymer surfactants which prevent entropy-driven droplet fusion and coalescence
(Baret, 2012). With the help of microfluidic devices, a high degree of control over these
droplets can be achieved. This is not only possible based on the pressures applied on the
oil and aqueous inlet-channels but especially by smart designed and combination of
different channel architectures. Moreover, as the generation and the stabilization of the
droplet-emulsions is achieved by simple mechanical and “robust” thermodynamic
principles, respectively, the droplet production rate can reach kilohertz frequencies. This
not only empowers technologies like digital PCR (Quan et al., 2018) but is of special
importance for the field of bottom-up synthetic biology. The generation of thousands of
well-defined homogenous synthetic cells in short-time periods can for instance allow to
study stochastic effect of biological processes across a wide cell-population (Hansen et

al., 2016).

1.4.5 Charge-mediated formation of giant unilamellar vesicles
GUVs are frequently used model membrane compartments for the construction of
protocells and synthetic cell compartments (Gopfrich et al., 2018; Gopfrich et al., 2019;
Weiss et al., 2017). These cell-sized, usually spherical, water-filled lipid vesicles are
enclosed by a doubled lipid membrane which is commonly composed of phospholipid
mixtures and therefore mimics key characteristics of cell and organelle membranes (e.g.
composition, thickness or fluidity). Several techniques for GUV production have been
reported, including: (1.) electroformation of GUVs from supported lipid bilayers on
indium tin oxide or platinum electrodes (Meleard et al., 2009), (2.) a centrifugation-based
inverted emulsion technique (Moga et al., 2019), (3.) octanol-assisted formation of GUVs
in microfluidic chips (Deshpande et al., 2016) and, most important for this work, (4.)
droplet-stabilized formation of GUVs inside water-in-oil droplets (Figure 8).

The formation of droplet-stabilized GUVs (dsGUV) is a simple, flexible and high
yield process that can be performed within microfluidic devices (Haller et al., 2018) or in
bulk (Gopfrich et al., 2019) (). It is based on the formation of water-in-oil (perfluorinated,

bioinert oils are commonly used) droplet-emulsifications that are stabilized by non-
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charged di- or triblock fluorosurfactants (Janiesch et al., 2015) and at least one type of
fluorosurfactant that provides a negative charge to the droplet periphery (e.g. COOH-
perfluoropolyether)(Haller et al., 2018). When negatively charged liposomes or small
unilamellar vesicles (SUVs), suspended in a Mg®" containing aqueous solution, are
entrapped within the droplet lumen, the Mg**-ions accumulate at the negatively charged
droplet periphery and in turn recruit the negatively charged liposomes. This leads to
charge-mediated liposome fusion and the formation of a dsGUV by creation of a
supported lipid bilayer around the droplet periphery. There are several advantages
associated with the production of GUVs inside water-in-oil droplets. First of all, it is
compatible with other microfluidic modules and therefor allows for sequential assembly
of GUVs (Weiss et al., 2017). In contrast to electroformation, a wide variety of lipids can
be applied e.g. positively and negatively charged lipids, saturated and poly-unsaturated
lipids, ceramides or lipids with large head groups (Gopfrich et al., 2019; Haller et al.,

2018). Moreover, this method can be used with several different buffer compositions
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Figure 8 | Schematic illustration of the charge-mediated GUV formation process inside water-in-oil
droplets. Negatively charged SUVs together with other biomolecules (e.g. RNA) to be incorporated into
the final GUV, are entrapped inside water-in-oil droplet emulsifications by microfluidic technology or
mechanical emulsification. The aqueous buffer is further supplemented with a mM concentration of Mg”"
ions. The emulsion is stabilized by a PFPE-PEG surfactant and PFPE carboxylic acid, which introduces a
negative charge to the droplet periphery. SUV attachment to the droplet periphery is mediated by Mg*"
ions, inducing vesicles fusion to create a supported lipid bilayer along the periphery. During this process,
other components can be entrapped inside the dsGUV. For release of the GUV into an aqueous
environment, a destabilizing surfactant is added, transferring the GUV from the stabilizing polymer-shell

into a suitable isotonic buffer.
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(applied as aqueous phases) and can therefore be operated under isotonic, physiological
conditions (Gopfrich et al., 2019). Also, during the GUV formation, biomolecular
components (e.g. proteins, nucleic acids or organelles) suspended in the aqueous phase
that do not accumulate at the droplet periphery, can be encapsulated inside the GUV
(Gopfrich et al., 2019). This makes the use of in-droplet GUV formation an attractive
technique for the bottom-up assembly of synthetic cells based on GUV membranes.
After dsGUV formation, a release procedure can be performed, which transfers
the dsGUV from its stabilizing polymer- and oil shell into an aqueous environment. This
involves the addition of an aqueous release buffer, providing further suspension volume
for released GUVs, and a low-molecular weight destabilizing surfactant which drives
demulsification based on its lower interfacial tension. In this way, GUVs suspended in an
aqueous buffer can be produced and for example interfaced with living cells in a

physiological environment.
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2 Aims and Motivation

EVs are fundamental for intercellular communication and involved in a multitude of
cellular processes. Consequently, EVs activate multiple signalling pathways that, in
concert, initiate, drive and regulate single and collective cellular responses. These in turn,
underlay nearly all facets of multicellular organisms, underscoring the central
physiological role of EV-mediated intercellular communications and its involvement in a
wide variety of disease states. Although attaining a holistic understanding of EV-
signalling mechanisms is a compelling goal for biological research and biomedical
applications, little insights have yet been accomplished, mainly due to intricate molecular
complexity of the EVs. Therefore, I made the engineering of biomimetic systems for
controlled manipulation of EV-mediated intercellular communications in vitro, the central
goal of my interdisciplinary research. Particularly, I aimed to design and develop lipid-
based synthetic EVs that would allow pinpointing the central physical, chemical and
biological factors that conquer the interactions between vesicles and cells. My motivation
was to understand and to optimise a mechanistic cross-correlation between these factors
in order to design and assemble bioinspired synthetic liposomes with superior functions.
Such endeavours required the development of new technologies that allow for a precisely
controlled construction and manipulation of vesicles in order to permit systematic,
comparative and thorough investigations. Therefore, inspired by bottom-up synthetic
biology principles and the associated microfluidic technology, I set out to pursue two
major research directions with the following aims:

1. The development and characterization of a microfluidic-based technology for
precise assembly of GUVs suitable for cellular interaction studies as well as the
implementation of a molecular toolbox for GUV-biofunctionalization.

2. The implementation of a systematic and comparative analysis of crucial GUV
properties (e.g. charge, biomolecular coating or polymer-decoration) and their
impact on the GUV-cell interplay.

3. The development of a hierarchical GUV-based system for intracellular cargo
delivery.

4. Based on these findings, the implementation of GUV-based synthetic organelles

functioning within living cells.
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Based on the findings, insights and conclusions obtained from the investigations and
developments pursued above, I aimed to conceptualization, design and assemble fully-
synthetic EVs (fSEVs) with the following goals:

5. Application of bottom-up synthetic biology design principles for assembly of
fsEVs consisting of lipid-, proteins and nucleic acid building blocks.

6. Following the natural blueprint of wound-healing therapeutic EVs, investigate the
therapeutic potential of their fSEV-doppelgangers in dermal-wound healing.

7. Perform a systematic assessment of individual fSEV protein- and nucleic acid-
components in order to dissect their individual contribution to the phenotypic
changes induced in dermal cells.

8. Apply fully-synthetic EVs to systematically dissect their functional mechanisms

by RNA-sequencing transcriptome analysis.
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3 Materials and Methods

3.1 Materials

3.1.1 Lipids

ggPG  L-o-phosphatidylglycerol  (Egg, Chicken), EggPC  L-a-

phosphatidylcholine (Egg, Chicken), 18:1 DOPG 1,2-dioleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol), 18:1 DOPC 1,2-dioleoyl-sn-glycero-3-
phosphocholesteroline, 18:1 DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine,
LissRhod PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl), 18:1 DGS-NTA(Ni) 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), 18:1 DOTAP 1,2-dioleoyl-3-
trimethylammonium-propane,  18:1-12:0  Biotin PE  1-oleoyl-2-(12-biotinyl-
(aminododecanoyl))-sn-glycero-3-phosphoethanolamine, DSPE-RGD 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[4-(p-(cysarginylglycylaspartate-maleimidomethyl)-
cyclohexane-carboxamide], 18:1 1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol)
(ammonium salt), 18:1 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phospho-L-serine (sodium
salt), 18:1 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate (sodium salt), cholesterol,
18:1 1-2-di-(9Z-octadecenoyl)-sn-glycerol, 18:0 N-stearoyl-D-erythro-
sphingosylphosphorylcholin, 18:1 PEG350 PE 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-350], 18:1 PEG750 PE 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-750],
18:1 PEG1000 PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-1000], and extrude set with 50 nm pore size polycarbonate
filter membranes were purchased from Avanti Polar Lipids, USA. NHS Palmitic acid N-
hydroxysuccinimide ester and N-(4-carboxybenzyl)-N,N-dimethyl-2,3-
bis(oleoyloxy)propan-1-aminium (DOBAQ) were purchased from Sigma Aldrich,
Germany. Atto488 conjugated 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine was
purchased from Atto-Tec GmbH, Germany. All lipids were stored in chloroform at -20 °C

and used without further purification.

3.1.2 Dyes and staining agents
DyLight 405 NHS Ester, AlexaFluor647-NHS, Anti CD3 (16-0038-81), Anti CD3-
Alexad488 (53-0037-42), Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS),
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Vybrant Dil Cell-Labelling Solution, Alexa Fluor 488 NHS Ester, Hoechst 33342,
CellTracker Blue CMAC dye, CellTracker Green CMFDA dye, CellRox Green reagent,
Fluo-4 AM-ester, o-nitrophenyl EGTA tetrapotassium, LysoTracker Green DND-26 dye
and wheat germ agglutinin (WGA)-AlexaFluor conjugates were purchased from Thermo
Fischer Scientific, Germany. Atto425-Biotin, <50 nm Fe2O3 nanoparticles and
Phalloidin-FITC were purchased from Sigma Aldrich, Germany. Fluoresbrite YG

Microspheres 1.00 um were purchased from Polysciences Europe, Germany.

3.1.3  Cell culture materials

Dulbecco’s Modified Eagle Medium (DMEM) high Glucose, 1:1 DMEM:F12, RPIM-
1640, FluoroBrite DMEM (high glucose), trypsin-EDTA (0.05 %) with phenol red,
GlutaMax Supplement, L-Glutamine (200 mM), phosphate buffered saline, heat-
inactivated as well as exosome-depleted fetal bovine serum and penicillin/streptomycin
(10,000 U/mL) were purchased from Thermo Fischer Scientific, Germany. Heat-
inactivated horse serum, menadione and human male serum were purchased from Sigma
Aldrich, Germany. 8-well cell exclusion inserts were purchased from Ibidi, Germany. The
ELISA kit for the quantification of human pro-collagen I alpha was obtained from Abcam,

UK.

3.1.4 Purified proteins, peptides, antibodies, recombinant proteins and RNAs

Recombinant N-terminal His-tagged human CD63 (amino acids 103-203), basic fibroblast
growth factor (aa 10-155), Epithermal growth factor, AlexaFluor405 dye and custom
synthesized GALA peptide (EAALAE ALAEALAEHLAEALAEALEALA) were
purchased from Thermo Fischer Scientific, Germany. Lectin (Wheat Germ Agglutinin),
bradykinin, human Interleukin 2, recombinant insulin, bovine catalase, fibronectin from
bovine plasma and poly-L-lysine were purchased from Sigma Aldrich, Germany. His-
tagged Protein G was purchased from BioVision, USA. His-tagged NrCAM 8425-NR-
050 and human recombinant cadherin were purchased from R&D Systems, USA. Anti-
VE-Cadherin and anti-alpha4-integrin (CD49d) antibodies were purchased from Santa
Cruz (Sc-28644) and Millipore (MAB1383). Recombinant human CD95L was purchased
from BioLegend, USA. Bovine albumin fraction V (BSA) was obtained from Carl Roth,
Germany. Tat-HIV-GFP peptides were a generous gift from Riidiger Arnold (Life Science
Lab, German Cancer Research Centre). Recombinant N-terminal His-tagged human CD9
(amino acids 112-195) was purchased from Novus Biologicals, Germany. Recombinant
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N-terminal His-tagged human TSG101 (amino acids 1-145) was purchased from
Fitzgerald, USA. Recombinant N-terminal His-tagged human CD81 (amino acids 113-
201) was purchased from MyBioSource, USA. miRIDIAN micro RNA mimics (hsa-miR-
21-5p, hsa-miR124-3p, hsa-miR-125b-5p, hsa-miR-126-5p, hsa-miR-130a-3p, hsa-miR-
132-3p) were purchased from Horizon Dharmacon, USA.

3.1.5 Cell lines, primary cell cultures and viruses

A431, Hela, Hs386, SH-SY5Y, Jurkat and BJ cell lines were obtained from the American
Type Culture Collection, USA. REF52 cell lines (Missirlis et al., 2016) were a generous
gift from Prof. Benjamin Geiger (Weizmann Institute, Rechovot). PC12 cells were a
generous gift from Amin Rustom (Institute for Neurobiology, Heidelberg). HaCaT cells
were obtained from CLS cell line service, Germany. Primary mouse hippocampal neurons
were obtained from the Institute of Neurobiology, Interdisciplinary Center for
Neurosciences in Heidelberg, Germany. Purified baculovirus specimens were obtained
from Martin Pelosse (Commissariat a I'énergie atomique et aux énergies alternatives, CEA
Grenoble, France). Purified K562 exosomes (HBM-K562) were obtained from Hansa
BioMed/Lonza, Switzerland. Pre-wounded full thickness human organotypic skin
cultures, respective culture media, and histological sample preparation services were

obtained from MatTek Cooperation, USA.

3.1.6 Mass Spectrometry

Methanol LC_MS Chromasolv (=99.9) was purchased from Honeywell/Riedel-de Haén.
Dichloromethane SupraSolv for gas chromatography MS was purchased from Merck
Millipore. ammonium acetate for mass spectrometry, eluent additive for LC-MS,
polyethylenimine (branched, Mw ~25,000) were obtained from Sigma Aldrich, Germany.

Rotisolve water was purchased from Carl Roth, Germany.

3.1.7 Microfluidics

Polydimethylsiloxan (PDMS) Sylgard 184 was purchased from Dow Corning, USA
Perfluoropolyether-polyethylene glycol (PFPE-PEG) block-copolymer fluorosurfactant
was purchased from Ran Biotechnologies, USA. FC-40 oil was purchased from io-li-tec,
Germany. 1H,1H,2H,2H-Perfluoro-1-octanol (PFO) de-emulsifier was purchased from
Sigma Aldrich, Germany. 97 % L-cysteine and 50 nm Au nanoparticles were purchased

from Sigma Aldrich, Germany.
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3.2 Methods

3.2.1 Microfluidic-based GUYV production

DsGUVs were produced from SUV liposomal precursors with lipid compositions detailed
in Table 5 following previously published protocols (Haller et al., 2018; Weiss et al.,
2017). Lipid stocks were kept in chloroform, sealed with polytetrafluorethylen tape and
stored at -20°C in the dark. Chloroform dissolved lipids were mixed at desired ratios
according to the pre-designed lipid formulation in glass vials and dried under a gentle
nitrogen stream or in a vacuum desiccator. Subsequently, the dried lipid films were
rehydrated for 30 min with the production buffers specified in Table 5 to a final lipid
concentration of 3 mM. In order to produce liposomes, these mixtures were shaken on a
horizontal shaker at 600 rpm for 5 min. To produce SUVs, the liposome solution was
extruded through a 50 nm pore size polycarbonate filter. In order to achieve homogeneous
size distribution, extrusion was performed at least 9 times. Obtained solution were either
used directly after production or stored at 4°C for up to 3 days.

Microfluidic devices (regular T-junction droplet production devices and droplet-
splitting devices) were fabricated from PDMS. Production was performed following
previously published protocols using photo- and soft-lithography methods (Janiesch et al.,
2015; Weiss et al., 2017). An Elveflow OB1 MK3-microfluidic flow control system was
used to adjust and control flow in the microfluidic devices. If not specified otherwise,
GUVs were formed within microfluidic droplets using SUV solutions diluted to a final
lipid concentration of 1.5 mM introduced into the aqueous channel of the devices. 1.25
mM PFPE 7000 g/mole)"PEG(1500 g/mole)-PFPE(7000 grmole) triblock surfactant dissolved in FC-
40 was used for the formation of negatively charged GUVs. 0.5% RAN Biotechnologies
PEG-based fluorosurfactant diluted in FC-40 was used for formation of positively charged
GUVs. 1.25 mM PFPE 2500 g/mole)-PEG(600 g/mole)-PFPE(2500 g/mole) triblock surfactant diluted
in FC-40 was used to produce GUVs containing DOBAQ lipids. For all microfluidic
droplet production procedures, a water to oil phase ratio of approximately 1:4 was used.
Droplets formed at the flow-focusing junction, and if desired splitted by a subsequent
splitting architecture, were collected from the outlet of the microfluidic device and
collected in a microcentrifuge tube. dsGUV were equilibrate at 4°C for a minimum of 120
min before release.

For the release procedure, excess oil phase was removed from the microcentrifuge
tube and the remaining droplet layer was mixed in a volume ratio of 1:1:1 (aqueous
production buffer : aqueous release buffer (see Table 5) : destabilizing PFO). After 30 min
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of equilibration, the upper aqueous layer containing the released GUVs, was transferred
into a microcentrifuge tube. Release buffer was added to a final volume of 2 ml and this
GUYV solution was centrifuged at >10,000 g for 15 min in order to remove any ruptured
vesicles, debris or free floating SUVs from the sedimented GUV population.
Subsequently, the supernatant was removed and the GUV pellet was resuspended in PBS

to the desired concentration.

3.2.2  Production of fsEVs

For the production of fsEVs, a previously published protocol for one-pot bulk assembly
of dsGUVs was adopted for shear stress emulsification (Gopfrich et al., 2019). For this, a
triblock PEG2500-PFPE600-PEG2500 surfactant was diluted to a final concentration of
1.25 mM in FC-40 oil and used as the oil phase for w/o-droplet production. The water-
phase was composed of SUVs and, if desired, miRIDIAN RNAs. For fSEV formation,
SUVs were produced as detailed for microfluidic dsGUV production (see section 3.2.1):
lipid chloroform stock solutions were mixed in glass vials and dried with a gentle nitrogen
stream or in a vacuum desiccator before rehydration with PBS (supplemented with 10 mM
MgCly) to a final lipid concentration of 6 mM. After 15 min incubation, the glass vials
were sequentially shaken for 5 min at 1000 rpm on a horizontal shaker and the resulting
liposomes were extruded at least 9 times through a 50 nm pore size filter. The final SUV
solution was diluted in PBS containing 10 mM MgCl, to a final concentration of 3 mM
and if desired, the miRIDIAN RNAs. The liquid was added to the oil phase in a 1:2 ratio
and emulsified with an Ultra Turrax IKA T10 basic emulsifier for 60 sec at approximately
26,300 rpm. The resulting dsGUVs were incubated in the dark at 4°C for at least 120 min.
The release and cleaning procedures were performed following the protocols for dsGUV
release and cleaning of GUVs (see section 3.2.1).

The total amount of NTA-(Ni*")-coupled lipids for coupling CD peptides was
calculated from the lipid ratio. A 1:2 molar excess of the His-tagged peptides was added
to the fSEV solutions and allowed to couple at 37°C protected from light for 60 min. The
fSEV solution was then centrifuged at >10,000 rpm for 15 min. The supernatant, which
contained unbound peptides was removed and the fSEV pellet resuspended in PBS. If not
specified otherwise, miRIDIAN miRNA mimics were added to the SUV mixture at a final
concentration of 145 nM.

For confocal microscopy and TEM analysis, fSEVs were produced from SUV

containing 41mol% cholesterol, 16mol% SM, 15mol% DOPC, 11mol% DOPS, 6mol%
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DOPE, 5mol% DOPG, 2mol%PA, 1mol% DAG, 1mol% PI, 1mol% LissRhod PE, and
1mol% DGS-NTA(Ni*") in PBS containing miRIDIAN RNA and 10 mM MgCl,. In order
to block unspecific protein-lipid interactions, fSEVs were transferred to a 0.1% BSA
solution and Alexa488 labelled CD9 as well as 500 nM Hoechst33342 were added to the
GUVs. For this analysis, miRIDIAN mimics were used in a total of 40 nM.

3.2.3  Microfluidic production of synthetic organelles

For the production of GUVs harbouring catalase in their lumen, purified bovine catalase
was added to a final concentration of 2.7 uM to the SUV solution used for dsGUV
production. For the production of GUVs which contained np-EGTA, np-EGTA and CaCl,
were mixed at equimolar concentrations of 10 uM. This mixture was also added to the
SUVs solution applied as aqueous phase for droplet production. During these procedures,
all possible steps were carried out in the dark or under red light. For the incorporation of
Fe,O; nanoparticles into the dsGUVs, the nanoparticles were dissolved to a final
concentration of 100 pg/ ml in 0.1% w/v bovine serum albumin in PBS. This mixture was

applied together with the SUV solution was aqueous phase for droplet production.

3.2.4 Dynamic Light scattering

For measurements of fSEVs, GUV and SUV hydrodynamic radii and zeta potentials, a
Malvern Zetasizer Nano ZS (Malvern Panalytical, Germany) was used. Measurements
were performed in PBS at a total lipid concentration of 15 uM. The temperature of the
cuvette and the measurement chamber was equilibrated for 600 sec (300 sec for fSEVs) to
25°C. Measurements were performed in three technical replicates at a scattering angle of
173° and individual runs per measurement were automatically selected by the build-in
run-number selection of the Malvern Software. For analysis of lipid vesicles, a refractive
index of 1.42 was set and die solvent properties were set to 1 = 0.8882, n=1.33 and € =
79.0. For GUV zeta potential measurements, the chamber and sample were equilibrated
for at least 120 sec and at least two individual measurements were performed. To analyse
the pH dependent zeta potential of DOBAQ containing GUVs, GUVs were dissolved to a
final concentration of 15 uM in PBS adjusted to the desired pH with 4 N NaOH or 10%
HCI. The DLS measurements on SUVs and GUVs were partially performed by Dennis

Zhang in the course of his Bachelor thesis in our Department.
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3.2.5 Cryogenic transmission electron microscopy

For cryogenic transmission electron microscopy, GUV samples were prepared by
applying 2.5 pL of the GUVs solution onto a glow-discharged 200 mesh C-flat holey
carbon-coated multihole grid (Protochips, USA) or ultrafoil goldgrids R 2/2 (Quantifoil
GmbH, Germany). The grids were then blotted for 4 seconds and subsequently plunge-
frozen at 100% humidity in liquid ethane using a Vitrobot Mark IV (FEI NanoPort, The
Netherlands) and stored in liquid N,. The grids were imaged using a FEI Tecnai G2 T20
twin transmission electron microscope (FEI NanoPort, The Netherlands) operated at 200
kV. Micrographs were recorded using a FEI Eagle 4k HS, 200 kV CCD camera at a dose
of ~40 electrons/A”,

3.2.6 Assessment of droplet homogeneity

In order to assess the transmission heterogeneity of the intraluminal droplet content, w/o
droplets were formed at a flow-focusing junction of a 5x droplet splitting device or of a
simple droplet formation device without further splitting architecture. A PBS solution
supplemented with 10 mM MgCl,, 1 mM AlexaFluor405, 1 pM His-tagged GFP,
1.08x10° particles/ ml Fluoresbrite YG Microspheres (D=1.00pm) and 1.5 mM
Rhodamine-labelled SUVs was applied as aqueous phase through the water-inlet channel.
Droplets were collected in a microcentrifuge tubes and imaged by confocal microscopy in
a custom-build observation chamber (one cover slip mounted in top of a glass slide with
a double-sided sticky-tape spacer (approx. 200 pm)). Mean droplet-lumen fluorescence
intensity was measured from single plane fluorescence confocal microscopy images by
automated global threshold segmentation and the ImageJ particle analyser plug-in. The
coefficient of variation was calculated by dividing the standard deviation of the droplet-

intensities through their average intensity.

3.2.7 Quantification of GUV release efficiency and stability

GUYV and fsEV concentrations (vesicles/ ml) were determined with a Neubauer chamber
mounted on a fluorescence microscopy. For release efficiency measurement, the
concentration of dsGUVs was assessed by manual counting of a homogeneously dispersed
droplet emulsion. Prior to the measurements, the droplets were collected in a
microcentrifuge tube and placed on a horizontal shaker at 100 rpm for 5 min in order to
disperse the droplets in the oil phase. Released GUV's were visualized inside the Neubauer

chamber by fluorescence excitation of Rhodamine B conjugated lipids incorporated into
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the SUV formulation. GUV concentration after mechanical agitation was measured
accordingly in regular time intervals.

For incubation of fSEVs and GUVs with cells, a specific final concentration of
total lipids, rather than a specific amount of vesicles was added. To this end the total lipid
concentration after GUV/ fSEV release was quantified using the total lipid fluorescence
(of Rhodamine B- or Atto488-conjugated lipids introduced in the initial SUV formulation)
of the obtained GUV/ fsEV solution with a fluorescence Infinite M200 TECAN plate
reader (TECAN, Switzerland) controlled by TECAN iControl software with an in-built
gain optimization and excitation/emission setting adjusted to 550/585 nm. The obtained
fluorescence value was referred to a standard SUV dilution series produced from the same
SUV batch used for dsGUV production, which was also measured with the same setting
in a concentration range between 750 uM and 11.7 uM and fitted to a one-phase
exponential decay curve (Figure 9). Typical lipid concentrations used for incubation with

cells were 1.5 uM — 50 uM.
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Figure 9 | Fluorescence intensity measurement of SUV dilution series. Mean rhodamine fluorescence
intensities of an exemplary SUV (series containing 1mol% LissRhod PE lipids) dilution at 8 different
concentrations are shown. The dotted line is the one-phase exponential decay curve fit and the
corresponding equation is given in the graph. For example, for GUVs produced with these SUVs a mean

fluorescence signal intensity of 5888 was measured, which corresponds to a concentration of 72 pM on this

3.2.8 Cell culture

REF52 cells, MDCK cells, A431, A431D, HaCaT, BJ (primary dermal foreskin
fibroblasts), Hela and Hs386 cells were routinely cultured in Dulbecco's Modified Eagle
Medium supplemented with 1% L-glutamine, 4.5 g/I glucose, 1% penicillin/streptomycin

and 10% fetal bovine serum. SH-SY5Y cells were cultured in a 1:1 mixture of
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DMEM:F12 supplemented with 1% penicillin/streptomycin, 1% L-glutamine and 10%
fetal bovine serum. Jurkat cells were cultured with RPMI-1640 medium supplemented
with 1% penicillin/streptomycin and 10% fetal bovine serum. PC12 cells were cultured
with RPIM-1640 medium supplemented with 1% penicillin/streptomycin, 1% L-
glutamine, 5% fetal bovine serum and 10% heat-inactivated horse serum. K562 cells were
cultured in suspension in Iscove’s modified Dulbecco’s Medium supplemented with 10%
exosomes free fetal bovine serum. Cell lines were incubated at 37°C and 5% CO;
humidified atmosphere and passaged at ~80% confluency by treatment with 0.05%
trypsin/EDTA. Suspension cells were passaged every other day by transferring 3 ml of the
cell suspension to 10 ml of fresh cell culture medium. Cell culture routines were
performed with the help of Sabine Griinewald (Department for Cellular Biophysics, MPI
for Medical Research)

3.2.9 Assessment of cell proliferation

In order to perform high-throughput assessment of cell proliferation, a previously
published well-plate based protocol for quantitative assessment of Hoechst33342 staining
was applied (Gilbert et al., 2011). For this, 15,000 HaCaT or A431 cells per well were
seeded in a flat-bottom transparent 96-well plate in 200 pl culture medium. The fSEVs to
be tested were added just after cell seeding and incubated for 48 hours. All wells were
subsequently washed twice with PBS using a multichannel pipette and subsequently
incubated with ice-cold culture medium supplemented with 10 uM Hoechst33342. Then,
the culture medium was removed and the wells were washed twice with 100 ul PBS in
order to remove any excess Hoechst33342. The Hoechst 33342 signal (corresponding to
the number of cells) in each well, correlating with the number of cells, was afterwards
measured with an Infinite M200 TECAN plate reader controlled by TECAN iControl
software with an in-built gain optimization and excitation/emission setting adjusted to

380/460 nm. All measurements were performed in biological triplicates.

3.2.10 Cell staining

For visualization of the nuclei of living cells, Hoechst33342 at a final concentration of 5
png/ml was added either directly to the cell culture medium of the. Cell cytoplasm was
stained with CellTracker Blue CMAC dye and CellTracker Green CMFDA dye following
the manufacturer’s recommendations. For analysis of lysosomal degradation, lysosomes

were stained with the green-emitting LysoTracker Green DND-26 dye following the
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manufacturer’s instructions. For staining of cell membranes, wheat germ agglutinin
(WGA)-AlexaFluor conjugates were used. To this end, a final concentration of 50 pg/ml
WGA conjugates was directly added to the fully supplemented growth medium for 10 min
at room temperature. In order to reduce endocytic dye uptake in the course of plasma
membrane turn-over, once stained, cells were handled at room temperature for imaging.
To stain endosomal membranes and compartments, 5 pug/ ml WGA-AlexaFluor conjugate
was added to the cell cultures together with the GUVs or fsEVs and incubated for 24 hours
before analysis. In this procedure, cell membranes are consecutively stained with WGA
and when endosomal compartments, macropinocytomes or caveolae are formed, the

fluorescent WGA is incorporated alongside.

3.2.11 Induction of oxidative stress and ROS quantification

To induce oxidative stress in HaCaT cell cultures, cells were seeded in 96-well plates to
form a confluent monolayer (=50 000 cells per well) after 24 hours of incubation.
Subsequently, peroxisome-like SOs were added to the cells and incubated for another 24
hours to allow SOs internalization. Afterwards, non-internalized SOs were washed away
by rinsing twice with PBS. Next, 25 pM menadione was added and the plates were
incubated for 1 hour. CellRox Green was then added following the manufacturer's
instructions and the CellRox Green fluorescence was quantified using an Infinite M200
TECAN plate reader controlled by TECAN iControl software with an in-built gain

optimization and excitation/emission setting adjusted to 488/525 nm.

3.2.12 Assessment of SOs Containing npEGTA-Caged Ca’*

To introduce npEGTA-caged Ca>* containing SOs into BJ dermal fibroblast, the cells were
seeded to form a confluent monolayer in LabTek glass-bottom microscopy chamber slides
after 24 hours. Subsequently, respective SOs were added to the cells and incubated
overnight to allow internalization. In order to avoid uncontrolled npEGTA cleavage, all
procedures were carried out if possible in the dark or under red light illumination. Cells
were then stained with cell permeable fluo-4 AM ester following the manufacturer's
recommendations and analysed by fluorescence confocal microscopy. For UV-induced
Ca”" uncaging, cells were first rinsed twice with PBS in order to remove non-uptaken
GUVs and then illuminated with a laser scanning confocal microscope (Zeiss LSM 800

with a 20x Plan-Apochromat 0.8 M27 objective) in the region of interest which contained
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the uptaken SOs. [llumination was performed at full laser power for five iterations and the
fluo-4 signal was subsequently recorded over 20 minutes.

To introduce npEGTA-Ca*"-containing GUVs into water-in-oil droplets, a MgCl,-
free PBS solution containing the respective GUVs was employed as aqueous phase.
Moreover, this solution contained a final concentration of 200 uM fluo-4 to image the
Ca”" release. In order to prevent dsGUV formation or attachment of the introduced GUV's
at the droplet periphery, a FC40 solution containing 1% w/v commercially available PFPE
carboxylic acid-free surfactant was applied as oil phase. Finally, the water-in-oil emulsion
was produced following a previously published manual shaking protocol (Gopfrich et al.,
2019). Quantification of the fluo-4 mean fluorescence intensities was performed by
manual selection of areas of interest using ImageJ software in the time-laps microscopy

series.

3.2.13 EVisolation from K562 cell cultures

Extracellular vesicles from K562 cultures were isolated by differential (ultra-)
centrifugation from conditioned cell culture medium. K562 cells were cultured as
suspension cultures in 50 ml Iscove’s modified Dulbecco’s Medium containing 10%
exosome free serum at 37°C and 5% CO, atmosphere for 48 hours to a final cell
concentration of 5x10° cells/ ml. Subsequently, a first centrifugation step of 300 g at 4°C
for 10 min was performed to pellet the cells and cell debris. The supernatant was then
passed through a 0.22 um pore size filter and EVs were pelleted at 100,000 g at 4°C for
75 min with a Beckmann Coulter Optima XE-100 ultracentrifuge (Beckmann Coulter Life
Sciences, Germany) in a JA-20 fixed angle rotor (k-factor 770). The supernatant was
afterwards discarded and the EV-pellet was washed with 50 ml ice cold PBS before
performing another ultracentrifugation step under the same conditions as before. The final
EV pellet was resuspended in 1 ml PBS. For quantification of the total protein
concentration of the EV solution, the absorbance at 280 nm was measured with a
Nanodrop ND-1000 spectrophotometer (Thermo Fischer Scientific, Germany). K562 EVs
were fluorescently stained with Vybrant Dil cell labelling solution diluted 1:1000 with the
isolated EV solution for 15 min at room temperature in the dark. In order to remove and
residual Dil, the solution was afterwards centrifuged at 100,000 g at 4°C for 75 min and
the final EV pellet was resuspended in 1 ml PBS.
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3.2.14 Quantitative assessment of collagen deposition

In vitro collagen deposition of BJ dermal fibroblast was quantified by enzyme-linked
immunosorbent assay (ELISA). For this, BJ dermal fibroblasts were seeded in 96-well,
flat-bottom transparent cell culture plates at a density of 20,000 cells/ well and cultured
for 24 hours. Cells were then washed twice with PBS and 200 pl fresh cell cultured
medium supplemented with 10 uM (total lipid concentration) of the fSEV-formulations to
be tested. The fSEVs were incubated together with the cells for 24 hours and subsequently
ELISA analysis for human pro-collagen Ia was performed following the manufacturer’s

instructions.

3.2.15 Confocal microscopy and live cell imaging
Fluorescence confocal microscopy was performed with a LSM 800 (Carl Zeiss AG,
Germany) laser scanning microscope For imaging, a 20x (Objective Plan-Apochromat
20x/ 0.8 M27, Carl Zeiss AG) or a 63x immersion oil objective (Plan-Apochromat 63x/
1.40 Oil DIC, Carl Zeiss AG) was used. Image analysis was performed with ImageJ (NIH)
and special care was taken not to obscure or eliminate any information from the original
image. Image adjustments like brightness and contrast corrections or background
corrections for image quantification were always performed on the whole image. Images
showing speckled noise signals were processed with a 2-pixel median filter. 8-well Nunc
LabTeK glass bottom culture slides (Thermo Fischer Scientific, Germany) with a total
culture volume of 400 ul were used for culturing cell lines for subsequent analysis by
confocal microscopy. If aldehyde fixation was required during sample processing for
confocal microscopy, cell cultures were washed twice with PBS and afterwards fixed with
2-4% PFA for at least 20 min.

For epifluorescence microscopy and live cell fluorescence time-laps imaging, a
Leica DMi8 inverted fluorescent microscope (Leica Microsystems, Germany) equipped
with a SCMOS camera and 10x HC PL Fluotar (NA 0.32, PH1) objective was used. For
epifluorescence microscopy, cells were cultured in 8-well Nunc LabTeK glass bottom
culture slides and if green emitting fluorophores (e.g. CellTracker Green CMFDA) were
imaged, FluoroBrite DMEM (high glucose) medium supplemented with GlutaMAX, 10%

FBS and 1% enicillin/ streptomycin was used in order to reduce the background signal.
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3.2.16 Analysis of magnetotactic behaviour

To analyse the deflection of Fe20O3 nanoparticle inside dsGUVs, time-lapse confocal
microscopy recordings were performed. While avoiding any mechanical shaking of the
setup to prevent vibration-induced deflections, an AINiCo magnet was placed next to the
sample during acquisition. To verify the intracellular uptake of magnetosome-mimicking
SOs, normal rat kidney cells were seeded in 24 well plates at a density of 300,000 cells
per well and cultured overnight. SOs were then added and incubated for 24 hours to allow
internalization to proceed. Cell layers were subsequently washed twice with PBS in order
to remove any non-uptaken SOs. Next, an AINiCo magnet was placed alongside to the
culture plates. The cultures were maintained in this configuration 48 hours and afterwards
fixed with 4% para-formaldehyde for 20 min. Cells were then stained with 2 pg/ mL
Hoechst 33342 and phalloidin-TRITC for 1 hour before performing bright field and
epifluorescence microscopy. The same procedure was applied for the experiment
performed with primary hippocampal neurons with the exception that the incubation time
was prolonged to 96 hours in order to account for the reduced migration of the neurons.
For automated analysis of the local cell densities within the wells, images segmentation
based on global histogram-based intensity thresholding was performed with nuclear
staining images. The images were separated manually into the corresponding regions
before the analysis and particles (corresponding to individual nuclei) were counted with
the built-in particle counter from ImageJ software after watershed separation of overlaying

nuclei.

3.2.17 Transmission electron microscopy

For TEM analysis, cells were incubated for 16 hours with GUVs and subsequently fixed
in 2.5% glutaraldehyde dissolved in a 0.1 M Na3PO4 buffer at room temperature for 30
min. A second fixation step with 0.4% uranyl acetate was subsequently performed
overnight. For dehydration of the sample, an ethanol series with 50%, 60%, 70%, 80%,
90% and 100% ethanol was performed and samples were afterwards embedded in resin
over night at 60°C. After complete polymerization, 85 nm ultrathin sections were prepared
and contrasted by staining with lead acetate and osmium tetroxide. Images were acquired
with a Zeiss EM 10 CR transmission electron microscope (Carl Zeiss AG, Germany). If
needed, brightness, image contrast or sharpness was adjusted using the built-in ImageJ

plug-ins. All TEM experiments were performed with technical assistance of Andrea
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Hellwig (Interdisciplinary Centre for Neurosciences, Dept. of Neurobiology, University

of Heidelberg).

3.2.18 Flow cytometry

To analyse the attraction of RDG-functionalized GUVs and Jurkat suspension cells, flow
cytometry analysis was performed. For this, RDG- and rhodamine-functionalized GUVs
were incubated with Jurkat cells for 24 hours and subsequently centrifuged for 5 min at
250 g in order to separate the unbound GUVs from the Jurkat cells. The cell pellet was
subsequently resuspended in fully-supplemented cell culture medium and GUV
fluorescence originating from GUV's bound to or uptaken by the cells was quantified using
a BD LSRFortessa Cell Analyzer (BD Bioscience, Germany) in the PE channel (Aem max=
575). Based on the forward- and side scatter intensities, the cell population of Jurkat cell
was gated to discriminate between debris, clumps and free-floating GUVs. With this
selected cell population, the GUV-fluorescence intensity was quantified for all conditions
tested. All flow cytometry experiments were performed with the help of Silvia Antona

(Dept. Cellular Biophysics, MPI for Medical Research).

3.2.19 Attraction assay

For quantification of GUV- and fsVE-cell interactions and uptake fSEVs, quantification
assays were performed. For this, cells cultures were seeded in triplicates in 100 pl of their
corresponding growth medium at cell densities resulting in confluent monolayer after 24
hours of incubation in 96 flat-bottom well-plates. Subsequently, fSEVs or GUVs (labelled
with LissRhod PE lipids) to be tested for cell-interactions, were added to a final lipid
concentration of 1.5 uM. After incubation for 24 hours, rhodamine fluorescence intensity
in each well was measured using an Infinite M200 TECAN plate reader (TEACAN,
Germany) controlled by TECAN iControl software with excitation/emission setting
adjusted to 550/585 nm and the built-in gain optimization. Afterwards, in order to remove
non-bound or non-up taken GUVs and fSEVs, cells were washed 3x with 100 pl PBS using
a multichannel pipette and residual fluorescence intensity in each well was measured again
as described above. In order to account for any variation in sample preparation,
fluorescence intensity after washing (corresponding to GUVs/ fSEVs with strong
attraction to cells) was normalized to the intensity before washing (corresponding to the
total amount of GUVs/ fsEVs added). All samples were measured at 4 individual positions
per well in order to account for variations in cell monolayer density and in triplicates. In
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order to compare the specific attraction of GUVs biofunctionalized with proteins to
specific cell lines, the corresponding attraction values (= intensity after washing divided
by intensity before washing) were normalized to the attraction value of BSA
functionalized GUVs obtained for each cell line. This was done, in order to reference all
attraction values for each cell type, which could display variations e.g. in uptake-kinetics,
surface topology, membrane turn-over, to a common moderately non-reactive protein.
For the analysis of attraction and binding between Jurkat cells and anti-CD3
functionalized GUVs, 3 uM of GUVs were incubated with the cells for 24 hours and
fluorescence confocal microscopy was performed afterwards. Before imaging, Jurkat cells

were labelled with Hoechst33342 and WGA-AlexaFluor647.
3.2.20 Quantification of preferential GUV uptake in co-culture

In order to assess and quantify preferential uptake of NrCam-functionalized GUV's
in co-culture experiments, SH-SYS5Y/ Hs683 co-cultures were produced. For this, SH-
SYSY and Hs683 cell lines were stained individually with CellTracker Blue CMAC and
CellTracker Green CMFDA, respectively. After staining, cells were seeded in 8-well
Nunc LabTeK glass bottom culture slides as co-cultures ina 10:1 (SH-SY5Y:Hs683) ratio
in F12:DMEM (1:1) culture medium supplemented with 1% penicillin/ streptomycin, 1%
L-glutamine and 10% fetal bovine serum. Subsequently, GUVs composed of 1mol%
LissRhod PE, 20mol% PEG750 PE, 58mol% EggPC, 20mol% EggPG and 1mol%
palmitic acid-NHS coupled to 1.5 uM His-tagged recombinant NrCAM were added to the
cultures. Cell cultures were then washed 3x with PBS and fixed with 4% PFA for 20 min
at room temperature and fluorescence confocal microscopy imaging was performed with
appropriate laser excitation and emission filter settings. Form respective single plane
confocal images of the CellTracker staining, the total area of Hs683 and SH-SYS5Y cells
in a field of view was deduced by automated global thresholding. Moreover, the total

number of GUVs in respective cell areas was counted and normalized to the total cell area.

3.2.21 Organotypic dermal cultures

Pre-wounded, single donor, human organotypic full thickness skin models derived from
neonatal-foreskin tissue were obtained from a commercial distributer (MatTek
Corporation, USA). The 3D organotypic models were composed of an “epidermal”
keratinocyte layer wounded by punching and a “dermal” layer composed of fibroblast
embedded in a collagen matrix. The models were pre-incubated and cultured at an air-

liquid interface as recommended by the manufacturer. For analysis of wound closure,
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tissues were equilibrated for 16 hours at 37°C in 5% CO, atmosphere. After equilibration,
a total volume of 2 ul PBS containing fsSEVs (1 uM total lipids) with the desired
composition (or PBS-only buffer controls or 2% human male serum), were added directly
onto the 3 mm wound side. Wound healing was allowed to proceed for 48 hours at 37°C
in 5% CO; atmosphere. Tissues were subsequently removed from their holders, tipped in
PBS and fixed with 10% formalin solution overnight at 4°C. Wound size was quantified
from histological slides stained with haematoxylin/eosin by measuring the distance from
the last visible epidermal cells of the wound periphery, as marked by strong eosin staining,
with ImageJ (NIH, USA). For quantification of the thickness of the regenerated epidermal
layer, the epidermal thickness was measured in a 100 pm distance from the wound
periphery with ImageJ (NIH, USA). For each tissue, histological slides were prepared by
sectioning the wound in the middle and cutting three subsequent slices on each wound
side. All experiments with organotypic cultures were performed with the help of Franziska

Dietrich (Dept. Cellular Biophysics, MPI for Medical Research).

3.2.22 Cell exclusion assay

In vitro 2D wound healing assays were performed with 4-well silicone cell exclusion
inserts for 12-well cell culture plastic plates with a gap width of 500 pm. HaCaT or A431
cells were seeded at a cell density of 40,000 cells/ well and incubated over night with 110
ul DMEM cell culture medium supplemented with 10% fetal bovine serum, 1% L-
glutamine, 4.5 g/l glucose and 1% penicillin/streptomycin. In order to avoid evaporation
from this small culture volume, 2 ml of medium was added to the wells outside of the
inlets. Afterwards, 10 uM final lipid concentration of respective fsSEV-formulations were
added to the monolayers and incubated for 24 hours. Subsequently, the exclusion inserts
were carefully removed using sterile stainless-steel tweezers. The artificial wound was
allowed to close for 16 hours. In order to quantify the cell free area after “healing”, cells
were fixed by removing the cell culture medium and adding 4% PFA for a minimum of
20 min. Phase contrast images of the fixed cultures were taken using a Leica DMi8
inverted fluorescent microscope equipped with a sCMOS camera and 10x HC PL Fluotar
(NA 0.32, PH1) objective and the cell free areas were quantified manually with Imagel

software. For each condition, four “artificial” wound sides were quantified.
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3.2.23 RNA-sequencing transcriptome analysis

For RNA-sequencing analysis, 500,000 HaCaT cells were seeded into 12-well plates and
allowed to adhere for 24 hours in 1 ml of culture medium. Subsequently, fSEVs with the
desired compositions were added to the cells to a final total lipid concentration of 30 uM
and incubated for 24 hours. Cells were either treated with the soluble fSEV components
or left untreated as control conditions. The well-plates were then transferred on ice and
washed twice with ice-cold PBS. Afterwards, 1 ml of ice-cold PBS was added to each
well and the cell layers were scraped off with a spatula. The solution was then transferred
into 2 ml microcentrifuge tubes and an additional 1 ml of ice-cold PBS was added to the
wells in order to recover residual cells. This 1 ml residue was then also transferred to the
microcentrifuge tubes and the cells were pelleted at 13,000 rpm for 2 min. As much as
possible supernatant was removed and the tubes were transferred into liquid nitrogen for
snap-freezing of the cell pellets. All steps until snap-freezing were performed as fast as
possible and whenever applicable on ice.

The frozen pellets were then shipped on dry-ice for RNA-sequencing to Genewiz
(Germany). Briefly, the RNA-sequencing workflow after RNA isolation consisted of
initial PolyA selection-based mRNA enrichment, mRNA fragmentation and random
priming followed by first and second strand cDNA synthesis. Subsequently, end-repair
5'phosphorylation and dA-tailing was carried out. Finally, adaptor ligation, PCR
enrichment as well as I[llumina NovaSeq technology-based sequencing with 2x 150pb read
length was performed. Trimmomatic v.0.36 software was used to remove possible adaptor
sequence reads and nucleotide reads with poor quality. STAR aligner v.2.5.2b was used
to align reads to the Homo sapiens GRCh38 reference genome available on ENSEMBL.
To calculate unique gene hit counts, feature Counts from the Subread package v.1.5.2
were used. Hit counts are reported by using the gene ID feature in the annotation file. For
this, only those unique reads which fall within exon regions were counted. Since the
library preparation was strand-specific, the reads were counted strand-specifically.
Comparison of gene expression levels between the different sample groups was performed
using DESeq. To generate p-values and log2 fold changes (FC) the Wald test was applied.
Genes with an adjusted p-value (padj) <0.05 were referred to as DEGs for each
comparison. No DEG were found when HaCaT cells were treated with fSEVs containing
CD63 only. Based on the DEG analysis, pathway enrichment analysis was performed

using the reactome pathway knowledgebase (Jassal et al., 2020). The enrichment reports
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generated by with these DEGs using with the reactome database can be accessed under
https://osf.io/qprdj/?view_only=de4bb4d5c25e¢452a95171a1518896fe3.

Two separate sequencing analysis rounds were performed. The first analysis
included the evaluation of differentially expressed genes (DEG) between non-treated
cultures and cultures treated either with fSEVs (composed of CD9, CD63 and CD81 as
well as hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130, hsa-miR-
132) or the soluble protein and miRNA compounds. A second sequencing analysis was
performed for the comparison of DEG between cultures treated only with vesicles lacking
any protein or miRNA components and cultures treated with vesicles harbouring different
combinations of proteins and miRNAs. The technical specifications and quality reports
for the RNA-sequencing can be accessed under
https://osf.io/5tvk7/?view _only=f1998ad90ba444a39bb7a2337f1b29fa and
https://osf.io/kwgam/?view_only=85f8a79e8135438d812¢712f9d49612b for the first and
second analysis, respectively. The sample specifications are given in Table 1 and Table 2.
For coupling of recombinant human ED2 of the CD9, CD63 and CD81 proteins, 1mol%
DGS-NTA(Ni*") was introduced into the initial SUV solution.

Table 1 | Sample specification for the first RNA-sequencing analysis

Sample A Untreated HaCaT cells

Sample B HaCaT cells treated with fSEVs harbouring recombinant human ED2
of CD9, CD63 and CDS81 as well as hsa-miR-21, hsa-miR-124, hsa-

miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132
Sample C  HaCaT cells treated with soluble forms of recombinant human ED2 of
CD9, CD63 and CD81 as well as hsa-miR-21, hsa-miR-124, hsa-miR-

125, hsa-miR-126, hsa-miR-130 and hsa-miR-132 at the same final

concentration as in C

Table 2 | Sample specification for the second RNA-sequencing analysis
Sample A  HaCaT cells treated with the fSEVs without any protein or miRNA
components (lipid constituents only)
Sample B HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD9, CD63 and CD81 as well as hsa-miR-21, hsa-miR-124, hsa-miR-
125, hsa-miR-126, hsa-miR-130 and hsa-miR-132
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Sample C  HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD9
Sample D  HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD63
Sample E  HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD81
Sample F  HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD9 and CD63
Sample G HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD9 and CDS81
Sample H HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD63 and CDS81
Sample I  HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD9, CD63 and CD81
Sample J  HaCaT cells treated with fSEVs harbouring recombinant human ED2 of
CD9, CD63 and CD81 as well as hsa-miR-21, hsa-miR-124, hsa-miR-
125, hsa-miR-126 and hsa-miR-130

3.2.24 Encapsulation of baculoviruses

For encapsulation of baculoviruses (BV) into GUVs, MultiBac baculovirus encoding
recombinant mito-dsRed produced in insect cells (kindly provided by Prof. Imre Berger,
University of Bristol) were used. The SUV solution applied as aqueous phase for GUV
production was mixed in a 1:100 ratio with the baculovirus containing solution.
Importantly, this solution was supplemented with 60 mM MgCl, as manganese
concentrations below did not results in successful dsGUV formation. After release, GUVs
containing baculoviruses, were incubated with REF cells for 24 hours and cells were
subsequently incubated with 8 pg/ ml Hoechst33342 to stain nuclear and viral DNA. On
respective cultures, fluorescence confocal microscopy was performed to analyse GUV
uptake and expression of mito-dsRed as well as BV localization by oversaturation of the

Hoechst33342 channel.
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3.2.25 GUV Biofunctionalization and PEGylation

If not specified otherwise, GUV biofunctionalization was performed on released GUVs
dissolved in PBS on a horizontal shaker at room temperature and protect from light. After
all functionalization steps, GUVs were centrifuged at >10,000 g for a minimum of 15 min
in order to remove unbound coupling agents and the GUV pellet was resuspended in PBS.
For coupling reactions based on NHS-chemistry, all reagents were kept at 4°C whenever
possible and dsGUV-release was performed not longer than 1 hour after droplet formation.
Coupling of proteins to GUVs via NHS-chemistry was performed for a minimum of 3
hours. A 2-5 fold excess of proteins and lipids was added to the GUVs for NHS- and NTA-
based biofunctionalization. The concentration of NHS- and NTA-lipids was deduced from
the total GUV concentration considering the lipid formulation used for SUV production.
For instance, when fluorescence quantification resulted in a total lipid concentration of
150 uM and SUVs were produced from SUVs with 1mol% palmitic acid NHS lipids, then
at least 1.5 uM of the protein to be coupled was added. Hereby it was assumed that approx.
50% of the NHS-coupled lipids reside within the inner membrane leaflet of the GUV and
are therefore not accessible for coupling. For coupling of WGA via NHS-chemistry, WGA
was added only at 0.1 M deficit. For biofunctionalization of GUVs with RGD peptides, a
desired amount of DSPE-RGD lipids was introduced into the lipid mixture for SUV
production. For decoration of fSEVs with Alexa488-labled CD9, NHS-functionalized
AlexaFluor488 was incubated with recombinant CD9 for 2 hours at 37°C in PBS in a two-
fold molar excess. Unreacted NHS was quenched by adding glycine in a 10-fold molar
excess.

For sequential functionalization of GUVs with Au-nanoparticles, 3 uM L-cysteine
was incubated for 6 hours together with GUVs containing 1mol% NHS. Afterwards, Au
nanoparticles with a size of 50 nm were added at 10 pg/ ml final concentration and the
mixture was shaken at 300 rpm on a horizontal shaker overnight. For the production of
GUVs coated with IgG antibodies, 3 uM His-tagged Protein G was incubated for 1 hour
with GUVs containing 1mol% 18:1 DGS-NTA(Ni) lipids. Afterwards, 3 uM of the
desired IgG, dissolved in 1% BSA, was added to the mixture and incubated for 1 hour.
Whenever multiple functionalization-steps were performed (e.g. triple functionalization
with biotin-, NHS- or NTA- containing lipids), the coupling step involving NHS-reactions
was performed first in order to avoid any undesired cross reactions. PEG coated GUVs
were produced by introducing the desired amount of PEG350, PEG750 or PEG1000
coupled PE lipids into the SUV formulation used for dsGUV production.
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3.2.26 Lysosomal escape mechanisms

Three different approaches were assessed in order to achieve lysosomal escape of
endocytosed GUVs. For all formulations, PBS containing 10 mM MgCl, and 50 mM 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt was used as aqueous phase buffer and
1.25 mM triblock PFPE-PEG-PFPE 2500-600-2500 surfactant dissolved in FC-40 as oil
phase. GUVs were cleaned after release by centrifugation and sequentially incubated with
REF cells for 24 hours. Distribution of HPTS inside the cells was analysed by fluorescence
confocal microscopy. Special care was taken to acquire images with constant imaging
parameters in order to compare the different approaches with each other.

1. Poly-ethylene-imine approach: GUVs composed of 20mol% EggPG, 79mol%
EggPC and 1mol% LissRhod PE were produced. To the SUV mixture used for
dsGUYV production, 44 pg/ ml poly-ethylene-imine was added.

2. GALA peptide approach: For intralysosomal fusion with GALA-peptide, GUVs
composed of 1mol% LissRhod PE, 1mol% palmitic acid NHS, 20mol% EggPG
and 78mol% EggPC were produced and coupled after release to 1.5 uM GALA
peptide EAALAE ALAEALAEHLAEALAEALEALA in PBS.

3. DOBAQ approach: For intralysosomal fusion with DOBAQ lipids, GUVs
composed of 1mol% LissRhod PE, 60mol% DOBAQ, 20mol% EggPG and
19mol% EggPC were produced in PBS supplemented with 50 mM HEPES for
stabilization of pH during dsGUV formation.

3.2.27 Protein analysis by gel electrophoresis

For a gel-electrophoretic analysis of the proteins contained in K562 exosomes and fSEVs,
NuPAGE bold Bis-Tris 4-12% gradient gels with MES running buffer were used.
Electrophoresis was performed under denaturing conditions with a total of 3 pg and 500
ng of protein from fSEVs and natural exosomes, respectively, at 200 V for 35 min.
Membranes were stained with Coomassie R250 dye following a previously published
method (Laemmli, 1970). Line intensity profiles plots were measured using the profile-
plot plug-in of ImageJ software. Gel-electrophoresis was performed with technical

assistance of Cornelia Weber (Dept. Cellular Biophysics, MPI for Medical Research).

3.2.28 Quantitative Mass-Spectrometry of GUVs
Comparative quantitative mass spectrometry of GUVs and their SUV lipid precursors was

performed with a Sciex QTRAP 4500 mass spectrometer (AB Sciex, Germany)
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hyphenated with a Shimadzu Nexera HPLC system (Shimadzu, Japan) and controlled by
Sciex Analyst 1.7 software. Lipid formulations of 33mol% DOTAP, 33mol% DOPE,
33mol% DOPC and 1mol% LissRhod PE were used for dsGUV production with 0.5%
RAN Biotechnologies PEG-based fluorosurfactant (RAN Biotechnologies, USA) diluted
in FC-40. Samples were sonicated for 3 min before analysis and diluted 1:1000 in LC-MS
grade MeOH. A Supelco Titan C18 (Sigma Aldrich, Germany) column (0.21 x 10 cm,
1.9 p) operated at 45°C was used for subsequent fractionation. A flow rate of 0.5 ml/ min
using a 10 mM NH4Ac solution in 98% MeOH aq. was applied for this isocratic method.
The following instrument settings were used for the analysis in multi-reaction monitoring
mode: curtain gas 35 psi, ionization voltage 5500 V, nebulizer gas 30 psi, heater gas 60
psi, heater temperature 180°C and a CAD gas set to 9. The compound-specific parameters

used are shown in Table 3.

Table 3 | Compound specific parameters for comparative quantitative mass spectrometry of GUVs.

ID Precursor Fragment Dwell Declustering Collision  Cell exit
mass [Da] mass [Da] time potential [V] Energy potential
[msec] [Vl [Vl
DOPE 744.498 603.500 110 91 33 16
DOTAP 662.528 603.500 50 166 41 20
DOPC 786.528 184.000 50 161 39 14
LissRhod 1301.605 682.000 110 40 67 24

All quantifications were performed in technical triplicates and data analysis was
performed using Sciex Analyst 1.7 (AB Sciex, Germany) and MultiQuant 3.0.2 software.
The obtained concentrations were normalized to a SUV sample containing

DOPE:DOTAP:DOPC:LissRhod PE with lipid molar ratios of 33:33:33:1.

3.2.29 Quantitative Mass-Spectrometry of fSEVs

Lipid ratios of fSEVs were analysed by multi reaction monitoring analysis using a Sciex
QTrap 4500 system with a Shimadzu Nexera UPLC front-end system set up for flow
injection analysis (FIA). For instrument control, the Analyst 1.7.0 software from Sciex
(AB Sciex, Germany) was used. As FIA-MS based lipid analysis could be affected by
aggregation, adsorption and suppression, heavy isotope-labelled internal standards were

used to ensure reproducible and precise results. For LC-MS experiments 9 different lipids

52



Methods

were monitored. The Avanti SPLASH LIPIDOMIX Mass Spec Standard, which contains
representative deuterated forms of the analysed lipids, were used as internal standards.
The internal standard mix was diluted 1:100 in 98% DCM/MeOH aq. + 10 mM NH4Ac
(50:50 v/v, LCMS grade) and then used to dilute the samples and calibrator. For
calibration and normalization, an unprocessed PBS sample supplemented with the target
lipid ratios was diluted 1:10000, 1:5000 and 1:2500. Before analysis, samples were
sonicated for 3 min and diluted 1:5000 afterwards. Calibrator and samples were injected
in triplicates or quintuplicates into a 450 pL/ min 98% MeOH aq. + 10 mM NH4Ac stream
with 0.1 pL air gaps.

Measurements were performed in negative and positive ionization mode (Table
4). As cholesterol showed increasing signal intensities with decreasing ion source
temperature, the ionization temperature was lowered to 180°C for positive mode. For
isolation of lipid precursors either de-/protonated or NH4Ac-derived adducts were chosen.
Precursors and MS2 fragments for MRM measurements together with the optimized
parameters are shown in Table 4. As the lipids of the Avanti SPLASH LIPIDOMIX Mass
Spec Standard mix showed unequal concentrations and ionization efficiencies, the PG-d7,
PC-d7 and SM-d9 signal intensities were considered to be susceptible to detector
saturation effects, wherefore their second isotopes (15:0-18:1(d7) PG, 15:0-18:1(d7) PC
and d18:1-18:1(d9) SM) were selected as MRM precursors. All Mass-Spectrometry
analysis were performed with the help of Dr. Sebastian Fabritz (MassSpec Core Facility
at the MPI for Medical Research).
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Table 4 | Parameters for mass spectrometry quantification of fSEV lipids. Ionization, precursor
selection and fragmentation parameters are shown for the quantification of lipids by LCMS. (CUR = curtain
gas, TEM = temperature, GS1= nebulizer gas, GS2= heater gas, CAD = collision gas, IS = ionization
voltage, DP= declustering voltage, CE= collision energy, CXP= cell exit potential).

A: Source and ionization parameters B: MRM parameters

+polarity - polarity Ql[m/z] Q3[m/z] Dwell Time [ms] D DP [V] EP[V] CE[V] CXP[V]
CUR [psi] 35 35 786.5 281.3 25 18:1 PS -120 -10 -55 -85
TEM [°C] 180 600 753.4 288.3 20 15:0-18:1(d7) PS -100 -10 -56 -10
GS1 [psi] 70 70 699.5 281.3 25 18:1PA -160 -10 -46 -9
GS2 [psi] 60 60 666.4 288.3 20 15:0-18:1(d7) PA -170 -10 -46 -10
CAD 9 9 861.4 281.3 25 18:1 PI -185 -10 -60 -11
IS [V] 5500 -4500 828.4 288.3 20 15:0-18:1(d7) PI -90 -10 -60 -11
7734 281.3 25 18:1 PG -135 -10 -52 -11
7414 289.3 20 15:0-18:1(d7) PG -100 -10 -48 -10
844.5 281.3 25 18:1 PC -90 -10 -54 -7
812.5 289.3 20 15:0-18:1(d7) PC -115 -10 -50 -11
404.3 369.4 100 Cholesterol 121 10 13 12
411.2 376.3 60 Cholesterol (d7) 121 10 13 12
731.6 184.1 20 18:0 SM 120 10 34 5.4
739.5 185.0 20 d18:1-18:1(d9) SM 130 10 37 16
638.5 339.3 20 18:1 DAG 50 10 27 12
605.5 299.2 20 15:0-18:1(d7) DAG 91 10 21 6
744.5 603.5 20 18:1 PE 91 10 33 16
711.4 570.5 20 18:1(d7) Lyso PE 120 10 30 12

Table 5 | Specification of GUV and fsEV compositions.

Figure Lipid composition GUY lumen buffer = Release buffer and/ or
and/ or composition GUYV decoration
PBS, 10 mM MgCl,,
I mM
AlexaFluor405, 1
20 mol% EggPG, 79  uM His-tagged GFP,
11 mol% EggPC and 1.08x109 particles/ PBS
1 mol% LissRhod PE ~ ml Fluoresbrite YG
Microspheres, 1.5
mM SUVs
20 mol% EggPG, 79 PBS, 10 mM
12 mol% EggPC and MgCl,,1.5 mM PBS
1 mol% LissRhod PE SUVs
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13

14a and
14c

14b

15a and
15b

15a

15a and
15b

15a

15a and
15b

16

17a

20 mol% EggPG, 79
mol% EggPC and

1 mol% LissRhod PE

20 mol% EggPG, 79
mol% EggPC and

1 mol% LissRhod PE

20 mol% EggPG, 79
mol% EggPC and
1 mol% LissRhod PE

49mol% DOPC,
50mol% DOPG and
1mol% LissRhod PE

79mol% DOPC,
20mol% DOPG and
1mol% LissRhod PE

99mol% DOPC and
1mol% LissRhod PE

79mol% DOPC,
20mol% DOTAP and
1mol% LissRhod PE
49mol% DOPC,
50mol% DOTAP and
1mol% LissRhod PE
79mol% DOPC,
20mol% DOPG and
1mol% LissRhod PE
20mol% EggPG,
76mol% EggPC,
1mol% LissRhod PE,
Imol% DGS-
NTA(Ni*"), 1mol%

PBS, 10 mM MgCl,

PBS, 10 mM
MgCl,,1.5 mM
SUVs
10 mM MgCl,,
buffers as indicated
in the figure,1.5 mM
SUVs
PBS, 10 mM
MgCl,,1.5 mM
SUVs
PBS, 10 mM
MgCl,,1.5 mM
SUVs
PBS, 20 mM
MgCl,,1.5 mM
SUVs

PBS,1.5 mM SUVs

PBS,1.5 mM SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS

PBS

buffers as indicated in the

figure

PBS

PBS

PBS

PBS

PBS

PBS

PBS, 1% BSA, 1.5 uM
His-tagged GFP,
Atto425-streptavidin,
AlexaFluor647 NHS
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56

17b

17¢

17d

18b

18b

18b

18b

DOPE and 1mol%
Biotin PE
20mol% EggPG,
78mol% EggPC,
1mol% LissRhod PE
and 1mol% DGS-
NTA(Ni*")
20mol% EggPG,
78mol% EggPC,
1mol% LissRhod PE
and 1mol% palmitic
acid-NHS
20mol% EggPG,
78mol% EggPC,
1mol% LissRhod PE
and 1mol% DGS-
NTA(Ni*")
79mol% DOPC,
20mol% DOPG and
1mol% LissRhod PE
78mol% DOPC,
20mol% DOPG,
1mol% LissRhod PE
and 1mol% DSPE-
RGD
77mol% DOPC,
20mol% DOPG,
1mol% LissRhod PE
and 2mol% DSPE-
RGD
69mol% DOPC,
20mol% DOPG,
1mol% LissRhod PE

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 1% BSA, 3 uM His-
tagged Protein G, 3 uM
anti-CD3-AlexaFluor488
IgG

PBS, 1% BSA, 6 uM L-
cysteine, 10 pg/ml 50 nm
Au-NPs

PBS, 1% BSA, 3 uM His-

tagged Protein G, 3 uM

anti-CD3 IgG

PBS

PBS

PBS

PBS
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18¢

19a

19b

20

20

21b
and 21c¢

21b
and 21c¢

and 10mol% DSPE-
RGD
77mol% DOPC,
20mol% DOPG,
1mol% LissRhod PE
and 2mol% DSPE-
RGD
20mol% EggPG,
78mol% EggPC,
1mol% LissRhod PE
and 1mol% DGS-
NTA(Ni*")
20mol% EggPG,
78mol% EggPC,
1mol% LissRhod PE
and 1mol% DGS-
NTA(Ni*")
98mol% EggPC, 1
mol% LissRhod PE
and 1 mol% DGS-
NTA(Ni*")
98mol% EggPC, 1
mol% LissRhod PE
and 1 mol% DGS-
NTA(Ni*")
15mol% or 50mol%
DOPG, PEGylated
lipids as enclosed in

the figure, rest of the

lipids of the respective

formulations is EggPC

15mol% or 50mol%
DOTAP, PEGylated

lipids as enclosed in

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 20 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS,1.5 mM SUVs

PBS

PBS, 10 uM His-tagged
FasL

PBS

PBS

PBS, 3 uM His-tagged

NrCam

PBS

PBS
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the figure, rest of the
lipids of the respective
formulations is EggPC
20 mol% EggPG, 79
22 mol% EggPC and
1 mol% LissRhod PE
20 mol% EggPG, 29
mol% EggPC, 50mol%
PEG1000 and 1 mol%
LissRhod PE
20 mol% EggPG, 54
mol% EggPC, 20mol%
PEG750, Smol%
palmitic acid-NHS and
1 mol% LissRhod PE
58mol% EggPC,
20mol% EggPG,
20mol% PEG750,
1mol% LissRhod PE
and 1mol% DGS-
NTA(Ni*")
20 mol% EggPG, 79
mol% EggPC and
1 mol% LissRhod PE

22

23b

24b

25a and
25b

20mol% EggPG,
79mol% EggPC and

1mol%

26a

1mol% LissRhod PE,

1mol% palmitic acid
NHS, 20mol% EggPG

and 78mol% EggPC

26a
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PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs
PBS, 10 mM
MgCl,,1.5 mM
SUVs, 50 mM HPTS
and 44 pg/ml PEI

PBS, 10 mM
MgCl,,1.5 mM
SUVs, 50 mM HPTS

PBS

PBS

PBS and 6 uM peptide or
ligands as disclosed in the

figure

PBS, 3 uM His-tagged
NrCam

PBS

PBS

PBS, 1.5 uM GALA
peptide
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26a

26b

26b

27

28

29

30

31

32

1mol% LissRhod PE,
60mol% DOBAQ,
20mol% EggPG and
19mol% EggPC
60mol% DOBAQ,
20mol% EggPG and
20mol% EggPC

20mol% EggPG and
80mol% EggPC

20mol% EggPG,

60mol% DOBAQ,
1mol% LissRhod PE
and 1mol% palmitic

acid-NHS

1 mol% LissRhod PE,
60 mol% DOBAQ,
20 mol% EggPG and
19 mol% EggPC

1 mol% LissRhod PE,
60 mol% DOBAQ,
20 mol% EggPG and
19 mol% EggPC

20mol% EggPG,
79mol% EggPC and
1mol% LissRhod PE

20mol% EggPG,
79mol% EggPC and
1mol% LissRhod PE

20mol% EggPG,
79mol% EggPC and
1mol% LissRhod PE

PBS, 10 mM
MgCl,,1.5 mM
SUVs, 50 mM HPTS

PBS, 10 mM
MgCl,,1.5 mM
SUVs
PBS, 10 mM
MgCl,,1.5 mM
SUVs

PBS, 10 mM
MgCl,,1.5 mM
SUVs, 50 mM HPTS

PBS, 60 mM MgCl,,
1:100 dilution of
Baculoviruses, 50
mM HEPS and 1.5
mM SUVs
PBS, 60 mM MgCl,,
1:100 dilution of
Baculoviruses, 50
mM HEPS and 1.5
mM SUVs
PBS, 10 mM MgCl,,
2.7 uM bovine
catalase
PBS, 10 mM MgCl,,
10 uM npEGTA
CaCl,
PBS, 10 mM MgCl,,
10 uM npEGTA
CaCl,

PBS

PBS

PBS

PBS, 10 mg/ ml WGA

PBS

PBS

PBS

PBS

PBS
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20mol% EggPG,
10 pg/ ml Fe203
33 79mol% EggPC and ' PBS
nanoparticles, 0.1%
1mol% LissRhod PE
(w/v) BSA
PBS, 10 mM MgCl,,
20mol% EggPG,
10 pg/ ml Fe203
34a 79mol% EggPC and ' PBS
nanoparticles, 0.1%
1mol% LissRhod PE
(w/v) BSA
34b As in figure 34a PBS, 10 mM MgCl, PBS
35 As in figure 34a As in figure 34a As in figure 34a
20mol% EggPG,
37b PBS, 10 mM MgCl,,
79mol% EggPC and PBS
and 37c 3 mM SUVs
1mol% LissRhod PE)
70mol% DOPC,
5mol% DOPE, PBS, 10 mM MgCl,,
38 PBS
20mol% DOPG and 3 mM SUVs
5mol% DOPS
69mol% DOPC,
5mol% DOPE, PBS, recombinant his-
. 20mol% DOPG, PBS, 10 mM MgCl,, tagged ED2-CD9
5mol% DOPS and 3 mM SUVs (Ser112-11e195) and
Imol% DGS- TSG101 (Gly1-Pro145)
NTA(Ni*")
43mol% cholesterol,
16 mol% SM, 15
mol% DOPC, 11
mol% DOPS, 6 mol%  PBS, 10 mM MgCl,,
40 PBS

DOPE, 5 mol%
DOPG, 2 mol% PA, 1
mol% DAG and 1
mol% DOPI

42mol% cholesterol,

PBS, 10 mM MgCl,,

3 mM SUVs

PBS, 10 mM MgCl,,

- 16m01% SM. 15mol% PBS, recombinant his-

DOPC, 11mol%

3 mM SUVs,

tagged human ED2 of
miRIDIAN miRNA
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DOPS, 6mol% DOPE, mimics of hsa-miR- CD?9 conjugated to
5mol% DOPG, 2 21, hsa-miR-124, AlexaFluor488
mol% PA, 1mol% hsa-miR-125, hsa-
DAG, 1mol% DOPI miR-126, hsa-miR-
and 1mol% DGS- 130 and hsa-miR-132

NTA(Ni*") (50 nM each)
PBS, recombinant his-
42a and PBS, 10 mM MgCl,,
As in figure 26 tagged human ED2 of
42b 3 mM SUVs

CD9, CD63 and CD81
PBS, recombinant his-

PBS, 10 mM MgCl,, tagged human ED2 of

43 As in figure 26
3 mM SUVs CD9, CD63 and CD81 as
stated in the figure
PBS, 10 mM MgCl,,
3 mM SUVs,
miRIDIAN miRNA
PBS, recombinant his-
mimics of hsa-miR-
tagged human ED2 of
43a and 21, hsa-miR-124,
As in figure 26 CD9, CD63 and CD81,
43b hsa-miR-125, hsa-
naive vesicles are without
miR-126, hsa-miR- )
conjugated proteins
130 and hsa-miR-132
(50 nM each) as
stated in the figure
PBS, 10 mM MgCl,, _
44a As in figure 26 As in figure 28
3 mM SUVs
PBS, recombinant his-
tagged human ED2 of
PBS, 10 mM MgCl,, CD9, CD63 and CD81 as
44b As in figure 26 .

3 mM SUVs stated in the figure, naive
vesicles are without
conjugated proteins

44c As in figure 26 As in figure 28 As in figure 27
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45 As in figure 26
46 As in figure 26
47 As in figure 26
48 As in figure 26
49a, b
As in figure 26
and ¢
49 -
50 As in figure 26
S1a,b
As in figure 26
and ¢
51d As in figure 26
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PBS, 10 mM MgCl,,

3 mM SUVs,

miRIDIAN miRNA
mimics of hsa-miR-
21, hsa-miR-124,
hsa-miR-125, hsa-
miR-126, hsa-miR-
130 and hsa-miR-132

as stated in the figure

(specific

concentrations as

shown in the figure)

As in figure 28

As in figure 26
As in figure 26

As in figure 26

As in figure 26
As in figure 26

PBS, 10 mM MgCl,,

3 mM SUVs
As in figure 26

As in figure 27

PBS, recombinant his-
tagged human ED2 of
CD9, CD63 and CD81,
naive vesicles are without
conjugated proteins
As in figure 27
As in figure 27

As in figure 27

As in figure 27
As in figure 27

As in figure 28

As in figure 27



4 Results

icrofluidic-based production of dsGUVs has proofed to perform with

outstanding precision and versatility for the assembly of cell-sized lipid

compartments. However, typical vesicle-dimensions produced with this
method do not recapitulate the size spectrum of EVs or liposomal formulation needed for
effective drug delivery. To overcome this current limitation of dsGUV assembly, in
section 4.1, I describe the re-conceptualization of microfluidic droplet-splitting devices
for dsGUV-based production and cargo-loading of lipid vesicles as well as their
interaction-spectrum with cell cultures. In sections 4.2 and 4.3, I describe the development
of new means for biorthogonal functionalization of the GUVs, approaches for their
passivation and targeting, strategies for intracellular cargo release as well as their
reconceptualization as synthetic intracellular organelles. Based on these findings, section
4.4 describes the development of fully-synthetic extracellular vesicles, their functional
analysis and therapeutic potential as well as whole-transcriptome sequencing approaches

to decipher underlying functional mechanisms.

4.1 Microfluidic assembly and characterization of droplet-splitted GUV's

4.1.1 Mechanical splitting of microfluidic droplets

The assembly of GUVs from SUV precursors within microfluidic w/o droplet-scaffolds
not only offers high production rates but also excellent control over the molecular GUV
composition. So far, microfluidic technologies previously presented in literature have
been used to produce cell-sized GUVs in the size-range of ~ 50 um (Gopfrich et al., 2018;
Jia and Schwille, 2019; Weiss et al., 2017). These vesicles serve as durable, low-cost and
excellent to handle mimics of living cells but are not representative for naturally occurring
EVs, nor suitable for intracellular uptake by cells. Therefore, current microfluidic
technologies need to be re-conceptualized in order to produce vesicles in the EV-size
range. However, simply downsizing the flow focusing junctions, in order to produce
droplets and GUVs of sizes smaller than 5 pm, requires sophisticated lithography
procedures to imprint the complex and miniature channel architectures (Shim et al., 2013;
Shui et al., 2011). These measures not only complicate the device-production process but

also restrict reliable high-throughput small-droplet production. Therefore, in order to
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overcome these limitations, the first effort of this work was directed towards the
development of droplet-based PDMS microfluidic architectures, harbouring a flow-
focusing T-junction (for w/o-droplet production) and a multi-V-shaped droplet splitting
unit (Figure 10a). The devices additionally harboured one inlet channel for the oil phase
and two inlet channels for aqueous phases which merged shortly before the droplet-
generating T-junction, where two oil tunnels meet with the combined aqueous channel for
droplet production. Moreover, filter structures were placed downstream of each inlet
channel and a single outlet was positioned downstream of the splitting unit. This
microfluidic design enabled for the production of w/o-droplets in the size range of 60 pm
upstream of the splitting-unit and subsequent mechanical division of these droplets at the
sharped bifurcation junctions. Multiple bifurcations can be connected in series for serial,
high-throughput splitting of the droplets (Figure 10b). The microfluidic channels were
designed in order to result in directly cantered chopping of the droplets (Figure 10b, inset),
resulting in two equally sized daughter droplets. Hereby, five consecutive division steps,
producing 32 daughter droplets from every droplet generated at the T-junction, result in
droplets with a mean diameter of 2.90 um (+ 0.45 pum (SD), n = 202). The final channel
width was approximately 2 um, as employment of devices with more splitting units (>6)

or narrower channels did not result in correctly formed lithographic wavers or non-

Figure 10 | Microfluidic droplet-splitting devices. (a) QCad design of the mechanical droplet splitting
microfluidic device. Inset shows the magnification of the droplet-splitting unit. (b) Phase-contrast
microscopy image of a microfluidic serial five-fold mechanical dsGUV splitting devise, producing 32
daughter droplets from a single 60 pm droplet formed at the upstream T-junction. The inset shows the
mechanical division of a droplet at a V-junction over a time course of 16 msec. The scale bars are 300 pm

and 60 pum, respectively.
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cantered droplet splitting as well as persistent clogging of the PDMS-devices. Therefore,
devices for 5-fold division were applied for further assessment and investigations on the

assembly of droplet-splitted dsGUVs.

4.1.2 Assessment of droplet content after serial microfluidic splitting

High droplet-homogeneity is a pivotal requirement to produce GUV-batches with
reproducible size and composition and as low as possible interdroplet-variation. However,
heterogeneity into the droplet population could be introduced by non-uniform droplet-
splitting or by microscopic variations in local concentration of larger particles. Therefore,
the transmission homogeneity of intraluminal droplet-contents from the mother to the
daughter droplets was assessed (see section 3.2.6). Towards this, fluorescent compounds
of different sizes were loaded into the droplets by mixing them with the aqueous phase
used for droplet production and the resulting droplets were analysed by fluorescence
confocal microscopy. Mean fluorescent signal intensities for each fluorescent component
among mother droplets were compared to mean fluorescent signal intensities among
daughter droplets for the low-molecular weight fluorophore AlexaFluor 405,
supramolecular complexes as represented by the green fluorescent protein, nanometre
sized fluorescently labelled SUVs (composed of 20 mol% EggPG, 79 mol% EggPC and
1 mol% LissRhod PE) and 1 um sized fluorescent polystyrene (PS) beads (Figure 11).
Only low inter-droplet variations of the fluorescence signal intensities were found,
especially for the smaller compounds, suggesting tolerable heterogeneity in droplet

composition (Table 6). Large variations were only found for the PS beads, presumably

Figure 11 | Assessment of droplet-content homogeneity after splitting. Representative single plane
fluorescence confocal microscopy images of droplets after mechanical splitting. Droplets were loaded with
fluorescently labelled SUVs (1 mol% LissRhod PE, yellow), AlexaFluor 405 (blue), green fluorescent
protein (green) and 1 pm fluorescent polystyrene beads (purple). Coefficients of variation (CV) of the
droplets mean signal intensity are indicated in the upper right image corners (n = 665 single droplets). The

scale bar is 40 pm.
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because of their large size and the used concentration (1.08x10° particles/ ml) mostly
results in Bernoulli-like splitting distributions. The overall production rate was approx.
2.5x10° droplets/ min at the flow focusing T-junction and therefore approximately 8x10°/
min after five-fold serial splitting. This showcases that homogeny droplet populations can

be produced at high-throughput.

Table 6 | Variation of inter-droplet mean fluorescence signal intensities of four differently sized

compounds in droplets before and after five-fold splitting.

Coefficient of variation (%) Coefficient of variation (%)

Compound before splitting n= 29 after splitting n= 655
individual droplets individual droplets
AlexaFluor 405 5.6 10.7
GFP 18.5 14.8
100 nm SUVs 68.0 15.4
1 pm PS beads N.A. 203

4.1.3 Microfluidic mechanical splitting of droplet-stabilized GUVs
Interestingly, the fluorescence confocal microscopy analysis in section 4.1.2 also revealed
peripheral distribution of the SUV fluorescence inside the droplets, suggesting successful
formation of dsGUVs before, during or after mechanical splitting of the droplets. In order
to verify the formation of dsGUVs, a release procedure was performed on collected
droplets produced with SUVs composed of 20mol% EggPG, 79mol% EggPC and 1mol%
LissRhod PE (see section 3.2.1 for details on the release procedure). After addition of the
destabilizing surfactant, large quantities of free floating GUVs could be observed by
confocal florescence microscopy (Figure 12a). Size-distribution analysis of the released
GUVs revealed a mean diameter of 1.400 um (£ 0.202 pm (SD), n = 122 single GUV5s)
(Figure 12b), which is in the upper size range of natural EVs and liposomal drug-delivery
formulations tested previously. This demonstrates the possibility to produce large amounts
of uniform GUVs with predefined dimensions for EV- and liposomal delivery research.
Based on these observations, more detailed analysis of the dsGUV production
parameters used for microfluidic splitting devices-based GUV assembly were performed.
First, as smaller droplets have an increased surface-to-volume ratio and therefore a higher

concentration of SUVs is needed in order to cover the complete droplet periphery, the
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SUV concentration required for dsGUV formation inside these small w/o-droplets was
optimized (Figure 13). An optimal SUV concentration (composed of 20mol% EggPG,
79mol% EggPC and 1mol% LissRhod PE) of 1.5 mM of total lipids, achieving over 50%
GUV-release efficiency, was found result in the highest release- and presumably also
formation-efficiency. These optimized production conditions, successfully producing
approximately one GUV for every two droplets generated, enabled a production

throughput of 3x10° GUV's/ min.

@ 40+

T N N N
PRESFIFIISINERENES

GUV diameter (nm)

Figure 12 | GUVs produced from droplet-splitted dsGUVs. (a) Representative single plane fluorescence
confocal microscopy images of free-floating GUVs released from mechanically-splitted dsGUVs. Droplets
were produced with SUVs composed of 20 mol% EggPG, 79 mol% EggPC and 1 mol% LissRhod PE) and
released into PBS. The scale bar is 25 pm. (b) Size distribution histogram of GUVs produced from droplet-
splitted dsGUVs.

In order to assess whether the microfluidic handling procedures or mechanical splitting
manoeuvres induces any changes in the lipid formulation (e.g. by loss of specific lipids
into the oil phase during mechanical rupturing of the droplet), quantitative electrospray
ionization tandem mass spectrometry of SUV- and GUV-lipids was performed (Table 7).
The results revealed that the composition of the GUVs almost identically resembles the
formulation of initial the SUV-mixtures. This not only demonstrates that the microfluidic
dsGUYV production and splitting does not change the lipid ratio and GUV formulation but

also underscores the level of control provided by the microfluidic technology.
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Figure 13 | Optimization of the intraluminal SUV concentration for producing mechanically splitting
dsGUYVs. Droplets containing SUV-lipid concentrations of 12 mM, 6 mM, 3mM, 1.5 mM and 0.75 mM

were mechanically splitted and release efficiencies were calculated by counting the number of dsGUVs and
released GUVs.

Table 7 | Quantification of SUV and GUYV lipid ratios. Quantitative electrospray ionization tandem mass
spectrometry was performed on SUVs containing DOPE, DOTAP, DOPC and LissRhod lipids as well as
split GUVs produced from these SUVs (shown as LissRhod normalized concentration ratios). No
considerable change in lipid ratios was found. MS experiments were performed in triplicates. All CVs for

the SUV samples were <7.5 %. CVs for the GUV samples were <10 %.

LissRhod
DOPE DOTAP DOPC
PE
SUVs 1,00 1,00 1,00 1,00
GUVs 1,00 1,03 1,03 1,03

4.1.4 Application of droplet-splitted GUVs for in vitro tissue culture studies

As the droplet-splitted GUVs were designed for application in chemically complex
biological environments which might further be subjected to higher shear stress (e.g. blood
flow) and the potential GUV-administration routs could involve considerable mechanical
stress, a basic assessment of their mechanical stability was performed. For this, a GUV
solution (GUVs composed of 20mol% EggPG, 79mol% EggPC and 1mol% LissRhod PE)
was incubated in a microcentrifuge tube at 37°C under constant mechanical agitation on
a horizontal shaker at 800 rpm for 24 h in PBS. The GUV concentration in samples, taken
from this solution at regular time intervals during the agitation, were analysed by counting
the GUV number in a defined volume (see section 3.2.7 for details on the assessment of
GUV concentrations). As a control, an identical sample was kept at 4°C in the dark
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without mechanical agitation. The quantification revealed that 90% of the GUVs survived
this procedure over a time-course of 24 hours (Figure 14a). This suggests that droplet-
splitted GUVs with a diameter of approximately 2 um tolerate considerable mechanical
stress and are therefore probably robust enough for drug delivery applications in vivo.
Moreover, for the incorporation of functional biomolecular cargo into the GUV
lumen, it is critical to assess whether the microfluidic production process can be performed
under physiological buffer conditions. Therefore, a systematic assessment of the GUV
release efficiency (used here as a measure of successful dsGUV production) was
performed with three different aqueous phases based on water, PBS and serum-
supplemented cell culture medium (Figure 14b). Moreover, each condition was also tested
for optimal release buffer composition in order to estimate the osmotic stability of the
produced GUVs. Under all conditions, GUV (GUVs composed of 20mol% EggPG,
79mol% EggPC and 1mol% LissRhod PE) release efficiency was the highest (45%) for
dsGUVs produced in and released into cell culture medium. This demonstrates that
droplet-splitting can produce GUVs under physiological buffer conditions which can
subsequently also be maintained in cell-friendly environments. Based on these findings,
time-laps microscopy analysis of GUVs incubated with rat embryonic fibroblast (REF)
cultures was performed in order to assess the long-term stability of GUVs interacting with
living cells. It was found that the GUVs remained stable and vigorously interacted and
established contacts with cells over a time period of 20 h (Figure 14c¢). In summary, these
results proof that sufficient amounts of defined GUVs, in a size-range suitable for cellular
uptake, can be produced by droplet-splitting microfluidic approaches and that these GUV's
can be maintained under cell culture conditions for several hours to days. This opens the

door to apply GUVs produced by droplet-splitting for vesicle-cell interaction studies.

4.1.5 Charge-mediated GUV-cell interactions

Identifying the physical, chemical and biological factors that determine the interaction-
spectrum of vesicles and cells, is of major importance to understand EV-cell interplay as
well as liposomal uptake in drug delivery. One of the most important factors that conquers
the interaction between lipid vesicles and cellular plasma membranes is the charge of the
interacting lipid layers. Opposite charges can lead to membrane fusion or attachment
while reduced interactions can be seen if both membranes display a similar charge state.

Membrane charge, which is mostly determined by the lipid moieties (for natural cell
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Figure 14 | Characterization of GUV stability under physiological-buffer conditions. (a) Assessment
of the mechanical stability of droplet-splitted GUVs shaken at 800 rpm at 37 °C for 24 hours or kept as a
control at 4 °C without mechanical agitation. Results are shown as average value with SD from three
technical replicates. (b) Quantification of GUV release efficiency from droplet-splitted GUVs with
different combinations of extraluminal release buffers and intraluminal (production) buffers. (c)
Representative phase contrast image of GUVs produced by mechanical droplet-splitting and incubated with

rat embryonic fibroblast cell cultures. White arrows indicate GUVs. The scale bar is 10 pm.

membranes also by carbohydrates attached on and glycoproteins embedded in the
membrane) present in the outer leaflet, has been extensively studied for small vesicles of
<100 nm radius. In order to evaluate if charge-based interactions can also be used to guide
the GUV-cell interplay, a systematic comparative evaluation of the interaction spectrum
of cells with differently charged, mechanically splitted GUVs was performed. Towards
this end, GUVs with varying amounts of positively (DOTAP) and negatively (DOPG)
charged lipids were produced. The GUV surface charge can be deduced by measuring
their surface potential e.g. their zeta potential ({-potential). Dynamic light scattering
(DLS) analysis revealed that by altering the lipid composition, the charge of the vesicles
can be adjusted between highly negatively charged to highly positively charged GUVs
(Table 8). This enables to characterize a wide spectrum of charge mediated interaction

between cells and GUVs.
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Table 8 | C-potential of released, droplet-splitted GUVs with varying lipid compositions measured by
DLS. Different ratios of positively charged (DOTAP) and negatively charged (DOPG) lipids were

incorporated into the SUV formulation.

C-potential (mV) -31 -19 +2 +20 +28

DOTAP (mol%) 0 0 0 20 50
DOPC (mol%) 49 79 99 79 49
DOPG (mol%) 50 20 0 0 0
LissRhod PE (mol%) 1 1 1 1 1

In order to quantify various kinds of GUV-cell interactions (e.g. repulsion, attachment,
uptake, engulfment or fusion) a plate-reader based attraction assay was established (see
section 3.2.19). This assay quantifies the number of GUVs retained by cell monolayers
cultured in well-plates, by measuring the fluorescence intensity of GUVs containing
fluorophore-conjugated lipids. The five differently charged GUV-types described above
were therefore interfaced with cell lines of endothelial (MDCK), epithelial (A431D and
A431) and adrenal (PC12) origin. These specific cell lines were selected in order to cover
a wide range of potential target cell types with varying surface markers, topologies,
membrane turn-over rates, glycocalyx coating and endocytic activity. For all cell lines
tested, a direct correlation between the GUV charge and the normalized cell attraction
values was observed (Figure 15a). Hereby, an increase in GUV surface charge resulted in
higher attraction, while non-charged GUVs displayed the lowest attraction values. For
instance, in the frequently used carcinoma model cell line A431D, GUVs with a (-
potential of -31 mV showed an almost 100 times higher attraction value compared to
GUVs with +2 mV (-potential. Inversely, GUVs with +28 mV (-potential showed 50
times higher attraction values than +2 mV (-potential GUVs. Importantly, this quantitative
assay does not discriminate between different types of GUV-cell interactions (e.g. GUV
attachment, fusion, uptake or engulfment). Therefore, a qualitative assessment of the
GUV-cell interplay, based on fluorescence confocal microscopy of A431D cells cultured
together with respective droplet-splitted GUVs for 24 hours, was performed (Figure 15b).
Three distinct types of interactions could be observed: GUV endocytosis, attachment and
fusion. Moreover, it was found that the different types of interactions were distinctly
associated with the differently charged GUVs. Endocytosis was primarily observed for
negatively charged GUVs, attachment for non-charged GUVs and fusion for positively
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charged GUVs. Fusion of the GUVs with the cellular plasma membrane was evident when
the GUV lipid fluorescence co-localized with a cell membrane staining. In this state, most
cells showed morbid cell morphologies, detachment from the substrate and deformed

nuclear morphologies, suggesting considerable cytotoxicity.

1.5

MDCK A431D A431 PC12
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Nuclei Cell membrane
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Figure 15 | Charge-mediated GUV-cell interactions. (a) Quantification of GUV-cell attraction with
differently charged droplet-splited GUVs (GUV (-potential indicated on x-axis) with endothelial
(MDCK), epithelial (A431D and A431) and adrenal (PC12) cell lines. Droplet-splitted GUVs were
incubated with cells for 24 hours and attraction assays were performed. Results are shown as average values
normalized to the -31 mV average and SD from three technical replicates. (b) Representative single plane
fluorescence confocal microscopy images and schematic illustrations of charge-mediated GUV-A431D
cell interactions with differently charged, droplet-splitted GUVs (GUV {-potential indicated on the left).
Nuclei (first column) were stained with Hoechst 33342, cell membranes (second column) were stained with
WGA-AlexaFluor488 and GUVs (third column) were imaged by incorporation of LissRhod-PE fluorescent

lipids into GUV formulation. Last column shows the merged channels. The scale bar is 20 um.
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In order to confirm that negatively charged, droplet-splitted GUVs are taken up into the
intracellular environment, two additional analysis were performed: First, z-resolved
fluorescence confocal microscopy of A431D cells with fluorescence cytoplasm (stained
with CellTracker labelling dye) which were incubated with negatively charged GUVs
(GUVs composed of 20mol% EggPG, 79mol% EggPC and 1mol% LissRhod PE) was
performed (see supplementary video 1). This analysis revealed that the GUVs are located
within the cell body and that they were absent of any cytoplasmic staining, which indicates
that they reside within intracellular compartments (e.g. endosome). Second, cells
incubated with negatively charged, droplet-splitted GUV's (composed of 20 mol% EggPG,
79 mol% EggPC and 1 mol% LissRhod PE) were fixed and analysed by transmission
electron microscopy (TEM) (Figure 16a). In line with the previous results, this analysis
showed that the droplet-splitted GUVs reside inside membrane-enclosed compartments
within the cells” body (Figure 16b). This could suggest endosomal processing of the GUVs
after endocytic, phagocytic or pinocytic uptake. Taken together, these assessments proof
that negatively charged GUVs are indeed taken up by cells. Moreover, these results reveal
the pervasive influence of GUV charge on GUV-cell interactions and underscore the

importance methods that allow for GUV charge control.

Figure 16 | Transmission electron microscopy analysis of GUVs internalized by cells. (a)
Representative horizontal TEM section micrograph of REF cells incubated with negatively charged GUVs
for 16 hours. GUVs inside the cytoplasm are marked by the black arrows. The scale bar is 2.5 pm. (b)
Higher magnification of an internalized GUV. Black arrow indicates the GUV membrane and turquoise

arrow indicates the endosomal membrane. The scale bar is 200 nm.
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4.2 Molecular engineering of GUV-cell interactions

4.2.1 Biofunctionalization of droplet-splitted GUV membranes

Charge-mediated uptake of droplet-splitted GUVs appears to be an efficient process to
direct the mode of GUV-cell interactions. However, it does not provide cell-type specific
interactions or targeting of the GUVs. To achieve such a specific GUV-cell interaction, a
toolbox for bio-orthogonal decoration of GUV membranes, based on different conjugation
strategies, with targeting biomolecules was developed. Based on this, an additional ligand-
directed targeting functionality can be introduced on the GUV surface. Three individual
one-step biofunctionalization strategies were implemented by introducing functionalized
lipids into droplet-splitted GUVs (GUVs composed of 20mol% EggPG, 76mol% EggPC,
Imol% LissRhod PE and 1mol% of the respective functionalized lipid): 1. biotinylated
lipids, in order to bind streptavidin tagged proteins, 2. NTA-Ni*"-functionalized lipids, in
order to bind histidine-tagged proteins and 3. NH»-containing DOPE lipids, for linking to
N-hydroxysuccimid ~ (NHS)-functionalized targeting moieties. These GUV-
functionalization approaches can be implemented separately in different droplet-splitted
GUYV batches but because of their orthogonal nature, also in parallel on the same GUV
membrane. For instance, triple orthogonal functionalization of droplet-splitted GUV's was
achieved by adding Atto425-labelled streptavidin, histidine-tagged green fluorescent
protein and NHS-functionalized Alexa647 to released droplet-splitted GUVs (Figure 17a).
This demonstrates that GUV membranes can be specifically decorated with small
functionalized biomolecules in simple one-step reactions.

However, also the immobilization of supra-molecular complexes like antibodies
on the GUV surface is of special interest to achieve antigen-specific targeting. Also,
coupling of complete (nano-)particles to the GUVs could offer great potential for in vivo
imaging technologies (e.g. based on magnetic nanoparticles, Raman resonance or
photothermal optical coherence tomography (Smith and Gambhir, 2017)). In order to
achieve droplet-splitted GUV functionalization with such big moieties, sequential multi-
step GUV functionalization strategies were implemented. For instance, AlexaFluor488-
conjugated anti-CD3 immunoglobulins were immobilized on the GUV (GUVs composed
of 20mol% EggPG, 78mol% EggPC, 1mol% LissRhod PE and 1mol% DGS-NTA(Ni*"))
surface via 6x His-tagged protein G bound to NTA-conjugated lipids (Figure 17b).
Moreover, cysteine-functionalized gold nanoparticles were immobilized on the GUVs
(GUVs composed of 20mol% EggPG, 78mol% EggPC, 1mol% LissRhod PE 1mol%
palmitic acid-NHS) via NHS-reaction of palmitic acid-NHS lipids and the NH,-groupe of
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cysteine (Figure 17¢ and supplementary video 2). This demonstrates that droplet-splitted
GUVs can not only be decorated with small molecular compounds but also with large,
potentially multifunctional particles for advanced therapeutic and diagnostic applications.

In order to assess whether such macromolecular complexes remain functional once
coupled to the GUV membrane and if they eventually provide any functionality to the
GUVs, antibody-mediated GUV-cell interaction was assessed. Antibodies offer great
selectivity for specific cell surface antigens, wherefore antibody-based targeting has
previously been used to enhance specific SUV delivery (Sofou and Sgouros, 2008). To
qualitatively assess the cell-binding properties of anti-CD3-coated GUVs (composed of
20mol% EggPG, 78mol% EggPC, 1mol% LissRhod PE and 1mol% DGS-NTA(Ni*")),
they were incubated with CD3" Jurkat T-lymphocytes. When imaged by fluorescence
confocal microscopy, an attachment site between the cells and the GUVs, reminiscent of
a “minimal” immunological synapse, could be observed (Figure 17d). This indicates
successful GUV-cell coupling. In summary, this demonstrates that a multitude of
strategies can be applied in order to design and produce droplet-splitted GUVs with
biomolecular coatings which could achieve a more cell-type directed targeting or a more

specific cell-GUV attraction.
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Figure 17 | Bio-functionalization of droplet-splitted GUV membranes. (a) Schematic illustration and
representative single plane fluorescence confocal microscopy images of triple-functionalized GUVs
produced by a droplet splitting microfluidic device. GUVs were coupled to Atto425-streptavidin, His-
tagged GFP and NHS-Alexa647 via NTA-Ni*", biotin and NH,-conjugated lipids, respectively. (b and c)
Schematic illustrations and representative single plane fluorescence confocal microscopy images of
sequential GUV functionalization with (b) anti-CD3 immunoglobulins or (¢) 50 nm gold nanoparticles.
Right panels show a fluorescence confocal image of droplet-splitted GUVs functionalized with
AlexaFluor488-linked anti-CD3 IgG-immobilized to the GUV membrane via 6x His-tagged Protein G to
NTA-Ni*" lipids and a bright field image of gold nanoparticles immobilized to a GUVs (indicated by white
arrows). Scale bar is 1 pm and 2 pm for (c) and (b), respectively. (d) Formation of an attachment site
between CD3+ Jurkat T-lymphocytes and anti-CD3-functionalized GUVs after co-incubation for 24 hours.
Cell membranes were stained with WGA-AlexaFluor488 (cyan), GUVs were imaged by incorporation of
LissRhod-PE fluorescent lipids into the formulation (yellow) and nuclei in the merged image were stained
with Hoechst 33342 (grey). The arrow points to the site of a lipid and WGA-stain cluster at the GUV-cell

interface. Respective bright field image is shown in the right panel. The scale bar is 6 um.
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4.2.2 Ligand-mediated attractive GUV-cell interactions

In order to increase the interaction of GUVs and cells, further experiments were directed
towards presenting protein and peptide ligands on the GUV surface which by binding to
receptors expressed on cells, could foster specific attractive interactions. Receptor-ligand
interactions exhibit a distance-dependent specific binding-energy, resulting in an
attractive force (typically in the pN range) between the two binding partners. In order to
systematically asses if such receptor-specific interactions can be employed to increase
droplet-splitted GUV-cell attraction, negatively charged, RGD functionalized GUVs were
produced (GUVs composed of 20mol% DOPG, either 79, 78, 77 or 69mol% DOPC,
Imol% LissRhod PE and 9, 1, 2 or 10mol% DSPE-RGD). The integrin binding motif
RGD was used, since this tripeptide has been shown to enhance liposomal drug delivery
through integrin initiated endocytosis (Wang et al., 2014). For this assessment, varying
amounts of RGD-coupled lipids were introduced into the SUV formulation in order to
produce droplet-splitted GUVs with varying RGD surface densities (Figure 18a).
Respective GUVs were cultured together with three adherent cell lines (MDCK, A431 wt
and A431D) that express integrin receptors for 24 hours. The GUV-cell interaction for
these RGD-GUVs was subsequently assessed with attraction assays (see section 3.2.19).
Naive, non-decorated GUVs were used as a reference standard. For all tested cell lines, a
correlation between GUV-cell attraction and GUV RGD-density was found (Figure 18b).
For all three cell-types, an approximately 10% increase was found for GUVs composed
of 10 mol%-RGD ligand compared to naive vesicles. This effect was additionally studied
with non-adherent Jurkat T-lymphocyte cells, which express high levels of integrin o431,
by flow cytometry quantification. Here, incorporation of 10 mol%-RGD into the droplet-
splitted GUV formulation induced an approximately 15-fold increase in GUV-cell
attraction, as measured by quantifying the mean GUV fluorescence signal intensity on
single cells (corresponding to GUVs that have either attached to cells or reside within the
cells).

In order to analyse the interaction and attraction of RGD-functionalized droplet-
splitted GUVs with cells on a qualitative level, fluorescence confocal microscopy analysis
of A431D cells incubated with RGD functionalized droplet-splitted GUVs (composed of
20mol% DOPG, 77mol% DOPC, 1mol% LissRhod PE and 2mol% DSPE-RGD) was
performed. It was found that GUV's mostly accumulated in the perinuclear region of cells,
suggesting intracellular uptake of the GUVs, and at the cell periphery, where high integrin
densities can be found (Figure 18c). Taken together, these results demonstrate that GUV-
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cell interaction and attraction can be increased by decorating the droplet-splitted GUV

surface with cell receptor-specific ligands.
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Figure 18 | Ligand mediated GUV-cell attraction. (a) Schematic illustration of RGD-mediated GUV-
cell attraction at the GUV-cell interface by conjugation of integrin-specific RGD ligands to the GUV
surface. (b) Attraction assay analysis of droplet-splitted GUVs functionalized with varying amounts of
RGD-coupled ligands and incubated with different cell lines for 24 hours. The results are normalized to the
mean attraction of naive GUVss for each condition and shown as average value and SD from three technical
replicates. For quantification of GUV-cell attraction of RGD-functionalized droplet-splitted GUV's and
Jurkat T-lymphocytes, suspended cells were measured by flow cytometry. (¢) Representative single plane
fluorescence confocal microscopy images of droplet-splitted GUVs decorated with 2 mol% RGD ligands
(and harbouring 1mol% LissRhod PE for imaging, yellow) and incubated with membrane-stained (grey)
A431D cells for 24 hours. The scale bars are 60 pm. The two images on the right side show magnified view
of the areas indicated by the dashed lines in the two left panels. Accumulation of GUVs in the perinuclear

region and at the cell periphery can be observed.

Furthermore, in order to visualize and verify the correct immobilization of recombinant
proteins and ligands on the GUV surface, cryogenic transmission electron microscopy
(cryoTEM) was performed (Figure 19). For this, GUVs were produced by droplet-splitting
of dsGUVs formed with SUV composed of 78mol% EggPC, 20mol% EggPG, 1mol%
LissRhod PE and 1mol% DGS-NTA(Ni*"). The released GUVs were subsequently
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incubated with recombinant human 6xHis-tagged FasL and observed by cryoTEM. GUVs
of the same composition were left uncoupled as a control. A protein brush corona of linear
thread-like particles could be observed around the FasL coupled GUVs (Figure 19a).

Comparable observations were not made for uncoupled GUVs (Figure 19b).
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Figure 19 | CryoTEM analysis of protein-coated GUVs. (a) CryoTEM micrograph of a GUV composed
of 78mol% EggPC, 20mol% EggPG, 1mol% LissRhod PE and 1mol% DGS-NTA(Ni*") coupled to
recombinant human 6xHis-tagged FasL. Inset shows magnification of the protein thread-like corona on the
GUV surface as indicated by the dashed lines in the overview image. Scale bars are 300 nm and 100 nm
for the overview and magnified image, respectivly. (b) CryoTEM micrograph of a GUV composed of
78mol% EggPC, 20mol% EggPG, 1mol% LissRhod PE and 1mol% DGS-NTA(Ni*") without protein
corona. Inset shows magnification of the plain GUV surface as indicated by the dashed lines in the overview

image. Scale bars are 200 nm and 80 nm for the overview and magnified image, respectivly.

4.2.3 Regulation of repulsive GUV-cell interactions
Section 4.2.2 introduced functionalization strategies for GUV-decoration with RGD
ligands and antibodies to enhance GUV-cell interactions. However, this
biofunctionalization does not prevent other, for instance charge-driven non-specific
interactions, at the GUV-cell interface. These non-specific attractive interactions could
potentially be high enough to interfere with the specific ligand-based interaction. To
assess this effect, non-charged droplet-splitted GUVs ( composed of 98mol% EggPC, 1
mol% LissRhod PE, 1 mol% DGS-NTA(Ni*")) coated with the neuronal cell-adhesion
molecule NrCam (6x His-tagged), were incubated with SH-SY5Y neuroblastoma cells
and the resulting attraction was compared to those of non-charged naive vesicles. The
attraction assay showed that both attraction values were comparably high (Figure 20). This
could indicate that the attraction effect between droplet-splitted GUVs and cells is mostly
based on the vesicle charge and that the ligand coating (e.g. RGD, NrCAM, antibody, etc.)
does only play a role in e.g., 1. establishing the primary contact, 2. maintaining a stable
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interface between the GUV and the cell or 3. in activating specific downstream signalling
mediating GUV engulfment or uptake. It proofs however, that non-specific lipid-cell
attraction can be considerably high and interfere with ligand-directed GUV targeting.

To overcome this limitation, poly-ethylenglycol (PEG)-coated GUVs were produced from
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Figure 20 | Assessment of non-specific, lipid-based GUV-cell interactions. Attraction assay values for
naive and recombinant 6x His-tagged NrCAM-functionalized non-charged, droplet-splitted GUVs (GUVs
composed of 98mol% EggPC, 1 mol% LissRhod PE, 1 mol% DGS-NTA(Ni*")) incubated for 24 hours
with SH-SYSY neuroblastoma cells. No considerable increase in attraction is observed by NrCAM
functionalization as the non-specific lipid-based attraction appears to be larger than the NrCAM ligand-

receptor based attraction.

droplet-splitted dsGUVs in order to introduce a PEG-mediated repulsive force between
the cells and the GUVs (Figure 21a). This could potentially shield and reduce the non-
specific interactions. Covering small vesicles (<100 nm) with PEG has previously
generated so-called “stealth” liposomes, which feature prolonged blood-stream circulation
times because of reduced opsonin coating and cell interaction (Immordino et al., 2006).
Also, if successfully applied on GUVs, this could lead to masking of electrostatic non-
specific interactions and introduce a repulsive force between cells and GUVs. To assess
this effect, GUVs harbouring 15mol% or 50mol% of negatively (DOPG) or positively
(DOTAP) charged lipids were produced, to both GUV types PEG350, 750 or 1000
conjugated PE lipids were added additionally to the formulation. In order to assess
successful PEG-coating and a potential charge shielding effect, the C-potential of
respective SUVs and of the released GUV's were measured by DLS (Figure 21b). It was
found that the (-potential of negatively and positively charged vesicles increased with
decreasing PEG chain length and with lower PEGylation-rate of the formulation. This
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shows that PEG conjugation to the droplet-splitted GUV surface exhibits the potential to
shield the GUV-surface charge. Secondly, it was assessed to which extend GUV
PEGylation and thereby masking of the GUV surface charge (and possibly also reduced
opsonin coating), impacts on GUV-cell attraction. Therefore, the PEGylated GUV's were
incubated with six different adherent cell lines and attraction values for each condition
were measured (Figure 21c¢). For all tested cell lines, GUV PEGylation could decrease
charge-mediated GUV-cell attraction to some extent. Albeit varying effectivity between
the different cell lines, this effect was mostly more pronounced for GUVs with higher
PEG-concentrations and higher PEG-molecular weight in their formulation. For instance,
the interaction of GUVs composed of 5mol% PEG350 with A431D carcinoma cells,
showed almost 50% more attraction as compared to GUVs composed of 50mol%
PEG350. Moreover, especially an increase the PEGylation rate appeared to decrease the

GUV-cell interaction.
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Figure 21 | Repulsive GUV-cell interactions by GUV PEGylation. (a) Schematic illustration of PEG-
mediated GUV-cell repulsion. (b) Color-coded heat-map illustration of SUVs and droplet-splitted GUV's
{-potentials for lipid formulations with varying amounts of positively (DOTAP) or negatively (DOPG)
charged lipids as well as different concentrations of PEG and PEG-molecular weights. SUV and GUV (-
potentials are shown on the left and right, respectively. Upper and lower row show {-potentials for
negatively and positively charged GUV formulations, respectively. PEG concentration (mol%) is indicated
on the left, PEG-molecular weight on the top. (¢) Color-coded heat-map illustration of attraction values
obtained with the GUVs from (b) for six different cell lines (specified below the respective heat-maps)
after co-incubation for 24 hours. Results for negatively and positively charged lipid formulations are shown
on the left and on the right, respectively. Results are normalized to the attraction value obtained for 5Smol%
PEG350 for each cell line separately. Upper, middle and lower row represent values for PEG350, PEG750
and PEG1000, respectively. First, second, third and fourth column represent values for 5Smol%, 10mol%,

20mol% and 50mol%, respectively.

In order to analyse this repulsive interaction between cells and droplet-splitted GUVs on
a qualitative level, fluorescence confocal microscopy imaging was performed. In line with
the findings described above, this analysis showed that negatively charged, naive GUVs
incubated with A431 cells for 24 hours mostly co-localized with the cells and only a few
of them were found between cell groups (Figure 22). Consistently, PEGylated GUVs
could mostly be observed accumulated in the intercellular space, where they formed
“contact inhibition zones” around individual cells. This mode of GUV-cell interplay might

be traced back to repulsive interactions. In summary, these experiments show that GUVss
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generated from droplet-splitted dsGUVs can be produced with PEGylated lipid-
formulations and that these droplet-splitted GUVs will lead to reduced charge-mediated

GUV-cell interactions.
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Figure 22 | Contact inhibition between cells and GUVs. Representative bright field (first column, grey)
and fluorescence confocal microscopy (second column, yellow) images of A431 cells incubated with naive,
negatively charged, droplet-splitted GUVs (top row) or negatively charged, droplet-splitted GUVs
containing 50mol% PEG1000 (bottom row) for 24 hours. The naive GUVs co-localize with the cells, while
the PEGylated GUVs mostly accumulate in the intercellular space (merged image, third column).
Formation of PEGylated-GUV inhibition zones around the cells is observed (fourth column displays
magnified images of the areas indicated by the black boxes in the merged images). In the fluorescent-
channel images, borders of cells and cell groups are indicated by the white dotted lines as deduced from the

bright field images. Scale bars are 15 pm.

4.2.4 Regulation of attractive and repulsive GUV-cell interactions

In order to achieve cell-type specific uptake of droplet-splitted GUVs, the strategies for
GUV-cell attraction and repulsion described above, were implemented into a single GUV
preparation. In this case, it was aimed to limit distorting, non-specific charge-mediated
attractions between the cells and droplet-splitted GUVs by PEGylation, while
simultaneously introducing GUV ligand-functionalization in order to promote specific
attraction to desired cell-types. Therefore, droplet-splitted GUVs composed of 20mol%
negatively charged EggPG lipids, 54mol% neutral EggPC lipids, 1mol% LissRhod PE,
20mol% PEG750-conjugated PE lipids and 5Smol% NHS-coupled palmitic acid for ligand
immobilization via NH, groups were produced. Following the attraction-repulsion
concept, for targeted interaction with a specific cell-type, the ligand-receptor based
attraction between a GUV and a cell needs to be high enough to overcome the PEG-

mediated repulsion. Ideally, this is only given for cells that express the receptive receptor
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or antigen (Figure 23a). Eventually, the charge mediated interaction could then lead to
intracellular uptake of the droplet-splitted GUV or generation of a mature GUV-cell
interface. In order to experimentally validate this concept, droplet-splitted GUV's with 15
different biomolecular (attached by the NHS group) coatings were produced and tested in
attraction assays. Hereby, some coatings were expected to be specific for a given cell type
(e.g. anti-cadherin antibodies or bradykinin) while others could potentially induce an
attraction in all cell types (e.g. poly-L-lysine), serving as a positive control. Each GUV
formulation, was tested with 6 different cell lines (human fibroblast BJ cells,
neuroblastoma SH-SYSY cells, endothelial MDCK cells, epithelial A431 cells,
dexamethasone-treated epithelial transformed A431 cells and Hela cells) in order to cover
a wide spectrum of potentially interesting targets for drug delivery. Each individual
attraction value for a given cell type was normalized to the attraction value determined for
BSA-coupled GUVs with the same cell type, in order to reference the attraction to a
moderately unreactive protein (Figure 23b). The measurements showed that coating of
droplet-splitted GUVs with peptides and proteins that do not bind to specific cell types —
e.g. wheat germ agglutinin (WGA, which binds to the glycoproteins and the glycocalyx
on the cell surface), poly-L-lysine (which establishes interactions based on its highly
positive charge) or the HIV derived tat-peptide (a cell membrane penetrating, arginine-

rich peptide) — display high attraction to almost all tested cell types. This could be based
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Figure 23 | Fine tuning of repulsive and attractive GUV-cell interactions for targeted delivery. (a)
Schematic illustration of a GUV biofunctionalized with a receptor-specific ligand and additionally
decorated with PEG in order to achieve specific attraction to a cell expressing the respective receptor. (b)
Attraction values obtained for PEG 750 PEGylated droplet-splitted GUVs coated with different non-
specific (e.g., BSA, PLL, WGA and tat-peptide) and specific (e.g., anti-cadherin, recombinant cadherin and
bradykinin) cell ligands (via S5Smol% NHS lipids) to human fibroblast BJ cells, neuroblastoma SH-SY5Y
cells, endothelial MDCK cells, epithelial A431 cells, dexamethasone-treated epithelial transformed A431
cells and Hela cells. Values for each condition were normalized to the attraction of BSA-coupled droplet-

splitted GUVss for the respective cell line.
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on the non-specific attractions mediated by these coatings, which successfully overcame
the repulsive “PEG-barrier” in all cell types. However, proteins and ligands that target
receptors more specifically, e.g. bradykinin which binds to the bradykinin-specific G-
protein-coupled receptors (highly expressed on epithelial and endothelial cells), attraction
specific to endothelial cells was achieved. In this specific case, the attraction value was
increased up to 40% compared to other cell lines. When targeting cadherin proteins by
coating the droplet-splitted GUVs with recombinant cadherin (which can establish
homophilic interactions) or anti-cadherin antibodies, similar specific attractions towards
endothelial cells could be obtained. This systematic and comparative assessment shows
that PEG-based shielding of non-specific interactions, combined with ligand-based
specific attractive interactions, can achieve a preferential GUV targeting to individual cell
types.

To assess whether this strategy for targeted attraction is able to induce specific
GUV-uptake by selected cells also in a more complex, multi-cell type environment, co-
culture experiments were performed. For this, co-cultures of astrocyte (Hs683) and
neuronal (SH-SY5Y) model cell lines were established, each stained with a distinct
CellTracker probe in order to discriminate the cells by fluorescence microscopy. These
two specific cell-types were chosen as astrocytes and neurons grow and interact in great
proximity in mammalian brains. Selectively targeting one specific cell type of them, is of
great interest for therapeutic approaches treating neuroblastoma or neurodegenerative
diseases. These co-cultures were incubated with droplet-splitted GUVs composed of
58mol% EggPC, 20mol% EggPG, 20mol% PEG750, 1mol% LissRhod PE and 1mol%
18:1 DGS-NTA(Ni*") lipids. The GUVs were additionally coated with the neuronal
adhesion molecule NrCAM (His-tagged extracellular domain aa20 - 630) which is able to
bind to axonin-1 expressed preferentially on neuronal membranes (Figure 24a)(Stoeckli
and Landmesser, 1995). After 24 hours of incubation, fluorescence confocal microscopy
was performed in order to analyse the uptake of GUVs by each cell type individually
(Figure 24b) (see section 3.2.20). The quantification did not only show that the GUVs
were taken up by the cells but also that neuronal cells contained up to 520% more GUVs
than astrocyte cells. This experiment suggests that preferential targeting of droplet-splitted
GUVs can be achieved by fine-tuning the repulsive and attractive interactions to specific

cell types.
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Figure 24 | Preferential targeting of GUVs by repulsive and attractive interactions. (a) Schematic
illustration of GUVs with a repulsive PEG layer and biofunctionalized with NrCAM in a co-culture with
neuronal cells and astrocytes, which express and lack the axonin-1 receptor, respectively. (b)
Representative single plane fluorescence confocal microscopy images of the astrocytes (green) and neurons
(blue) co-cultures following 24 hours of incubation with droplet-splitted GUVs biofunctionalized with
recombinant NrCAM and coated with 20mol% PEG750 conjugated lipids. SH-SYS5Y neurons and Hs683
astrocytes were stained with CellTracker Blue and Green, respectively. GUVs were imaged by

incorporation of LissRhod-PE fluorescent lipids into the GUV formulation. The scale bar is 50 pm.

4.2.5 Lysosomal escape for GUV cargo delivery

As shown by the fluorescence confocal microscopy and transmission electron microscopy
experiments in section 0, negatively charged droplet-splitted GUVs are taken up by cells
into the intracellular space. However, most cargos that enter the intracellular environment
by endocytosis, phagocytosis or micropinocytosis are usually degraded within lysosomal
compartments by enzymatic decomposition. In order to analyse the endosomal sorting and
a possible lysosomal degradation of droplet-splitted GUVs, negatively charged
fluorescent GUVs were incubated with CellTracker labelled REF cells which were
simultaneously stained with fluorescently conjugated WGA in order to stain plasma
membrane derived endosomal compartments (see section 3.2.10). Fluorescence confocal
microscopy observation of these cultures showed that most GUVs were located inside the
cells, dispelling any cytoplasmic staining, surrounded by endosomal membranes (Figure
25a). This confirms that the entry pathway of droplet-splitted GUVs is via membrane
mediated uptake (e.g. micropinocytosis or phagocytosis), which excludes other uptake
routs like direct membrane penetration or sole engulfment of the GUVs by the plasma

membrane. In order to follow a possible lysosomal degradation of the droplet-splitted
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GUVs, cells were additionally stained with LysoTracker dye (Figure 25b). After 24 hours
of incubation, the GUV fluorescence was found to co-localize with the lysosomal staining,
suggesting sorting of the endosome-entrapped GUVs into lysosomal compartments and
subsequent progressive degradation of the GUVs once inside the cells. This is most
probably accompanied by degradation of the GUV cargo and therefore reduces the
deliver-efficiency, potentially impairing any therapeutic valuable outcome. Moreover,
many pharmacological active compounds used for therapeutic approaches target
cytoplasmic components. Therefore, efficient and complementary lysosomal escape
mechanisms applicable for intracellular GUV cargo discharging need to be implemented

into the GUVs” functional repertoire. If successful, once taken up by cells, the GUVs

Figure 25 | Assessment of lysosomal GUV degradation. (a) Representative fluorescence confocal
microscopy images of REF cells incubated with negatively charged GUVs. Nuclei (top left image) were
stained with Hoechst 33342, endosomes (top center image) were labeled by addition of WGA-
AlexaFluor488 together with the GUVs, GUVs (bottom left image) were imaged by incorporation of
LissRhod-PE fluorescent lipids and the cytoplasm (bottom center image) was stained by CellTracker Green.
The merged image (right image) demonstrates that GUVs reside within the cytoplasm, entrapped within
endosomal compartments. The scale bar is 10 um. (b) Representative fluorescence microscopy images of
GUVs (yellow) incubated for 24 hours with REF cells (grey, bright field) that were stained with
LysoTracker Green (green) in order to visualize lysosomal compartments. Co-localization of most GUVs

with LysoTracker-positive compartments is observed. The scale bar is 10 pm.
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would unload their intraluminal cargo into the cytoplasm during the lysosome-maturation
process before and lysosomal degradation proceeds.

In order to circumvent lysosomal degradation, three different lysosomal escape
mechanisms were implemented for assessment in droplet-splitted GUVs. All three
mechanism are compatible with the production of droplet-splitted GUV's and are based on
the rapid decrease of endosomal pH after lysosome fusion. The first tested mechanism has
previously been used for delivery of nucleic acids (Zakeri et al., 2018) and is based on
lysosomal rupturing via a proton sponge mechanism achieved by incorporation of high
molecular weight poly-ethylene-imine (PEI) into the GUV lumen. The second approach
is a biomimetic strategy based on the lysosomal escape of viral particles, which is
mediated by pH-dependent fusiogenic peptides and intra-lysosomal fusion. These viral
pore-forming peptides are hereby mimicked by a synthetic, arginine-rich GALA peptide
attached to the GUV surface (Nakase et al., 2011). The third strategy achieves lysosomal
escape of the GUV via intra-lysosomal membrane fusion through incorporation of the pH-
sensitive, charge-switching lipid DOBAQ into the droplet-splitted GUV membrane. All
three strategies have previously been verified and employed for drug delivery purposes,
in many cases in combination with liposomal delivery. However, compared to most
liposomes used previously, GUVs possess an increased surface to volume ratio, which is
likely to affect the efficiency of these release strategies. Therefore, all three release
strategies need to be revaluated for GUV-based systems.

For the next assessments, aiming to analyse and detect retention, degradation or
release of droplet-splitted GUV cargo by lysosomal escape, the membrane impermeable
dye 8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) was incorporated into the GUV
lumen. If successfully released, the dye is expected to distribute within the whole cell
body, while when being retained inside the GUVs and lysosomes, only punctuated
fluorescence is expected. As GUV membranes are non-permeable for HPTS (Dezi et al.,
2013), a significant progressive leaking out of the GUVs neglected. Respective droplet-
splitted GUVs were incubated with A431D cells for 24 hours and intracellular HPTS
distribution was observed by fluorescence confocal microscopy (Figure 26a). For GALA-
coupled and PEI-loaded droplet-splitted GUVs, the HPTS fluorescence inside the cells
was exclusively detected in a punctuated form, co-localizing with the GUVs fluorescence.
This indicates a stable HPTS retention inside the GUVs and lysosomes, suggesting
unsuccessful cytoplasmic cargo release and endosomal or lysosomal entrapment

(presumably followed by degradation). However, for droplet-splitted GUVs composed of

88



Molecular engineering of GUV-cell interactions

60mol% DOBAQ, the HPTS fluorescence could be found evenly distributed throughout
the entire cell body, without co-localizing with the GUV fluorescence, therefore indicating
successful release from the GUVs and the lysosomes into the cytoplasm. In order to
confirm that DOBAQ containing GUVs indeed undergo a pH dependent charge switching,
their {-potential was measured by DLS in a pH range of 2 to 8. At a pH between 8 and 4,
the GUVs displayed a negative (-potential, while at lower pH, a positive {-potential was
measured (Figure 26b). This proofs that DOBAQ containing GUVs undergo pH-
dependent charge-switching and can be cationic at low pH, thereby possible inducing

intraluminal inverse membrane fusion with lysosomal membranes.
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Figure 26 | Lysosomal escape of GUV cargo. (a) Representative fluorescence confocal microscopy
images of PEI-, GALA peptide- and DOBAQ-mediated lysosomal escape of droplet-splitted GUVs (yellow)
loaded with HPTS (green) and incubated with REF cells for 24 hours. The scale bar is 50 pm. (b) DLS -
potentials measurements of droplet-splitted GUV's at different pH conditions for GUVs containing 60mol%
of the pH-sensitive lipid DOBAQ (left) or GUVs without pH-sensitive lipids (right). At low pH, the
DOBAQ-containing GUVs undergo charge-switching from negatively to positively charged. Results are

show as average and SD values from three technical replicates.
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The experiments described above were carried out with cancerogenic cell lines. However,
previous reports highlighted that the dynamics of particle uptake and lysosomal
degradation significantly vary between transformed and untransformed cells (Elkin et al.,
2015; Knecht et al., 1984). Therefore, the lysosomal escape efficiency of DOBAQ-based
droplet-splitted GUVs was also analysed for in vitro cultured primary hippocampal
neurons. Importantly, neurons represent an important target in many therapeutic
procedures that aim to treat neurodegenerative diseases or neuronal tumours. Towards this
end, negatively charged (20mol% EggPG), HPTS-loaded GUVs containing 60mol%
DOBAQ were incubated for 24 hours with the neuronal primary cultures and subsequently
observed by fluorescence confocal microscopy (Figure 27). For these experiments, the
GUVs were additionally functionalized with WGA in order to enhance their attraction to
the sialic acid-containing neuronal glycocalyx. Two important observations were made:
First, the GUVs accumulated in the perinuclear region, suggesting intracellular uptake and
further sorting by the intracellular membrane trafficking machinery. Second, when
analysing the HPTS distribution, HPTS fluorescence was observed to be distributed within
the whole cell body and dendrites, without co-localizing with the GUV fluorescence.
These observations provide clear evidence that a DOBAQ-mediated lysosomal release of
the GUV cargo is compatible and functional also in primary cells. Taken together, these
experiments show that GUVs can be equipped with endosomal escape mechanisms to

deliver their intraluminal cargo into the cytoplasmic space of cell lines and primary cells.

Figure 27 | DOBAQ-mediated lysosomal escape in primary neurons. Representative fluorescence

confocal microscopy and bright field images of primary mouse hippocampal neurons cultured for 24 hours
in the presence of HPTS (green) loaded droplet-splitted GUVs (visualized by incorporation of 1mol%
LissRhod PE lipids, yellow) containing 60mol% of the pH-sensitive lipid DOBAQ. The scale bar is 30 pm.
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4.2.6 GUV-based intracellular delivery of baculoviruses

One specific advantage of using droplet-splitted GUVs instead of SUVs and liposomes
for targeted intracellular delivery of functional or therapeutic agents is that GUV can load
significantly larger cargo. This not only expands the total cargo capacity but also allows
to deliver a complete new set of theranostic compounds that are designed to be applied in
future pharmacological procedures. For instance, many gene therapeutic approaches are
based on viral transduction of the target cells. However, preventing recognition by the
immune system as well as very restricted tissue selectivity of the applied viral particles,
currently limit their administration and implementation in clinical routines. Outsourcing
these functionalities on GUV membranes, in order to provide a taxi cabinet for the
therapeutic virus, could offer new means to precisely deliver such largo cargos. One virus-
type of special interest is the non-human but arthropod specific lipid enveloped dsDNA
baculovirus (BV). This virus is especially interesting for future gene therapy applications,
as it is characterized by a flexible rod-like protein capsid of approx. 200 nm length, which
can accommodate large additional heterologous DNA insertions exceeding 100kb.

In order to assess the concept of GUV-mediated viral delivery, purified BVs were
loaded into DOBAQ-containing (60mol%), negatively charged (20mol% EggPG) droplet-
splitted GUVs by adding them directly to the SUV solution used for dsGUV production.
Successful loading was confirmed by fluorescence confocal microscopy (Figure 28a). In
order to assess the correct incorporation of BVs into the GUV lumen and the ultrastructure
of the BV virions inside the droplet-splitted GUVs, cryoTEM analysis was performed
(Figure 29). Based on previously published structural analysis of BVs (Wang et al., 2016),
three major distinct conformations could be observed: 1. Incorporation of one or more
viral capsids into the GUV lumen without any apparent surrounding viral lipid envelops,
2. relaxed viral capsids with extruded viral DNA and 3. GUVs with apparently completely
“dissolved” viral capsules but with a particle (possibly protein-based) corona on the GUV
lipid membrane. Subsequently, respective GUVs were incubated with REF cells for 24
hours and afterwards analysed by fluorescence confocal microscopy for BV intracellular
distribution and cellular transduction (Figure 28b). The BV-loaded GUVs were
successfully taken up by the cells and BV particles (as imaged by Hoechst 33342 staining,
see section 3.2.24) were found within the cytoplasm. Moreover, the BVs encoded a
recombinant dsRed fluorescent protein fused to a mitochondrial targeting sequence in
order to assess successful cellular transduction. A prominent mitochondrial fluorescence

could be observed in almost every cell analysed, proofing successful and efficient
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transduction. This demonstrates transduction of mammalian cells with BVs mediated by
carrier-GUVs and highlights the possibility of transporting large and complex cargos into

the intracellular space.

Figure 28 | GUV-based delivery of large viral particles. (a) Representative bright field (gray) and
confocal microscopy (yellow) images of a BV-loaded droplet-splitted GUV. The scale bar is 10 um. (b)
Representative fluorescence confocal microscopy maximal z-projection images of REF cells incubated
for 24 hours with BV-loaded, DOBAQ containing (60mol%), negatively charged (20mol% EggPG)
GUVs produced by droplet-splitting. Nuclei (gray) were stained with Hoechst3334 (grey), GUVs were
imaged by incorporation of 1mol% LissRhod PE (yellow) and BVs were imaged by oversaturation of the
Hoechst33342 image (magenta). Note the expression of mitochondria-targeted dsRed (cyan). The scale
bar is 25 pm.

Figure 29 | Ultrastructural characterization of BV-loaded GUVs. CryoTEM micrographs of BV-loaded
droplet-splitted GUVs. Three distinct BV-configurations were be observed: 1. One or more viral capsids
without any apparent surrounding viral lipid envelops within the GUV lumen, 2. relaxed viral capsid with
extruded viral DNA and 3. GUVs with apparently “dissolved” viral capsids featuring a particle corona on

the GUV lipid membrane (from left to right). The scale bars are 100 nm.
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4.3 Bottom-up assembly of GUV-based synthetic organelles

Based on the observations on intracellular GUV uptake and processing made in chapters
4.1 and 4.2, further studies on the application of the GUVs as synthetic organelles (SOs)
were performed. As detailed in section 1.4.2, SOs have several important implications in
biomedical and evolutionary biology research but current technologies for SOs production
are either limited in their throughput, control or versatility. Therefore, GUV-based SOs
could offer novel means to assemble SOs form the bottom up. Moreover, the results
obtained in the previous sections highlight that GUVs are readily taken up by cells and
remain intact in the intracellular space for several hours. Therefore, three separate

concepts for SOs assembly based on GUVs were pursued:

4.3.1 Mimicking the natural functionality of peroxisomes

As a first approach, a peroxisome mimicking SOs was produced by incorporating purified
catalase enzymes into the GUV lumen. Peroxisomes are one of the most important
organelles for cellular redox homeostasis and regulated intracellular levels of reactive
oxygen species. For instance, hydrogen peroxide can be degraded by means of catalase
enzymes (Figure 30a). In order to mimic these organelles, GUVs composed of 20mol%
EggPG, 79mol% EggPC and 1mol% LissRhod B containing micromolar amounts of
purified bovine catalase were produced. These GUVs where then incubated with HaCaT
keratinocytes for 24 hours and subsequently assessed by confocal fluorescence
microscopy. In accordance with the results obtained for negatively charged GUVs in
section 4.1.5, intracellular uptake of the SOs was observed (Figure 30b). Keratinocyte
cells were selected as a model cell type for peroxisome-mimicking SOs, as several
inflammatory skin diseases, carcinoma progression as well as deregulated wound healing
are linked to dysregulation of cellular redox homeostasis (Kruk and Duchnik, 2014). To
assess if these SOs are able to support cellular redox homeostasis under oxidative stress
conditions, intracellular reactive oxygen (ROS) species levels were measured by CellRox
Green (CRG) staining (see section 3.2.11) (Figure 30c). CRG is weakly fluorescent in its

reduced form but emits a bright green fluorescence when oxidised by ROS. This allows
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for quantification of intracellular ROS levels after loading of CRG into the cells. In order
to induce oxidative stress, the cells were treated with 25 uM menadione, a potent ROS
inducer (Loor et al., 2010), after loading of the SOs. This analysis revealed that cells
containing peroxisome-like SOs show reduced CRG staining after exposure to menadione
(Figure 30d). Quantitative analysis of this observation, showed that ROS levels of
keratinocyte monolayers can be reduced to those of non-stress cells by incorporation of as
little as 2.7 uM catalase into the GUV lumen (Figure 30e). This showcases the concept of
GUVs as SOs and demonstrates the passive “implantation” of catalase-filled GUVs as

functional peroxisome mimics inside living cells.
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Figure 30 | Mimicking the natural functionality of peroxisomes. (a) Schematic illustration of catalase-
loaded SO mimicking the peroxisome function. The SOs are produced from GUVs containing internalized
bovine catalase, mediating the breakdown of hydrogen peroxide. (b) Representative fluorescence confocal
microscopy images of HaCaT keratinocytes incubated for 24 hours with the peroxisome-mimicking SOs.
Cytoplasm was stained by CellTracker Green (grey), nuclei were stained with Hoechst 33342 (cyan),
endosomes were labelled with wheat germ agglutinin Alexa647-conjugate (blue) and SOs (yellow, white
arrows) were imaged by incorporation of rhodamine B-conjugated. The scale bar is 15 pm. (¢) Schematic
illustration of CRG transformation induced by ROS-mediated oxidation of the weakly fluorescent molecule
into a bright, green emitting fluorophore for ROS quantification. (d) Representative epifluorescence
microscopy images of HaCaT monolayers treated for 1 hour with 25 pM menadione and subsequently
stained with CRG. Cell monolayers either contained intracellular peroxisome-mimicking SOs (left image;
+SOs) or no SOs (right image, -SOs). Those cells that did not contain SOs displayed an increased CRG
staining, indicating elevated intracellular ROS levels. (e) Quantitative assessment of CRG staining of
HaCaT monolayers treated either with 25 pM menadione for 1 hour or left untreated. Monolayers
containing peroxisome-mimicking SOs harbouring 2.7 pM bovine catalase, showed comparable ROS levels

to non-stressed monolayers. Results are shown as mean = SD from three technical replicates.
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4.3.2 Mimicking the natural functionality of the ER by synthetic mechanisms

The next approach aimed towards the assembly of SOs that mimic a function which is
intrinsic to the cells but based on a synthetic operating mechanism. For this, SOs
mimicking the Ca*"-buffer capacity of the endoplasmic reticulum (ER) were assembled.
The ER, and its close relative the sarcoplasmic reticulum, can act as a potent calcium
storage organelles which are applied by many different cell types to regulate calcium
signalling. Fibroblasts for instance, greatly relay on Ca®" release from the ER to perform
proper electrophysiological signalling and dysfunctional electrophysiology of fibroblasts
has been closely associated with cardiac fibrosis and decreased wound-healing (Sebastian
et al.,, 2011; Vasquez et al., 2011). To mimic the calcium binding properties of ER-
proteins, synthetic calcium stores based on GUVs were assembled which contained the
light-sensitive calcium chelator nitrophenyl EGTA (npEGTA). NpEGTA shows a
nanomolar affinity to calcium ions but this affinity increased to approximately 3 mM after
UV exposure and cleavage of the nitrophenyl group, eventually releasing the chelated
Ca’". By this, UV light applied to npEGTA filled GUVs, can be used as externally trigger
for calcium release from the GUVs (Figure 31a).

As a first assessment of this concept, the diffusion of UV-released Ca*" from the
inside of the GUVs to the outside of the GUVs was assessed. Towards this, npEGTA-Ca**
loaded GUVs were encapsulated together with the fluorescent calcium indicator fluo-4
inside water in oil droplets (Figure 32), following previously published protocols
(Gopfrich et al., 2019). The droplets were then irradiated with a 405 nm laser and the
fluorescent signal of fluo-4 was monitored by fluorescence confocal microscopy. It was
observed that after an initial increase of fluorescence inside the GUV lumen,
corresponding to successful release of calcium from npEGTA and binding to fluo-4, also
an increased fluorescence outside of the GUV was observed. This provides first evidence

that Ca®" successfully crossed the GUV membrane.
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Figure 31 | Mimicking the natural, calcium-buffering functionality of the ER using a synthetic
mechanism. (a) Schematic illustration of a cell containing ER-mimicking SOs with UV-sensitive
npEGTA-chelated Ca®" ions. After illumination with a 405 nm UV laser, Ca*" is released from the synthetic
SOs by cleavage of the npEGTA. (b) Time-lapse fluorescence confocal microscopy analysis of BJ
fibroblast monolayers containing ER-mimicking SOs (cyan) and loaded with the calcium sensor fluo-4
(grey). Left image shows fluo-4 intensity before UV-illumination and right image after illumination. The
scale bar is 30 pm. The illuminated region is displayed in the magnified inset. (¢) Time course quantification
of the fluo-4 intensity profile from cells marked in (b). The SOs in cell 1 were illuminated with 405 nm
light (the turquoise background indicates the time-window of illumination), triggering successive Ca"

increase in the cell cytoplasm and subsequently firing of calcium action potentials in cell 2.

In order to assess if this released is also functional within living cells, respective GUVs
were incubated with fibroblast cells. After GUV uptake, the fibroblast electrophysiology
was monitored by fluorescence confocal microscopy analysis of the fluo-4 intensity within
the living cells. Interestingly, after illumination of the SOs with a 405 nm laser, a
prominent but transient increase in the cytosolic fluo-4 fluorescence, as well as a sharp
spike-like increase, reminiscent of a calcium action potential, was observed (Figure 31b).
This was followed by a several spike-like increases of the fluo-4 intensity in adjunct cells
(Figure 31c). Taken together, these results demonstrate the implementation of functional,
synthetic calcium storing organelles into living cells and their employment to generate

action-potential-like Ca*" increases in target and “follower” cells by illumination.
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Figure 32 | Assessment of Ca’" release from ER-mimicking SOs after UV-illumination. (a)
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Representative fluorescence confocal and bright field microscopy images of GUVs containing npEGTA-
chelated Ca>" encapsulated into water in oil droplets (upper left and middle image). The droplets further
contained fluo-4 fluorescence calcium indicator (cyan images) for analysis of free Ca®* levels. White circled
area indicates the area of 405 nm illumination with a laser-scanning confocal microscope. Successive
increase of fluo-4 intensity inside the GUV and inside the whole droplet is observed after illumination at
time point 0 sec, indicating successful release of Ca®* from the SO. (b) Quantification of fluo-4 intensity
from 8 separate droplets containing ER-mimicking SOs. Time intensity profiles of individual droplets are
shown in grey, green line shows the mean profile from the individual droplets. Black profile shows intensity

of non-illuminated droplets.

4.3.3 Assembly of magnetosomes to equip cells with non-innate functionalities

Apart from mimicking pre-existing organelles and their functionalities in living cells, also
completely new organelles can be “transplanted”. For instance, mimics of organelles
which originate from organism in a completely different part of the phylogenetic tree
could be integrated into mammalian cells. This could significantly expand the functional
repertoire of cellular “machineries” applied for industrial production of proteins and other
metabolites or for novel theranostic interventions. An interesting organelle which can be
found in several bacteria are magnetosomes. These membrane enclosed organelles contain
magnetite or greigite magnetic particles which align as pearl-like strings inside the
bacteria to provide them with a magnetotactic sense of the earth's magnetic field
(Blondeau et al., 2018). Comparable organelles are not developed by mammalian cells but
if synthetically incorporated, could provide new means to extrinsically direct cell
migration or polarization by magnetic fields (Figure 33a). Therefore, the next approach
aimed to produced SOs that contain magnetic particles by which, once taken up into the

intracellular space, they can provide magnetotaxis to mammalian cells. For this, 50 nm
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Fe,O; nanoparticles were encapsulated into the GUVs to form magnetotactic SOs. When
respective dsGUVs were analysed by bright field microscopy, an aggregation of the
nanoparticles inside the dsGUV lumen was observed. Moreover, a sensitive deflection of
these aggregates could be induced externally applied magnetic fields (Figure 33b).

After release of the respective dsGUVs, uptake by normal rat kidney cells was
observed when incubated with these SOs for 24 hours. In order to verify that nanoparticles
remain inside the GUV lumen after intracellular uptake, TEM analysis was performed.
This revealed that not only did the GUVs stay intact after uptake but also that the
nanoparticles still reside within their lumen (Figure 34a). Moreover, staining the cell actin
cytoskeleton with phalloidin-FITC showed that the SOs are surrounded by a dense actin
envelope which was linked to surrounding actin stress fibres, suggesting that any forces
originating from inside the SOs by magnetic field deflection of the nanoparticles could be
transmitted to the cellular cytoskeleton (Figure 34b).

As a next step, we “implanted” these SOs into fibroblast to analysis if they can
sense, align or migrate within a magnetic field with the help of the nanoparticles inside
the SOs. For this, respective cells were incubated next to an AINiCo permanent magnet
for 24 hours. Subsequently, bright field microscopy was performed to observe the
conformation and intracellular distribution of the SOs. This revealed that the SOs aligned
within the cytoplasm of the cells to form pearl-like strings (Figure 33c). Interestingly, this
conformation was reminiscent of the bacterial magnetosome structures. This indicates that
the iron nanoparticle containing SOs can be deflected by a magnetic field also within the
intracellular environment. Whether this intracellular alignment can also impact on the

migratory behaviour of the fibroblast, was analysed
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Figure 33 | Assembly of magnetosome-like SOs to equip cells with completely new, non-intrinsic
functionalities. (a) Schematic illustration of synthetic magnetosome-induced polarization and migration
of cells. (b) Bright field time-lapse series of dsGUVs containing Fe,O; nanoparticles. To deflect the
nanoparticles during the image acquisition, an AINiCo magnet was placed next to the sample. The scale
baris 10 pm. (¢) Representative bright field microscopy images of normal rat kidney fibroblasts containing
magnetosome-mimicking SOs (black dots), incubated for 48 hours next to an AINiCo magnet. Inset
magnifies the string-like alignment of SOs (blue arrow) within the cells. The scale bar is 50 um. (d)
Epifluorescence microscopy images of normal rat kidney fibroblasts containing magnetosome-like SOs,
cultured in 15.6 mm diameter wells next to (top row) or without (bottom row) an AINiCo magnet for 72
hours. Phalloidin-FITC and Hoechst33342 was applied to stained actin and nuclei, respectively, and SOs
were imaged by rthodamine B conjugated membrane lipids. Grey bar indicates AINiCo magnet position.
Right panels show colour-coded cell densities by automated counting of the nuclei in the respective regions.

The scale bar is 3 mm.
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by incubating them in a well-plate located next to an AINiCo magnet form 72
hours and subsequently staining the cells with phalloidin-FITC and Hoechst33342.
Afterwards, the complete wells were imaged to visualize the cell distribution within them.
It was found that the cells were not evenly distributed within the wells but rather
accumulated at the side where the magnet was placed (Figure 33d). Cells cultured for the
same time period without a magnet next to them showed no comparable distribution.
Automated counting of the cells by their nuclear staining showed that the cell density at
the magnet side was approximately three times higher compared to the opposite side. This
demonstrates how “implanting” magnetosome-like SOs into fibroblasts can provide them
with a synthetic magnetotaxis and how this allows them to align and migrate within a
magnetic field.

Fibroblast can be considered as intrinsically mobile cells (Petrie and Yamada,
2015), wherefore inducing a directed migratory behaviour in this cells does not allow to
conclude a strong magnetotactic effect. In order to analyse if the SOs-mediated
magnetotaxis can also be acquired by less mobile cells, primary neuronal cell migration
after magnetosome-like SOs loading was studied. Inducing and directing the migration of
these cells could have direct implications for the treatment of spinal cord injuries e.g. cross
section paralysis or other neuronal palsy and damages (Shibuya et al., 2009). For this

analysis, magnetosome SOs we incubated with primary rat hippocampal neurons and
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Figure 34 | Analysis of intracellular conformation of magnetosome mimicking SOs. (a) Representative
transmission electron microscopy micrographs of magnetosome mimicking-SOs inside living normal rat
kidney fibroblasts. Note that the iron nanoparticles are only found within the GUV lumen. (b)
Representative fluorescence confocal microscopy images of phalloidin-FITC stained normal rat kidney
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subsequently cultured for 96 hours next to an AINiCo paramagnet. Cell densities were
subsequently analysed by Hoechst3342 and phalloidin-FITC staining. Again, it was found
that the cell density next to the magnet was approximately 2x higher compared to the cell
density on the opposite side of the well (Figure 35a). Moreover, higher magnification
analysis revealed that the cells residing next to the magnet also showed an increased
connectivity and actin enrichment (Figure 35b). This could potentially be deduced to the
increased mechanical forces which have previously been described to stimulate neurite

and axonal elongation (Raffa et al., 2018; Zheng et al., 1991).
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Figure 35 | Magnetosome-like SOs provide magnetotaxis to primary neurons. (a) Epifluorescence
microscopy images of primary rat hippocampal neurons containing magnetosomes-mimicking SOs,
cultured for 96 hours on 18 mm diameter glass cover slips either next to an AINiCo magnet (top row) or
without a magnet (bottom row). Nuclei and actin were stained with Hoechst33342 and phalloidin-FITC,
respectively. AINiCo magnet position is indicated by the grey bar. Right panels show colour-coded cell
densities obtained by automated nuclei counting in the respective regions. The scale bar is 5 mm. (b)
Representative fluorescence microscopy images of phalloidin-FITC stained primary hippocampal neuron

incubated with (top image) or without (bottom image) SOs for analysis of neurite and axonal connectivity.

4.4 Bottom-up assembly of fully-synthetic extracellular vesicles

EVs, such as exosomes, microvesicles or apoptotic bodies present membrane-anchored
proteins on their surface and shuttle genetic information (e.g. nuclear and mitochondrial
DNA) and epigenetic regulatory elements (e.g. miRNAs) to distant cells. Thereby, they
deeply impact on nearly every facet of cell-physiological processes including migration
(Steenbeek et al., 2018), proliferation(Aiello et al., 2017) and differentiation (Cruz et al.,
2018). Attaining a more fundamental understanding of EV-mediated intercellular
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communication is a compelling goal not only for biosciences but also for the development
of EV-based theranostics (El Andaloussi et al., 2013; van Niel et al., 2018). However, the
error prone and time-consuming procedures required for EV isolation, purification and
characterization from natural biofluids as well as their intricate molecular complexity and
intrinsic biological variability have hindered an in-detailed understanding of the
associated signalling events.

Based on the GUV-cell interactions studies described in the chapters 4.1 and 4.2,
the hypothesis arose that by using in-droplet assembly of dsGUVs, fully-synthetic EVs
(fsEVs) could be assembled from molecular buildings blocks with comparable
functionality to their natural doppelgangers (Figure 36). This technology, which offers
exquisite control over the vesicle preparation parameters and therefor over their
composition, biochemistry and biophysical characteristics, could provide a minimalistic
model system to study fundamental biophysical phenomena underlying EV-signalling.
Moreover, as the resulting GUVs in many parts resemble the natural EV lipid carriers,
they could trigger EV-equivalent therapeutic responses without being subjected to natural
fluctuations like cell-derived EVs. This chapter introduces a high throughput assembly
technique for fSEVs based on charge-mediated formation of dsGUVs, their molecular and
structural characterization, an in vitro assessment of their functionality as well as a RNA-

sequencing transcriptome approach to study their signalling mechanisms.
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Figure 36 | Bottom-up assembly of fully-synthetic EVs. Schematic illustration of the isolation and
purification process applied for EVs from natural resources (left) and for the assembly of fsEVs from

defined molecular building blocks (right).

4.4.1 High-throughput assembly and structural characterization of fSEVs

For in vivo administration and analysis of fSEVs as well as for fSEV-based therapeutic
interventions large amounts of fsEVs are needed. Therefore, a bulk method, based on
shear stress mechanical emulsification of water-in-oil mixtures was designed (Figure 37a).
Here, a perfluorinated oil phase containing a stabilizing surfactant as well as a negatively

charged surfactant is mixed with an aqueous phase containing negatively charged SUVs
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of desired (functionalized-) lipid composition, MgCl, and nucleic acids (e.g. miRNAs) to
form water-in-oil droplets. As the emulsification process is mediated by a rapidly rotating
shaft, it can be performed in very large volumes (~1 litre) and therefore produce within
seconds enough dsGUVs and eventually fSEVs to perform in vivo analysis (Figure 37b).
As for this process the same principals of charge-mediated dsGUV formation are applied,
it can be viewed as an up-scaling production process for the droplet-splitting assembly of
EV-sized GUVs. Moreover, using this technique the final droplet size is not determined
by the microfluidic channel width or fluid flow pressure but by the rotation speed of the
shaft where higher rotation speed results in higher shear-stress and therefore smaller
droplets. Therefore, the final fSEV size can be easily adjusted from batch to batch without
the need for a new device design and far smaller fSEVs can be produced (Figure 37¢). For
instance, emulsification at 30,000 rpm for 30 sec produced fsEVs with a mean radius of
292 nm (£ 12 nm, n= 3 technical replicates) as measured by DLS. Emulsification at 14,000
rpm for 30 sec, however, resulted in fSEVs with a mean diameter of 627 nm (+ 15 nm, n=
3 technical replicates). After release, recombinant EV surface proteins can be coupled to
the outer fSEV leaflet via functionalized lipids following the protocols developed in

section 4.2.1.
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Figure 37 | Larger-scale production of fSEVs by mechanical emulsification. (a) Schematic illustration
of the fSEV's charge-mediated production process inside w/o droplet-compartments formed by mechanical
emulsification. MicroRNA containing fSEVs are formed on the droplet-periphery from SUV precursors
containing functionalized lipids for subsequent decoration with recombinant EV-surface proteins. (b)
Photographs of the phase-separated SUV/miRNA containing aqueous (top, pink) and surfactant-containing
oil (bottom, transparent) layers before mechanical emulsification. Right image shows a photograph of the
w/o droplet-emulsion after mechanical mixing for 30 sec at 30,000 rpm. (¢) Representative fluorescence
(left) confocal and bright field (right) microscopy images of dsGUVs produced by mechanical
emulsification for 30 sec at 30,000 rpm from SUV precursors (20mol% EggPG, 79mol% EggPC and
1mol% LissRhod PE). The scale bar is 20 pm.

In order to investigate the purity and homogeneity of the produced fsEVs, transmission
electron microscopy was performed on negative stained samples. Here, the fsSEVs
(composed of 70mol% DOPC, 5mol% DOPE, 20mol% DOPG, 5mol% DOPS lipids)
were compared to EVs isolated by differential ultracentrifugation from conditioned cell
culture medium of the erythroleukemia cell lines K562. Further, exosome preparation
from the same cell lines obtained from a commercial distributor were analysed in parallel
(Figure 38). Considerably fewer contaminating aggregates and non-vesicular particles

were present in the fSEVs preparations.
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Figure 38 | TEM analysis of natural and fsEVs. Representative TEM micrographs of EVs (marked by
black arrows) isolated by differential ultracentrifugation from K562 cell culture media conditioned for 48
hours (left). EVs isolated from conditioned K562 media by a commercial distributer (centre image). fSEVs
(70mol% DOPC, 5Smol% DOPE, 20mol% DOPG, Smol% DOPS) produced by charge-mediated formation
inside w/o droplets via mechanical emulsification (right image). Negative staining with uranyl acetate was

applied to the vesicle preparations. The scale bars are (from left to right): 100 nm, 100 nm, and 1 pm.

Furthermore, the protein content and purity of the vesicles were analysed by denaturating
SDS polyacrylamide gel electrophoresis (PAGE) (Figure 39). Both, K562 exosomes from
the commercial distributer as well as EVs isolated from conditioned K562 media, differed
greatly with regard to their protein composition, underscoring the degree of variations
between different EV sample preparation methods. Moreover, when comparing two
separately prepared exosome batches, substantial variation in the PAGE-protein profiles
could be observed. In contrast to this, when analysing fsSEVs decorated with recombinant
His-tagged CD9-ED2 and His-tagged TSG101 (aa 1-145) (coupled via NTA(Ni*") lipids)
by denaturating SDS PAGE, a clearly defined and characteristic band pattern could be
observed. Moreover, when comparing to separately produced fSEV batches, the band
patterns appeared to be nearly identical. This indicates, that fSEVs can not only be
prepared more reproducibly but also that fSEV provide a more defined system compared

to EVs isolated from natural sources.
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Figure 39 | Characterization of EV and fSEV protein content by denaturation SDS PAGE. Two
separate production batches of K562 EVs isolated by a commercial distributer were loaded on lane 1 and
2. EVs from two separate isolations of K562 cells by differential ultracentrifugation were loaded on lane 3
and 4. fsEVs decorated with recombinant ED2-CD9 (Ser112-11e195) and TSG101 (Gly1-Pro145), produced
in two separate assemblies by mechanical emulsification, were loaded in lanes 5 and 6. 3 pg and 500 ng
total protein content was loaded on each lane for natural and full-synthetic EVs, respectively. Normalized

line profile intensities of the individual lanes are displayed on the right.

4.4.2 Characterization fSEV lipid composition

Lipids act as the major scaffolding elements of EVs and greatly contribute to their
signalling capabilities. In order to assess whether the quantitative definition of fSEVs also
holds true for their lipid composition, quantitative electrospray ionization tandem mass
spectrometry was performed. The lipid composition of the fSEVs was designed to closely
resemble the composition of natural EVs, wherefore a formulation based ona 43 : 16 : 15
:11:6:5:2:1:1 ratio of cholesterol : SM : DOPC : DOPS : DOPE : DOPG : PA :
DAG : DOPI lipids was used for their production. Although it is technically possible to
assemble fSEV-membranes from an almost unrestricted selection of lipid types, these 9
lipids were selected as they represent some of the most abundant types found in EVs (e.g.
cholesterol and SM) or possess important signalling functionality (DOPS and DAG). The
quantitative mass spectrometry analysis of fSEVs and their SUV precursors revealed that
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the fSEV composition is almost identical to the formulation of the applied SUVs (Figure
40). This proofs that the lipid ratio remains unchanged during the emulsification and
release procedures and underscores the quantitative definition of the fSEVs. It also
demonstrates, that fSEVs can be constructed from a desired lipid ratio that closely

resembles the membrane composition of natural EVs.
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Figure 40 | Quantification of SUV and resulting fSEV lipid composition by ionization tandem mass
spectrometry. SUVs were prepared from a lipid mixture containing an expected ratio of43 : 16 : 15: 11 :
6:5:2:1:1of cholesterol : SM : (18:1)DOPC : (18:1)DOPS : (18:1)DOPE : (18:1)DOPG : PA : DAG :
(18:1)DOPI lipids and fSEVs were prepared by mechanical emulsification within w/o-droplets from
respective SUVs. The lipid composition of the SUVs and the resulting fSEV's samples were quantified by
ionization tandem mass spectrometry. Results, as well as the expected lipid ratio of the designed

formulation, are shown for the individual as percentage of the whole composition.

Moreover, DLS measurements showed that the (-potential of fSEVs with this lipid
formulation was -12,3 mV (£0,7 mV, n= 3 technical replicates). These values are
comparable to the {-potentials of natural EVs reported in literature (Vogel et al., 2017)
and to those measured for commercially available K562 EVs (-11,8 mV £0,9 mV, n= 3
technical replicates) and EVs isolated from conditioned K562 cell culture medium by
ultracentrifugation (-11,3 mV +0,5 mV, n= 3 technical replicates). Therefore, size (468
nm £ 199 nm and 240 nm = 32 nm for commercially available K562 EVs and K562 EVs
isolated by differential ultracentrifugation, respectively), {-potential and lipid composition
precisely match the biophysical characteristics of natural EVs with even slightly higher

homogeneity and reproducibility compared to their natural blueprints.

107



Results

4.4.3 Characterization of fsEV protein-decoration and RNA-loading

Although lipids are considered crucial components of EVs, most of the specific EV-
signalling functions are commonly associated with their lipid and nucleic acid cargo.
Many therapeutic applications use or target EV miRNA cargo or peripheral membrane
proteins and receptors (-ligands) on the EV surface. To demonstrate that fSEVs can also
be assembled with these functional constituents, miRNAs and proteins were introduced
into the dsGUVs and eventually into fSEVs. As a natural blueprint for the miRNA and
protein composition of these fSEVs, the components found to be essential in wound-
healing promoting exosomes derived from fibrocytes (see section 1.3.1), were used
(Geiger et al., 2015a). To this end, fSEVs containing synthetic double-stranded RNA
oligonucleotides miRNA mimics (miRIDIAN) of the natural exosomal miRNAs hsa-miR-
21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132 were
applied. A total miRNA concentration of approximately 750 pg/10'* vesicles is found in
natural EVs(Li et al., 2014), wherefore a corresponding concentration 50 nM of each RNA
mimic was added to the initial aqueous SUV solution used for dsGUV formation.
Moreover, fSEVs membranes were decorated with recombinant histidine-tagged second
extracellular domains of human tetraspanins CD9, CD63 and CD81 by applying Ni*'-
NTA coupling as described in section 4.2.1. A protein to lipid ratio of 1:200 was used as
this closely resembles the ratio found in natural EVs (Osteikoetxea et al., 2015).

Correct assembly of final fSEVs samples (lipid membrane decorated with proteins
and miRNAs in the lumen) was assessed by fluorescence confocal microscopy (Figure
41). For this, AlexaFluor488 labelled CD9 was used to assess immobilization of the
tetraspanin proteins on the fSEVs, LissRhod PE conjugated lipids were additionally
introduced into the lipid formulation to visualize the fSEV membrane and miRNAs were
stained with Hoechst33342. The fSEVs showed a circular shape of the lipid membrane
enclosing a bright Hoechst33342 fluorescence signal which indicates successful
incorporation of the miRNAs. Moreover, the AlexaFluor488 CD9 signal was exclusively
found on the fSEV membrane, suggesting correct membrane coupling and anchoring of
the tetraspanin ED2-domain. Importantly, employment of bio-orthogonal surface
chemistry (e.g. Ni*"-NTA-polyhistidine tag coupling) allows for precise control of the
membrane-anchored-protein to lipid ratio. In contrast to EVs engineered and produced
inside living cells, this adjustment and quantitative fine-tuning capability, is a

considerable improvement.
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Lipid membrane miRNAs merged

Figure 41 | Analysis of correct fSEV assembly. Representative fluorescence confocal microscopy images

of fsSEVs produced by mechanical emulsification. fSEV membranes were labelled by incorporation of
LissRhod B PE-labelled fluorescent lipids. Membrane immobilization of recombinant tetraspanins ED2
was assessed by imaging of Alexa488-labeled CD9 and the incorporation of 300 nM miRNA mimics (hsa-
miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132) into the fSEV lumen
was analyzed by Hoechst33342 staining. The scale bar is 2 pm.

Further, the uptake of these fSEVs by dermal cells was analysed by incubating them for
24 hours with spontaneously immortalized human keratinocytes (HaCaT cells). The
HaCaT model cell-line was chosen as it features many key characteristics (cell-cell
junction, collective migration etc.) of the keratinocytes responsible for wound-healing in
vivo (Boukamp et al., 1988). When observed by fluorescence confocal microscopy, the
fsEVs were found to be internalized into the cells and to co-localize with endosomal
compartments, as analysed by co-staining with WGA-AlexaFluor488 conjugates (Figure
42a). This is in line with the results described in section 4.2.2, where negatively charged
GUVs undergo comparable cellular uptake. Similar results were obtained when fsEVs
were incubated with primary human dermal fibroblasts, which are also considered a
crucial cell type involved in wound healing (Figure 42b). Here, fSEVs were also found to
be bound to the cell membrane and within the perinuclear region, suggesting cellular
uptake and subsequent processing by the intracellular trafficking machinery. Moreover,
this interaction was comparable to that of natural EVs isolated from conditioned K562
cell culture medium, indicating that fSEVs are recognized and processed by cells in a

similar way to natural EVs.
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Figure 42 | Analysis of fSEV uptake by human dermal cells. (a) Single plan fluorescence confocal
microscopy images of fSEVs incubated with WGA-Alexa647-stained immortalized HaCaT keratinocytes
for 24 hours. fSEVs co-localized with WGA-stained endosomal compartments. The scale bar is 5 um. (b)
Representative merged bright field and fluorescence confocal microscopy images of primary dermal
fibroblasts incubated for 24 hours with Dil labelled (yellow) natural EVs isolated from K562 media by
differential ultracentrifugation (left) or incubated for 24 hours with fluorescent fSEVs (yellow) coated with
recombinant histidine-tagged ED2 of CD9, CD63 and CD81 (at a 1:200 protein to lipid ratio) (right). Scale

bars are 20 pm.

4.4.4 Functional assessment of wound-healing fSEVs

In their study on wound-healing promoting fibrocyte-derived exosomes (Geiger et al.,
2015a) (see section 1.3.1), Geiger et al. report on their observations that these EVs induce
phenotypic changes in keratinocytes and fibroblasts in vitro. Some of the prominent
effects observed by Geiger et al. include: 1. higher proliferation rates as well as 2.
acceleration of the collective migratory behaviour of dermal keratinocytes and 3.
enhanced collagen deposition by dermal fibroblasts. Therefore, fSEVs were tested for their

potential to induced comparable phenotypic effects.
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4.4.4.1 Pro-proliferative effect of SEVs on keratinocytes

The first assessment aimed to analyse a possible pro-proliferative effect of fSEVs on
dermal keratinocytes. Towards this direction, spontaneously immortalized human
keratinocytes cell lines (HaCaT cells) were incubated with fSEVs for 48 hours and the
number of cells was subsequently assessed by a previously established Hoechst33342
staining assay (see section 3.2.9) (Figure 43a). In order to decipher the functional
contribution of the individual protein components, fSEVs were decorated either with a
single recombinant human CD9, CD63 and CD81 tetraspanin-ED2 (at a 1:200 protein to
lipid ratio) or combinations of them but lacking miRNAs. The analysis not only revealed
that fSEVs exhibit a pro-proliferative effect but also that co-presentation of tetraspanins
leads to a synergistic response on proliferation. This effect was most pronounced for
fsEVs which present all three tetraspanins, leading to an approximately 2-fold
Hoechst33342 intensity increase when compared to cultures treated with naive vesicles
(lipid vesicles without proteins) only. This proofs that presenting the ED2 of human CD9,
CD63 and CD81 on fsEVs membranes is already sufficient to achieve a pro-proliferative
effect on keratinocytes.

As a next step, the contribution of single miRNAs to the pro-proliferative effect
was evaluated. For this purpose, fSEVs biofunctionalized with the ED2 of human CD9,
CD63 and CD81 (at a 1:200 protein to lipid ratio) and loaded with miRIDIAN mimics of
either hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-
132 or a combination of all six (50 nM of each mimic was added to the SUV mixture used
for dsGUV assembly) were produced. Interestingly, the respective analysis of cell
numbers revealed that every single miRNA enhanced proliferative to a different extent
(Figure 43b). For instance, fSEVs loaded with hsa-miR-125 or hsa-miR-126 mimics
displayed the most pronounced effect (approximately 1.7-fold Hoechst33342 intensity
increase). However, compared to unloaded CD9, CD63 and CD81-biofunctionalized
fsEV, the highest pro-proliferative effect (2.5-fold Hoechst33342 intensity increase), was
observed when fSEV's were loaded with all six miRNAs at once. These results show, that
fsEVs are appropriate carriers to convey miRNA-based epigenetic information and

thereby reconstituting a central function of EV-based signalling.

111



Results

a b

2 3 §'3_

2 2

] ) 2 -

= I £

o o~ e O

< 2+ . < 2+ x I

§ * . ns. § . - I - I

< n.s. I <

g 14 = g14 X

o 0

= T

£ E

20 O D N N O N A 20 N X D 0 D O D

P QD L AN ® L ® O VGO O

é\c} o 00 Oo 6'5\ Oéb Oo"\ \b'b\ \bﬂ’\ e?' e?t\ \;vt‘ evt\ eV:\ e?t\ 6\0
< Y > P & & & & . &

® ¢ Faf & & & & &

& PR o

& &S &

.
Q
00
Q
2,
Q
2,
Q
2,
Q
%,
7
2%

Figure 43 | Pro-proliferative effect of wound-healing fSEVs. (a) Fluorescence intensity quantification
of Hoechst33342-stained human HaCaT keratinocyte cultures after treatment for 48 hours with fSEVs
decorated with different recombinant tetraspanin ED2 domain variants (at a 1:200 protein to lipid ratio).
(b) Fluorescence intensity quantification of Hoechst33342-stained human HaCaT keratinocyte cultures
after treatment for 48 hours with fSEVs decorated with recombinant tetraspanin ED2 domains of human
CD9, CD63 and CDS81 (at a 1:200 protein to lipid ratio) and loaded with different miRNA mimics (50 nM
each). Results are shown as mean =+ SD; n=3 biological replicates. Statistical analysis was performed for
significant difference compared to the control conditions “naive vesicles” and “CD9/63/81” in a and b,

respectively. T-test with *=p<0.01, **=p<0.001, ***=p<0.0001, n.s. not significant.

4.4.4.2 Enhancement of keratinocytes collective cell migration by fSEV treatment

In order to assess the effect of fSEVs on collective epithelial cell migration, in vitro cell
exclusion wound healing assays were performed with artificially wounded keratinocyte
monolayers. Cultures were treated with fSEVs decorated either with recombinant human
CD9, CD63 or CDS81 (at a 1:200 protein to lipid ratio) or a combination of them for 24h
(Figure 44a). 16 hours after removal of the exclusion inserts, cell free area between the
two advancing fronts was quantified (Figure 44b). This analysis not only revealed that
protein-decorated fSEVs can promote keratinocyte collective migration into the cell free
area but also that this effect was more pronounced when fSEVs presented all three
tetraspanin ED2 at once. This is in good agreement with the results obtained for the
proliferation analysis of fsEVs. Compared to “treatment” with fSEVs that were solely
functionalized with CD9, CD63, and CD81, the addition of miRIDIAN miRNAs mimics
effectively amplified this pro-migratory behaviour (Figure 44c). As observed in the pro-
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proliferative analysis, some miRNAs were more effective in this regard (e.g. hsa-miR-

132) compared to others (e.g. hsa-miR-124).
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Figure 44 | In vitro collective migration of fSEV-treated keratinocytes. (a) Representative phase
contrast images of HaCaT keratinocyte monolayers treated with fSEVs for 24 hours and after 16 hours of
migration into an in vitro wound site. The boarders of the cell layers are highlighted by blue-dashed lines.
Scale bar 185 pm. (b) Quantification of in vitro wound healing migration assays of keratinocyte monolayers
treated for 24 hours with fsEVs presenting different human tetraspanin ED2 variants (at a 1:200 protein to
lipid ratio). (¢) Quantification of in vifro wound healing migration assays of keratinocyte monolayers
treated for 24 hours with fSEVs decorated with recombinant tetraspanin ED2 domains of human CD9, CD63
and CD81 (at a 1:200 protein to lipid ratio) and loaded with different miRNA mimics (50 nM each). Results
are shown as mean + SD; n=4 individual wound sites. Statistical analysis was performed for significant
difference compared to the control conditions “naive vesicles” and “CD9/63/81” in b and c, respectively.

T-test with *=p<0.01, **=p<0.001, ***=p<0.0001, n.s. not significant.

Importantly, a fundamental conceptual advancement, provided by the use of fSEVs
compared to natural EVs, lays in their quantitative defined character. For instance, this
allows to systematically vary their quantitative miRNA formulation and thereby to explore
holistic effects EV-mediate miRNA signalling on a quantitative level. Therefore,
concentration effects of miRNA132 mimics on in vitro keratinocyte migration were
investigated by integrating different concentrations of hsa-miR-132 mimics (from 5-150

nM) into the fsEVs while keeping the other five miRNAs at a constant concentration of
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50 nM each (Figure 45). Interestingly, the addition of 50 nM hsa-miR-132 mimic, which
represents and equimolar concentration to the other five miRNAs, resulted in the most
pronounced effect on in vitro wound closure. This indicates that in order to achieve a
desired physiological EV-signalling, not only the sole presence of individual miRNAs is
of importance but that a specific ratio needs to be kept. Taken together, these experiments
show that alongside proliferation, fSEVs can also increase collective migration of

keratinocytes.
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Figure 45 | miRNA concentration effects on collective cell migration of keratinocytes. Quantification
of in vitro wound healing migration assays of keratinocyte monolayers treated for 24 hours with fSEVs
decorated with recombinant tetraspanin ED2 domains of human CD9, CD63 and CD81 (ata 1:200 protein
to lipid ratio) and loaded with miRNA mimics (concentrations given in nM). The miRNA mimics of hsa-
miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126 and hsa-miR-130 in the fSEVs were added at a constant
concentration of 50 nM, while the concentration of hsa-miR-132 was varied. Results are shown as mean +
SD; n=4 individual wound sites. Statistical analysis was performed for significant difference compared to
the control conditions with no miRNA added. T-test with *=p<0.01, **=p<0.001, ***=p<0.0001, n.s. not

significant.

4.4.4.3 Increase of collagen deposition by dermal fibroblasts upon fSEVs treatment

In order to assess the effect of fSEVs on dermal fibroblast collagen deposition, enzyme-
linked immunosorbent assays (ELISA) were performed on primary human dermal
fibroblast cells (BJ cells) treated with fSEVs for 24 hours (Figure 46). Although efforts to
decode differential effects of individual miRNAs revealed no significant differences,
treatment with fSEVs containing all six miRNA mimics (50 nM each) and recombinant
tetraspanin ED2 domains of human CD9, CD63 and CD81 (at a 1:200 protein to lipid

ratio) induced a higher collagen deposition compared to untreated cultures.
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Figure 46 | ELISA-based quantification of human pro-collagen-Ia deposition. Primary human dermal
fibroblasts were treated for 24-hours with fSEVs presenting recombinant tetraspanin ED2 domains of
human CD9, CD63 and CD&81 (at a 1:200 protein to lipid ratio) and loaded with different miRNA mimics.
Results are shown as mean = SD; n=3 biological replicates. Statistical analysis was performed for
significant difference compared to the control conditions with naive vesicles. T-test with *=p<0.01,

**=p<0.001, ***=p<0.0001, n.s. not significant.

4.4.5 FsEVs enhance wound-healing of 3D organotypic skin models

Wound healing is a highly dynamic process involving several distinct cell types, signalling
factors that mediated communication between them and three-dimensional
rearrangements of these cellular architectures. Therefore, 2D in vitro models offer only a
limited representation of these processes and do not effectively predict the response of a
3D human wound. In order to assess if the fSEVs’ in vitro 2D functionality can also lead
to regeneration of wounded human skin, organotypic full-thickness skin models (Figure
47) from human donors with epidermal wounds were treated with fSEVs for 48h. The
fSEV solution was directly applied onto the wound site at the air-liquid interphase. For
this analysis, fSEVs containing mimics of the six miRNAs hsa-miR-21, hsa-miR-124, hsa-
miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132 (50 nM each) and presenting
human recombinant ED2 of the tetraspanins CD9, CD63 and CD81 (at a 1:200 protein to

lipid ratio) were used.
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Figure 47 | Wound closure of 3D organotypic human skin models after fSEV treatment. Representative
histological sections of organotypic human full-thickness epidermal skin models with a punched epidermal
wound side (upper left). Wounds were either treated by applying 2 pl of buffer (PBS, upper right), 2%
human serum dissolved in buffer (lower left) or with fsSEVs (1 pM total lipids) containing mimics of
miRNAs hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132 (50 nM
each) and presenting human recombinant ED2 of the tetraspanins CD9, CD63 and CD81 (at a 1:200 protein
to lipid ratio) (lower right). Tissue were treated for 48 hours and haematoxylin-eosin stained sections were

prepared afterwards. Dashed lines indicate epidermal wound edges. The scale bar is 1 mm.

Epidermal closure of the approximately 3 mm wound was quantified by measuring the
epithelial wound bed-size in haematoxylin-eosin (H/E)-stained histological samples
(Figure 48a). The fSEV treatment substantially augmented the healing processes as
compared to buffer treated negative controls, reaching comparable effect as the human
serum treated positive controls. Moreover, the thickness of the regenerated epidermal
layer was significantly increased compared to buffer-treated negative controls. This
indicates that not only the wound closure speed is increased by the wound-healing fSEVs
but also that the regenerated epidermal layer is better developed after fSEV treatment.
Taken together these data demonstrate that the bottom-up design and assembly of fSEVs
using a droplet-stabilized approach, can produce artificial EVs with a therapeutic potential

also in complex, in in vivo-like scenarios.
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Figure 48 | Quantification of epidermal wound-bed closure in human organotypic skin models. (a)
Epidermal wound-bed size after 48 hours treatment with 2% human serum (positive control), PBS buffer
(negative control) and fsEVs loaded with miRNAs miR-21, miR-124, miR-125, miR-126, miR-130, and
miR-132 (50 nM each) and decorated with recombinant human ED2 of CD9, CD63, and CD81 (ata 1:200
protein to lipid ratio). 6 slides from 1 skin, 12 slides from 2 skins (biological duplicate), 18 slides from 3
skins (biological triplicates) and 15 slides from 3 skin (biological triplicates) were measured for the initial
wound and serum-, buffer- and fsSEV-treat samples, respectively. (b) Quantification of the regenerated
epidermal layer thickness after treatment for 48 hours with 2% human serum (positive control), PBS buffer
(negative control) and fSEVs loaded with miRNAs hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126,
hsa-miR-130, and hsa-miR-132 (50 nM each) and decorated with recombinant human ED2 of CD9, CD63,
and CDS81 (at a 1:200 protein to lipid ratio). 8 regenerated epithelia slides from 2 skins (biological
duplicates), 10 regenerated epithelia slides from 3 skins (biological triplicates) and 12 regenerated epithelia
slides from 3 skins (biological triplicates) were measured for serum-, buffer- and fSEV-treat samples,
respectively. Results are shown as mean £ SD. Statistical analysis was performed for significant difference

between the samples. T-test with *=p<0.01, **=p<0.001, ***=p<0.0001, n.s. not significant.

4.5 RNA-sequencing analysis of fsSEV-treatment

In order to analysis the effect of fSEV-treatment on a functional-mechanistic level whole-
transcriptome RNA-sequencing analysis was performed. By this, changes in gene
expression can be investigated and the up- or down-regulation of specific gene sets can be

correlated to specific functional effects detailed in section 4.4.4.
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4.5.1 Transcriptional profiling of keratinocytes treated with wound healing fSEVs

In order to assess transcriptome-alterations induced by treatment with fSEV for wound-
healing, HaCaT keratinocytes were incubated with fSEVs decorated with recombinant
human ED2 of CD9, CD63, and CD81 (at a 1:200 protein to lipid ratio) and harbouring
hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132
(50 nM each) miRIDIAN miRNA mimics for 24 hours or left untreated as a control
condition. Moreover, an additional treatment option was analysed which consisted of the
soluble fSEV components, meaning that the same final concentration of proteins and
RNAs were added to the cells without being bound onto or incorporated into the lipid
vesicles. This was performed in order to analyse if these soluble components exert an
effect by themselves and whether proteins presentation on the vesicle surface or vesicle-
mediated intracellular delivery of the miRNAs is an actual requirement to fulfil their
signalling properties. The technical summary and quality assessment of the RNA-
sequencing procedure can be found in section 3.2.23.

Principle component (PC) analysis was performed to visualize the overall effect
of the experimental covariants and to reveal the similarities between the different
treatment groups (Figure 49a). When compared to the untreated keratinocyte cultures,
cells treated with fSEVs showed a distinct grouping in the first two principle components
(PC). In total 13045 genes were found to be expressed by the HaCaT cells, whereof 173
where found to be differentially expressed genes (DEG) (Figure 49b and supplementary
table 1) with an adjusted p-value < 0.05 compared to the untreated cells. From these genes,
113 were upregulated and 60 were downregulated. Interestingly, when comparing cells
treated with the soluble compounds, only 5 DEG were found, all of which were also
identified in the cells treated with fSEVs (Figure 49b inset). In order to deduce the most
central effect of fSEV treatment on the keratinocyte physiology, pathway enrichment
analysis was performed using the reactome database (Jassal et al., 2020) database (Figure
49c¢ and supplementary table 2). This analysis revealed that fSEVs impact on three major
phenotypic changes in the keratinocytes: 1. cell cycle progression, 2. immune cell
activation and regulation as well as 3. ECM remodelling, cell migration and keratinization.
In total 70 different pathways were significantly enriched, some of which regulate pivotal
phenotypic transitions involved in wound healing, for instance keratinization, formation
of a cornified envelope, assembly and crosslinking of collagen fibres and other multimeric

structures as well as the synthetises of hydroeicosatetraenoic-based tissue hormones.
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Figure 49 | RNA-sequencing transcriptome analysis of fSEV treatment. HaCaT keratinocytes were
treated with fSEVs decorated with recombinant human ED2 of CD9, CD63, and CD81 (at a 1:200 protein
to lipid ratio) and harbouring hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-
miR-132 (50 nM each) miRIDIAN miRNA mimics for 24 hours and compared to untreated cultures. (a)
Principle component analysis of keratinocytes treated with fSEVs and control-treated with PBS. Every data
point represents a single sample of the respective group. (b) Volcano plot of gene expression analysis of
keratinocytes treated with fSEVs. DEGs are highlighted in blue and the p,4;<0.05 threshold is indicated by
the grey line. Inset shows Venn diagram of DEGs from cultures treated with fsEV and cultures treated with
the soluble components as well as a summary of the DEGs in fSEV treated cultures. Only 5 DEG could be
detected when treating keratinocytes with the soluble fSEV compounds. (¢) Top 25 enriched pathways of
DEGs from fsEVs-treated HaCaT cultures. Pathway enrichment analysis was performed based on the
reactome database and results are sorted by their entities ratio (entities present in the DEG list/total entities
in the pathway). White numbers indicate the number of DEGs detected in the respective pathways.
Pathways commonly associated with cell cycle progression are highlighted in orange and pathways
commonly associated with cell migration, adhesion, ECM remodelling or wound-healing are highlighted

in green.

Moreover, several genes were enriched which are associated with pathways that have
previously been explored as important therapeutic targets in wound healing therapy. For
instance, several genes involved in the “regulation of ornithine decarboxylase (ODC)”

pathway were upregulated by fsSEV treatment (Figure 50). Ornithine is decarboxylated to
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putresceine, which is the rate limiting step in the synthesis of polyamines involved in cell
proliferation (Kern et al., 1999). Therefore, ornithine supplementation itself has been
widely explored in (pre-) clinical studies for improved wound healing therapy (Coudray-
Lucas et al., 2000; Debats et al., 2003; Shi et al., 2002). Specifically, the genes encoding
LRP8, TAP2 and NQOI1 were significantly up-regulated with log,(FoldChange) of 0.811,
0.538 and 0.498, respectively. This indicates that fSEV treatment induces an intrinsic
production of putrescine by keratinocytes, possibly supporting cell cycle progression and
explaining the increased proliferation rates found in section 4.4.4.1. This is only one of
many examples found in the RNA-sequencing analysis, which explains the observation of
increased keratinocyte proliferation made in the functional assessments of fSEV treatment.
For the sake of clarity, the ODC pathway was chosen as it is comparably straightforward.
Other pathways providing mechanistic explanation for increased migration and collagen
deposition were found to be affected accordingly. This is not only in good agreement with
the functional analysis performed in section 4.4.4 but also reveals the transcriptional
changes associated with EVs artificially assembled following the natural blueprint of
fibrocytes-derived EVs. This demonstrates how quantitatively defined fSEVs can be

employed to gain new functional insight into EV signalling principles.
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Figure 50 | Regulation of the ornithine decarboxylase pathway. Schematic illustration of the reactome
pathway “regulation of ornithine decarboxylase”. The pathway entities LRP8, TAP2 and NQO1 were
significantly upregulated with log,(FC) of 0.811, 0.538 and 0.498, respectively, after treatment with fsSEVs
decorated with recombinant human ED2 of CD9, CD63, and CDS81 (at a 1:200 protein to lipid ratio) and
harbouring hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132 (50 nM
each) miRIDIAN miRNA mimics for 24 hours. The affected steps are highlighted in blue and the affected
entities are highlighted with red-circled numbers indicating how many entities in the corresponding

pathway steps were found in the submitted DEG set.
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4.5.2 Deciphering EV-signalling pathways by fSEVs

In order to demonstrate the fundamental advantage of fSEVs for systematic decoding of
EV signalling principles, a subsequent RNA-sequencing transcriptome analysis with
differently decorated fsEVs was performed. Here, in order decipher the individual
contributions of the fSEV proteins, the recombinant ED2 tetraspanins were either coupled
together on the fSEV membrane or in pair and triple combinations of them. The
transcriptome profile was then compared to keratinocytes cultures treated only with the
lipid components of the fSEVs, lacking any proteins or miRNAs.

This analysis revealed, that when HaCaT keratinocytes were treated with fSEVs
harbouring recombinant human ED2 CD9, CD63 and CD81 tetraspanins (at a 1:200
protein to lipid ratio) but lacking any miRNA mimics, 231 genes were differentially
expressed compared to the lipid treated control cultures. From these genes, 168 were
found to be up-regulated and 63 to be down-regulated (see supplementary table 3).
Importantly, the fSEV technology now allows to decipher the contribution of each single
tetraspanin to the differential regulation of each gene in this set (Figure 5la and
supplementary table 3). For instance, cells treated with fSEVs presenting a combination
of recombinant human ED2 CD9 and CD&81, showed only 58 overlapping DEGs while
fsEVs decorated with recombinant human ED2 CD9 or CD63 showed no overlap at all.
Interestingly, fsSEVs with recombinant human ED2 CD81 did show an overlap of 34 DEGs
when compared to cultures treated with fSEVs harbouring recombinant human ED2 CD9,
CD63 and CDS8]1 tetraspanins. This exemplifies how fSEVs can be applied to decipher the
contribution of individual EV components to differential expression of specific genes or
gene sets.

This approach can further be applied to decipher the impact of EV components on
individual pathways. Towards this direction, pathway enrichment analysis for DEGs of
HaCaT keratinocyte cultures treated with different fSEVs variants was performed (Figure
51b and supplementary table 4). Among the top 25 enriched pathways of cultures treated
with fSEVs harbouring recombinant human ED2 CD9, CD63 and CD&81 tetraspanins (at a
1:200 protein to lipid ratio), several pathways associated to immune-regulatory
mechanisms were identified. Moreover, again several pathways commonly associated
with cell migration and ECM remodelling were identified as enriched. By combining this
pathway enrichment analysis with the consideration of individual DEGs, specific

tetraspanins can be correlated to specific phenotypic alterations. To exemplify this, the
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“Type I hemidesmosome assembly” pathway was further investigated for the individual
fsEV compositions (Figure 51c¢). Important to note, desmosome disassembly is of major
importance for proper wound healing (Garrod and Chidgey, 2008; Hopkinson et al., 2014).
Type 1 hemidesmosomes consist of 8 major proteins, 6 of which were found to be
differentially expressed by fSEV treatment. It was found that the respective DEGs were
specifically associated with individual tetraspanin combinations. This not only correlates
with the functional assessments in section 4.4.4.2 but also shows the cumulative nature of
the EV components, as the more EV proteins are united in a single fSEV preparation, the
more diverse transcriptomic changes are observed. Taken together, these investigations
demonstrate that EVs of complex composition induced more functional effect than simply
the sum of their parts, highlighting their role as intercellular protein-presentation
platforms.

The fsSEV concept can not only be applied to the protein component of EVs but
also to other moieties like the miRNAs. To demonstrate this, HaCaT keratinocyte cultures
treated with fSEVs harbouring recombinant human ED2 CD9, CD63 and CDSI1
tetraspanins (at a 1:200 protein to lipid ratio) were compared to fsSEVs harbouring
recombinant human ED2 CD9, CD63 and CDS81 tetraspanins and additionally carrying
hsa-miR-21, hsa-miR-124, hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132
miRNA mimics. This comparison revealed 57 DEGs (see supplementary table 5).
Moreover, respective DEGs were found to be enriched in 12 pathways which were
interestingly not associated to ECM remodelling, cell migration, adhesion or immune-
regulation (Figure 51d and supplementary table 6). Rather, mostly pathways associated
with mitochondrial physiology and metabolism were enriched. Upregulation of cellular

energy metabolism in turn, is a prerequisite to boost cell proliferation.
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Figure 51 | Deciphering EV signalling by RNA-sequencing analysis of fSEV-treated cells. (a) Heat
map of overlapping DEGs between cultures treated with fSEVs decorated with different combination of
recombinant human tetraspanins ED2. Each column represents one of 231 DEGs found for HaCaT cells
treated with fsSEVs decorated with recombinant human ED2 CD9, CD63 and CD81. DEGs are marked in
green. (b) Heat map of pathway enrichment analysis of the top 25 pathways enriched in HaCaT cells treated
with fsEVs decorated with recombinant human ED2 CD9, CD63 and CD81 and overlapping enriched
pathways for HaCaT cells treated with vesicles decorated with other tetraspanin combinations. Significantly
(p<0.05) enriched pathways are marked in green. Pathways commonly associated with immune-regulation
and cell motility are highlighted in blue and green, respectively. (¢) Schematic representation of a type I
hemidesmosome and summery of associated DEGs in HaCaT cells treated with fSEVs decorated with
different tetraspanin combinations. Upregulations and downregulation of the respective genes are indicated
with + and -, respectively. N.s. indicates no significant differential expression of the respective gene in the
treatment condition. (d) Top 12 enriched pathways of DEGs from HaCaT cultures treated with fSEV
decorated with recombinant human ED2 CD9, CD63 and CD81 and harbouring hsa-miR-21, hsa-miR-124,
hsa-miR-125, hsa-miR-126, hsa-miR-130 and hsa-miR-132 miRNA mimics. DEGs were determined in
comparison to HaCaT cultures treated with fSEVs decorated only with recombinant human ED2 CD9, CD63
and CDS8I1. Results are sorted by their entities ratio (entities present in the DEG list/total entities in the
pathway).
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5 Discussion

n this thesis, I describe the characterization and manipulation of GUV-cell

interactions and the assembly of fully-synthetic and functional extracellular vesicles.

I describe bulk and microfluidic methods for the charge-mediated assembly of
dsGUVs and the implementation of microfluidic splitting devices for serial
miniaturization of dsGUVs. Moreover, | report on the application of bio-orthogonal
functionalization strategies of GUV membranes. Based on the developed concepts, I
describe the assembly of hierarchical GUV-based vesicular delivery systems for large
supramolecular cargos and synthetic organelles. Moreover, I describe the bottom-up
assembly of fully-synthetic but functional EVs for application in wound healing therapy
and concepts for their deployment in studies aiming to decipher functional mechanisms

of EV-signalling.

5.1 GUVs for intracellular cargo delivery

In the following, I summarize and critically discuss some key aspects and achievements
involved in GUV-based intracellular cargo delivery:

Chapter 4.1 introduces a high-throughput droplet-based microfluidic production
pipeline for the assembly of large amounts of well-defined carrier-GUVs suitable for
cellular uptake with a diameter of approximately 2 pm. The described technology relays
on three subsequent production steps: 1) well-controlled charge-mediated assembly of
dsGUVs from SUV precursors 2) serial mechanical splitting of dsGUVs by V-shaped
microfluidic channel-architectures and 3) the release of these droplet-splitted GUVs into
an aqueous environment by destabilization of the droplet emulsion. As demonstrated in
sections 4.1.2 and 4.1.5, this sequential assembly approach enables for very efficient
loading of complex supramolecular cargos into the dsGUVs and moreover offers a high
control over the physicochemical properties of the GUV-membranes. Specifically, the
precise adjustment of GUV size, cargo and charge as well as the ability to adjust the
strength of GUV-cell interactions, has allowed to undertake a systematic assessment of
key factors that conquer the GUV-cell interaction and to explore concepts for targeted
GUYV delivery as described in chapter 4.2. Moreover, the highly reliable and diverse bio-
orthogonal GUV-functionalization strategies implemented in section 4.2.1, empower the
production of GUVs with a diverse functional repertoire. In particular, the work presented
in this thesis shows how a combination of repulsive PEG-mediated interactions together
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with charge-driven and specific ligand-receptor-based attractive GUV-cell interactions
can be applied to regulate specific cellular GUV-uptake.

Moreover, a systematic evaluation of GUV-decoration with PEG polymers is
presented (see section 4.2.3). This approach is inspired by PEGylation strategies
previously applied for other small liposomal delivery systems (Immordino et al., 2006)
and the integration of small amounts of PEG into GUV membranes (Yamashita et al.,
2002). However, this thesis presents, to the best of my knowledge, the first
characterization of GUV PEGylation at high concentrations of PEG (up to 50mol%),
which was so far not achievable with current GUV-formation techniques. This does not
only highlight a fundamental advantage provided by the formation of GUVs via dsGUV
production but also allowed for the first systematic screening of PEGylated-GUV-cell
interactions. It was observed that increased PEGylation rates of the GUVs resulted in a
decrease GUV-cell attraction. DLS measurements revealed that corresponding GUVs
feature a decreased {-potential, indicating that PEG polymers successively mask or shield
the GUV-membrane charge. A directly decreased charge-mediated membrane-membrane
interaction between the GUVs and cells could thereby explain the reduced attraction.
However, this effect could also be deduced to a reduced opsonin coating of the GUVs by
serum-proteins and therefore lead to a reduced receptor-mediated GUV uptake (Suk et al.,
2016). As detailed in section 4.2.3, this effect was especially affected by the rate of
PEGylation employed and less by the PEG-chain length. This observation might be
explained by considering the two main structural conformations surface-immobilized
PEG can form: 1) an extensively coiled “mushroom”-like conformation and 2) a more
linearized, “brush”-like structure. While the brush-like form results in higher shielding
capacity, the mushroom-like form has only limited capabilities in reducing liposomal-
membrane interactions (Perry et al., 2012). Two of the key factors determining the actual
PEG-conformation state on lipid membranes are the polymer length (assuming a non-
branched polymer) and the membrane PEGylation density. As detailed in previous reports
(Perry et al., 2012), experimental determination of the PEG density on a surface is highly
challenging, wherefore most considerations in this regard are based on theoretical
predictions and calculations (Cruje and Chithrani, 2014). For this, the Flory radius (RF),
the intermolecular-PEG distance on the surface (D) and the polymer length (L) need to be
considered. At low polymer surface densities with D>Rg, a mushroom-like form, with
non-fully extended PEG-chains, is preferred. As D decreases, the PEG polymers extend

to a brush-like conformation providing denser coverage of the surface (Cruje and
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Chithrani, 2014; Kaufmann et al., 2011; Perry et al., 2012; Suk et al., 2016). Moreover,
when L>2Ry, a dense brush-like confirmation is formed (Damodaran et al., 2010). Rg can
be approximated by Rp=a#*n” (where a is the PEG monomer length of 3.5 A, n is the
number of monomers and v is the Flory constant of 3/5) (Cruje and Chithrani, 2014). For
all PEG molecular weights tested (PEG350, PEG750 and PEG1000), L is larger than
2 #Rf, wherefore a dense brush conformation can be assumed in all cases. Increase from 5
to 50mol% induced a transition from a mushroom-like conformation to a brush-like
conformation, this could potentially explain why increase in PEG length does not affect
the GUV-cell repulsion as strong as the increase in PEGylation density. Successive
increase of the PEG length however, results in a non-linear increase in the PEG layer
thickness and therefor probably in a more efficient shielding of the GUV surface charge.
To assess these matters, as well as possible opsonin-coating effects, future
characterizations should not only include functional assessment like cell-attraction
measurements but also involve (ultra-)structural evaluations based for instance on
cryoTEM or QCM-D.

Based on these assessments, section 4.2.4 demonstrates how a combination of
attractive and repulsive GUV-cell interactions can be employed to decrease nonspecific,
electrostatic interactions and boost specific cell-targeting. Moreover, observations based
on electron microscopy and z-resolved confocal fluorescence microscopy in combination
with the endosomal compartment staining presented in sections 4.1.5 and 4.2.5 provide
clear proof that negatively charged GUVs as well as ligand coupled GUVs are taken up
by cells. Passage of this first biological barrier, the plasma membrane, opens the doors for
further directed, possibly lossless intracellular release of cargo. This further highlights the
application of dsGUV formation for the controlled module by module assembly of
hierarchical cargo delivery systems with sequential release functionalities.

Further, section 4.2.5 describes the assessment of several lysosomal escape
mechanisms and the implementation of an efficient cytoplasmic release strategy for GUV
cargos, based on the pH-sensitive lipid DOBAQ. This analysis revealed that out of the
three approaches tested, only DOBAQ showed efficient intracellular release of GUV
luminal cargo. However, the PEI as well as the GALA-peptide-based approaches have
previously been applied for efficient drug-release from nano-carriers (Nakase et al., 2011;
Zakeri et al., 2018), raising the question why these approaches seem to be non-functional
for GUV-based delivery. Therefore, two major structural differences between previously

applied liposomal nano-carriers and GUVs need to be emphasised. First, the GUV
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membrane curvature as well as the curvature induced membrane tension is almost
neglectable and second, GUVs possess a significantly higher surface-to-volume ratio
compared to SUVs. Particularly, the fusogenic properties of GUVs, in dependence of their
membrane tension, have been assessed previously (Kliesch et al., 2017). These reports
provided clear evidence that the “fusiogenicity” of GUVs increases with curvature
induced membrane tension. Therefore, the GALA-based approaches might not provide
sufficient inter-membrane attraction for intralysosomal fusion of GUV-membrane.
Additionally, because of the reduced membrane curvature, the intrinsic “fusiogenicity” of
the GUVs might be too low to allow spontaneous membrane fusion even if the two
membranes are brought in close contact. However, this should not affect the PEI-based
approach, as in this case lysosomal escape is achieved by lysosomal rupture and not by
fusion. Therefore, the second key difference of GUVs compared to nano-size liposomes
needs to be considered: the high surface-to-volume ratio. Potentially, the GUV lumen is
to spacious to allow for a harsh unproportional proton-sponge like swelling and
subsequent rupturing of GUV and lysosome. If true, this effect could be overcome by
increasing the PEI intraluminal concentration. However, when concentrations higher than
44 pg/ml PEI were encapsulated into dsGUV, neither reliable dsGUV formation nor GUV
release was observed.

Another important observation related to GUV-fusion was made when applying
cationic GUVs on cells (see section 4.1.5). Incubation of GUVs containing cationic
DOTAP lipids with cells induced severe cytotoxic effects. By co-localization of the GUV-
lipid fluorescence with a plasma membrane staining, it could be shown that the GUVs
most probably undergo direct fusion with the cells. This effect has been studied
extensively for other cationic liposomal formulations under in vitro and in vivo conditions
(Audouy et al., 2002; Bailey and Cullis, 1997; Cavalcanti et al., 2018; Cortesi et al., 1996;
Mok and Cullis, 1997; Romoren et al., 2004), where cytotoxic side effects are well-known
complications and several routs and mechanisms related to this cytotoxicity haven been
proposed. Therefore, a very narrow therapeutic-window needs to be kept for such cationic
liposomal systems. In the case of cationic GUV-based systems, this window might be
even further narrowed. For instance, in vitro 1Csg in the range of 100 — 300 uM have been
reported for cationic liposomes (Vangasseri et al., 2006). In the experiments presented in
section 4.1.5 however, lipid concentrations of 10 uM were applied and almost no cell
survival was observed under these conditions. This indicates that cationic GUV's possess

a comparable high cytotoxicity. This effect could be based on two different phenomena.
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First, when direct GUV-cell fusion occurs, the amount of exogenous fluid released into
the cytosol is orders of magnitude higher when compared to classical liposomal system.
This could induced severe disturbance of the intracellular electrolyte homeostasis and
cause inevitable cell death. Secondly, the number of exogenous lipids introduced into the
cell membrane upon fusion of a single GUV is considerably high compared to nanometer-
sized liposomes. This harsh disturbance of membrane homeostasis as well as the
associated changes of the physical state of the cell membrane could lead to consequential
disturbance of the cellular equilibrium. Therefore, for drug-delivery applications, an in-
detail analysis of the dose-response and dose-cytotoxicity relation of cationic GUV's needs
to be performed in future experiments. However, even though cationic GUVs potentially
possess a lower ICsy, they could still outperform conventional cationic liposome
formulations. In particular, because their total cargo capacity is orders of magnitude higher
and therefore the total number of GUVs that need to be applied to reach a therapeutic drug
dose could be very low, compensating their higher cytotoxicity.

Interestingly, GUVs with {-potentials close to 0 showed very reduced cell-attraction
(see section 4.1.5). In accordance with the quantitative cell-attraction assay measurements,
observations by fluorescence confocal microscopy showed that respective GUVs were
“loosely” bound to cell membranes. Experimental setups based on respective GUVs, are
very well suited to analyse the effect of protein presentation by vesicles as interfering
effects by any substantial vesicle uptake can be diminished. Such systems might be very
valuable to study intercellular signalling based on ligand-receptor interactions as
performed laboriously in previous studies (Jenkins et al., 2018). However, as the dsGUV
formation process is based on a charge-mediated lipid-surfactant interaction, the
production rates of respective GUVs were considerably low, wherefore further
optimization of the production parameters (e.g. increase of MgCl,) should be performed.

Moreover, further in-depth characterization of some GUV characteristics might be
performed in future studies. For instance, as the assessment presented in section 4.1.2 was
solely based on average fluorescence intensity measurements, the inconsistencies in the
assessment of the interdroplet variation (see Table 6) should be revaluated to better
characterize the droplet-transmission homogeneity. Therefore, more quantitative
experimental approaches, for instance techniques with single molecule resolution like
TEM, should be applied.

The successful incorporation of BVs into GUVs by means of charge-mediated

dsGUV formation (see section 4.2.6) together with the subsequent transduction of cell
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culture cells based on GUV uptake, demonstrates the cargo loading capability of the
droplet-splitted GUVs. This represents a significant advancement compared to the current
size and load limitations of conventional liposomal drug-delivery systems. In future,
freights could include ensembles of therapeutic viruses with multiple genome engineering
modalities, drug-releasing porous microparticles, large quantities in vivo imaging agents,
DNA origami nano-robots and other biological and synthetic nanodevices. In this case,
the GUV shell could simultaneously allow for targeted delivery and also prevent cargo
degradation inside the GUV lumen. Particularly for viruses, a GUV-based delivery system
might not only prevent any eliminating immune-recognition but also “outsources” so far
genetically engineered targeting functionalities of viral capsids to the GUV membrane.
This in turn would “free” additional genetic space on the viral genomes for therapeutic
exogenous genes. After arrival of the GUV at its cellular destination, the cargo would then
be intracellularly discharged via the presented lysosomal escape mechanism. However,
the purity of respective BV-loaded GUVs needs to be reassessed as free viruses released
from the GUV “shell” during the deemulsification process could lead to a misleading
GUV-independent transduction. Moreover, the structural properties of BVs loaded into
the GUV membranes need to be critically assessed. The cryoTEM analysis (see section
4.2.6) showed that BV can undergo apparently progressive disassembly inside the GUVs.
Other reports have found previously that “demounting” the BVs’ lipid envelop by
surfactants, the viral capsid undergoes relaxation and DNA extrusion, potentially lowering
or diminishing the viral transduction potential (Wang et al., 2016). The charge-mediated
dsGUV assembly from SUV precursors for simultaneous BV incorporation could also
include substantial Mg**-mediated attraction of the BVs themselves to the droplet-
periphery and subsequent fusion of the viral lipid envelop with the SUVs to form a hybrid
dsGUYV (Figure 52). Therefore, in particular the immunogenicity of such BV-loaded GUV
needs to be evaluated as viral membrane proteins could be presented on the GUV surface.
Section 4.3 introduces how the unique capabilities of microfluidic-based GUV assembly
can be employed to produced SOs as well as their uptake and functioning inside different
mammalian cell lines and primary cells. Concepts on how GUV-based SOs can be
equipped with several operational modules to mimic the natural organelle structure and
function are presented. The application of microfluidics for the production of lipid
enveloped SOs can be considered as an important advancement, as dsGUV technology is
compatible with numerous different lipid types, which allows to precisely assemble the

natural organelle membrane composition in vitro. Moreover, it emphasises the flexibility
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of the dsGUV approaches as it allows the incorporation of compounds with varying sizes,
ranging from low molecular weight npEGTA cages to large nanoparticles like iron
nanoparticles. This also showcases the construction of complex, higher order machineries
operable in the intracellular space which can also expand the boarders of natural design

and building plans towards the intracellular implantation of new synthetic modules.
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Figure 52 | Models of BV-loading into GUVs. (a) Schematic illustration of the incorporation of BVs into
the lumen of a dsGUV. (b) Schematic illustration of the simultaneous fusion SUVs and BVs inside water-

in-oil droplets, forming a hybrid GUV membrane.

However, further concept beside lysosomal escape will need to be developed in order to
control the intracellular stability of the SOs. In the presented studies, SOs have been
observed to be stable for approximately 72 hours. Although this represents a time window
which is well-suited for in vitro studies on organelles functioning and some medical
approaches, it does not implicate stable incorporation of the SOs into the cell machinery.
Therefore, novel means, e.g. allowing for SOs replication during the cell cycle should be
developed, which would then allow for a true fusion of synthetic organelles with living

cells.

5.2 Limitations and outlook for GUV-based targeted delivery
In the following I will discuss future research directions empowered by the advancements
presented in this thesis as well as the current drawbacks and limitations of the GUV-based
delivery systems:

Although the work presented in this thesis has provided some fundamental

advancements towards the use of droplet-splitted GUVs for cellular delivery purposes,
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several challenges still loom on the way to their clinical applications. For instance, the
(humoral-) immunogenicity of the GUVs needs to be assessed. The value of in vitro assays
for this purpose is still controversially discussed wherefore only in vivo administration can
provide clear evidence and conclusions in this regard. However, the in vivo application of
such GUVs bears additional aspects that need to be meticulously assessed and considered
during the GUV design. For instance, micron-sized particles, or aggregations thereof,
could potentially lead to clogging of blood-vessels or other tubular structures like liver
sinusoids. Moreover, there is an evident correlation between vesicle size and vesicle
localization after injection (Carstens et al., 2011), their circulation time (Litzinger et al.,
1994) and the type of immune response (Badiee et al., 2012) evoked. This size-correlation
also holds true for liver and spleen uptake rates (Liu et al., 1992), which, if not reduced
by repulsive-PEG coating, could further limit the targeting efficiency of the GUVs.
Importantly, GUVs produced via microfluidic technologies exhibit a very low bending
rigidity and are therefore highly flexible (Karamdad et al., 2015). Many blood-circulation
depletion effects are based on the mechanical rigidity of the particles (e.g. filtration of old
red blood cells by the spleen), making GUVs promising carrier particles for long blood-
circulation times. Together with this, the GUV administration routs need to be evaluated
as each individual application (e.g. intravenous, intramuscular, intraperitoneal,
intracerebral, subcutaneous, intraocular, oral etc.) requires specific formulation features
and GUYV surface characteristics. For instance, intravenous injection demands high shear
stress tolerance of the GUVs, while oral administration requires an increased chemical
and osmotic stability. Which of these parameters can be engineered into droplet-splitted
GUVs remains to be assessed.

Although GUV-based systems have been interfaced with cells previously to assess
immune signalling of antigen-presenting cells (Jenkins et al., 2018), this thesis provides
the first throughout study that sheds light on the fundamental factors that govern GUV-
cell interaction spectrum. Based on this, new horizons open which not only allow to
investigate the interactions of cells with GUVs applied for drug delivery but moreover
empower systematic characterizations of intercellular signalling based on synthetic cells.
The engineering strategies detailed in this thesis, characterizing GUV-cell interactions and
GUV guidance, lay the foundation for such highly promising future applications.
Importantly, the exquisite control over the GUV composition offered by the charge-
mediated assembly as well as the developed toolbox of GUV functionalization strategies,

enable for the construction of GUVs with an excessive functional diversity. Therefore, the
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investigation of GUV-cell interactions will prove eminently useful for bottom-up
synthetic biology approaches, aiming to create novel materials somewhere in between the
living and synthetic states of matter (Figure 53a). By incorporation of such synthetic cells
into living cell architectures, fundamental questions of bottom-up synthetic biology could
be solved. For instance, an objectified cellular Turing-test towards vivum ex vivo could be
implemented, where stable integration and the formation of a holistic semi-synthetic “self”
is evaluated based on the establishment of bidirectional information exchange between
the living and synthetic life forms (Levin, 2019). Hereby, interactions within hybrid
tissues and therefore on the micro- and mesoscale architecture of these, could be tuned
using the molecular-engineering strategies presented in this thesis (Figure 53b).
Moreover, these detailed characterizations lay the foundations and clarify imminent

requirements for the bottom-up assembly of defined fSEV structures.

5.3 GUVs as fully-synthetic extracellular vesicles

In the following, I summarize and critically discuss some key aspects and achievements
associated with the first synthesis of fully-synthetic, functional and potentially therapeutic
fsEVs.

Chapter 4.4 introduces a complementary and quantitative approach based on
bottom-up synthetic biology principles for sequential in vitro synthesis of fully-synthetic
extracellular vesicles with completely defined lipid, protein and nucleic-acid composition.
Section 4.4.1 demonstrates how fSEVs can be assembled step-by-step from well-defined
synthetic molecular building blocks in vitro using a mechanical emulsification approach
for dsGUV production. This strategy for EV preparation circumvents the introduction of
impurities by cellular production techniques. In sections 4.4.2 and 4.4.3, quantitative data
on the fsEV lipid composition are provided and an assessment of the nucleic acid
incorporation and protein decoration as well as the biophysical properties of the EVs is
performed. These experiments demonstrate that fSEVs can be assembled from
individually adjustable lipid precursors to precisely match the lipid composition and
biophysical characteristics of EVs isolated from cells, even with slightly higher
homogeneity and reproducibility than their natural blueprints. Section 4.4.4 describes
fully-synthetic EVs with identical functionalities to natural exosomes and shows their
administration on organotypic full-thickness human skins models for wound-healing

therapy. Much like their natural doppelgangers, these in vitro assembled EVs are able to
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Figure 53 | Incorporation of synthetic cells into living system. (a) Merged fluorescence confocal
microscopy and bright field image GUVs (yellow) incubated in 1:100 diluted blood. The scale bar is 25
pm. (b) Fluorescence confocal microscopy and bright field image of GUVs applied as synthetic astrocytes
(red) by decoration of the GUV surface with NrCAM. Synthetic astrocytes were incorporated into living
3D Sh-SYS5Y neurospheroids to create a hybrid-tissue architecture. The scale bar is 100 um.

boost three of the most fundamental processes involved in proper wound healing:
proliferation, migration and collagen deposition. This well-defined fsEV preparation
methodology allowed to systematically decode synergistic functionalities between
individual protein and miRNA exosome components (see sections 4.4.4.1 and 4.4.4.2).
This, in combination with RNA-sequencing-based transcriptome analysis, enabled for an
analytical dissection of the associated EV-function mechanisms and provided a versatile
framework for innovative EV-therapeutics.

When treated with fSEVs, keratinocyte monolayer showed increased coverage of
the cell-free space in in vitro wound healing experiments (see 4.4.4.2). Moreover, the same
cells also showed increased proliferation rates when treated with fsEVs (4.4.4.1).

Therefore, the increased closure of the artificial wound side is not necessarily explained
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by increased collective cell migration speed but could be simply explained based on the
increased number of cells in the monolayer after treatment. In order to analyse the exact
changes in the monolayer migration dynamics, e.g. increased intercellular connectivity
(Ollech et al., 2020), changes in leader-cell formation (Vishwakarma et al., 2018) or
changes in cell adhesion (Ilina and Friedl, 2009), traction-force-microscopy analysis
before, during and after fSEV treatment should be performed. This, in combination with
differential regulation of signalling pathways associated with increased collective cell
migration observed in the transcriptome analysis, could definitively proof the pro-
migratory effect of fSEVs.

Moreover, most of the vesicle characterizations presented in this thesis were based
on bulk measurements. In order to analyse the quantitative inter-vesicle variation of fSEVs
in size, lipid composition, charge, protein coating or miRNA loading, analysis with single
vesicles resolution should be implemented (Kim et al., 2020). Although favourable for
several biomedical applications and for approval by regulatory agencies, the fsEV
population would not necessarily need to be extremely homogeneous in order to exert a
“correct” physiological effect. An intrinsic heterogeneity and variation of specific
biological effector molecules is an eminent prerequisite for proper function of several
signalling cascades (Altschuler and Wu, 2010). Therefore, a comparable feature-
distribution to natural EVs should be programmable when designing fsEVs in order to
offer means to accurately mimic disease states. This intercellular variance in fSEV
composition could also influence the results presented in Figure 45, where stoichiometric
effects of EV-based miRNA delivery were assessed. Such effects have been proposed but
the experimental evidence from earlier reports has not been completely conclusive,
demonstrating that the complementary fsSEV-approach can provide valuable quantitative
insights into EV-function (Alexander et al., 2015). However, if large variation in the
miRNA content of fSEVs persist, also these results could suffer from inconsistencies
originating from the population averaged-based results.

This work also introduces the application of mechanical shear stress-based
emulsification of water and oil phases for the creation of water-in-oil droplets. By
applying a rotation shaft, a SUV-containing water layer can be mixed with a surfactant
containing oil phase in order to create large volumes of dsGUVs within seconds. This
method thus provides an industrial-scale production method for fsSEVs with dimeters down
to approximately 300 nm. In this process, the principles of the charge-mediated dsGUV

assembly are fundamentally the same as for the microfluidic-based production, offering
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the same degree of control over the chemical and biological fSEV characteristics.
However, the advantages of high-throughput bulk assembly, comes to the expense of the
w/o-droplet size distribution, where typical preparations will deliver fSEVs with sizes
between 50 um and 300 nm. Therefore, additional purification procedures, like
differential centrifugation, need to be applied in order to isolate the fSEVs with dimensions
of interest.

Sections 4.4.4.1, 4.4.4.2 and 4.4.4.3 provide clear evidence that wound healing
fsEVs trigger very comparable, if not equivalent, cellular responses as their natural
blueprints. However, these characterizations should also be directly evaluated in
comparison to the performance of natural exosomes which they are inspired from.
Thereby, the efficiency of fsEVs for therapeutic applications could be put in better
perspective. Moreover, the fSEV wound-healing capabilities have been tested as a proof-
of-concept in human organotypic skin models (see section 4.4.5). Although these primary
cell-derived 3D tissue-like architectures can accurately recapitulate some key features of
human skin (Oh et al., 2013), they do not represent and preserve the full anatomical and
physiological characteristics of human wounded skin (e.g. immunological inflammation
factors and coagulated blood are not present). Therefore, an increased epidermal wound-
healing speed and epithermal thickness of these models does not necessarily imply proper
wound healing restitutio ad integrum under in vivo conditions. Here, many other factors
like accurate matrix remodelling and ingrowth of skin associated cell types (e.g. dendritic
cells and melanocytes) come into play. Therefore, the therapeutic potential of fsSEVs
should in future also be evaluated with human skin xenografts before translation into
clinical testing.

The fundamental conceptual advantages associated with the employment of fSEV
for EV research are highlighted in section 4.5. Here, whole-transcriptome analysis, based
on RNA-sequencing is performed on HaCaT keratinocytes treated with fSEVs of varying
composition. This assessment revealed some elemental principles on which EV signalling
and cargo shuttling relays. First of all, section 4.5.1 shows clear evidence that when
presented in their soluble form, the single fSEV constituents alone do not induce
transcriptional changes to the same extend as fSEVs do. Rather, the individual components
need to be presented to cells in a “vesicular context”. Simply incubating the cells with the
soluble miRNA and proteins did not lead to a comparable alteration of the gene expression
profiles. This observation may sound trivial in first place but is actually essential for the

field of EV research as such an integral behaviour could not be experimentally validated
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with natural EVs before. This is mostly due to the current lack of methods which allow to
produce EVs with the highest purity, for instance comparable with protein purification
methods, and the poor EV-engineering capabilities. The importance of the “vesicular
context” therefore provides an experimental proof on why cells employ EV signalling at
all: they substantially augment the signalling potential of the associated proteins and
nucleic acids! In general, scientific efforts aiming to decipher EV-based signalling
currently lack solid and robust biological reasoning on the advantages provided by EV-
based intercellular signalling and are mostly based on the observation of academically
interesting correlations in the form of: EVs from cell-type A, induce effect B in cells of
type C. Therefore, such fundamental assessments are much needed not only in order to
justify of the tremendous efforts currently undertaken in EV-research but also to
demonstrate to the scientific community that EV account for important intercellular
communications phenomena.

Moreover, section 4.5.2 demonstrates how highly-defined fsEVs allow to
systematically decode synergistic functionalities between individual EV components,
enabling analytical dissection of associated extracellular vesicle signalling. To exemplify
this, a differential gene expression and pathway enrichment analysis was performed on
keratinocytes treated with fSEV decorated with different tetraspanins and combination of
them. Several specific gene sets and pathways were found to be triggered by the individual
components. Importantly, it was found that the single tetraspanins on their own did only
exert little to no significant differential gene expression. However, when the tetraspanins
were presented on the fSEV surface together, large transcriptomic changes were observed.
This is on good agreement with the functional assessments performed in section 44.4.4,
where combinatorial effects between the tetraspanins were observed. However, this effect
was not purely additive, rather synergistic signalling was observed when combining
several different tetraspanins. Apparently also for EVs, the whole is more than the sum of
its parts.

To describe this effect in greater detail, the influence of single tetraspanins on the
assembly of hemidesmosomes was untangled. This specific example was chosen as the
hemidesmosome structure is well studied and because hemidesmosomes have a
significant impact on wound healing (Garrod and Chidgey, 2008; Hopkinson et al., 2014).
By combining the defines of the fSEV technology with RNA-sequencing, the impact of
every single tetraspanin present in the fSEVs could be followed on a molecular level, i.e.

it could be revealed which hemidesmosome component was down- or upregulated by
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which tetraspanin and therefore how they contribute to the increased migration of
keratinocytes. In line with these observations, several fSEV triggered pathways could be
identified which have previously been associated with proper wound healing and in many
cases, like for the regulation of the ornithine decarboxylase pathway, already extensively
explored in clinical studies for wound healing therapy (Coudray-Lucas et al., 2000; Shi et
al., 2002). This demonstrates that wound-healing fSEVs can induce the intrinsic up-
regulation of wound-healing promoting process without the need for pharmacological
supplementation or administration of drugs. Rather, the integral biological processes
appear to be triggered, thereby potentially rectifying deregulated or dysfunctional
intercellular communication in wounds. This in turn, would establish fSEVs as completely
new EV-based therapy, where not the pathological effector molecules or proteins
themselves are targeted but rather the specific intercellular communication responsible for
their regulation the is substituted or mimicked. Moreover, when applying the same
experimental concepts to resolve the contribution of miRNAs to the wound-healing effect
of the presented fSEVs, it was found that they predominantly trigger processes associated
to the citric acid cycle and mitochondrial respiration. This demonstrates that fSEV are
capable of transferring regulatory genetic elements which in turn can induce fundamental
alteration in the cells” energy homeostasis. Interestingly, even though five different
miRNA mimics were applied in the fSEV formulation, only a small set of DEGs was
found. This could point to a rather specific regulatory behaviour, or probably to a more
targeted effect of these miRNAs. Taken together, these are important proof-of-concept
investigations of how fsEVs can be applied to entangle complexly interwoven problems

with high level of complication associated to intercellular signalling.

5.4 Limitations and outlook for the application of fSEV's

In the following I will discuss future research directions and the biomedical potential
empowered by the fsEV-related advancements presented in this thesis as well as their
current drawbacks and limitations:

FsEVs are almost inter-confusable mimics of natural EVs. In order to replace or
even outperform their application in research and in therapeutic settings, they precisely
recapitulate the molecular EV composition in a very quantitative manner. However, their
molecular design is based on the know EV-composition they are inspired by. It follows,
that they can only recapitulate described and known characteristics of EVs. If specific
components or functionalities of a specific EV population are unknown or falsified by
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impurities, the fSEVs design and application will likely suffer from this. Moreover, the
purity, definition and functionality of the fSEVs depends on the purity of their molecular
building blocks. Sophisticated in vitro synthetises and chromatographic purification
methods exists for lipids, nucleic acids and other low-molecular weight components.
However, high-grade purification of (recombinant) proteins is challenging, even when
applying immune-precipitation or NTA(Ni*") columns. Therefore, the purity of the fSEV's
will always be limited by the purity of the proteins applied. However, it also needs to be
considered that the purity of such proteins is still orders of magnitude higher than that of
EV preparations form cells. Moreover, this can be overcome in future by employment of
synthetic peptides which harbour relevant tetraspanin (or other EV proteins) sequences.
When employing recombinant expressed proteins, the fSEV functionality will also depend
on the correct post-translational modification of these proteins. For instance, correct
glycosylation of the tetraspanins appears to be of major important for their signalling
capabilities. Therefore, the fSEVs functionalities and signalling capabilities could be
falsified compared to their natural blueprints when employing recombinant proteins.

Even though the RNA-sequencing analysis as well as the functional assessment of
fsSEV treatment show substantial effects on keratinocyte and fibroblast physiology, the
exact mechanisms by which for instance the tetraspanin components exert their function
remain unknown. It is generally surprising that tetraspanins themselves have signalling
capability when immobilized on a vesicular membrane. So far, they have mostly been
considered as scaffolding elements which direct microdomain formation of proteins which
reside in the same membrane layer. No direct experimental evidence has been presented
which demonstrates “trans” acting tetraspanin signalling, i.e. binding of a tetraspanin
embedded in one membrane (e.g. in a vesicle) to a receptor embedded in another
membrane (e.g. in the target cell plasma membrane). The lack of such examples does of
course not rule out the possibly of an interaction. However, respective receptors or binding
partners will need to be uncovered in further investigations.

Nonetheless, fsEV provide well-controlled minimalistic models to study
fundamental biophysical phenomena underlying EV-signalling. As they are not subjected
to natural intrinsic fluctuations like cell-derived EVs and comprise a higher purity, fSEVs
could provide a more secure therapy option in future. Moreover, “hybrid” vesicles, which
are inspired by EVs released from different cell types under different conditions (e.g.
immunological EVs released during inflammation and fibrocyte EVs released during

wound-healing), can be created, combining several properties and functionalities of
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interest in one single fSEV chassis. Additionally, non-natural therapeutic or diagnostic
constituents, like radioactive probes, tracers or drugs can be easily engineered into the
fsEVs.

In conclusion, the achievements presented in this thesis represent a major
milestone for the field of bottom-up synthetic biology, opening doors for new approaches
in applied and fundamental research. The design and assembly of fully-synthetic
functional EVs, mimicking physiological functionality of natural EVs, was demonstrated
using a complementary synthetic approach. Looking towards the clinical applications of
fsEVs, I have identified key EV miRNA and protein compositions at a quantitative level,
which in many ways overcome the technological challenges related to EV isolation and
purification from living cells. The presented engineering strategies, based on charge-
mediated assembly of dsGUVs, allow for the production of functional EVs based on bio-
inspired blueprints and may move the boundaries of EV therapy beyond the limits of bio-
derived EVs. More broadly speaking, this technology will potentially bring forward an
entirely new class of therapeutics based on merging synthetic, life-like assemblies and
living systems. This could include the installation of modular production pipelines which
combine different microfluidic elements to enable rational structuring of functional fSEVs
from standardized synthetic units. Such platforms could then empower the accurate and
quantitative exploration of the principal biophysical mechanisms underlying EV-based

intercellular signalling.
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7 Appendix

7.1 Abbreviations

aa — Amino acids

ATP — Adenosine tri-phosphate

BV — Baculoviruse

CD — Cluster of differentiation

cryoTEM — Cryogenic transmission electron microscopy
CRG — CellRox Green

Cv — Coefficient of variation

DEG — Differentially expressed gene

DLS — Dynamic light scattering

DMEM — Dulbecco's Modified Eagle Medium

DNA — Deoxyribonucleic acid

DOBAQ — N-(4-carboxybenzyl)-dimethyl-2,3-bis(oleoyloxy)propan-1-aminium
dsDNA — Double-stranded DNA

dsGUV — Droplet-stabilized GUV

ED2 — Extracellular domain 2

EGFR — Epidermal growth factor receptor

ELISA — Enzyme-linked immunosorbent assay

ER — Endoplasmic reticulum

ESCRT — Endosomal sorting complex required for transport
EVs — Extracellular vesicles

FasL — Fas ligand

FC — Fold changes

FIA-MS — Flow Injection MS

fsEVs — Fully-synthetic extracellular vesicles

GFP — Green fluorescent protein

GLP1 — Glucagon-like peptide 1

GSEV — German Society of Extracellular Vesicles
GUV — Giant unilamellar vesicle

H/E — Haematoxylin/eosin

HIV — Human immunodeficiency virus
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HPTS — 8-Hydroxypyrene-1,3,6-trisulfonic acid
HSC70 — Heat shock cognate 71 kDa

HSP70 — Heat shock 70 kDa protein

ICso — Half maximal inhibitory concentration
ICAM — Intercellular adhesion molecule

IgG — Immunoglobulin G

ILV — Intraluminal vesicle

ISEV — International Society of Extracellular Vesicles
LC/MS — Liquid chromatography/ mass spectrometry
MHC — Major histocompatibility complex
miRISC — miRNA-induced silencing complex
miRNA — Micro RNA

mRNA — Messenger RNA

MS — Mass Spectrometry

MVB — Multivesicular bodies

MVs — Microvesicles

N.A. — Not applicable

NADH — Nicotinamide adenine dinucleotide
NASA — National Aeronautics and Space Administration
NCAM — Neuronal cell adhesion molecule

NHS — Hydroxysuccimid

NIH — National Institute of Health

npEGTA — Nitrophenyl EGTA

N.s. — Not significant

OoDC — Ornithine decarboxylase

Pag — Adjusted p-value

PAGE — Polyacrylamide gel electrophoresis
PBS — Phosphate buffered saline

PC — Principle component

PCR — Polymerase chain reaction

PDMS — Polydimethylsiloxan

PEG — Poly-ethylenglycol

PEI — Poly-ethylene-imine

PFA — Paraformaldehyde
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PLL — Poly-L-lysine

pN — Piconewton

PS — Polystyrene

psi — Pound-force per square inch
QCM-D — Quartz crystal microbalance with dissipation monitoring
REF — Rat embryonic fibroblasts

RNA — Ribonucleic acid

ROS — Reactive oxygen species

rpm — Rounds per minute

SD — Standard deviation

SOs — Synthetic organelles

SM — Sphingomyelin

SUvV — Small unilamellar vesicle

TCR — T-Cell Receptor

TEM — Transmission electron microscopy
tRNA — Transfer RNA

TSG — Tumour susceptibility gene

WGA — Wheat germ agglutinin

w/o — Water in oil
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