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Abstract

Abstract

Controlling the in vivo targeting of synthetic nanocarriers is one of the major obstacles
impairing their clinical translation. This is mainly caused by the high level of complexity
involved in the targeting, the dynamic change of the in vivo environment, and a lack of
knowledge concerning the molecular determinants guiding this process. After injection
of nanocarriers into the bloodstream a layer of biomolecules, mostly proteins, rapidly
adsorb to the surface of the nanocarrier. This layer, called protein corona, adds another
level of complexity as it is determined by the physicochemical properties of the carrier
and in turn influences its behavior in the in vivo environment. Thus, when designing a
nanocarrier, the influence on the protein corona composition needs to be considered
as well. Here, PEGylation, which increases the hydrophilicity of the carrier surface, is
often used to prolong the blood circulation time. This is accompanied by the reduction
of unspecific uptake into immune cells, which is in favor of targeted delivery. As a next
step in the targeting process, the nanocarriers need to accumulate at the target site,
for example in the tumor tissue. To achieve this a plethora of targeting ligands for many
different target sites have been developed. Finally, the nanocarrier must overcome
several biological barriers such as tissue barriers, the cell membrane, or intracellular
barriers, which led to the development of functional moieties that facilitate barrier cross-
ing. One approach to designing a multi-functional nanocarrier is to use a modular build-

ing principle and attach several different functional moieties to the nanocarrier surface.

An alternative that does not require a rational design of the carrier surface is using
biologically derived membranes as nanocarrier surface coating. Such membranes can
be derived from cells but recently small vesicles, termed extracellular vesicles, became
of interest as drug delivery vehicles. EVs serve as a transport system for biological
cargo between distant cells. Therefore, it is hypothesized that they are naturally
equipped with a variety of functionalities needed for navigating the in vivo environment.
In this work, we aimed to explore different aspects of using EV membranes as a multi-

functional surface coating for drug delivery nanocarriers.

Sections 3.1 and 3.2 focus on developing a strategy to package synthetic nanocarriers
into EVs without impairing their membrane integrity as it is crucial to their functionality.
Here, we developed a strategy to utilize the cellular EV biogenesis pathway to directly

package the NPs during the biogenesis of EVs. We hypothesize that this prevents
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damage to the EV membrane or the embedded proteins. While we used polystyrene
NPs as model NPs for developing a general packaging protocol in Section 3.1, we
used this protocol as a blueprint for packaging therapeutically relevant silica nanocap-
sules in Section 3.2. The purification protocol developed here is based on size exclu-
sion chromatography, which is a commonly used gentle extracellular vesicle purifica-
tion method. The success of our packaging strategy was confirmed by fluorescence

cross-correlation spectroscopy, which identified a packaging rate of 3-7%.

Section 3.3 aimed to understand the influence of the protein corona on the exocytosis
of silica NPs as exocytosis is a pre-requisite for harvesting NPs packaged in extracel-
lular vesicles. Therefore, the presence or absence of a protein corona could be one
parameter for optimization of the packaging protocol. Here, we found that the presence
of a plasma protein corona enhances exocytosis in an NP diameter-dependent man-
ner. The exocytosis of larger silica NPs (100 nm) was enhanced by the presence of a
corona, whereas the exocytosis of smaller silica NPs (10 nm) was not affected. Aside
from gaining insight into parameters relevant to the optimization of packaging, this sec-
tion also contributes important insights into the relation between protein corona for-
mation and NP exocytosis. This aspect has not yet been addressed by NP protein

corona research.

In the last section, we aimed to investigate the protein corona composition of the ex-
tracellular vesicles used for packaging the NPs in sections 3.1 and 3.2. Here, we com-
pared the protein corona of extracellular vesicles to liposomes as this is the synthetic
nanocarrier type most similar to extracellular vesicles. We found that the protein corona
of extracellular vesicles increased the uptake in immune cells similar to the effect ob-
served for liposomes. In vivo, this is associated with rapid blood clearance and impairs
efficient drug delivery to target cells. These findings have implications for using extra-
cellular vesicles as surface coating and suggest that further modifications of the EV
membrane might be needed. Beyond the usage of extracellular vesicles for drug de-
livery, these findings are valuable to understanding the basic biology of extracellular

vesicles.
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Zusammenfassung

Nanopartikel so zu gestalten, dass sie im menschlichen Korper an ihren Wirkort gelan-
gen, ist immer noch eine groRe Herausforderung in der Nanomedizin. Die Haupt-
grunde hierfur sind das hohe Mal} an Komplexitat, die dynamischen Verhaltnisse im
menschlichen Korper und die immer noch bestehenden Wissenslicken der molekula-
ren Details eines gezielten Wirkstofftransports. Nachdem die therapeutischen Nano-
partikel in die Blutbahn des Patienten injiziert wurden, lagern sich verschiedenste Bio-
molekulle, hauptsachlich Proteine, an. Diese Proteinschicht wird als Protein Corona
bezeichnet und bestimmt mafgeblich die Interaktion der Nanopartikel mit der biologi-
schen Umgebung. Da die Zusammensetzung und Wirkung der Protein Corona durch
die physikalisch-chemischen Eigenschaften des Nanopartikels bestimmt wird, muss
diese beim Design der Partikeloberflache mitbeachtet werden. Eine der meist ver-
wandtesten Modifizierungen ist die PEGylierung, die die Hydrophobizitat der Nanopar-
tikeloberflache verringert. Dies beeinflusst die Protein Corona, sodass sich die Blutzir-
kulationszeit der Nanopartikel erhdhet, indem die unspezifische Aufnahme durch ver-
schiedene Immunzellen gehemmt wird. Insgesamt wird der gezielte Wirkstofftransport
dadurch verbessert. Als weiteren Schritt mussen sich die therapeutischen Nanopartikel
im Zielgewebe, wie zum Beispiel einem Tumor, anreichern. Hierzu wurden zahlreiche
Liganden entwickelt, die zielgerichtet an bestimmte Zellen oder Gewebe binden. Als
letzten Schritt mussen die Nanopartikel verschiedene biologische Barrieren Uberwin-
den, was ebenfalls zur Entwicklung funktionaler Liganden fuhrte. Daraus ergibt sich
die Moglichkeit die Nanopartikeloberflache nach dem Baukastenprinzip mit verschie-

denen funktionalen Liganden zu modifizieren.

Alternativ dazu konnen biologische Membranen fur die Funktionalisierung von Nano-
partikeln verwendet werden. Hierbei muss man nicht auf rationale Designprinzipien
zuruckgreifen, sondern kann eine Membran verwenden, die schon uber die gewlnsch-
ten Eigenschaften verfugt. Hierfur eignet sich besonders die Membran von Extrazellu-
laren Vesikeln, da diese im menschlichen dafur zustandig sind Biomolekule zwischen
weit-entfernten Zellen zu transportieren. Man spekuliert, dass diese Vesikel deshalb
uber alle relevanten Eigenschaften fur ein Wirkstofftransportsystem verfugen. In der
vorliegenden Arbeit wollen wir deshalb die Moglichkeit untersuchen die Vesikelmemb-

ran fur eine funktionale Beschichtung von Nanopartikeln zu verwenden.
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Im ersten und zweiten Abschnitt beschaftigen wir uns damit eine Methode zu entwi-
ckeln, um die zellulare Biogenese-Maschinerie fur die Verpackung der Nanopartikel in
Extrazellulare Vesikel zu nutzen. Fur die Etablierung eines vorlaufigen Protokolls in
Abschnitt 3.1 haben wir zunachst Polystyrol-Nanopartikel benutzt. Die daraus gewon-
nen Erkenntnisse haben wir dann in Abschnitt 3.2 fur die Verpackung von kleineren,
relevanteren Silika-Nanokapseln angewendet. Fur die Isolierung der Vesikel haben wir
Grollenausschlusschromatographie angewendet, um die Vesikelmembran oder darin
eingebettete Proteine nicht zu beschadigen. Den Erfolg der Verpackung von Silika-
Nanokapseln konnten wir schlieRlich mit Hilfe von Fluoreszenz-Cross-Correlation-
Spektroskopie nachweisen.

In Abschnitt 3.3 haben wir den Einfluss der Protein Corona auf die Exocytose von
Silika-Nanopartikeln untersucht, da die Exocytose eine Voraussetzung dafur ist, Na-
nopartikel aus dem Zellkulturiberstand isolieren zu kdnnen. Hierbei haben wir heraus-
gefunden, dass die Anwesenheit einer Protein Corona fur eine verstarkte Nanopartikel-
Exocytose sorgt. Dieser Effekt war allerdings von dem Durchmesser der verwendeten
Nanopartikel abhangig. Fur grol3e Nanopartikel (100 nm) war dieser Effekt besonders
ausgepragt, wohingegen die Exocytose von kleinen Nanopartikeln (10 nm) nicht durch
die Protein Corona beeinflusst wurde. Diese Ergebnisse legen nahe, dass die Protein
Corona ein moglicher Parameter ist, den man fur die Optimierung des Verpackungs-
protokolls anpassen kdnnte. Daruber hinaus sind die Ergebnisse auch von Interesse
fur die Protein Corona-Forschung. Hier wurde bislang der Einfluss der Protein Corona
auf die Endozytose von Nanopartikeln untersucht. Dass diese auch die Exocytose be-

einflusst, ist eine neue Erkenntnis.

Im letzten Abschnitt wurde die Zusammensetzung der Protein Corona von Extrazellu-
laren Vesikeln untersucht und mit der von Liposomen verglichen. Liposome sind fur
diesen Vergleich besonders interessant, da sie diejenige Klasse synthetischer Wirk-
stofftransportsysteme sind, die den zellularen Vesikeln am ahnlichsten sind. Hier ha-
ben wir herausgefunden, die Protein Corona der Vesikel, sowie der Liposome, die Auf-
nahme in Immunzellen fordert. In vivo ist dies mit einer verkirzten Blutzirkulationszeit
assoziert und reduziert den zielgerichteten Wirkstofftransport. Diese Erkenntnisse im-
plizieren, dass weiter Modifizierungen der Extrazellularen Vesikel n6tig sein konnten,

um sie erfolgreich fur eine funktionale Beschichtung von Nanopartikeln einsetzen zu

VI
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konnen. DarUber hinaus tragen diese Erkenntnisse zum grundlegenden Verstandnis

der Biologie der Extrazellularen Vesikel bei.

i
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Theoretical background

1 Theoretical background

1.1 Synthetic NPs as drug delivery vehicles

1.1.1 Application of NPs for drug delivery

Using NPs (nanoparticles) as drug nanocarriers is a promising technology that opens
fundamentally novel treatment opportunities. Until now, around 80 NP formulations
have been approved by the Food and Drug Administration (FDA)." The first NP formu-
lations were approved in the 1980s. The liposomal formulation Doxil® for the treatment
of ovarian cancer and Kaposi's sarcoma was among the first FDA-approved drug
nanocarriers.? During the coronavirus disease 2019 (COVID-19) pandemic, NP formu-
lations have become widely known to the public due to the success of lipid nanoparti-

cles (LNP)-based vaccine formulations.?

The major advantage of NP formulations over free drugs is the protection of the fragile
cargo from biodegradation during systemic distribution.# In the case of Doxil®, the
chemotherapeutic drug doxorubicin is encapsulated by liposomes. This drastically de-
creases the degradation of the drug and enhances therapeutic efficacy.? For the deliv-
ery of rapidly degradable RNA, a drug delivery system is even more pivotal to its ther-
apeutic effect.>® By increasing the circulation time of drug molecules, passive tumor
targeting can be achieved. The vessels connecting the vasculature with the tumor tis-
sue are often leaky, which allows enhanced extravasation of NPs. This effect is known
as enhanced permeation and retention (EPR) effect.” The EPR effect contributes to
the accumulation of Doxil® in the tumor and decreases toxicity by unspecific distribu-
tion.8 Not all NP formulations have tumor cells as targets. Here, other targeting mech-
anisms need to be applied. LNP-based RNA vaccines for example target dendritic cells
by fine-tuning the net charge of the LNP.° Precise targeting of NPs is a key factor for
successful drug delivery. Aside from tuning the net charge or the NP surface proper-

ties, biologically inspired targeting moieties are extensively explored for targeting.'°
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Nanoparticle size range (1-1000 nm)
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Figure 1.1.1: Length scale of NPs in comparison to medically relevant and biological molecules. This
graphic was created with BioRender.com.

By definition, synthetic NPs have a diameter between a few nanometers to just below
a micrometer (Figure 1.1.1). While a diameter of approx. 10 nm is similar to that of an
antibody "', a diameter of 900 nm is closer to the diameter of a red blood cell, which is
7.5 um."? The typical NP is between 100 nm and 200 nm in diameter. This is approxi-
mately the size range of viruses or extracellular vesicles.'® Due to their specific size
range, NPs interact with living cells in a very specific manner. While small molecules
passively permeate the cellular plasma membrane or enter cells by using protein chan-
nels or they are actively transported by transmembrane proteins, NPs undergo active,
energy-dependent uptake by cells by engulfment into a lipid bilayer enclosed intracel-
lular compartment.'* This specific interaction with living cells also bears the risk of size-
specific toxicity. It was reported that NPs can induce oxidative stress ', inflammation

16,17 'metabolic dysfunction '8, and genotoxicity.'®

Synthetic NPs can be grouped according to the material they are composed of. There
are three main classes, such as polymeric, inorganic, and lipid-based NPs as depicted
in Figure 1.1.2. Furthermore, there are NPs that cannot be assigned to one of these
classes, such as protein NPs or core-shell NPs. Depending on the different material
properties, the NP type must be chosen based on the application.
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Polymeric Inorganic Lipid Others
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nanoparticle nanoparticle nanoparticle nanoparticle

Figure 1.1.2: NP classes and prominent representatives for biomedical applications. This graphic was
created with BioRender.com.

Polymeric NPs can be synthesized from a variety of different monomers and polymer-
ization techniques, which can result in different sizes and physicochemical proper-
ties.'® The drug cargo can either be loaded into the polymer matrix, chemically conju-
gated to the particle, or encapsulated in the hollow NP core.' Similar to liposomes,
polymersomes consist of a membrane built from block copolymers that encloses an

inner compartment.?’ Polymersomes can be used for drug delivery.?!

Inorganic NPs have the advantage that they can be synthesized in various sizes and
shapes.’® Gold NPs are frequently used for various applications including drug deliv-
ery, imaging, and theranostics.?? Another prominent representative used in drug deliv-
ery is silica NPs, which are made of silicon dioxide.?3 Mesoporous silica NPs can carry
drug cargo inside the silica matrix * and showed a good safety record in clinical trials.?®

Lipid-based NPs are most frequently used in clinical applications due to their high bio-
compatibility.?® Liposomes are composed of a lipid bilayer, which encloses an aqueous
compartment to carry hydrophilic cargo. Hydrophobic cargo can be carried in the mem-
brane representing a suitable delivery system for various cargo.?” Another lipid-based
formulation is LNPs, which became popular as an RNA vaccine against COVID-19.3 In
this formulation, the negatively charged RNA molecule is complexed by positively
charged lipids inside of a tightly packed lipid NP.28

-3-
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There are some NPs that do not fit into this classification. Protein nanocapsules (NCs)
are composed of naturally derived proteins such as bovine serum albumin (BSA) and
are therefore highly biocompatible. Similar to liposomes, protein NCs can carry hydro-

philic cargo inside their aqueous lumen.?°

1.1.2 The protein corona and its implications for drug delivery

When synthetic NPs encounter biological fluids, a layer of proteins and other biological
molecules rapidly adsorb to their surface. The adsorbed proteins are named protein
corona.®® As the protein corona crucially determines how synthetic NPs interact with
biological matter, it is especially important for the medical application of nanomateri-

als.3

Vronman et al. were the first to describe the adsorption of proteins from blood plasma
to surfaces in the 1960s.32 Later, they found that proteins initially adsorbed to a surface
due to their abundance are exchanged by proteins with a higher affinity for the sur-
face.?3 This effect is described as the Vronman effect and applies also to NP surfaces.
The exchange of proteins at the NP surface reaches an equilibrium state within a few
minutes to several hours.?*3¢ The resulting equilibrium state protein corona is highly
stable and therefore, determines the interaction with tissue barriers and cells.3® How-
ever, the equilibrium state protein corona composition can still change when facing a
new biological environment with a different protein composition.3”-3¢ This was observed
for NP trafficking through the endolysosomal system of cells. Here, the protein corona
represented a fingerprint of different endolysosomal compartments, which allowed
mapping of the trafficking route.3® The protein corona can be divided into the hard co-
rona, which is the inner layer of tightly bound proteins, and the soft corona, which is
the outer layer of more rapidly exchanging proteins.*® The protein adsorption process
is mainly governed by hydrophobic interactions. Here, water molecules are released
from the hydration layer around the NPs and contribute to an entropy increase.*' This
results in lowering the surface free energy of the NPs in the aqueous solution.® This
process can cause (partial) unfolding of involved proteins to allow interaction with the
hydrophobic patches buried inside the folded proteins. Proteins can also interact with
the NP surface via hydrogen bonding or electrostatic forces.*?

How the corona proteins interact with the NP surface and which proteins adsorb to the
NP highly depends on the NP surface properties. Here, the NP material and respective

-4 -
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charge 3, biochemical modifications 44, the particle shape 4°, the particle size, and
resulting curvature “° play a role. This results in distinct protein corona compositions
for different NP systems.#” Although the protein corona composition does not reflect
the abundance of the plasma proteins 6, some plasma proteins were found frequently
in the NP corona. Albumin, immunoglobulin G (IgG), and fibrinogen are highly abun-
dant in the blood plasma and were often found in the NP protein corona.34484% The
protein composition of the corona ultimately determines the NPs’ fate during blood cir-
culation in the human body. IgG and complement proteins are referred to as opsonizing
proteins. This type of protein enhances the uptake of the NPs by the mononuclear
phagocyte system (MPS), which accelerates their blood clearance. Accumulation of
the NPs in the liver, spleen, lung, and lymph nodes is characteristic of the NP blood
clearance by the MPS.5° This phenomenon is a major obstacle to the application of
NPs in drug delivery because it decreases the delivery efficiency.5! It was found that
increasing the hydrophilicity of NPs decreases their opsonization.*” The most promi-
nent modification to enhance the hydrophilicity of an NP is the covalent attachment of
polyethylene glycol (PEG) to the NP surface. The so-called PEGylation has been used
to enhance the blood circulation time of a variety of different NPs including liposomes
52 gold NPs %3, and polymeric NPs.%*5° This effect is also referred to as the ‘stealth
effect’. It was found that PEGylated NPs adsorbed less total protein due to steric hin-
drance, which contributes to the stealth effect.** Further, Schoéttler et al. demonstrated
that the stealth effect was mediated by the enrichment of the corona with clusterin
(apolipoprotein J).%¢ Therefore, proteins that decrease uptake by the MPS are named
stealth or dysopsonizing proteins. However, accumulation of PEG in the body °7, anti-
body-mediated clearance %8, and generation of hypersensitivities against it 5, raise the
need for alternative stealth moieties.

1.1.3 Endocytosis of NPs in cells

NP endocytosis by target cells is essential for the delivery of drug cargo. Furthermore,
the endocytosis pathway determines the intracellular fate of the nanocarrier, which also
influences the delivery. Exocytosis is another, but often neglected, process that equally
contributes to the net delivery rate. Depending on the NP size and surface properties,
most NPs are taken up by the energy-dependent, active endocytosis process.?® How-
ever, NPs smaller than 10 nm or positively charged NPs can pass the cell membrane
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passively by diffusion.®’ Small molecule therapeutics also enter the cell by passive
diffusion or by transporter-mediated entry.52

Endocytosis mechanisms can be divided into phagocytotic and pinocytotic uptake.®?
Phagocytosis is predominantly limited to phagocytic immune cells, which take up bac-
teria, other pathogens, or cell debris by this mechanism.5* During phagocytosis, the
particle is engulfed by membrane protrusions in an actin-dependent process.®® After
internalization, the particle is located in an endosomal vesicle called phagosome.®®
Phagocytes express multiple receptors to recognize pathogens and subsequently trig-
ger phagocytosis. Some of these receptors recognize patterns like microbial sugars or
phosphatidyl serine of apoptotic cells.®”¢8 These pattern recognition receptors can also
be involved in NP phagocytosis.?® More relevant for NPs is the opsonin-mediated
phagocytosis. Here, opsonizing proteins in the NP protein corona interact with Fc and
complement receptors, triggering phagocytosis.?* In the context of NP drug delivery,
this can be an unwanted uptake that results in rapid blood clearance and a decrease
in the therapeutic effect.”® Micropinocytosis is related to phagocytosis but can occur in
most eukaryotic cells as it is not specific to phagocytic cells.”! It also requires actin-
dependent protrusion of the cell membrane, by which extracellular fluids are en-
gulfed.” This process is unspecific and NPs are taken up by chance if contained in the
engulfed fluid.”® In contrast, there are several receptor-mediated endocytosis path-
ways that internalize NPs upon interaction with cellular surface receptors. Receptor-
mediated endocytosis is also the most common entry route for viruses, which are in
the same size range as NPs.” Clathrin-mediated endocytosis (CME) is the best-un-
derstood receptor-mediated pathway. It requires a set of intracellular proteins, which
facilitate the inward budding of the plasma membrane, endosomal vesicle stabilization,
and membrane scission. The characteristic of this endocytic pathway is the protein
clathrin forming a regular coat on the endosomal vesicle.” Aside from receptor activa-
tion, CME depends on the particle size, and particles that are larger than 200 nm are
not taken up by this pathway.”® In addition to CME, there is caveolae-dependent and
clathrin/caveolae-independent endocytosis, which both rely on membrane invagination
assisted by a multi-protein machinery.
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1.1.4 Intracellular trafficking and exocytosis of NPs

The uptake mechanism crucially influences the further processing of NPs inside the
cell and in consequence the success of drug delivery. The success of the delivery also
depends on the final localization to the site of action of the therapeutic compound. With
a few exceptions, the site of action usually is the cytosol or the nucleus.”” Endocytic
uptake routes deliver the NPs to the endolysosomal system.’® This is a highly dynamic
system of various vesicles and tubular compartments that fuse and separate to deliver
their endocytic payload to its target compartment.”® Endolysosomal trafficking can re-
sult in lysosomal degradation or storage, recycling to the plasma membrane, transcyto-
sis, or endosomal escape which results in translocation to the cytosol. Recycling to the
cell membrane, lysosomal degradation or storage are mostly unwanted processes as
they abrogate the therapeutic effect of the cargo.®® Transcytosis describes the process
of traversing NPs through the cell. This process can facilitate the crossing of tissue
barriers like the blood-brain barrier.8! For cytosolic delivery, NPs must escape the en-
dosome. Thus, endosomal escape is considered a rate-limiting step to cargo delivery.8?

Once being translocated to the cytosol, exosomes can associate with the exosome
machinery at the multivesicular bodies (MVB). Inward budding into the MVB lumen
eventually results in the packaging of the NPs in exosomes, which constitutes a poten-
tial exocytosis route.®3#* Further, outward budding of the plasma membrane can result
in microvesicle-associated exocytosis. Another NP exocytosis route is the endosomal
recycling of the NPs to the plasma membrane.® Upon trafficking to the lysosome, NPs
can also be exocytosed by lysosomal exocytosis.®®

Autophagy can also be involved in the intracellular processing of nanoparticles.” Dur-
ing autophagy, the phagophore engulfs cytosolic material or cellular organelles, which
results in the formation of an autophagosome.® Subsequently, the autophagosome
can fuse with late endosomes or MVBs.?° This stage is named amphisome. The au-
tophagosome and the amphisome can both fuse with the lysosome to facilitate degra-
dation of the engulfed material .8 In theory, it is thinkable that nanoparticles either enter
the autophagy pathway by being engulfed by the phagophore or via fusion of autoph-
agosomes with nanoparticle-containing endosomes or MVBs. Autophagy of nanopar-
ticles is not only a process that can abrogates the therapeutic efficacy but can also be
the cause of nanoparticle-related toxicity.8”

-7-
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1.1.5 Functionalization and coating of NPs

A major obstacle to the clinical translation of NPs still is the lack of highly specific in
vivo targeting strategies. This involves active targeting of the desired site and a de-
crease in unspecific uptake by the MPS. Both problems can be addressed by engi-
neering the NP surface. By altering the physicochemical properties of the surface, up-
take by the MPS can be drastically reduced. The most applied method to prolong the
blood circulation time of nanocarriers is attaching PEG or PEG alternatives such as
polyethyl ethylene phosphate (PEEP) to the NP surface. This increases the NP hydro-
philicity and decreases protein corona-mediated uptake by the MPS.%¢ Fine-tuning the
NP surface charge can facilitate targeting dendritic cells in lymphatic organs.® Further,
a combination of poly(B-amino esters) and PEG grafted on LNPs was capable of de-
livering mRNA to the lungs of mice with higher efficiency due to reduced opsonization
and MPS uptake.®® The molecular mechanism behind targeting through tuning the
physicochemical properties of an NP remains elusive. Since synthetic surfaces interact
with biological structures through mediation by a rapid formation of a protein corona,
targeting is likely achieved by adsorbing a specific set of proteins. Therefore, another
surface modification strategy is the pre-coating of NPs with certain proteins.®! The NP
pre-coating with clusterin (apolipoprotein J), which contributed to the stealth effect of
PEG-coated NPs, resulted in a reduced unspecific uptake.®? Simon et al. demonstrated
that pre-coating of NPs with targeting antibodies also facilitated specific targeting irre-
spective of an additional protein corona.®® Antibodies are among the most frequently
used targeting moieties and a variety of different conjugation strategies are used for
NP conjugation.® To reduce unspecific immune cell uptake via the Fc part of the anti-
body %, nanobodies, which consist only of the antigen-binding domain and are much
smaller, are used alternatively.®® Another alternative for targeting specific cell struc-
tures is the generation of affinity peptides via library selection.®” The usage of antibod-
ies and other affinity ligands as targeting moieties allows for the design of highly ra-
tional targeting strategies. However, this also requires the identification of cell surface
structures that are unique to the target cell population. An alternative to raising affinity
ligands against specific cell structures is the usage of biological ligands. Carbohydrate
molecules are often involved in the cell specificity of viruses for their target cells and

can also facilitate specific targeting.®® Mannose-decorated poly lactic-co-glycolic acid
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(PLGA) NPs were reported to specifically target macrophages.®® This targeting strat-
egy exploits the high expression of mannose receptors such as lectins on macro-
phages.'%:191 |n addition to carbohydrate molecules, there are many naturally derived
targeting ligands that have high affinities for cellular receptors. Transferrin is a protein
that transports iron through blood and is specifically taken up by cellular transferrin
receptors.’%? As transferrin receptors are overexpressed on tumor cells, it was used to
target PLGA NPs to MCF-7 cells.'%® Another example is folate, which is a small mole-
cule with a high affinity for the folate receptor and is overexpressed on various tumor
cells.'®* Folate-conjugated NPs were used for the successful delivery of doxorubicin to
ovarian tumors in vivo.'%® Often, it is not specific enough to target a single structure
present on the target cells. Therefore, dual targeting strategies were employed.'% NPs
functionalized with hyaluronic acid and folate were used to target ovarian tumors in

vivo.195

However, in vivo, targeting is a highly complex multi-step process. A single targeting
moiety or dual targeting strategies are eventually not sufficient to navigate through this
dynamic environment. Additionally, multiple biological barriers need to be overcome.
This might require the NP surface to exert different functionalities. Aside from the diffi-
culty of generating such a multi-functional NP, there is a lack of understanding of all
relevant processes. An approach to mastering this complexity without knowledge of all
molecular details is the use of biomembranes for NP coating. Biomembranes are hy-
pothesized to include all necessary features to cope with the complexity of an in vivo
environment and facilitate targeted drug delivery.

The first cell membrane that was transferred to NPs was derived from red blood cells
(RBCs)."% The RBC membrane was cloaked onto NPs by extrusion and increased
their blood circulation time compared to naked NPs.'%® The RBC membrane is espe-
cially suited for NP stealth coating as it displays multiple self-signals that prevent phag-
ocytosis. Therefore, RBCs have a prolonged blood circulation time of up to 3 months
in the human body.'%° CD47 was identified to be one of the mediators of the prolonged
blood circulation time and is known as the “don’t eat me” signal.'®® Leukocytes were
also used for NP coating due to their ability to move in the direction of inflammation
and thus, target tumor tissues.''® Another strategy is to coat NPs with cancer cell mem-
branes. Cancer cell membrane-coated NPs showed immune evasion as well as tar-
geting tumor tissues.’" As an alternative to transferring cell membranes to NPs, EV
-9-
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membranes were used for coating.84112 EV's are vesicles that are secreted by multiple
cell types and function as cell-to-cell communication system in most organisms includ-
ing humans.'"® Therefore, the hypothesis is that the EV membrane contains a diverse
set of proteins and other factors that allow navigating the complex in vivo environment.

Further EVs bear the potential to target specific organs based on their cellular origin.'"3

1.2 Extracellular vesicles as drug delivery vehicles

1.2.1 Biology of extracellular vesicles

Extracellular vesicles (EVs) are lipid bilayer-confined nanovesicles that are equipped
with a set of transmembrane proteins and contain a mixture of proteins, nucleic acids,
and small molecules in their aqueous lumen (Figure 1.2.1). Based on their biogenesis
pathway, EVs can be divided into three subclasses, which are exosomes "4, mi-
crovesicles "4, and apoptotic bodies '15. Besides their cellular origin, the different sub-
classes differ in size and composition. Exosomes are generated by inward budding of
the membrane of multivesicular bodies and have a size range between approx. 40-
120 nm. Microvesicles bud from the plasma membrane and have a size range between
approx. 50-1000 nm.""® While exosomes and microvesicles are secreted during cell
homeostasis, apoptotic bodies are characteristically released during cell apoptosis.'"®
Exosomes and microvesicles are difficult to separate due to their overlap in particle
size and surface receptor profile.''” Therefore, the mixture of exosomes and microvesi-
cles is often referred to as extracellular vesicles (EVs).""® The most common EV mark-
ers are the tetraspanins CD9, CD63, and CD81 which play a role in membrane organ-
ization and cargo sorting."'8119 Furthermore, EVs contain integrins, which are involved
in cellular adhesion and EV tropism.'2%.12" Associated with the EV membrane are RAB
GTPases and annexins.'??'23 The aqueous lumen contains a mixture of different bio-
molecules. There are proteins like ALG-2 interacting protein X (ALIX), tumor suscepti-
bility gene 101 protein (TSG101), and glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), which were derived from the endosomal sorting complex
required for transport (ESCRT) machinery or during EV assembly.'?4125 Further, heat
shock proteins (HSP) 70 and 90 are frequently found in EV preparations.'?6.127 Aside
from soluble proteins, the EV lumen also contains different nucleic acids, such as mi-
croRNAs (miRNAs), mRNAs, non-coding RNAs 28, and DNA. 129130
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Figure 1.2.1: Schematic depiction of EV composition and biogenesis. A. EV composition and structure.
B. Biogenesis of exosomes and microvesicles. This graphic was created with BioRender.com.

After secretion, EVs can either affect the parent cell ''°, neighboring cells, and distal
cells or reach distant tissues and organs through systemic distribution.'3! The recipient
cell can either be affected by signal transduction via EV surface binding 132 or by inter-
nalization and cargo release.'?® EVs were reported to be internalized by clathrin-medi-
ated and clathrin-independent endocytosis, micropinocytosis 33134 lipid raft-mediated
endocytosis '3%, and direct fusion with the plasma membrane.'3¢ The regulation of the
uptake route by the EV and the recipient cell, as well as subsequent intracellular traf-
ficking routes, remains poorly understood.'®” However, it is known that EVs are capa-
ble of delivering their cargo to the cytosol 128138 which either requires direct fusion of
the EVs with the plasma membrane or escape of the EVs from the endosomal system.

EVs play various roles in the homeostasis of healthy organisms and diseases like can-
cer, neurodegenerative or infectious diseases. In healthy organisms, they regulate cell
development '3 and immune responses '%° like antigen-presentation.' In cancer, for
example, EVs exert various roles to promote tumor growth 42, metastasis 43, and im-

mune evasion. 44

1.2.2 lIsolation methods

EVs can be isolated from various body fluids, as well as from cell culture medium.4®
The EV isolation from blood plasma is more challenging due to the high viscosity of
plasma and potential contaminants like lipoproteins and protein aggregates.’#® When
isolating EVs from cell culture medium, added fetal calve serum contains potential con-
taminants. Serum-derived EVs could be co-isolated with cell culture-derived EVs and
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should be depleted before usage during EV harvesting. Another source of contamina-
tion is the high abundance of serum albumin.

Differential ultracentrifugation (UC) is the original and still predominant purification
method for plasma and cell culture-derived EVs.'¥’ Differential UC was used by
Raposo et al. to isolate exosomes secreted from B lymphocytes for the first time in
1996."" The protocol contains several low-speed centrifugation steps to remove cell
debris, dead cells, and cells. Subsequently, exosomes are pelleted by a 100,000 x g
centrifugation step. To reduce the viscosity of body fluids, the starting material can be
mixed with phosphate buffered saline (PBS) previous to centrifugation.’® A major
downside of this isolation method is the potential damage of vesicle surface structures
by centrifugation at 100,000 x g. Further, proteins aggregate and are pelleted at this

centrifugation speed.48-150

An alternative to UC is size exclusion chromatography (SEC), which was used for EV
isolation as well.’®'-1%* SEC is a size-based separation method that relies on a porous
matrix. Larger particles can pass quickly as the pores in the Matrix do not capture them.
Small particles pass slower due to the interaction with the porous matrix. When col-
lecting fractions of the eluate, larger vesicles are eluted first. Subsequently, EVs are
eluted, followed by lipoproteins and protein aggregates. Proteins are eluted last due to
their small size.’®" Fractions containing small EVs with diameters between 30-80 nm
can be contaminated with very low-density lipoproteins (VLDL) as they have a similar
size range."*® To process larger volumes of conditioned medium from cell culture, ul-
trafiltration can be used to pre-concentrate the sample before SEC.'% The major ad-
vantage of SEC is that it preserves EV surface structures. This can result in a higher
functionality of vesicles.'® Both UC and SEC can be complemented by density gradi-
ent centrifugation. This technique separates particles according to buoyant density and
can yield EV preparations with ultra-high purity when used in combination.'%”

Aside from SEC and UC, there are many other emerging technologies for EV isolation.
Several isolation techniques rely on immunoprecipitation, where EVs are captured
based on one or more surface markers.'81%" Another set of techniques is based on
flow fractionation such as asymmetric flow field-flow fractionation (AF4).162-164
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1.2.3 Therapeutic and diagnostic application of EVs

Furthermore, EVs are getting recognized for their diagnostic and therapeutic potential.
Glypican 1 (GPC1) was found to be enriched in tumor exosomes from various cancer
types including pancreatic %%, breast %%, and colon cancer.'®” Therefore, the detection
of GPC1-enriched EVs could be used for cancer diagnosis and monitoring of the tumor
burden. The therapeutic potential of EVs was first discovered when using mesenchy-
mal stem cells (MSCs) as regenerative cell therapy.'6816% There, EVs were identified
as the therapeutic agent.’”%171 MSC-derived EV treatment of patients with graft-versus-
host disease showed remarkable results."”? Therefore, the regenerative and immuno-
modulatory potential of MSC-derived EVs is explored further.'”3

1.2.4 EVs for drug delivery

EVs are natural NPs that play an important role in cell-to-cell communication as they
transfer biologically active cargo between distant cells. The variety of properties nec-
essary for this renders them to be ideal for use as drug delivery vehicles. EVs can carry
different classes of cargo molecules. Lipophilic cargos can be integrated into the lipid
bilayer, which increases their water solubility.’”* Hydrophilic cargo can be transported
in the aqueous lumen of the vesicle, where they are protected from the surrounding
environment.'”5177 Both are necessary for the transportation of the cargo through the
bloodstream during systemic delivery. On a systemic level, EVs were reported to have
an inherent targeting ability depending on the parent cell type. Tumor cell-derived EVs
accumulated in tumors and metastatic nodes.®+178.179 The effect is referred to as ‘tu-
mor-homing’. The molecular mechanisms for tumor-homing of EVs are largely un-
known to date. A study by Hoshino et al. reported that the integrin expression profile
on tumor-derived EVs determines their organ tropism. They further link the organ tro-
pism of tumor-derived EVs to future sites of metastasis.'?® Another pharmacologically
relevant and hardly accessible target is the brain, which is protected by the blood-brain
barrier (BBB). This tight network of endothelial cells prevents the penetration of path-
ogens and many drugs into the brain.'® EVs are currently under investigation as a
possible shuttle to transport therapeutic cargo across the BBB. There is a variety of
reports demonstrating the BBB crossing of EVs derived from different cell sources like

mesenchymal stem cells '8, brain tumor cells '82, brain metastasis-promoting breast
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cancer cells '8, and other cell types.'® Banks et al. compared the brain-targeting ca-
pability of EVs from different cell culture cell types. Even though there are many studies
on the BBB crossing of EVs from different cell sources, little is known about the pre-
requisites for BBB crossing. A better understanding of how EVs target specific organs
or tumors would promote the usage of EVs as targeted drug delivery vehicles. Besides
the potential for inherent targeting, EVs were able to penetrate spheroid tumor models
deeper compared to liposomes.'® Further, EVs were transported through extracellular
matrix-simulating hydrogels quickly, which allowed them to reach their target cells
more efficiently.'8 Both properties are beneficial for efficient drug delivery. Once the
drug-loaded EVs reach their target cells, they must overcome multiple biological barri-
ers including the plasma membrane and the intracellular endosomal system. Due to
the equipment of EVs with surface proteins that interact with the cellular uptake ma-
chinery, they are superior in active cargo delivery compared to liposomes.'®”:188 Stud-
ies on the delivery of RNA by EVs showed a remarkable efficiency to delivering active
RNA to the cytosol, which requires cell uptake and endosomal escape.'?® A direct com-
parison of the RNA delivery efficiency of EVs to lipid NPs demonstrated that as little as
0.1-10 fM of total RNA packaged in EVs was sufficient for active delivery. For lipid NPs,
the minimal dose was magnitudes higher."*® In addition to this, EVs showed an excel-
lent safety profile in numerous clinical trials.'® However, the application of tumor cell-
derived EVs must be inspected carefully because of their potential metastasis-promot-
ing effect and the possibility of containing oncogenes.'®® Aside from this, there are
technical challenges that impair the translation of EVs to clinical applications. EV prep-
arations contain a heterogenic mixture of vesicles with presumably different biological
activities. Furthermore, generating reproducibility between EV batches is challenging
because small changes in critical parameters have a big impact on the resulting EV
sample.'®"192 This makes it very difficult to generate a highly defined product.’® An-
other practical consideration is that EV production upscaling is much more difficult than
large-scale production of liposomes or other synthetic nanocarriers.%3

1.2.5 Strategies for drug loading of EVs

When exploiting EVs for drug delivery one of the most important steps is to load the
drug in EVs. Therefore, the loading strategy is crucial. In general, EV loading strategies
can be divided into exogenous loading, where the cargo is loaded after the purification

of the EVs, and endogenous loading, where the cargo is incorporated into the EVs
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during their production by the producing cell. Exogenous loading is often based on the
physical or mechanical disruption of the EV membrane, which likely compromises the
surface properties and functionality of the EVs. For this purpose, techniques like soni-
cation 194, electroporation 19519 extrusion 197:19 and freeze-thaw cycles °7:%° are ap-
plied. The EV membrane can also be disrupted chemically for cargo loading. The mild
surfactant saponin was used for the loading of hydrophilic small molecules '°7'°° and
the enzyme catalase.?®® Some studies compared the encapsulation efficiency of differ-
ent loading methods with varying results. For some cargo molecule EV combinations,
saponins resulted in the highest loading and/or highest therapeutic efficacy.®2%0 |n
another study, osmotic shock and freeze-thaw cycles yielded the highest encapsula-
tion efficiency without reducing the EVs’ cell uptake.'®® These findings suggest that the
best loading strategy must be evaluated for each cargo EV combination. An exoge-
nous, but not damaging, loading technique is the passive loading of cargo molecules,
where the cargo is incubated with the purified EVs.'®” This approach is especially suit-
able for hydrophobic cargo like curcumin, which has poor water solubility and is pref-
erentially associated with the EV membrane.”* Furthermore, passive loading was also
applied to gold NPs as cargo.?®' Another less invasive exogenous loading strategy is
the usage of a glycosylphosphatidylinositol (GPI) anchor which inserts into the EV

membrane due to its lipid nature.?%?

In contrast to exogenous loading, endogenous loading takes place during the biogen-
esis of the EVs and utilizes the producing cell’s machinery. Therefore, it is mainly lim-
ited to molecule classes that can be produced by living cells, such as proteins and
nucleic acid. For RNA loading, the producing cell can be genetically modified to simply
over-express the RNA molecule of interest. There are also more advanced genetic-
engineering approaches reported where the loading is actively enhanced by making
the cargo artificially interact with EV components. Peptides or proteins can e.g. be
fused to EV membrane proteins like CD63 or CD9.29%294 However, there are also at-
tempts to load small molecules by incubating the producing cell with cargo mole-
cules.?% This approach can be challenging because of the possible cytotoxic effects
of the drug molecule on the producing cells or the limited stability of the cargo when
exposed to cells. A possible solution for this problem is encapsulating the drug cargo

into mesoporous silica NPs and then utilizing the producing cells’ particle uptake and
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EV loading machinery for packaging the drug-loaded NPs into EVs during EV biogen-

esis.84

1.2.6 Synthetic NP/EV hybrid particles for drug delivery

Synthetic NP/EV hybrids can open new possibilities for drug delivery as they are
thought to combine the best features of synthetic NPs with those of EVs. Many studies
on hybrid NPs exploited the ability of tumor-derived EVs to specifically accumulate in
tumor tissue and metastasis.?4112178.178 Depending on the NP cargo NP/EV hybrids
were developed for drug delivery and theranostic approaches. Due to their ability to
encapsulate drug molecules in their porous structure, mesoporous silica NPs were
loaded with the small chemotherapeutic molecule doxorubicin for cancer therapy.8+112
Gold NPs were used as an imaging agent for biodistribution studies 78, for intracellular
EV tracing in electron microscopy 2%, and for photothermal therapy.'”® Metal-organic
framework NPs combine both as they can capture therapeutic cargo such as small
chemotherapeutic molecules 2°” and even proteins 2% and additionally can be detected
by magnetic resonance imaging. Generating these hybrid particles can be more chal-
lenging than loading other therapeutic cargo into EVs. There are various strategies
reported for the generation of hybrid NPs that can also be distinguished into exogenous
(after purification of EVs) and endogenous (during intracellular formation of EVs) load-
ing strategies. Exogenous loading of NPs into EVs was achieved by passive incubation
of NPs, which was reported for metal-organic framework particles, gold NPs, and mes-
oporous silica NPs.1'22% |n some reports, the exogenous loading process was pro-
moted by physical intervention like ultrasonication, extrusion, or electroporation. The
incorporation of metal-organic framework particles into EVs was for example facilitated
by a combination of ultrasonication and extrusion.?’® Manganese carbonyl NPs were
incorporated by electroporation 2°° and gold NPs were incorporated by extrusion.8’
For platinum NPs, a different strategy was reported. Here, platinum NPs were assem-
bled in situ directly inside of EVs from Pt?* precursors to create a better tolerable alter-
native to the anticancer drug cisplatin.’® Another class of hybrid NPs is the fusion of
liposomes with pre-isolated EVs. This strategy aims to conserve the targeting proper-
ties of exosomes while increasing the packaging capacity to deliver e.g. larger nucleic
acids like CRISPR/Cas9 expression vectors.2' For silica 8 and gold NPs 83.178.179 there
are reports where the cellular exosome biogenesis machinery was used to incorporate

the NPs into EVs. The proposed packaging mechanism starts with the uptake of the
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NPs by the producing cells through endocytosis (Figure 1.2.2). Subsequently, endo-
somal escape of the NPs is required to enter the cytosol. From the cytosol, NPs have
access to packaging into exosomes by inward budding into multivesicular bodies.
There is experimental evidence demonstrating the intracellular co-localization of NPs
with CD63, which serves as a marker for multivesicular bodies.®+'"® Furthermore,
transmission electron micrographs showed gold NP clusters inside intracellular vesi-
cles.®3 After the maturation of the multivesicular body, NP-loaded exosomes are re-
leased by the fusion of the multivesicular body membrane with the plasma membrane.
This step was demonstrated by the co-localization of NPs with CD81, which is another

exosome marker, in the extracellular space.®3

Early endosome Cell culture medium

Endocytosis

©

/Endosomal
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@ Packaging

Exocytosis of
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Multivesicular
body

Figure 1.2.2: Schematic depiction of NP packaging via the cellular exosome biogenesis pathway. (1)
Endocytosis of NPs by cell. (2) Endosomal escape. NPs enter the cytosol. (3) Packaging into exosomes
by inward budding of the multivesicular body membrane. (4) Fusion of the multivesicular body mem-
brane with the plasma membrane results in the release of NP-loaded exosomes. This graphic was cre-
ated with BioRender.com.

There are reports of successful packaging of NPs into EVs using the cellular machin-
ery. However, little is known about the actual packaging rates and how they differ de-
pending on cell type, NP material, and incubation protocol. This is due to a lack of
methodology to quantify encapsulation reliably and comparably. Yong et al. have
proven packaging qualitatively by co-localization of NP and EV signals in confocal flu-
orescence imaging and transmission electron microscopy (TEM).8 Sancho-Albero et
al. performed a statistical analysis of TEM images to calculate packaging rates.'’® Lara
et al. demonstrated packaging by cryo-TEM images and bulk detection of EV fluores-
cence and total gold mass.'”® While these techniques offer valuable hints towards NP
packaging in EVs all of them exhibit limitations. The resolution of confocal microscopy
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is too low to discriminate between packaged particles and aggregates formed by NPs
and exosomes. TEM imaging of EVs results in capturing typical ‘cup-shaped’ objects
due to the vacuum condition ', which makes it very difficult to interpret TEM images
of NP/EV hybrids. Cryo-TEM imaging can capture better depictions of EVs since their
native bubble shape is preserved. This is especially important when analyzing more
complex objects like NP/EV hybrids. However, statistical analysis to determine pack-
aging rates based on cryo-TEM images would be extremely laborious considering the
labor-intensive procedure and data acquisition of this technique.

1.2.7 Protein corona formation on EVs

The protein corona is a layer of proteins that adsorb to nano surfaces upon incubation
in biological fluids like blood. The concept of protein corona formation originated from
the synthetic biomedical NP field. The ‘chemical identity’ of the NP transforms into the
‘biological identity’ by adsorption of the protein corona. This ultimately determines the
NP’s fate in the human body and can impair its biomedical application.®® In 2019, the
protein corona concept was transferred to viruses as the first natural NP.2"! Ezzat et
al. characterized the protein corona composition of the respiratory syncytial virus
(RSV) and the herpes simplex virus type 1 (HSV-1).2"" Both human plasma-derived
protein coronae contained complement proteins, but also proteins that were unique to
each virus. Further, the presence of the protein corona around the virus particles was
visualized by TEM imaging. Toth et al. were the first to report the formation of a protein
corona on THP-1 cell-derived EVs.2'? Apolipoproteins, complement proteins, fibrino-
gen, and immunoglobulins were the most abundant proteins found in the EV protein
corona. All these proteins were often found in different combinations on various syn-
thetic NPs as well.3846:213 Furthermore, the EV protein corona was visualized by con-
focal fluorescence microscopy and TEM. Functional studies revealed that the protein
corona was integral to the biological activity of EVs. Téth et al. showed that immune
activation of dendritic cells upon EV treatment was increased in the presence of a pro-
tein corona.?'? A second study by Wolf et al. investigated the protein corona on pla-
cental-expanded stromal cells.?'* Here, angiogenesis and wound healing were in-
creased in the presence of a protein corona. Taken together, these studies expand the
view that the biologically active cargo is contained in the EV lumen. Also, the proteins
interacting with the EV surface contribute to their functionality. This suggests reevalu-
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ating former proteomic analysis of EVs isolated from blood plasma and serum-contain-
ing cell culture supernatants. These studies often found serum proteins which were

assumed to be contaminants rather than components of the EV protein corona.?15216

The EV protein corona might not only contribute to their biological functionality but
could also influence the blood clearance and biodistribution of intravenously injected
nanocarrier EVs. There might even be a difference in the protein corona composition
of native blood-derived EVs and that forming on transplanted EVs. These considera-
tions are especially important for the use of EVs as drug nanocarriers. For many syn-
thetic nanocarriers including liposomes, opsonizing proteins in the protein corona en-
hance their uptake by phagocytic immune cells of the MPS.?'7:218 Dye to the location
of the MPS in the liver, spleen, lungs, and lymph nodes, this leads to a rapid accumu-
lation in these organs. As a result, the therapeutic efficacy of the nanotherapeutics is
drastically reduced.?'® To avoid this, stealth molecules, such as PEG, were grafted on
the NP surface, which improved the therapeutic efficacy.5221%-22! Wiklander et al. com-
pared the biodistribution of transplanted EVs from different cell sources in mice and
found accumulation in the liver and spleen.??? Further, it was reported that the PEGyla-
tion of EVs increased their blood circulation time.?°2 These results suggest that trans-
planted EVs encounter sequestration by the MPS similar to synthetic nanocarriers and
that this poses an obstacle to further clinical translation. However, the role of the EV
protein corona for the engagement with the MPS remained unclear and was addressed

in the here presented PhD thesis.?%
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2 Materials and Methods

2.1 Establishing nanoparticle packaging and extracellular vesicle isolation

protocol

2.1.1 Synthesis of polystyrene NPs

Polystyrene NPs were synthesized by | JJl]. As previously published, the poly-
styrene NPs were synthesized using miniemulsion polymerization 224225, For the con-
tinuous phase, 2.11 g Lutensol® ATS50 (poly(ethylene glycol)-hexadecyl ether) (BASF
SE, Ludwigshafen, Germany) were dissolved in 72 g Milli-Pore water. To prepare the
amino-functionalized NPs 0.539 g 2-aminoethylmethacrylamide hydrochloride (AEMH)
(Sigma-Adrich, St. Louis, USA) were added to the Lutensol solution. The dispersed
phase for the preparation of plain and amino-functionalized NPs contained 18.02 g of
distilled styrene (Thermo Fisher Scientific, Waltham, USA), 752.2 mg of hexadecane
(TCI, Eschborn, Germany), 18.3 mg BODIPY (523/535 nm) and 300.76 mg V59 initia-
tor (2,20-azobis(2-methylbutyronitrile)) (Wako Chemicals, Neuss-Uedesheim, Ger-
many). The dispersed phase for the preparation of carboxy-functionalized NPs con-
tained 17.1 g of distilled styrene (Thermo Fisher Scientific, Waltham, USA), 903.7 mg
acrylic acid, 777 mg of hexadecane (TCl, Eschborn, Germany), 16.3 mg BODIPY
(523/535 nm) and 300.76 mg V59 initiator (2,20-azobis(2-methylbutyronitrile)) (Wako
Chemicals, Neuss-Uedesheim, Germany). For pre-emulsification, the continuous and
dispersed phase solutions were mixed and stirred at room temperature for 1 h. The
solution was homogenized using a Branson W 450 digital sonifier equipped with a 2"
tip (Branson Ultrasonics, Brookfield, USA). Sonication was done for 120 s at an inten-
sity of 90% while the samples were cooled in an ice water bath. The polymerization
took place at 72°C for 16 h. To purify the NPs, the samples were centrifuged at
8,442 x g for 1 h and resuspended in water. The samples were washed three times.

2.1.2 HCT116 cell culture

Human colorectal tumor (HCT) 116 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) - high glucose supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were grown in a humidified
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incubator at 37°C and 5% CO.. For passaging of HCT116 cells, 0.25% Trypsin-eth-
ylenediaminetetraacetic acid (EDTA) was used at 37°C and 5% CO2 for 5 min before
centrifugation at 300 g for 5 min (all reagents from Thermo Fisher Scientific, Waltham,
USA).

2.1.3 Packaging of PS-NPs

HCT116 cells were seeded in T175 cell culture flasks with a density of 3x108 cells/flask
and were grown to confluency. Subsequently, cells were incubated with 250 ug/mL
polystyrene NPs in DMEM without FBS (both Thermo Fisher Scientific, Waltham, USA)
for 18 h. Before the exocytosis phase, the medium was discarded, cells were washed
three times with phosphate-buffered saline (PBS) and FBS-free DMEM was added.
The cells were continued to incubate in the fresh medium for 24 h before harvesting
the conditioned medium (CM). The CM was centrifuged at 3,000 g at 4°C for 20 min
and the supernatant was concentrated 20-fold with an Amicon Ultra-15 30 kDa MWCO
centrifugal filter (Merck Millipore, Darmstadt, Germany). Particles were isolated by size
exclusion chromatography (SEC) according to Boing et al. 228 In brief, 10 mL syringes
were packed with Sepharose CL-2B (Thermo Fisher Scientific, Waltham, USA). Col-
umns were washed with one column volume PBS before applying 2 mL of concen-
trated and precleared CM. Fractions of 1 mL were collected and analyzed for particle
count by differential light scattering (DLS) and fluorescence intensity. For DLS meas-
urements, 200 uL of undiluted sample was used. Measurements were performed using
a Zetasizer Nano S90 (Malvern Panalytical GmbH, Germany) at 25°C. For measuring
the fluorescence intensity, 100 pL of the undiluted sample was measured with a Tecan
Infinite M1000 plate reader (Tecan, Mannedorf, Switzerland). Fractions 4-6 were col-
lected as particle-rich fractions and concentrated 30-fold using Amicon Ultra-2 30 kDa
MWCO centrifugal filters (Merck Millipore, Darmstadt, Germany). The resulting sample
was used for further analysis.

2.1.4 Western blot

The protein content was measured using Pierce 660 nm Protein Assay Reagent
(Thermo Fisher Scientific, Waltham, USA). Absorption was measured at 660 nm with
a M1000 plate reader (Tecan, Mannedorf, Switzerland). Subsequently, 5 pg of protein
were separated on a NUPAGE™ 10% Bis-Tris Bolt™ polyacrylamide gel (Thermo
Fisher Scientific, Waltham, USA). Therefore, the required volume of sample was mixed
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with 4 yL NuPAGE™ Reducing Agent and 10 yL NuPAGE™ LDS Sample Buffer and
was filled up to 26 L with water. To denature the proteins, the samples were boiled at
95°C for 10 min. The samples and SeeBlue™ Plus2 Pre Stained Standard were ap-
plied to the SDS gel and run at 130 V for 1 h using 1X NUPAGE™ MES SDS buffer
(both from Thermo Fisher Scientific, Waltham, USA). To transfer the proteins to the
western blot membrane, an iBlot™ Dry Blotting System (Thermo Fisher Scientific, Wal-
tham, USA) was used. Therefore, the bottom stack was put into the iBlot device, and
the wetted gel was laid on top. A wetted filter paper was placed on top of the gel,
followed by the top stack. The blot was run using P2 for 6 min. For protein detection,
the WesternBreeze™ Chromogenic Kit (Thermo Fisher Scientific, Waltham, USA) was
used according to the manufacturer’s instructions. In brief, the membrane was blocked
for 30 min on a rotary shaker using the kit’s blocking solution. Subsequently, the mem-
brane was washed twice for 5 min in water. To prepare the primary antibody solution,
the aCD63 Recombinant Rabbit Monoclonal Antibody (SY21-02) (Thermo Fisher Sci-
entific, Waltham, USA) was diluted 1:1000 in the antibody solution provided by the Kkit.
The membrane was washed 4 times with 20 mL antibody wash provided by the kit for
5 min. Subsequently, the second antibody solution was applied for 30 min on a rotary
shaker, and after thorough washing of the membrane, 5 mL of the chromogenic sub-
strate solution was applied until purple bands appeared.

2.1.5 Flow cytometry

Cell uptake and exocytosis of PS-NH2 NPs were quantified by flow cytometry. There-
fore, 75,000 cells per well were seeded in a 24-well plate (Greiner Bio-One, Fricken-
hausen, Germany). The next day, cells were incubated with particles at 37°C and 5%
CO2 for 2 or 18 h at a concentration of 25 and 2.5 yg/mL in an FBS-free medium.
Subsequently, the particle-containing medium was discarded, the cells were washed
three times with PBS and fresh medium without FBS was added. After incubation for
another 4 h (2 h uptake) or 24 h (18 h uptake), the cells were detached with Trypsin-
EDTA (Thermo Fisher Scientific, Waltham, USA) for 2 min at 37°C and centrifuged at
500 x g for 5 min. The cells were resuspended in 1 mL PBS for flow cytometry meas-
urement. 2 of 3 replicates per condition were stained with Zombie Aqua™ Fixable Vi-
ability Kit (BioLegend, San Diego, USA) diluted 1:500 in PBS. The NP uptake was
measured with an Attune NxT Flow Cytometer (Thermo Fisher Scientific, Waltham,
USA). Measurements were stopped, after reaching 10,000 events for the cells.
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The BODIPY signal of the PS-NPs was detected in channel BL1 and the cell viability
staining was detected in VL1. The Attune NxT Software was used for data analysis.
FSC/SSC scatter plots were used for cell population selection and events were de-
picted as percentage of gated cells and median fluorescent intensities.

2.1.6 Confocal laser scanning microscopy (cLSM)

The intracellular localization of PS-NPs in HCT116 cells was verified by cLSM images
taken with a Leica TCS SP5 (Leica, Wetzlar, Germany). The microscope was equipped
with a multi-laser combination and five detectors (range of 400-800 nm). BODIPY-la-
belled PS-NPs were excited at 514 nm and a detector range of 530-600 nm. Cell-
Mask™ Deep Red plasma membrane stain (Thermo Fisher Scientific, Waltham, USA)
was excited at 633 nm and a detector range of 646-799 nm. Images were taken in
sequential mode using the LAS X software. For post-processing, brightness and con-
trast settings were adjusted using Imaged. 12,500 HCT116 cells were seeded per well
in u-Slide 8 Well ibiTreat slide (IBIDI, Grafelfing, Germany) the day before the uptake.
The cells were incubated with 2.5 pg/mL PS-NPs in an FBS-free medium at 37°C and
5% CO2 for 18 h. Subsequently, the NP-containing medium was removed, the cells
were washed and fresh medium was added for 24 h before imaging. As controls, the
cells were imaged untreated or after incubation with PS-NPs for 18 h. CellMask™
Deep Red was diluted 1:1000 in PBS and incubated with the cells for 2 min before

washing and imaging.

To analyze the sample after the packaging procedure, 200 yL sample were incubated
on a y-Slide 8 Well ibiTreat slide (IBIDI, Grafelfing, Germany) for 2 h at room temper-
ature. After removing the sample, sedimented particles were fixed with 4% PFA (Carl
Roth, Karlsruhe, Germany) for 15 min and incubated in 1% bovine serum albumin
(BSA) (Merck, Darmstadt, Germany) for 15 min subsequently. The cells were washed
three times and were incubated with the antibody solution in 1% BSA for 1 h at room
temperature. For detection of the extracellular vesicle (EV) membrane a mixture of
0.5 yL CD9 Monoclonal Antibody (MEM-61), Alexa Fluor™ 647, and 0.5 yL CD63
Monoclonal Antibody (H5C6), eFluor™ 660, eBioscience™ (both Thermo Fisher Sci-
entific, Waltham, USA) was used. Before image acquisition, the samples were washed
three times with PBS. The PS-NPs were excited as described above and the antibody

mixture was excited at 633 nm using a detector range of 646-799 nm.
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2.2 Packaging of SiNC in EVs

2.2.1 Synthesis of silica nanocapsules

The silica nanocapsules (SiNCs) were synthesized by | G V-

trasmall SINCs were synthesized with concurrent processes of Ostwald ripening and
a sol-gel reaction of alkoxysilane following our previous report.??’” 5.21 mg of cyanine
5 N-hydroxysuccinimide ester (NHS) ester (Cy5-NHS ester) (Lumiprobe, Hannover,
Germany) was mixed with 3.64 pL of (3-aminopropyl)triethoxysilane (TCI, Portland,
Oregon) and 3 g of anhydrous chloroform (Carlo Erba, Emmendingen, Germany). The
mixture was stirred overnight (mixture A). An oil phase was formed by mixing 0.5 mL
of mixture A with 0.134 mL of cyclohexane and 2 mL of tetraethyl orthosilicate (TEOS)
(Thermo Fisher Scientific, Waltham, USA). The oil phase was then added to an aque-
ous phase of 3.8 mg/mL dimethyloctadecyl[3-(trimethoxysilyl)propyllammonium chlo-
ride (TPOAC) (Thermo Fisher Scientific, Waltham, USA) in water under vigorous stir-
ring. The emulsion was stirred for 30 min before being sonicated under ice-cooling in
a pulse regime (3 s on, 3 s off, 50% amplitude) with a Branson SFX 550 Sonifier (Bran-
son Ultrasonics, Brookfield, USA). The resulting miniemulsion was stirred at 25°C for
20 h and then at 40°C for 6 h. The dispersion volume was then adjusted to 30 mL by
adding deionized water. To remove large SiNC (>10 nm in diameter), the synthesized
dispersion was centrifuged at 10,397 x g at 4°C for 45 min. The supernatant was col-
lected after centrifugation and then the centrifugation process was repeated one more

time.

Large SINC were synthesized as follows. 0.5 mL of mixture A, 0.169 mL of hexade-
cane, and 2 mL of TEOS (Thermo Fisher Scientific, Waltham, USA) were mixed to
form an oil phase. The oil phase was then added to an aqueous phase of 3.8 mg/mL
TPOAC (Thermo Fisher Scientific, Waltham, USA) in water under vigorous stirring.
The emulsion was stirred for 30 min and then was sonicated under ice-cooling in a
pulse regime (3 s on, 3 s off, 50% amplitude) with a Branson SFX 550 Sonifier (Bran-
son Ultrasonics, Brookfield, USA). Subsequently, the resulting miniemulsion was
stirred at 25°C for 20 h.
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The functionalization of SINC with polyethylene glycol (PEG) was prepared as follows.
60 mg of 5,000 Da PEG-methoxysilane (Rapp Polymer, Tubingen, Germany) was dis-
solved in 1 mL of water. The solution was added dropwise into a 2.5 mL dispersion of
either ultrasmall SINC or large SINC under stirring. The mixture was then stirred at
25°C for 24 h.

The PEG-functionalized SiNC were purified by dialysis using dialysis tubing with a
MWCO of 12-14 kDa. The dispersion of SINC was dialyzed against 600 mL of deion-

ized water for 2 days; the water was changed 3 times per day.

2.2.2 HCT116 cell culture

HCT116 cells were cultured as described in section 2.1.2.

2.2.3 Flow cytometry

Cell uptake and exocytosis of SINCs were quantified by flow cytometry. Therefore,
75,000 cells per well were seeded in a 24-well plate (Greiner Bio-One, Frickenhausen,
Germany). The next day, cells were incubated with particles at 37°C and 5% CO: for
2, 6, or 24 h at a concentration of 200 ug/mL or for 2 h with concentrations ranging
from 10 pg/mL to 200 pg/mL. After incubation, cells were detached with Trypsin-EDTA
(Thermo Fisher Scientific, Waltham, USA) for 2 min at 37°C and centrifuged at 500 g
for 5 min. Cells were resuspended in 1 mL PBS for flow cytometry measurement. The
NP uptake was measured with an Attune NxT Flow Cytometer (Thermo Fisher Scien-
tific, Waltham, USA). Measurements were stopped, after reaching 10,000 events for
the cells. The Cy5 signal of the SINC was detected in the RL1 channel with excitation
at 638 nm and a 670/14 nm band pass filter. The Attune NxT Software was used for
data analysis. FSC/SSC scatter plots were used for cell population selection and

events were depicted as percentage of gated cells and median fluorescent intensities.

2.2.4 Confocal laser scanning microscopy (cLSM)

The intracellular localization of SINC in HCT116 cells was verified by cLSM images
taken with a Leica TCS SP5 (Leica, Wetzlar, Germany). The microscope was equipped
with a multi-laser combination and five detectors (range of 400-800 nm). Cy5-labeled
SiNCs were excited at 633 nm and a detector range of 646-799 nm. CellMask™
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Plasma Membrane Stain Orange (Thermo Fisher Scientific, Waltham, USA) was ex-
cited at 561 nm and detected at 578-618 nm. Images were taken in sequential mode
using the LAS X software. For post-processing, brightness and contrast settings were
adjusted using ImagedJ. 75,000 HCT116 cells were seeded per well in py-Slide 8 Well
ibiTreat slide (IBIDI, Grafelfing, Germany) the day before the uptake. Cells were incu-
bated with SINCs (200 ug/mL, prepared in FBS-containing medium) at 37°C and 5%
CO: for 2 h before imaging.

2.2.5 Packaging of SiNCs

SiNCs were packaged as described in section 2.1.3. The protocol was adapted ac-
cording to SiNCs. Here, the cells were incubated with 100 pg/mL SiNCs in DMEM with
FBS (both Thermo Fisher Scientific, Waltham, USA) for 2 h. Before the exocytosis
phase, the medium was discarded, cells were washed three times with PBS and FBS-
free DMEM was added. The cells were continued to incubate in the fresh medium for
4 h before harvesting the CM. The purification of particles from the CM was not

changed compared to section 2.1.3.

2.2.6 Transmission electron microscopy (TEM)

The sample preparation and imaging were done by || | |} . The samples
were drop casted on grids (Plano, Wetzlar, Germany) with a 10 nm carbon film. Images

were acquired with a JEOL JEM1400 transmission electron microscope (JEOL, Freis-

ing, Germany).

2.2.7 Cryo-TEM and electron energy loss spectroscopy (EELS)

The sample preparation was done by ||} } Il and cryo-TEM imaging and

EELS was done by | . CryoTEM samples were prepared on glow-
discharged 300 mesh 2/1 Quantifoil grids (Quantifoil Micro Tools, Grofl3lobichau, Ger-

many). 4 uL of sample was added to the grid and blotted using Vitrobot Mark (Thermo
Fisher Scientific, Waltham, USA) for 1 sec using force 5 at 20°C in 100% humidity. The
grid was then plunge-frozen in liquid ethane and imaged with a K3 camera (Gatan,
Pleasanton, USA) in the Titan Krios G4 cryo-TEM (Thermo Fisher Scientific, Waltham,
USA). To analyze the spatial distribution of the element silica in the sample, EELS was
applied. The sample was imaged under cryo conditions using a Gatan Continuum
EELS spectrometer in combination with a Gatan K3 direct electron detection camera
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(both Gatan, Pleasanton, USA). While recording the EEL spectrum for every pixel of
the STEM image, the microscope was operated in scanning TEM (STEM) mode. The
digital Micrograph GMS 3 software (Gatan, Pleasanton, USA) was used for data ac-

quisition.
2.2.8 Fluorescence cross-correlation spectroscopy (FCCS)

The samples analyzed by FCCS were produced by myself (EVs and EV/SINC hybrids)
and |G (SiNCs), whereas the FCCS measurements were per-
formed by | The FCCS experiments were performed on an LSM
880 commercial setup (Carl Zeiss, Jena, Germany). For excitation of the Alexa 488
and Cy5 labeled species, respectively an argon ion laser (488 nm) and a He/Ne-laser
(633 nm) were used. The excitation lasers were focused on the studied solutions by a
C-Apochromat 40x/1.2 W high numerical aperture water immersion objective (Carl
Zeiss, Jena, Germany). An eight-well polystyrene, chambered cover glass (Laboratory-
Tek, Nalge Nunc International) was used as a sample cell. The fluorescence was col-
lected with the same objective and after passing through a confocal pinhole, directed
to a Quasar spectral detection unit (Carl Zeiss, Jena, Germany). In this unit, emission
was spectrally separated by a grating element on a 32-channel array of GaAsP detec-
tors operating in a single photon counting mode. The emission of Alexa 488 was de-
tected in the spectral range 500-550 nm and that of Cy5 in the range 640-700 nm. The
temporal fluctuations dFg(t) and dFr(t) of the “green” (Alexa 488) and “red” (Cy5) fluo-
rescence signals were recorded and used to calculate the auto- Ggg(t), Grr(t), and the

cross-correlation Ggr(t) functions:

(6Fg r(t)0Fg (t+7))

G =1+
9977 (T) (Fgr (ONFgr(D)

(1)

(8F4(t)8Fy(t+1))

Ggr(1) =1+ (Fg (ONFH (D)

(2)

The experimental auto- and cross-correlation curves were fitted with the theoretical
model function for freely diffusing fluorescence species.??®

G(1) = 1+%[
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Here, N is the average number of diffusing fluorescence species in the confocal obser-
vation volume, 1D is the diffusion time of the species and S is the so-called structure
parameter, S = z0/rO, where z0 and r0 represent the axial and radial dimensions of the
confocal volume V, respectively. Furthermore, the diffusion time, 1p, is related to the

2
respective diffusion coefficient, D, through: 7, = :—"D. The fits yielded the corresponding

diffusion times, and subsequently the diffusion coefficients and through the Stocks-
Einstein relation the hydrodynamic radii of the fluorescent species.

Furthermore, the amplitude of the cross-correlation curve Ggr(0) is directly proportional
to the concentration of dual-colored species Cgr in the studied solution through 228:
[Ggr(@-1]vgr

Cor = (4)

97 [64(0)-1]Vg[Gr(0)—1]V;

The fractions of dual-colored species compared to all green or red species were cal-

culated as:

C N,V C N,V

Zor — 9r and Cogr _ Nglgr (5)
Cy NgyVr Cr NgrVgr

As the values of rO and S and thus V depend on the specific characteristics of the
optical setup and the respective wavelengths, calibration experiments were performed
using fluorescent dyes with known diffusion coefficients, i.e., Alexa 488 and Atto 643

in water.

2.2.9 Multi-angled DLS

Multi-angled DLS measurements were performed by [ GGG A~ ALV
spectrometer equipped with a goniometer and an ALV-5004 multiple-tau full-digital cor-
relator (320 channels) was used. The light source was a He-Ne laser at a wavelength
of 632.8 nm. To control the temperature a thermostat (Julabo) was used. The water
used for dilutions was filtered with a GS filter (0.2 ym) (Merck Millipore, Billerica, USA)
and the 5-SiNC PEG particle stock solution was added unfiltered. The measurements
were performed in quartz cuvettes with an inner radius of 9 mm (Hellma, Muhlheim,
Germany) that were cleaned with acetone in a Thurmond apparatus.??® The data was

analyzed using a multicomponent fit method as previously reported.?*
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2.3 Exocytosis of NPs from cells

2.3.1 Silica NPs

Mesoporous silica NPs (SiNP) in the sizes 10 nm, 30 nm, 50 nm, and 100 nm from the
sicastar®-redF series were purchased from micromod Partikeltechnologie GmbH
(Rostock, Germany). According to the manufacturer, particles were produced via the
Stober process 23! and contain covalently bound rhodamine B as fluorescent labeling
(excitation: 569 nm, emission: 585 nm).

2.3.2 HCT116 cell culture

Cell culture was done by |l under my supervision. HCT116 human colorectal
cancer cells were cultured as described in section 2.1.2.

2.3.3 Protein corona adsorption

Protein corona adsorption was done by ||l under my supervision. Human
citrate blood plasma was taken from healthy donors at the Department of Transfusion
Medicine in Mainz after physical examination and after obtaining written informed con-
sent in accordance with the Declaration of Helsinki. The blood plasma of 10 healthy
donors was pooled and stored at -20°C. The study was approved by the local ethics
committee “Landesarztekammer Rheinland-Pfalz” (Bearbeitungsnummer: 837.439.12
(8540-F)). The protein corona was adsorbed as described previously by our
group.®1232233 |n prief, human citrate plasma (0.5 mL) and SiNP (1 mg/mL) were incu-
bated for 1 h at 37°C and 300 rom. Plasma was removed by centrifugation at
20,000 x g and 4°C for 1 h. Subsequently, the pellet was resuspended PBS and cen-
trifuged again. For cell uptake experiments, the pellet was washed twice and resus-
pended in DMEM without FBS after the last run. For fluorescence calibration, both
particles with and without protein corona were measured with an M1000 plate reader
(Tecan, Mannedorf, Switzerland). For liquid chromatography-mass spectrometry
(LC-MS) measurement, the pellet was washed three times with PBS. The final pellet
was resuspended in desorption buffer (SDS (2% (w/v)) + Tris*HCL (62.5 mM) in H20

(3 mL)). Subsequently, it was incubated at 95°C for 5 min and subjected to digestion.
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2.3.4 In-solution digestion and LC-MS measurement

The in-solution digestion and LC-MS measurements were performed by |
The data was reviewed by me and |l The in-solution digestion and LC-MS
measurements were performed as previously described by our group.®'232234 |n short,
SDS was removed by using Pierce Detergent Removal Spin Columns (Thermo Fisher
Scientific, Waltham, USA) followed by protein precipitation using ProteoExtract protein
precipitation kit (Merck Millipore, Darmstadt, Germany). After isolation, proteins were
resuspended in RapiGest SF (Waters, Milford, USA), reduced with dithiothreitol
(Sigma-Aldrich, St. Louis, USA), and alkylated with iodoacetamide (Sigma-Aldrich, St.
Louis, USA). Tryptic digestion of the protein was performed at a protein:trypsin ratio of
50:1 for 18 h at 37°C. After stopping the digestion by adding HCI (2 pL) (Sigma-Aldrich,
St. Louis, USA) and removing the degradation products of RapiGest by centrifugation,
the peptides were proceeded to LC-MS measurements. Therefore, the samples were
diluted with formic acid (0.1%) and spiked with Hi3 E. coli (50 fmol/uL) (Waters, Milford,
USA). Measurements were performed at a nanoACQUITY UPLC system coupled to a
Synapt G2-SI mass spectrometer (Waters, Milford, USA). Electrospray ionization was
performed in positive mode with a NanoLockSpray source. As a reference, Glu-Fi-
brinopeptide (150 fmol/uL) at a flow rate of 0.5 pL/min was injected and a sample flow
rate of 0.3 pL/min was set. The mass spectrometer was operated in a resolution mode
performing data-independent acquisition (MSE). Data was processed using MassLynx
4.1 and proteins were identified using Progenesis QI 2.0. A reviewed human database
downloaded from UniProt was used for protein identification. Noise reduction thresh-
olds were set for low energy, high energy, and peptide intensity at 120, 25, and 750
counts, respectively. A maximum protein mass of 600 kDa, one missed cleavage, fixed
carbamidomethyl modification for cysteine, variable oxidation for methionine, and a
false discovery rate of 4% for proteins was set for protein and peptide identification.
For peptide identification at least three assigned fragments and for protein identification
at least two assigned peptides and five assigned fragments are required. The
TOP3/HI3 approach was used for the quantification of each protein in fmol.23°

2.3.5 Flow Cytometry

Flow cytometry experiments were done by [ ]l under my supervision. The data
was reviewed by me. HCT116 cells were seeded into 24-well plates (Greiner Bio-one,
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Frickenhausen, Germany). Cells (150,000) were seeded per well. The next day, the
cells were incubated with SiNPs in the presence or absence of a pre-formed protein
corona (5 yg/mL) in serum-free DMEM for 2 h, 4 h, or 24 h. For measuring exocytosis
of SiNPs, the cell culture medium was exchanged after 2 h, and the cells were incu-
bated for another 2 h or 22 h. As a control for dead cells, cells were incubated either
for 2 h, 4 h, or 24 h with dimethyl sulfoxide (DMSO; 20%; Sigma-Aldrich, St. Louis,
USA). The cells were detached with Trypsin-EDTA (Thermo Fisher Scientific, Wal-
tham, USA) and subsequently centrifuged at 300 x g, 22°C for 5 min. Two of three
pellets of one condition were stained with LIVE/DEAD™ Fixable Green (Thermo Fisher
Scientific, Waltham, USA) according to the manufacturer’s instructions. The pellets
were resuspended in 1 mL PBS and measured with the Attune NxT Flow Cytometer
(Thermo Fisher Scientific, Waltham, USA). For the excitation of the particles, the yellow
laser (561 nm) and an emission filter in the range of 530/30 nm were used. For the
detection of LVE/DEAD™ Fixable Green, the blue laser (488 nm) and an emission filter
in the range of 585/16 nm were used. For data analysis, the Attune NxT software was
used. Forward scatter/side scatter (FSC/SSC) scatter plots were used to discriminate
the cell population and events were depicted as percentages of gated cells and MFI.
Subsequently, the fluorescence intensity of the SiNP dispersion was used to adjust the
difference in fluorescence for particles with and without protein corona. Results were
depicted using GraphPad Prism 9 (Dotmatics, Boston, USA).

2.3.6 Confocal Laser Scanning Microscopy (cLSM)

cLSM images were acquired by ||l and me. HCT116 cells were seeded into
a u-Slide 8 Well chamber (ibidi, Grafelfing, Germany). Cells (100,000) were seeded
per well. The next day, cells were incubated with SiNPs in the presence or absence of
a pre-formed protein corona (10 pg/mL) in serum-free DMEM for 2 h. The plasma
membrane was stained with CellMask™ Deep Red Plasma Membrane Stain (Thermo
Fisher Scientific, Waltham, USA) and lysosomes were stained with Invitro-
gen™ LysoTracker™ Green DND-26 (Thermo Fisher Scientific, Waltham, USA) ac-
cording to manufacturer’s instructions. The cells were measured live. The images were
acquired with an LSM SP5 STED Leica Laser Scanning Confocal Microscope (Leica,
Wetzlar, Germany) and a Leica TCS SP8 (Leica, Wetzlar, Germany), equipped with a
multi-laser combination and five detectors (range of 400-800 nm). SiNPs were excited
at 561 nm and detected at 575-640 nm. CellMask™ Deep Red Plasma Membrane
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Stain was excited at 633 nm and detected at 644-800 nm. LysoTracker™ Green DND-
26 was excited at 469 nm and detected at 503-541 nm. Images were taken by sequen-
tial scanning using the LAS X software. For processing and analysis, Fiji was used.
Brightness and contrast were adjusted to reflect differences in fluorescence intensity
of the different-sized SiNPs.

2.3.7 (-potential measurement

The measurements were done by ||l and me. A Zetasizer Nano Z (Malvern
Panalytical GmbH, Germany) was used for the zeta potential determination of SiNPs.
For the measurement, the SiNP stock solution (5 pyL) was diluted in potassium chloride
solution (KCI) (1 mL, 1 mM). The measurement was performed at 20°C after an equi-
libration time of 2 min. Each measurement was performed in triplicates and mean val-

ues as well as standard deviations were calculated.

2.3.8 Multi-angled DLS

The multi-angled DLS measurements were performed by || . An
ALV spectrometer equipped with a goniometer and an ALV-5004 multiple-tau full-digi-

tal correlator (320 channels) was used. The light source was a He-Ne laser at a wave-
length of 632.8 nm. To control the temperature a thermostat (Julabo) was used. The
water used for dilutions was filtered with a GS filter (0.2 um) (Merck Millipore, Billerica,
USA) and the particle stock solution was added unfiltered. The stock solution of the
10 nm SiNPs was filtered with an LCR filter (0.45 pym) (Merck Millipore, Billerica, USA)
before dilution. The measurements were performed in quartz cuvettes with an inner
radius of 9 mm (Hellma, Muhlheim, Germany) that were cleaned with acetone in a
Thurmond apparatus.??® The data was analyzed using a multicomponent fit method as
previously reported.?30

2.3.9 Transmission electron microscopy

The sample preparation and imaging was done by || |} ] Ellll. The samples were
drop casted on grids (Plano, Wetzlar, Germany) with a 10 nm carbon film. Images were
acquired with a JEOL JEM1400 transmission electron microscope (JEOL, Freising,
Germany).
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2.4 Protein corona on EVs and liposomes

2.4.1 Cell culture

THP-1 cells were cultured in RPMI 1640 medium supplemented with 10% FBS,
100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM Glutamax. HCT116 cells
were cultured as described in section 2.1.2. Cells were grown in a humidified incubator
at 37°C and 5% COs.. For passaging of THP-1 cells, cells were centrifuged at 300 x g
for 5 min. For passaging of HCT116 cells, 0.25% Trypsin-EDTA was used at 37 °C and
5% COz2 for 5 min before centrifugation at 300 x g for 5 min (all reagents from Thermo
Fisher Scientific, Waltham, USA).

2.4.2 Generation of monocyte-derived dendritic cells

Monocyte-derived dendritic cells were isolated and cell uptake was performed by
I Cuffy coats, received from healthy donors upon informed consent
(blood bank of the University Medical Center Mainz) were used to isolate peripheral
blood mononuclear cells (PBMCs).23¢ PBMCs were isolated from other blood cells by
centrifugation for 20 min at 900 x g at room temperature through a Histopaque-1077
density gradient media (Sigma-Aldrich, USA). Subsequently, PBMCs were collected
from the interphase and washed with PBS. CD14" monocytes were enriched using
magnetic cell separation via CD14 MicroBeads (MACS) (Miltenyi Biotec., Bergisch
Gladbach, Germany). The cells were subsequently cultured at a concentration of
108/mL in 3 mL in 6-well plates (Greiner, Kremsmiinster, Austria) using IMDM medium
supplemented with 10% FBS, 1% GlutaMAX, 1 B-mercaptoethanol, 1% non-essential
amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin and 100 g/mL streptomycin.
Further, 200 U/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) and
200 U/mL interleukin-4 (IL-4) were added to each well. Before cell uptake, cells were
cultured for 6 days at 37°C and 5% CO.. 1 mL of culture medium was carefully re-
moved from the wells and replenished with 1 mL fresh medium supplemented with
600 U/mL GM-CSF and 600 U/mL on day 2 and day 4.

2.4.3 EV isolation from the cell culture medium

30 mL of CM was collected from approximately 2x107 sub-confluent HCT116 cells cul-
tured in serum-free medium for 24 h. CM was centrifuged at 3,000 x g at 4°C for
20 min. Supernatants were collected and concentrated 20-fold using Amicon Ultra-15
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30 kDa MWCO centrifugal filters (Merck Millipore, Darmstadt, Germany). EVs were
isolated by SEC according to Brahmer et al.??6 10 mL syringes were packed with Se-
pharose CL-2B (Thermo Fisher Scientific, Waltham, USA). Columns were washed with
one column volume PBS before applying 2 mL of concentrated and pre-cleared CM.
Fractions of 1 mL were collected and analyzed for particle count by NP tracking anal-
ysis. Fractions 4-6 were collected as particle-rich fractions and concentrated 30-fold
using Amicon Ultra-2 30 kDa MWCO centrifugal filters (Merck Millipore, Darmstadt,
Germany). Protein content was measured using Pierce 660 nm Protein Assay Reagent
(Thermo Fisher Scientific, Waltham, USA). Absorption was measured at 660 nm with
a M1000 plate reader (Tecan, Mannedorf, Switzerland).

2.4.4 Liposome preparation

Liposomes were prepared by || | | | . Liposomes were prepared from
mixtures of cholesterol (Chol), 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE), and L-a-phosphatidylcholine (egg PC) with different molar compositions to
reach two different liposome formulations, DOPE 5% and DOPE 33%. The three lipo-
some components were prepared at a concentration of 10 mg/mL in chloroform and
stored at -20°C. Then, the different liposome membrane compositions were obtained
by mixing 1.44 mL eggPC, 120 yL DOPE, and 440 L Chol, to achieve eggPC:DOPE:
Chol = 55:5:40 molar ratio; and 835 pL eggPC, 767 yL DOPE, and 398 uL Chol, to get
eggPC:DOPE:Chol = 1:1:1 molar ratio. All chemicals were purchased from Merck,
Darmstadt, Germany. The lipid mixtures together with 2 mL of chloroform (Merck,
Darmstadt, Germany) with 1 vol% EtOH (Carl Roth, Karlsruhe, Germany) were added
in a 50 mL round-bottomed flask. To obtain the dried lipid films the solvent was evap-

orated with a rotary evaporator (450 mbar and 3 mbar each for 30 min at 42°C).

The lipid films were hydrated by the addition of 4 mL of PBS buffer (0.1 M, pH = 7.4)
(Merck, Darmstadt, Germany). Then the mixtures were stirred overnight at 500 rpm
and subsequently sonicated in a water bath for 20 min. Finally, the liposomes were
extruded 11 times per pore size through polycarbonate membranes with pore sizes of
800 nm, 400 nm, and 200 nm using a 1 mL syringe (Avanti Polar Lipids, Alabaster,
USA). Liposomes were stored at 4°C until further use.
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2.4.5 Labeling HCT116 EVs and liposomes with Cyanine 5 (Cy5)

100 pg of freshly isolated HCT116 EVs or liposomes were incubated with 4 yL 1 mM
Cy5 NHS-Ester (Lumiprobe, Hunt Valley, USA) at room temperature for 1 h. Unreacted
dye molecules were removed by washing the samples with PBS using Amicon Ultra-2
30 kDa MWCO centrifugal filters (Merck Millipore, Darmstadt, Germany). For the label-
ing of EVs, an excess of fluorophores was used.

The labeling reaction was done in 100 yL at a working concentration of 40 yM Cy5-
NHS. That corresponds to 2.4x10'® available fluorophore molecules. 100 uL of isolated
EVs contained approximately 5x10° particles. Therefore, the labeling reactions were
performed at a fluorophore excess of 4.8x10°. Considering that there are multiple avail-
able NH2 groups per EV particle, it is likely that at this ratio there was an excess of
fluorophores over NH2 groups. To verify that all unbound fluorophores have been
washed out to the extent that they do not affect cell uptake studies, a control containing
only fluorophores but not particles was prepared. Therefore, the same amount of fluor-
ophore was incubated with PBS and washed according to the staining protocol. Incu-
bation of this sample with HCT116 cells did not result in an intracellular uptake signal
above the cell background in flow cytometry measurements.

2.4.6 Dynamic light scattering (DLS)

For DLS measurements, 10 pL of liposome sample were diluted in 200 yL PBS buffer.
For EV measurements, 200 pL of the undiluted sample was used. Measurements were
performed using a Zetasizer Nano S90 (Malvern Panalytical GmbH, Germany) at 25°C.
The size distribution was obtained by cumulants fitting.

2.4.7 Nanoparticle tracking analysis (NTA)

We thank | o' the opportunity to use their NTA device. The

measurement was performed by me under the supervision of [l For NTA
measurements, ZetaView (Particle Metrix GmbH, Germany) and the corresponding
software ZetaView version 8.05.16 SP3 (Particle Metrix GmbH, Germany) were used.
The following instrument parameters were used: Scatter mode with a sensitivity of 80
and a shutter of 100. For analysis, a max area of 1000, a min area of 10, and a min
brightness of 30 were chosen. The binning was set to 5 nm. Samples were diluted with

PBS and measurements were done at 25°C. The particles of 11 long videos and a total
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of 959 objects were analyzed and mean and standard deviation were calculated from

number-weighted mean values.

2.4.8 Zeta potential

A Zetasizer Nano Z (Malvern Panalytical GmbH, Germany) with disposable folded ca-
pillary cells was used to determine the zeta potential of the EV and liposome samples.
For the measurements, 10 yL of each liposome dispersion or 100 yL of EV solution
were diluted with 1 mL of a 1 mM potassium chloride (KCI) solution. The measurement
was performed at 25°C after 2 min of equilibration. Each measurement was performed

in triplicates and mean values as well as standard deviations were calculated.

2.4.9 Protein corona adsorption

Human citrate blood plasma was taken from healthy donors at the Department of
Transfusion Medicine at the University Medical Center Mainz after physical examina-
tion and after obtaining written informed consent in accordance with the Declaration of
Helsinki. The blood plasma of 10 healthy donors was pooled and stored at -20°C. The
study was approved by the local ethics committee “Landesarztekammer Rheinland-
Pfalz” (Bearbeitungsnummer: 837.439.12 (8540-F)). Protein corona was adsorbed as
previously described by our group.®!232233 The protocol was adapted to EV properties.
100 pg of Cy5-labeled or unlabeled EVs or liposomes were incubated with 1 mL of
human citrate plasma at 37°C under constant agitation (300 rpm) for 1 h. For EV pro-
teome analysis 100 ug EVs were incubated with 1 mL PBS. Subsequently, EVs and
liposomes were pelleted at 100,000 x g at 4°C for 1 h with an Avanti J-26S XP ultra-
centrifuge (Beckman Coulter, Pasadena, USA). For mass-spectrometry analysis of the
protein corona, pellets were washed 3x with PBS and subjected to digestion for liquid
chromatography-mass spectrometry (LC-MS). For cell uptake experiments pellets
were washed 1x in PBS and the final pellets were resuspended in 1 mL cell culture

medium.

2.4.10 Flow cytometry and cytotoxicity

Cell uptake of EVs and liposomes with and without protein corona into THP-1 cells,
HCT116 cells, and monocyte-derived dendritic cells (moDCs) was measured by flow
cytometry. Therefore, 150,000 cells per well were seeded in 24-well plates (Greiner

Bio-One, Frickenhausen, Germany) and directly incubated with EVs or liposomes
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(10 pg/mL) at 37°C and 5% CO:2 for 16 h. Subsequently, cells were centrifuged at
300 x g for 5 min and resuspended in 1 mL PBS for flow cytometry measurement. For
binding assays in the absence and presence of Fc receptor block, 100,000 cells were
pre-treated with 0.5 yL Human TruStain FcX (Biolegend, San Diego, USA) for 10 min
at room temperature. Subsequently, cells were centrifuged at 300 x g for 5 min and
resuspended in 10 uL cell culture medium without serum. Diluted EV or liposome so-
lution (20 pg/mL) was added and incubated with cells at 4°C for 40 min. Subsequently,
cells were centrifuged at 300 x g for 5 min and resuspended in 1 mL PBS for flow cy-
tometry measurement. NP uptake was measured with an Attune NxT Flow Cytometer
(Thermo Fisher Scientific, Waltham, USA). Measurements were stopped, after reach-
ing 10,000 events for the cells. Cy5 signal of EVs or liposomes was detected in the
RL1 channel with excitation at 638 nm and a 670/14 nm band pass filter. The Attune
NxT Software was used for data analysis. FSC/SSC scatter plots were used for cell
population selection and events were depicted as percentage of gated cells and me-
dian fluorescent intensities. For cell viability measurement, 5,000 cells per well were
seeded in 96-well plates (Greiner Bio-One, Frickenhausen, Germany) and were di-
rectly incubated with EVs or liposomes (10 pg/mL) at 37°C and 5% CO> for 16 h. As
dead cell control, cells were incubated with a medium containing 20% dimethy! sulfox-
ide (Sigma-Aldrich, St. Louis, USA) for 16 h. CellTiter-Glo Luminescent Cell Viability
Assay (Promega, Madison, USA) reagent was prepared according to the manufac-
turer’s protocol and then 100 puL reagent was added per well. Luminescence was
measured with an M1000 plate reader (Tecan, Mannedorf, Switzerland).

2.4.11 Confocal laser scanning microscopy (cLSM)

The intracellular localization of liposomes and EVs in THP-1 cells was verified by cLSM
images taken with a Leica TCS SP8 (Leica, Wetzlar, Germany). The microscope was
equipped with a multi-laser combination and five detectors (range of 400-800 nm).
Cyb5-labeled liposomes and EVs were excited at 633 nm and a detector range of 646-
799 nm. CellMask™ Plasma Membrane Stain Orange (Thermo Fisher Scientific, Wal-
tham, USA) was excited at 561 nm and detected at 578-618 nm. LysoTracker™ Green
DND-26 (Thermo Fisher Scientific, Waltham, USA) was excited at 488 nm and de-
tected at 504-541 nm. Images were taken in sequential mode using the LAS X soft-
ware. For post-processing, Image J was used, and brightness and contrast settings
were adjusted to account for differences in liposome and EV fluorescent labeling. For
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+ and -PC images of the same particle, identical brightness, and contrast settings were
used.

150,000 THP-1 cells were seeded per well in 48-well plates (Greiner Bio-One, Frick-
enhausen, Germany) and directly incubated with EVs or liposomes (120 ug/mL) at
37°C and 5% CO: for 16 h. Cells were centrifuged at 300 x g for 5 min and stained with
CellMask and LysoTracker shortly before imaging. For imaging, 10 uL cell suspension
was applied to a High Precision Microscope Cover Glass 24 x 60 mm 170+5 pm in
thickness (Carl Roth, Karlsruhe, Germany) and covered with a second cover glass
17045 pm in thickness and 24 mm in diameter (Carl Roth, Karlsruhe, Germany).

2.412 Cryo-TEM

Sample preparation and cryo-TEM imaging were performed by [l The statis-
tical analysis was done by me. Cryo-TEM was done as described in section 2.2.7. For
statistical analysis of the vesicle diameter distribution, 5 images and a total of 34 ob-
jects were taken into account. Vesicle diameters were measured by hand using Image
J.

2.4.13 In-solution digestion and LC-MS measurement

The in-solution digestion and LC-MS measurements were done by || GG
Bl The in-solution digestion and LC-MS measurements were performed as previ-
ously described by our group.®'232233 |n short, SDS was removed by using Pierce De-
tergent Removal Spin Columns (Thermo Fisher Scientific, Waltham, USA) followed by
protein precipitation using ProteoExtract protein precipitation kit (Merck Millipore,
Darmstadt, Germany). After isolation, proteins were resuspended in RapiGest SF (Wa-
ters, Milford, USA), reduced with dithiothreitol (Sigma-Aldrich, St. Louis, USA), and
alkylated with iodoacetamide (Sigma-Aldrich, St. Louis, USA). Tryptic digestion of the
protein was performed at a protein:trypsin ratio of 50:1 for 18 h at 37°C. After stopping
the digestion by adding 2 yL HCI (Sigma-Aldrich, St. Louis, USA) and removing the
degradation products of RapiGest by centrifugation, the peptides were proceeded to
LC-MS measurements. Therefore, the samples were diluted with 0.1% formic acid and
spiked with 50 fmol/uL Hi3 E. coli (Waters, Milford, USA). Measurements were per-
formed at a nanoACQUITY UPLC system coupled to a Synapt G2-S| mass spectrom-
eter (Waters, Milford, USA). Electrospray ionization was performed in positive mode
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with a NanoLockSpray source. As a reference, Glu-Fibrinopeptide (150 fmol/uL) at a
flow rate of 0.5 yL/min was injected and a sample flow rate of 0.3 uL/min was set. The
mass spectrometer was operated in a resolution mode performing data-independent
acquisition (MSE). Data was processed using MassLynx 4.1 and proteins were identi-
fied using Progenesis QI 2.0. A reviewed human database downloaded from UniProt
was used for protein identification. Noise reduction thresholds were set for low energy,
high energy, and peptide intensity at 120, 25, and 750 counts, respectively. A maxi-
mum protein mass of 600 kDa, one missed cleavage, fixed carbamidomethyl modifi-
cation for cysteine, variable oxidation for methionine, and a false discovery rate of 4%
for proteins was set for protein and peptide identification. For peptide identification at
least three assigned fragments and for protein identification at least two assigned pep-
tides and five assigned fragments are required. The TOP3/HI3 approach was used for
the quantification of each protein in fmol.?%”
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3 Results and Discussion

3.1 Establishing nanoparticle packaging and extracellular vesicle isolation
protocol

Copyright: Unpublished data
Motivation:

NPs have been widely employed as drug nanocarriers to protect and deliver therapeu-
tic cargo in vivo. To improve blood circulation time and enhance the specific targeting
of nanocarriers, a wide range of surface functionalizations including PEGylation and
antibody attachments were developed. However, the mono-functionalization of
nanocarriers was shown to be insufficient to meet the complexity and dynamics of the
physiological environment in the human body. Organisms like the human body produce
specialized nanovesicles, named extracellular vesicles, to transfer a mixture of biomol-
ecules between distant sites. Hereby, the vesicle membrane executes a variety of func-
tions necessary for the successful shuttling of the cargo. Before aiming to package
ultra-small and weakly fluorescent silica nanocapsules, we wanted to establish all rel-
evant protocols by utilizing highly fluorescent polystyrene nanoparticles as model na-
noparticle. As a basis for the development of a packaging protocol, we first established
a protocol to isolate empty EVs from cell culture supernatants of HCT116 cells. This
protocol was also used to produce EVs to study their human plasma protein corona as
described in section 3.4. Building on the isolation protocol for empty extracellular ves-
icles, we further developed a protocol for packaging of synthetic NPs using PS-NPs as
model NP.

Contribution:

| established and performed the cell culture for the packaging of PS-NPs, as well as
for the production of empty EVs. | also established and performed the SEC-based EV
and NP-loaded EV isolation from cell culture supernatants. | analyzed the resulting
SEC fractions with DLS, Pierce assay, and Western blot and measured the fluores-
cence intensity. |l synthesized the three differently functionalized PS-NPs
and measured DLS. | measured the fluorescence intensity of the PS-NPs. | established
and performed the single-particle cLSM of the bare and packaged PS-NH>. | also
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measured the cell uptake and exocytosis of PS-NPs with flow cytometry and imaged
the cell uptake and exocytosis with cLSM. | prepared and edited the figures. |||l
B - iscd on the purification of EVs from cell culture supernatants and
the confirmation of EV isolation. || GG -«
I s.pcrvised the project.
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3.1.1 Abstract

Here, we aimed to establish a model workflow for packaging of synthetic nanoparticles
into extracellular vesicles by engaging the cellular EV biogenesis machinery. As model
nanoparticles, we used polystyrene nanoparticles as they have a bright fluorescence
and a suitable diameter. Later, this workflow can serve as a blueprint for the packaging
of other therapeutically relevant nanocarriers. We designed a cell culture protocol that
involves nanoparticle uptake and exocytosis for intracellular packaging of synthetic
nanocarriers into extracellular vesicles. Further, we developed a size-exclusion chro-
matography-based protocol for the isolation and concentration of extracellular vesicles
from cell culture supernatants. We developed a fluorescence microscopy method for
the detection of hybrid particles. This workflow can be transferred to other therapeuti-

cally relevant nanocarriers.

3.1.2 Introduction

The application of NPs for drug delivery has been translated to clinical practice for
many years. While the first nanocarriers served as physical protection of the therapeu-
tic cargo against degradation in physiological environments 4, later formulations were
functionalized with ligands like polyethylene glycol (PEG) to further prolong the blood
circulation time.?% To avoid side effects and increase the delivery efficiency, a variety
of targeting ligands such as antibodies 23%-24!, proteins'®242, and sugars 243244 were
explored. Despite the effort to modify and functionalize the NP surface, precise in vivo

targeting is still a major challenge to the clinical translation of drug nanocarriers.

A major challenge for the development of effective targeting strategies is the lack of
knowledge of the molecular mechanisms underlying the in vivo behavior of NPs. Addi-
tionally, the physiological environment is highly complex and changes multiple times
on the delivery route.®” This requires a dynamic adaptation of the nanocarrier function-
alization. An approach to transfer these properties to the NP surface without detailed
molecular knowledge of the processes is to utilize biomaterials for the surface coating
of NPs.?% Here, cell membranes of different cellular sources like red blood cells
(RBCs) 107108 ' cancer cells """, or leucocytes '° have been used for NP coating and
could improve drug delivery. Recently, nano-sized extracellular vesicles (EVs) se-
creted by cells for information transfer to distant target cells have drawn attention as
natural drug delivery vehicles.'®' However, the loading of therapeutic molecules into
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EVs is currently a major obstacle to their application for drug delivery. Therapeutic
molecules are either incubated with the producing cell for random incorporation in EVs
205 or pre-isolated EVs are mechanically disrupted for the loading of therapeutic mol-
ecules.'5197 |n the case of cytotoxic molecules, the incubation of the therapeutic mol-
ecules with the producing cell can harm the cells. The mechanical disruption of the EV
membrane can harm the bioactivity of the EVs as it can damage the membrane and
protein integrity. To use the full potential of the EV membrane as a biomaterial for the
surface coating of synthetic nanocarriers novel drug-loading strategies are required.

To establish a general workflow and gain first insights into the packaging of nanocarri-
ers by human colorectal tumor (HCT) 116 cells, we used PS-NPs with a diameter be-
tween 135 nm and 145 nm as model NP. PS-NPs are an ideal model particle as their
bulk material is non-toxic and particles are not biodegradable.?*¢ This ensures that the
particles remain intact during intracellular trafficking and that the fluorescent molecules
cannot leak out. Hence, its fluorescence can be detected intracellularly, as well as after
secretion. EVs are a heterogeneous mixture of vesicle populations with different diam-
eters. Depending on the cell source and purification method, the isolated vesicles can
range between 30 nm and 1000 nm in diameter.'"” Therefore, the PS-NPs would not

fit into small EVs but can fit into medium to large-size EVs.

Here, we aimed to develop a workflow for the packaging of PS-NPs into EVs by en-
gaging the cellular EV biogenesis machinery using HCT116 cells. PS-NPs were used
as model NPs that can be detected easily by their fluorescence signal. The workflow
established here is supposed to serve as a blueprint strategy to develop packaging
protocols for other, therapeutically more relevant nanocarriers in the future. The in-
sights generated in this section were directly applied to the development of a packag-
ing protocol for the therapeutically relevant SiNCs described in section 3.2.

3.1.3 Results and Discussion

As a first step, before attempting to package NPs in EVs, we established the isolation
of EVs from cell culture supernatant by size exclusion chromatography (SEC). This cell
culture and SEC isolation protocol was supposed to serve as a basis for the develop-
ment of a protocol including the packaging of NPs. The protocol depicted in Figure
3.1.1 A was adapted from Brahmer et al. and Boing et al., who isolated EVs from blood
plasma.'2247 Therefore, we needed to adapt it for the EV isolation from the cell culture
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medium. To ensure a high EV particle yield, we used a 40 mL conditioned medium
(CM) derived from 2x10” HCT116 cells. To use a 10 mL Sepharose CL-2B column, we
had to concentrate the starting material to 2 mL by ultrafiltration. As ultrafiltration in the
presence of fetal bovine serum (FBS) can result in massive particle aggregation, we
collected the EVs in an FBS-free cell culture medium. This also avoids contamination
of the EV sample with FBS-derived EVs. To identify the EV-containing SEC fractions,
we analyzed the fractions for their particle count rate and protein concentration (Figure
3.1.1 B). The highest particle count rate was detected for fractions 5-7 and the protein
concentration increased rapidly in fractions 8-10. This is in good accordance with the
results of Brahmer et al., who report the highest particle count in fractions 4-6 and
showed a rapid protein increase starting from fraction 8.'%? According to the elution
mechanism of SEC, the particle size decreases with increasing fraction number.
Therefore, the protein concentration increases at later fractions which results from the
elution of protein aggregates and free proteins whereas the protein contamination in
fractions 5-7 is low. Based on this, we pooled fractions 5-7 and analyzed the particle
size distribution with differential light scattering (DLS) (Figure 3.1.1 C). The mean di-
ameter was 241.7 nm with an experimental error of 10%. Given that DLS is a bulk
analysis method that neglects smaller particles and overweighs larger particles, this
diameter fits well with the typical diameter of a mixture of exosomes and larger mi-
crovesicles.'’” The resulting sample was further characterized to confirm the isolation
of EVs with this protocol which is depicted in Figure 3.4.3. In brief, cryo-TEM images
revealed the presence of vesicles with a mean diameter of 91£109 nm (Figure 3.4.3
B and Table 3.4.1). The NTA measurement confirmed the smaller diameter given by
cryo-TEM (Figure 3.4.2 and Table 3.4.1). Further, the main EV markers including CD®9,
CD64, and CD81 were identified by mass spectrometry as depicted in Figure 3.4.3 C.
Taken together, these results demonstrate that the adapted protocol was capable of

isolating EVs and can be used as a basis for developing a packaging protocol.
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Figure 3.1.1: EV isolation from HCT116 cell culture supernatant with SEC. A. Schematic depiction of
cell culture and SEC isolation protocol. HCT116 cells were cultured in FBS-free Dulbecco’s Modified
Eagle’s Medium (DMEM) for 48 h before harvesting the conditioned medium. The conditioned medium
was pre-cleared and concentrated before SEC. This graphic was created with BioRender.com. B. 10
SEC fractions were collected and analyzed for their protein concentration with Pierce assay and particle
count rate with DLS to determine EV-containing fractions. C. Fractions 5, 6, and 7 were pooled, con-
centrated, and subjected to DLS to obtain the particle diameter distribution of the sample. The DLS
measurements were done at 20°C in PBS. The EV production protocol was performed by me, as well
as the DLS and Pierce Assay measurement.

For developing an NP packaging protocol utilizing the cellular EV biogenesis machin-
ery, we used fluorescent polystyrene NPs (PS-NP) as a model particle. PS-NPs are
used as model NPs because they are biocompatible, stable in biological media, and
can be functionalized easily.?3224¢ For the establishment of a packaging protocol, we
used three differently functionalized PS-NPs. We synthesized plain PS-NPs (PS-plain),
carboxy-functionalized PS-NP (PS-COOH) and amino-functionalized PS-NPs (PS-
NH2). To be able to detect the PS-NP during the packaging process and after secretion,
high fluorescence intensity was crucial. The three PS-NPs had similar fluorescence
intensities between 600 and 850 AU at a concentration of 10 ug/mL in DMEM (Figure
3.1.2). The NPs’ diameters ranged from ~135-140 nm (Table 3.1.1), which would allow
fitting into slightly larger EV particles.
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Figure 3.1.2: Comparison of PS-NP fluorescence. The NPs were measured at a concentration of
10 pg/mL in DMEM without FBS. As a negative control, DMEM without FBS was measured. The fluo-
rescence intensity of PS-NPs was measured at 523/526 nm. The mean and standard deviation of n = 3
are shown. The measurement was performed by me.

Table 3.1.1: Diameter and fluorescence of PS-NPs. The hydrodynamic diameter of the PS-NPs was
measured by DLS at 90°C. The experimental error (10%) is given. The fluorescence intensity of the NP
dispersions was measured at a concentration of 10 pg/mL in DMEM without FBS. As a negative control,
DMEM without FBS was measured. The Fluorescence intensity of PS-NPs was measured at 523/526
nm. The mean and standard deviation of n = 3 are shown. DLS and fluorescence measurements were
done by me.

PS-NP Dn [nm] DLS Fluorescence [AU]
PS-plain 135£13.5 857.33+202.53
PS-COOH 1431+14.3 750.33+£23.49
PS-NH2 1391£13.9 585.67+41.52
DMEM - 12.00+0.0

As a first naive approach to include packaging of PS-NPs into the cell culture protocol
developed beforehand, we decided to incubate HCT116 cells with a high dose
(250 pg/mL) of PS-NPs for 18 h to ensure a high NP loading of the cells. After removal
of the NP-containing medium and thorough washing of the cells, we continued the
incubation in an NP-free medium for another 24 h to collect secreted EVs. The NP
incubation, as well as the EV collection, was performed in an FBS-free medium, to
increase particle loading and to avoid aggregation during ultracentrifugation, respec-
tively. After collection of the CM, ultrafiltration and SEC isolation were performed as

described for the EV isolation protocol. The adapted protocol is depicted in Figure
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3.1.3 A. The collected fractions were analyzed for PS-NP fluorescence to identify NP-
containing fractions (Figure 3.1.3 B). The highest fluorescence intensity for all PS-NPs
was found in fractions 4, 5, and 6. However, considering the similar diameter of the
PS-NPs compared to EVs they would be eluted in the same fraction. Therefore, further
investigation of the sample was necessary. As all PS-NPs irrespective of the surface
functionalization were present in the relevant SEC fractions to a similar extent, we de-
cided to focus on PS-NH> for further investigation. To confirm the presence of EVs in
the NP-containing fractions, we performed a chromogenic western blot for the detec-
tion of the EV marker CD63 (Figure 3.1.3 C). At fractions 4, 5, and 6 we detected a
band corresponding to CD63 at ~49 kDa. As CD63 can have different glycosylation
states its band ranges from 40-60 kDa.?*® As the fractions 4, 5, and 6 exhibited the
highest PS-NP fluorescence intensity and contained CD63, we decided to pool these
fractions to generate the final sample.
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Figure 3.1.3: EV isolation from HCT116 cell culture supernatant with SEC. A. Schematic depiction of
PS-NP packaging protocol. This graphic was created with BioRender.com. B. 10 SEC fractions from
PS-NP packaging were collected and analyzed for their fluorescence intensity at 523/536 nm. C. West-
ern blot of SEC fractions resulting from the CM of HCT116 cells incubated with PS-NH2. The western
blot was treated with a aCD63 antibody and developed with a chromogenic substrate. The packaging
protocol, the fluorescence measurement, and the Western blot were performed by me.

To confirm the packaging of PS-NH2 into HCT116-derived EVs by the established
packaging protocol, we wanted to investigate the pooled and concentrated SEC frac-
tions on a single-particle level. Therefore, we immobilized either bare PS-NH> or pack-
aged PS-NH> on a microscopy slide by PFA fixation. Like conventional immunocyto-
chemistry staining of cell organelles in PFA-fixed cell samples, we aimed to stain the
EV membrane with fluorescent antibodies against the common EV markers CD9 and
CD63. The NPs were fluorescently labeled and could also be detected by cLSM. Both
EV marker antibodies were labeled with a red fluorophore and were excited at 633 nm.
To ensure minimal spectral overlap, the PS-NPs were labeled with a green fluorophore,
which can be excited at 514 nm. In the micrographs, particles were represented as
puncta, and double-positive puncta represent NPs closely associated with an EV mem-

brane. As can be seen in Figure 3.1.4, bare immobilized PS-NH:2 did not show any co-
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localization with the EV marker antibodies. Further, in this sample, there was no anti-
body signal at all, which indicates there is no unspecific binding of the antibodies. In
contrast, the packaged PS-NH2 sample exhibited some double-positive puncta, which
were highlighted by the squares. Furthermore, this sample had puncta only positive for
the PS-NH:2 signal or the antibody signal. This indicated the presence of bare PS-NH>
and empty EVs which were expected to be present in the sample as a size-based

isolation method was used.

The investigation of the sample by cLSM on a single-particle level gives a qualitative
impression of the sample and can be used to confirm the presence of hybrid particles.
A similar approach to proving the presence of EV-packaged NPs was reported by Yong
et al.8 However, the resolution of cLSM is not high enough to discriminate larger ag-
gregates from single EVs filled with one or more NPs. Furthermore, this method cru-
cially depends on the fluorescence intensity of the NP to allow detection. Another
downside is, that the events cannot be easily quantified in a statistically significant
manner as usually only some hundred events are imaged. With colocalization rates in
the single-digit realm, cLSM does not give a reliable statistic. This makes it difficult to
compare packaging rates between different particles, cell types, and incubation times.
For the analysis of NPs that are not as bright as PS-NH2 and to quantify packaging
rates more reliably, eventually, a different method needs to be found. A possibility
would be fluorescence cross-correlative spectroscopy, which is highly sensitive in
terms of detection of fluorescence and can be used to analyze the binding of binding
partners in the nanometer range. Furthermore, packaging rates can be calculated from

this analysis.
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Merge Nanoparticles Antibodies

PS-NH,
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Figure 3.1.4: Single-particle cLSM of PS-NH2 and PS-NH2/EV hybrids. The NPs were immobilized on
microscopy slides before double-labeling with aCD63 and aCD9 antibodies. PS-NH2 contained BODIPY
(523 nm/536 nm) and the antibodies were labeled with a red fluorescent dye excitable at 633 nm. Dou-
ble-positive puncta were highlighted with a square. The scale bars represent 15 pm. The production of
the PS-NH2/EV hybrid particles, as well as the cLSM imaging, was done by me.

Nevertheless, this experiment confirms the packaging of PS-NH: into EVs by the de-
veloped cell culture and SEC isolation protocol in a qualitative manner. To exclude
bare PS-NH2 and empty EVs or increase the yield of packaged NPs, the protocol could
be further optimized. Unwanted species could for example be depleted by using an
additional purification method such as density gradient or immunoprecipitation. The
yield of packaged NPs could eventually be increased by optimizing the cell culture
protocol.

By optimizing the cell culture protocol we wanted to improve the uptake and exocytosis
of PS-NH2 in HCT116 cells. Therefore, we incubated HCT116 cells with 25 pg/mL or
2.5 yg/mL PS-NH: for either 2 h or 18 h before changing the medium and allowing
exocytosis for another 4 h or 24 h. Having a short and a long uptake and a short and
long exocytosis phase, we wanted to investigate, if this influences the exocytosis frac-
tion and could be used to optimize the packaging protocol. However, analyzing the
intracellular PS-NH> signal after uptake and exocytosis with flow cytometry did not re-
veal exocytosis irrespective of short or long incubation times (Figure 3.1.5). Instead,
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the intracellular PS-NH: signal increased further after removing the particles from the
cell culture medium. It is possible that PS-NH2 remains in the cell culture well despite
thorough washing by adhering to the walls or the cell surface and can later be taken
up, which results in a further increase of the intracellular signal. Hence, the flow cytom-
etry experiment did not give further insights into the optimization of the incubation

scheme to enhance NP exocytosis.
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Figure 3.1.5: Flow cytometry analysis of PS-NH2 exocytosis from HCT116 cells after an uptake period
of 18 h. The cells were incubated with 2.5-250 pg/mL PS-NP-NH2 in DMEM —FBS. Subsequently, the
cells were washed and further incubated in a particle-free medium for 24 h. A. and B. depict the per-
centage of gated cells and the median fluorescence intensity. C. depicts the ATP content of untreated
cells, cells incubated with PS-NHz, and cells incubated with 20% DMSO (positive control). Means and
standard deviations are shown (n = 3). The flow cytometry experiments were done by me.

In addition, we used cLSM to qualitatively assess PS-NH2 endocytosis and exocytosis
in HCT116 cells. In this experiment, we focused on the incubation scheme as applied
in the packaging experiment. After incubation with PS-NH: for 18 h, the NP signal was
detected intracellularly. 24 h after removing the NPs from the cell culture medium, there
were no NPs found inside the cells anymore. Given that PS-NPs are not biodegradable
246 this can most likely be explained by the exocytosis of the PS-NH.. Interestingly, we
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could capture exocytosis by the cLSM experiment but not by flow cytometry. As stated
above, it is possible that PS-NH> adheres to the cells or the walls of the cell culture
well and can later be taken up despite thorough washing between medium changes.
Eventually, this effect is less pronounced in the cell culture wells used for cLSM due to
their different ratio between volume and surface area resulting in the visibility of the
exocytosis after incubating without additional NPs in the supernatant.

Summing up, we observed exocytosis of PS-NH: after 24 h of incubation in particle-
free medium. This supports the cell culture scheme that we applied in the packaging
protocol. However, the incubation scheme can be optimized further.

Red channel Merge

Green channel

Figure 3.1.6: Imaging of PS-NH2 exocytosis from HCT116 cells after an uptake period of 18 h. The cells
were incubated with 2.5 pg/mL PS-NP-amino in DMEM —FBS. Subsequently, the cells were washed
and further incubated in a particle-free medium for 24 h. The cell membrane was stained with a cell
mask red and is depicted in red. PS-NH: are depicted in cyan. The cLSM images were acquired by me.
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3.1.4 Conclusion

Here, we presented the successful establishment of a protocol for isolating EVs from
the HCT116 cell culture supernatant. The isolation was based on SEC, which is a com-
mon method for the isolation of EVs from different sources. SEC isolation causes less
damage to the EV membrane compared to other common methods like ultracentrifu-
gation.’®2247 |t is important to preserve the membrane integrity and functionality for
using it as a functional surface coating for NPs. The EV purification protocol developed
here was also used for EV production to investigate the EV protein corona as described
in section 3.4.

Next, we adapted the EV isolation protocol to incorporate NPs into EVs during their
biogenesis. Therefore, we used PS-NPs as model NPs to establish the protocol. As a
starting point, we decided to use a long NP incubation time to ensure high loading of
the cells. After removing the particles, we collected the EVs for 24 h to ensure the
accumulation of a high number of EVs. Yong et al. reported the packaging of silica NPs
by a similar cell culture procedure but used shorter incubation and exocytosis times.3
Here, fine-tuning the incubation and exocytosis times are parameters that can be fur-
ther optimized to increase the yield of NP-loaded EVs. After detecting the fluorescence
signal of the PS-NPs in some of the fractions resulting from SEC separation, we con-
firmed the packaging of PS-NPs with cLSM on a single-particle level. However, this
method requires the NPs to be highly fluorescent and we might need to find more
sensitive methods with a higher resolution.

The insights that we gathered while establishing a packaging protocol for PS-NPs di-
rectly inform the development of a protocol for other more relevant nanocarrier types,

such as SiNC, as described in section 3.2.
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3.2 Packaging of SiNC in EVs

Copyright: We plan to submit this in a revised version.
Motivation:

Extracellular vesicles have been envisioned as drug delivery vehicles. However, the
loading of extracellular vesicles with therapeutic molecules beyond their natural con-
stituents is still a major challenge. Instead of directly loading the extracellular vesicles
with therapeutic molecules outside of cells, we aimed to load them with synthetic na-
noparticles intracellularly that bear the potential to carry therapeutic molecules as
cargo. To load the synthetic nanoparticles, we wanted to pursue a novel approach that
involves the cellular biogenesis machinery of extracellular vesicles. Section 3.1 de-
scribes the development of cell culture and size exclusion chromatography-based ex-
tracellular vesicle isolation protocol as a basis for the detection of the packaging of
nanoparticles. In the second step, polystyrene nanoparticles were used as highly fluo-
rescent model nanoparticles to develop a packaging protocol. In this section, the de-
veloped protocol was adapted for ultra-small silica nanocapsules, which are capable

of encapsulating therapeutic molecules and are therefore, relevant for drug delivery.

Contribution:

SiNCs were produced by | G | ccformed the flow cytometry

and cLSM cell uptake experiments, as well as the flow cytometry exocytosis kinetic. |
developed the packaging protocol including the cell culture scheme and isolation pro-
tocol. Based on that, | prepared the SINC/EV hybrids that were analyzed with FCCS

by GGG, /ho also calculated hydrodynamic diameters and packaging
rates from this. | prepared the cell uptake of SiNC for cryo-TEM studies. ||

I orepared the sample for cryo-TEM and [N and

obtained EELS cryo-TEM images of the species. Further, || | | | QBB obtained
TEM images of bare SiNC and |} I rc2sured multi-angle DLS of the
particles.

-54 -



Results and Discussion

3.2.1 Abstract

In vivo, targeting of synthetic drug nanocarriers is highly relevant for successful drug
delivery and is often addressed by biochemical functionalization of the nanocarrier sur-
face. However, the in vivo environment is highly complex, dynamic, and not yet fully
understood. To circumvent the necessity to understand the molecular details of all pro-
cesses involved, natural membranes, such as cell membranes, are explored as multi-
functional surface coating material. Recently, extracellular vesicles have attracted a lot
of interest as natural drug delivery platform as these vesicles serve as a systemic
transport system for biomolecules under physiological conditions. Furthermore, it was
demonstrated that EVs transferred RNA several orders of magnitude more efficiently
compared to liposomes in cell culture which highlights their advanced cell penetrating
ability. In this study, we aimed to transfer these key delivery functions, integrated into
the membrane of extracellular vesicles, to synthetic nanocarriers. Therefore, we
loaded fluorescently labeled silica nanocapsules as model drug carriers into HCT116
cell-derived extracellular vesicles by exploiting the cellular vesicle biogenesis pathway.
Here, we demonstrated the development of a protocol for packaging two differently
sized silica nanoparticles with a diameter of 5 nm and 25 nm into extracellular vesicles
by hijacking the cellular extracellular vesicle machinery. After the uptake and exocyto-
sis of silica nanocapsules in cell culture, we isolated and concentrated the secreted
extracellular vesicles by a combination of size exclusion chromatography and ultrafil-
tration. To confirm the generation of silica nanocapsules/extracellular vesicle hybrids
we used fluorescence cross-correlation spectroscopy. This particle diffusion-based
method confirmed the presence of hybrids and allowed for the quantification of pack-
aging rates. This was supported by the observation of silica nanocapsules inside mul-
tivesicular bodies in HCT116 cells using electron energy loss spectroscopy and elec-
tron microscopy. The association of silica nanocapsules with multivesicular bodies in-

dicated exocytosis via the cellular exosome pathway.

3.2.2 Introduction

Precise in vivo targeting is a major challenge to the clinical translation of drug nanocar-
riers. This is due to the high level of complexity of the in vivo environment and its dy-
namic change as the nanocarrier is transported through different tissues and organs.®’
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Additionally, the molecular details of the underlying mechanisms are still not fully un-
derstood, which impedes the development of in vivo targeting strategies further. Using
naturally derived membranes as a multi-functional surface coating for nanocarriers
107.110.111 is an alternative strategy to modifying the physicochemical properties 24° of
the nanocarrier or biochemical attachment of targeting ligands.%3.95.9

Recently, the membrane of nano-sized biologically derived vesicles came into focus
as a biomaterial for the coating of nanocarriers.84112 These vesicles, termed extracel-
lular vesicles (EVs), are secreted by cells for information transfer to distant target
cells.’” Hence, we speculated that the EV membrane is equipped with a variety of

functionalities to navigate the complex and dynamic in vivo environment.

However, the transfer of the EV membrane to the nanocarrier surface is delicate as
the EV membrane integrity can be disrupted easily. Harsh chemical or physical meth-
ods to disrupt the EV membrane for loading after their isolation are likely to damage
the membrane itself or embedded EV proteins. Therefore, loading of nanocarriers dur-
ing the biogenesis process of EVs inside the producing cell would be a gentle alterna-
tive. Uptake of the NPs by the cell most likely results in entering the endosomal sys-
tem.8 This is a dynamic network of intracellular vesicles constantly fusing and sepa-
rating while shuttling the extracellular cargo to its intended destination.”®"® After es-
caping the endosomal system, the particles are localized in the cytosol. From here, the
particles can associate with the plasma membrane and are eventually exocytosed in
plasma membrane-derived vesicles, termed microvesicles. Alternatively, the particles
can associate with large intracellular vesicles that form exosomes by inward budding
of their membrane and subsequent fusion with the plasma membrane. This would fa-
cilitate the packaging of the NPs in exosomes.""” Due to a lack of experimental sepa-
ration methods, samples usually contain a mixture of microvesicles and exosomes,

which are commonly referred to as EVs.

In this study, we wanted to utilize the human colorectal cancer cell line HCT116 for the
packaging of fluorescent silica nanocapsules (SiINCs) by hijacking the cellular uptake
and EV biogenesis machinery. SiNCs are biocompatible and suitable for encapsulation
of hydrophobic therapeutic cargos. To allow packaging even in small EV populations
with diameters between 30 nm and 100 nm, we created ultra-small SiNC with a diam-
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eter of 5 nm and 25 nm by controlled Ostwald ripening and PEGylated them subse-
quently (termed 5-SINC PEG and 25-SiNC PEG). To confirm the generation of
EV/SINC hybrid particles, we employed dual-fluorescence FCCS to detect correlations
between EV and SiNC fluorescent signals with a nanometer resolution. This even al-
lowed for the quantification of packaging rates. Finally, we could also localize 25-SiNC
PEG inside multivesicular bodies in HCT116 cells by electron energy loss spectros-
copy and electron microscopy, which indicates exocytosis via the cellular exosome

machinery.

3.2.3 Results and Discussion

Fluorescent silica nanocapsules (SiNC) with two different sizes were prepared by a
sol-gel reaction at the oil-water interface of a miniemulsion. To further decrease the
capsule size for the preparation of ultrasmall SiNC, controlled Oswald ripening was
performed simultaneously. For stable fluorescent labeling of the SINC, Cy5-ester was
polymerized into the silica matrix during the sol-gel process. As evident from the sta-
tistical analysis of the transmission electron microscopy (TEM) images of the SiNC,
this resulted in particles with shell diameters of 5 nm and 25 nm (Figure 3.2.1). Addi-
tionally, the hydrodynamic radii of the SiNCs were determined by multi-angle differen-
tial light scattering (DLS) and fluorescence cross-correlation spectroscopy (FCCS) (Ta-
ble 3.2.1). As there is a hydration shell forming around the PEG layer of the SiNC, the
measurements resulted in larger diameters. For the 5-SINC PEG, 32+3.2 nm and
41+4.1 nm for DLS and FCCS were measured, respectively. Taking the experimental
error into account, these measurements were in good accordance. For the 25-SiNC
PEG, 41+4.1 nm and 62+6.2 nm for DLS and FCCS were measured, respectively.
These measurements were also in good accordance considering the very small size

of the particles.
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Figure 3.2.1: TEM images of SiNCs. The red lines showcase the measured diameter. The images were
acquired by ﬁ and the statistical analysis was performed by me.

Table 3.2.1: Physical characterization of SiNCs. The hydrodynamic diameter was determined by multi-
angle DLS (25°C) and FCCS. 5-SiNC PEG was measured with multi-angle DLS. 25-SiNC PEG was
measured at an angle of 90°C. The experimental error (10%) is given for DLS and FCCS values. The
diameter of the silica shell was determined by analyzing TEM images. Means and standard deviations
are shown. DLS was measured by ﬂ Fccs was measured by [ EGTGTNG.
and the TEM images were analyzed by me.

SiNC D [nm] DLS D:, [nm] FCCS D [nm] TEM
5-SiNC PEG 32132 41141 5.95+1.00
25-SiINC PEG 8418.4 6246.2 25.53+7.05

Next, we assessed the cell uptake behavior of SINCs in HCT116 cells to identify ideal
parameters for establishing the packaging protocol. First, we measured SiNC uptake
at different concentrations and time points by flow cytometry (Figure 3.2.2). While the
uptake of 5-SINC PEG and 25-SiNC PEG was similar after 2 h, the 5-SiINC PEG uptake
was higher after 6 h and 24 h. The uptake of both nanocarriers was concentration de-
pendent (Figure 3.2.2 A). The uptake increase was linear at lower concentrations and
stagnated towards a concentration of 200 pyg/mL. However, nearly 100% of cells were
NP-positive even at the lowest concentration of 10 yg/mL (Figure 3.2.3 A). The me-
dian fluorescence intensity (MFI) increased linearly with increasing uptake time (Fig-
ure 3.2.2 A). After 2 h of uptake, nearly 100% of cells had taken up NPs (Figure 3.2.3
B). Taken together, the SINC were taken up fast and with a high loading per cell. As
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nearly 100% of cells were positive for NPs after an incubation time of 2 h, this incuba-
tion time seems to be sufficient for the loading of the majority of cells with SINC. To
ensure a high loading with NPs per cell, we decided to use the highest concentration
(200 pg/mL) of SINC for incubation in subsequent experiments.

For the detection of NP exocytosis, the particles must be fully internalized before start-
ing the exocytosis phase. As NPs that are not fully internalized but only attach to the
cell surface contribute to the detection of NP-positive cells by flow cytometry, we aimed
to proof the internalization of SINC into HCT116 cells. Therefore, HCT116 cells were
incubated with 200 pg/mL SiNC for 2 h before obtaining cLSM images to detect the
localization of the particles (Figure 3.2.2 B). The cLSM images of both SiNCs demon-
strate full internalization of nanocapsules into the cells after uptake for 2 h. The SINC

signal was found in the cytosol close to the nuclear border.

A Concentration dependence ‘Time dependence of
of SiNC uptake (2h) SiNC uptake (200 pg/mL)
- 1000000 .
20000 -« 5-SINC PEG
20000 800000 -+ 25-SiNC PEG
2 15000+ 2 600000
< 10000 £ 400000
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Figure 3.2.2: Uptake of SiNC into HCT116 cells. A. Flow cytometry analysis of particle uptake into
HCT116 cells at different concentrations and time points. The 0 ug/mL and 0 h points depict untreated
cells. Means and standard deviations of median fluorescence intensities are shown (n = 3). B. Confocal
laser scanning microscopy images of HCT116 cells treated SiNC for 2 h at a concentration of
200 pg/mL. The cell membrane is pseudo-colored in cyan blue and the SiNCs are pseudo-colored in
magenta. Scale bar 30 ym. The flow cytometry experiment, as well as the cLSM imaging, was done by
me.
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Figure 3.2.3: Flow cytometry analysis of uptake and exocytosis of SINC in HCT. A. and B. Particle
uptake into HCT116 cells at different concentrations and time points. The 0 pg/mL and 0 h points depict
untreated cells. Means and standard deviations of gated cells are shown (n = 3). C. Exocytosis of SiNCs
from HCT116 cells after an uptake period of 2 h. The means and standard deviation of the percentage
of gated cells (n = 3) are shown. The flow cytometry experiment was done by me.

Assessing the cell uptake behavior of SINCs demonstrated that the HCT116 cells were
highly loaded with particles after incubation with 200 ug/mL SiNC for 2 h and that the
particles were located in the cytosol. As a next step, we aimed to assess the exocytosis
kinetic of SiINCs to identify an ideal time point for the harvesting of exocytosed NPs.
We used a particle incubation time of 2 h. This short incubation time has the advantage
of not monitoring an overlap of multiple processes, for example, simultaneous exocy-
tosis of particles and re-uptake of exocytosed particles. Further, the intracellular deg-
radation of SiINCs during such a short period is unlikely. To measure the exocytosis of
SiNC from HCT116 cells, we incubated the cells with 200 pg/mL of SiNC for 2 h. Sub-
sequently, the particle-containing medium was discarded and the cells were washed
three times before replacing it with fresh SINC-free medium. The intracellular SINC
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content at different time points after medium replacement was measured by flow cy-
tometry (Figure 3.2.4 A). The MFI values were normalized to the MFI value obtained
after incubation for 2 h. The exocytosis kinetics of both SINC were similar. 2 h after the
medium change, the intracellular SINC signal was reduced to approximately 50% of
the initial value. 4 h and 6 h after the uptake, the intracellular SINC signal was at a
similar low level, before the signal increased again 18 h after the medium change. 26 h
post medium change, the intracellular SINC signal increased to nearly 100% of the
starting MFI directly after the uptake. This can be attributed to a re-uptake of exocy-
tosed SiNCs. The exocytosis kinetic observed here is in good accordance with other
studies. Slowing et al. demonstrated a rapid uptake of mesoporous silica NPs (MSNs)
into the cells within 3 h and the exocytosis as soon as 40 min later.2%°

Yanes et al. reported the uptake of MSNs within 2 h and the almost complete exocyto-
sis of MSNs 6 h after the uptake. This result was even confirmed by direct measure-
ment of the element silicon with inductively coupled plasma atomic emission spectros-
copy (ICP-OES).8 This cross-validates that the observed decrease in intracellular
SiNC signal is due to exocytosis and not related to quenching of the fluorescent signal
during trafficking of the SiNC through different intracellular compartments. Focusing on
a short time frame of 4 h also decreases the contribution of cell division to the decrease
of intracellular SiNC signal.

Based on the exocytosis kinetics measured for SiNCs in HCT116 cells, we developed
a cell culture protocol for the isolation of the exocytosed SiNC from cell culture super-
natants (Figure 3.2.4). 2x10” HCT116 cells were incubated with 200 ug/mL SiNCs for
2 h. Subsequently, the NP-containing cell culture medium was removed. The cells
were washed three times, before adding fresh NP-free cell culture medium to remove
adhering SiNCs. After incubation for 4 h, the conditioned medium was collected and
subjected to a size exclusion chromatography (SEC) protocol typically used for EV
isolation from cell culture medium.?*” To remove cell debris and dead cells, the condi-
tioned medium was centrifuged at 3,000 x g. Before SEC, the medium was concen-
trated 20-fold by 30 kDa MWCO ultrafiltration. The EV-containing fractions collected
from SEC were further concentrated by ultrafiltration. By using the fractions that typi-
cally contain EVs, free 5-SiNC PEG should be separated from EV-associated 5-SiNC
PEG. However, the separation of free and packaged 25-SiNC PEG is more inaccurate
due to the overlap in diameter. Empty and SiNC-filled EVs cannot be separated by this
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isolation method as the size range is identical. However, this protocol isolates and
concentrates particles in the size range of EVs including the complete population of
hybrid EV/SINCs that are of main interest to this project.

Exocytosis of SiNC
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Figure 3.2.4: Packaging of SiNCs into HCT116 EVs. A. Flow cytometric analysis of SiNC exocytosis
from HCT116 cells after an uptake period of 2 h. The MFI relative to the MFI after 2 h of uptake is shown.
Means and standard deviation of n = 3 are shown. B. Packaging protocol. The cell culture protocol was
adapted from the exocytosis kinetic depicted in A. After a 2 h uptake and a 4 h exocytosis period, the
conditioned medium was collected and EVs were isolated by size exclusion chromatography. This
graphic was created with BioRender.com. Flow cytometry was done by me. The packaging protocol was
developed and performed by me.

Before further analyzing the resulting sample, we aimed to capture the intracellular
localization of the SINCs during the packaging process. Therefore, we obtained cryo-
TEM images of HCT116 cells incubated with 25-SiNCs for 2 h (Figure 3.2.5). As de-
picted in Figure 3.2.5 A and B, the SiNCs could not be identified unambiguously based
on contrast images. Therefore, we used electron energy loss spectroscopy (EELS) to
detect silicon. The silicon signal revealed intact, round particles with diameters be-
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tween 20 nm and 30 nm inside a multilammelar intracellular vesicle that likely repre-
sents a multivesicular body (MVB). Some of the silicon signals appeared to be sur-
rounded by a membrane as visible in the contrast mode. This suggests that the SiNCs
were captured in intraluminal vesicles. Once released into the extracellular space by
the fusion of the MVB membrane with the plasma membrane these intraluminal vesi-
cles are termed exosomes. Another possible scenario is that the observed SiNCs were
contained in an autophagosome or in amphisomes which results from the fusion of an
autophagosome with endosomal compartments.?®! Aside from releasing its content to
the extracellular space, fusion of the compartment with a lysosome and subsequent
degradation of the content would be possible alternative.?%? As we found multiple sim-
ilar-looking structures inside cells, we concluded that these images capture the pres-
ence of SiNCs inside MVBs after packaging into exosomes. The MVB captured here
was almost filled with intraluminal vesicles and some of them contained SiNCs. Con-
sidering its ripeness, this MVB was likely to fuse with the plasma membrane next to
release its luminal content into the extracellular space. Given that this image was cap-
tured after incubation with SiNC for 2 h, it is likely that this MVB would release its con-
tent soon enough to harvest its content within the next 4 h as scheduled. This suggests
that the incubation and exocytosis time scheme applied in the packaging protocol is in
realistic alignment with the time frame of the intracellular packaging and release pro-
cess. Hence, this observation supports that the SINCs can be released inside exo-
somes and that the applied time scheduled is in good alignment with the intracellular

events.
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Silicon

Figure 3.2.5: Cryo-TEM micrographs of 25-SiINC PEG uptake into HCT116 cells after 2 h. The cells
were incubated with 200 pg/mL SiNCs. A. Overview of the intracellular region further analyzed with
EELS. The scale bar represents 200 nm. B. Close-up of the rectangular selection analyzed with EELS.
C. Overlay of contrast image and silicon spectrum. The silicon signal was depicted in green D. Silicon
spectrum of the selected area. The silicon signal is deiicted in ireen. The cell uptake of NPs was done

by me, the sample preparation for TEM was done by , and the imaging and EELS were
performed by NN

As a first characterization of the samples resulting from the packaging protocol de-
picted in Figure 3.2.4, DLS spectra of naked and packaged SiNC were obtained (Fig-
ure 3.2.6). For the 5-SINC PEG, there is a shift in the volume spectrum noticeable.
The peak of naked 5-SiINC PEG centered around 10 nm, whereas the peak of the
packaged 5-SiNC PEG centered around 50 nm and had a long shoulder towards larger
particle diameters. The particle size change gives a first hint about the packaging of
SiNC but from this, it is not evident that the 5-SiINC PEG were indeed inside the EV
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lumen. The spectrum could also be explained by empty EVs and eventually naked 5-
SINC PEG. The spectra of naked and packaged 25-SiNC PEG were similar, except for
the shoulder towards larger particle sizes that was only visible for packaged 25-SiNC
PEG. The shoulder represents most likely larger EV particles, but it is not evident if
they are filled with 25-SiNC PEG.
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Figure 3.2.6: Volume distribution of hydrodynamic diameter of bare and packaged SiNC measured b
DLS in PBS at 20°C. The SiNC/EV hybrids were generated by me, the SiNCs were produced by
. The DLS spectrum was obtained by me.

As the DLS spectra of naked and packaged SiNC opened the possibility that the SINC
were packaged in EVs, the association of single SINC and EVs needed to be demon-
strated by additional methods. Therefore, we wanted to analyze the co-localization of
SINC and EVs on an nm-length scale by dual-color fluorescence cross-correlation
spectroscopy (DC FCCS). DC FCCS is a powerful method to investigate the nanoscale
interactions between two fluorescent species in solution and has found numerous ap-
plications in studying processes ranging from DNA renaturation 2°3 and drug loading of
nanocarriers 2% to NP formation.?%> The method relies on the dual-color labeling of the
binding partners with spectrally well-distinguishable fluorophores, e.g. “green” and
“red”. Next, two collinear laser beams with wavelengths that can excite the “blue” and
“red” fluorophores respectively, are coupled to a confocal microscope to create two
overlapping confocal observation volumes into the studied solutions. The temporal
fluctuations of the “green” and “red” fluorescence signals caused by the diffusion of the
respective species through the confocal observation volume are independently moni-
tored and recorded. Auto-correlation analysis of the “green” and the “red” signals is
used to determine the size of the studied species, while cross-correlation analysis of
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these signals yields information on the co-localization of the species 2°¢ (see Sl for
further details). Therefore, the SiNCs were fluorescently labeled with the red-emitting
dye Cy5, and the EV membrane was stained with aCD63-antibodies labeled with the
green-emitting dye Alexa Fluor 488 (AF488) (Figure 3.2.7 A). This fluorophore selec-
tion ensures a minimal spectral overlap. Typical experimental auto- and cross-correla-
tion curves are depicted in Figure 3.2.7 B and Figure 3.2.8 A. By fitting of the auto-
correlation curves, the diffusion time and average hydrodynamic diameter of the fluo-
rescent species can be calculated (Table 3.2.2). Comparing the hydrodynamic diam-
eter of the aCD63-antibodies mixed with either bare or EV-packaged SiNCs shows an
increase from 10 nm to 88 nm. This indicates that binding of the aCD63-antibodies to
a larger species only occurred in samples with packaged SiNCs. Further, this demon-
strates that the antibody binds specifically to EVs and has no affinity for naked SiNCs.
It is important to note that EVs are biologically derived NPs and therefore have a much
higher polydispersity compared to the average synthetic NP. This was also demon-
strated by analyzing the diameter of vesicles in cryo-TEM images in section 3.4.3.
Here vesicles between 30 nm and above 200 nm were found and resulted in a large
standard deviation (Table 3.4.1). The diameter of EVs can range between 30 nm and
1000 nm but usually centers around 100 nm.""” This fits well with the average diameter
obtained for the aCD63-antibodies when mixed with EVs. The hydrodynamic diameter
of both SiNCs also increased upon packaging. The diameter of 5-SiNC PEG increased
from 41 nm to 57 nm upon packaging, whereas the diameter of the 25-SiNC PEG in-
creased from 62 nm to 68 nm. The increase in the diameters suggests the packaging
of the SiINCs. The hydrodynamic diameters calculated here represent an average of a
bulk-analysis and therefore, do not account for different populations like a mixture of
bare and packaged SiNCs. This most likely explains the difference between the hydro-
dynamic diameter of the antibody upon mixing with packaged SiNCs and the hydrody-
namic diameter of the packaged SINC. The antibody diameter reflects an average of
the EV population, whereas the SiNC diameter is smaller as it reflects an average of
naked SiNCs and filled EV populations.
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Figure 3.2.7: Characterization of SINC-EV hybrid particles. A. Schematic depiction of hybrid particle
detection by FCCS. The SiNCs are fluorescently labeled with Cy5. The EV membrane is detected with
an Alexa Fluor 488-labeled antibody directed against the EV marker protein CD63. This graphic was
created with BioRender.com. B. FCCS analysis of particles retrieved from the cell culture supernatant
after exocytosis. The cross-correlation curve was magnified 5 times to enhance the visibility. C. Per-
centage of packaged SiNC and filled EVs calculated from the FCCS measurement. The SiNC/EV hy-

brids were generated by me, the SiNCs were produced by | | | I FCCS was meas-
ured and analyzed by _
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Table 3.2.2: Hydrodynamic diameter of SINC and aCD63-antibody by FCCS. The SiNCs were meas-
ured before and after packaging in EVs. The aCD63-antibody was measured after incubation with bare

or packaged SiNCs. The experimental error (10%) is given. The SINC/EV hybrids were generated by
me, the SiNCs were produced b . FCCS was measured and hydrodynamic
diameter was calculated by .

Dn [nm] FCCS

Bare particles Packaged particles
5-SiNC PEG 4114 .1 57+5.7
25-SiNC PEG 6216.2 68+6.8
aCD63-antibody 1048.8 88+8.8

However, to unambiguously demonstrate the packaging of SiNC into EVs, the cross-
correlation between the SiINC and EV signal must be demonstrated. Comparing the
cross-correlation curve of antibodies and bare SiNCs (Figure 3.2.8 C) to the cross-
correlation curve of antibodies and packaged SiNCs (Figure 3.2.7 B), demonstrates
an increase in cross-correlation amplitude after packaging of SiNCs in EVs. This con-
firms that the packaging protocol described in Figure 3.2.4 yields EV-packaged SiNCs.
Ultimately, we aimed to quantify the packaging rate, which is the fraction of EV-coated
SiNCs from all SiNCs events (Figure 3.2.7 C). Using equation (5) (see section 2.2.8)
we estimated that for 5-SiINCs PEG, 3% of all SINC events were double-positive for
SiNC and EV fluorescence signal. For 25-SiNCs PEG, 7% of all SINC events were
double-positive for SINC and EV fluorescence signals. We also calculated the EV filling
rate based on all EV events detected. That is the fraction of EVs co-localizing with
SiNCs (Figure 3.2.7 C). Here, 5% of EVs were filled upon packaging of 5-SiNCs PEG
and 2% of EVs were filled upon packaging of 25-SiNCs PEG.
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Figure 3.2.8: Characterization of SINC-EV hybrid particles by FCCS. SiNCs were detected by Cy5 flu-
orescence. The EV membrane was marked with an Alexa Fluor 488-labeled aCD63-antibody. A. and B.
FCCS analysis of bare SiNC or particles retrieved from the cell culture supernatant of cells treated with
SIiNC. Additionally, the antibody was measured alone or mixed with bare or packaged particles. C.

Cross-correlation curves of the antibody SiNC mixture before (circle) and after idiamondi packaﬁini.
The SiNC/EV hybrids were generated by me, the SiNCs were produced by .
FCCS was measured and analyzed by _

Summing up, FCCS demonstrated the increase of the aCD63-antibodies’ hydrody-
namic diameter upon mixing with EV-containing samples, as well as the increase of 5-
SiNCs PEG and 25-SiNCs diameters after packaging. This indicated packaging. Fur-
thermore, we could confirm the loading of EVs with SiNCs by detecting co-localization
events and even calculating loading rates. To our knowledge, our study is the first
report that quantified the packaging of NPs in EVs. Others confirmed packaging qual-
itatively by analyzing hybrid particles with cLSM or TEM images.8*178.179 While cLSM
lacks the resolution for precise analysis at the nanoscale and the statistical significance
for quantification, TEM possesses the resolution but is also challenging to quantify.
FCCS instead, combines the nanoscale resolution, as well as the ability to quantify
results in a statistically significant manner due to the high number of detected events.
Furthermore, while FCCS was previously applied to determine drug loading of fully
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synthetic carrier systems 257, here we successfully expanded this methodology for the
characterization and quantification of a semi-synthetic SINC/EV hybrid system.

In our study, the packaging rates were below 10% for both SiINCs. The loading rates
determined by FCCS for osmotically-loaded EVs by Sanaee et al. ranged between 10
to 20%.2% However, this group used a membrane intercalating dye for EV staining,
while we used an antibody against the EV-specific surface marker protein CD63. This
could partly explain the lower packaging rate in our study. EV markers are heteroge-
neously expressed in different EV populations. Wolf et al. demonstrated that only 8.9%
of all PLX-EVs were CD63". In conclusion, only a subpopulation of EVs in the analyzed
sample in our study may have been CD63". Therefore, only a subpopulation of EVs
was presumably considered for the packaging rate calculation. In this respect, it would
also be of interest to investigate, if the packaging is specific to one of the marker pop-
ulations (CD9*, CD63*, and CD81%).

It also needs to be considered that EVs are highly efficient in cargo delivery. This is
evidenced by a study that investigated the functional delivery of RNA by EVs. Murphy
et al. demonstrated that as little as 1 sgRNA per 3.6x10° EV particles was sufficient to
trigger a measurable signal in the recipient cell. In comparison, when using lipid NPs
as RNA delivery vehicles, the lowest response triggering concentration was at least
100-fold higher compared to EVs."*® That raises the question, of whether an NP load-
ing rate of roughly 5-10% is sufficient to achieve a therapeutic response. As a next
step, functional in vitro and in vivo studies are needed to assess the drug delivery
performance of such SiNC/EV hybrid NPs.

3.2.4 Conclusion

In this study, we present the successful development of a protocol for packaging SiNC
in EVs by hijacking the cellular EV pathways. The cell culture scheme developed in
section 3.1.3 was adapted based on the endocytosis and exocytosis kinetics of SINC
in HCT116 cells. The subsequent EV isolation protocol was developed in section 3.1.3
and is based on ultrafiltration and SEC, which are techniques widely employed for EV
isolation.’®2247 We observed the 25-SiNC inside of intraluminal vesicles of MVBs in
HCT116 cells after 2 h of incubation with the particles. This was the first strong hint
that the SINCs were packaged into exosomes, which is a subpopulation of EVs gener-
ated in MVBs.'"”
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To confirm SiINC packaging, we used dual-fluorophore FCCS. This approach was used
for the quantification of drug loading into nanocarriers 2% and is capable of quantifying
the packaging of SiNCs in EVs. To our knowledge, this is the first attempt to truly quan-
tify the NP loading of biological vesicles, while other studies confirmed the packaging
of synthetic NPs in EVs by image-based approaches.®*178.179 We determined a loading
rate of 3% for 5-SINCs PEG and 7% for 25-SiNCs PEG. These loading rates were
based only on CD63" vesicles. However, it was demonstrated before, that only a sub-
population of EVs isolated with particle size-based methods was positive for this EV
marker.?'* Therefore, we estimate the real loading rate to be higher. However, due to
the high delivery efficiency of EVs even lower loading rates could be sufficient for a
therapeutic effect as shown for the delivery of RNA by EVs.?'* Optimizing the cell cul-
ture protocol by adjusting the length of the endocytosis and exocytosis periods could
increase the packaging rates, if necessary. Furthermore, if a higher packaging rate is
required, additional purification methods like density gradient centrifugation or im-
munoprecipitation of EVs can be used. Further purification of the sample would also
reduce the overall yield of therapeutic EVs.

Here, we present a proof-of-principle study that demonstrates the packaging of hollow
SiNCs into EVs by utilizing the cell’'s own EV machinery. For the first time, we could
determine the packaging rates of the resulting sample. Quantitative characterization of
the SINC/EV hybrid NPs is a prerequisite to generating a well-defined therapeutic as
needed for clinical translation. Next, a thorough in vitro and in vivo investigation of the
drug delivery ability of SINC/EV hybrids is necessary to assess the potential as a drug

delivery vehicle.
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3.3 Exocytosis of NPs from cells

Copyright: Manuscript has been submitted to Small.
Motivation:

The influence of the protein corona on the uptake of nanoparticles into cells is well
understood. For drug delivery, nanoparticle exocytosis equally contributes to the over-
all delivery efficiency. While nanoparticle exocytosis was reported for various nanopar-
ticles, the influence of the protein corona on this remains unknown. However, in an in
vivo drug delivery scenario, the formation of a protein corona is inevitable. Thus, in-
vestigating the influence of a protein corona on nanoparticle exocytosis would give
valuable insides into the overall drug delivery efficiency of nanocarriers. As a starting
point, we wanted to investigate, if human plasma protein corona formation influences
particle uptake at all. Hypothesizing that this might be influenced by the size of the
nanocarrier, we used a variety of different-sized silica nanoparticles. In addition to the
interest of this question for drug delivery applications, it is also interesting for the de-
velopment of protocols for packaging of nanoparticles in extracellular vesicles using
the cellular machinery. A pre-requisite for harvesting membrane-engulfed nanoparti-
cles from cell supernatants is the exocytosis of nanoparticles. Finding parameters such
as protein corona formation that enhance or impair nanoparticle exocytosis would be
of interest for the optimization of a packaging protocol as described in sections 3.2
and 3.3.

Contribution:

I -1¢ | performed cell uptake and exocytosis of SiNPs (flow cytometry and
cLSM. | 2nd | prepared the protein corona on SiNPs. [l performed
the LC-MS sample preparation, measurement, and analysis. Julia Simon measured
the zeta potential of the SiNPs. |}l prepared the TEM images of the
SiNPs. |GG casured the multi-angled DLS of the SiNPs. | EGzN
prepared the Figures. The LC-MS data of Figure 3.3.8 was plotted by | I |
edited all the figures and prepared the manuscript. || EGcIEININIIIIIEIE -
I s o< vised the project.
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3.3.1 Abstract

While the influence of the protein corona on nanoparticle uptake in mammalian cells is
well understood, little is known about the influence of the protein corona on nanoparti-
cle exocytosis. However, the exocytosis of nanoparticles also contributes to the thera-
peutic efficacy as it influences the net delivery of nanoparticles to a cell. Here, we report
for the first time that the exocytosis of silica nanoparticles from HCT116 cells is in-
creased by the pre-adsorption of a human plasma protein corona. This effect is also
depending on the diameter of the nanoparticles. Small silica nanoparticles (10 nm) are
exocytosed less, whereas larger silica nanoparticles (100 nm) are exocytosed exten-
sively in the presence of a protein corona. Proteomic analysis of the plasma protein
corona of the different-sized silica nanoparticles (10 nm, 30 nm, 50 nm, 100 nm) re-
veals different protein compositions. Apolipoproteins and coagulation proteins are en-
riched in a size-dependent manner with high amounts of apolipoproteins adsorbed to
small silica nanoparticles. Our results demonstrate the importance of the nanoparticle
protein corona for exocytosis and raise the need to design nanocarriers that are not

exocytosed rapidly to enhance drug delivery.

3.3.2 Introduction

Nanoparticles are promising for the targeted delivery of a variety of therapeutically rel-
evant cargo molecules such as nucleic acids, proteins, and small molecules for differ-
ent treatment possibilities.'® Especially the usage of lipid nanoparticles for vaccination
against COVID-19 demonstrated the clinical importance of this technology.?®® To
achieve that, a lot of research was conducted to understand the uptake of nanoparti-
cles by target cells.?6 However, the possibility that nanoparticles can be exocytosed
by cells and the consequences thereof were rarely addressed. Nevertheless, the exo-
cytosis of nanoparticles also contributes significantly to the overall efficacy of a drug-
loaded nanoparticle as it determines the net delivery to a cell.?®’ A secondary problem
is that exocytosed nanoparticles have adsorbed intracellular proteins or are covered
with other biological components such as biomembranes.842%0 This crucially alters their
reuptake behavior and can lead to side effects and toxicity.?6? A factor that crucially
influences the nanoparticles’ uptake and eventually also their exocytosis is the for-
mation of a protein corona. Therefore, we aim to investigate the influence of the nano-

particle plasma protein corona on exocytosis.
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Nanometer objects in the size range between 10 nm and 100 nm show distinct inter-
actions with biological cells. Particles with a diameter of 10 nm or smaller can some-
times even enter cells by passively penetrating the cell membrane, whereas particles
with a diameter of 100 nm are likely taken up by clathrin-mediated endocytosis. How-
ever, nanoparticles in this size range can also be taken up by pinocytosis, caveolae-
dependent endocytosis, and clathrin/caveolae-independent endocytosis.?®® Depend-
ing on the uptake mechanism, nanoparticles can enter different intracellular trafficking
routes which determines their intracellular fate. After endocytosis, the nanoparticles
are directed to their intracellular fate by the endosomal system which ultimately results
in cargo release, nanoparticle degradation, storage, or exocytosis.”®2%3 Nanoparticle
exocytosis can occur via multiple pathways and often multiple pathways are involved
simultaneously. The main routes of nanoparticle exocytosis are via the recycling en-
dosome, lysosomal secretion, or associated with exosomes.8386.261 Exocytosis of na-
noparticles was reported for many nanopatrticle types. Mesoporous silica nanoparticles
were endocytosed quickly and exocytosis was reported as early as 40 min to a few
hours after removing excess mesoporous silica nanoparticles.®-2%0 Furthermore, the
exocytosis of gold nanoparticles with diameters between 2 nm and 100 nm was also
reported.83264-266 These studies demonstrated that nanoparticle size and surface mod-

ifications are decisive factors for exocytosis.

The interaction of nanocarriers with cells is not only determined by the diameter or
surface chemistry of the nanocarrier but crucially depends on the protein corona that
forms on the nanoparticle surface. The protein corona is a layer of proteins that ad-
sorbs to the nanocarrier upon contact with biological fluids like blood or blood
plasma.®?3! The process of protein corona formation is inevitable when administering
a nanocarrier intravenously and is therefore highly important for drug delivery. The
protein corona influences the biodistribution, cell uptake, and intracellular trafficking of
nanoparticles.?®” This suggests that it could influence exocytosis as well, but this was
rarely investigated so far. Another layer of complexity is added as the protein corona
composition is dependent on the nanoparticle size and hence nanoparticle up-
take.?6826% The contribution of the individual factors particle size and protein composi-
tion for cell uptake and exocytosis are difficult to separate as they are intertwined.
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Herein, we investigate the influence of a pre-formed human plasma protein corona on
the exocytosis of SiINPs with different sizes. Therefore, we used flow cytometry analy-
sis to determine the uptake and exocytosis of SiINPs with diameters of 10 nm, 30 nm,
50 nm, and 100 nm in the presence and absence of a pre-formed protein corona. In
the presence of a protein corona, exocytosis was increased in a size-dependent man-
ner. SiNPs with a diameter of 100 nm were exocytosed more compared to SiNPs with
a diameter of 10 nm. We analyzed the composition of the protein corona and found a
decrease in the lipoprotein amount with increasing particle size.

3.3.3 Results and Discussion

In this study, we used fluorescent SiNPs to investigate how a pre-adsorbed protein
corona affects the exocytosis of nanoparticles with different biologically relevant sizes
from cells. First, we characterized the physicochemical properties of the four different
SiNPs. TEM micrographs of the SiNPs showed intact particles with diameters of ap-
proximately 10 nm, 30 nm, 50 nm, and 100 nm diameters (Figure 3.3.1). We further
analyzed the nanoparticles” hydrodynamic diameter (Dn) with multi-angle DLS and cal-
culated the polydispersity index (PDI) from measurements at 90°C (Table 3.3.1 and
Figure 3.3.2). The Dn was in good accordance with the expected particle diameters.
The PDI of the smaller SiNPs was higher, which indicates a broader size distribution,
whereas the size distribution of larger SiNPs was narrower. To assess the influence of
nanoparticle diameter on exocytosis, other surface properties of the SiNPs must be
similar despite the difference in size. Therefore, we analyzed the (-potential of the
SiNPs. The 10 nm and 30 nm SiNPs had a ¢-potential of approximately -25 mV and
the 50 nm and 100 nm SiNPs had a (-potential of approximately -40 mV. The negative
C-potential is caused by the free hydroxyl groups of the silica surface indicating that
the surface chemistry of all SiNPs is similar and no additional surfactant is used for
stabilization.
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10 nm SiNP_ ~ 30nmSiNP__ 50 nm SiNP 100 nm SINP

Figure 3.3.1: TEM images of 10 nm, 30 nm, 50 nm, and 100 nm SiNP. Scale bar: 100 nm. TEM images
were obtained by h
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Figure 3.3.2: Hydrodynamic radii of SiNPs determined by multi-angle DLS in water at 20°C. The PDI
was derived from 90°C measurements. The red data point was not taken into account for analysis. The
measurements were done by

-76 -



Results and Discussion

Table 3.3.1: Physicochemical characterization of SiNPs. The Dh of different-sized SiNPs was measured
by multi-angle DLS in water at 20°C. The corresponding PDI was derived from 90°C measurements.
C-potential was measured at 20°C in KCI. The fluorescence intensity of SiNP dispersion (1 mg/mL in
wateri was measured with excitation at 569 nm and emission at 585 nm. All measurements were done

by

Dn [nm] PDI {-potential [mV] Fluorescence [AU]
10 nm 10 0.340 -23+3.7 11150
30 nm 28 0.154 -24+2.9 9075
50 nm 44 0.090 -3840.3 8996
100 nm 102 0.025 -42+3.2 10784

Before investigating the influence of a pre-adsorbed protein corona on SiNP exocyto-
sis, we tested the influence on the uptake of SiNPs. Figure 3.3.3 A shows the uptake
of SiNPs in the presence and absence of a pre-adsorbed human plasma protein co-
rona in HCT116 cells after 2 h of incubation. In the absence of a protein corona, the
cells took up the different-sized SiNPs to a similar extent. 50-70% of cells were positive
for SINPs and the uptake was not influenced by particle size. In contrast, the adsorption
of a protein corona influenced the uptake of the different SiNPs differently. The uptake
of 100 nm SiNPs was reduced to nearly 0% positive cells upon the adsorption of a
protein corona. The uptake of 50 nm SiNPs was also reduced to approximately 10%.
The uptake of 30 nm SiNPs was reduced from 60% positive cells to around 45% pos-
itive cells. Interestingly, the uptake of the 10 nm SiNPs was not reduced by the adsorp-
tion of a protein corona. This trend was also reflected by the median fluorescence in-
tensity (MFI) of the cells. Here, the MFI in the presence of a protein corona decreased
with increasing size. The MFI of cells incubated with SiNPs without protein corona was
similar between different SiNPs (Figure 3.3.4 A). The cell viability was not affected by
incubation with SiNPs (Figure 3.3.4 B).
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Figure 3.3.3: Uptake of different-sized SiNPs in the presence and absence of a protein corona. A. Flow
cytometry measurement of 10 nm, 30 nm, 50 nm, and 100 nm SiNPs uptake in HCT116 cells after 2 h
of incubation. Shown are the means and standard deviations of the percentage of positive cells (n = 3).
B. cLSM image of HCT116 cells incubated with SiNPs in the presence and absence of a protein corona.
Cell membrane is pseudocolored in cyan, SiNPs are pseudocolored in red. Scale bar: 20 um. The pro-
tein corona preparation, cell uptake, and cLSM imaging were done by | Bl under my supervision.
| analyzed and interpreted the data.
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Figure 3.3.4: Uptake of different-sized SiNPs in the presence and absence of a protein corona. A Flow
cytometry measurement of 10 nm, 30 nm, 50 nm, and 100 nm SiNPs uptake in HCT116 cells after 2 h
of incubation. Shown are the means and standard deviations of the MFI of all cells (n = 3). B Cell viability
after 2 h of incubation with SiNPs in the absence and presence of a protein corona as a percentage of
dead cells. Mean and standard deviation of n = 3. The protein corona preparation, cell uptake, and via-
bility assay were done by | NEEIl under my supervision.

This experiment demonstrated that the influence of a protein corona on nanoparticle
uptake is size-dependent. The uptake of small SiINPs was not impaired by the adsorp-
tion of a protein corona, whereas the uptake of bigger SiNPs was increasingly impaired
in the presence of a protein corona. The reduction of nanoparticle uptake in the pres-
ence of a protein corona that we observed here was often observed in previous studies
and is generally known as the stealth effect.?’° In the absence of a protein corona, the
nanoparticle surface interacts with the cell membrane directly. This can lead to the
passive penetration of the cell membrane and therefore a closer contact between the
nanoparticle and the cell surface. For very small nanoparticles direct entry into the

cytosol has been observed.?”

In addition to flow cytometry, fluorescent micrographs of SiNP uptake in the presence
and absence of a protein corona after 2 h confirmed the dependency of the protein
corona influence on particle size (Figure 3.3.3 B). Further, the fluorescent micrographs

confirmed that the SiINPs were located intracellularly after 2 h of uptake.

To investigate, if a pre-adsorbed protein corona has an impact on SiNP exocytosis, we
incubated HCT116 cells with the different SiNPs for 2 h. Subsequently, the cell culture
supernatant was discarded, and the cells were washed to remove any SiNPs attaching
to the cell surface. Particle-free medium was added to the cells and the intracellular

particle content was assessed 2 h and 22 h later (Figure 3.3.5).
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Figure 3.3.5: Exocytosis of different-sized SiNPs in the presence and absence of a protein corona.
HCT116 cells were incubated with SiNP with or without pre-adsorbed protein corona for 2 h. Subse-
quently, the SiNPs were removed and the intracellular particle amount after 4 h and 24 h was measured
by flow cytometry. The percentage of loaded cells relative to the loading after 2 h of particle uptake is
shown. The means and standard deviation of n = 3 is depicted. The protein corona preparation and cell
uptake were done by Bl under my supervision. | analyzed and interpreted the data.

The particles added without pre-adsorption of a protein corona were not strongly exo-
cytosed. Around 90% of the cells that were positive directly after the uptake period
remained particle-positive 22 h after removing the SiNPs. The MFI of the cells incu-
bated with the 10 nm and 30 nm SiNPs decreased during the exocytosis period as the
cells were oversaturated with nanoparticles due to the high uptake in the absence of a
protein corona (Figure 3.3.6). However, the percentage of positive cells is a more ro-
bust measure for particle uptake and exocytosis. In contrast, for particles with a pre-
adsorbed protein corona a time- and size-dependent decrease of the intracellular par-
ticle signal compared to the signal directly after the uptake period was observed. The

exocytosis of SiNPs occurred rapidly as we could observe a decrease of intracellular
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signal 2 h after the initial uptake period. In our study, we observed the strongest exo-
cytosis for 100 nm SiNPs which showed a decrease of particle-positive cells to around
30% of the initial positive cells 2 h after the medium change. The percentage of cells
positive for 50 nm SiNPs was reduced to around 50% after an exocytosis period of 2
h and the 30 nm SiNPs had a signal reduced only to around 80%. The 10 nm SiNPs
did not show a reduced intracellular signal after 2 h of exocytosis. The MFI values of
the cells incubated with 10 nm and 30 nm SiNPs decreased after removing the excess
SiNPs as the cells were oversaturated with nanoparticles due to the high uptake in the
absence of a protein corona (Figure 3.3.6). However, the percentage of positive cells
is a more robust measure for particle uptake and exocytosis. Interestingly, the intracel-
lular signals of 10 nm, 30 nm, and 50 nm SiNPs decreased even more after 22 h of
exocytosis. For the 100 nm SiNPs, the intracellular signal increased again after 22 h

of exocytosis which suggests a re-uptake of exocytosed particles.
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Figure 3.3.6: Exocytosis of different-sized SiNPs in the presence and absence of a protein corona.
HCT116 cells were incubated with SiNPs with or without pre-adsorbed protein corona for 2 h. Subse-
quently, the SiNPs were removed and the intracellular particle amount after 4 h and 24 h was measured
by flow cytometry. Additionally, cells were incubated with SiNPs for 2 h, 4 h, and 24 h without medium
change. Shown are the means and standard deviations of the MFI of all cells (n = 3). Lines are guide to
the eye only. The protein corona preparation and cell uptake were done by h under my su-
pervision. | analyzed and interpreted the data.

We also measured the viability of the cells treated with the different conditions (Figure

3.3.7). Here, no severe toxicity was observed compared to untreated cells. Also, the
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SiNPs without protein corona did not have a cytotoxic effect at the concentration and
incubation time used here. Summing up, the exocytosis of SiNPs was strongly en-
hanced in the presence of a plasma-adsorbed protein corona, and smaller SiNPs were
exocytosed less compared to bigger SiNPs. A rapid exocytosis of silica nanoparticles
with a diameter of 100 nm 6 h after uptake was also observed by Yanes et al.®® Fur-
thermore, another study showed that exocytosis only happened in the presence of se-
rum, which could be explained by the involvement of a protein corona in the exocytosis
of nanoparticles.?’? In the absence of a protein corona, the nanoparticle surface inter-
acts with the cell membrane directly and no active, receptor-mediated uptake process
can take place. This can lead to the passive penetration of the cell membrane and
direct entry into the cytosol, especially for very small nanoparticles.?’! This uptake
mechanism would not result in a high degree of penetration of the nanoparticles into
the endosomal system. As the endosomal system is the starting point for most exocy-
tosis pathways this might suppress nanoparticle exocytosis.”®262 This mechanism is a
possible explanation for the very low exocytosis of nanoparticles in the absence of a

protein corona and a protein corona might be a prerequisite for exocytosis.
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Figure 3.3.7: Cell viability after incubation of HCT116 cells with SiNPs in the absence and presence of
a protein corona as a percentage of dead cells. Mean and standard deviation of n = 3. The protein
corona preparation, cell uptake, and viability assay were done by |l under my supervision.
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As the protein corona had a big impact on the uptake and exocytosis of SiNPs in a
nanoparticle size-dependent manner, we wanted to investigate the composition of the
protein corona adsorbed to the different-sized particles further. It is known that small
particles have a high surface curvature and therefore, less protein adsorb to their sur-
face.48:273.274 \We also observed this effect on 10 nm, 30 nm, and 50 nm SiNPs which
adsorbed increasing amounts of protein per surface area (Figure 3.3.8 A). For the
100 nm SiNPs, the adsorbed protein amount per surface area decreased slightly com-
pared to the 50 nm SiNPs. The increasing amount of protein per surface area might
explain the increasing influence that the protein corona had on cell uptake and exocy-
tosis. Interestingly, the protein corona composition was highly dependent on the parti-
cle size as well. Especially, the amount of lipoproteins and coagulation proteins cru-
cially depended on particle size. The protein corona of 10 nm SiNPs contained high
amounts of lipoproteins but comparably small amounts of coagulation proteins (Figure
3.3.8 B). This ratio was increasingly inverted with increasing particle size. The protein
corona of 100 nm SiNPs contained high amounts of coagulation proteins but compa-
rably small amounts of lipoproteins. In contrast, the abundance of other protein classes
like acute phase proteins, immunoglobulins, and complement system proteins was un-
affected by particle size. We also observed a high dependency on particle size for
individual proteins. The amount of apolipoprotein A-1, B-100, and E decreased with
increasing particle size. In contrast, the abundance of coagulation factor Xl, histidine-
rich glycoprotein as well as plasminogen and a-2-macroglobulin (see SI_LC MS_pro-
tein list.xIsx) which belong to or are associated with coagulation proteins, showed to a
tendency to increase with increasing particle size. Interestingly, the apolipoprotein C-
[l was adsorbed more to 100 nm SiNPs, although the total amount was lower than
other apolipoproteins (see SI_LC MS_protein list.xlsx; can be requested from author
of thesis).
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Figure 3.3.8: Proteomic characterization of the protein corona adsorbed on different-sized SiNP. A.
Amount of protein adsorbed to SiNPs per surface area. B. Classification of corona proteins regarding
their biofunctionality. C. Top 20 proteins found in LC-MS analysis of the protein coronas on different-
sized SiNP. The protein corona preparation was done by h under my supervision. LC-MS
analysis was done by . | analyzed and interpreted the data.

Very small SiINPs seemed to attract more apolipoproteins, which are proteins known
to naturally decorate lipoprotein complexes. This differential adsorption of apolipopro-
teins to SiNPs with a diameter of around 10 nm could be caused by their similarity in
size to high density lipoproteins (HDL). HDLs also exhibit diameters of around 9 to
15 nm.2"> The 10 nm SiNPs were taken up equally well in the presence and absence
of a protein corona. These particles, when carrying a protein corona, resembled HDLs
in terms of size and apolipoprotein composition and thus might be able to use similar
active uptake routes. Mimicking of HDL by nanoparticles was also proposed by Barran-
Berddn et al.,, who observed apolipoprotein-dependent uptake of nanoparticles by
scavenger receptor class B type1(SR-B1).276 This receptor is present on many tissues
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including endothelium and facilitates receptor-mediated endocytosis of lipoprotein par-
ticles in cells.?’7278 However, in other experimental setups apolipoproteins were found
to mediate stealth properties.?”* There, mainly apolipoprotein J (clusterin) was found
to be responsible for the stealth effect.62’4 Here, we also observed that the protein
corona on 30 nm, 50 nm, and 100 nm SiNPs exhibited a stealth effect. However,
apolipoprotein J was not found in the protein corona of any of the SiINPs used here
with high abundance. Instead, the decrease in the amount of apolipoproteins present
in the SINP protein corona with increasing particle size might reduce the interaction
with specific lipoprotein receptors. In addition, apolipoproteins adsorbed to larger par-
ticles might exhibit a different confirmation than on 10 nm SiNPs which can influence
the recognition by lipoprotein receptors.?’® Therefore, the protein corona of larger
SiNPs exhibited stealth properties rather than mediating the active uptake of SiNPs.

In addition to insights into the relation between the protein corona and SiNPs’ uptake,
we observed an exocytosis increase for all SINPs. Similar to us Panyam et al. observed
a nearly complete abolishment of exocytosis in the absence of serum.?2° They sug-
gested that this was due to a lack of energy available in the cell culture medium and
that exocytosis would be an energy-dependent process. Another possibility is that the
presence of the protein corona changes the uptake route of the SiNPs and hence their
intracellular trafficking route. This was demonstrated by da Costa Marques et al. be-
fore.?” Therefore, it is possible that the protein corona can also influence the exocyto-
sis of SiNPs. Here, it could be that the specific protein corona leads the SiNPs toward
an intracellular trafficking route that is more likely to lead to exocytosis. The exocytosis
of SiNPs was increased with increasing particle size. This is in line with the size-de-
pendency of the protein corona composition observed here. Smaller SiNPs (10 nm)
adsorbed high amounts of apolipoproteins and low amounts of coagulation proteins.
This composition led to very low exocytosis. In contrast, large SiNPs (100 nm) ad-

sorbed low amounts of apolipoproteins and high amounts of coagulation proteins.
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3.3.4 Conclusion

Herein, we demonstrated that not only the endocytosis but also the exocytosis of SiINPs
was strongly influenced by the presence of a protein corona. The SiNPs acquire a
protein corona that enhances exocytosis in a nanoparticle size-dependent manner.
Further, the depletion of apolipoproteins E, A1, and B-100 was associated with en-
hanced exocytosis. Small SiNPs were less prone to exocytosis even in the presence
of a protein corona. In contrast, the formation of a protein corona enhanced the exo-
cytosis of larger SiNPs. In the context of nanoparticle drug delivery, these findings have
important consequences. To achieve a high intracellular drug delivery, it is important
to prolong the residency of the nanoparticles inside the cell. Therefore, a rapid exocy-
tosis of nanoparticles would be unfavorable and could decrease the efficacy of drug-
loaded nanoparticles. In our study, we demonstrate that the presence of a human se-
rum protein corona increases nanoparticle exocytosis in vitro. However, the formation
of a protein corona upon injection of nanoparticles into the bloodstream is inevitable
and likely also enhances the exocytosis of nanoparticles in an in vivo setup. This raises
the question, of whether the development of nanocarriers with a reduced exocytosis
ability is needed to enhance the net delivery of nanocarriers. Our study showed that it
would be beneficial to use smaller SiNPs that acquire a protein corona that prevents
exocytosis. On the other hand, there are attempts to use nanoparticle exocytosis as a
mechanism for deeper tumor penetration or further systemic spreading of nanoparti-
cles in cellular vesicles.?®' For this approach it would be interesting to employ larger
SiNPs. Summing up, the protein corona is an important factor in nanoparticle drug
delivery that is not only able to drastically reduce the uptake of nanoparticles into cells
but can also enhance their exocytosis. Therefore, the protein corona influences the net
delivery of nanoparticles which ultimately determines the efficacy of a drug delivery

system.
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3.4 Protein corona on EVs and liposomes

Copyright: This section is based on the peer-reviewed article 1 which was edited and
shortened to showcase my contribution to this study. The study was published in the
Journal of Extracellular Vesicles and is reprinted here with permission from the journal.
Copyright © 2023, Wiley Periodicals LLC on behalf of International Society for Extra-
cellular Vesicles.

1 Dietz, L., NGz I B .
I . -« B (2023). Uptake of extracellular

vesicles into immune cells is enhanced by the protein corona. J Extracell
Vesicles 712, €12399. 10.1002/jev2.12399.

Motivation:

Extracellular vesicles are becoming increasingly interesting as drug delivery vehicles.
This is due to their advantageous features such as biocompatibility, the ability to cross
biological barriers, and the potential for inherent organ targeting. Currently, different
strategies are explored to load extracellular vesicles with therapeutically active cargo
molecules. Such an attempt is presented in sections 3.1 and 3.2, where | report the
loading of extracellular vesicles with synthetic nanocapsules. For many synthetic drug
delivery systems, including liposomes, it is known that the formation of an opsonizing
protein corona on the nanoparticle surface leads to rapid blood clearance by the mon-
onuclear phagocytic system. This results in less delivery to the target site and de-
creases the drug efficiency. The formation of an opsonizing protein corona on drug
nanocarriers has posed a major obstacle to their clinical application from early on and
is an ongoing topic in drug delivery research. Furthermore, the first reports on the for-
mation of a protein corona on extracellular vesicles revealed its contribution to the bi-
ological function of extracellular vesicles. However, the impact of the extracellular ves-
icle protein corona on the extracellular vesicle drug delivery ability remains un-
addressed. Thus, | hypothesized that an opsonizing protein corona could form on the
surface of extracellular vesicles, which might have a big impact on their ability to be
used as a drug delivery vehicle. In this section, we aimed to compare the protein co-
rona of liposomes to the protein corona of extracellular vesicles and assess the ability
of the protein corona to increase the uptake of extracellular vesicles into phagocytic
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immune cells. The formation of an opsonizing protein corona on the surface of extra-
cellular vesicles would have implications for their usage as drug delivery systems such

as the necessity of stealth modifications of the extracellular vesicle surface.
Contribution:

| performed the production, size-exclusion chromatography isolation, and fluorescent
labeling of the EVs. Further, | performed the physicochemical characterization of the
EVs (DLS, NTA, and zeta potential). NTA measurements were assisted by | .
I o <pared the liposomes and characterized them (DLS and zeta
potential). | prepared the protein corona of EVs and liposomes and performed the THP-
1 and HCT116 cell uptake experiments (flow cytometry and cLSM). ||
performed the moDC cell uptake. |} I o< formed the protein co-
rona analysis (LC-MS) and Fc receptor blocking. ||l prepared the cryo-TEM
image of EVs. | prepared all figures, except for the MS-related parts of Figure 3.4.9
and Figure 3.4.10, which were prepared by ||} } . The manuscript
preparation was done by ||} } ]}l 2nd me. The Revision process was con-
ducted by | |GG 2nd me. The Project was supervised by | Gz
5§ E
)
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3.4.1 Abstract

The influence of a protein corona on the uptake of nanoparticles in cells has been
demonstrated in various publications over the last years. Extracellular vesicles can be
seen as natural nanoparticles. However, extracellular vesicles are produced under dif-
ferent cell culture conditions and little is known about the protein corona forming on
extracellular vesicles and its influence on their uptake by target cells. Here, we use a
proteomic approach to analyze the protein composition of the extracellular vesicles
themselves and the protein composition of a human blood plasma protein corona
around extracellular vesicles. Moreover, we analyze the influence of the protein corona
on extracellular vesicle uptake into human monocytes and compare it with the influ-
ence on the uptake of engineered liposomes. We show that the presence of a protein
corona increases the uptake of extracellular vesicles in human monocytes. While for
liposomes this seems to be triggered by the presence of immunoglobulins in the protein
corona, for extracellular vesicles blocking the Fc receptors on monocytes did not show
an influence on uptake. Therefore, other mechanisms of docking to the cell membrane
and uptake are most like involved, demonstrating a clear difference between extracel-

lular vesicles and liposomes as technically produced nanocarriers.

3.4.2 Introduction

Since extracellular vesicles (EVs) are attracting more and more attention as therapeu-
tic agents and drug delivery vehicles, investigating the interaction with blood compo-
nents becomes increasingly important. Liposomes, which have already entered clinical
use as drug delivery vehicles, are the class of synthetic NPs closest to EVs and their
protein corona is well investigated. Therefore, we have chosen liposomes for compar-
ison with EVs in this study.

The concept of protein corona formation around synthetic NPs upon blood contact is
well established. Numerous studies investigated the composition of proteins forming
around synthetic NPs and their influence on biodistribution and cell uptake.®¢*® For
EVs, which can be considered biological NPs similar to liposomes, the protein corona
is poorly understood. However, EVs are of interest as therapeutic agents and drug
delivery platforms. This raises the need for understanding interactions between EVs
and blood components, which ultimately determines cellular uptake and biodistribution
131,282 glso in comparison to liposomes which can be considered as possible synthetic
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analogues to EVs. In this study, we investigate the influence of a protein corona on
HCT116 cell-derived tumor EVs on their uptake in phagocytes and the cell line of EV

origin in comparison to two types of liposomes.

EVs attracted a lot of interest as drug delivery platforms as they function as communi-
cation systems by transporting biologically active cargoes, such as proteins and RNA
molecules, even to distant target cells."”:13" Therefore, the payload is contained in a
double-membrane vesicle that is equipped with transmembrane proteins capable of
navigating biological environments including cell targeting and entry. EVs describe a
group of vesicles ranging in diameter from 30-300 nm that can be subdivided into ex-
osomes, microvesicles, and larger apoptotic bodies. For long-distance information
transport, exosomes and microvesicles are of interest as vehicles. Exosomes are de-
rived from endosomal compartments named multivesicular bodies (MVBs), whereas
microvesicles directly bud from plasma membranes.?®32%4 During long-distance
transport, EVs encounter biological fluids, such as blood, and proteins likely adsorb to
their surface. This is referred to as protein corona formation. The adsorbed protein
corona can ultimately alter the EV functionality as observed for many NPs. This has
been largely neglected in the field of EV research. The formation of an EV protein
corona was first described by Toth et al. who revealed the protein composition as well
as demonstrated the influence of a protein corona on EV functionality.?'? Shortly after,
this was confirmed by Wolf et al. who demonstrated that a protein corona is necessary
for EVs to reach their full potential in angiogenesis and wound healing assays.?'*
These findings started a paradigm shift from viewing plasma-derived proteins as con-

taminants of EV preparations towards considering them as additional EV components.

Presumably, the insights of the protein corona formed on NPs also will benefit the
functional understanding of the EV corona. NPs quickly adsorb proteins upon contact
with biological fluids. This changes their chemical identity to a biological identity and
ultimately alters their biodistribution and cell uptake.3® Distinct proteins regulate the
uptake of NPs. Apolipoproteins, a class of lipid-binding proteins abundant in human
blood, are known to promote a prolonged blood circulation time by avoiding uptake in
phagocytic monocytes of the mononuclear phagocytic system (MPS).2'” This has also
been referred to as the stealth effect. In contrast, so-called opsonins, such as immu-
noglobulins mark NPs for uptake in phagocytes.?8% The protein corona on liposomes
and lipid NPs is well studied as this is one of the most commonly used drug carrier
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systems in clinical use.?®® A major drawback for the clinical application of liposomes
still is the formation of an opsonizing protein corona and uptake by phagocytes. There-
fore, modifications like attachment of polyethylene glycol (PEG) are used to prolong

the liposomes’ blood circulation time.287:288

EVs are a special type of NP with a biological origin. Hence, they carry integrated and
partially integrated proteins by themselves but can also acquire a protein corona from
the blood plasma, as just recently demonstrated empirically.2'?2'# |n the previous EV
protein corona studies, stem cell and stromal cell-derived EVs, which are of interest for
regenerative and immunomodulatory therapies, were investigated. Here, we investi-
gate the protein corona of tumor-derived exosomes (TEXs) as drug delivery vehicles

analogous to synthetic drug carriers.

TEXs exert various functions in tumor progression and regulation leading to a multitude
of possible treatment options using TEX. They are capable of reprogramming the tu-
mor microenvironment by altering the function of neighboring tumor cells, infiltrating
immune cells, and stromal cells.'®® Additionally, TEXs confer signaling in a long-dis-
tance manner addressing metastases. By this mechanism, chemoresistance and on-
cogenes are horizontally transferred to other cancer cells and distant metastases.?8-
291 This finding also suggests that TEXs have a certain targeting capacity for tumor
cells they originated from. This principle was utilized as a targeting strategy to deliver
anti-cancer drugs.84292 As another treatment option, TEXs play a crucial role in tumor
immunity, which is highly dependent on the specific context. There is evidence, that
TEX mediates immunosuppression via inhibition of macrophages, dendritic cells (DC),
lymphocytes, and other immune cells in the tumor microenvironment.'%2%3 On the
other side, isolated TEX were successfully used as tumor antigens for DC-loading and

in vivo tumor vaccination.2%4-2%8

Here, we analyzed the protein corona of HCT116 EVs and its influence on vesicle
uptake in comparison to liposomes as model drug carriers. EVs as well as liposomes
showed an increased uptake into phagocytic THP-1 cells and monocyte-derived DCs
(moDCs) upon protein corona formation. The advantage of proteomics studies of the
protein corona is that specific proteins can be determined to explain these effects. Here
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we demonstrate that enhanced uptake into these cells can be attributed to immuno-
globulins and complement protein enrichment in the protein corona. However, uptake

via Fc receptors was not the major route for EV uptake upon protein corona adsorption.

EVs and liposomes showed increased uptake also in HCT116 cells. Our data demon-
strates the importance of the protein corona for cell uptake and suggests it represents
a critical factor for the application of EVs as drug delivery vehicles. Further, we propose
that enhanced uptake of EVs by phagocytes in the presence of a protein corona can
be a benefit for the application of EVs in immunotherapy.

3.4.3 Results and Discussion

Here, we used human colorectal tumor (HCT) 116-derived tumor EVs and compared
them to similar-sized liposomes as synthetic analog. The EVs were collected under
serum-free conditions to avoid a pre-formed serum protein corona. EVs were isolated
by size exclusion chromatography (SEC) to separate EVs from ECM components and
other proteins secreted by the producing cell. This separation method isolates vesicles
based on size. Therefore, the resulting sample contained a heterogeneous mixture of
exosomes, microvesicles, and other vesicles. In addition, SEC is considered to be min-
imally damaging to the EVs’ surface which preserves EV functionality.'5-2%° Subse-
quently, EVs were labeled by reacting N-hydroxysuccinimide ester (NHS)-cyanine 5
(Cyb) to primary amines of EV surface proteins (Figure 3.4.1).

i
Medium change Harvest Pre-clear 20-fold g
S~ > — —_—
to serum-free Conditioned centrifugation Concentration
~2x107HCT cells 24 hEV medium (CM) 3000xg
secretion
30k MWCO
filtration
my limm
]
fraction > ; 30-fold g 1h room temp. Wash
collection Concentration NHS-Cy5 \)
Size exclusion 30k MWCO 30k MWCO Cy5-labeled
chromatography filtration filtration vesicles

Figure 3.4.1: Production of HCT116 EVs and Cy5-labeling. EVs were collected under serum-free con-
ditions for 24 h and subsequently purified via SEC. After concentration, EVs were labeled by reacting
NHS-coupled Cy5 with primary amine groups of EV surface proteins in an aqueous solution. Access
dye is removed by washing with 30 kDa MWCO centrifugal filters. This graphic was created with Bio-
Render.com. The EV production and fluorescent labeling were done by me.
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Figure 3.4.3 depicts the molecular differences between EVs (Figure 3.4.3 A-D) and
liposomes (Figure 3.4.3 E-F). As shown in Figure 3.4.3 A, EVs contain transmem-
brane proteins, which are inserted into the lipid bilayer and together with the glycocalyx
alter the EV surface. Additionally, they contain soluble proteins and metabolites in the
aqueous lumen.""” The cryo-TEM image of the EV preparation depicted in Figure 3.4.3
B showed round vesicular structures with a diameter between 50 nm and 100 nm,
which fits well with typical EV sizes. The characteristic lipid bilayer of the EVs is even
visible in this cryo-TEM image. Proteomic analysis of nascent EVs depicted in Figure
3.4.3 C demonstrated the presence of common EV markers according to MISEV guide-
lines.?83 The EV markers were found with low abundancies and were therefore not
found among the TOP 20 identified proteins which are depicted in Figure 3.4.3 D. The
tetraspanins CD81 and CD9 were identified. Furthermore, integrins a and (3, different
annexins, caveolin, ADP-ribosylation factor 6 (ARF6), HSP90- (HSP90AB1), and
ALIX (Programmed cell death 6-interacting protein) were detected in the isolated EVs.
Calnexin which is a marker for endoplasmatic reticulum contamination was not de-
tected (Figure 3.4.3 C). We further analyzed the EV diameter with differential light
scattering (DLS) and nanoparticle tracking analysis (NTA) and determined the size
distribution of vesicles imaged with cryo-TEM. Additionally, we measured the zeta po-
tential of an EV sample (Table 3.4.1). The mean hydrodynamic diameter determined
by NTA was 113 nm, which was in good accordance with the mean diameter observed
in cryo-TEM images, 91 nm. As visible by cryo-TEM, the EV sample is a polydisperse
vesicle solution and there were small vesicles observed between 30 and 60 nm in di-
ameter. Larger vesicles were also captured by the NTA measurement as the histogram
showed a shoulder reaching towards diameters of 500 nm (Figure 3.4.2). DLS values
were not given for the EVs, as the sample was too polydisperse for this measurement
technique.3®® The zeta potential in the absence of a protein corona was near neutral,

which is in line with previous reports.?'4
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Figure 3.4.2: Histogram of particle size distribution measured by NTA. The measurement was done by
me under the supervision of

In contrast to EVs, liposomes are composed of a lipid bilayer that encloses an aqueous
lumen but does not contain any additional proteins or metabolites (Figure 3.4.3 E).
Here, we used liposomes prepared with phosphatidylcholine, cholesterol, and varying
amounts of DOPE to vary the zeta potential (Figure 3.4.3 F). The liposomes were
prepared by thin film hydration followed by extrusion to have a diameter of around
200 nm as previously reported.?°’ The DLS measurement of the liposomes gave a di-
ameter of 189 nm and 206 nm for the 33% and 5% DOPE liposomes (Table 3.4.1) and
a narrow size distribution was observed. Depending on the DOPE amount, liposomes
had a negative zeta potential of -20.6 and -11.8 for high and low DOPE liposomes,
respectively (Table 3.4.1). In neutral pH, DOPE carries a negatively charged head
group. Therefore, the more DOPE is incorporated into the lipid membrane the more
negative the zeta potential will be. Additionally, DOPE carries an NH2 group which is
used for fluorescent labeling. At a DOPE content of 5%, the fluorescence labeling is
weak. At a DOPE content of 33% a higher fluorescence is achieved as more coupling
moieties are available. Reducing the DOPE content further would shift the zeta poten-
tial towards an even more neutral zeta potential which would be more like that of EVs.
However, this would reduce the fluorescence intensity too much. Therefore, we de-
cided to use one liposome that was highly fluorescence but had a more negative zeta
potential than EVs and one liposome that was weekly fluorescence but had a more
similar zeta potential compared to EVs.
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Figure 3.4.3: Characterization of liposomes and HCT116-derived EVs. A. Schematic depiction of EV.
This graphic was created with BioRender.com. B. Cryo-TEM image of EV preparation. Scale bar:
100 nm. C. EV marker proteins in EV preparation identified by MS analysis. Accession numbers of the
proteins are found in Sl table 1. D. TOP 20 proteins of proteomic analysis of EV preparation. Accession
numbers of the proteins are found in the Sl Excel Sheet “AccessionNumber_20MostAbundantPro-
teins.xlsx”. E. Schematic depiction of the relation of liposomal DOPE content and zeta potential. This
graphic was partly created with BioRender.com. F. Lipid components of liposomes. The EV sample was

prepared bi me. Crio-TEM images were obtained by ||l and mass spectrometry was done by
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Table 3.4.1: Physical characterization of EVs and liposomes. The hydrodynamic diameter was deter-
mined by DLS and NTA, both measured in phosphate buffered saline (PBS) at 25°C. For HCT116 EVs,
no DLS and PDI measurements were given as the population is too polydisperse. Additionally, the phys-
ical diameter was determined by analyzing cryo-TEM images. Means and standard deviations are
shown. The zeta potential was measured at 20°C in 1 mM KCI. Means and standard deviations are
shown. The DLS and zeta potential of the liposome samples were obtained by

The NTA of the EV sample was measured by me and the cryo-TEM images were analyzed by me.

¢-potential
DpLs [nm] PDlpLs Dnta [Nnm] Dtem [nm]
[mV]
HCT116
- - 113154 91+£109 -3+0.4
EVs
33%DOPE 18941 0.125+0.04 - - -21+0.2
5%DOPE 20614 0.153+0.03 - - -12+0.3

As it is well known for synthetic NPs that a protein corona can alter cell uptake, we
investigated the influence of a protein corona on the uptake of EVs.270:302.303 Depending
on the particle surface and cell type, pre-adsorption of a protein corona can result in a
reduced or enhanced uptake of NPs by the recipient cells.?”3 Here, we tested the influ-
ence on the uptake of EVs that expose on their surface a protein corona or not in
human phagocytes (THP-1, moDCs) and as a non-phagocytic cell type, the cells the
EVs were derived from (HCT116), thus simulating the uptake by neighboring or distant
tumor cells (e.g. metastases). To this end, we incubated 10 ug/mL of Cy5-labeled lip-
osomes or EVs with human blood plasma at 37°C for 1 h and subsequently isolated
them by centrifugation. The last pellet resulting from centrifugation was re-suspended
in serum-free cell culture medium to perform the cell uptake under serum-free condi-
tions for samples with and without pre-adsorbed protein corona. This was done to avoid
the formation of a serum protein corona on plain EVs or the exchange of proteins from
the pre-formed human plasma protein corona with serum proteins from fetal calf serum
(FCS). In our study, we focus on the difference between particles with and without a
pre-formed protein corona. Thus, our results inform about the contribution of corona
proteins and neglect the eventual effect of additional free plasma proteins. However,
Yang et al. demonstrate that free serum proteins can also contribute to the differential
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uptake in the presence of a protein corona as they for example compete with particles
for receptor binding. This effect might also play a role in EV uptake in the presence of
a human plasma protein corona. The uptake of EVs and liposomes with and without a
protein corona was analyzed by flow cytometry (Figure 3.4.7). As shown in Figure
3.4.4 the vesicles differed in fluorescence intensity due to inequalities during the label-
ling process which is inherent to the amounts of possibly reactive side groups.
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Figure 3.4.4: Cy5 fluorescence intensity of liposomes and EVs after staining. The fluorophore was ex-
cited at 651 nm+5 nm and detected at 670 nm+5 nm. The measurement was done by me.

Therefore, mean fluorescence intensity (MFI) values cannot be directly compared be-
tween vesicle types. In addition, the recovery efficiencies of vesicles after incubation
with plasma (+PC) and PBS (-PC) differ. To account for particle loss after protein ad-
sorption in plasma, MFI values were calibrated according to the fluorescence intensity
of + and -PC samples. In contrast to many publications before on NPs where the pro-
tein corona had an anti-uptake effect, pre-adsorption of a protein corona increased MFlI
values of high DOPE liposomes (33% DOPE) and EVs in all tested cell types (Figure
3.4.7 A). For 5% DOPE liposomes no maijor differences were detected with or without
PC. For all cell lines, the percentage of positive cells was near 100% when incubated
with high DOPE liposomes suggesting that all cells have taken up particles (Figure
3.4.5). Differences between different NP formulations could be observed when ana-
lyzing the median fluorescence intensities indicating the amounts of nanocarriers taken
up by cells. For 5% DOPE liposomes, the vesicles without protein corona showed near
100% uptake in THP-1 and HCT116 cells, but almost no uptake in moDCs. In contrast,
the 5% DOPE liposomes with protein corona showed uptake in around 25% of THP-1
and HCT116 cells (Figure 3.4.5).
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Figure 3.4.5: Uptake of liposomes and EVs with and without protein corona. Flow cytometric analyses
of particle uptake into THP-1 (A), moDC (B), and HCT116 (C) cells after 16 h. Means and standard
deviations of % gated cells are shown (n = 3). The protein corona adsorption and cell uptake were done
by me.

Due to the loss of liposomes and EVs during protein corona formation, we adjusted the
MFI values according to the different fluorescence intensities. Thereby, the inverted
trend in MFI values in comparison to the percentage of particle-positive cells can be
explained. This shows that the reduced percentage of particle-positive cells is due to
the loss of liposomes during protein corona formation and not due to reduced uptake
in the presence of a protein corona. For EV samples, the increased MFI values in the
presence of a protein corona were reflected by the percentage of positive cells in THP-
1 and HCT116 cells. In moDCs + and -PC showed near 100% uptake.

To validate vesicle uptake in THP-1 cells, we additionally obtained cLSM images of
cells incubated with Cy5-labeled liposomes or EVs (Figure 3.4.7 B). To account for
differences in fluorescence intensity of + and -PC samples, we used fluorescence cal-
ibration to determine the number of vesicles added to the cells. The microscopy images
are in good accordance with the results from flow cytometry studies. For all vesicles, a
higher uptake is observed after the adsorption of a protein corona. Furthermore, vesi-
cle signals were detected intracellularly confirming uptake into the cell.

The ATP measurements were done in serum-free conditions. This was done to match
the cell uptake conditions. After 16 h of serum-free cultivation, the cells may have en-
tered starvation mode which can reduce the cell viability and thus ATP content. That
makes them potentially more susceptible to additional stresses like particle uptake.

Uptake of vesicles independent of pre-adsorption of plasma proteins decreased ATP
levels of THP-1 cells to 60-70% of untreated cells (Figure 3.4.6). The metabolic activity
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of the cells was decreased by the interplay of serum starvation and particle uptake.
However, no cells with abnormal morphology were observed under the microscope.
Therefore, the cells possibly decrease metabolic activity upon particle uptake but do
not enter cell death. HCT116 cells seemed to be less affected by the serum-free con-

dition. Here, no decrease in ATP levels was observed after incubation with the lipo-
somes or EVs.
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Figure 3.4.6: ATP content of cells treated with liposomes or EVs with and without protein corona. THP1 (A) or
HCT116 (B) cells were incubated with particles or 20% DMSO (positive control) for 16 h. Means and standard
deviations are shown (n = 3). The ATP content was measured by me.

EVs were taken up by the phagocytic THP-1 cells and moDCs, as well as by the non-
phagocytic HCT116 cell line. This might also reflect the fact that TEX exert functional
changes in many different cell types ranging from metastatic tumor cells to immune
and stromal cells in the tumor environment.'® Furthermore, EV uptake was increased
upon protein corona adsorption by the two phagocytic cell types. This suggests that an
opsonin-rich protein corona was formed probably resulting in rapid blood clearance if
these would be used in vivo. Additionally, EV uptake in HCT116 cells was also en-
hanced upon protein corona adsorption. In contrast to the phagocytic uptake of EVs,
this would be advantageous for a delivery strategy that utilizes the tumor-homing of
EVs to the cells they originated from. In the context of tumor progression, uptake of
TEX by tumor cells of origin is @ mechanism to distribute chemoresistance and onco-
genic traits even to distant tumor metastases.?°0:3%4.305 Here, enhanced uptake of TEX
by the tumor cells in the presence of a protein corona can be a mechanism to enhance

uptake by metastatic tumor cells in contrast to neighboring tumor cells.
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Previous studies have demonstrated adsorption of a protein corona on EVs increases
their functionality. EVs with a protein corona showed a pronounced effect on target
cells, e.g., resulting in increased interferon secretion, angiogenesis, or T-cell inhibi-
tion.212.214 Facilitating an increased uptake of EVs could explain the enhanced biologi-
cal activity in the presence of a protein corona. Moreover, the fact that we observed an
enhanced uptake of EVs with protein corona in primary moDCs concurs with the finding
that EVs with protein corona facilitate enhanced interferon secretion in monocyte-de-
rived dendritic cells.?'? The increased uptake could be the mode of action to enhance
EV functionality.
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Figure 3.4.7: Uptake of liposomes and EVs with and without protein corona. A. Flow cytometric analyses
of particle uptake into THP-1 cells, moDCs, and HCT116 cells after 16 h. The MFI values of untreated
cells were 182+2.9 AU for THP-1 cells, 5243.3+110 AU for moDCs, and 238+11.6 AU for HCT116 cells.
The MFI values of untreated were subtracted as background signal from all other values. Means and
standard deviations of median fluorescence intensities are shown (n = 3). B. Confocal laser scanning
microscopy images of THP-1 cells incubated with liposomes or EVs in the presence (lower) and absence
(upper) of a protein corona for 16 h. The cell membrane is colored in yellow, the lysosome is pseudo-
colored in green, and liposomes/EVs are pseudocolored in magenta. Scale bar: 30 um. The protein
corona adsorption and cell uptake were done by me. The cLSM image was obtained by me.
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To understand the enhanced uptake of liposomes and EVs in the presence of a protein
corona, we used LC-MS to identify the protein corona composition. The isolation pro-
tocol applied in this study separates vesicles based on their size regardless of dis-
played surface markers. Therefore, the resulting samples contain a mixture of different
EV subtypes such as exosomes, microvesicles, and apoptotic bodies that are within a
size range of approximately 50 to 200 nm. In conclusion, the corona studied here was
a mixture of different coronas forming on these different vesicles. However, the mixed
population examined here is of relevance for research and clinical application as SEC
is among the most popular EV isolation methods.

Since the fluorescent Cy5-labeling is necessary for cell uptake analysis and alters lip-
osomes’ and EVs'’ surfaces, it could influence the protein corona formation around the
vesicles. The zeta potential of liposomes and EVs after adsorption of a protein corona
ranged between -26.2 and -17.4 mV as depicted in Figure 3.4.8, which is within the
expected range and suggests adsorption of a protein corona.?'4
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Figure 3.4.8: Zeta potential of vesicles without Cy5-labeling and with Cy5-labeling in the absence or
presence of a protein corona. Measurement was performed at 20°C in 1 mM KCL. Means and standard
deviations are shown (n = 3). The zeta potential was measured by me.

Analyzing the corona composition of unlabeled and Cy5-labeled EVs and liposomes
did not show major differences (Figure 3.4.9 and Figure 3.4.10).

Before MS analyses, the protein corona of liposomes was detached as this is the
standard protocol for the preparation of a liposome protein corona and ensures com-
parability to former publications. This was not the case for EVs, where we analyzed a
sample with and without previous adsorption of a protein corona in parallel as this also
gives us the functional proteins of the EVs. Also, the separation of adhered proteins
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from the protein corona and adhering or partially integrated proteins into the EV mem-
brane could not be easily separated by a physical process like washing and centrifu-
gation. Proteins that were only enriched in the sample with adsorbed protein corona
were accounted as corona proteins from the blood plasma. All identified proteins and
their relative amounts are listed in a separate file (see Supporting Information). Unlike
previous studies, we used untreated plasma that was not depleted from plasma-de-
rived EVs or lipid particles before protein corona formation. That was done to ensure
that the plasma has a more original composition but also bears the risk of contamina-
tion of the MS results with plasma-derived EV and lipid particle proteins. To estimate
the degree of contamination by plasma-derived EVs and lipid particles in our EV pro-
tein corona, we prepared process controls. That is a sample that undergoes the com-
plete protein corona adsorption and isolation protocol but does not contain additional
EVs. The plasma process control had a protein concentration of 0.0022 mg/mL and
the LC-MS analysis revealed only 8 proteins in total (Sl table 2). This is close to the
background of an empty sample. In comparison, the EV protein corona sample had a
protein concentration of 0.195 mg/mL and 225 proteins could be identified (see S| Ex-
cel Sheet “LC_MS_data_EVCorona.xlsx”). Therefore, we considered the contribution
of plasma-derived EVs and lipid particles as neglectable. The EV protein corona was
mainly enriched with immunoglobulins and complement system proteins (Figure 3.4.9
A and B). The biofunctional class of tissue leakage proteins, as well as serum albumin,
were decreased upon adsorption of a protein corona (Figure 3.4.9 B). In particular,
complement C3 and C4 were found. For immunoglobulins, immunoglobulin heavy con-
stant y and « constant were the most abundant proteins and we also identified immu-
noglobulin heavy constant y 2 (Figure 3.4.9 C). One of the most enriched proteins was
immunoglobulin heavy constant p which increased from approximately 0.3% to 24% of
all identified proteins after adsorption of a protein corona. A similar trend was observed
for complement C3 and C4-A, which increased from 0.1% to 4% and 0.1% to 2% of all
identified proteins, respectively (Figure 3.4.9 D). A strong increase was also detected
for immunoglobulin k constant and complement C4-B. Next, we compared the most
abundant protein corona proteins identified by us to major EV protein corona compo-
nents identified by Toth et al.?’> Immunoglobulin heavy constant y 2, complement C3
and C4-B, and fibrinogen a-chain identified by us are also proposed as major EV pro-

tein corona proteins by Toth et al. Additionally, they proposed ApoA1, ApoB, ApoC3,
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ApoE, and immunoglobulin heavy constant y 4. ApoA1 and ApoE were also found with
lower abundancies in our samples. Furthermore, we identified clusterin among the top
EV corona proteins representing a member of the apolipoprotein family (Figure 3.4.9
C). Comparing the protein corona of unlabeled and Cy5-labeled EVs showed a similar
protein composition. The only difference for the Cy5-labeled EV’s protein corona was
the higher prevalence of serum albumin and less immunoglobulin heavy constant y,
but still, these proteins were in the top 20 list of proteins found. This is well within the
differences of the semi-quantitative assessment of protein quantification in an unla-

beled liquid chromatography-mass spectrometry (LC-MS) setup.

We also compared the most abundant EV corona proteins to liposome corona proteins
(Figure 3.4.10). Despite the difference in zeta potential, the protein corona of high-
and low-DOPE liposomes showed very similar trends as both protein coronas were
enriched with apolipoproteins, immunoglobulins, and serum albumin. In contrast to the
EV protein corona, complement proteins were not highly abundant. The EV protein
corona was generally more complex but was less enriched for apolipoproteins and
serum albumin. Comparing the protein corona of unlabeled and Cy5-labeled liposomes
showed minor differences for the 5% DOPE liposomes. In the protein corona of the
labeled liposomes less serum albumin, but more tissue leakage proteins and lipopro-
teins were found compared to the unlabeled 5% DOPE liposomes. Also this we would
consider to be within the limit of assessment in a proteomics LC-MS setup. The lipo-
somes used here, have a more negative zeta potential compared to the EVs. This
could raise the question if the difference in protein corona observed between lipo-
somes and EVs is due to the difference in zeta potential. However, the protein corona
of the two differently charged liposomes was almost identical. Therefore, we conclude
that the zeta potential of the liposomes plays a minor role in their protein corona com-
position and the difference in protein corona composition between EVs and liposomes
is not mainly caused by the difference in zeta potential.

As observed for liposomes before, the EVs used in this study showed an enhanced
uptake in phagocytic cell types after protein corona adsorption. We, therefore, investi-
gated if the high amount of immunoglobulins representing known opsonins would ex-
plain the higher uptake. In the 33% DOPE liposome protein corona, we also found

immunoglobulins but fewer complement proteins. Instead, apolipoproteins and serum
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albumin were enriched, which are known as dysopsonins. However, the dysopsonizing
proteins could not ameliorate the opsonizing effect of immunoglobulins. Overall, the
protein coronas of 33% DOPE liposomes and EVs had opsonizing properties as cell
uptake into phagocytes was increased upon protein corona adsorption.

Comparing our results to Mateos-Maroto et al. also stresses the importance of investi-
gating human plasma-derived protein coronas for targeting human cell lines when de-
veloping drug delivery vehicles.3% In contrast to our results, they found that an FBS-
derived protein corona decreased the uptake of liposomes in murine macrophage cells.
For liposomes, it has been known for decades that rapid blood clearance is a major
problem for clinical applicability, and surface modifications are used to prolong blood
circulation times.??° This is in good accordance with our finding, that the protein corona
on non-functionalized liposomes enhances uptake in monocytes. Furthermore, this
raises the question if EVs would also need stealth modifications to reach their full de-

livery potential.
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Figure 3.4.9: Proteomic analysis of EV and protein corona composition. This graphic was created with
BioRender.com. A. Graphic depiction of enrichment of immunoglobulins and complement system pro-
teins in EV protein corona. B. Assignment of proteins to different biofunctional classes. C. LC-MS re-
vealed the top 20 hard protein corona proteins of EVs with and without Cy5-labeling. Accession numbers
of the proteins are in the Sl Excel Sheet “AccessionNumber_20MostAbundantProteins.xIsx”. D. Enrich-
ment of Ig heavy constant mu, complement C3, and complement C3 in protein corona on EVs with and
without Cy5-labeling. The mean and standard deviation of three technical replicates are shown. The EV
sample and protein corona preparation were done by me. The LC-MS measurement and analysis was

done by
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Figure 3.4.10: Analysis of proteins found in liposome hard protein corona. A. LC-MS revealed the top
20 hard protein corona proteins of 33% and 5% DOPE liposomes with and without Cy5-labeling. Acces-
sion numbers of the proteins are in the Sl Excel Sheet “AccessionNumber_20MostAbundantPro-
teins.xlsx”. B. Assignment of proteins to different biofunctional classes. The protein corona preparation
was done by me. The LC-MS measurement and analysis was done by

As we found immunoglobulins enriched in liposome and EV protein coronas, we in-
tended to test if the enhanced uptake into THP-1 cells is Fc receptor-mediated. Fc
receptors are expressed on monocytes and macrophages and are one of the main
receptors responsible for the clearance of NPs.?'” The receptor recognizes the Fc re-
gion of immunoglobulin G (IgG). Therefore, adsorption of IgGs on NPs can lead to
adherence to the cell and ultimately phagocytosis.3%” We therefore blocked cell surface
Fc receptors. Subsequently, THP-1 cells were incubated with vesicles at 4°C to avoid
turnover of Fc receptors or internalization of vesicles (Figure 3.4.11). Interestingly, the
mere cell surface binding of liposomes and EVs was higher in the absence of a protein
corona. In contrast, internalization of 33% DOPE liposome and EVs was higher in the
presence of a protein corona (compare Figure 3.4.7 and Figure 3.4.11). This suggests
that binding to the cell surface (at 4°C) and uptake into the cells (at 37°C) is influenced
by the presence of proteins differently. This can be explained as binding to the cell
surface is determined by the amount of receptors on the cell surface, while uptake is a
distinct process and a highly abundant or strongly binding receptor may only be slug-
gishly taken up while a receptor expressed in low numbers may be rapidly taken up.
This also gives a hint that two different uptake mechanisms are responsible for the
internalization of liposomes and EVs in the presence and absence of a protein corona.
Indeed, it has been previously reported that the presence and composition of the pro-
tein corona can influence the uptake mechanisms of NPs at 37°C.308.30° \When Fc re-
ceptors were blocked in the absence of a protein corona, we did not observe differ-
ences in the binding of vesicles (at 4°C) as expected. In the presence of a protein
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corona, we observed a decreased binding of 33% DOPE liposomes when Fc receptors
were blocked, determining that for liposomes immunoglobulins in the protein corona
contribute to enhanced uptake. In contrast to this, for EVs, we did not observe a re-
duction of binding in the presence of the Fc receptor block. Therefore, we conclude,
that for EV's, Fc receptors seemed not to be prominently involved in cell binding despite
the presence of IgGs in the protein corona. This is also a clear difference from the
findings for the liposomes. This is an interesting finding as it hints towards a hitherto
undetermined receptor responsible for the uptake of protein-coated EVs. For this ef-
fect, a wide range of additional receptors could be responsible. In addition to Fc recep-
tors, monocytes exhibit mannose receptors, scavenger receptors, and complement re-
ceptors that are capable of recognizing foreign materials.?'”-3'° They can also recog-
nize phosphatidylserine in the outer leaflet as found in apoptotic cells.?%” This could
also be a possible mechanism for the recognition of EVs as they often expose phos-

phatidylserine on their surface.®'’

150 15000+ B3 -Fc block
10000 BAa +Fc block
(/]
= i = -Fc block
g 100 S 5000-
] < 22 +Fc block
[} — \
® = i
=] ] = 2000
> 50
>
1000
0- 0-
cells -PC +PC -PC +PC -PC +PC -PC_+PC -PC +PC -PC +PC
33 % DOPE 5 % DOPE EV 33%DOPE 5% DOPE EV

Figure 3.4.11: Binding of liposomes and EVs in the absence and presence of Fc receptor blocking.
Flow cytometric analysis of vesicle binding to THP-1 cells after 40 min incubation at 4°C. The MFI value
of untreated cells was 234+2.1 AU. This value was subtracted as a background signal from all other
values. Means and standard deviations of % gated cells and MFI are shown (n = 3). The EV sample
preparation and protein corona preparation was done by me and the Fc blocking experiment was done

by
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3.4.4 Conclusion

The rising field of tumor vaccination also brings tumor-derived exosomes into focus as
a vaccination agent. Here, a strong uptake into immune cells such as monocytes is
rather favorable as it is expected to facilitate immune response. Enhanced uptake into
monocytes, a dendritic cell precursor, could be an advantage for the development of
effective anti-tumor vaccines. Therefore, our observations provide important insides
into the role of a protein corona for successful uptake in moDCs in the context of im-

mune modulation and tumor vaccination.

In this study, we demonstrate that liposome and EV uptake into phagocytic cells is
enhanced in the presence of a protein corona. For 33% DOPE liposomes immunoglob-
ulins were found in the corona as well, presumably mediating at least partially the op-
sonizing effect by enhanced surface binding. For EVs, this cannot be explained by the
enrichment of immunoglobulins as opsonizing proteins, but rather other protein corona
components would need to take up this function or the depletion of dysopsonizing pro-
teins like apolipoproteins is responsible for this effect. Our data provide valuable in-
sights into the mode of action of enhanced EV functionality in the presence of a protein
corona. Furthermore, our results suggest that for successful vaccination using tumor-
derived EVs, the protein corona plays an enhancing role. Generally, this supports the
paradigm shift towards corona proteins being an integral part of EV functionality, which
is an important step not only for EV research but also for the development of EVs as a
drug delivery platform.
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4 Conclusion

In vivo targeting of drug nanocarriers remains a major challenge in the field of nano-
medicine. This is due to the complexity and highly dynamic nature of the physiological
environment a nanocarrier must face during its delivery to the target site. In brief,
nanocarriers are exposed to various biofluids that cause the formation of a protein
corona, which critically influences its biological behavior. Moreover, this influences the
biodistribution of the nanocarrier, which eventually results in unwanted side effects and
determines the amount of nanocarrier reaching its target cells. Finally, nanocarriers
need to overcome several biological barriers including tissue barriers, the cellular
membrane, and intracellular barriers for successful drug delivery. EVs, which are small
vesicles secreted by almost all cell types, function as a natural cargo transport system
in the human body and are currently being explored as novel drug delivery system.

In the studies presented in this thesis, we addressed different aspects of the usage of
EVs as a drug delivery system. In sections 3.1 and 3.2, we developed the coating of
synthetic NPs with EV membranes as a novel surface functionalization strategy that is
capable of meeting the complex requirements of in vivo targeting. In section 3.3, we
investigated the influence of a human plasma protein corona on the exocytosis of syn-
thetic NPs. When aiming to use the cellular EV biogenesis pathway the exocytosis of
NPs is a prerequisite for harvesting packaged NPs from cell culture supernatants. In
section 3.4, we compared the protein corona of EVs to the protein corona of liposomes
to investigate the role of the EV protein corona in unwanted uptake by immune cells

which can impair the delivery process.

The development of a protocol for coating synthetic SINC with EV membranes by hi-
jacking the cellular EV biogenesis pathway forms the core of this thesis. Before at-
tempting to coat ultrasmall, weekly-fluorescent SINC we used larger and highly fluo-
rescent PS-NPs as model NPs to develop a protocol blueprint as reported in section
3.1. The packaging of PS-NPs was successfully confirmed by single-particle cLSM.
However, this method was not quantitative and had a low resolution. Furthermore, we
established the production of pristine EVs from cell culture, which was later used for
the production of EVs for studying their protein corona in section 3.4. Based on the
protocol established in section 3.1, we established a protocol for successfully coating

SiNCs with an EV membrane as reported in section 3.2. To confirm packaging, we
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used FCCS instead of cLSM to determine packaging rates. Furthermore, this method
is more sensitive and suitable for analyzing the interaction of the binding partners in
the nm range. The calculated packaging rates ranged from 3% and 7% for the 5-SiNC
PEG and 25-SiNC PEG, respectively. However, as EVs were reported to be highly
efficient in the delivery of RNA these packaging rates might be sufficient for a success-
ful treatment. The presented study is a proof-of-principle study that demonstrates the
feasibility of this packaging strategy and quantifies packaging for the first time. If proven
necessary by functional studies in the future, increasing the packaging rates can be
addressed by optimizing the parameters of the cell culture protocol. Another approach
would be to use additional purification methods like density gradient ultracentrifugation
to select filled from empty EVs or immunoprecipitation to select coated from uncoated
SIiNC. As a next step, a thorough assessment of in vitro and in vivo delivery is needed.

To identify further parameters that influence the exocytosis of NPs and hence their
exocytosis in EVs, we investigated the influence of the NP protein corona on exocyto-
sis in section 3.3. Interestingly, the protein corona increased the exocytosis of SiINP
from HCT116 cells in an NP size-dependent manner. Larger SiNPs with a diameter of
100 nm were almost completely exocytosed in the presence of a protein corona,
whereas smaller SiNPs were hardly exocytosed in the presence and absence of a
protein corona. We even identified that enhanced exocytosis in the presence of a pro-
tein corona was accompanied by a decrease of the apolipoproteins E, A1, and B-100.
Until now it was only known that the protein corona influences cell uptake. The findings
presented here give an insight into the so far unknown relation between protein corona
and exocytosis which is of relevance for fundamental research on the protein corona
on NPs. This finding has implications for drug delivery as the net drug delivery is de-
termined by endocytosis and exocytosis of the NPs. Furthermore, we identified the
protein corona as a parameter influencing the exocytosis of NPs. Thus, the protein
corona can be a parameter relevant for the optimization of a packaging protocol as
developed in sections 3.1 and 3.2. Here, it would be of interest to test, if the protein
corona influences exocytosis in general or, if it also influences the specific exocytosis
of NPs inside of EVs.

In section 3.4 we investigated the influence of a human plasma-derived protein corona

on EV uptake in immune cells compared to liposomes. We found that the protein co-

rona enhanced the uptake of EVs and liposomes in immune cells. While this may be
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beneficial for the use of tumor-derived EVs as a vaccination agent, it impairs the usage
of EVs for drug delivery. Our finding is also in good accordance with studies that re-
ported the enrichment of EVs in the liver and spleen, which mainly accommodate im-
mune cells responsible for rapid blood clearance.??2 Our result suggests that additional
stealth modifications, as used for liposomes, might also be necessary to improve the
drug delivery capability of tumor-derived EVs. This is also emphasized by a study that
reported that the PEGylation of EVs increased their blood circulation time.?°2 The in-
sights on the influence of the EV protein corona on immune cell uptake and possible
blood clearance also have implications on the coating of NPs with EVs as reported in
sections 3.1 and 3.2. Aside from tumor-specific targeting, the EV membrane coating
should improve the overall in vivo performance of the hybrid nanocarrier. However, the
results presented in this section suggest that NPs coated with HCT116-derived EVs
might still be prone to rapid blood clearance and need further modifications. An alter-
native strategy would be to assess the immune cell uptake of EVs from other cellular
sources. Mesenchymal stem cell-derived EVs are eventually less immunogenic as they
are derived from a primary cell source and not from a cancer cell line. However, exog-
enously administered EVs are likely going to be more immunogenic compared to in-
trinsic EVs in general. Aside from all implications for the usage of EVs as a drug deliv-
ery system, the findings presented in this section are highly relevant for fundamental
EV biology. The concept of protein corona formation on EVs was introduced to EV
research by Toth et al. in 2021 2'? and since then EV protein corona has been recog-
nized as an integral component mediating important biological functionalities. Our

study delivers another set of evidence supporting this paradigm shift.
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5 Abbreviations

AF4
ALIX
BBB
BSA
CM
CME
COVID-19
Cy5
DLS
DMEM
DNA
DOPE
EDTA
EPR
ESCRT
EV

FBS
FCCS
FDA
GAPDH

GPC1

asymmetric flow field-flow fractionation

ALG-2 interacting protein X

blood-brain barrier

bovine serum albumin

conditioned medium

clathrin-mediated endocytosis

corona virus disease 2019

cyanine 5

differential light scattering

dulbecco’s Modified Eagle’s Medium
desoxyribonucleic acid
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
ethylenediaminetetraacetic acid

enhanced permeation and retention

endosomal sorting complex required for transport
extracellular vesicles

fetal bovine serum

Fluorescence cross-correlative spectroscopy
Food and Drug Administration

glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase

glypican 1
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GPI

HCT116

HDL

HSP

HSV-1

LNP

MFI

miRNAs

moDC

MPS

MSC

MVB

NC

NHS

NP

PEEP

PEG

PLGA

RBC

Abbreviations
glycosylphosphatidylinositol
human colorectal tumor 116
high density lipoprotein
heat shock proteins
herpes simplex virus type 1
immunoglobulin
immunoglobulin G
lipid nanoparticle
median fluorescence intensity
microRNAs
monocyte-derived dendritic cells
mononuclear phagocyte system
mesenchymal stem cells
multivesicular bodies
nanocapsules
N-hydroxysuccinimide ester
nanoparticle
polyethylethylene phosphate
polyethylene glycol
poly lactic-co-glycolic acid

red blood cell
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RBC red blood cell

RNA ribonucleic acid

RSV respiratory syncytial virus

SEC size exclusion chromatography
SINC silica nanocapsules

SiNP silica nanoparticles

SR-B1 scavenger receptor class B type1
TEM transmission electron microscopy
TEX tumor-derived exosomes
TSG101 tumor susceptibility gene 101 protein
ucC ultracentrifugation

VLDL very low-density lipoprotein
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