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Abstract

Abstract

The design and medical performance of nano- and biomaterials remain impacted by the
adsorption of biomolecules, specifically the adsorption of proteins. Protein adsorption is
inevitably initiated upon contact with biological fluids or tissues, leading to a change in the
surface properties of the materials. These changed surface properties evoke undesired
biological effects, posing a major drawback for indented medical purposes. To overcome this
drawback, or even exploit protein adsorption, it is necessary to analyze the composition of
adsorbed proteins and study the interactions with cells, tissues, and organisms. This thesis
addresses the challenges of protein adsorption on nanoparticles (NPs) in intracellular

environments and on calcium phosphate (CaP) biomaterial surfaces for bone substitution.

The layers of adsorbed proteins on NPs are termed protein corona. The formation of the protein
corona is influenced by the protein milieu and the physicochemical properties of the NPs. The
protein corona has been studied with various biological fluids and NP systems, but the
comparability of these studies remains challenging. To address the lacking comparability, the
study presented in chapter A of this thesis analyzed the protein corona formation under
different plasma protein concentrations, temperatures, and NP surface modifications. Here,
we observed different outcomes in protein adsorption and cell uptake when varying surface
charge and surfactant on polystyrene NPs at consistent concentration and temperature.
Notably, decreasing protein concentration and temperature during the protein corona
formation resulted in increased cellular uptake for all studied NP types. The results highlight

the necessity to thoughtfully select experimental conditions for protein corona studies.

Despite numerous studies of the protein corona in extracellular environments, the cellular
processing of NPs and the formation of the intracellular protein corona continue to be poorly
studied. Considering that the protein corona influences the cellular uptake and intracellular NP
cargo release, it is crucial to characterize the intracellular protein corona. The first study of
chapter B investigated the intracellular separation and fate of a preabsorbed protein corona on
polystyrene NPs. By utilizing correlative light and electron microscopy and flow cytometry, the
endosomal separation of corona proteins and NPs into morphologically distinct endosomal
compartments was demonstrated. Eventually, the NPs were exocytosed, and the protein
corona was processed for lysosomal degradation. The second study of chapter B revealed the
intracellular trafficking of two biocompatible NP types by implementing proteomic analysis. We
demonstrated a gradual evolution of the protein corona for hydroxyethyl starch NPs with a
slower uptake while demonstrating a stable protein corona for human serum albumin
nanocapsules with an accelerated uptake. Additionally, by unraveling the intracellular protein

corona, we reconstructed molecular details during the intracellular trafficking and
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complemented the results by flow cytometry and microscopy. For the third study of chapter B,
the analysis of the intracellular protein corona was applied to investigate the endocytosis of
gold NPs for imaging applications in stromal cells. The exocytosis of gold NPs was dependent
on the performed loading protocol. Especially higher loading with gold NPs resulted in lower
exocytosis when compared to a lower loading. Here, the analysis of the intracellular protein
corona revealed that a higher loading led to an enrichment of intracellular proteins, decreasing
exocytosis. Overall, the studies in this chapter demonstrated that detailed characterizations of

the intracellular protein corona will improve NP application in drug delivery and imaging.

Chapter C focuses on protein adsorption on bulk biomaterial with nanostructured surfaces. To
provide regenerative properties to synthetic biomaterials for bone substitution, the biomaterials
are combined with growth factor-rich hemoderivatives. However, the composition of the
adsorbed proteins is rarely investigated. The study in chapter C investigated the protein
adsorption from hemoderivative protein sources on CaP bone substitutes regarding their
regenerative potential for angiogenesis. Using proteomic studies, we identified abundantly
adsorbed non-angiogenic and anti-angiogenic proteins. Furthermore, we measured the
depletion of pro-angiogenic growth factors. The pro-angiogenic effects were analyzed by tube-
formation assays with endothelial cells. Here, we observed pro-angiogenic effects when the
CaPs were kept in the hemoderivative protein source but not after washing with PBS. These
results emphasize the importance of analyzing protein adsorption to improve the regenerative,

€. g. pro-angiogenic capabilities of biomaterials.

In conclusion, the presented studies emphasize the benefits of protein adsorption analysis for
the development of nano- and biomaterials with medical applications. The future design of
these materials will tremendously profit from studying surface-adsorbed proteins and exploiting

this knowledge to modulate desired biological effects.
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Zusammenfassung

Das Design und die medizinische Wirkung von Nano- und Biomaterialien werden durch die
Adsorption von Biomolekilen, insbesondere von Proteinen, beeinflusst. Die Adsorption von
Proteinen wird unweigerlich durch den Kontakt mit biologischen Flissigkeiten oder Geweben
ausgeldst, was zur Veranderung der Oberflacheneigenschaften der Materialien flihrt. Diese
veranderten Oberflacheneigenschaften flhren wiederum zu unerwinschten biologischen
Effekten, die einen gro3en Nachteil fur die medizinische Anwendung darstellen. Um diesen
Nachteil zu Uberwinden oder die Proteinadsorption sogar gezielt auszunutzen, ist es
notwendig, die Zusammensetzung der adsorbierten Proteine zu analysieren und deren
Wechselwirkungen mit Zellen, Geweben und Organismen zu untersuchen. Die vorliegende
Dissertation befasst sich mit den Untersuchungen der Proteinadsorption an Nanopartikeln
(NPs) in intrazellularen Umgebungen wund an Kalziumphosphat-basierten (CaP)

Biomaterialoberflachen fir den Knochenersatz.

Proteine adsorbieren schichtenartig an NPs, was als Proteinkorona bezeichnet wird. Die
Bildung der Proteinkorona wird durch das Proteinmilieu und die physikochemischen Eigen-
schaften der NPs beeinflusst. Bisher wurde die Proteinkorona in verschiedenen biologischen
Flissigkeiten und mit unterschiedlichen NP-Systemen untersucht, jedoch lassen sich die
Studien nur schwer vergleichen. Um diese mangelnde Vergleichbarkeit zu adressieren, wurde
in der Studie des Kapitels A dieser Arbeit die Bildung der Proteinkorona bei unterschiedlichen
Proteinkonzentrationen, Temperaturen und NP-Oberflachenmodifikationen untersucht. Durch
Variation von Oberflachenladungen und Tensiden bei Polystyrol-NPs wurden unterschiedliche
Ergebnisse in Proteinadsorption und Zellaufnahme bei gleichbleibender Konzentration und
Temperatur beobachtet. Insbesondere fiihrte eine Verringerung der Proteinkonzentration und
Temperatur wahrend der Bildung der Proteinkorona bei allen untersuchten NP-Typen zu einer
erhohten zellularen Aufnahme. Die Ergebnisse unterstreichen die Notwendigkeit, die

experimentellen Bedingungen fir Proteinkorona-Studien sorgfaltig auszuwahlen.

Trotz zahlreicher Studien zur Proteinkorona in extrazellularen Umgebungen bleiben die
zelluldre Verarbeitung von NPs und die Bildung der intrazellularen Proteinkorona nur
unzureichend untersucht. Da die Proteinkorona jedoch die zellulare Aufnahme von NPs und
die intrazellulare Wirkstofffreisetzung beeinflusst, ist es von entscheidender Bedeutung, die
intrazellulare Proteinkorona zu charakterisieren. Die erste Studie in Kapitel B untersuchte die
intrazellulare Trennung und den Verbleib einer voradsorbierten Proteinkorona auf Polystyrol-
NPs. Mittels korrelativer Licht- und Elektronenmikroskopie und Durchflusszytometrie wurde
die endosomale Trennung von Korona-Proteinen und NPs in morphologisch unterschiedliche

endosomale Kompartimente nachgewiesen. SchlieRlich wurden die NP exozytiert und die
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Proteinkorona fir in den lysosomalen Abbauweg geschleust. In der zweiten Studie des
Kapitels B wurde der intrazellulare Transport von zwei biokompatiblen NP-Systemen durch die
Implementierung von Proteomanalysen untersucht. Die vergleichbar langsame zellulare
Aufnahme von Hydroxyethylstarke-NPs korrelierte mit einer zeitlichen Veranderung der
intrazellularen Proteinkorona, wahrend eine beschleunigte Aufnahme der Humanalbumin-
Nanokapseln mit einer stabilen Proteinkorona korrelierten. Durch die Analyse der
intrazellularen Proteinkorona wurden zusatzlich molekulare Details der intrazellularen
Verarbeitung rekonstruieren, was die Ergebnisse durch Durchflusszytometrie und Mikroskopie
erganzte. In der dritten Studie des Kapitels B wurde die intrazellulare Proteinkorona analysiert,
um die Endozytose von Gold-NPs fiir bildgebende Anwendungen in Stromazellen zu
untersuchen. Die untersuchte Exozytose der Gold-NPs war abhangig vom durchgefuhrten
Beladungsprotokoll. Insbesondere eine hoéhere Beladung mit Gold-NPs fuhrte zu einer
geringeren Exozytose, im Vergleich zu einer geringeren Beladung. Hier zeigte die Analyse der
intrazellularen Proteinkorona, dass eine hdéhere Beladung zu einer Anreicherung von
intrazellularen Proteinen flhrte und dies vermutlich die Exozytose verringerte. Insgesamt
haben die Studien in diesem Kapitel gezeigt, dass eine detaillierte Charakterisierung der
intrazelluldren Proteinkorona die Anwendung von NP in der Wirkstofffreisetzung und in

bildgebenden Verfahren verbessern.

Kapitel C befasst sich mit der Proteinadsorption an Oberflachen von Biomaterialien mit
nanostrukturierten Oberflachen. Um synthetische Biomaterialien flir den Knochenersatz
regenerative Eigenschaften zu verleihen, werden die Biomaterialien mit Wachstumsfaktor-
reichen Blutprodukten kombiniert. Die Zusammensetzung der adsorbierten Proteine wird
jedoch nur selten untersucht. Die Studie in Kapitel C untersuchte die Proteinadsorption aus
Blutprodukten an CaP-Knochenersatzmaterialien im Hinblick auf ihr regeneratives Potenzial
fur die Angiogenese. Durch proteomische Studien wurde eine Anreicherung von nicht-
angiogenen und anti-angiogenen Proteinen nachgewiesen. Daruber hinaus wurde die
Abreicherung von pro-angiogenen Wachstumsfaktoren gemessen. Die pro-angiogenen
Wirkungen wurden mittels Tube-Formation Assays mit Endothelzellen analysiert. Hier wurden
pro-angiogene Effekte beobachtet, solange die CaPs in den Blutprodukten verblieben, jedoch
nicht nach dem Waschen mit PBS. Diese Ergebnisse unterstreichen die Bedeutung von
Untersuchungen der Proteinadsorption zur Verbesserung der regenerativen oder pro-

angiogenen Wirkung von Biomaterialien.

Zusammengefasst unterstreichen die dargestellten Studien den Nutzen der Analyse von
Proteinadsorption auf Nano- und Biomaterialien fur die medizinische Anwendung. Das Design
dieser Materialien wird von Proteinadsorptionsanalysen zukinftig profitieren. Die hierbei
gesammelte Expertise kann zudem zur Modulation von gewunschten biologischen Wirkungen

genutzt werden.
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Introduction

Introduction

Protein adsorption on nano- and biomaterials is a mostly inevitable process that impacts the
performance of these materials for their desired purpose, such as in nanomedical applications

and biomaterial bone substitution .

Nanomedicine is a field of medicine that utilizes precisely engineered nanoscale materials -
nanoparticles (NPs), to address medical challenges in the field of imaging, diagnosis, tissue
engineering, and drug delivery >°. The first clinically approved nanomedical systems, such as
liposomal Doxil® (Janssen) for different cancer types, have showcased the potential of
nanoscale drug delivery solutions ®’. Several types of NP were established, and more
approved NPs for nanomedical applications followed by one of the most recent being the
Corona Virus Disease 2019 (COVID-19) vaccine BNT162b1 (Pfizer/BioNTech). This example
of a smart nanocarrier design transports messenger ribonucleic acid (mRNA) in order to
achieve efficient vaccination ®®°. Here, nanomedicine has proven to create effective solutions

for complex medical problems, such as the COVID-19 pandemic.

However, to fabricate a smart nanoparticular system to reach its desired application numerous
challenges must be overcome. A significant challenge that NPs face when being introduced to
biological systems is the spontaneous adsorption of biomolecules ™ '°. Biomolecules, such
as proteins, lipids, and metabolites are abundant in biological fluids, often as a complex mixture.
The biomolecules adsorb on the surface of NPs in a short amount of time and form a coat
which is referred to as the biomolecular corona ' '*'2, When studying the proteins that are part
of this coat, the term protein corona is commonly applied. Upon formation, the protein corona
changes the identity of the nanocarrier and therefore parameters such as targeting, toxicity,

and blood circulation 2 1314,

Nanomedical research has dedicated numerous studies to investigate the underlying
principles of the protein corona and the impact on nanomedical applications to further enhance
smart NP design > '°. However, the formation of the protein corona is influenced by different
conditions that are not always systematically studied. Thus, conditions like nanocarrier surface
functionalization, protein source concentration, and incubation temperature remain essential

to study.

While protein corona research has specifically progressed in the extracellular environment *
1418 only little is known about the protein corona in intracellular environments. Questions, such
as how the protein corona is processed by cells and how the protein corona evolves during

intracellular trafficking remain only sparsely investigated. Yet, the solution to these questions
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about the interactions of the NPs with the subcellular environment will improve NP engineering

with intracellular applications.

Besides nanoparticular materials, bulk biomaterials with nanostructured surfaces are also
subjected to protein adsorption **. Generally, bulk biomaterials comprise a variety of materials
outside of the nano-range that share a specialized application in medicine, such as in medical
devices or implants '8, Synthetic bone substitute materials, such as calcium phosphates
(CaPs), are biomaterials that provide a biocompatible solution for patients with bone defects '*-
20 However, biomaterials as CaPs miss inherent growth factors to induce regenerative
effects '*2'. Commonly, growth factors can be provided by adding hemoderivatives, which are
protein sources derived from blood products, such as plasma or platelet lysates %%,
Hemoderivatives are combined with CaPs to induce regenerative capacities such as increased
bone growth and blood vessel sprouting, termed angiogenesis "%, Yet, the regenerative
potential of this method is still limited ?*%*, and the underlying protein adsorption remains only

poorly investigated.

In order to address the challenges of protein adoption on nanocarriers and bone substitute
biomaterials, various studies were carried out and are presented in this thesis. The thesis is

divided into three chapters (Fig. 1).

1 How do surface modification,
o \ protein concentration, and
! incubation temperature impact
< 4 the protein corona and the
cellular uptake?

processed intracellularly, and
\ / how does it evolve?

/} How can the protein corona
/ } reveal the uptake and intra-

@ @ g
) \ How is the protein corona

cellular trafficking?

. v ; impact proangiogenic effects
: \ ‘ on biomaterial surfaces?

’ @ How does protein adsorption

Q - from platelet lysate proteins
Figure 1: Schematic overview of the thesis chapters and the addressed scientific questions.
(A) Chapter A presents the impact of different preparation conditions on the protein corona.
(B) Chapter B demonstrates studies of the protein corona in the intracellular environment. (C) Chapter C
analyzes the potential of protein adsorption for proangiogenic effects of biomaterial surfaces for bone

substitution.
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Chapter A introduces the field of nanomedicine, established nanomaterials, and the protein
corona. Furthermore, this chapter includes a study that investigated the influence of surface
modification, protein concentration, and temperature on the formation of the protein corona

and the consequences for cellular uptake.

Chapter B focuses on the protein corona in intracellular environments. Briefly, a theoretical
background is given to cellular uptake mechanisms of NPs, intracellular trafficking, and
exocytosis. This chapter presents three studies. The first study in this chapter analyzed the
intracellular processing and separation of a pre-formed protein corona on NPs. The second
study investigated the intracellular trafficking on two different nanocarriers and elucidated the
composition of the intracellularly-formed protein corona. This intracellular protein composition
was then studied to reconstruct molecular details of the intracellular trafficking of the
nanocarriers. The third study investigated the composition of the intracellular protein corona to

detail processes of exocytosis for a cell-labeling NP system.

Chapter C addresses protein adsorption for bulk biomaterials, specifically CaPs for bone
substitution. First, an introduction is given to biomaterials, bone regeneration, and protein
adsorption on biomaterials. Next, a study is presented that analyzes the adsorption of platelet
proteins on CaP surfaces with a focus on proangiogenic proteins. The proangiogenic effect is

studied on endothelial cells.
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Chapter A — Conditional impact on the formation of the protein

corona

Chapter A consists of two subchapters. Subchapter 1 introduces the reader to the field of
nanomedicine and nanomaterials for medical applications. Furthermore, the concept of the
protein corona is explained, and methods to analyze the protein corona are discussed.
Subchapter 2 is based on publication [1] that analyzed the formation of the protein corona
under different conditions and its effect on cellular uptake. Publication [1] was previously
published in a peer-reviewed journal and was shortened and edited to highlight my

contributions to the work.

[1] Oberlander, J.*, Champanhac, C.*, da Costa Marques, R., Landfester, K., Mailander,

V. Temperature, concentration, and surface modification influence the cellular uptake
and the protein corona of polystyrene nanoparticles. Acta Biomaterialia, 2022, 148,
271-278.
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1. Theoretical background

1.1 Nanomedicine

Nanomedicine is a young science that was even termed a “key science of the 21% century” 2.

Several definitions of nanomedicine exist ?°. One way of defining nanomedicine is similar to
defining medicine itself: “the science and art dealing with the maintenance of health and the
prevention, alleviation, or cure of disease” %*°. However, what makes nanomedicine distinct
from the general definition of medicine is the additional use of precisely engineered nanoscale
materials — mostly nanoparticles (NPs) — that typically lie in the nanoscale range of
1-1000 nm ©. The term nanomedicine was originally mentioned in 1991 by Drexler, Peterson,
and Pergamit > ?’, and was later fully established by Freitas in the book Nanomedicine in
1999 228 Previously, the field of nanotechnology had emerged in the early 20" century as the
science of nanosized matter or materials and led to the progressive creation of
nanomedicine ?*. Thus, nanomedicine can also be seen as a specialized progression of
nanotechnology and is likewise an interdisciplinary science that relies on medicine, biology,

chemistry, physics, electronics, and information technology .

Since 1989, around 80 nanomedical formulations have been approved by the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) %°. A timeline of selected
highlights of approved nanomedicines is depicted in Figure 1.1. Today, nanomedical research
has improved several medical areas, such as therapy, diagnosis, imaging, and implants >®. In
therapy, NPs function as efficient drug delivery systems that can outperform conventional
drugs without a delivery system °. Particularly the research of anti-cancer drugs has profited
from the emergence of NPs * ?°. Here, nanoscale drug delivery systems bypass biological
barriers, target the tumor cells passively or actively, and even protect fragile anti-cancer drugs
as their cargos > ?°. One of the earliest approved nanomedical formulation, Doxil® (Janssen,
approved 1995) delivers the cancer chemotherapeutic agent Doxorubicin in a liposomal
formulation to treat ovarian cancer and Kaposi’s sarcoma ®’. This platform increased the
delivery to the tumor site while decreasing systemic toxicity ®’. In diagnosis, NPs are utilized
to detect molecules, cells, and tissues outside the human body. For instance, gold
nanoparticles were modified with ligands to bind respective proteins. The protein binding then
causes NP agglomeration, leading to a colorimetric readout > *°. NPs are also utilized to
function as contrast agents in imaging procedures, such as computed tomography (CT),
magnetic resonance imaging (MRI), positron emission tomography (PET), and more °. In the
field of implants, durable and biocompatible or bioabsorbable NPs can improve implant

materials by providing a molecular-modifiable platform. Here, implant-incorporated NPs can,
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for example, provide additional drug or growth factor release or serve as an antimicrobial

H 5,31-32
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treatment HIV+ treatment cancer prostate cancer melanoma

Figure 1.1: Timeline of selected FDA-approved nanomedicines. The timeline presents selected
nanoparticles for therapeutic use. The date of the FDA approval, nanoparticle type, commercial name,
and indication are described. Abbreviations: polyethylene glycol (PEG), severe combined
immunodeficiency (SCID), magnetic resonance imaging (MRI), human immunodeficiency virus (HIV).
The figure was adapted from “Historical Perspective of Clinical Nano and Microparticle Formulations for
Delivery of Therapeutics” * and reprinted with permission from Trends in Molecular Medicine, Elsevier.
Copyright @ 2021 Elsevier.

Overall, nanomedicine provides answers to existing challenges of conventional medicine, such
as low drug stability, low drug solubility, adverse effects, poor pharmacokinetics, and poor
pharmacodynamics °. However, for nanomedicines to effectively master the transition from
“bench to bedside”, several concerns at different stages need to be addressed. Major concerns
are the safety of the carrier systems, the therapeutic efficacy, and the scale-up ability **. To
address these concerns, researchers need to fully characterize the nanomaterials’
physicochemical properties and precisely investigate the nanotechnology-biology (nano-bio)
interactions °. Only if these conditions are given, nanomedical research will be able to create
safe and biocompatible nanomaterials with an optimized bioavailability, efficient cellular

targeting, and precise drug release.
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1.2 Nanomaterials in nanomedicine

The key components of nanomedicine are the name-giving nanomaterials. In a traditional and
narrow definition, these materials have at least one dimension of 1-100 nm size ?°. In broader
definitions, particularly for nanomedical applications, materials with at least one dimension of
1-1000 nm can be defined as nanomaterials ® %°. While larger materials and surfaces with a
nanostructure can be classified as nanomaterials, the following two chapters of this thesis will

revolve around NPs, which attribute to nanomedicine to a significant extent.

Nanotechnological and nanomedical research have generated different NP systems that come
with various ranges of physicochemical properties and fulfill different applications. These NPs
can be grouped in different ways, such as by the components or the synthesis approach. One

way of classifying and presenting different NP types is depicted in Figure 1.2.

Inorganic Polymeric Lipid-based Others
i Protein
Gold Polymeric A -
nanoparticle nanoparticle Liposome nanoparticle /

nanocapsule

Core-shell
nanoparticle

Iron oxide

- Dendrimer Micelle
nanoparticle

Figure 1.2: Common types of nanoparticles in nanomedicine. Different categories of NPs with

selected NP types. The figure was created with BioRender.com.

Inorganic NPs, such as gold or iron oxide NPs offer unique electrical, magnetic, and optical
properties 3¢, Furthermore, gold particles are among the earliest established types of NPs
and can be produced in various sizes and shapes **8. The versatility of these NPs types has
been generously exploited, particularly for drug delivery, imaging, and diagnostic applications ®
.38 However, inorganic NPs usually face low solubility and higher toxicity compared to their

organic counterparts ¢,
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Polymeric NPs offer precise control over many physicochemical properties due to the variety
of different monomers and polymerization techniques “°. Additionally, a wide range of surface
modifications exists to further customize the NPs for the application *'. Polymeric NPs are ideal
candidates for drug delivery due to different strategies to incorporate or encapsulate delivery
cargoes with different physicochemical properties “>*3. While polymeric NPs recently gained a
more popular position in nanomedicine, they are still prone to aggregation and toxicity >, which
initially limited the success of clinical translation of these systems ©. Nevertheless, promising

candidates are currently undergoing clinical trials °.

Lipid-based NPs usually consist of a unilamellar self-assembled layer (e. g. micelles) or bilayer
(e. g. liposomes) of lipids. Particularly in the early stages of nanomedicine, lipid-based NPs
were an advantageous system for drug delivery applications due to their self-assembly and
excellent biocompatibility ® *4. Additionally, the physicochemical properties are tunable (based
on the lipid composition and modifications), and hydrophilic or hydrophobic cargos can be
encapsulated *. However, liposomes face a low encapsulation efficiency, low in-vivo stability,
and are easily taken up by the reticuloendothelial system 3> *+4°_ Therefore, modifications are

required to prevent unspecific uptake “°.

Despite the described classes, NPs can be synthesized with other biomolecules, such as
proteins or carbohydrates *’*°. These biocompatible materials offer interesting modification
perspectives and a high payload encapsulation *°. Furthermore, different materials can be
combined, such as in core-shell approaches in which inorganic materials are covered with
modifiable polymers or biomolecules 2. These combinations allow for a variety of new options

and application perspectives.

Due to the diverse nature of NPs and their various purposes in nanomedicine, it is essential to
characterize and control their physicochemical properties. The most important
physicochemical properties to investigate are size, dispersity, surface charge, morphology
surface modifications, and hydrophobicity >°. However, every NP system administered into a
biological system will interact with the surrounding biomolecules. Unless NPs are not
specifically designed to repel proteins, protein adsorption will most likely occur and will alter

the previously defined properties of the NP.
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1.3 The biomolecular corona - principles and biological effects

Nanomaterials for nanomedical applications interact with the biological system that they are
addressing. These interactions are referred to as nano-bio interactions, and the understanding
and control of these are crucial for the success of NPs in nanomedicine " *'. Once exposed to

a biological fluid, the present biomolecules adsorb to the surface of NPs '" °'. Well-studied

16, 52 53-54

adsorbing biomolecules include proteins , lipids , and sugars *°, but less-studied
adsorbed biomolecules, such as nucleic acids and metabolites, might play a role in future
studies '. The adsorption process happens due to the high surface free energy of the NPs and
upon biomolecule adsorption, the energetic value is lowered, which results in a stable NP-
biomolecule complex ' '°. The NP with previously tailored and characterized physicochemical
properties termed the “chemical identity” becomes surrounded by a coat of biomolecules that
presents itself with new physicochemical properties " '2. This state is termed the “biological

identity” and impacts the fate of NPs drastically " '2.

Adsorption of proteins on nanostructures with a biochemical effect was described early in the
60s by Vroman °°. However, it was several years later that the term “protein corona” was
introduced by Dawson’s group in 2007 "'. This term developed further to the “biomolecular
corona” as research began to focus on the presence and effects of other adsorbed
biomolecules. However, the term “protein corona” remains in use, especially when analyzing
the adsorbed proteins on NP surfaces and their effect on biological systems. The formation of
the protein corona happens spontaneously upon introduction to a biological fluid '*°". Studies
proved a stable protein corona formation within a few minutes to one hour '>°, but longer time
spans until reaching a stable protein corona were also demonstrated *%. The driving forces of
the protein corona formation are predominantly intermolecular forces, such as Van-der-Waal
forces, dipole-dipole forces, hydrogen bonds, or electrostatic forces °'. Additionally, the
displacement of the hydration layer contributes to an increased entropy '°, favoring the stable
NP-protein complex. Initially, highly abundant or highly mobile proteins adsorb to NPs but get
then gradually replaced by proteins with a lower abundance or lower mobility but a higher

affinity towards the NPs surface. This effect is known as the Vroman effect *°

. A stable protein
corona undergoes potential changes if challenged with a new protein source, but also retains
pre-adsorbed proteins '. Several studies investigated this behavior with single proteins or with
complex protein mixtures *®'. The protein corona does not consist of one simple layer of
proteins. Instead, the morphology of the protein corona was described as a loose network of
proteins around the associated NP ®2. This is due to the existence of a hard and a soft corona.
The hard corona is defined as the closest layer of adsorbed proteins on the NP surface .

These proteins show a high affinity towards the NP’s surface and have low exchange rates .
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The soft corona is described as the proteins in the vicinity of the NP, close to the protein hard
corona . The proteins of the soft corona have a lower affinity towards the NP’s surface and
higher exchange rates when compared to the hard corona %. The formation of the protein
corona remains a process that is bound to multiple factors °'. Indeed, the properties of NPs
and the environment contribute to the final identity of the protein corona °'®*. The formation of
the protein corona, the influencing properties of NP and protein/environment, and the

consequences for the biological systems are depicted in Figure 1.3.

Surface Modification
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Figure 1.3: Formation of the protein corona on NPs and consequences for nanomedical
applications. The scheme visualizes the process of the protein corona formation. Properties of NPs
and the proteins/environment that influence the outcome of the protein corona are listed. Parameters

for cells, tissues, and organisms that are impacted by the protein corona are described.

First, the physicochemical properties of the NPs (as described in 1.2) influence the type and

quantity of adsorbed proteins. Surface modification ®°, surface charge , material, shape ¢,

52, 65

and size were all described to play a role in the protein corona formation ®. The

characterization of the physicochemical properties of the NP remains therefore, still of high

importance even if the surface of the NP will be masked by proteins. Second, the properties of

58, 68

the environment contribute to the formation of the protein corona. Exposure time , protein

71-72

15, 68 , environment temperature ,

52,70

concentration ®°, protein composition , protein charge

and pH value " influence the identity of the protein corona ®*.

Upon the formation of the protein corona, the NPs’ fate and the success of the nanomedical
application can be tremendously altered. On the cellular level, the presence of the protein
corona proved to induce or lower cytotoxic effect '*. On the one hand, cytotoxic effects by the

protein corona were mainly assigned to denatured proteins, which unfolded or re-folded

10
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through the adsorption process "*"°. On the other hand, the protein corona masks the potential
reactive or highly charged surface of NPs, which decreases cytotoxicity "*’’. The protein
corona also affects the cellular uptake of NPs '* . Proteins adsorbed on the NP surface can
either function as opsonins, leading to increased cellular uptake, or as dysopsonins, which
reduce uptake ®*. Common opsonins include immunoglobulins, fibrinogen, or complement
factors ®*. Common dysopsonins include apolipoproteins ®* "8, This concept was further
exploited by modifying NPs with so-called “stealth” moieties, such as poly(ethylene glycol)
(PEG) or poly(phosphoester) (PEEP) "®. Specifically, PEG was originally associated with
reduced protein adsorption, which was commonly interpreted to lead to a reduced uptake in
macrophages ‘®. This effect was named the “stealth effect’ ”°. However, a later study
investigated the role of the specific proteins adsorbed on PEG and PEEP. These proteins,
such as apolipoproteins, were found to mediate the actual decreased uptake 8. Eventually,
these proteins were pre-adsorbed on NPs as an artificial protein corona to purposely induce a

stealth effect ®. Logically, the protein corona also impacts the cell-specific targeting of NPs ®'.

Generally, the described alterations on NP-cell interaction by the protein corona influence the
performance of NP on tissue and organism-level. NP accumulation in and penetration through
tissues can be mediated by the presence of the protein corona . Furthermore, systematic
NP clearance, blood circulation, biodistribution, and immune responses were described to be

impacted by the protein corona ' ¢4,

Ultimately, nanomedicine will improve by achieving a progressive understanding of nano-bio
interactions. Precisely describing the protein corona of an established and characterized NP
system will lead to higher success in biological systems. Additionally, exploiting the protein

corona to achieve controlled effects opens new possibilities for modifications.

1.4 Characterization of the protein corona

To improve the understanding of nano-bio interactions and create refined NPs for nanomedical
applications, the composition of the protein corona must be carefully studied °'. Since the
discovery of the protein corona on nanomaterials, research has aimed to investigate and
improve methods to uncover the identity, gather structural information, and determine the
physicochemical characteristics of the adsorbed proteins. As stated above, the protein corona
presents itself with a soft corona and a hard corona 3. In order to analyze these layers of the
protein corona, soft or hard, different workflows must be performed to prepare the sample of

interest 8. Additionally, different analytical methods must be applied, based on the desired

11
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characterizing parameter. Typical characterizing parameters include visualization, protein
identification, quantification, thermodynamic information, conformation, and altered NP
properties 3%, To access these parameters for the soft or the hard corona, the analytical
methods can be further classified by indirect or direct methods 8", On the one hand, indirect
analytical methods allow a mostly undisturbed analysis of the protein-NP complex with an
intact soft corona ® 8. On the other hand, direct methods involve the separation and
purification of the adsorbed proteins, which allows for more precise identification of the proteins
but usually includes the depletion of the soft protein corona due to the “invasive” nature of the

involved workflows 8% 87,

Generally, indirect characterization methods for the soft protein corona derive from
conventional NP characterization methods. Here, the comparison before and after the protein
corona formation on the NP reveals information about the protein corona ®. These methods
require little or no media exchanges, wash steps, or separation methods, ensuring the integrity
of the adsorbed low-affinity proteins of the soft protein corona ®. For example, the increase in

) %8 # or fluorescence correlation

size can be determined by dynamic light scattering (DLS
spectroscopy (FCS) %. However, these methods can fail to reveal the exact size difference if
aggregates form after protein corona formation #. The change of the protein corona surface
can be measured by (-potential measurements °® 8. Furthermore, size and visualization can
both be obtained by microscopic methods, such as transmission electron microscopy (TEM) 6%
8 and scanning electron microscopy (SEM) *°. Circular dichroism (CD) spectroscopy can
reveal protein structural changes in the secondary structure upon adsorbing on NPs °'. Last,
isothermal titration calorimetry (ITC) can be performed to obtain thermodynamic parameters,

such as protein binding affinities and enthalpy change .

The direct methods rely on more complex preparations after protein corona formation to ensure
the separation and isolation of the proteins (Fig. 1.4). This comes with possible alterations of
the original protein corona . While mild separation methods of soft corona separation were
established, such as by asymmetric flow field—flow fractionation (AF4), most separation and
washing procedures retain only the hard corona for downstream analysis 2. Such conventional
separation techniques are centrifugation, magnetism, and size exclusion chromatography
(SEC) %#%%, Upon separation of the NPs with a hard corona, the adsorbed proteins are
desorbed by detergents %. Next, the protein amount can be quantified by protein assays, such
as Bradford assay, bicinchoninic acid (BCA) assay, or pierce assay 24%% 8" Another method to
quantify the protein mass is quartz crystal microbalance (QCM) %. The protein composition
can be studied by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) '
8 However, depending on the gel staining, protein quantification is not possible . However,

to combine the identification and quantification of complex adsorbed protein compositions, as

12
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found in protein coronas on NPs from biological fluids, proteomic liquid chromatography-mass

spectrometry (LC-MS) workflows can be employed °% %,

NPs 0
c
(o0 ]

Protein NP - Protein LC-MS Bioinformatic
corona protein preparation measurement analysis
formation separation

& ()

Proteins

Figure 1.4: Typical workflow to analyze the hard corona by LC-MS proteomics. NPs and protein
fluids are incubated together to form a protein corona on the NPs. Next, separation, such as by
centrifugation or magnetism, is performed to isolate NPs with adsorbed protein corona from unbound
protein. Wash steps can be implemented to ensure an efficient separation. The adsorbed proteins are
then desorbed with detergents. The protein samples are then prepared, such as by in-solution digestion
to obtain peptides which are measured by LC-MS. Through proteomic database comparison, the
peptides are matched to proteins. This method allows for efficient identification and absolute

quantification of proteins in the protein hard corona of NPs.

Early proteomic workflows isolated and desorbed protein corona samples and separated these
by SDS-PAGE. The bands were excised and prepared for subsequent characterization by
LC-MS ' %_However, this approach excluded low abundant or low staining proteins from the
analysis . Today, bottom-up proteomic approaches, specifically shotgun proteomics, are
favored for the analysis of the protein corona ®. Compared to the analysis of complete proteins
in top-down proteomics, bottom-up proteomics analyze peptides from proteolytically digested
proteins *. Indeed, peptides are easier to ionize and fragment in comparison to complete
proteins, facilitating the downstream MS analysis . Consequently, analyzing a mixture of
proteins by a bottom-up approach is termed shotgun proteomics %. The preparation of the
proteins is usually performed according to a proteolytic digestion protocol, such as in-solution

digestion or on-particle digestion %.

After digestion, the complex peptide mixture is separated and ionized for MS analysis. While
off-line gel-separation techniques (1D or 2D gels) are preferably utilized with matrix-assisted
laser desorption ionization (MALDI), on-line LC separation is used with electrospray ionization
(ESI) %8, Subsequently, MS measurements are performed, which can vary in the method

depending on the mass spectrometer and the scientific question. Various MS methods for
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biomedical questions - protein corona analysis being one— were established in the past *°. The
method shown within this thesis is MSF, a tandem-MS (also MS/MS) method with data-
independent acquisition (DIA) . Due to the sample complexity of protein corona samples,
tandem-MS facilitates the discrimination of similar peptides due to additional ion
fragmentation *®. The DIA-nature of the MSF method allows for a more unbiased product ion —
precursor ion match without relying on the preselection of precursor data %°*'%'. Instead, MSF
relies on alternating scans at low and high collision energy, providing accurate mass spectra
data for precursor and product ions *'%° The MSF method allows label-free absolute
quantification of the analyzed peptides which makes it suitable for protein corona analysis .
Additionally, by implementing ion mobility separation (IMS), the proteomic coverage can be
increased %92, |MS is a separation technique that separates ions in the gas phase and can
be used complementary in LC-MS setups '%2. The resulting method, LC-IMS-MS, also called
HDMSE in combination with MSE, offers an additional degree of separation to increase protein
identification coverage, making it suitable for high-complex protein corona samples *” .
Nevertheless, MSEF still delivers a more precise quantification, especially for highly abundant
proteins *® 1% LC-MS proteomic datasets require tailored deconvolution software to identify
the peptides and subsequently proteins through proteomic database searches *. Once the
proteins are assigned, absolute quantification can be performed. One method of absolute
quantification is the TOP3 approach, established by Silva et al '°. Here, the average MS signal
of the three most intense tryptic peptides of a spike protein of known concentration is used to
calculate a universal factor ', The absolute quantity of each respective protein is then
calculated by dividing the average MS signal of the three most intense peptides of the protein
by the universal factor of the spike protein '%. The identified and quantified proteins of a protein
corona can then be further classified through bioinformatic tools. Information, such as
biochemical functions, cellular locations, or participation in a biological pathway can be

assigned to individual proteins, leading to the powerful characterization of the protein corona .

Overall, the efficient and precise use of characterization methods for the protein corona will
bring a refined understanding of the nano-bio interactions and thus improve the performance

of nanomaterials in nanomedicine.
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2. Temperature, concentration, and surface modification influence
the cellular uptake and the protein corona of polystyrene

nanoparticles

Aim:

The protein corona determines the performance of nanomaterials for medical applications.
Previous studies have aimed to understand the principle of the protein corona formation and
its direct effect on the application. However, the comparability of these studies is challenging
due to different preparation conditions during the protein corona formation. This study presents
a comparative overview of the protein corona formation by varying temperature, protein
concentration, and surface modification. In this regard, the protein corona composition is

revealed, and the effect on cellular uptake is demonstrated.

Copyright:

Subchapter 2 is based on article [1] that was published in a peer-reviewed journal. The article
was edited and shortened to highlight my contribution to this study. The presented study is
reprinted with permission from Elsevier, Acta Biomaterialia. Copyright © 2022, Acta Materialia

Inc. Published by Elsevier Ltd. All rights reserved.
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V. Temperature, concentration, and surface modification influence the cellular uptake
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271-278.
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manuscript. | edited all the figures in the following version. The project was supervised by

Prof. Dr. Katharina Landfester. and Prof. Dr. Volker Mailander.

15



Chapter A — Conditional impact on the formation of the protein corona

2.1 Abstract

The composition of the protein corona varies depending on several parameters and influences
the cellular fate of the nanocarriers. Here, we investigated the influence of three key
parameters (surface charge, temperature, and plasma concentration) on the formation and
composition of the protein corona of polystyrene nanoparticles and ultimately on the cellular
uptake of pre-coated nanoparticles. At a fixed temperature and concentration, the surface
charge, and surfactant influence its composition. We observed that the composition of the
corona formed at low temperatures (4 °C) is different from that formed at physiological
temperatures (37 °C). At low plasma concentrations (up to 25%), the corona consists of more
diverse proteins than at higher concentrations. Finally, we concluded that regardless of the
nanoparticle formulation, the degree of uptake by endothelial cells of the nanoparticles

decreased when pre-coated at increasing temperature or plasma concentration.
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2.2 Introduction

Research groups around the world have developed their own polymer, silica, or gold
nanoparticles and more recently liposomal formulations, to improve drug delivery to cells "%
1% Pre-coating nanoparticles with a defined protein corona has been investigated and
successfully applied 1% However, consistency regarding coating conditions (type of plasma,
plasma concentration, temperature...) is not always achieved, making it difficult to cross-
reference results """, The formulation of a nanoparticle has been at the core of studies
carried out over the last decade regarding the protein corona composition '°. Key parameters
such as size, charge, surface hydrophobicity, or the addition of polyethylene glycol (PEG) to
the surface have been changed to provide important insights into protein corona and cellular

78,96, 112

uptake

In addition to formulation considerations, the pre-coating conditions are also critical during pre-
clinical testing of new nanoparticles. The protein source (human vs mouse, serum vs plasma)
is known to influence the cellular uptake '°. The temperature used during the coating has been

investigated for temperature-responsive nanomaterials "1

, yet it is not clear if it is relevant
for other, non-temperature-responsive materials. Temperature-responsive nanoparticles have
been used for the catch and release of proteins ''°. Moreover, small changes in incubation
temperature, close to the physiological temperature, have been shown to influence the
adsorption of individual proteins . Furthermore, heat inactivation of serum resulted in a
different protein corona composition and therefore in a different cellular uptake "*'"". However,

an analysis of the temperature-dependent protein corona in human plasma is still missing.

Similarly, the concentration of plasma used for pre-coating has been varied; and changes in
the protein corona have been studied in the past 54 9 9.9.109. 118 ‘however such studies were
limited to one type of nanoparticles and no cellular uptake test were performed. Dawson’s
group did several studies on this topic using silica and polystyrene nanoparticles concluding
that the plasma concentration influences the protein content in the corona % '%°. However, they
did not relate these results to the effect on cellular uptake. Grafe et al. demonstrated that the
protein concentration used for the pre-coating of positively charge magnetic nanoparticles
altered their uptake into brain endothelial cells ®°. Yet, different groups still use different
concentrations during their pre-clinical assays without always clearly explaining the reasons

for their choices.

To address some concerns about pre-coating conditions, we test here five nanoparticles
formulations stabilized with three different surfactants: CTMA-CI, Lutensol, and SDS, and
having surface charge ranging from +40 mV to -40 mV. Each nanoparticle from this panel is

incubated either at 4 °C, 25 °C, or 37 °C in presence of undiluted human citrate plasma, or at
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37 °C with 10%, 25%, 40%, 60%, or 100% plasma. Through these extensive and systematic
tests, we are able to evaluate and conclude on the effect of temperature and concentration on
the pre-coating step in regard to the protein corona composition and more importantly their
impact on the cellular uptake. We demonstrate that increasing the human plasma
concentration or increasing the coating temperature leads to a decrease of the uptake of
nanoparticles into human umbilical vein endothelial cells (HUVEC). This can be attributed to

an increase in the ratio of clusterin in the protein corona for most formulations.
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2.3 Materials and methods

Synthesis of PS nanoparticles. Polystyrene nanoparticles (PS NPs) were synthesized by
free-radical miniemulsion polymerization as mentioned in a previous work for the CMTA_NH2
and SDS_COOH ®. PS CTMA_NH2. The macro emulsion was composed of an aqueous
continuous phase containing 2-aminoethyl methacrylate hydrochloride (3 %wt. to styrene) and
cetyl trimethyl ammonium chloride (25 %wt. in water) in sterile Milli-Pore water. The organic
dispersed phase contained distilled styrene, BODIPY 523/535 as fluorescent dye, and
2,2-Azobis(2-methylpropionamidine) dihydrochloride in hexadecane. The continuous phase
was added slowly to the dispersed phase under constant stirring. The macro emulsion was
stirred for 1 h at high speed. The emulsion was then passed through a microfluidizer
(Microfluidics USA, LM10). The miniemulsion obtained was directly transferred into a flask and
let to polymerize under stirring condition for 18 h at 72 °C. The dispersion was purified by
filtration followed by successive centrifugations at 13 200g. The supernatant was removed and
the pellet was dispersed in sterile Milli-Pore water. The purification step was repeated twice.
PS Lut_NH2. The same procedure as for PS CTMA_NH2 was followed, yet Lutensol AT50
replaced cetyl trimethyl ammonium chloride in the continuous phase. The dispersion was
purified by successive centrifugations at 20 000g. Half of the supernatant was removed and
replaced by sterile Milli-Pore water. The purification step was repeated four times.
PS SDS_COOH. For these particles, acrylic acid was used as a co-monomer along with
styrene in the disperse phase. In addition, sodium dodecyl sulphate was added to the
continuous phase as surfactant. The emulsion and polymerization was carried as for the
PS CTMA_NH2. The purification was done by dialysis for 3 days against Milli-Pore water using
14 000 kDa MWCO dialysis bags. PS Lut_COOH. The same procedure as for
PS SDS_COOH was followed, yet Lutensol AT50 replaced sodium dodecyl sulfate in the
continuous phase. The dispersion was purified by successive centrifugations at 20 000g. Half
of the supernatant was removed and replaced by sterile Milli-Pore water. The purification step
was repeated four times. PS Lut. The same procedure as for PS Lut_COOH was followed,

except no acrylic acid was used as co-monomer.

Characterization of PS nanoparticles. The nanoparticles were characterized in terms of
surface charge using a Zetasizer Nano Z instrument (Malvern, Germany), size using a
Zetasizer S90 instrument (Malvern, Germany), and fluorescence intensity using an
Infinity M1000 plate reader (Tecan, USA). The characterization of the nanoparticles with
protein corona was performed after preparation, centrifugation, and washing of the

nanoparticles as described for the cellular experiments.
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Protein corona preparation. Human blood plasma was taken from healthy donors at the
Department of Transfusion Medicine Mainz after physical examination and after obtaining
written informed consent in accordance with the Declaration of Helsinki. Plasma of 10 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 experiments were performed as previously described by our group > ®. To
ensure comparability between the different types of PS nanoparticles, a constant ratio between
the particle surface and plasma concentration was chosen. Therefore, 0.0625 m? of
nanoparticles were incubated in 1 ml of human plasma for 1 h to allow the formation of a stable
protein corona. In order to study the concentration-dependency of the protein corona, the
incubation was performed at 37 °C in human plasma diluted with Dulbecco’s Modified Eagle
Medium to a final concentration of 10%, 25%, 40%, 60%, and 100%. The temperature-
dependent protein corona formation was performed with undiluted plasma at the incubation
temperatures of 4 °C, 25 °C, and 37 °C. Following the incubation, nanoparticles were isolated
by centrifugation (20 000g, 1 h, 4 °C) and washed three times with 1 ml PBS. Proteins from
the hard protein corona were desorbed from the NP surface by adding 100 ul of 2% SDS in
62.5 mM Tris-HCI solution followed by incubation at 95°C for 5 min. Proteins and
nanoparticles were separated by centrifugation and the supernatant containing the protein was
labeled as “hard protein corona” and used for protein quantification, SDS-PAGE, and LC-MS

analysis.

Protein quantification and SDS-PAGE. The protein quantification was performed using the
Pierce 660 nm Protein Assay (Thermo Fisher, Germany) according to the manufacturer’s
manual. Adsorption was measured with a Tecan Infinite M1000 plate reader using bovine
serum albumin (Merck, Germany) for a calibration curve. Following quantification, the proteins
were separated on a NUPAGE™ 10% Bis-Tris Bolt™ polyacrylamide gel. A fix amount of hard
corona proteins (2.5 ug for silver staining and 7.5 pg for Coomassie staining) was mixed with
26 ul water, 4 yl Nu NUPAGE ™ Reducing Agent, and 10 yl Nu NuPAGE ™ LDS Sample
Buffer. SeeBlue™ Plus2 Pre Stained Standard (Invitrogen, Germany) was used as a marker.
After protein denaturation for 10 min at 70 °C, the samples were loaded the gel and run in 1x
NuPAGE™ MES SDS for 1.25h at 100V. The gel was either stained using Pierce
SilverQuest™ Silver Staining Kit or SimplyBlue™ SafeStain according to the manufacturer’s

protocol. If not otherwise mentioned, materials were obtained from Thermo Fisher Scientific.
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In solution digestion, sample preparation and liquid chromatography mass
spectrometry (LC-MS). The in-solution digestion and liquid chromatography-mass
spectrometry was performed according to former protocols from our group ''*'?°. SDS was
removed before digesting the proteins using Pierce Detergent Removal Spin Columns
(Thermo Fisher Scientific, Germany). The proteins were precipitated using ProteoExtract
protein precipitation kit (CalBioChem, USA). Afterwards, the proteins were isolated by
centrifugation (14 000g; 10 min) and re-solubilized with 50 mM RapiGest SF (Waters,
Germany) in ammonium bicarbonate buffer. The proteins were reduced in 5 mM dithiothreitol
(Sigma-Aldrich, USA) for 45 min at 56 °C and alkylated with 15 mM iodacetamide (Sigma-
Aldrich, USA) for 1 h at room temperature in the dark. The tryptic digestion was carried out at
a protein:trypsin ratio of 50:1 at 37 °C. After 18 h, digestion was stopped by lowering the pH
with hydrochloric acid (Sigma-Aldrich, USA) and the samples were centrifuged (14 000g;
15 min; 4 °C) in order to remove degradation products. For the measurement, 0.1% formic
acid was added to the sample and to allow absolute protein quantification, samples were
spiked with 50 fmol pI”" Hi3 E.coli. (Waters, Germany). LC-MS measurements were performed
using a nanoACQUITY UPLC system coupled to a Synapt G2-Si mass spectrometer based on
a previous protocol '®. Shortly, the system was operated in a positive resolution mode
performing data-independent acquisition for the electrospray ionization source. The samples
were injected with a flow rate of 0.3 pyl min™ and Glu-Fibrinopeptide (150 fmol pl™") and Leu-
Enkephalin (200 pg ul™") were used as reference. The data was acquired using MassLynx 4.1.
Proteins were analyzed using Progenesis Gl 2.0 (thresholds for noise reduction were set at
120, 25, and 750 counts for low energy, high energy, and peptide intensity) and identified
based on a reviewed database downloaded from Uniprot. For protein identification, at least
two assigned peptides and five assigned fragments are required. The peptide identification

needs three assigned fragments.

Cell culture. Human umbilical vein endothelial cells (HUVECs) were cultured with Medium 200,
supplemented with 1X large vessel endothelial supplement (LVES). Both media were
supplemented with 100 U mI™ penicillin and 100 mg ml™ streptomycin. The cells were grown
at 37 °C and 5% CO: in a humidified incubator and 0.25% Trypsin-EDTA was used for cell
passaging and harvesting (all reagents from Gibco, Germany). The cell count and viability
were determined using a 1:1 dilution with trypan blue. To ensure cell stability, the passage

number was kept below 8.

Flow cytometry. HUVEC cells were seeded at a density of 80 000 cells per well in 24 well

plates (Greiner, Germany) and incubated over night at 37 °C and 5% CO,. One hour before
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the uptake experiment, M200 with LVES was removed, the cells washed with PBS, and M200
without LVES was added. The plasma-coated nanoparticles were prepared as described
above with two centrifugation steps to remove the excess proteins before dispersing them in
M200 without LVES. One ml nanoparticles solution (40 ug ml™') was incubated with the cells
for 24 h at 37 °C in a cell incubator. Afterwards, cells were washed with PBS and collected
using 0.25% Trypsin-EDTA. The cells were centrifuged (300g, 5 min) and the pellet was
suspended in PBS for measurements. The BODIPY signal of the nanoparticles was recorded
using the BL1 channel of the Attune™ Nxt (Thermo Fisher Scientific, Germany) Flow
Cytometer with an excitation laser of 488 nm and a band-pass filter of 530/30 nm. Cell debris
was excluded by selecting a cell population in an FSC/SSC scatter plot processing the data
with Attune™ NxT Software. The uptake experiments were carried out twice as independent

experiments and within an experiment, for each condition, the cells were seeded as a triplicate.

Cell viability. Briefly, cells were seeded at a density of 5 000 cells per well in white bottom
96 well plates and incubated over-night at 37 °C and 5% CO.. On the next day, the cells were
treated in the same way as for the flow cytometry experiments. Additionally, cells were treated
with a solution of 20% DMSO as a positive control. After 24 h of incubation, a volume of
CellTiter-Glo® Reagent (Promega, Germany) equal to the volume of cell culture media present
was added to the cells as recommended by the manufacturer. The luminescent signal was
recorded with a Tecan Infinite M100 plate reader. The viability was calculated based on the

average luminescent signal intensity (n = 3) for the non-treated cells.

Statistical analysis. GraphPad Prism v9.02 was used for the statistical analysis of the cellular
uptake extent. The p-values generated after an unpaired t-test (n = 3) were used to determine
the significance of the difference between samples. Values p > 0.12 were considered non-
significant, p-values < 0.033 were reported with *, p-values < 0.002 were reported with **, and

p-values < 0.001 were reported with sxx,
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2.4 Results and discussion

To establish the stability of the nanoparticles in the plasma solution, we measured the change
in hydrodynamic diameter after coating at different temperatures or with different
concentrations of plasma. To ensure that free proteins did not interfere with the measurements,
the particles were centrifuged after the formation of the protein corona and washed with PBS.
We observed that upon exposure to a concentration of 25% plasma or higher, the size of the
nanoparticle increases from 130 nm on average to 160-170 nm indicating the formation of a
protein corona around them (Tab. S2.1). For low plasma concentrations (10%) the size of
CTMA_NH2, Lut, and SDS_COOH nanoparticles increased to 470, 221, and 226 nm,
respectively. The larger size at 10% hP indicates the presence of aggregates, possibly due to
the lower protein concentration surrounding the NPs at any given time. For highly charged NPs
this means that the stabilization provided by the proteins is overcome by the destabilization
brought on by the salts present in the buffer. Nevertheless, the size of the nanoparticles
stabilized with 25% plasma. This could be a first hint that the protein corona around the
nanoparticle changes with different plasma concentrations. In addition to the increased mean
diameter of the NPs with protein corona, the presence of plasma, even at low concentration or
low temperature, resulted in a negative C-potential around -18 mV, independently of the original
(-potential of the pristine nanoparticles (Tab. S2.2). All these parameters confirmed that the
coated nanoparticles are stable in solution (except for 10% hP) for future cellular uptake
experiments. All NPs were synthesized with Bodipy 523 as fluorophore for cellular uptake

tracking.

After we have ensured the quality of the coated NPs, we tested the uptake of the five
polystyrene nanoparticles by HUVEC cells after 24 h incubation in media without proteins. First,
we focused on the impact of citrate plasma dilution on the cellular uptake (Fig. 2.1A). The pre-
coating of the NPs was always done at 37 °C for this series of experiments. We observed that
the coating of the NPs induced a reduction of the uptake and was dependent on the plasma
concentration of the coating solution (Fig. 2.1B-F). For the Lutensol-stabilized NPs, the uptake
is similar across surface functionalization when the NPs are coated with 40% up to 100%
plasma. Indeed, the broad range of uptake extent seen for the pristine NPs based on their
surface modification subsides in the presence of increasing protein in the coating solution.
Additionally, the trend observed for Lutensol-stabilized NPs is also observed for CTMA- and
SDS- stabilized NPs. For all NPs tested, the increase of the protein concentration in the coating

solution led to a significant decrease of the uptake in HUVECs.
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Figure 2.1: Uptake of pre-coated NPs with different plasma concentrations by HUVECs after 24 h
incubation at 37 °C. (A) Schematic representation of the coating procedure leading to the cellular
uptake displayed. (B-F) HUVECs were incubated for 24 h in media without protein with 40 ug ml-' pre-
coated polystyrene nanoparticles. The pre-coating of the NPs was done at 37 °C here. The ,no_hP”
corresponds to pristine NPs incubated with the cells. The difference of intrinsic fluorescence intensity of
the NPs tested was accounted for by normalizing the median fluorescence intensity recording by the
flow cytometer based on the fluorescence intensity of the “Lut” NPs. The statistical significance of the
difference between samples was determined by unpaired t-test. P-values > 0.12 were non-significant
(n.s.), p-values <0.033 correspond to *, p-values <0.002 correspond to **, and p-values < 0.001
correspond to *** (data are shown as mean + SD, n = 3).

We also verified the absence of toxicity induced by the NPs and confirmed good cell viability
after incubation for all conditions, even though the pristine NPs tend to be more toxic to the
cells (Fig. S2.1).

Next, we investigated the protein corona composition to explain the uptake pattern observed.
The change in uptake between pristine NPs (no_hP) and coated NPs was expected ® & 19,
however the change for plasma concentration of 25% and above was interesting. Since the
size and apparent surface charge did not change much within this plasma concentration range
(25-100%), we looked into the protein corona composition. First, we checked if the amount of

protein adsorbed on the NPs varied with the coating concentration. We found no correlation
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between the original protein concentration and the amount adsorbed on each NPs. The
amount varied based on the surfactant and surface functionalization as expected (Fig. S2.2A).
We also checked the protein corona composition by SDS-PAGE analysis. We observed a clear
difference in the composition of the protein corona for the carboxy-functionalized NPs
compared to the amino- or un-functionalized ones. The differences between the concentrations
were not as obvious. For example, for the CTMA_NH2 NPs we could see a decrease in the
band intensity for the serum albumin at 62 kDa. However, since the staining method used here
is a non-quantitative method, it is not possible to draw a direct conclusion from the band
intensities to the protein concentration in the protein corona. Overall, no new band appeared
at different concentrations for any NPs (Fig. S2.2B) which suggests that no new proteins are
appearing but rather that the relative concentration of each proteins in the protein corona may

be changing.

Therefore, we moved on to proteomic analysis of the whole protein corona recovered from the
NPs. For the Lutensol-stabilized NPs, we observed that the fraction of clusterin in the corona
increases with increased plasma concentration (Fig. 2.2B-D). However, it does not account for
the same fraction of the corona for each NPs. Here, the surface modification has a higher
impact compared to the cellular uptake. Apolipoproteins constitute a large part of the proteins
identified, with clusterin and ApoE found in the top10 identified proteins across all five NPs.
The Lut_COOH NP has the most complex corona out of the three Lutensol-stabilized NPs in
terms of the category to which the most abundant proteins belong. Indeed, for the other two,
about 60 to 80% of the corona was made of apolipoproteins leaving little space for other types
of proteins. In contrast, the corona evolved quite interestingly for the Lut_ COOH NPs with a
change from coagulation proteins (fibrinogen) at low plasma concentrations to a tripartite
composition involving coagulation proteins, apolipoproteins, and vitronectin at higher
concentrations (Fig. 2.2D). A similar trend is observed with SDS_COOH NPs for which when
the proportion of coagulation proteins decreases, the proportion of vitronectin increases with
the plasma concentration (Fig.2.2E). For these NPs as well as the CTMA_NH2,
apolipoproteins account for a very small portion of the corona (Fig. 2.2A/E). Taking into
account that for the SDS_COOH nanoparticles the cellular uptake decreases with increasing
plasma concentration, we would expect to see an increasing concentration of apolipoproteins
and especially of clusterin which is known to reduce the cellular uptake of nanoparticles " 8.
However, for this type of nanoparticle apolipoproteins and clusterin play only a minor role in

the protein corona.
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Figure 2.2: Combined top10 proteins identified in the corona of the NPs after incubation in
different plasma concentrations. The top10 proteins for each condition for CTMA_NH2 NPs (A),
Lut_NH2 NPs (B), Lut NPs (C), Lut_ COOH NPs (D), and SDS_COOH NPs (E),

combined to the final heatmap shown here. Values are represented as the mole percentage based on

respectively, were

all identified proteins.

We can conclude that for all the NPs tested, the composition of the protein corona evolves with
the amount of plasma in the coating solution (Fig. S2.3). It is worth noting that the use of
Lutensol, a non-ionic PEGylated surfactant, led to a protein corona enriched with
apolipoproteins for all the NPs. The corona composition seems to be dictated as much by the

surfactant as by the surface functionalization. Indeed, the carboxy-functionalized NPs showed
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enrichment with coagulation proteins compared to the amino ones. Based on these
observations, we propose that the presence of carboxy-groups on the NPs are more important
than the surfactant, while the surfactant is more important than the presence of amino-groups
on the NPs.

Besides the influence of different plasma concentrations on the protein corona, we also
focused on different incubation temperatures. Here we kept the concentration of plasma for
the pre-coating stable at 100% (Fig. 2.3A). The coating of the nanoparticles with human
plasma induces a reduction of the uptake in HUVECs. For Lutensol-stabilized NPs, it can be
seen that the uptake is reduced with increasing temperature (Fig. 2.3C-E). Additionally, this
trend is observed for CTMA-stabilized NPs (Fig. 2.3B). For these NPs the decrease of the
uptake from 4 °C to 37 °C is mainly significant while the difference between 4 °C to 25 °C and
25 °C to 37 °C is only minor. For the SDS-stabilized carboxylic NPs a different trend can be
observed. As for the other particles, a reduced uptake from pristine to coated particles can be
seen. However, with increasing temperature an increase in cellular uptake was observed
(Fig. 2.3F). We tested the toxicity induced by the NPs as well for these conditions. For most
conditions, we additionally confirmed here the absence of toxicity to both cell types (Fig. S2.4).
For the pristine CTMA-stabilized amine particle we saw a toxic effect. The toxic effect is no

longer present when a protein coating was applied.

To investigate the reason for the uptake change, we analyzed the protein corona composition.
Since the size and surface charge do not change significantly between the different
temperatures, we focused on the protein analysis of the protein corona on the particles. Protein
quantification with Pierce assay resulted in no obvious correlation between temperature and
amount of protein adsorbed except for the CTMA-stabilized amine NPs (Fig. S2.5A). For the
CTMA_NH2 NPs the highest protein amount desorbed can be observed at 4 °C and it
decreases at 37 °C. However, SDS-PAGE analysis showed a temperature-dependent
difference in protein composition on the particles (Fig. S2.5B). Especially for the SDS-
stabilized carboxylic and the CTMA-stabilized amine particles, an increase of the band
intensity at 38 kDa was observed. But also for the Lutensol-stabilized NPs a slight increase of
the band intensity between 38 kDa and 49 kDa was observed. However, a clear appearance
or disappearance of the bands cannot be observed. Comparing the different particles, as
expected, a difference in protein corona composition can be seen between the different surface

functionalization’s but also between different surfactants.
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Figure 2.3: Uptake of pre-coated NPs at different temperatures by HUVECs after 24 h incubation
at 37 °C. (A) Schematic representation of the coating procedure leading to the cellular uptake displayed.
(B-F) HUVECs were incubated for 24 h in media without protein with 40 ug ml-' pre-coated polystyrene
nanoparticles. Pre-coating was done in 100% plasma. The ,no_hP” corresponds to pristine NPs
incubated with the cells. The difference of intrinsic fluorescence intensity of the NPs tested was
accounted for by normalizing the median fluorescence intensity recording by the flow cytometer based
on the fluorescence intensity of the “Lut” NPs. The statistical significance of the difference between
samples was determined by unpaired t-test. P-values >0.12 were non-significant (n.s.), p-
values < 0.033 correspond to *, p-values < 0.002 correspond to **, and p-values < 0.001 correspond
to *** (data are shown as mean + SD, n = 3).

Afterwards, we had a deeper look at the composition of the protein corona via LC-MS analysis.
As already shown previously, the surface modification had a huge influence on the composition
of the protein corona (Fig. 2.4). However, it can be seen that for the Lutensol-stabilized
nanoparticles the amount of clusterin in the protein corona increased with increasing
temperature while the amount of ApoA1, ApoE, and fibrinogen decreased with increasing
temperature. Interestingly, for the Lutensol-stabilized carboxylic nanoparticles we saw an
additional increase in the amount of vitronectin in the protein corona. While the coagulation
proteins were the dominant protein group in the protein corona at 4 °C, the lipoproteins and

the vitronectin were the dominant proteins in the protein corona at 37 °C (Fig. S2.6). This trend
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can also be observed for the SDS-stabilized carboxylic nanoparticle. The CTMA-stabilized
amine nanoparticles showed additionally a temperature-dependent increase of serum albumin
in the protein corona with increasing temperature (Fig. S2.4A/E). From that, we can conclude

that the protein corona composition is temperature dependent.
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Figure 2.4: Combined top10 proteins identified in the corona of the NPs after incubation in
plasma at three different temperatures. The top10 proteins for each condition for
CTMA_NH2 NPs (A), Lut_NH2 NPs (B), Lut NPs (C), Lut_ COOH NPs (D), and SDS_COOH NPs (E),
respectively, were combined to the final heatmap shown here. Values are represented as the mole

percentage based on all identified proteins.
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We demonstrated that the cellular uptake of pre-coated polystyrene NPs by endothelial cells
steadily decreases with increasing plasma concentration in the coating solution. This stealth
effect appears to be more pronounced at low protein concentrations, with the extent of uptake
flattening above 40% of plasma. Given our results here, it would be a good practice to not go
below 40% plasma in a medium when pre-coating or actively incubating NPs with cells. This
highlights the need to choose a sufficiently high plasma concentration when performing in vitro
studies aiming to mimic in vivo conditions. In the human body, blood is composed of about
55% plasma with cells accounting for the other 45% ''. We would like to point out that this
45% of non-plasma volume is not readily accessible for NPs and therefore we would argue
that the NPs “see” only the pure plasma (100%). Although we still observe a statistically
significant difference in uptake at a high plasma concentration, the difference between 40%
and 100% does not appear to be clinically relevant, meaning that the uptake is more uniform
at this point and using any plasma concentration above 40% should not drastically alter the
outcome of the cellular uptake. If diluent is used this introduces an additional variability and
hence, using 100% of plasma could solve the issue of the diluent without bias to the resulting

cellular uptake.

Still, the decrease of the uptake could not be explained by the change in size of surface charge
and is therefore due to the evolution of the protein corona. The increase of plasma
concentration leads to an increase of clusterin in the corona for most NPs, except for
SDS_COOH. The proportion of clusterin in the corona varies from NP to NP, but the trend
endures. Clusterin is a well-known dysopsonin protein and was shown to improve the stealth
of nanoparticles in macrophages "® ''®. Yet, clusterin alone cannot explain the trend observed
for the SDS_COOH NPs. Indeed, the percentage of clusterin in the corona of this NP is very
low (about 2%) and the same at all concentrations. However, the percentage of fibrinogen and
vitronectin fluctuates greatly based on the concentration and could be somehow involved in
the change of cellular uptake. We could also point out to the difference in coverage of the
nanoparticles with proteins at the different coating concentrations to explain the change in
cellular uptake. The question of the protein density would in turn raise the question of the
orientation of the absorbed proteins, which could change depending on the densely or sparsely
populated protein regions. However, the analysis of single proteins on the surface of
nanoparticles is challenging, even more so for a complex protein mixture and is beyond the
scope of the present study. Other groups performed studies to evaluate the impact of low or
high plasma concentrations on the protein corona as well ® 1% "1 _Salvati’'s group showed a
higher uptake of silica nanoparticles with a lower plasma concentration and the group of
Dawson demonstrated changes in the protein corona composition with different plasma
concentrations ' "', However, in most cases these studies were only performed on one type

of nanoparticles and the impact on the cellular uptake was not always shown.
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Besides the concentration-dependent uptake of PS nanoparticles in the cells, we also showed
that the uptake of NPs in HUVECs decreases with increasing temperature during protein
corona formation. For a protein corona formed at 4 °C, the uptake of the Lutensol-stabilized
nanoparticles was significantly higher than for a protein corona formed at 37 °C. This also
applies to the CTMA-stabilized amine nanoparticles. However, for the SDS-stabilized
carboxylic nanoparticles a slightly increased uptake has been observed at the highest
temperature of 37 °C. In most studies, protein corona formation and cellular uptake of
nanoparticles are performed at 37 °C in order to be as close as possible to the in vivo

71-72

conditions. Nevertheless, especially when working at low temperatures or when working

with temperature sensitive materials, this must be taken into account '3 1%,

Furthermore, we showed that the protein corona changes with the incubation temperature and
that this is very likely the reason for the temperature-dependent uptake behavior. At 4 °C, we
observed a low amount of lipoproteins but an increased amount of coagulation proteins in the
protein corona. This changed when we increased the temperature to 37 °C. At this temperature,
the lipoproteins, serum albumin, and vitronectin became more prominent in the protein corona.
However, it can also be seen that the protein corona of the Lutensol- and SDS-stabilized
carboxylic as well as the CTMA-stabilized amine nanoparticles show a stronger dependence
on temperature than the Lutensol-stabilized unfunctionalized and amine nanoparticles. Since
the amount of total proteins bound in the protein corona does not differ much between the
different incubation temperatures, we assume that the difference in the protein corona is not
due to a reduced interaction of the proteins with the nanoparticles. It is more likely that the
affinity of specific proteins for the nanoparticles is temperature dependent. It is known that
proteins can consist of multiple binding sites which can interact with surfaces and that
conformational stability of proteins depends on temperature, among other factors '??. However,
the protein corona consists of different proteins, and for most of them the protein structure is
not yet known. A prediction of binding affinities in dependence on temperature, therefore,
remains challenging. Yet, this field is relatively unexplored and requires further research.
Moreover, we analyzed here the proteins bound in the hard protein corona. When considering
protein affinities, we could also suggest that with a change in the hard protein corona the
protein affinities in the soft corona could change. However, the analysis of the soft protein
corona remains complicated. Previously it has been shown that for a short incubation time the
uptake of pre-coated liposomes did not differ between hard and soft protein corona '3, We
therefore do not expect an impact of the soft protein corona and its difference with temperature

or concentration on the uptake of the nanoparticles.
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2.5 Conclusion

We demonstrated that the protein corona composition varies with plasma concentration and
temperature. Five NPs with different surface functionalization and surfactants were similarly
impacted proving the universality of the effect. Additionally, the change in the protein corona
composition directly affected the extent of cellular uptake of the precoated NPs. In endothelial
cells, a decrease of the uptake was observed with the increase of the plasma concentration of
the coating solution. Hence, we recommend always performing experiments using a plasma
content of at least 40% to ensure the full stealth effect induced by a mature protein corona.
This recommendation is aimed at pre-clinical studies to provide consistent results when
proceeding with animal-based studies. We have also shown a decrease in the cellular uptake
of the nanoparticles with an increase in temperature during protein coating. This should be
considered when using different incubation temperatures for precoating and in in vitro

experiments.
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2.6 Supplementary information

Table $2.1: Mean hydrodynamic diameter (nm) of the pre-coated NPs treated as for cellular
uptake experiment. The “no hP” condition corresponds to the pristine NCs dispersed in DPBS before
coating with plasma. The nanoparticles with protein corona were centrifuged and washed with DPBS
after formation of the protein corona in plasma (data are shown as mean + SD, value in parenthesis
corresponds to SD, n = 3).

no hP 10% 25% 40% 60% 100% 100% 100%

@37c) | @37c) | @37c) | 37°c) | (37°c) | (37°C) | (25°c) | (4°C)

CTMA- 124 470 178 166 167 164 169 144
NH, (1.5) (35) 2.7) (1.5) (1.6) (3.9) (0.5) (16.8)
Lut-NH 125 197 161 159 154 151 150 162
2 1 (35 (2.5) (1.4) (1.1) (3.1) (3.8) (2.4) (18.8)
Lut 136 221 199 192 188 165 162 185
“ (0.8) (9.6) (5.4) (9.2) (1.4) (9.1) (3.0) 2.7)
Lut- 131 170 168 162 166 164 156 143
COOH (3.8) (3.7) (0.6) (3.5) (3.4) (2.4) (1.6) (14.1)
SDS- 102 226 165 157 158 160 151 141
COOH (1.3) (4.2) (0.4) (2.2) (2.2) (4.8) (1.6) (14.2)

Table S2.2: Mean -potential (mV) of the pre-coated NPs treated as for cellular uptake experiment.
The “no hP” condition corresponds to the pristine NCs dispersed in DPBS before coating with plasma.
The nanoparticles with protein corona were centrifuged and washed with DPBS after formation of the

protein corona in plasma (data are shown as mean + SD, value in parenthesis corresponds to SD, n = 3).

no hP 10% 25% 40% 60% 100% 100% 100%
@37c) | @37c) | 37°c) | (37°c) | (37°c) | (37°C) | (25°C) | (4°C)

CTMA- | 333 -19.8 21.3 -21.9 -21.1 -21.0 -13.8 -12.0
NH, (0.5) (1.2) (1.1) (1.0) (0.7) (0.3) (0.6) (0.8)
Luth, | -14.1 -16.5 -14.9 -135 -13.2 -12.8 -13.2
(0.9) (1.3) (0.6) (0.9) (1.5) (1.7) (1.1) (0.9)

Lut 1.3 186 -23.0 226 215 -20.8 -20.0 -8.7
(0.4) (1.2) (1.3) (1.5) (0.9) (0.8) (1.3) (0.6)

Lut- -8.3 113 -12.2 113 -15.0 -16.2 -12.6 -20.5
COOH (0.5) (1.3) (0.5) (0.7) (1.5) (1.0) (1.3) (0.4)
SDS- -42.4 213 -21.4 146 -20.8 -19.4 -15.8 -13.2
COOH (1.5) (1.0) (0.6) (0.6) (1.2) (1.4) (0.6) (0.9)
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Figure S2.1: Cellular viability after incubation for 24 h in presence of 40 ug ml-' NPs after coating
with five different plasma concentrations. The sample labeled “cells” corresponds to the untreated
cells incubated in DMEM media without NPs, the sample labelled “20% DMSQO” corresponds to cells
treated for 24 h with a DMEM media containing 20% DMSO. These samples are used as controls to
validate the assay (data are shown as mean + SD, n = 3).
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Figure S$2.2: Hard corona protein amount and composition recovered from the nanoparticles
after coating in different concentrations of plasma. (A) The proteins were desorbed with 2% SDS
and quantified by Pierce 660 nm Protein Assay Reagent. For accurate comparison between conditions,
the amount of proteins is normalized based on the surface area. The nanoparticles were incubated with
10% hP (dot), 25% hP (square), 40% hP (triangle), 60% hP (inverted triangle), and 100% hP (diamond)
(data are shown as mean + SD, n = 3). (B) Separation of the hard corona proteins by SDS-PAGE
revealed by silver staining. The lanes labeled as “hP” correspond to loading of pure plasma. The
samples were loaded from left to right based on an increased amount of plasma (10%, 25%, 40%, 60%,

and 100%) used in the NPs coating step.
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Figure $2.3: LC-MS analysis of the hard protein corona of NPs after coating with five different
plasma concentrations. All the proteins recovered from the surface of CTMA _NH2 NPs (A),
Lut_ NH2 NPs (B), Lut NPs (C), Lut COOH NPs (D), and SDS_COOH NPs (E) and measured by
LC-MS were identified and sorted based on their affiliation to one of the following categories: Acute
Phase, Coagulation, Complement System, Immunoglobulins, Lipoproteins, Others, Tissue Leakage
(staked from bottom to top on the graphics). Additionally, 2 single proteins (Serum Albumin and

Vitronectin) with a high mol% present in the protein corona were also plotted.
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Figure S2.4: Cellular viability after incubation for 24 h in presence of 40 ug ml' NPs after coating
at different temperatures with plasma. The sample labeled “cells” corresponds to the untreated cells
incubated in DMEM media without NPs, the sample labelled “20% DMSQO” corresponds to cells treated
for 24h with a DMEM media containing 20% DMSO. These samples are used as controls to validate the

assay (data are shown as mean + SD, n = 3).

37



Chapter A — Conditional impact on the formation of the protein corona

A

aa_

£ o #°Chp
£ 3 . w 25°C_hP
© 'y °

g 24 H A 37°C_hP
@ [ ]

2 B

: -

@ i

2

3

o

E 0 T T T

Figure S$2.5: Hard corona protein amount and composition recovered from the nanoparticles
after coating at different temperatures with plasma. (A) The proteins were desorbed with 2% SDS
and quantified by Pierce 660 nm Protein Assay Reagent. For accurate comparison between conditions,
the amount of proteins is normalized based on the surface area. The nanoparticles were incubated at
4 °C hP (blue dot), 25 °C hP (orange square), and 37 °C hP (red triangle) (data are shown as mean + SD,
n = 3). (B) Separation of the hard corona proteins by SDS-PAGE revealed by Coomassie Blue. The
lane labeled as “hP” corresponds to loading of pure plasma. The samples were loaded from left to right
based on an increased temperature (4 °C, 25 °C, and 37 °C) used in the NPs coating step.
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Figure S2.6: LC-MS analysis of the hard protein corona of NPs after coating with plasma at three
different temperatures. All the proteins recovered from the surface of CTMA_NH2 NPs (A),
Lut_ NH2 NPs (B), Lut NPs (C), Lut COOH NPs (D), and SDS_COOH NPs (E) and measured by
LC-MS were identified and sorted based on their affiliation to one of the following categories: Acute
Phase, Coagulation, Complement System, Immunoglobulins, Lipoproteins, Others, Tissue Leakage
(staked from bottom to top on the graphics). Additionally, two single proteins (Serum Albumin and

Vitronectin) with a high mol% present in the protein corona were also plotted.
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Chapter B - The protein corona in the intracellular environment

Chapter B consists of four subchapters. Subchapter 3 introduces mechanisms of the cellular
uptake, also endocytosis of nanoparticles. Furthermore, the intracellular trafficking, and then
the cellular exclusion, also exocytosis of nanoparticles are explained. Next, subchapter 4
presents study [2] that investigated the intracellular separation of a pre-adsorbed protein
corona from NPs and their fate. Study [2] is, at the time being, accepted by reviewers for the
publication in a peer-reviewed journal and undergoes editorial revision. Study [2] is presented
as a verbatim reproduction with slight adaptions. Subchapter 5 presents study [3] that
analyzed the intracellular evolution of the protein corona composition and its possibilities in
explaining the uptake and intracellular trafficking. Study [3] was submitted to a peer-reviewed
journal. Last, subchapter 6 presents publication [4], in which the analysis of the intracellular
protein corona was utilized to detail the exocytosis processes of gold NPs for imaging purposes.
Publication [4] was previously published in a peer-reviewed journal and was shortened and

edited to highlight my contribution to the work.

[2] Han, S.*, da Costa Marques, R.*, Simon, J.*, Kaltbeitzel, A., Koynov, K., Landfester,

K., Mailander, V., Lieberwirth, I. Endosomal sorting results in a selective separation of

the protein corona from nanoparticles. Nature Communication. (*shared first, accepted

by reviewers, under editorial revision)

[3] da_Costa Marques, R., Hippe, N., Oberlander, J., Lieberwirth |., Landfester, K.,

Mailander, V. Proteomics-guided intracellular trafficking analysis reveals time-

dependent protein corona changes and the intracellular pathway. Nanoscale Horizons.
(submitted)

[4] Oberlander, J., Ayerbe, R., Cabellos, J., da Costa Marques, R., Li, B., Glinday-Treli,
N., Tareli, A. E., Ofir, R., Shalom, E. I., Mailander, V. Higher Loading of Gold
Nanoparticles in PAD Mesenchymal-like Stromal Cells Leads to a Decreased
Exocytosis. Cells, 2022, 11(15), 2323.
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3. Theoretical Background

3.1 Cellular uptake mechanisms of nanoparticles

As described in the previous chapter, efficient nanomedicine requires precise knowledge about
the nano-bio interactions. Nevertheless, the interactions of NPs are not only limited to
biomolecules. Another challenge for most NPs is the cell membrane, a barrier composed of a
lipid bilayer and equipped with proteins and other biomolecules '**. This barrier must be
overcome if the desired nanomedical goal should be achieved intracellularly. This is the case
for NPs in therapeutic drug delivery and imaging applications > '**. As these applications
constitute two major nanomedical fields *®, the cellular uptake of NPs remains an important
and widely studied phenomenon '?*. More so, the uptake mechanism can define the following

intracellular fate %, successful drug delivery %, and the eventual biological response 24127,

Cellular uptake mechanisms that do not rely on diffusion or direct transport through the lipid
bilayer are termed endocytosis '?®. Endocytosis is a cellular energetic-active process that
includes re-shaping the cellular membrane and employing protein-driven mechanisms to
engulf extracellular substances '?®"2°, The extracellular substance is subsequently packed into
intracellular lipid bilayer vesicles which are broadly classified as endocytic vesicles or
endosomes '?*12_Cellular uptake of NPs is mostly driven by endocytosis, as most NPs cannot
bypass the lipid bilayer directly, unlike most small or hydrophobic molecules . Endocytosis
is broadly divided into two categories: pinocytosis and phagocytosis '2'?°. Pinocytosis is a
collective term for endocytosis mechanisms that take up extracellular fluid with dissolved
molecules or small particles '*®'%_ Particularly, pinocytosis can be further categorized into
macropinocytosis, clathrin-mediated endocytosis (CME), caveolin-mediated (CAV)
endocytosis, and endocytosis mechanisms that are independent of clathrin and caveolin '2*
30 Conversely, phagocytosis is the endocytosis mechanism by which the cell engulfs larger
(> 0.5 um) solid particles **'3'. Phagocytosis is employed by specialized cell types referred to
as phagocytes. Typical phagocytes are e. g. monocytes, macrophages, and dendritic cells "%

31 The most relevant endocytosis mechanisms for NPs are shown in Figure 3.1.

Clathrin-mediated endocytosis (CME), the best-characterized endocytosis pathway yet, is
common to all cell types *'. This pathway is required for nutrient collection, such as iron via
transferrin or cholesterol via low-density lipoproteins 332, CME occurs via ligand binding of
receptors, such as transferrin receptors "** or low-density lipoprotein receptors "** but also can
occur as receptor-independent '*°. Upon receptor binding, the adaptor protein 2 (AP2)
complex is recruited to the cytosolic cell membrane side, initiating the formation of clathrin-

coated pits 3132 135 These pits resemble membrane invaginations, stabilized by the name-
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giving protein, clathrin, which is linked to the membrane via AP2 "2 '3¢_Clathrin forms a three-
legged triskelion structure composed of three heavy and three light chains **'’. These
triskelions assemble to a polyhedral lattice on the cytosolic membrane side, contributing to the
pit stabilization 3% 135137 The pits are then closed by the GTPase dynamin, resulting in clathrin-
coated vesicles % % These vesicles appear as “fuzzy” spherical intracellular vesicles in EM
imaging, with an average size of 120 nm % '¥_The clathrin coat is eventually disintegrated
for recycling upon vesicle fusion with early endosomes (EE) to deliver the internalized cargo '*°.
NPs with sizes around 100 nm, synthesized from poly(ethylene glycol)-polylactide and
poly(lactic-co-glycolic acid) were shown to enter epithelial cells and smooth muscle cells by
CME %140 Additionally, NP surface modifications with mannose-6-phosphate, transferrin, and

nicotinic acid were shown to target CME .

Clathrin- Caveolin- Clathrin and caveolin- Macropinocytosis Phagocytosis

mediated mediated independent
endocytosis endocytosis endocytosis
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Figure 3.1: Cellular mechanisms for nanoparticle uptake. The five most common endocytosis

mechanisms for NPs with associated vesicles are depicted.

Caveolin-mediated (CAV) endocytosis, common in many cell types, particularly in endothelial
cells ™°, is characterized by flask-shaped membrane invaginations, the so-called caveolae 2.
The caveolae are stabilized through dimeric caveolin and internalize cargo via receptor-
binding 2. Typical ligands for the caveolae-associated receptors are folic acid, albumin, and
glycosphingolipids '*2. Similar to CME, the fission of the vesicles is dynamin-assisted '*?. Upon
the formation of the 50-100 nm caveolar vesicles '*?, the cargo can be delivered to EEs or
through the formation of a caveosome to the Golgi apparatus or transported out of the cell **
“ The latter fate is connected to tissue transport, such as transcytosis through the
endothelium '*°. NP surface modifications to address CAV endocytosis are folic acid and

albumin 146147,
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Besides CME and CAV endocytosis, there are several clathrin and caveolin-independent
pathways. These newly emerging pathways include several mechanistically distinct
endocytosis routes, such as fast endophilin-mediated endocytosis (FEME) and clathrin-
independent carrier / glycosylphosphatidylinositol-anchored protein enriched early endocytic
compartment (CLIC/GEEC) endocytosis *'. These routes generate endocytic vesicles not

1

larger than 100 nm ' and remain to be closer investigated for their cell and NP-specific

purposes in nanomedical applications.

The last presented type of pinocytosis, macropinocytosis, relies on the actin-driven formation
of cell membrane protrusions % '*®_ The protrusions collapse on the cell, incorporating large
amounts of extracellular fluid in 1-5 ym large vacuoles, termed macropinosomes '*°. The
formed macropinosomes undergo gradual shrinking and acidification '*®. Macropinocytosis is
common in various cell types, such as macrophages, dendritic cells, and endothelial cells '*°.
Macropinocytosis is an unspecific process that does not rely on specific membrane coating or

receptor-binding ™% %0,

Phagocytosis focuses primarily on the uptake of larger, solid substances of 0.5 um and
above ™*'. However, it is not ruled out that NPs smaller than 0.5 ym can be engulfed by this
mechanism as well *'. Phagocytosis is only performed by phagocytes. Phagocytes are
specialized cell types, such as macrophages or dendritic cells, which are part of the cellular
immune system "*'. The main function of the phagocytic pathway is the clearance of pathogens,

apoptotic cells, and foreign substances ™.

This also includes previously reported NP
clearance through the bloodstream by macrophages '°2. Notably, phagocytosis is highly driven
by the process of opsonization. Here, specific blood proteins, so-called opsonins, adsorb to
the surface of the to-be-phagocytosed solid substances '*'. Phagocytosis is then initiated upon
binding specific receptors, which include Fc receptors, mannose receptors, scavenger
receptors, and complement receptors '** *'. The receptor binding initiates a Rho-family
GTPase-involved intracellular signal cascade, leading to actin-driven membrane re-shaping to

a phagocytotic cup ™ 191

. Finally, the cup-shaped protrusions engulf the extracellular
substance, resulting in vesicular phagosomes, which eventually connect to the endolysosomal

system 30,

Selected types of NPs and applications allow NP internalization without endocytic
mechanisms '**. For example, inorganic NPs below 10 nm and with a zwitterionic surface
chemistry were shown to enter the cell via direct translocation '>*'>*. Moreover, liposomes can

fuse with the plasma membrane, delivering their content directly into the cytosol '*°.

Overall, the above-mentioned endocytosis mechanisms are highly regulated and require
complex protein machinery to drive them. Certain mechanisms are very exclusive to a few cell

types, making them prominent targets in specific NP-based drug delivery or imaging
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approaches. On the other hand, the physio-chemical properties of NPs can crucially address
or prevent specific uptake routes. Typical properties that influence NPs to a certain uptake
pathway are size '°°, material '**, charge '**, and surface modifications '**. As a matter of fact,
protein adsorption via the formation of the protein corona also determines the NPs’ uptake
pathway "*’. In all cases, NPs will be internalized into the cell, enabling access to intracellular

structures.

3.2 Intracellular trafficking of nanoparticles

Succeeding the cellular uptake through one of the diverse endocytosis mechanisms, NPs will
be internalized into the cell via different subsets of endocytic vesicles. However, NPs are
eventually introduced into the endolysosomal system, which represents various subsets of
tubulovesicular compartments 2. The trafficking of these compartments is highly regulated,
interconnected to various organelles, and fulfills its purpose in nutrient processing, clearance
of extracellular material, and storage '**. Potential outcomes of the intracellular trafficking of
NPs are recycling through the cell, degradation in lysosomes, translocation to the cytosol, and
transport through the cell * ¥, The latter fate is particularly interesting for transcytosis
applications of NPs, leading NPs to traverse through tissue barriers '*2. Determining and
controlling the fate of NPs within the cell is influential in controlling drug release. As many
drugs rely on transports via NPs due to their chemical nature, e. g. being very hydrophobe or
acid unstable, the drug release should occur within specific subcellular compartments, such
as the lysosome or the cytoplasm. Achieving the precise control of the NP trafficking within the
endolysosomal system remains another challenge in nanomedicine, but is ultimately crucial

for efficient drug delivery 2.

The intracellular trafficking of NPs through the endolysosomal system is schematically
presented in Figure 3.2. The first station is the early endosome (EE), which arises from the
fusion of endocytic vesicles upon internalization . Located closely to the cell membrane, EEs
are small and heterogeneous in appearance and show a weekly acidic pH value
(pH 6.8-5.9) 4. The EEs serve as a sorting platform and can direct cargo towards recycling
endosomes (REs) for a recycling pathway, return the cargo directly back to the membrane,
and carry cargo to the endolysosomal pathway for eventual degradation '** '*4, Here, the
sorting is mainly driven by acidification during the maturation of the EEs 2. In fact, different
cargo bound to endosomal receptors dissociates at different pH values, which results in an
earlier or later receptor release of the cargo "*2. If the cargo is released early, the endosome
recycles the cargo back to the membrane, whereas tight ligand (cargo)-receptor complexes
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are transported deeper into the endolysosomal pathway. This sorting is further facilitated by
the tubulation of EEs '°®'%°. Cargo destined to be recycled accumulates in the tubules, which
results in REs after budding. Notably, these REs endosomes keep the elongated, tube-like

structure and recycle NPs back to the surface '°%"%°,
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Figure 3.2: Endolysosomal trafficking of nanoparticles. The figure depicts the trafficking routes of

NPs through the cell via the endolysosomal system. This includes early endosomes (EEs), recycling
endosomes (REs), late endosomes (LEs) or multivesicular bodies (MVBs). Eventually, the endosomal
system leads to the fusion of LEs with lysosomes (LY), forming endolysosomes (ELs). The vesicle colors
indicate the pH values within the endosomal vesicles, as shown in the table. The values were retrieved

from the literature 44 160-161,

The cargo, which is not destined for recycling, resides in the central vacuolar part of the EEs
and follows the endosome during its maturation '*2. During the endosomal maturation, the EE
progresses to a late endosome (LE), and eventually fuses with the lysosome (LY), becoming
the endolysosome (EL) . These endosomal stages hold different molecular and functional
identities 2. However, these identities are volatile because of the gradual maturation process.
First, the maturation includes gradual acidification of the endosomal lumen 3% '*  This
acidification is driven primarily by the v-type vacuolar H* ATPase in the vesicular membrane,
pumping hydrogen ions into the endosome "** %2, Second, the ionic environment changes,
increasing specifically the CI- concentration ™. Third, the endosomes acquire a different
morphology, losing the tubular features and instead becoming larger and rounder '**. Last,
specific proteins are recruited, which mark the new identity of the endosome. The most
prominent protein family here is the Rab GTPase family, which mediates the fusion of
endosomes with other vesicles, organelles, and the cell membrane "*> '3, A switch of Rab

proteins allows endosomes to further mature, i. e. by switching from EEs with Rab5 to LEs with
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Rab7 *2 "% From here, only vesicles with recruited Rab7 are able to form endolysosomes by

fusing with lysosomes 32 144,

Through endosomal maturation, the NPs transit from EEs to LE '** %4, LEs are formed from
the vacuolar domain of EEs and move around the perinuclear area of the cell "**. Furthermore,
the lumen shows a lower pH value (pH 6.0-4.9) ** %% LEs grow in size to 250-1000 nm due
to homotypic fusion events and the acquisition of intralumenal vesicles (ILVs) . LEs with
visible IVLs are also named multivesicular bodies (MVBs). ILVs can be formed through the
inclusion of cytosolic substances or via vesicle fusion . ILVs play a role in vesicular NP
exclusion (more in subchapter 3.3). Eventually, LEs, containing NPs fuse with LYs '?*. LYs are
the main proteolytic compartment of the cell, containing a variety of hydrolases to
enzymatically degrade biomolecules, such as proteins, triglycerides, and nucleic acids %%,
and resemble therefore, the last station of endosomal degradation '**. Several models of
endosomal and lysosomal communication are currently discussed, among which one model
demonstrates the heterotypic fusion of LY with LEs to form ELs * %187 | Ys and ELs are,
among others, characterized by the lysosome-associated membrane glycoproteins (LAMPS)
and show the lowest pH values (pH 5.5-4.5) within the endolysosomal system '** 1%°_[f NPs
are not recycled or excluded from the cell at this point, they will face enzymatic degradation at

this point 4% 124,

The endolysosomal compartments harbor different receptors, which remain interesting targets
to address. Notably, toll-like receptors and major histocompatibility complex |l reside within the
endolysosomal system and are valuable targets for immunotherapy '?*. On the other hand,
other drug delivery applications require to address the endosomal system. NPs or NP cargo
need to be released in the cytosol to evade lysosomal degradation or to access other
organelles, such as the Golgi Apparatus, mitochondria, or the nucleus '**. Here, smart NP
design choices allow endosomal escape of NP in order to enter the cytosol '2* %8 For instance,
NPs modified with poly(ethyleneimine) were shown to disrupt the endosomal membrane and
enter the cytosol '** 1% Another example are NPs with pH-sensitive polymers or enzyme-
sensitive linkers which split during the endosomal maturation, releasing the payload, and
accessing the cytosol ' 7171 Qverall, these examples highlight the urgent need for smart
NP design. However, just by understanding the interactions of NPs and the intracellular
environment, this smart NP design can be realized. Only then, the desired control over the

drug delivery process can be achieved.
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3.3 Exocytosis of nanoparticles

While endocytosis plays a big role in NP targeting and drug delivery, the exclusion of NPs from
cells, termed exocytosis, is crucial for the eventual removal of the NPs '?* 2 |n cellular
homeostasis, exocytosis is responsible for receptor recycling, waste removal, and secretion of

124, 173-174

signal molecules, such as hormones or proteins . Exocytosis is also part of

transcytosis '**. Understanding the exocytosis kinetics of NPs might improve toxicity studies
of potential toxic NPs '"? or drug delivery studies towards a prolonged drug release '** '7°,
Furthermore, imaging applications with NPs as contrast agents can profit from a longer cellular
internalization, which makes studying exocytosis a necessary endeavor '"*. However, unlike

endocytosis of NPs, exocytosis of NPs remains less studied 2% 172,

Several pathways for NPs exocytosis exist (Fig. 3.2). From the EEs, NPs can be transported
directly to the cell membrane '?* 4. In addition, NPs can be sorted from EEs into REs which
transport NPs to the cell membrane '** ', Both mechanisms expel the NPs with endosomal
luminal contents into the extracellular fluid without vesicle formation around the NPs. Here, the
direct transport from EEs occurs faster than over REs . However, the exact molecular
mechanisms and driving factors of direct recycling compared to REs recycling are poorly
understood 8. Another pathway for NPs that escaped the endosome and are in the cytosol is
the non-vesicular secretion 2. Yet, this pathway requires NP to be able to cross cellular lipid
bilayer by inherent physicochemical properties. Additionally, cytosolic NPs can also be
subjected to inclusion into ILVs 2. The inclusion into ILVs of NPs can optionally occur via LE
fusion events . From here on, MVBs carrying the NP-loaded ILVs fuse with the cell
membrane, releasing ILVs with NPs in a vesicular exocytosis "> "¢, The resulting vesicles are
up to 100 nm-sized exosomes, and function as biological signaling molecule carriers for

intercellular communication '76.

Finally, NPs can be released by the cell via lysosomal
secretion 2177 Here, endolysosomes fuse with the cell membrane, eliminating NPs from the
cell.

Similar to endocytosis, exocytosis behavior is highly dependent on the cell type '** "8 and the

physicochemical properties of NPs, such as size or shape "> 7

. In this regard, studies
demonstrated a higher exocytosis rate for rod-shaped gold NPs over spherical gold NPs '7°.
Additionally, decreasing the NPs size correlated with a higher exocytosis rate '’°. These
findings in the less investigated field of NP exocytosis demonstrate that NP design and

intracellular studies are indeed beneficial to nanomedical research.
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4. Endosomal sorting results in a selective separation of the protein

corona from nanoparticles

Aim:

Previous research on the protein corona has extensively focused on its formation in
extracellular environments and its consequences on cellular uptake. However, once
internalized into the cell, the intracellular fate of a pre-formed protein corona and its potential
detachment from the NPs remains elusive. This work presents the intracellular separation and
the subsequent fate of the protein corona from NPs. The work explains the findings through

time-based flow-cytometry experiments and high-resolution microscopic techniques.
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4.1 Abstract

The formation of the protein corona is a well-known effect when nanoparticles (NP) are
exposed to biological environments. The protein corona is the most important factor, which
determines the rate and route of endocytosis, and decisively impacts cellular processes and
even the release of the active pharmaceutical ingredient from the nanoparticles. While many
studies concentrate on the effect of the protein corona formation extracellularly or the uptake
consequences, little is known about the fate of the protein corona inside of cells. Here, we
reconstruct for the first time the separation of the protein corona from the NPs by the cell and
their further fate. Ultimately, the NPs and protein corona are separated from each other and
end up in morphologically different cellular compartments. The cell directs the NPs towards
recycling endosomes, whereas the protein corona gathers in multivesicular bodies. From this,
we conclude that the NPs are prepared for subsequent exocytosis, while the protein corona

remains in the cell and is finally metabolized there.
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4.2 Introduction

While classical drug development for small molecules tweaks the pharmacokinetic by changing
the drug itself, nanomedicine is a fundamentally different approach in which active
pharmaceutically ingredients (API) are incorporated into smart, nanoparticulate systems in
order to achieve this. For example, the RNA-based Covid-19 vaccine from BioNTech/Pfizer is
based precisely on this nanotechnology and shows the tremendous success of this concept &
°. The problem of stability of the mRNA outside of cells, as well as the uptake of a large mMRNA
molecule, is solved by a clever design of nanomedical packaging. After the application to the
organism, the nanoparticles (NPs) will finally enter the targeted cells to release their API and
achieve the desired pharmaceutical effect. Before that, however, the NPs need to be
introduced into the body and hence come immediately into contact with a biological
environment, which contains proteins and other biomolecules. As a result, a coat of
biomolecules adsorbs instantaneously on the NPs termed protein corona ''. This protein
corona alters the NP surface from a chemical into a biological identity, which can impact blood

78,107 " cytotoxicity °, and the release of the API from the NP 8-

circulation ', cellular uptake
182 Consequently, researchers aimed to form the protein corona in a controlled way to achieve
tailored effects. These artificial protein coronas have been shown to actively induce cell type ®'
and tissue targeting ® or even prevent cellular uptake ¥, demonstrating the possibilities of pre-

adsorbed proteins for nanoparticle modification.

However, it is yet unknown what happens to the protein corona after a NP is taken up by a cell,
although detailed knowledge of the intracellular fate of the NP-associated protein corona is
crucial for the understanding and development of any drug delivery system. Previous studies
have highlighted the dynamic nature of the protein corona and the continuous exchange of the
adsorbed proteins after the transition of the NPs to different protein-containing media. These
studies demonstrate the exchange of proteins in both, single protein solutions and complex

protein mixtures %'

. The protein exchange of the protein corona occurs also within the
confined subcellular environment after internalization of the NPs with a distinct protein corona
composition '®%. Eventually, Bertoli et. al. found evidence for the intracellular degradation of
the protein corona from the NP in lysosomes using optical microscopy methods '®*. These
studies rely on staining distinct subcellular compartments but lack the ultrastructural aspects
as detailed in electron microscopy. Here, we use a fluorescence staining technique combined
with electron microscopy, termed correlative light and electron microscopy (CLEM). This allows
us to obtain unbiased information about the subcellular fate of NPs and the protein corona.
Moreover, even the unlabeled cellular environment of the protein corona becomes visible due

to the unspecific imaging capacities supplied by the electron microscopy technique.
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Here, we demonstrate the co-internalization and the subsequent in-cell separation of the
protein corona from the NP in murine macrophages by combining confocal laser scanning
microscopy (cLSM) with electron microscopy (EM). To realize a trackable protein corona, we
fluorescently labeled murine plasma proteins and formed a fluorescent protein corona on NPs.
For the first time, we performed single-cell volume CLEM to visualize the protein corona and
the NPs in 3D within the cell with high resolution and reveal their subcellular location and fate

by fluorescence.

After co-internalization of the fluorescently labeled NPs together with the likewise fluorescently
labeled protein corona, we observe a distinct decrease of the fluorescence signals over time
and a spatial separation of the NPs from the protein corona signal in cLSM. To increase the
resolution and also obtain information about the non-labeled cellular environment, we
additionally performed EM studies and correlated them for the very same cells with the cLSM
data (CLEM). In particular, we have been able to reconstruct the volume of complete cells
using CLEM array tomography, utilizing fluorescence data to localize the protein corona and
NPs. These volume reconstructions clearly show an enrichment of the NPs and the protein
corona in morphologically different compartments 24 hours after incubation: The NPs are
found in recycling endosomes (REs) whereas the protein corona is preferably found in
multivesicular bodies (MVBs). Moreover, we found evidence for a subsequent exocytosis of
the separated NPs and protein corona. Hence, these observations might impact the further

design of drug delivery systems.
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4.3 Materials and methods

Synthesis of carboxy-functionalized polystyrene nanoparticles. A macroemulsion was
prepared with a continuous phase containing 600 mg Lutensol AT50 (BASF, Germany)
solution in 24 ml Milli-Pore water as surfactant and a dispersed phase containing 5.88 g
distilled styrene, 251 mg hexadecane (Acros Thermo Fisher, Germany) as hydrophobe,
153 mg distilled acrylic acid for the introduction of carboxy-functionalities, 6.1 mg BODIPY
methacrylate as fluorescent dye and 100 mg 2,2'azobis(2methylbutyronitrile) V59 (Wako,
Germany) as oilsoluble azo initiator. The dispersed phase was mechanically stirred. The
continuous phase was slowly added to the dispersed phase to achieve homogenization. The
macroemulsion was stirred for 1 h at the highest speed. The macroemulsion was then
ultrasonicated with a Branson Sonifier (1/2" tip, 6.5 nm diameter) for 2 min at 450 W 90%
amplitude under ice cooling to obtain a miniemulsion. The miniemulsion was transferred into
a 50 ml flask and heated to 72 °C in an oil bath under stirring. The polymerization was
performed for 11 h. Subsequently, the dispersion was centrifuged for 1.5 h at 13 000 rpm,
5 times for purification. The supernatant was removed after each centrifugation and the pellet
redispersed in Milli-pore water. Nanoparticles were characterized by dynamic light scattering
for the average diameter. The zeta potential was measured by diluting particles in a 1 mM
potassium chloride solution. Dynamic light scattering and zeta potential were measured by a

Malvern Zetasizer nano-s90 (Malvern Instruments, Germany).

Fluorescent labeling of murine plasma proteins with Cy5. Cyanin5(Cy5)-NHS ester
(Lumiprobe, Germany) was added to murine plasma (GeneTex, U.S.A.) with a molar excess
of 1.6 to one amino group, assuming all proteins in the plasma to be serum albumin. The
reaction was carried out for 1 h at room temperature, shaking. Purification of labeled proteins
and removal of unreacted free dye was performed with Zeba™ Spin 7 kDa MWCO columns

(Thermo Fisher, Germany), following the manufacturer’s instructions.

Protein corona preparation. Protein corona preparation was performed according to a
previously published protocol °. Briefly, to form the protein corona, 1 mg of carboxy-
functionalized polystyrene nanoparticles, which corresponds roughly to a surface of 0.01 m?,
was added to 1 ml of unlabeled or Cy5labeled murine plasma and incubated at 37 °C for 1 h,
shaking. After the incubation, samples were centrifuged at 20 000g for 30 min at 4 °C (5804R,
Eppendorf, Germany), the supernatant removed and the pellet resuspended in 1 ml PBS
(Sigma-Aldrich, Germany). To remove non-adsorbed and low-affinity proteins, one wash step
was performed for cellular uptake experiments and three wash steps for protein analysis. For
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protein analysis, proteins were desorbed with 100 ul of desorption buffer (2% (w/v) SDS,
62.5 mM Tris-HCI) after incubation at 95 °C for 5 min, shaking and one centrifugation step as

described above.

Protein quantification. The Protein concentration was quantified by Pierce™ 660 nm Protein
Assay Reagent (Thermo Scientific, Germany) following the manufacturer’s instructions. lonic
Detergent Compatibility Reagent (Thermo Scientific, Germany) was added to the assay
reagent to measure samples containing SDS. A standard calibration curve was prepared with
bovine serum albumin (Sigma-Aldrich, Germany). Absorption was measured with an Infinite
M1000 plate reader (Tecan, Switzerland) at 660 nm.

SDS-PAGE, silver staining, and in-gel fluorescence detection. To perform SDS-PAGE,
2 ug of protein was diluted with deionized water to a volume of 26 pl. To this sample dilution,
4 yl of NuPAGE™ Sample Reducing Agent and 10 pl of NUPAGE™ LDS Sample Buffer (both
Invitrogen, Germany) were added and incubated at 70 °C for 10 min for protein denaturation.
The samples were loaded on a Bolt™ 10% Bis-Tris Plus gel using NUPAGE™ MES SDS
Running Buffer (both Invitrogen, Germany). Protein electrophoresis was run for 1 h at 200 V.
SeeBlue™ Plus2 Pre-Stained Standard (Invitrogen, Germany) was used as a molecular weight
marker. SilverQuest™ Silver Staining Kit (Invitrogen, Germany) was used to stain the gels
according to the manufacturer’s instructions. Pictures of the developed gels were taken with a
View Pix 1100 scanning system (Biostep, Germany). The in-gel fluorescence was detected by
an VIS Spectrum CT (PerkinElmer, U.S.A.) with an excitation wavelength of 650 nm, an

emission wavelength of 680 nm, and an exposure time of 3 s.

In-solution tryptic digestion. Proteins were forwarded to an in-solution tryptic digest for
LC-MS measurements, which was performed in previous studies °* ', Before starting the
digestion protocol, SDS was removed from samples with Pierce™ Detergent Removal Spin
Columns (Thermo Scientific, Germany) according to the manufacturer’s instructions. After
SDS removal, 25 ug of protein per sample were precipitated with ProteoExtract Protein
Precipitation Kit (CalBioChem, Germany), following the manufacturer’s instructions. The
precipitated proteins were isolated by centrifugation at 10 000g for 10 min at RT and two wash
steps. The supernatant was finally removed and the pellet dried for 5 to 10 min. To solubilize
the dried protein pellet, 0,1% RapiGest SF surfactant (Waters Corporation, Germany),
dissolved in 50 mM ammonium carbonate buffer was added and incubated at 80 °C for 15 min.
A dithiothreitol (Sigma, Germany) solution was added in a final concentration of 5 mM to

reduce protein disulfide bonds. The reaction was run at 56 °C for 45 min. To alkalize the
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proteins, 500 mM iodoacetamide (Sigma, Germany) solution was added for a final
concentration of 15 mM. The reaction was run at RT for 1 h in the dark. To initiate digestion, a
trypsin (Promega, Germany) solution was added in the mass ratio of 50 : 1 (protein : trypsin).
After digestion for 16 h at 37 °C, 2 ul of hydrochloric acid (Sigma, Germany) was added to stop
the digest and incubated further for 45 min at 37 °C. Finally, the aggregated degradation
products were removed by centrifugation at 13 000g for 15 min at 4 °C. The supernatant

containing peptides was transferred into new tubes.

Liquid chromatography coupled to mass spectrometry (LC-MS). Digested samples were
diluted with LC-MS grade water (Merck, Germany) containing 0.1% formic acid (Sigma,
Germany). To perform an absolute quantification according to a previously established

I 185

protocol ', samples were additionally spiked with 50 fmol pl"' HI3 Ecoli Standard (Waters
Corporation, Germany). The samples were measured by a nanoACQUITY UPLC system,
installed with a C18 nanoACQUITY trap column (5 um, 180 um x 20 mm) and a C18 analytical
reversed-phase column (1.7 ym, 75 um x 150 mm; all Waters Corporation, Germany). The
mobile phases used for separation consisted of (A) 0.1% (v/v) formic acid in water and (B)
0.1% (v/v) formic acid in acetonitrile (Biosolve, Germany). A gradient of 2% to 37% of mobile
phase B over 70 min was performed. The samples flow rate was set to 0.3 yl min™ and the
flow rate of the referent components Glu-Fibrinopeptide and LeuEnkephalin (both Sigma,
Germany) were set to a flow rate of 0.5 yl min™'. The nanoACQUITY UPLC system was
connected to a Synapt G2Si mass spectrometer (Waters Corporation, Germany) with
electrospray ionization (ESI). The NanolLockSpray source was set to positive mode. The
measurements were performed in resolution mode and data-independent acquisition (MSF).
Following settings were used: mass to charge range of 50—2 000 Da, scan time of 1 s, ramped
trap collision energy from 20 to 40 V, and data acquisition of 90 min. Technical replicates were
measured for each sample. The system was operated by the software MassLynx 4.1 (Waters

Corporation).

Protein identification. Measured peptides and assigned proteins were processed with the
software Progenesis QI 2.0 (Nonlinear Dynamics). The settings and procedure were described
in previous studies "®. Briefly, we defined the noise reduction threshold for low energy, elevated
energy, and peptide intensity as 120, 25, and 750 counts, respectively. The murine proteome
database with reviewed proteins was retrieved from uniport (swiss prot). The protein sequence
information for the standard protein, Hi3 E. coli standard, was added to perform absolute
quantification. The identification runs were performed with the following settings: one missed

cleavage, maximum protein mass of 600 kDa, fixed carbamidomethyl modification for cysteine,

54



Chapter B - The protein corona in the intracellular environment

variable oxidation for methionine, a minimum of three assigned fragments per peptide, a
minimum of two assigned peptides per protein, a minimum of five assigned fragments per

protein, and a score parameter below 4.

RAW264.7 cell culture. The murine macrophage cell line RAW264.7 was cultivated with
Dulbecco’s Modified Eagle Medium, supplemented with 10% FBS, 100 U mI”" penicillin, and
100 mg ml™ streptomycin (all Gibco/Thermo Fisher, Germany). The cells were cultured in an
incubator (CO; Incubator C200, Labotect, Germany) at 37 °C, 5% CO,, and 95% relative
humidity. For subculturing and harvesting, RAW264.7 cells were briefly washed with PBS prior
to adding 0.25% Trypsin-EDTA (Gibco/Thermo Fisher, Germany) for detachment. Cells were
collected after incubation for 5 min at 37 °C, 5% CO., and 95% relative humidity. The same
volume of cell culture medium was added and the cells were sedimented by a centrifugation
step of 300g for 5 min. The supernatant was removed. The cell viability and count were
measured by an automated cell counter (TC10, Bio-Rad, Germany). The cells were diluted in

cell culture medium for the next passage or experiment.

Cell uptake analysis with flow cytometry. After harvesting the cells, 150 000 RAW264.7
cells were seeded per well in a 24 well plate. To induce cell attachment, cells were incubated
at 37 °C and 5% CO- overnight. On the next day, the medium was removed and the cells were
washed once with 1 ml of PBS. Carboxy-functionalized PS NPs were diluted to a concentration
of 150 ug ml”" in DMEM without FBS and added to the cells in a volume of 200 pl. For a control
experiment, Cy5-labeled murine plasma proteins were added in a comparable amount to the
protein corona to the cells, which corresponded to 9 ug ml™". Uptake after different incubation
times was measured by flow cytometry. To harvest the cells, the culture medium was removed
and the cells washed once with 1 ml of PBS. Subsequently, 250 ul 0.25% Trypsin-EDTA was
added and the cells incubated for 5 min at 37 °C and 5% CO. to induce detachment. After
detachment, 250 ul DMEM without FBS was added and the cells were transferred to 1.5 ml
tubes. The cells were centrifuged at 300g for 5 min. The supernatant removed and the cells
resuspended in 1 ml of PBS. The flow cytometry measurements were performed with an
Attune NxT (Thermo Fisher, Germany). To detect BODIPY (Carboxy-functionalized PS NPs)
a 488 nm excitation laser was employed with a 530/30 nm band-pass filter. To detect Cy5
(labeled murine plasma proteins) a 638 nm excitation laser was used with a 670/14 nm band-
pass filter. Cells were analyzed by forward scatter and sideward scatter to discriminate cellular
debris and identify the cell population. Next, fluorescence properties of the identified cell

population were analyzed as the percentage of gated fluorescent events or as the median
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fluorescent intensity (MFI). Processing of flow cytometry data was performed with Attune NxT
Software (Thermo Fisher, U.S.A).

Fluorescence cross-correlation spectroscopy (FCCS). Protein corona preparation was
performed as described above with one wash step to be comparable with the cell experiments.
After the wash step, the PS NPs with the Cy5-labeled protein corona were resuspended in
DMEM with different pH values (all without FBS). Hydrochloric acid (1N, Honeywell™ Fluka™,
Germany) was used to adjust the pH value of DMEM. The pH values were measured with a
pH electrode (Lab 855, S| Analytics, Germany). The stability of the Cy5-labeled protein corona
on the BODIPY labeled PS NPs was studied by performing FCCS experiments '8¢87 at
different time intervals at the respective pH. An eight-well polystyrene, chambered cover glass
(Laboratory-Tek, Nalge Nunc International) was used as a sample cell. The FCCS experiments
were performed on a commercial setup (LSM 880, Carl Zeiss, Jena, Germany). For excitation
of the BODIPY and Cy5 labeled species an argon ion laser (488 nm) and a He/Ne-laser
(633 nm) were used respectively. The excitation light was focused into the studied solution by
a high numerical aperture water immersion objective (C-Apochromat 40x/1.2 W, Carl Zeiss,
Jena, Germany). The fluorescence was collected with the same objective and after passing
through a confocal pinhole, directed to a spectral detection unit (Quasar, Carl Zeiss). In this
unit, emission was spectrally separated by a grating element on a 32 channel array of
GaAsP detectors operating in a single photon counting mode. The emission of BODIPY was
detected in the spectral range 500-550 nm and that of Cy5 in the range 640-700 nm. The
recorded experimental auto- and cross-correlation curves were fitted with the theoretical model
function for freely diffusing fluorescence species '®¢'®’. The fits yielded the diffusion
coefficients and the concentrations of the BODIPY labeled, Cy5 labeled and double labeled
species. To evaluated the stability of the protein corona on the PS NPs, we calculated the ratio
of the concentration of the Cy5 labeled species (all plasma proteins) to the concentration of
the double labeled species (plasma proteins on the PS NPs) and monitored the time

dependence of this ratio (Fig. S4.15).

Data Representation. GraphPad Prism 8 (GraphPad Software, USA) was utilized for data

visualization. The data are shown as means * standard deviation (SD) of the values.

Correlative light and electron microscopy (CLEM) sample preparation. RAW264.7
macrophages were seeded onto 3 mm sapphire disks (M. Wohlwend GmbH, Switzerland).
Sapphire disks were pre-coated with a 10 nm-thick carbon layer using an EM MEDO020

instrument (Leica, Germany). The coated sapphire disks were dried and sterilized in an oven
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at 120 °C overnight before use. Macrophages were seeded onto sapphire disks in 12 well
plates overnight for cell attachment. Nanoparticles were added in a concentration of
150 ug ml”" to the macrophages and incubated in a humidified incubator at 37 °C and 5% CO2.
The incubation time points are indicated for each figure showing CLEM images. After the
incubation, each sapphire disk was collected from the 12 well plates and slightly immersed into
1-hexadecene before placing them between two aluminum plates (3 mm, Plano). The
aluminum ‘sandwich’ structure was placed into a specimen holder for high pressure freezing
in a Wohlwend HPF Compact 01 high pressure freezer with a pressure of 2100 bar for 2-3 s.
The specimen holder was withdrawn from the freezer and immersed into liquid nitrogen to
release the sample. The frozen sample was then labeled and stored in a container filled with
liquid nitrogen. Frozen sapphire discs were carefully removed from the aluminum ‘sandwich’
and transferred into 1 ml pre-cooled freeze substitution medium (0.2% (w/v) osmium tetroxide,
0.1% (w/v) uranyl acetate, 5% (v/v) distilled water in acetone) and kept in a freeze substitution
unit (AFS2, Leica, Germany). Samples were then slowly warmed up to 0 °C over a period of
20 h in the unit. After being warmed up, the freeze-substituted samples were brought to room
temperature, then the substitution medium was removed and the discs were washed 3 times
with acetone at half an hour intervals. Then the discs were infiltrated sequentially in gradient
epoxy resin-acetone mixture (1;1, 1:2, and 2:1) for 1 h. Samples were then infiltrated in 100%
epoxy resin overnight. Finally, each sample was transferred into a new Eppendorf tube

containing fresh epoxy resin for polymerization at 60 °C for 24 h.

Serial sectioning and CLEM imaging. After polymerization, sapphire discs were detached
using liquid nitrogen. Afterward, resin blocks were trimmed for later serial sectioning. Trimmed
resin blocks were sectioned by an ultra 45° Jumbo diamond knife (Diatome, Switzerland) with
a home-made water draining setup. An ITO coated coverslip (SPI) was placed and fixed at the
other end of the diamond knife. Diluted glue was placed on either top or bottom side of the
trimmed resin block to make sure the sections stay attached in the correct order while
sectioning. Section band was carefully moved to the coverslip with an eyelash brush until one
end of the band touched the coverslip. Afterward, the water level was carefully lowered with
the draining setup until the whole section band was slowly attached to the coverslip. The
coverslip was then placed on a preheated hotplate to dry completely. The dried coverslip was
then imaged in cLSM (SP5, Leica, Germany) with a 20X 0.75 NA dry objective for overviews
or 63X 1.4 NA oil immersion objective to capture images of selected areas. The same coverslip
was later mounted onto a clap holder to be imaged in HITACHI SU8000 with 2.5V landing
voltage 15 mA and a HA-BSE detector. Image registration and alignment of light and electron

microscopy images were accomplished in Fiji and icy with eC-CLEM plugin.
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Fluorescence connectivity measurement . To identify the separation of the Cy5-labeled
protein corona from the PS NPs, we developed a macro that measures the connectivity of red
and green signals using ImagedJ. The ijm file of the used ImageJ macro is included in the
supplementary information. We evaluated 12-73 cells per time point. The outlines of the cells
were defined manually in the reflected light channel or EM images. In some cases, several
adjacent images were used to include enough cells for the evaluation. Thresholds were defined
to identify NP and protein corona objects and their signal intensities were evaluated using the
ParticleAnalyzer plugin. A protein corona object was counted as connected to a PS NP object
if its box overlapped or touched a box of PS NP object. The connected signal intensity of the
connected protein corona were was compared with the total signal intensity of protein corona
for each cell and a percentual fraction of connected signal intensity was calculated. The
connectivity was determined as the mean for all cells in a region of adjacent cells having at
least five green and three red objects. The cell-based standard deviation was plotted with the

mean of the connectivity.
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4.4 Results and discussion

The formation of a fluorescent protein corona

In order to form the protein corona and study its fate after cellular internalization, we
synthesized and carboxyl-functionalized polystyrene nanoparticles (PS NPs). The synthesized
PS NPs were stabilized with Lutensol, fluorescently labeled with BODIPY, and showed an
average diameter of 116 nm and a zeta potential of 7.21 mV (Tab. S4.1). We labeled the
murine plasma proteins with Cy5 by NHS-chemistry and formed the protein corona on the NPs
with both, unlabeled and labeled proteins (Fig. 4.1A).
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Figure 4.1: Protein analysis of unlabeled and Cy-5-labeled murine plasma and protein corona.

(A) Murine plasma proteins were labeled with Cy5 by NHS-chemistry. Carboxyl-functionalized PS NPs
were incubated in unlabeled and Cy5-labeled murine plasma, respectively, to form a protein corona.
(B) Unlabeled murine plasma (MP), Cy5-labeled murine plasma (MP*), and associated protein corona
samples were analyzed by SDS-PAGE and silver staining. Corona proteins were obtained after
incubation of carboxyl-functionalized PS NPs in plasma, washing, and desorption with 2% of SDS.
(C) Analysis of in-gel fluorescence. The Cy5-fluorescence was imaged by IVIS at an excitation
wavelength of 640 nm and an emission wavelength of 680 nm. (D) Quantitative LC-MS proteomic
analysis. The pie charts display the proteins with at least 4% presence in the proteome. Values are
represented as the percentage based on all identified proteins.

Subsequently, we quantified the proteins and characterized the composition in the unlabeled

and labeled plasma and unlabeled and labeled protein corona. The protein corona samples

showed a comparable protein amount after desorption. We measured 51.79 (+ 1.14) ug for the
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unlabeled protein corona and 60.47 (£ 2.8) ug for the Cy5-labeled corona (protein amounts as
mean = SD, n = 2, amounts correspond to 0.01 m? NP surface ). Additionally, we observed
similar band patterns on the SDS-PAGE by silver staining between unlabeled and labeled
samples, respectively (Fig. 4.1B, Fig. S4.1). We detected the fluorescent labeling via in-gel
fluorescence measurements by IVIS. Here we observed a high similarity between the band
patterns of the silver-stained SDS-Page and the in-gel fluorescence (Fig. 4.1C). This similarity

confirmed the high degree of fluorescent labeling of the proteins of different molecular weights.

Next, we employed quantitative LC-MS measurements to further detail the protein composition.
Overall, the protein composition was slightly changed in quantitative measures after the Cy5-
labeling. Serum albumin was measured as the highest abundant protein in both, unlabeled
and labeled murine plasma, followed by immunoglobulin kappa in the unlabeled plasma and
serotransferrin in the labeled plasma as the second-highest proteins, respectively. For the
unlabeled protein corona, we measured complement C1q subunit B and complement C1q
subunit A as the two most abundant proteins. In the labeled protein corona we identified
beta-2-glycoprotein and apolipoprotein A1 as the two most abundant proteins. After the Cy5-
labeling, we observed changes in the protein composition of the murine plasma, such as a
~6 fold decrease of immunoglobulin kappa and a ~2.7 fold decrease of apolipoprotein A1. In
the case of the protein corona samples, we determined a ~2.7 fold to ~3.6 fold decrease of the
complement C1q subunits and a ~2.7 fold increase of serum albumin after labeling (Fig. 4.1D).
For the remaining most abundant proteins, however, we observed smaller quantitative
differences, as the ones mentioned. As a consequence, we accepted the described
quantitative changes after the labeling and assumed that the labeling would not alter the
outcome of a fluorescently labeled protein corona compared to an untreated protein corona.
Nevertheless, we included the NPs with an unlabeled protein corona as a control in the

following uptake experiments.

Co-internalization of PS NPs and the protein corona

Next, we employed flow cytometry to understand the uptake of both, PS NPs and the protein
corona. Murine macrophages RAW264.7 were incubated with untreated PS NPs, PS NPs with
an unlabeled protein corona, and PS NPs with a Cy5-labeled protein corona (Fig. 4.2A). After
an incubation of 2 h with the nanoparticles, almost 100% of the cells were BODIPY -positive,
indicating the uptake of the PS NPs by most cells (Fig. 4.2B). Almost all measured cells were
Cy5-positive, if the cells were incubated with PS NPs with a Cy5-labeled protein corona
(Fig. 4.2C). A control uptake experiment with only Cy5-labeled proteins showed that no or a
fairly small amount of Cy-5 proteins were taken up when compared to the uptake of Cy5-

labeled proteins on the protein corona on PS NPs. This difference was confirmed by flow
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cytometry and cLSM (Fig. 4.2D/E). Therefore, our findings prove a co-internalization of the

PS NPs and the associated protein corona.
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Figure 4.2: Cy-5-labeled protein corona is detectable after uptake in murine macrophages.
RAW264.7 cells were incubated with 150 ug ml" of carboxyl-functionalized PS NPs for 2 h. Untreated
NPs, NPs with an unlabeled protein corona, and NPs with a Cy5-labeled protein corona were used for
the uptake experiment. (A) Flow cytometry was performed to measure BODIPY (PS NPs) fluorescence
and Cy5 (labeled corona proteins) fluorescence. Values are shown as the percentage of measured
events regarding the fluorescence. (B) The percentage of BODIPY-positive cells is shown. (C) The
percentage of Cy5-positive cells is shown (data are shown as mean =+ SD, n =5). (D) As a control
experiment, RAW264.7 cells were incubated with 9 ug mL-' Cy5-labeled murine plasma proteins and
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150 ug mL™" of PS NPs with a Cy5-labeled protein corona, respectively. The amount of 9 ug mL"’
corresponds to the amount of proteins on the protein corona. The uptake was evaluated after 2 h and
2 h + 24 h. Flow cytometry was performed to measure the median fluorescence intensity (MFI) of Cy5
(proteins or protein corona; data is shown as mean + SD, n = 3). The gating strategy for flow cytometry
is provided in Supplementary Figure S4.2. (E) The uptake was analyzed by cLSM. Red represents the
Cy5-labeled protein corona. The green signal is not included for a better overview of the red signal.
Scale bars: 20 ym.

Visualizing PS NPs and protein corona within the cells

In order to study the intracellular behavior of the protein corona, we performed volume CLEM
in RAW264.7 macrophages with a Cy5-labeled protein corona on BODIPY-labeled PS NPs.
Volume CLEM is an imaging technique that is applied to visualize the three-dimensional
information of biological samples (e.g. cells, tissues) by combining the strength of light
microscopy and electron microscopy. The imaging process is performed on serial sections.
After 24 h of co-incubation of protein corona coated PS NPs with macrophages, samples were
immediately vitrified by high pressure freezing (HPF) to preserve the native structures. After
undergoing the preparation steps of freeze substitution and EPON embedding, samples were
finally sectioned and investigated in cLSM and SEM sequentially (see material and methods).
In total 15 EPON sections (100 nm each) were imaged in both microscopic modalities and the
images from both microscopes were superimposed as previously described (Fig. 4.3A,
Fig. S.4.3) '8 CLEM images of each section were aligned in the correct order and eventually
segmented for the reconstruction model with a volume of 1.5 ym (Fig. 4.31). Each object was
segmented in a different color for better distinction. Totally, 1446 BODIPY-labeled PS NPs
were segmented in green (Fig. 4.3B/F) and they were found within 172 endocytotic vesicles
(Fig. 4.3C/F). Furthermore, 20 endocytotic vesicles containing separated Cy5-labeled protein
corona (Fig.4.3E/F) were segmented within the PS-vesicles complex (Fig.4.3C), and
271 objects of protein corona (Fig. 4.3D/F) were segmented according to CLEM images. In
addition, 12 mitochondria (Fig. 4.3G/H) were found within the vesicle complex. Vesicles
containing the separated protein corona and vesicles containing PS NPs were closely located
together with mitochondria. Within the vesicles containing the separated protein corona, a few
PS NPs were found.
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Figure 4.3: Volume CLEM of one cell and segmented model. PS NPs with Cy5-labeled protein
corona were incubated with RAW264.7 cells and imaged in CLEM after 2h+ 24 h. (A) CLEM
micrographs of 15 physical EPON sections (100 nm each). z represents the relative depth of each
section in ym. Red represents the Cy5-labeled protein corona, green represents BODIPY-labeled
PS NPs, yellow represents the overlay of the protein corona and PS NPs. The enlarged images are
provided in Figure S4.4. (B-I) Segmented model of individual or combined objects with the number of
segmented objects (upper right corner). (B) PS NPs. (C) Vesicles containing PS NPs. (D) Protein

corona. (E) Vesicles containing protein corona. (F) Combined objects of the protein corona, PS NPs,
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vesicles containing PS NPs, vesicles containing protein corona. (G) Mitochondria. (H) Objects in F with

mitochondria. (I) Objects in H with cell membrane (light pink) and nucleus (yellow). Scale bars: 2 um.

Separation of PS NPs and protein corona in the cell

We conducted additional flow cytometry analysis at different time points to investigate the fate
of the internalized PS NPs and protein corona. For this, we retrieved the NPs-containing
supernatant on RAW264.7 macrophages after an incubation time of 2 h and evaluated the
BODIPY and Cy5 signal by flow cytometry after different additional incubation times. This
procedure was performed for untreated PS NPs, PS NPs with an unlabeled protein corona,
and PS NPs with a Cy5-labeled protein corona. Similar to the uptake analysis after 2 h, almost
all measured cells were positive for BODIPY at every time point. If the cells were incubated
with PS NPs with a Cy5-labeled protein corona we also detected that almost all measured cells
were positive for Cy5 at every time point (Fig. S4.4). Additionally, we evaluated the median
fluorescence intensity (MFI) to understand the intensity of the signal after different incubation
times and link this intensity to the fate of the NPs and the protein corona. Overall, the MFI for
BODIPY decreased over time, indicating a lowering amount of PS NPs in the cells with time.
This decrease can be partially explained by cell division, which was shown to reduce the
amount of nanoparticles in a growing cell population over time '®°. However, the release of
PS NPs was previously shown in different cell lines and contributes additionally to the signal
decrease "°'9 This decrease of PS NPs with time was observed for all three conditions of
PS NPs (Fig. 4.4A). In general, the MFI of the samples with protein corona, unlabeled and
Cy5-labeled showed a lower MFI than the PS NPs without protein corona. We observed a
similarly reduced uptake for PS NPs with protein corona in past studies, which might be a
result of adsorbed dysopsonin proteins ''”. The MFI for Cy5 showed a similar decrease over
time for cells that were incubated with PS NPs with a Cy5-labeled protein corona compared to
an unlabeled protein corona (Fig. 4.4B). To compare the decrease of the BODIPY and Cy5
signal in the case of the uptake of PS NPs with a Cy5-labeled protein corona, we calculated a
percentual MFI. This percentual MFl is based on the normalization of the MFI value compared
to the highest MFI value (the MFI value of 2 h). Interestingly, we observed that the MFI of Cy5
decreased faster than the MFI of BODIPY (Fig.4.4C). Accordingly, we state that the
macrophages metabolize or exocytose the fluorescent corona protein faster or process it by a
different pathway than the PS NPs.
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Figure 4.4: Flow cytometry and CLEM connectivity analysis reveal a slow separation of NP and
protein corona after cell uptake. RAW264.7 cells were incubated with 150 ug ml™' of carboxyl-
functionalized PS NPs. Untreated NPs, NPs with an unlabeled protein corona, and NPs with a Cy5-
labeled protein corona were used for the uptake experiment. The cells were incubated with the NPs for
2 h (dotted line). Subsequently, the NP-containing supernatant was removed and replaced with fresh
culture medium without NPs. (A) Flow cytometry was performed to measure the median fluorescence
intensity (MFI) of BODIPY (PS NPs). (B) The MFI of Cy5 (labeled corona proteins) was measured for
the same events. The gating strategy for flow cytometry is provided in Figure S4.2. (C) The percentual
MFI was plotted for the BODIPY and the Cy5 fluorescence in the case of the uptake of NPs with a Cy5-
labeled corona. The percentual MFI value was calculated for each time point, comparing it to the highest
MFI value measured (here: 2 h; data are shown as mean + SD, n = 3). (D) The connectivity of BODIPY
and Cy5 signals was analyzed for the uptake of NPs with a Cy5-labeled corona on CLEM images after
different time points. The connectivity analysis was conducted by using an in-house Imaged macro,
calculating the fraction of connected signal intensities compared to the total intensities (data are shown
asmean +SD; n(0.5h=28,n(2h)=67,n2h+4h)=73,n(2h+16 h)=14,n(2h + 24 h)=12).

To support the flow cytometry findings, we analyzed the connectivity of the BODIPY and Cy5
signal on the embedded sections for CLEM (Fig. 4.4D). Here, we investigated multiple cells to
generate reliable values. The connected signals were evaluated with an ImageJ macro (see
material and methods). In brief, the cell outlines were identified and defined on the section with
cells with internalized PS NPs after different time points (Fig. S4.5). Subsequently, thresholds
were defined to identify the BODIPY signals (PS NPs) and Cy5 signals (protein corona;
Fig. S4.6) A protein corona object was counted as connected to a nanoparticle if its box

overlapped or touched a box of a PS NP object. The intensities of the connected signals were
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then compared with the total signal intensities and a percentual fraction of connected signal
intensity was calculated for each cell. We observed a decrease in the signal connectivity over
the same time frame as in the flow cytometric experiment. Therefore, we conclude that the
fluorescently labeled protein corona must be separated from the PS NP after the uptake. This

separation is a process that takes several hours.

The evolution of the protein corona after cellular uptake

The intracellular fate of the protein corona and PS NPs was further revealed by the serial
CLEM images. The protein corona (Cy5, red) and PS NPs (BOPDIPY, green) were mostly
localized in round endosomes (Fig. 4.5B/B’, yellow), whereas the separated protein corona
signal was exclusively found in multivesicular bodies (MVBs) (Fig. 4.5D/D’, MVBs in Fig. S4.7,
red). These events were repeatedly observed in various cells (Fig. S4.8). In fact, the protein
corona was exclusively observed within vesicular boundaries at 2 hand 2 h + 24 h (Fig. $4.9),
which excludes the Cy5-labeled proteins translocating to the cytosol or to other compartments
outside the endo-lysosomal system during the trafficking. We also localized elongated tubular
vesicles around MVBs containing only PS NPs. These tubular vesicles can be morphologically
identified as recycling endosomes (REs) (Fig. 4.5E/E’) ™*°. We confirmed that PS NPs without
protein corona were also transported to REs (Fig. S4.10). Upon the observation that the protein
corona and PS NPs were distributed separately in morphologically different endosomes, we
further identified the sorting and separation event (Fig. 4.5C/C’) by investigating the CLEM
images where two signals were closely connected but not overlapped. Depending on the EM
micrograph (Fig. 4.5C’), the endosome containing the protein corona exhibited a ruffling
towards the endosome containing PS NPs (Fig. 4.5C’, white arrow), indicating a possible
division and thus formation of two distinctly loaded endosomal vesicles. Meanwhile, the
endosome that contained only the protein corona (Fig. 4.5C, red) was found to be developed
into an MVB in later sections (Fig. 4.6A). This finding confirms the earlier observation of the
separated protein corona. Additionally, we observed exocytosis of separated PS NPs
(Fig. 4.5F/F’) in another cell (Fig. S4.12, Fig. S4.13), implying that PS NPs could be

exocytosed by REs after being separated from the protein corona.
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Figure 4.5: Intracellular fate of the protein corona and PS NPs illustrated by CLEM and EM
micrographs. (A) Scheme of intracellular separation of the protein corona and PS NPs and exocytosis
of NPs. Scheme was created with Biorender.com. (B/B’) Protein corona coated PS NPs in an endosome
after internalization. Intracellular space is indicated with a star symbol. (C/C’) Separation of the protein
corona and PS NPs. Separation event is highlighted with a dotted square and an arrow.
(D/D’) Distribution of separated protein corona in an MVB. (E/E’) Distribution of separated PS NPs in
tubular recycling endosomes. (F/F’) Exocytosis of separated PS NPs. Exocytosis of naked PS NPs is
indicated by an arrow and intracellular space is indicated with a star symbol. Red represents the Cy5-
labeled protein corona, green represents BODIPY-labeled PS NPs, yellow represents the overlay of the
protein corona and PS NPs. Scale bars: 500 nm.

To further demonstrate the separation event and the distribution of separated protein corona
in MVBs, serial CLEM images of areas in Figure 4.5C and Figure 4.5D were shown in detail
accordingly (Fig. 4.6A, Fig. 4.6B). The segmented models (Fig. 4.6A’/A”/A’’) of Figure 4.6A
showed the close spatial relationship between an endosome containing separated PS NPs
(green) and an MVB containing the separated protein corona (red). An endosome with protein
corona coated PS NPs and tubular REs with separated PS NPs were located next to the MVB
indicating the separation might be an ongoing process. The segmented model
(Fig. 4.6B°/B”/B’”) of Figure 4.6B revealed dimensionally that several REs containing
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separated PS NPs were located close to the MVB containing separated protein corona. The
spatial information from both models further hinted that the separation and distribution of

protein corona and PS NPs were closely related to the functions of different endosomes.

According to our CLEM results, the protein corona-coated PS NPs were mainly located in
crowded round-shaped endosomes, whereas the separated protein corona was exclusively
located in MVBs, and the separated PS NPs were found in tubular REs (Fig. S4.7, Fig. S4.8).
Because our flow cytometry results showed the successful co-internalization of the protein
corona and NPs, we assume that the endosomes with the protein corona-coated NPs were
the primary or early endosomes (EEs). At the same time, it is known that EEs are crucial for

sorting functions 1°8-1°9. 192

and are able to generate tubular REs for further transportation or
recycling °* "% Therefore, we consider that the separation or sorting of the protein corona and
PS NPs starts at the site of early endosomes when REs containing PS NPs begin to form while
the protein corona begins to separate from NPs. Furthermore, we observed the separated
protein corona only in large MVBs containing intraluminal vesicles '°*'%°. These MVBs mature

from EEs "%

and more specifically from the main bodies of the EEs after the formation of
REs '8 192 We hypothesize that during the maturation of the EEs after internalization, NPs
start to separate from the protein corona and are transported into REs. As the maturation of
the EEs into MVBs completes, most NPs are then transported into REs leaving behind the
protein corona within the matured MVBs (Fig. 4.5A). This hypothesis correlates with the
endosome maturation during the endocytic pathway and is supported by our CLEM results.
Exocytosed NPs within a vesicle were also observed at the same condition (Fig. S4.12), and

190-191

this phenomenon has been reported in different cell lines . We speculate that the

exocytosis might happen via the recycling of REs to the plasma membrane after protein corona
separation. On the other hand, depending on the MVB maturation, the separated protein

5

corona in the MVBs might eventually accumulate in lysosomes ' or exocytose via

exosomes 1%,

Degradation of the protein corona in lysosomes is predictable and was
previously observed . Nevertheless, we have captured the Cy5 signals around the plasma
membrane, either co-localizing with some membranous vesicles or on the membrane ruffling
(Fig. S.4.11). These Cy5 signals outside of the cell might be the evidence of the exocytosed

protein corona from MVBs and suggest an alternative destiny of the separated protein corona.
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Front view Side view

Figure 4.6: Volume CLEM and segmented models of the separation of the protein corona and
PS NPs. PS NPs with Cy5-labeled protein corona were incubated with RAW264.7 cells and imaged in
CLEM after 2 h + 24 h. (A) Volume CLEM of the separation of protein corona and PS NPs in endosomes.
(A’) Front view of the segmented model in A. (A”) Side view of the segmented model in A. (A’’) Top
view of the segmented model in A. (B) Volume CLEM of an MVB with separated protein corona and
PS NPs. (B’) Front view of segmented model in B. (B’’) Side view of segmented model in B. (B””’) Top
view of segmented model in B. Red represents the Cy5-labeled protein corona, green represents
BODIPY-labeled PS NPs, yellow represents the overlay of the protein corona and PS NPs. Scale bars:
500 nm.
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We can point out various potential reasons for the separation of the protein corona from the
NPs. One reason behind the separation of the protein corona and NPs might be related to the
changing acidification within different endosomes. To investigate the role of the acidification,
we conducted a fluorescence cross-correlation spectroscopy (FCCS) evaluation of the stability
of the Cy5-labeled protein corona on the PS NPs in cell culture medium at different pH values.
The FCCS results suggested that the protein corona on NPs remained stable in the range of
pH 7.6-pH 5.5. At pH 4.5 the Cy5 and BODIPY signals separated over a time span of 24 h
indicating disintegration of the protein corona (Fig. S4.14). The pH value in different
endosomes decreases, thus the endosomes acidifies, along the endocytic pathway during the
endosomal maturation " '®"_ |t is well understood for in vitro situations that the composition
and stability of the protein corona are strongly affected by the environmental pH "% We
suggest, that due to the decreased pH from EEs to MVBs, the proteins on the protein corona
might lose their affinity to the surface of the NPs because the evolution of protein corona is
dynamic under a fickle environment 2% Additionally, the acidification might cause

conformation changes of the adsorbed proteins 197 201

which can consequently influence and
alter protein-protein and most protein-NP interactions of the protein corona. However, our
in-vitro experiment showed a disintegration at pH 4.5 and not at higher pH values (Fig. S4.14).
Particularly, endosomes before the late endosomal stage show pH values of 6.5-5.5 %
Therefore, acidification can only be seen as one possible reason for the separation of the

fluorescent-labeled protein corona from the PS NPs.

Furthermore, the protein corona-coated NPs transit through dynamic biological environments,
being subjected to changes of the ionic environment and being confronted with new,
intracellular proteins which were not originally present in the plasma. Endosomal maturation
involves a constant efflux of cations, such as Ca?*, Na*, and K*, and an influx countering CI
anions . The importance of the ionic environment for the formation of the protein corona was
previously explored 2°2, making it possible that continuous changes in the ionic environment
could contribute to the displacement or rearrangement of the protein corona. Other studies
highlighted the dynamic behavior of the protein corona after transitioning through different
biological fluids ®' and within cells 2°*2%, It is possible that intracellular proteins exhibit a higher
affinity towards the NPs’ surface and, therefore, adsorb on the NPs surface intracellularly and
replace the previous proteins, leading to a newly formed protein corona. Additionally, protein
degradation via late-endosomal proteases is likely to contribute to the identity change of the
protein corona on NPs if they surpass the early endosomal stage '®*. Thus, this highly dynamic
molecular environment might further contribute to the separation of the fluorescently labeled

plasma proteins from the corona.

Ultimately, with our work we identified the separation process in a time-dependent manner with

the strong support of high-resolution images. Nevertheless, future investigations must uncover
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the exact molecular aspects behind the separation. Here, we see potential in stable isotope-
labeling of amino acids to precisely track the protein corona and related peptides by
degradation in the intracellular environment. In addition, these studies will profit from staining
intracellular compartments, e. g. by transfection or antibodies, and including state-of-the-art
microscopic techniques, such as cryogenic electron microscopy (cryo-EM) for structural

studies or super-resolution live imaging.
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4.5 Conclusion

Our results demonstrate the progressive separation of PS NPs from an associated protein
corona that occurs over a timeframe of several hours. We visualized these events within the
cell by volume CLEM and propose an intracellular pathway for the hereby used nanoparticular
system that includes (1) the mutual internalization into the endosomal system, (2) the
separation of NPs and the protein corona by early endosomal sorting mechanisms, (3) the
presence of NPs in elongated REs and the protein corona in MVBs, and (4) the exocytosis of
PS NPs and while the protein corona remains in the endo-lysosome. However, all these
findings are based on the examination of one cell line. But in order to be able to make a general
statement on the intracellular processing of the protein corona, it is of course necessary to
examine a wide variety of different cell lines. With these findings, we should ultimately be able
to understand engineered artificial protein coronas on NPs and optimize the release of the API

towards a more sophisticated design of nanotherapeutics.
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4.6 Supplementary Information

Table S.4.1: Characterization of carboxy-functionalized polystyrene nanoparticles. The used
surfactant, fluorescent dye with excitation and emission wavelength, average nanoparticle diameter Dz,
and zeta potential { are listed. The average diameter was measured by dynamic light scattering. The

average diameter and zeta potential were measured by a Malvern Zetasizer nano-s90 .

Fluorescent Dye

Name Surfactant A (Excitation/Emission) [nm]

Dz [nm] ¢ [mV]

PS-COOH ‘ Lutensol ’ BODIPY (523/536) ‘ 116 ‘ -7.21

Source Corona

MP  MP* MP  MP*

T - - .

kDa i
198

98
62
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Figure S4.1: SDS-PAGE of murine plasma and protein corona samples. Unlabeled murine plasma
(MP), Cy5-labeled murine plasma (MP*), and associated protein corona samples were analyzed by
SDS-PAGE and silver staining. Corona proteins were obtained after incubation of carboxyl-

functionalized PS NPs in plasma, washing, and desorption with 2% of SDS.
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Figure S4.2: Gating strategy of the flow cytometry experiments. RAW264.7 cells were analyzed by
forward scatter and sideward scatter to identify the cell population of interest and exclude cell debris.
The cell population of interest was gated (R1). The events of the gate R1 were analyzed for their
fluorescence of BODIPY of the PS NPs with the channel BL-1 (excitation: 488 nm, band-pass filter:
530/30 nm) and of Cy5 of the labeled protein corona with the channel RL-1 (excitation: 638 nm, band-
pass filter: 670/14 nm). The percentage of BODPIY- and Cy5-positive cell populations were identified

with a histogram by comparison with a cell-only control. The MFI was measured for all events of R1.
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Figure S4.3: Volume CLEM of a RAW macrophage with internalized PS NPs with Cy5-labeled
protein corona. PS NPs with Cy5-labeled protein corona were incubated with RAW264.7 cells and
imaged in CLEM after 2 h + 24 h. z represents the relative depth of each section in um. Red represents
the Cy5-labeled protein corona, green represents BODIPY-labeled PS NPs, yellow represents the

overlay of the protein corona and PS NPs. Scale bars: 2 ym.
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Figure S4.4: Murine macrophages show a very high uptake of differently treated NPs after
various time points. RAW264.7 cells were incubated with 150 ug ml"' of carboxyl-functionalized
PS NPs. Untreated NPs, NPs with an unlabeled protein corona, and NPs with a Cy5-labeled protein
corona were used for the uptake experiment. The cells were incubated with the NPs for 30 min or 2 h.
Subsequently, the NP-containing supernatant was removed after 2 h and replaced with fresh culture
medium without NPs. (A) Flow cytometry was performed to measure the percentual amount of BODIPY
(PS NPs) fluorescent cells. Values are shown as the percentage of measured events in regards to the
fluorescence. (B) Percentage of Cy5-positive cells (labeled protein corona) are shown (data are shown
as mean £ SD, n = 3). The gating strategy for flow cytometry is provided in Figure S4.2.
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Figure S4.5: Exemplary images of cell selection in connectivity measurements. Identification of
cells for a cell-based evaluation of the connectivity of BODIPY and Cy5 signals. (A/B) Cell selection at
30 min. (C) Cell selection at 2 h. (D) Cell selection at 2 h + 4 h. (E) Cell selection at 2 h + 16 h. (F) Cell
selection at 2 h + 24 h. Scale bars: 20 uym.
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Figure $4.6: Workflow for connectivity measurements. (A) Cell to be evaluated. (B) Thresholding
to identify protein and nanoparticle objects. (C) Classification as connected (white) and not connected
(red) protein signal. (D) Insets of C, showing high-resolution EM images of incomplete (upper) and
complete (lower) separation of protein corona from PS NPs Red represents the Cy5-labeled protein
corona, green represents BODIPY-labeled PS NPs, yellow represents the overlay of the protein corona
and PS NPs. Scale bars A-C: 2 um. Scale bar D: 500 nm.
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Figure S4.7: Multivesicular bodies (MVBs) containing Cy5-labeled protein corona signal. PS NPs
with Cy5-labeled protein corona were incubated with RAW264.7 cells and imaged in CLEM after
2 h + 24 h. z represents the relative depth of the section. M represents mitochondria Red represents the
Cy5-labeled protein corona, green represents BODIPY-labeled PS NPs, yellow represents the overlay

of the protein corona and PS NPs. Scale bars: 500 nm.
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Figure S4.8: Events of separated PS NPs and protein corona in different cells. PS NPs with Cy5-
labeled protein corona were incubated with RAW264.7 cells and imaged in CLEM after 2 h + 24 h.
(A-E) Events within five different cells, showing the protein corona-coated PS NPs in crowded round-
shaped endosomes, the separated protein corona in MVBs, and the separated PS NPs in tubular
recycling endosomes (REs). Red represents the Cy5-labeled protein corona, green represents BODIPY -

labeled PS NPs, yellow represents the overlay of the protein corona and PS NPs. Scale bars: 500 nm.

2h+24h

Figure $4.9: Cy5-labeled protein corona at two different time points. PS NPs with Cy5-labeled
protein corona were incubated with RAW264.7 cells and imaged in CLEM. (A/B) Cy5-labeled protein
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corona located in vesicles after 2 h. (C/D) Cy5-labeled protein corona located in vesicles after 2 h + 24 h.
The sections in the dotted squares were enlarged to highlight the presence of the Cy5 signal within
vesicles. Red represents the Cy5-labeled protein corona. The green signal is not included for a better

overview of the red signal. Scale bars: 2 um.

Figure S$4.10: Control uptake experiment with PS NPs without protein corona. PS NPs without
protein corona were incubated with RAW264.7 cells and imaged in CLEM after 2 h + 24 h. (A) PS NPs
in endosomal vesicles. (B/C) Vesicles with PS NPs undergo budding and sorting. The white arrows
indicate the budding within the vesicles. (D/E) PS NPs in tubular-shaped REs. Green represents
BODIPY-labeled PS NPs. Scale bar A: 2 um. Scale bars B-E: 500 nm.
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Figure S4.11: CLEM micrographs of extracellular Cy5-labeled protein corona close to the plasma
membrane. PS NPs with Cy5-labeled protein corona were incubated with RAW264.7 cells and imaged
in CLEM after 2 h + 24 h. (A-H) Cy5-labeled protein corona located within extracellular vesicles.
(I-L) Cy5-labeled protein corona located next to the plasma membrane. Red represents the Cy5-labeled

protein corona. Scale bars: 200 nm.

Figure S4.12: Exocytotic vesicles with PS NPs. PS NPs with Cy5-labeled protein corona were
incubated with RAW264.7 cells and imaged in CLEM after 2 h + 24 h. (A) A RAW264.7 macrophage
after 2 h + 24 h, arrow indicated the extracellular vesicle with PS NPs nanoparticles. (B) Zoom-in image
of the vesicle in A. (C) A second macrophage, arrow indicated the extracellular vesicle with protein
corona-covered PS NPs. (D) Zoom-in image of the vesicle in C. Red represents the Cy5-labeled protein
corona, green represents BODIPY-labeled PS NPs, yellow represents the overlay of the protein corona
and PS NPs. Scale bars: A and C: 2 ym, B and D: 500 nm.
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Figure $4.13: Volume CLEM of another cell. PS NPs with Cy5-labeled protein corona were incubated
with RAW264.7 cells and imaged in CLEM after 2 h + 24 h. A second cell was inspected with volume
CLEM. Figure S4.13A is from z=0.9, Figure S4.13C is from z=1.4. z represents the relative depth of the
sections. Red represents the Cy5-labeled protein corona, green represents BODIPY-labeled PS NPs,

yellow represents the overlay of the protein corona and PS NPs. Scale bars: 2 um.
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Figure S4.14: Acidification contributes to the separation of the protein corona from PS NPs.
PS NPs (BODIPY labeled) with a murine plasma protein corona (Cy5 labeled) were resuspended in cell
culture medium with different pH values. The signal correlation was measured by FCCS at various time
points (A) Ratio of the concentrations of Cy5 labeled species (all plasma proteins) to the concentration
of the double labeled species (PS NPs with protein corona) vs. incubation time in DMEM at the
respective pH. An increase of this ratio indicates partial separation of the protein corona from the
nanoparticles. (B) The data within the dotted square in A were enlarged to show the measurements in
the time frame from 0 h to 4 h. Linear regression was fitted with the data to visualize the correlation

progression over time
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5. Proteomics-guided intracellular trafficking analysis reveals time-

dependent protein corona changes and the intracellular pathway

Aim:

Despite the efforts of past protein corona research, the composition of the protein corona that
forms in an intracellular environment remains poorly studied. This study analyzed the
endocytosis pathways and the intracellular trafficking of two biocompatible nanocarrier
systems. Label-free quantitative LC-MS proteomics was included to unravel the intracellular
protein corona. Further, the composition of the protein corona was analyzed in a time-
dependent manner to generate information on the intracellular protein corona evolution and
annotated to intracellular compartments to reveal a molecular view of the intracellular

trafficking of the nanocarriers.

Copyright:

Subchapter 5 contains a verbatim reproduction with slight adaptions of study [3], which was

submitted to a peer-reviewed journal.

[3] da Costa Marques, R., Hippe, N., Oberlander, J., Lieberwirth I., Landfester, K,

Mailander, V. Proteomics-guided intracellular trafficking analysis reveals time-

dependent protein corona changes and the intracellular pathway. Nanoscale Horizons.
(submitted)

Contributions:

| characterized the magnetic hydroxyethyl starch nanoparticles. | performed the cell culture
methods and the cell uptake experiments for flow cytometry, TEM, and cLSM. | performed flow
cytometry and cLSM. | prepared the intracellular protein corona, quantified the protein samples,
and performed SDS-PAGE. | prepared the samples for LC-MS, performed the measurements,
and evaluated the LC-MS data. Natkritta Hippe synthesized and characterized the magnetic
human serum albumin nanocapsules. Jennifer Oberlander performed the ICP-OES
measurements, edited the cLSM images, and created Figures 5.4, S5.2, and S5.6-5.9. | wrote
the manuscript and created all other figures. | edited the figures. Christoph Sieber performed
TEM for nanocarrier characterization and cellular studies for uptake and intracellular trafficking.
The project was supervised by Dr. Ingo Lieberwirth, Prof. Dr. Katharina Landfester, and
Prof. Dr. Volker Mailander.
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5.1 Abstract

The intracellular protein corona remains poorly investigated within the field of nanotechnology-
biology (nano-bio) interactions. To deeply understand the intracellular protein corona formation
and dynamics, we established a workflow to isolate the intracellular protein corona of different
nanoparticles - magnetic hydroxyethyl starch nanoparticles (HES-NPs) and magnetic human
serum albumin nanocapsules (HSA-NCs) - and after different uptake time points. This
intracellular protein corona defines the direct molecular contact partners of the nanocarrier and
is, therefore, a prime target for further drug development We performed label-free quantitative
LC-MS proteomics to analyze the composition of this intracellular protein corona and
correlated our findings to conventional methods for intracellular trafficking of nanocarriers,
such as flow cytometry, transmission electron microscopy (TEM), and confocal microscopy
(cLSM). In sum, we demonstrated the evolution of intracellular protein corona. The protein
corona differed within the different timepoints for the HES-NPs with a slow uptake but less for
the HSA-NCs with a rapid uptake. Furthermore, we selectively identified proteins of interest for
intracellular trafficking. These proteins served as an effective “fingerprint” and allowed for a
more detailed intracellular pathway reconstruction than the conventional methods. Thus, the
analysis of the intracellular protein corona will provide a powerful resource in investigating the

intracellular trafficking of nanocarriers for efficient drug delivery or intracellular applications.
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5.2 Introduction

The nanotechnology-biology (nano-bio) interactions determine nanocarriers’ properties,
destination, and effect, and therefore remain a key factor in efficient nanomedicine " *'.
Nanomedicine creates smart nanoscale materials to improve diagnosis and therapy °.
Selected nanomedicines, beyond liposomal Doxil® (Janssen), have successfully translated
into the clinical field with examples like Abraxane® (Celgene) and the COVID-19 (mMRNA-1273)
vaccine (Pfizer/BioNTech) ©. Notably, these materials achieved the desired cargo delivery and
crucially enable or change the delivery of the active pharmaceutical ingredient. This highlights
the so far underrated importance of effective and directed intracellular release of active
pharmaceutical ingredients. However, achieving this time- and spatial-controlled cargo release
still remains a challenging but highly desirable goal '** 2°°. To reach this goal, we must

precisely investigate the intracellular nano-bio interactions 24 2%,

On a sub-organism level, the nano-bio interactions occur predominantly between tissues, cells,
nanocarriers, and biomolecules. Whereas on a sub-cellular level these interactions are mainly
based on nanocarriers and biomolecules '**. Upon the contact of a nanocarrier with a
biomolecule-containing fluid, the biomolecules adsorb spontaneously to the nanocarrier’s
surface and lower the surface free energy '. Ultimately, the formation of this biomolecular
corona influences the nanocarriers’ properties, their cellular interaction, pharmacokinetics,
tissue penetration, biodistribution, and the release of active pharmaceutical ingredients 2%°.
The biomolecular corona, also described as protein corona when investigating adsorbed
proteins, forms in both extracellular protein-containing fluids and within the cell " 24, While the
protein corona has been studied extensively in several body fluids " '*'® the impact of the

intracellular environment on the formation or change of the protein corona remains a novelty.

Research started to focus on the formation of the protein corona within cells. Indeed, our group
isolated intracellular vesicles containing nanocarriers to investigate the vesicular protein milieu
to elucidate intracellular trafficking '®%. Other studies specifically elucidated the composition of
the intracellular protein corona as a “fingerprint” to explain intracellular trafficking. Among these
works, magnetic silica nanoparticles were analyzed in A549 cells or gold nanoparticles in
Caco2 cells or HepG2 cells 2°* 29297 These works utilized different strategies to isolate and
identify the proteins of interest within this fingerprint. Moreover, these works emphasized the
value of proteomic investigation for the intracellular trafficking of nanocarriers. However, the
number of studies is limited and the strategies to isolate the protein corona from intracellular

nanocarriers remain pioneering work within the field of nano-bio interactions.

To understand the evolution and informational value of the intracellular protein corona, we

conducted an investigative intracellular workflow. This workflow was performed on magnetic
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hydroxyethyl starch nanoparticles (HES-NPs) and magnetic human serum albumin
nanocapsules (HSA-NCs). We chose these two as they are promising materials for future
nanocarrier design toward a targeted and site-specific cargo release "% 2%®. The uptake and
trafficking were investigated in DC2.4 cells, a murine dendritic cell line. Dendritic cells are
antigen-presenting cells and a promising cell type for targeting in immunotherapeutic research
due to their central role in adaptive and innate immunity 2°°. Moreover, dendritic cells can

process and present antigens through different uptake and intracellular pathways 2%.

First, we used established methods, such as flow cytometry, transmission electron microscopy
(TEM), and confocal microscopy (cLSM) to characterize uptake and intracellular trafficking.
Furthermore, we established a protocol to isolate the nanocarriers after the cellular uptake.
We conducted label-free quantitative LC-MS proteomics to reveal the composition of the
intracellularly-formed protein corona. We compared this protein composition at several time
points to study the intracellular evolution of the protein corona between the nanocarrier
systems. To put the proteomic data in the context of intracellular trafficking, we performed
protein annotation and identified intracellular proteins of interest. Here, we reconstructed

intracellular pathways to detail the intracellular trafficking of the nanocarriers.

88



Chapter B - The protein corona in the intracellular environment

5.3 Materials and methods

Magnetic hydroxyethyl starch nanoparticles. The magnetic hydroxyethyl starch
nanoparticles (HES-NPs) were purchased from micromod Partikeltechnologie (Germany) as
BNF-Starch-redF. According to the manufacturer, the core-shell nanoparticles consist of a
75-80% (w/w) magnetic iron oxide core with a shell of crosslinked hydroxyethyl starch. The
synthesis of similar core-shell HES-NPs was described in the literature *® 2%, The HES-NPs
were obtained with an amino-functionalization and red-fluorescent labeling (redF,

excitation: 552 nm, emission: 580 nm).

Magnetic human serum albumin nanocapsules.

Synthesis of iron oxide nanoparticles. The synthesis of oleic acid-coated iron oxide
nanoparticles (FesO4 NPs) by co-precipitation was adapted with modifications from a previous
work of our group 2'°. First, Iron(Ill) chloride hexahydrate (24.36 g, 90 mmol, Acros, Germany)
and Iron(ll) chloride tetrahydrate (12.01 g, 60 mmol, Merck, Germany) were dissolved in
100 ml demineralized water. An aqueous ammonia solution (40 ml, 28 wt%) was added
dropwise under stirring. Next, oleic acid (4.00 g, 14 mmol, Sigma-Aldrich, Germany) was
added, followed by mechanical stirring at 70 °C for 1 h and then at 110 °C for 2 h. The iron
oxide NPs were rinsed several times with demineralized water and dried in an oven at 65 °C.
Next, the iron oxide NPs were dispersed in 10 wt% tetramethylammonium hydroxide solution
(TMAOH, Sigma-Aldrich, Germany) in an ultrasonication bath (Bandelin Sonorex, Germany)
for 1 h, followed by a centrifugation at 1400 rpm for 1 h. The supernatant was removed, and
the pellet was redispersed in 0.1 wt% TMAOH solution. CMPVA (100 mg, in-house
synthesized) was dissolved in 50 ml hot, demineralized water and added dropwise to the
dispersion of iron oxide NPs, followed by vigorous stirring overnight. The dispersion was
centrifuged at 1400 rpm for 1 h and washed with demineralized water. This washing step was
repeated three times to obtain CMPVA-coated iron oxide nanoparticles for encapsulation.
Synthesis of human serum albumin nanocapsules (HSA-NCs) and encapsulation of iron
oxide nanoparticles. The performed synthesis is based on a previously published work of our
group and was modified as described *’. Human serum albumin (50 mg, Sigma-Aldrich,
Germany) was dissolved in 0.2 ml of demineralized water. Iron oxide nanoparticles (200 pl)
were added for magnetic properties and 100 pl of Cy5-Oligo (0.1 nmol pl™!, excitation: 649 nm,
emission: 670 nm IBA Lifesciences GmbH, Germany) or an in-house synthesized Cy5-PEG5K
conjugate were added for fluorescent labeling. To this aqueous solution, we added an organic
solution consisting of the surfactant poly((ethylene/butylene)-block-(ethylene oxide)) (P((E/B)-
b-EQ)) (35.7 mg, in-house synthetized), dissolved in cyclohexane (7.5 g, HPLC Grade, VWR,

89



Chapter B - The protein corona in the intracellular environment

Germany). The two phases were homogenized by ultrasonication (70% amplitude, 3 min, 20
s pulse, 10 s pause) under constant cooling. P((E/B)-b-EO) (10.7 mg) and the crosslinker
toluene diisocyanate (TDI, 10 mg, TCI chemicals, Germany) were dissolved in 5g of
cyclohexane, and the resulting organic solution was added dropwise to the above-mentioned
miniemulsion. The polyaddition reaction was performed at 25 °C for 24 h. Next, we centrifuged
the formed nanocapsules at 1 500g for 30 min at 20 °C, removed the supernatant, and
redispersed the nanocapsules in cyclohexane. This washing step was performed three times
to remove the excess surfactant and TDI. To transfer the nanocapsules into an aqueous
solution, we added 500 pl of the concentrated, organic nanocarrier dispersion dropwise to 5 ml
0.1 wt% SDS solution under constant shaking in an ultrasonication bath. The process was
performed for 3 min, followed by regular stirring in an open reaction vessel to evaporate the
organic solvent overnight. The resulting emulsion was centrifuged at 500g for 30 min at 20 °C
with Amicon Ultra-2 centrifugal filters (MWCO 50 kDa, Merck, Germany), and the supernatant
was removed. The pellet was redispersed in demineralized water. The washing was repeated
three times to obtain the HSA-NCs. The HSA-NCs were sonicated for 5 min in an

ultrasonication bath before each experiment.

Nanocarrier Characterization. The HES-NPs and HSA-NCs were characterized for the
average diameter and polydispersity index (PDI) via dynamic light scattering (DLS). A
1:100 dilution of the HES-NPs in PBS (Sigma-Aldrich, Germany) and a 1:4 dilution of the
HES-NPs in demineralized water were measured at 20 °C with the detector at a 90 degrees
angle on a Malvern Zetasizer nano-s90 (Malvern Instruments, Germany). The measurements
were performed in triplicates. The zeta potential was measured by diluting HES-NPs 1:100
and HSA-NCs 1:4 with a 1 mM potassium chloride solution at 20 °C. The measurements were
performed in triplicates on a Malvern Zetasizer nano-s90. The morphology of the nanocarriers
was visualized by transmission electron microscopy (TEM). One drop of undiluted nanocarrier
suspension was added on a carbon-coated copper grid and then blotted with filter paper. The
visualization of the samples was performed on a JEOL JEM1400 transmission electron
microscope (JEOL, Japan), equipped with a 120 kV tungsten emitter. The iron concentration
was analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES,
SPECTROGREEN, SPECTRO/AMETEK, Germany). The calibration curve was prepared by
using 0.1, 0.5, 1, 5, and 20 ppm iron standard solutions (stock 1 000 mg I"" Fe, Certipur®,
Merck) in 10% hydrochloric acid (37%, Merck, Germany).

DC2.4 cell culture. The murine dendritic cell line DC2.4 (Merck) was kept for cultivation in

Iscove's Modified Dulbecco's Medium (IMDM, Sigma-Aldrich, Germany) that was
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supplemented with 5% fetal bovine serum (FBS), 100 U mI" penicillin, 100 mg ml”’
streptomycin, 2 mM glutamine, and 550 nM 2-Mercaptoethanol (all Gibco/Thermo Fisher,
Germany). For harvesting, cells were rinsed once with PBS and then detached by adding 2 mM
EDTA (AppliChem, Germany) in PBS and incubated at 4 °C for 10 min. Next, the cells were
collected in a tube with the same volume of culture medium and sedimented by centrifugation
at 300g for 5 min. Afterward, the supernatant was removed, and the cells were either used for
experiments or subcultured. For the subculture, the cell pellet was resuspended in culture
medium. Of this suspension, 20 pl were mixed with the same volume of Trypan Blue (Sigma-
Aldrich, Germany). The cell viability and cell number were measured with an automated cell
counter (TC10, Bio-Rad, Germany), and the cells were diluted appropriately and added into a
fresh cell culture flask (Greiner Bio-One, Austria). The cells were utilized below a passage
number of 20 and, if not in active use, kept in an incubator (CO- Incubator C200, Labotect,
Germany) at 37 °C, 5% CO2, and 95% relative humidity.

Uptake inhibitors. All small molecule inhibitors were obtained from Merck, Germany.
Dansylcadaverine, dynamin inhibitor | (dynasore), 5-(N-Ethyl-N-isopropyl)amiloride (EIPA),
genistein, and nocodazole were solved in DMSO (Hybri-Max™/BioReagent, Merck Germany)
to obtain stocks with a 100-fold concentration for cell experiments. chlorpromazine,
cytochalasin D, filipin 1ll, LY294002, and p21-activated kinase inhibitor Il (IPA 3) were solved
in DMSO to create stock solutions with a 1 000 fold concentration. Wortmannin was solved in
DMSO to create a stock solution with a 200 000 fold concentration. Methyl-3-cyclodextrin was

solved in sterile, demineralized water to create a stock solution with a 1 000 fold concentration.

Flow cytometry for cell uptake and uptake inhibition. The harvested DC2.4 cells were
seeded in 24 well plates (Greiner Bio-One, Austria) with a cell number of 150 000 cells per
well and incubated at 37 °C and 5% CO; overnight for adherence. The next day, the culture
medium was removed and the cells carefully rinsed once with PBS. The nanocarrier
suspension was added with a concentration of 250 ug ml™", and the uptake was monitored at
different time points within 24 h to reconstruct the uptake kinetic. Additionally, the nanocarrier
suspension was removed after 2 h, and the uptake was monitored at various time points within
24 h. For uptake inhibition experiments, cells were pretreated with different uptake inhibitors
and a DMSO control (1%) and incubated at 37 °C and 5% CO; for 30 min. The supernatant
was then removed, and the cell were rinsed once with PBS before adding the nanocarrier
suspension with a concentration of 250 ug mi™ to analyze the uptake after 4 h. To analyze the
uptake of nanocarriers with flow cytometry, the cells were harvested as stated above and

collected in 1.5 ml tubes. After centrifugation at 300g for 5 min, the supernatant was removed
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and the cells resuspended in 1 ml of PBS per sample including LIVE/DEAD™ Fixable Green
Dead Cell Stain (Invitrogen/Thermo Fisher, Germany). This viability stain was prepared
according to the manufacturer’s instructions. The flow cytometry measurements were carried
out with an Attune NxT (Thermo Fisher, Germany). The LIVE/DEAD™ Fixable Green Dead
Cell Stain was excited with the 488 nm laser and detected with the BL1 channel, employing a
530/30 nm band-pass filter. The red fluorescent dye of the HES-NPs was excited with the
561 nm laser and detected with the YL1 channel, using a 585/16 nm band-pass filter. Cy5 of
the HSA-NCs was excited with the 638 nm excitation laser and detected with the RL1 channel,
with a 670/14 nm band-pass filter. For the flow cytometry analysis, the cells were discriminated
from debris and artifacts by employing the forward and sideward scatter. Next, this cellular
population was evaluated by its fluorescent properties, outputting the percentual value of gated
fluorescent events and as the median fluorescent intensity (MFI). The device operation and

data evaluation was performed with Attune NxT Software (Thermo Fisher, U.S.A).

TEM for uptake and intracellular trafficking visualization. A 24 well plate was loaded with
3 mm plasma-sterilized sapphire discs (M. Wohlwend GmbH, Switzerland) covered with a
20 nm carbon layer. After harvesting, 150 000 DC2.4 cells were seeded per well on the
sapphire discs and incubated at 37 °C and 5% CO- overnight for attachment. The next day,
the culture medium was removed, the cells carefully rinsed once with PBS, and the nanocarrier
suspension was added with a concentration of 250 ug mi™, diluted with culture medium. After
the respective incubation times (30 min, 2 h, 24 h, and 2 h + 24 h), cells were prepared for
TEM imaging. The sapphire discs containing the cells were collected and immersed in
1-hexadecene before placing them between two aluminum plates of 3 mm. This assembly was
subjected to high pressure freezing by a Wohlwend HPF Compact 01 high pressure freezer
(M. Wohlwend GmbH, Switzerland) with a pressure of 2100 bar. The sample was immersed in
liquid nitrogen for storage at this point. The sapphire discs were removed from the aluminum
plates and placed in pre-cooled (-87 °C) freeze substitution medium consisting of 0.2% (w/v)
osmium tetroxide, 0.1% (w/v) uranyl acetate, 5% (v/v) demineralized water in acetone in a
freeze substitution device (AFS2, Leica, Germany). The samples were slowly warmed up to
room temperature within 20 h. The substitution medium was removed and the discs were
washed 3 times with acetone before infiltrating the samples sequentially with a gradient of an
epoxy resin-acetone mixture. Eventually, the samples were infiltrated with 100% epoxy resin
overnight. The polymerization was carried out at 60 °C for at least 24 h. Ultrathin sections were
created with an Ultramicrotome (Leica, Germany) and monitored with a JEOL JEM1400
transmission electron microscope, equipped with a 120 kV tungsten emitter. Fiji was utilized

to edit the images and add the scale bars '".
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Confocal laser scanning microscopy. The harvested DC2.4 cells were seeded in p-Slide
8 well ibidi slides (ibiTreat, ibidi GmbH, Germany) with a cell number of 50 000 cells per well.
The cells were incubated at 37 °C and 5% CO; overnight for attachment. The next day, the
culture medium was removed and the cells rinsed once with PBS. The nanocarrier suspension
was added with a concentration of 250 ug ml™ and incubated at 37 °C and 5% CO.. After 2 h
or 24 h of incubation, the nanocarrier containing supernatant was removed and the cells rinsed
once with PBS. To stain the low pH intracellular compartments, including lysosomes,
LysoTracker™ Green (Thermo Fisher, Germany) was diluted 1:20 000 in culture medium (final
concentration 75 mM) and added to the cells. After incubation at 37 °C and 5% COz for 5 min,
the supernatant was removed, the cells were washed once with PBS, and culture medium was
added to the cells. For the plasma membrane staining, the cells were fixated with 4%
formaldehyde (Carl Roth GmbH, Germany) for 15 min. The formaldehyde solution was
removed and the cells were washed once with PBS. The plasma membranes were stained by
adding a 1:1 000 dilution of Cell Mask (DeepRed for HES-NPs and Orange for HSA-NCs, both
Thermo Fisher, Germany) in PBS to the cells. The cells were incubated in the dark for 5 min.
The staining was removed, the cells were washed twice with PBS, and directly analyzed by
microscopy. For the antibody staining, the cells were fixated and then permeabilized with 0.2%
Triton X100 (Sigma-Aldrich, Germany) in PBS for 10 min, followed by a wash step with PBS
and blocking with BSA at room temperature for 1 h. After the wash step, the primary antibodies
for clathrin heavy chain (1:500, polyclonal GTX132976, GeneTex, U.S.A.), RAB5 (1:100,
polyclonal PA5-29022, Thermo Fisher, Germany), RAB7 (1:100, polyclonal PA5-52369,
Thermo Fisher, Germany), and LAMP1 (1:100 clone EPR21026, ab208943, abcam, U.K.)
were added to the cells and incubated at 4 °C overnight. The antibody solution was removed
and the cells were washed three times with PBS. Next, a secondary goat-anti-rabbit FITC
(1:1 000, polyclonal F-2765, Thermo Fisher, Germany) antibody was applied at room
temperature for 1 h. Finally, the supernatant was removed, the cells were rinsed once with
PBS and kept in PBS for observation. Confocal laser scanning microscopy (cLSM) was
performed with an LSM SP5 STED Leica Laser Scanning Confocal Microscope (Leica,
Germany), composed of an inverse fluorescence microscope DMI 6000CS equipped with a
multi-laser combination using an HCA PL APO CS2 63 x 1.2 water objective. FITC and
LysoTracker™ Green were excited with the 488 nm laser and detected at 500 nm - 550 nm.
CellMask Orange and the red fluorescent dye of the HES-NPs were excited at 561 nm and
detected at 570-625 nm. CellMask Deep Red and Cy5 in the HSA-NCs were excited with the
633 nm laser and detected at 645-720 nm. Fiji was utilized to edit the images, add the scale

bars, and create the montages 2'".
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Intracellular protein corona preparation. To obtain intracellular protein corona proteins on
HES-NPs and HSA-NCs, DC2.4 cells were seeded in a cell number of 3 000 000 cells per well
in a 6 well plate and incubated at 37 °C and 5% CO; overnight for attachment. The next day,
the nanocarrier suspension was added with a concentration of 250 ug ml”" and incubated at
37 °C and 5% CO; for different time points. Eventually, the cells were harvested as described
above but using IMDM without FBS during the process. Also, to obtain enough intracellular
nanocarriers, the cells of 3 wells were pooled for one sample. The supernatant was removed
after the centrifugation, and the cells were resuspended in 4 °C-cold PBS with Halt™ protease
inhibitor (Thermo Fisher Scientific) and 5 mM EDTA. The cells were lysed by sonification,
employing a Q800R3 sonicator (QSonica) and performing the sonication with an amplitude of
70% at 4 °C for 7 min with pulse cycles of 30 sec. The lysis of the cells was confirmed by
observation through a CKX41 inverted microscope (Olympus). The nanocarriers were isolated
by magnetic separation for 10 min, and the supernatant was discarded. Next, the magnetic
nanocarrier pellet was resuspended in 1 ml of 4 °C-cold PBS with Halt™ protease inhibitor and
5 mM EDTA. The HES-NPs were centrifuged at 20 000g, and the HSA-NCs were centrifuged
at 10 000g at 4 °C for 5 min, respectively. Two more wash steps were applied before adding
a desorption buffer to the nanocarriers. The desorption buffer consisted of 2% (w/v) SDS and
62.5 mm Tris*HCl in demineralized water and was previously used in our group to desorb hard-

corona proteins from different nanomaterial’s surfaces '® ©2

. The desorption step was
performed at 95 °C for 5 min. Finally, the nanocarriers were centrifuged once more, and the

supernatant that contained the proteins was transferred to fresh tubes for protein analysis.

Protein quantification and SDS-PAGE. The protein concentration was measured by using
Pierce™ 660 nm Protein Assay Reagent (Thermo Scientific, Germany) with added lonic
Detergent Compatibility Reagent (both Thermo Scientific, Germany) according to the
manufacturer’s instructions. The standard calibration curve was prepared with bovine serum
albumin (Sigma-Aldrich, Germany). The adsorption was analyzed at 660 nm with an Infinite
M1000 plate reader (Tecan, Switzerland). For SDS-PAGE, we diluted 2 ug of protein with
demineralized water to a total volume of 26 pyl. The samples were prepared with 4 ul of
NuPAGE™ Sample Reducing Agent and 10 pyl of NUPAGE™ LDS Sample Buffer (both
Invitrogen/Thermo Fisher, Germany) and denaturized at 70 °C for 10 min. Protein
electrophoresis was performed on a Bolt™ 10% Bis-Tris Plus gel using NUPAGE™ MES SDS
Running Buffer (both Invitrogen/Thermo Fisher, Germany) at 200 V for 1 h. SeeBlue™ Plus2
Pre-Stained Standard (Invitrogen/Thermo Fisher, Germany) was loaded on the gel as a
molecular weight ladder. Protein staining was performed with SilverQuest™ Silver Staining Kit
(Invitrogen/Thermo Fisher, Germany), following the manufacturer's instructions. The

developed gels were scanned with a View Pix 1100 scanning system (Biostep, Germany).
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In-solution tryptic digestion. The protein samples were processed to peptides for LC-MS
analysis by in-solution tryptic digestion as previously described '®3. First, SDS was removed
from the protein corona samples by utilizing Pierce™ Detergent Removal Spin Columns
(Thermo Scientific, Germany) according to the manufacturer’s instructions. Next, 10 ug of
proteins were precipitated with the ProteoExtract Protein Precipitation Kit (CalBioChem,
Germany), following the instructions of the manufacturer. The protein pellet was eventually
solubilized with 0,1% RapiGest SF surfactant (Waters Corporation, Germany), dissolved in
50 mM ammonium bicarbonate buffer at 80 °C for 15 min. Disulfide bonds were reduced with
5 mM dithiothreitol (Sigma-Aldrich, Germany) at 56 °C for 45 min. Thiols were alkalized with
15 mM iodoacetamide (Sigma-Aldrich, Germany) at room temperature in the dark for 1 h. The
digestion was performed with trypsin (Promega, Germany) in a ratio of 50 : 1 of the mass of
protein to trypsin at 37 °C between 16 h to 18 h. The digestion was stopped with the addition
of 2 ul of hydrochloric acid and incubation at 37 °C for 45 min. Aggregation products were
removed by centrifugation at 13 000g for 15 min at 4 °C and transferring the supernatant into

fresh tubes.

Liquid chromatography coupled to mass spectrometry (LC-MS). The LC-MS method was
adapted from previous works of our group with modifications '® ®2. The samples were diluted
with 0.1% formic acid (Sigma-Aldrich, Germany) in LC-MS grade water (Merck, Germany) and
spiked with 50 fmol pl"" HI3 E.coli Standard (Waters Corporation, Germany) to allow absolute
quantification according to an established work from the literature '®°. Ultra-performance liquid
chromatography (UPLC) was performed on a nanoACQUITY UPLC system, equipped with a
C18 nanoACQUITY trap column (5 um, 180 um x 20 mm) and a C18 analytical reversed-
phase column (1.7 ym, 75 pm x 150 mm; all Waters Corporation, Germany). The solvents for
chromatography were (A) 0.1% (v/v) formic acid in water and (B) 0.1% (v/v) formic acid in
acetonitrile (Biosolve, Germany). The separation was performed with a gradient of 5% to 40%
of mobile phase B over 90 min. The sample flow rate was set to 0.3 yl min™', and the flow rate
of the referent components Glu-Fibrinopeptide and Leu-Enkephalin (both Sigma-Aldrich,
Germany) was set to 0.5 yl min™'. The UPLC system was coupled to a Synapt G2Si mass
spectrometer (Waters Corporation, Germany). Compound ionization was performed via
electrospray ionization (ESI) with a NanoLockSpray source that was set to positive mode. The
samples were measured in resolution mode with employed ion-mobility separation and data-
independent acquisition (IMS-MSF/HDMSF). The measurements were carried out in technical
replicates for a mass to charge range of 50-2 000 Da, a scan time of 1s, a ramped trap
collision energy from 20V to 40V, and the data acquisition of 120 min. The LC-MS was
operated with MassLynx 4.1 (Waters Corporation).
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Protein identification. The LC-MS proteomics analysis was executed with the software
Progenesis QI 2.0 (Nonlinear Dynamics, U. K.), following a protocol from Schéttler et al. with
modifications "®. The noise reduction threshold for low energy, elevated energy, and peptide
intensity was set to 120, 25, and 750 counts, respectively. A reviewed data bank (Swiss-Prot)
of the murine proteome was downloaded from Uniprot (https://www.uniprot.org), and the
protein sequence for the spike protein Hi3 E.coli standard was added to this list. The
identification was performed with one missed cleavage, a maximum protein mass of 600 kDa,
fixed carbamidomethyl modification for cysteine, variable oxidation for methionine, a minimum
of one assigned fragment per peptide, a minimum of one assigned peptide per protein, a

minimum of three assigned fragments per protein, and a score parameter below 4.

Protein enrichment, Venn diagrams and annotation. The enriched intracellular protein
corona proteins were determined by calculating all 1.5-fold enriched proteins compared to the
cell lysate proteins. The Venn diagrams were created with Venny 2.1 2'2, The enriched proteins
were analyzed with the functional annotation tool collection DAVID (Version 6.8,

) 213-214

https://david.ncifcrf.gov/home.jsp . Functional annotation clustering was performed
under the database GOTERM_CC_FAT, using a medium classification stringency. The
GOTERMSs cytosol, nucleosome, endoplasmic reticulum, organelle envelope, microtubule
cytoskeleton, mitochondrion, plasma membrane region, side of membrane, Golgi apparatus,
endosome, lysosome, secretory vesicles, and exocytotic vesicles were selected for the
annotation diagram in Figure 5.4. The proteins in the intracellular trafficking network in
Figure 5.5 are based on the proteins of the of GOTERMs plasma membrane region, side of

membrane, Golgi apparatus, endosome, lysosome, secretory vesicle, and exocytotic vesicle.

Data Representation. Data visualization was created with GraphPad Prism 8 (GraphPad
Software, USA). The presented data are shown as means + standard deviation (SD) of the

values.
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5.4 Results and discussion

Differences in cellular uptake kinetics and mechanism

We chose to investigate magnetic hydroxyethyl starch nanoparticles (HES-NPs) and magnetic
human serum albumin nanocapsules (HSA-NCs) due to their promising perspectives as
biocompatible and biodegradable nanocarrier platforms for drug delivery "% 2% The core-
shell HES-NPs displayed a diameter of 130.5 £ 0.20 nm and a slightly negative Zeta potential
of -3.36 £ 0.49 mV (Fig. 5.1A). The HSA-NCs were distinctively larger at 370.5 + 4.14 nm and
more negatively charged at 23.7 £ 0.92 mV (Fig. 5.1B). Both nanocarrier systems were
fluorescently labeled for flow cytometry measurements and confocal microscopy (cLSM)
visualization. Additionally, the nanocarrier systems consisted of a magnetic iron oxide core
(HES-NPs) or contained encapsulated magnetite iron oxide particles (HSA-NCs). Both
nanocarrier systems did not affect the cell viability of the murine dendritic cell line DC2.4 in
various tested concentrations (50, 125, 250, 500 ug ml”'; Fig. S5.1A/B).

The cellular uptake in DC2.4 of both nanocarrier systems was analyzed by flow cytometry,
measuring the median fluorescence intensity (MFI) at different time points. We performed a
continuous uptake experiment and an experiment that included the removal of the nanocarrier
suspension after 2 h of uptake and replacing it with fresh medium. Both nanocarrier systems
demonstrated different uptake kinetics in both experimental settings over a timespan of 24 h.
The HES-NPs showed a constant uptake and did not reach saturation after 24 h (Fig. 5.1C,
Fig. S5.1C). We attribute this slow uptake rate of the HES-NPs to the stealth properties that
were found for HES nanocarriers by previous studies *® 2%, After removing the nanocarrier
suspension, we observed a rapid decrease of the MFI so that for the 2 + 22 h condition it
returned to a similar value as after 30 min. Conversely, the HSA-NCs reached uptake
saturation after 6 h in the continuous uptake experiment (Fig. 5.1D, Fig. S5.1D). Upon removal
of the HSA-NC suspension, the MFI remained stable for at least 2 h and started then to
decrease to an MFI, similar to the 30 min value. We confirmed by cLSM and cell membrane
staining that both nanocarrier systems were indeed incorporated into the cells. Furthermore,
the trend from the flow cytometry measurements was visible for three selected time points (2 h,
24 h,and 2 + 22 h; Fig. S5.2A/B). Interestingly, the HSA-NC were weakly co-localized with the
membrane at 2 h, followed by a stronger co-localization after 24 h (Fig. S5.2B). Eventually, at
2 + 22 h, the nanocarriers were not visible at the cell membrane but only within the cell. We
did not observe a cell membrane co-localization with HES-NPs. We correlate the increased
uptake rate of the HSA-NCs and the delayed signal decrease after nanocarrier retrieval to this
contact of protein nanocapsules with the cell membrane. Indeed, albumin is naturally

recognized by dendritic cell-expressed neonatal Fc-receptors (FcRn), which has been
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exploited for nanoparticle targeting in the past 2'°2'®. Therefore, we assume a likely receptor-

based recognition of the HSA-NCs in our experiment.
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Figure 5.1: Nanocarrier characterization and uptake analysis in murine dendritic cells. HES-NPs
(A) and HSA-NCs (B) were characterized for their physicochemical properties such as size,
zeta-potential, fluorescence, and magnetite content (dn and ¢ is shown as mean + SD, n = 3). The
nanocarriers’ morphology was visualized by TEM. The scale bars represent 500 nm. Murine dendritic
cells DC2.4 were incubated with 250 yg mi"" HES-NPs (C) and HSA-NCs (D) continuously and
discontinuously for various time points. For a continuous incubation, the nanocarrier suspension was
left on the cells for all incubation times (10 min, 30 min, 2 h, 4 h, 6 h, 18 h, and 24 h). Additionally,
nanocarrier suspension was removed after 2 h and replaced with cell culture medium for the
discontinuous incubation (2h + 2h, 2h + 4 h, 2h+22h). The cell uptake was analyzed by flow
cytometry, measuring the median fluorescent intensity (MFI) of the events (data are shown as

mean = SD, n = 3).

Next, we pretreated DC2.4 with twelve different uptake inhibitors and analyzed the uptake of
HES-NPs and HSA-NCs by flow cytometry. The uptake inhibitor treatment did not affect the
cell viability (Fig. S5.3). In total, the uptake of the HES-NPs was reduced by five of the twelve
uptake inhibitors: Dynasore, filipin Ill, wortmannin, 5-(N-Ethyl-N-isopropyl)amiloride (EIPA),
and cytochalasin D (Fig. 5.2A). Dynasore inhibits the GTPase activity of dynamin and thus
blocks dynamin-dependent cellular mechanisms, such as clathrin-mediated endocytosis 3" 2",
However, previous studies described off-target effects, such as the inhibition of actin assembly
and the interference of membrane ruffling, which are necessary for micropinocytosis and

phagocytosis *" 28219 Filipin Ill inhibits the formation of caveolae in the caveolin-dependent
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(CAV) endocytosis by cholesterol depletion of the cell membrane 22?2, Wortmannin, EIPA,
and cytochalasin D are all inhibitors of macropinocytosis and phagocytosis, but the inhibition
relies on different mechanisms: Wortmannin inhibits the phosphoinositide 3-kinase (PI3

222

kinase) activity 22, EIPA inhibits sodium channels ?*

, and cytochalasin D disrupts the
polymerization of actin '*" 2. The other ten inhibitors did not reduce the uptake of HES-NPs
in our experiment: Dansylcadaverine and chlorpromazine are inhibitors of clathrin-mediated
endocytosis " 22522 Methyl-B-cyclodextrin  and genistein are inhibitors of CAV
endocytosis *"227229 | Y204002 and p21-activated kinase inhibitor IIl (IPA-3) are inhibitors of
macropinocytosis and phagocytosis %32, Nocodazole binds tubulin and prevents microtubule

formation 233,

Only two of the twelve inhibitors reduced the uptake of the HSA-NCs: dynasore and methyl-R3-
cyclodextrin (Fig. 5.2B). Latter inhibitor sequesters cholesterol from the cell membrane,
inhibiting CAV endocytosis " ??’. The other ten inhibitors did not reduce the uptake of the
HSA-NCs. The small number of effective inhibitors could be explained by the observed cell
contact or even possible receptor binding of the HSA-NCs. Notably, measurements by flow
cytometry do not discriminate between membrane-associated nanoparticles or internalized

nanoparticles.

To further explain these results, we visualized the uptake by transmission electron microscopy
(TEM). The iron oxide content of both nanocarrier types facilitated the visualization at the cell
membrane and within the cell. For both nanocarrier types, we predominantly observed the
formation of vesicles at the cell membrane that contained the nanocarriers and that were larger
than 500 nm (Fig. 5.2C/D, nanocarrier marked with white arrows). Vesicles of this size indicate
macropinocytosis or phagocytosis *%'3" 234 The vesicle formation around the HES-NPs
resembled a collapsing and invaginated cell membrane as described previously for
macropinocytotic events (Fig. 5.2C, Fig. 5.3A.1, and Fig. S5.4A right picture) 3% #42° |n
contrast, we observed protrusions, zipping up along the HSA-NCs (Fig. 5.2D, Fig. 5.3B.2)

which we identified as phagocytotic cups, a common event in phagocytosis 13 191234,
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Figure 5.2: HES-NPs and HSA-NCs enter the cell by distinct uptake mechanisms. DC2.4 cells were
pretreated with twelve different small molecule inhibitors for 30 min to block various uptake pathways.
Next, the cells were incubated with 250 ug mI" HES-NPs (A) and HSA-NCs (B) for 4 h. As some
inhibitors were solved in DMSO, a control with 1% DMSO (the highest DMSO concentration in the
samples) was included to exclude DMSO toxic effects. The cell uptake was analyzed by flow cytometry,
measuring the median fluorescent intensity (MFI) of the events (data are shown as mean £ SD, n = 3).
The uptake events were imaged by TEM for HES-NPs (C) and HSA-NCs (D) after 10 min exposure to
the cells, respectively. The white arrows indicate the nanocarriers. The scale bars represent 500 nm.
(E/F) Clathrin heavy chain (CHC) was stained via antibody staining and analyzed by cLSM with
HES-NPs and HSA-NCs after 2 h exposure to the cells. Green represents the antibody staining, and

magenta represents the nanocarriers. The scale bars represent 50 ym.

Additionally, we performed antibody staining to visualize the clathrin heavy chain by cLSM to
understand the strong uptake inhibition by dynasore. We did not observe colocalization events
of clathrin heavy chain and both nanocarrier types in the early phase of the uptake, therefore
excluding an uptake through clathrin-mediated endocytosis (Fig. 5.2E/F). This assumption was
further supported by observing various empty clathrin vesicles close to nanocarrier-filled
vesicles by TEM (Fig. S5.4A/B, white arrows). Instead, we argue that dynasore did evoke an
off-target effect on the actin-based uptake mechanisms (predominantly macropinocytosis for
HES-NPs and phagocytosis for HSA-NCs).

However, for the HES-NPs, we observed the formation of smaller vesicles, roughly 100 nm,

that incorporated the NPs into the cell (Fig. S5.4C). We identified these vesicles as caveolin-
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vesicles. The formation of caveolin vesicles was also observed in DC2.4 treated with HSA-NCs

but the vesicles remained empty (Fig. S5.4D).

Thus, we concluded that HES-NPs and HSA-NCs differed in uptake kinetics and the mode of
uptake. The HES-NPs were taken up comparably slower than HSA-NCs. The process was
dependent on dynamin, cholesterol, and various factors contributing to macropinocytosis.
Morphologically we observed macropinocytosis and CAV endocytosis. The phagocytotic

uptake of the HSA-NCs was dynamin-dependent but overall weakly affected by other inhibitors.

Microscopy of the intracellular trafficking

We observed the internalization of HES-NPs through collapsing membrane ruffles into
0.5-1 ym large macropinosomes (Fig. 5.3A.1/A.2). Next, the vesicles displayed tubular shapes
and demonstrated vesicle division that we attributed to early endosomes (EE, Fig. 5.3A.3). We
also observed the presence of smaller vesicles of ~100 nm filled with HES-NPs, which we
attribute to CAV endocytosis (Fig. S5.5A.1). Notably, these smaller vesicles were fusing with
the larger vesicles (Fig. S5.5A.2/A.3, small vesicle marked with white arrow). Eventually, we
detected the nanocarriers in late endosomes (LE), which fused with other LEs and lysosomes
(LY) to form endolysosomes (EL, Fig. 5.3A.4, Fig. S5.5A.4). The ELs displayed a variable
morphology. Indeed, we observed large vesicles of more than 1 um filled with loosely packed
HES-NPs (Fig. 5.3A.5, lower left vesicle) or with HES-NPs packed in intraluminal vesicles
(Fig. 5.3A.5, lower right vesicle). The latter EL type seemed to be a successor of a
multivesicular body, which is a subset of LEs containing intraluminal vesicles ?*. Furthermore,
we observed smaller vesicles with densely packed HES-NPs, which could meet the fate of
exocytosis (Fig. 5.3A.5, upper vesicle) as shown by similar experiments with iron oxide-
containing NPs in the past '°® 72237 Based on the different appearances of ELs it is likely that
the HES-NPs are exocytosed by lysosome excretion or vesicle-related secretion after the

engulfment in intraluminal vesicles.

The HSA-NCs were identified in ~500 nm large phagosomes after internalization through the
above-mentioned formation of a phagocytotic cup (Fig. 5.3B.1/B.2, Fig. S5.5B.1). Similar to
the HES-NPs, these phagosomes fused with smaller vesicles (Fig. S5.5B.1) and eventually
exhibit characteristics of EEs (Fig. 5.3B.3). The vesicles gradually matured to LEs and fused
with LYs (Fig. 5.3B.4). Parallelly, we observed the fusion of LEs, but unlike the HES-NPs, we
identified the HSA-NCs within the formation of multilamellar vesicles (Fig. 5.3B.2/B.3). These
multilamellar vesicles were described as another subtype of late endosomes, similar to
multivesicular bodies but instead containing various membrane layers with a concentric
orientation. A past study had shown that the depletion of ras-related protein Rab9 (RAB9)

impacted the maintenance of multilamellar vesicles and therefore connected RAB9 as a
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marker to this LE subset 2*8. Finally, the HSA-NCs or the iron oxide NPs were found in ELs
with a comparable smaller (~500 nm) and darker morphology (Fig. 5.3B.5, Fig. S5.5B.4) than
in the case of the HES-NPs. Here, we observed degradation of the protein capsule within the
ELs. In fact, the degradation of bovine serum albumin nanocapsules was visualized in ELs by
electron microscopy before *°. From this step on, we expect the eventual exocytosis of the iron
oxide NPs via lysosome secretion based on the lysosome appearance and the missing

intraluminal vesicles.

HES-NPs

Figure 5.3: Intracellular trafficking visualized by TEM for HES-NPs and HSA-NCs. (A) DC2.4 cells
internalize HES-NPs (white arrow) by collapsing membrane ruffles via micropinocytosis (A.1, A.2;
10 min - 2 h). The HES-NPs traffic through the tubular-shaped early endosome (EE, A.3; 2 h). Next,
HES-NPs reach the late endosomes (LE) filled with intraluminal vesicles, which fuse with lysosomes
(LY, A.4; 24 h). Finally, HES-NPs accumulate in endolysosomes (EL, A.5; 2 h + 22 h). (B) HSA-NCs
were observed to create contact with the membrane before being engulfed by a phagocytotic cup for
phagocytosis (B.1, B.2; 10 min). The HSA-NCs are then found in EE (B.3, 2 h) and LE (B.4, 2 h). Finally,
HSA-NCs are localized in EL (white arrows, B.5, 2 h + 22 h). The scale bars represent 500 nm.

Furthermore, we conducted cLSM with LysoTracker, a dye for acidic intracellular
compartments, and with antibody-staining of endolysosomal markers. The HES-NPs
colocalized only weakly with LysoTracker after 2 h but colocalized progressively stronger at
the later time points, 24 hand 2 + 22 h, especially at 2 + 22 h (Fig. 5.4a, Fig. S5.6). In the case
of the HSA-NCs, we observed colocalization already after 2 h with an increasing colocalization
after 24 h (Fig. 5.4B, Fig. S5.7). Previous colocalization experiments with bovine serum
albumin nanocapsules proved a rapid transfer of the protein nanocapsules to LysoTracker-
102




Chapter B - The protein corona in the intracellular environment

stained acidic compartments within 1 h *°. The colocalization decreased after 2 + 22 h. The
earlier transport of the HSA-NCs than HES-NPs into acidic compartments correlates with the
comparably rapid uptake and indicates accelerated endolysosomal processing. In addition, the
lower co-localization for HSA-NCs at 2 + 22 h seemed to indicate an earlier endolysosomal

degradation.

Next, we applied antibody staining for the EE marker RABS5, the LE marker RAB7, and the EL
marker lysosomal-associated membrane protein 1 (LAMP1). First, we observed a weak RAB5
colocalization for both nanocarrier systems at 2 h but not after 24 h (Fig. 5.4C/D, Fig. S5.8,
Fig. S5.9). A colocalization with RAB7 was observed for both time points, 2 h and 24 h for both
nanocarriers. The HES-NPs colocalized with LAMP1 after 2 h and 24 h but the HSA-NCs
colocalized with LAMP1 only after 2 h.

HES-NPs HSA-NCs

A HES-NPs LysoTracker B HSA-NCs LysoTracker
24h 24 h

HES-NPs Marker HSA-NCs Marker
RAB5 (2 h) RAB7 (2h) RABS5 (2 h)

RAB7 (2 h)

Figure 5.4: Confocal microscopy supports different processing times between the nanocarrier
systems. DC2.4 cells were incubated with 250 pg mlI”' HES-NPs (A) and HSA-NCs (B) for different time
points (2 h, 24 h, 2 h + 22 h). The acidic compartments were stained with LysoTracker. The samples
were analyzed by cLSM. Green represents LysoTracker, and magenta represents the nanocarriers. The
scale bars represent 50 ym. Antibody staining was performed to stain RAB5, RAB7, and LAMP1 and to
observe co-localization with HES-NPs (C) and HSA-NCs (D). Green represents the antibody staining,
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and magenta represents the nanocarriers. The scale bars represent 10 um. Transmission light images,
single-channel images, and complement time points (for antibody staining) can be found in
Figures S5.6-S5.9.

In short, we visualized the morphology of the uptake and the intracellular trafficking by TEM.
By cLSM experiments, we could support this morphological evidence that HES-NPs and
HSA-NCs were indeed processed by the endolysosomal system of the DC2.4 cells. However,
sole microscopic studies, particularly of certain intracellular markers, underlie a previous
selection of markers to investigate. Moreover, the exact antibodies need to be available or
transfected cells need to be created for the study. Compelling microscopic analysis in these
terms can therefore be time-consuming and selective in the representation of the uptake and

intracellular trafficking details.

Proteomics detail the intracellular trafficking

Consequently, we evaluated the protein composition that adsorbed during the internalization
and trafficking of the nanocarriers in the cell to complement our abovementioned results.
Therefore, we incubated DC2.4 with HES-NPs and HSA-NCs for three time points (2 h, 24 h,
and 2 + 22 h; Fig. 5.5A). Afterward, the cells were harvested and lysed by sonification. The
nanocarriers were magnetically separated from the cell debris and the protein corona was
isolated as described in the methods section. As for the controls, we incubated nanoparticles
in fetal bovine serum (FBS) to study the protein corona in cell culture medium (termed as
‘medium corona’). Additionally, we performed the protein corona preparation without
nanocarriers, studying possible contaminations by the experiment itself (termed as ‘negative

control’).

After the preparation and quantification of the protein samples, we observed a similar trend for
both nanocarrier systems by comparing the desorbed protein amounts. The intracellular
protein corona concentrations were measured in a range of 20-69 ug ml™ (in 100 pl each). The
sample concentration increased in the following order: 2 h, 24 h, and 2 + 22 h (Fig. S5.10A/B).
For the cell lysate, we measured 1.5-2.1 mg ml”" protein (in 1 ml). The medium corona and
negative control generated less protein than the intracellular protein corona samples. We
detected a 10-24 ug ml”' range for these control samples (in 100 pl). To visualize the overall
protein composition, we performed SDS-PAGE. The pattern composition of the intracellular
protein corona samples was overall complex but differed significantly from the lysate as its
original protein source (Fig. S5.11, Fig. S5.12C). This observation confirmed that the protein
corona composition differed from the pure lysate, and only specific proteins adsorbed to the

surface of the nanocarriers. The band pattern of the protein corona for the HES-NPs appeared
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significantly different at 2 h when compared to the patterns at 24 h or 2 + 22 h (Fig. S5.11A).
In contrast, we observed a similar band pattern for the HSA-NCs at all three time points
(Fig. S5.11B). This difference indicated that the HES-NPs-protein corona differed when the
NPs traversed the cell for 2 h versus later time points. This time point-dependency was
obviously not the case for the HSA-NCs. The band pattern for the medium corona of both
nanocarriers was much simpler (Fig. S5.12A/B), with a notable band at 66 kDa. We assigned

this band to serum albumin by comparison with the literature #*°.

For an unbiased look, at which proteins adsorbed on the nanocarriers during their intracellular
trafficking, we performed label-free quantitative LC-MS proteomics. Overall, the composition
of the most abundant proteins on the protein corona was quantitatively different from the lysate
(Fig. S5.13A/B). This difference supported the observations of the SDS-PAGE that these
analyzed proteins adsorbed specifically on the retrieved nanocarriers. We measured abundant
amounts of four different types of histones on the protein corona for both types of nanocarriers.
These histones were identified as H2A, H2B, H3, and H4. For the HES-NPs at 2 h, we
identified high amounts of the ER junction formation protein lunapark, which decreased at later
time points (Fig. S5.13A). Instead, we observed an increase of Dolichyl-diphospho-
oligosaccharide-protein glycosyltransferase 48 kDa subunit (DDOST) at the later time points.
For the protein corona of the HSA-NCs, the highly abundant protein composition remained
overall comparable (Fig. S5.13B). We measured 2 proteins on the protein corona formed with
HES-NPs in medium and 15 proteins on the protein corona formed with HSA-NCs in medium
(Fig. S5.14A/B). These numbers were overall lower when compared to the number of proteins
on the protein corona that formed within the cells (218 proteins for HES-NPs, 164 proteins for
HSA-NCs). This difference reflects the great changes in interaction partners that the protein
corona undergoes, once the nanocarriers are introduced into the cell. In the case of the
negative control, we identified 3 proteins, which were histones H2A, H2B, and H3
(Fig. S5.14C). Therefore, it is likely that these proteins were enriched on the corona by the

performed preparation steps.

To further select proteins of interest regarding intracellular trafficking, we identified all proteins
with a 1.5-fold higher abundance in comparison to the lysate proteins. These proteins were
termed enriched proteins (Tab. S5.1, Tab. S5.2). We analyzed the enriched proteins regarding
the time points and used Venn diagrams to display the differences. In the case of the enriched
proteins of the HES-NPs protein corona, we identified 5 proteins for 2 h, 16 for 24 h, 1 for 2 h
and 2 + 22 h, 60 for both later time points, and 38 for all time points to be enriched (Fig. 5.5B).
For the HSA-NCs, we identified 16 proteins for 2 h, 2 for 24 h, 14 for 2 h and 2 + 22 h, and 56
for all time points (Fig. 5.5C). In other words, the protein corona on HES-NPs changed
between 2 h and both of the later time points. This change was in accordance with distinct

band patterns observed by SDS-PAGE and the prolonged uptake measured by flow cytometry.
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In comparison, we observed the opposite case for the HSA-NCs which displayed the highest
number at 2 h and did not change but rather loose proteins over time. This course indicates
that the protein corona evolved with prolonged trafficking for the HES-NPs but stayed overall

the same for the HSA-NCs which were internalized and processed faster.
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Figure 5.5: LC-MS proteomics reveals nanocarrier- and time-dependent differences of the protein
corona during intracellular trafficking. (A) Workflow for the isolation of the intracellular protein corona
samples. DC2.4 cells were incubated with 250 ug ml™' nanocarriers for different time points (2 h, 24 h,
2 h + 22 h). The cells were harvested and lysed by sonification. The nanocarriers were magnetically
separated from the cell debris and washed three times with PBS and centrifugation. The proteins were
desorbed with 2% SDS and forwarded to LC-MS proteomic analysis. The corona proteins were
compared to lysate proteins, and only the 1.5-fold enriched proteins were further analyzed. The enriched
corona proteins associated with HES-NPs (B) and HSA-NCs (C) were compared in regard to the time

points by Venn diagrams. A detailed list of the proteins in the Venn diagrams with their uniport identifiers
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is shown in Figures S5.15 and S5.16. The enriched corona proteins associated with HES-NPs (D) and
HSA-NCs (E) were forwarded to annotation analysis utilizing DAVID (Version 6.8). Functional annotation
clustering was performed with the database GOTERM_CC_FAT. The protein counts for the different
time points are listed for fifteen selected GOTERMSs.

Next, we utilized protein annotation analysis to further categorize the proteins according to
their subcellular compartments. We observed the overall trends from the Venn diagrams when
comparing the protein count between the time points. There was a noticeable change for the
HES-NPs between the early and the late time points (Fig. 5.5D) but a general similarity in the
protein count within the time points for the HSA-NCs (Fig. 5.5E). Overall, most of the proteins
were attributed to the categories or GOTERMs of cytosol, nucleosome, and endoplasmic
reticulum. Other approaches to isolate intracellular nanoparticles for protein corona analysis
or nanoparticle-containing vesicles have similarly reported the presence of proteins from the
nucleus or non-endosomal organelles '® 2% We specifically included GOTERMs based on
compartments of importance for the intracellular trafficking. These GOTERMs were plasma
membrane region, side of membrane, Golgi apparatus, endosome, lysosome, secretory
vesicle, and exocytotic vesicle. In the case of the HES-NPs, we identified proteins within all
these GOTERMs with a protein count per time point between 3 and 7. Conversely, we obtained
fewer proteins for the HSA-NCs. Here we determined proteins only in the categories of side of
membrane, Golgi apparatus, and lysosome with a protein count of 3. We attribute the
decreased protein count in the case of the HSA-NCs to the different affinity of the proteins for
the HSA-NCs’ surface and the advanced intracellular degradation of the HSA-NCs.

To identify the proteins that are specifically related to the intracellular trafficking of the
nanocarriers, we selected all proteins annotated by the above-mentioned intracellular
trafficking GOTERMs (Fig. 5.6A/B). In total, we found 20 proteins for the HES-NPs and
10 proteins for the HSA-NCs that we defined as intracellular trafficking proteins. The two lists
contain the proteins from all time point conditions for the respective nanocarriers but are also
given with a time point dependency depicted by Venn diagrams (red highlighted proteins in
Fig. S5.15, Fig. S5.16). The identified intracellular trafficking proteins were used in
combination with our previous results to reconstruct an intracellular pathway for the

nanocarriers (Fig. 5.6C/D).

We describe the HES-NPs trafficking by proteomics as follows: The HES-NPs are mainly
internalized via macropinocytosis and to a smaller extent by CAV endocytosis. Indeed, we
identified ras-related C3 botulinum toxin substrate 1 (RAC1), Arf-GAP with SH3 domain_ANK
repeat and PH domain-containing protein 2 (ASAP2), and caveolae-associated protein 2
(CAVNZ2, also SDPR) that support this assumption. RAC1 is a small GTPase molecular switch

that resides in the plasma membrane to participate in membrane ruffing for
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macropinocytosis ?*°. ASAP2 belongs to the Arf GTPase-activating protein family, which
function as actin regulators, being involved in both actin-based endocytosis processes,
macropinocytosis and phagocytosis ?*'. In fact, RAC1 and ASAP2 both interact with ADP-
ribosylation factor 6 (ARF6, not found in our measurements) which assists in the formation of
macropinosomes 4?2, CAVN2 induces membrane curvature and, thus, the formation of
caveolin vesicles ?**. Furthermore, we identified sodium/calcium exchanger 2 (NAC2, also
Ncx2), a transmembrane cation exchange channel 2*4. Next, the HES-NPs are transported to
EEs. We measured ras-related protein Rap 1A (RAP1A), nicastrin (NICA), and V-type proton
ATPase subunit d 1 (VAOD1). RAP1A and NICA reside both in vesicles of the endolysosomal
system 245246
the vesicles #*’. Notably, RAP1A, NICA, and VAOD1 are not confined to EEs but are rather

present throughout the endolysosomal pathway, which also includes LEs and ELs. Additionally

and VAOD1 contributes to the endosomal acidification by proton transport into

for the LEs, we identified ADP-ribosylation factor-like protein 8A (ARL8A), and macrosialin
(CD68). ARL8A and CD68 are predominantly present in Lys and ELs, but also LEs 24249,
Finally, the HES-NPs reach the ELs. By proteomics, we further identified the lysosomal marker
LAMP1, cathepsin K (CATK), and heat shock protein HSP 90-beta (HS90B). CATK is a
lysosomal protease and HS90B is a chaperone that preserves the stability of lysosomal

membrane proteins, such as LAMP2 2°0-251,

The intracellular trafficking of the HSA-NCs is described as follows: We identified ASAP2,
which retains a role in phagocytosis in regards to the cellular entry of the HSA-NCs. For the
subsequent EEs, we identified unconventional myosin Vb (MYO5B) which was identified as a
regulator of endosomal size and was also connected to RAB11-based recycling endosomes
(RAB11 was not found in our measurements) °2%°®_ For the LEs we measured CD68 and
ARLA8. The ELs were additionally connected to CATK and NPC intracellular cholesterol

transporter 2 (NPC2). Latter protein regulates the cholesterol levels in the LYs and ELs 2**,

Furthermore, we measured intracellular proteins that were assigned to the vesicular transport
between the endoplasmic reticulum (ER), the Golgi apparatus, and the endolysosomal
pathway. These proteins were DYHC2, SAR1A, CANT1, RYR1, and RYR2 for the HES-NPs
and AKAP9 and AT2A2 for the HSA-NCs. However, we did not observe enough evidence by
TEM to fully support the presence of the nanocarriers within a vesicular transport between the

Golgi apparatus and the ER.

In sum, we developed a strategy to isolate and identify intracellularly adsorbed proteins on
nanocarriers with analytical importance. The time point-related distribution of these proteins
demonstrated that the intracellular corona changed for a slower trafficking, as for the HES-NPs.
Additionally, the detected intracellular proteins offered us a complementary and detailed view

of the cellular uptake and intracellular trafficking.
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Figure 5.6: Intracellular trafficking proteins and network for HES-NPs and HSA-NCs. Intracellular
trafficking proteins for HES-NPs (A) and HSA-NCs (B) were retrieved from GOTERMSs plasma
membrane region, side of membrane, Golgi apparatus, endosome, lysosome, secretory vesicle, and
exocytotic vesicle and are listed with uniport accession, uniport id, and protein name. The LC-MS
identified proteins were linked to intracellular compartments (as seen in black) and combined with the
findings of TEM and cLSM (RAB5, RAB7, and LAMP1; seen in blue) to recreate an intracellular

trafficking network for HES-NPs (C) and HSA-NCs (D), respectively.
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5.5 Conclusion

We studied the uptake mechanisms and the intracellular trafficking of HES-NPs and HSA-NCs.
Conventional methods, such as flow cytometry, TEM, and cLSM proved to be fundamental
methods to identify the nature and differences of uptake kinetics and morphology of the
intracellular events. However, the study of the intracellular protein corona by quantitative
LC-MS proteomics offered detailed insights into the possible molecular events during the
uptake and intracellular trafficking. We demonstrated that a comparable slow uptake for the
HES-NPs correlated with a time point-depending protein corona. A faster uptake of the
HSA-NCs correlated with a stable protein corona with minor time-dependent changes. Thus,
the flow cytometry analysis was in accordance with our proteomic measurements. The
microscopic methods visualized the morphology of the uptake and trafficking of both
nanocarriers. Furthermore, by identifying proteins of high importance for endosomal trafficking,
we were able to construct nanocarrier-specific intracellular pathways that detail the events
after the cellular uptake. Proteomic-driven or complemented investigations improve, therefore,
the research on the uptake and intracellular trafficking of nanocarriers. This strategy will prove
beneficial when investigating altered intracellular routes through nanomaterial modification and

targeting.
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5.6 Supplementary information
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Figure S$5.1: DC2.4 cell viability and uptake analysis in murine dendritic cells. Murine dendritic
cells (DC2.4) were incubated with various concentrations of HES-NPs (A) and HSA-NCs (B) for 2 h and
24 h. The cell viability was analyzed by flow cytometry using LIVE/DEAD Fixable Green Dead Cell Stain.

A control with 20% DMSO in the medium was included to demonstrate toxic effects (data are shown as

mean * SD, n = 2). For cell uptake analysis, we incubated DC2.4 cells with 250 ug ml"* HES-NPs (C)

and HSA-NCs (D) continuously and discontinuously for various time points. For a continuous incubation,

the nanocarrier suspension was left on the cells for all incubation times (10 min, 30 min, 2 h, 4 h, 6 h,

18 h, and 24 h). Additionally, nanocarrier suspension was removed after 2 h and replaced with cell

culture medium for the discontinuous incubation (2 h +2 h,2h + 4 h, 2 h + 22 h). The cell uptake was

analyzed by flow cytometry measuring the percentual amount of the events positive for fluorescence by

the nanocarriers (data are shown as mean £ SD, n = 3).
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Figure $5.2: HSA-NCs establish contact with the cell membrane. DC2.4 cells were incubated with
250 pug mI'" HES-NPs (A) and HSA-NCs (B) for different time points (2 h, 24 h, 2 h + 22 h). The cell
plasma membrane was stained with CellMask. The samples were analyzed by cLSM. White arrows
indicate colocalization events of nanocarriers (here: HSA-NCs) with the cell membrane. Green

represents CellMask, and magenta represents the nanocarriers. The scale bars represent 50 um.
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Figure $5.3: DC2.4 cell viability for uptake inhibitor experiments. DC2.4 were pretreated with twelve
different small molecule inhibitors for 30 min to block various uptake pathways. Next, the cells were
incubated with 250 ug mI"" HES-NPs (A) and HSA-NCs (B) for 4 h. As some inhibitors were solved in
DMSO, a control with 1% DMSO (the highest DMSO concentration in the samples) was included to
exclude DMSO toxic effects. The cell viability was analyzed by flow cytometry using LIVE/DEAD Fixable
Green Dead Cell Stain. A control with 20% DMSO in the medium was included to demonstrate toxic
effects (data are shown as mean = SD, n = 2).
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HES-NPs HSA-NCs

empty clathrin vesicles empty clathrin vesicles

D empty caveolin vesicle

Figure S5.4: TEM micrographs of clathrin and caveolin vesicles. Images of empty clathrin vesicles
in close vicinity to vesicles filled with HES-NPs (A) and HSA-NCs (B). The events were visualized by
TEM after a 2 h exposure of nanocarriers to the cells. The white arrows indicate the empty clathrin
vesicles. The scale bars represent 500 nm. Images of a caveolae-associated uptake for HES-NPs (C)
after 2 h and an empty caveolae vesicle for HSA-NCs (D) exposed cells after 10 min. The white arrows

indicate the caveolae uptake and vesicle. The scale bars represent 500 nm.
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HES-NPs

Figure S$5.5: Additional events during intracellular trafficking visualized by TEM. (A) DC2.4 cells
internalize HES-NPs parallelly over small, caveolae-like vesicles (white arrow) (A.1; 2 h). The small
vesicles fuse with larger vesicles containing HES-NPs (A.2, A.3; 2 h). HES-NPs-filled late endosomes
(LE) fuse with, empty LE (A.4; 2 h). (B) Small vesicles fuse with larger vesicles containing HSA-NCs
(B.1; 2 h). HSA-NCs-containing endosomes establish contact with other endosomal vesicles (B.2; 2 h)
and possibly form multilamellar vesicles (B.3; 2 h). HSA-NCs are localized in endolysosomes (B.4, 24 h).

The scale bars represent 500 nm.
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Figure S5.6: Single channel montage for cLSM analysis with LysoTracker and HES-NPs. DC2.4
cells were incubated with 250 ug mI"" HES-NPs for different time points (2 h, 24 h, 2 h + 22 h). The
acidic compartments were stained with LysoTracker. The samples were analyzed by cLSM. Green

represents LysoTracker, and magenta represents the nanocarriers. The scale bars represent 50 um.
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Figure S$5.7: Single channel montage for cLSM analysis with LysoTracker and HSA-NCs. DC2.4
cells were incubated with 250 ug mI"* HSA-NCs for different time points (2 h, 24 h, 2 h + 22 h). The
acidic compartments were stained with LysoTracker. The samples were analyzed by cLSM. Green

represents LysoTracker, and magenta represents the nanocarriers. The scale bars represent 50 um.
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Figure $5.8: Single channel montage for cLSM analysis with antibody staining for RAB5, RAB?7,
LAMP, and HES-NPs. DC2.4 cells were incubated with 250 ug ml"' HES-NPs for different time points
(2 h and 24 h). Antibody staining was performed to visualize RAB5, RAB7, and LAMP1 and to observe
potential co-localization with HES-NPs. The samples were analyzed by cLSM. Green represents the
antibody staining, and magenta represents the nanocarriers. The scale bars for the RAB5, RAB7, and

LAMP1 images represent 10 um. The scale bar for the secondary antibody only-control represents
50 ym.

116



Chapter B - The protein corona in the intracellular environment

HSA-NCs
Transmission Marker NPs Merge Cut Out

2h
n
0
<
(14

24 h

2hi{
N~
o0
<
(14

24 h

2h
o
<
=
=

24 h
>
>c
& ©

23| 24n
O 0o
0.8
=
» c
<

Figure $5.9: Single channel montage for cLSM analysis with antibody staining for RAB5, RAB?7,
LAMP, and HSA-NCs. DC2.4 cells were incubated with 250 ug ml"' HSA-NCs for different time points
(2 h and 24 h). Antibody staining was performed to visualize RAB5, RAB7, and LAMP1 and to observe
potential co-localization with HSA-NCs. The samples were analyzed by cLSM. Green represents the
antibody staining, and magenta represents the nanocarriers. The scale bars for the RAB5, RAB7, and

LAMP1 images represent 10 um. The scale bar for the secondary antibody only-control represents
50 ym.
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Figure S$5.10: Protein quantification of cell lysate and protein corona samples. DC2.4 were
incubated with 250 ug mlI'" HES-NPs (A) and HSA-NCs (B) for different time points (2 h, 24 h,
2 h + 22 h). The cells were harvested and lysed by sonification. Lysate corresponds to untreated lysed
cells. For the protein corona samples, the nanocarriers were magnetically separated from the cell debris
and washed three times with PBS and centrifugation. Protein corona preparations in cell culture medium
served as the medium corona sample. Protein corona preparation with no nanocarriers served as the

negative control. The proteins were desorbed with 2% SDS. The proteins were quantified by Pierce

660 nm Protein Assay Reagent (data are shown as mean + SD, n = 2).
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Figure $5.11: SDS-PAGE of protein corona samples. Protein corona samples associated with
HES-NPs (A) and HSA-NCs (B) were analyzed by SDS-PAGE and silver staining. Samples marked

with an asterisk (*) are not relevant for the experiment but were included for completeness of the gel.
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Figure S5.12: SDS-PAGE of control samples and cell lysate. HES-NPs (A) and HSA-NCs (B) were
incubated in cell culture medium to prepare a protein corona as a control. The control samples and the

cell lysate (C) were analyzed by SDS-PAGE and silver staining.
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Figure $5.13: TOP proteins identified in lysate and protein corona samples by quantitative LC-MS
proteomics. DC2.4 cells were incubated with 250 ug mI”' HES-NPs (A) and HSA-NCs (B) for different
time points (2 h, 24 h, 2 h + 22 h). The cells were harvested and lysed by sonification. The nanocarriers
were magnetically separated from the cell debris and washed three times with PBS and centrifugation.
The proteins were desorbed with 2% SDS and forwarded to LC-MS proteomic analysis. Cell lysate
without nanoparticles, as obtained after lysis, served as a control. The heat maps list the 10 most
abundant proteins for each condition, resulting in 21 top proteins for HES-NPs and 20 top proteins for

HSA-NCs. The values are shown as the percentage of all identified proteins.
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Figure S5.14: Quantitative LC-MS proteomics analysis of control samples. HES-NPs (A) and
HSA-NCs (B) were incubated in the cell culture medium to prepare a protein corona as a control. For
the negative control (C), the protein corona workflow was performed, but without nanocarriers. The pie

charts show all proteins detected in the samples.
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Table S5.1: List of enriched proteins associated with the protein corona formed on HES-NPs.
The proteins associated with the protein corona on HES-NPs were compared to the proteins identified
in the cell lysate without nanoparticle incubation. All proteins enriched 1.5-fold compared to the lysate

proteins are listed with their respective Uniprot accession, Uniprot ID, and protein name.

HES-NPs

A::j:eus’:i’;n Uniprot ID Protein Name A::j:e“;:i,;n Uniprot ID Protein Name
Q9CY73 RM44_MOUSE 39S ribosomal protein L44_ mitochondrial P15864 H12_MOUSE Histone H1.2
P62264 RS14_MOUSE 40S ribosomal protein S14 P43277 H13_MOUSE Histone H1.3
P62270 RS18_MOUSE 40S ribosomal protein S18 P43276 H15_MOUSE Histone H1.5
P62852 RS25_MOUSE 40S ribosomal protein S25 COHKE1 H2A1B_MOUSE Histone H2A type 1-B
P62862 RS30_MOUSE 408 ribosomal protein S30 POCOS6 | H2AZ_MOUSE Histone H2A.Z
P53026 RL10A_MOUSE 60S ribosomal protein L10a P70696 H2B1A_MOUSE Histone H2B type 1-A
P35980 RL18_MOUSE 60S ribosomal protein L18 P10853 | H2B1F_MOUSE Histone H2B type 1-F/J/L
Q8BP67 | RL24_MOUSE 60S ribosomal protein L24 Q64524 | H2B2E_MOUSE Histone H2B type 2-E
Q9D1R9 RL34_MOUSE 60S ribosomal protein L34 P02301 H3C_MOUSE Histone H3.3C
P61514 | RL37A_MOUSE 60S ribosomal protein L37a P62806 H4_MOUSE Histone H4
Q8VEH3 | ARL8A_MOUSE ADP-ribosylation factor-like protein 8A Q3U9G9 LBR_MOUSE Lamin-B receptor
P48962 | ADT1_MOUSE ADPJATP translocase 1 Q61033 | LAP2A MOUSE |Lami iated polypeptide 2_isoforms alpha/zeta
Q8C0J6 | SWAHC_MOUSE | Ankyrin repeat domain-containing protein SOWAHC Q8R4U7 | LUZP1_MOUSE Leucine zipper protein 1
P30355 | ALSAP_MOUSE Arachidonate 5-lipoxy tivating protein Q922Q8 | LRC59_MOUSE Leucine-rich repeat-containing protein 59
Arf-GAP with SH3 domain_ ANK repeat and PH P11438 | LAMP1_MOUSE Lysosome- iated membrane glycoprotein 1
Qarsice ASAPZ_MOUSE domain-containing protein 2 P31996 CD68_MOUSE Macrosialin
Q8CDM1 | ATAD2_MOUSE ATPase family AAA domain-containing protein 2 MKI67 FHA domain-interacting nucleolar
054962 BAF_MOUSE Barrier-to-autointegration factor QO1VEG MK67I_MOUSE phosphoprotein .
Q8BHX3 | BOREA_MOUSE Borealin g:‘;:?: ’:q?(?,:-:gﬁss: NAD(P)H de"”:,mgi'_‘ase [quinone] 1
P97929 BRCA2_MOUSE Breast cancer type 2 susceptibility protein homolog = castrin .
Q8BM92 | CADH7_MOUSE Cadherin-7 Q99P88 NU155_MOUSE Nuclear pore f)omplex protein Nup15§
P55007 CATK MOUSE Cathepsin K E9Q5C9 | NOLC1_MOUSE Nucleolar and coiled-body phosphoprotein 1
. alhepsin _ QoD6Z1 | NOP56_MOUSE Nucleolar protein 56
Q63918 CAVN2_MOUSE Caveolae-associated protein 2 L
P28033 CEBPB_MOUSE CCAAT/enh pindi tein bela P25976 UBF1_MOUSE Nucleolar transcription factor 1
- ennhancer-binding protein be Q99JF8 | PSIP1_MOUSE PC4 and SFRS1-interacting protein
QO9CXS4 | CENPV_MOUSE Centromere protein V L R
Q6P5D4 CP135 MOUSE Centr I protein of 135 kD: Q8BU03 PWP2_MOUSE Periodic tryptophan protein 2 homolog
— enirosomal protein of a POCG49 | UBB_MOUSE Polyubiquitin-B
Q92474 CERS2_MOUSE Ceramide synthase 2 P48678 LMNA MOUSE Prelamin-A/C
P23198 | CBX3_MOUSE Chromobox p“”ef" homolog 3 Q6PGB8 | SMCA1_MOUSE Probable global transcription activator SNF2L1
Q61686 CBX5_MOUSE Chromobox protein homolog 5 E9PVX6 KI67_MOUSE Proliferation marker protein Ki-67
E9Q5M6 | CFA44_MOUSE Cilia- and flagella-associated protein 44 Q8CJF7 ELYS MOUSE Protein ELYS
Q9QYC3 | BHA15_MOUSE Class A basic helix-loop-helix protein 15 QBPKN7 INCA1 MOUSE Protein INCA1
Q9QzZQ8 | H2AY_MOUSE Core histone macro-H2A.1 QBNS46 RRps-MQUSE Protein RRP5 homolog
088833 | CP4AA_MOUSE Cytochrome P450 4A10 Q9JLR1 S61A2_MOUSE |Protein transport protein Sec61 subunit alpha isoform 2
Q45VK7 | DYHC2_MOUSE Cytoplasmic dynein 2 heavy chain 1 Q9CQs8 | SC61B_MOUSE Protein transport protein Sec61 subunit beta
Q8BMK4 | CKAP4_MOUSE Cytoskeleton-associated protein 4 Q3UzD5 | PRDM6_MOUSE | Putative histone-lysine N-methyltransferase PRDOM6
Q04750 TOP1_MOUSE DNA topoisomerase 1 P63001 RAC1_MOUSE Ras-related C3 botulinum toxin substrate 1
Q01320 | TOP2A_MOUSE DNA topoisomerase 2-alpha P62835 | RAP1A_MOUSE Ras-related protein Rap-1A
Q64511 TOP2B_MOUSE DNA topoisomerase 2-beta Q8VE37 RCC1_MOUSE Regulator of chromosome condensation
Q91WN1 | DNJC9_MOUSE DnaJ homolog subfamily C member 9 Q99M28 | RNPS1_MOUSE RNA-binding protein with serine-rich domain 1
054734 | OST48_MOUSE DoliCTyl-dipR:Jspi}ooIigoizoﬁ[r;arideg-p{?tein Q8CJ40 | CROCC_MOUSE Rootletin
_glycosyltransierase a subunit P35550 | FBRL_MOUSE rRNA 2'-O-methyltransferase fibrillarin
Dolichyl-diphosphooligosaccharide--protein
Q91YQ5 [ RPN1_MOUSE glycosyltransferase subunit 1 E9PZQO | RYR1_MOUSE Ryanodine receptor 1
P61804 DAD1_MOUSE Dolichyl-diphosphooligosacchaﬁde—-protein E9Q401 RYR2_MOUSE Ryanodine receptor 2
glycosyltransferase subunit DAD1 Q6ZWQ7 | SPCS3_MOUSE Signal peptidase complex subunit 3
P46978 STT3A MOUSE Dolichyl-diphosphooligosaccharide--protein . N K .
o glycosyltransferase subunit STT3A P47758 | SRPRB_MOUSE Signal recognition particle receptor subunit beta
070263 | LNX1_MOUSE E3 ubiquitin-protein ligase LNX Q8KS96 | NAC2_MOUSE Sodium/calcium exchanger 2
Q7TPM3 TRI17_MOUSE E3 ubiquitin-protein ligase TRIM17 Q8VCF1 | CANT1_MOUSE Soluble calcium-activated nucleotidase 1
Q5XFRO | EPAB2_MOUSE Embryonic polyadenylate-binding protein 2 QOROM3 | SRPX_MOUSE Sushi-repeat-containing protein SRPX
Endoplasmic reticulum junction formation protein SWI/SNF-related matrix-associated actin-dependent
Q7TQ95 LNP_MOUSE P Jun ; park P! Q91ZW3 | SMCA5_MOUSE regulator of chromatin subfamily A member 5
P10630 IF4A2_MOUSE Eukaryotic initiation factor 4A-l1 Q62465 VAT1_MOUSE Synaptic vesicle membrane protein VAT-1 homolog
Q8R1B4 | EIF3C_MOUSE | Eukaryotic translation initiation factor 3 subunit C QBCIAS | THOP1_MOUSE Thimet oligopeptidase
QoczV8 FXL20_MOUSE F-box/LRR-repeat protein 20 Q92172 TOIP1_MOUSE Torsm-1A‘-|nleracl|ng profeln 1
Q92089 | SP16H_MOUSE FACT complex subunit SPT16 P05213 | TBA1B_MOUSE Tubulin alpha-1B chain
Q08943 | SSRP1_MOUSE FACT complex subunit SSRP1 g:<z:§\7/73 3’:?,112—:/'"85':2 5 smal T[y"’ls'";:rte'" kin ?s: BA?_B 15 homol
P36536 | SAR1A_MOUSE GTP-binding protein SAR1a - smatnicieciar Siifassocialod profsi 15 1omoiog
Q9CYB6 | GAR1_MOUSE H/ACA ribonucleoprotein complex subunit 1 QBR3Y5 | CS047_MOUSE Uncharacterized protein C190rf47 homolog
Q9CRB2 NHPZ MOUSE HIACA rib ‘ ol ) bunit 2 E9Q634 | MYO1E_MOUSE Unconventional myosin-le
-~ A ribonucleoprotein complex subuni P51863 | VAOD1_MOUSE V-type proton ATPase subunit d 1
Q9ESX5 DKC1_MOUSE H/ACA ribonucleoprotein complex subunit DKC1 . X
qscant | TRaP1 Mouse Heat shock protsin 75 kD: itochondrial Q3TWF6 | WDR70_MOUSE WD repeat-containing protein 70
- eat shock prolein /5 kDa_ milochondna Q5HZGY | ZN488 MOUSE Zinc finger protein 488
P11499 HS90B_MOUSE Heat shock protein HSP 90-beta
P17095 | HMGA1_MOUSE High mobility group protein HMG-/HMG-Y
Q5svVQo KAT7_MOUSE Histone acetyltransferase KAT7
P10922 H10_MOUSE Histone H1.0
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HES-NPs

2h 24 h

ADT1, ARL8A, CATK,
CP135, HS90B, NOLCI1,
NOP56, RL37A, RS14,
SC61B, SP16H, SSRP1,
STT3A, TRAP1, UTP15,
VAOD1

ASAP2, LRC59, RL18,
RPN1, VAT1

2h+22h

BAF, BAZ1B, BHA15, BOREA, BRCA2, CANT1, CBX3, CD68, CEBPB,
CENPV, CERS2, CKAP4, CROCC, CS047, DAD1, DKC1, DNJC9, DYHC2,
EIF3C, ELYS, EPAB2, FBRL, GARI1, H10, H12, H2AY, HMGA1, IF4A2,
INCA1, KAT7, LAP2A, LBR, LMNA, LNX1, MK671, MYO1E, NAC2, NHP2,
PRDM6, PWP2, RAP1A, RCC1, RL10A, RL24, RNPS1, RRP5, RS25, RS30,
SAR1A, SMCA1, SMCA5, SPCS3, SRPRB, THOP1, TOIP1, TOP1, TOP2A,
TOP2B, TRI17, WDR70

AL5AP, ATAD2, CADH7, CAVN2, CBX5, CFA44, CP4AA, FXL20, H13, H15,
H2A1B, H2AZ, H2B1A, H2B1F, H2B2E, H3C, H4, Kl67, LAMP1, LNP,
LUZP1, NICA, NQO1, NU155, OST48, PSIP1, RAC1, RM44, RS18, RYR1,
RYR2, S61A2, SRPX, SWAHC, TBA1B, UBB, UBF1, ZN488

Figure $5.15: Enriched proteins of the HES-NP protein corona compared between time points.
The enriched corona proteins associated with HES-NPs were compared in regards to the time points
by a Venn diagram. The proteins unique to each section of the Venn diagram are listed with their Uniprot

ID. The intracellular trafficking proteins, as seen in Figure 5.5 are marked in red.
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Table S$5.2: List of enriched proteins associated with the protein corona formed on HSA-NCs.
The proteins associated with the protein corona on HSA-NCs were compared to the proteins identified
in the cell lysate without nanoparticle incubation. All proteins enriched 1.5-fold compared to the lysate

proteins are listed with their respective Uniprot accession, Uniprot ID, and protein name.

HES-NPs

a Unipr?t Uniprot ID Protein Name A Unipret Uniprot ID Protein Name
P63276 RS17_MOUSE 40S ribosomal protein S17 P27661 H2AX_MOUSE Histone H2AX
P62270 RS18_MOUSE 40S ribosomal protein S18 P10853 H2B1F_MOUSE Histone H2B type 1-F/J/IL
P62852 RS25_MOUSE 40S ribosomal protein S25 P02301 H3C_MOUSE Histone H3.3C
P61514 RL37A_MOUSE 60S ribosomal protein L37a P62806 H4_MOUSE Histone H4
Q70FJ1 AKAP9_MOUSE A-kinase anchor protein 9 Immunoglobulin-like and fibronectin type Ill domain-
: ) ) . Q3KNYO IGFN1_MOUSE containing protein 1
Q8VEH3 | ARL8A_MOUSE ADP-ribosylation factor-like protein 8A QBOWE4 KI208 MOUSE Kinesin-liki tein KIF208
E9Q4F7 | ANR11_MOUSE Ankyrin repeat domain-containing protein 11 asakcs | Kisea MoUSE K::es::'l:ke ":°te:: KiFaeA
Q8BLB8 AN34C_MOUSE Ankyrin repeat domain-containing protein 34C = esin- R © prote
) . - . Q3U9G9 LBR_MOUSE Lamin-B receptor
Q8C0J6 | SWAHC_MOUSE | Ankyrin repeat domain-containing protein SOWAHC Lamina-associated polypeptide 2_isoforms
P30355 | ALSAP_MOUSE Arachi 5-lipoxy, tivating protein Q61029 | LAP2B_MOUSE beta/delta/epsilon/gamma
Arf-GAP with SH3 domain_ ANK repeat and PH Q8RAU7 LUZP1 MOUSE Leucine zipper protein 1
Q7sIGe ASAP2_MOUSE domain-containing protein 2 P31996 cD88 _MOUSE uel M PP . T :
054962 | BAF_MOUSE Barrier-to-autointegration factor — acrosialin
o 3 MKI67 FHA domain-interacting nucleolar
P97929 | BRCA2_MOUSE | Breast cancer type 2 susceptibility protein homolog Q91VE6 | MK67|_MOUSE phosphoprotein
Q80TJ1 CAPS1_MOUSE Calcium-dependent secretion activator 1 P19246 NFH_MOUSE Neurofilament heavy polypeptide
P55097 CATK_MOUSE Cathepsin K Q9Z0J0 NPC2_MOUSE NPC intracellular cholesterol transporter 2
Q99LM2 | CK5P3_MOUSE CDKS regulatory subunit-associated protein 3 E9Q5C9 | NOLC1_MOUSE Nucleolar and coiled-body phosphoprotein 1
Q61686 CBX5_MOUSE Chromobox protein homolog 5 Q9D6Z1 NOP56_MOUSE Nucleolar protein 56
P59242 CING_MOUSE Cingulin P25976 UBF1_MOUSE Nucleolar transcription factor 1
Q9QYC3 | BHA15_MOUSE Class A basic helix-loop-helix protein 15 P09405 NUCL_MOUSE Nucleolin
Q810N9 CC172_MOUSE Coiled-coil domain-containing protein 172 P70206 PLXA1_MOUSE Plexin-A1
Q810U5 CCD50_MOUSE Coiled-coil domain-containing protein 50 P70208 PLXA3_MOUSE Plexin-A3
Q9QzZQ8 | H2AY_MOUSE Core histone macro-H2A.1 P11103 | PARP1_MOUSE Poly [ADP-ribose] polymerase 1
Q04750 TOP1_MOUSE DNA topoisomerase 1 POCG50 UBC_MOUSE Polyubiquitin-C
Q01320 | TOP2A_MOUSE DNA topoisomerase 2-alpha Q921N6 | DDX27_MOUSE Probable ATP-dependent RNA helicase DDX27
Q64511 | TOP2B_MOUSE DNA topoisomerase 2-beta E9PVX6 KI67_MOUSE Proliferation marker protein Ki-67
054734 | OST48_MOUSE D°'iZ’l')ll/":sisrgnpsf;ﬂig::aecfggﬂieg;f‘fi?tei" Q8CG70 | P3H3_MOUSE Prolyl 3-hydroxylase 3
Q8K4Q6 | NEIL1_MOUSE Endonuclease 8-like 1 QBPKN7 | INCA1_MOUSE Protein INCA1
. " R . . Q6NS46 RRP5_MOUSE Protein RRP5 homolog
Q7TQ95 LNP MOUSE Endoplasmic reticulum junction formation protein i
- lunapark Q8VE37 RCC1_MOUSE Regulator of chromosome condensation
Q92089 SP16H_MOUSE FACT complex subunit SPT16 Q91YK2 | RRP1B_MOUSE Ribosomal RNA processing protein 1 homolog
Q00422 GABPA_MOUSE GA-binding protein alpha chain P35550 FBRL_MOUSE rRNA 2'-O-methyltransferase fibrillarin
B2RSH2 GNAI1_MOUSE |Guanine nucleotide-binding protein G(i) subunit alpha-1 055143 AT2A2_MOUSE |Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
Q8K259 GIN1_MOUSE Gypsy retrotransposon integrase-like protein 1 Q61045 SIM1_MOUSE Single-minded homolog 1
Q9CY66 GAR1_MOUSE H/ACA ribonucleoprotein complex subunit 1 Q8BZX4 SREK1_MOUSE Splicing regulatory glutamine/lysine-rich protein 1
Q9CRB2 NHP2_MOUSE H/ACA ribonucleoprotein complex subunit 2 Q91zw3 | SMCA5 MOUSE SWI/SNF-related matrix@ssociatgd actin-dependent
QOESX5 | DKC1_MOUSE HIACA ribonucleoprotein complex subunit DKC1 regulator of 1 subfamily A 5
. § Q7TMY4 | THOC7_MOUSE THO complex subunit 7 homolog
P16627 | HS71L_MOUSE Heat shock 70 kDa protein 1-like Q92172 | Top1 MousE TorsinAAintoracii i 1
P17095 | HMGA1_MOUSE High mobility group protein HMG-VHMG-Y ros2ta | TEATE MOUSE °':f"' win ler: '1"3 ":’Ae'"
P10922 | H10_MOUSE Histone H1.0 521 ! Tubulin alpha-18 chain
X Q91WQ3 SYYC_MOUSE Tyrosine--tRNA ligase_ cytoplasmic
P15864 H12_MOUSE Histone H1.2 Q92277 | BAZ1B MOUSE Tyros i ki BAZ1B
pas2r7 H13_MOUSE Histone H1.3 Q921v2 | IMP3_MOUSE U3 small ers":e.p'r: o ]masel in protein IMP3
P43276 | H15_MOUSE Histone H1.5 - small nucleolar ribonucleoprotein protein
Q07133 | HIT_MOUSE Histone H1t P:;:J;ﬁ x;ﬁiﬁ—mgﬂ:i W;’"mn"e"""g' ,my°s'"t'e\,/b 7
COHKE1 | H2A1B_MOUSE Histone H2A type 1-B (::90784 oarp Mouse | zies C’Z'?:‘f" ning ‘;’f’ en oin 13
POC0S6 | H2AZ MOUSE Histone H2A.Z — inc finger omain-containing protein
Q80SU3 ZAR1_MOUSE Zygote arrest protein 1
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HES-NPs

2h 24 h

AT2A2, CATK, DDX27,

H2AX, H2AY, IMP3,
LAP2B, MK67I, MYO5B,

NOP56, PLXA3, RL37A,

RRP5, RS25 TOIP1,
WDR70

BRCA2, CBX5, CING,
GIN1, GNAI1, HS71L,
INCA1, KI26A, NHP2,
PLXA1, RCC1, RS18, 2h+22h
THOC7, UBF1

ARL8A, NUCL

* | AKAP9, AL5AP, AN34C, ANR11, ASAP2, BAF, BAZ1B, BHA15, CAPS1,
CC172, CCD50, CD68, CK5P3, DKC1, FBRL, GABPA, GAR1, H10, H12,
H13, H15, H1T, H2A1B, H2AZ, H2B1F, H3C, H4, HMGA1, IGFN1, KI20B,
Ki67, LBR, LNP, LUZP1, NEIL1, NFH, NOLC1, NPC2, OST48, P3H3,
PARP1, RRP1B, RS17, SIM1, SMCA5, SP16H, SREK1, SWAHC, SYYC,
TBA1B, TOP1, TOP2A, TOP2B, UBC, ZAR1, ZC3HD

Figure $5.16: Enriched proteins of the HSA-NC protein corona compared between time points.
The enriched corona proteins associated with HSA-NCs were compared in regards to the time points
by a Venn diagram. The proteins unique to each section of the Venn diagram are listed with their
Uniprot ID. The intracellular trafficking proteins, as seen in Figure 5.5 are marked in red.
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6. Higher loading of gold nanoparticles in PAD mesenchymal-like

stromal cells leads to a decreased exocytosis

Aim:

Exocytosis of NPs is an important cellular process that needs to be kept reduced for cell
labeling with NPs for visualization purposes. This study compared two loading protocols of
gold NPs regarding exocytosis in stromal cells. The protocols varied the uptake time and the
loading amount. To explain the different exocytosis routes in both protocols, label-free

quantitative LC-MS proteomics was used to investigate the intracellular protein corona.

Copyright:

Subchapter 6 is based on article [4] that was published in a peer-reviewed journal. The article
was edited and shortened to highlight my contribution to this study. The presented study is
reprinted with permission from MDPI, Cells. Copyright © 2022, MDPI.

[4] Oberlander, J., Ayerbe, R., Cabellos, J., da Costa Marques, R., Li, B., Glinday-Treli,
N., Tareli, A. E., Ofir, R., Shalom, E. I., Mailander, V. Higher Loading of Gold
Nanoparticles in PAD Mesenchymal-like Stromal Cells Leads to a Decreased
Exocytosis. Cells, 2022, 11(15), 2323.

Contributions:

| performed the preparation of the intracellular protein corona and LC-MS data evaluation. |
created Figures 6.3, 6.4, and Tables S6.1-6.10 in the following version. Jennifer Oberlander
conducted the Zeta-potential measurements, the cell experiments for uptake and exocytosis,
the ICP-OES measurements, protein quantification, SDS-PAGE, LC-MS sample preparation,
and the LC-MS measurements. Jennifer Oberlander wrote the manuscript and created all other
figures in the following version. Jennifer Oberlander edited the figures for the original
manuscript. | edited all the figures for the following version. Dr. Nazende Gunday-Tdureli,
Dr. Bin Li, and Dr. Akif Emre Tureli provided the nanoparticles. Dr. Eliran Ish Shalom and
Dr. Racheli Ofir provided the cells. Christine Rosenauer performed the DLS measurements.
Cristoph Sieber performed the TEM imaging. The project was supervised by Dr. Racheli Ofir,
Dr. Akif Emre Ttureli, Dr. Joan Cabellos, and Prof. Dr. Volker Mailander.
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6.1 Abstract

Cell therapy is an important new method in medicine and is being used for the treatment of an
increasing number of diseases. The challenge here is the precise tracking of cells in the body
and their visualization. One method to visualize cells more easily with current methods is their
labeling with nanoparticles before injection. However, for a safe and sufficient cell labeling, the
nanoparticles need to remain in the cell and not be exocytosed. Here, we test a glucose-PEG-
coated gold nanoparticle for the use of such a cell labeling. To this end, we investigated the
nanoparticle exocytosis behavior from PLX-PAD cells, a cell type currently in clinical trials as
a potential therapeutic agent. We showed that the amount of exocytosed gold from the cells
was influenced by the uptake time and loading amount. This observation will facilitate the safe

labeling of cells with nanoparticles in the future and contribute to stem cell therapy research.
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6.2 Introduction

The idea of using cells as a therapeutic agent for various diseases has widely expanded over
the past years 2*°. However, the therapeutic mechanisms and the distribution of the cells in the
organism often remain unclear. As methods for tracking cells in the human body are very
limited, imaging and contrast agents like nanoparticles have been developed to increase the
visibility of the cells in vivo ?°%°® To date, cell tracking is often performed using either
radionuclides for scintigraphy, PET (positron emission tomography), and SPECT (single
photon emission computer tomography), or using superparamagnetic iron oxide nanoparticles
for MRI (magnetic resonance imaging) 2°°%'. Radionuclide imaging has the main advantage
of high sensitivity and very small amounts of label can be detected. However, radionuclides
with short half-lives make this method very expensive and make long-term tracking
impossible #°. On the other hand, MRI does not use ionizing radiation and tissue can be well
visualized. Nevertheless, this method is also relatively cost-intensive and the acquisition time
is slow %% Therefore, there is increasing effort to develop cell tracking markers for CT
(computed tomography). These have the benefit that the technology is cost-effective with a
fast temporal resolution ®'. Thereby, gold nanoparticles or gold-iron nanoparticles have
proven to be very promising tracking tools. Gold features strong contrast properties for CT
imaging and, in combination with iron for MRI, a wide range of analysis methods can be
covered when combining both materials %°’. Furthermore, gold nanoparticles are already very
well studied materials of low toxicity to cells, making them even more promising as a contrast
agent for cell therapy labeling 2°2?%*, However, for good CT tracking, a high amount of gold
nanoparticles need to be taken up by the cells and, for long-term tracking, the nanoparticles
need to remain stable in the cells 2°°. While high loading of cells could previously be achieved,

the reduction of the exocytosis of gold nanoparticles from cells still remains a challenge 26°%°".

One type of cell that is currently considered as a potential therapeutic agent against different
diseases is the PLX-PAD cell 2%28, PLX-PAD cells are a cell therapy product under
development containing placental expanded (PLX) placenta-derived mesenchymal-like

adherent stromal cells 27%:275:27°

. It has previously been shown that these cells secrete relevant
factors as a response to muscle trauma or inflammation to trigger the natural repair
mechanisms of the body ?°. Therefore, these cells are currently used in different clinical

studies for the treatment of injured muscle.

For a combination of particles and cells to be effective as a therapeutic and imaging reagent,
the particles must remain stable in the cells. One factor that can influence the uptake in cells
is the so-called protein corona. Furthermore, surface modifications and the size and shape of

the particles - among other things - can affect the uptake and exocytosis rate of particles '
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280-281 '\When nanoparticles come into contact with biological fluids, proteins directly attach to
the surface of the particles and form a protein corona. Previously, it has been shown that the
protein corona can alter the uptake of particles into cells, but it can also influence the
exocytosis rate of particles from cells "® '3, To use the nanoparticles as a reliable imaging
reagent, it is crucial to keep the exocytosis rate as low as possible to allow long-term tracking
of the cells. Besides influencing the uptake into cells, changes in the protein corona
composition can also be used to learn about the intracellular pathway followed by the
nanoparticles. The type of proteins bound in the corona, therefore, reflects a fingerprint of the
intracellular pathway taken by the nanoparticles '® 2%, This intracellular protein corona can be

used to predict whether particles are more likely to be exocytosed or to remain inside the cell.

In this study, we analyzed the exocytosis rate of glucose-coated and PEGylated gold
nanoparticles from loaded PLX-PAD cells. As the combination of cells and particles should be
used in the future for long-term tracking of cells in the human body, it is important to reach a
high loading efficiency together with a low exocytosis rate of the GNPs from the cells. Here,
we tested two different in vitro loading protocols - one with a lower loading efficiency and
another with a higher loading efficiency of GNPs. Afterwards, we analyzed the amount of
exocytosed gold and characterized the intracellular protein corona to predict which protocol

reached a more stable loading of nanoparticles in the cells.
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6.3 Materials and methods

Synthesis of GNPs. PEGylated and glucose coated gold nanoparticles (GNPs) were
synthesized according to previously described methods in a three-step process %*’. The
nanoparticles were synthesized by heating HAuCls solution (50%; 82.345 ml) in ultrapure
water (39.78 1) until boiling. Then sodium citrate solution (10%; 803.556 ml) was introduced
and the solution was stirred for 10 min at 1200 rpm. Particles were purified and concentrated
via cross-flow filtrations with a 10 kDa PES membrane to a final volume of 1193.4 ml. In a
second step PEG (PEG7, 50 mg ml™', 198.9 ml) was added and together with the particles
stirred for 30 min at 1200 rpm followed by an incubation at 4 °C for 24 h. Purification was again
performed via cross-flow filtration reaching a final volume of 688.5 ml. In the third step, the
glucose was attached to the nanoparticles. Therefore, the PEGylated particles were stirred
together with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 0.2 M; 68.85 ml) and N-
hydroxysuccinimide (NHS; 0.2 M; 344.25 ml) for 30 min at 1200 rpm. Then, the active ester
from PEG can react in an amidation reaction with the NH2 groups of the glucosamine
(24 mg mlI™"; 688.5 ml). After the addition of the glucosamine, the solution was stirred again for
30 min at 1200 rpm and then incubated at 4 °C for 24 h. Final purification was again performed

by cross flow filtration and particles were filtrated through a 0.22 ym filter.

Characterization of GNPs. After the synthesis, the gold concentration of the nanoparticles
was determined by ICP-OES. The size of the particles was determined via multi-angle DLS
and TEM %82, DLS. For multi-angle DLS an ALV spectrometer consisting of a goniometer and
an ALV- 5004 multiple-tau full digital correlator (320 channels) was used. This allows
measurements over an angular range from 30° to 150°. A He-Ne laser (wavelength of
632.8 nm) was used as the light source. Temperature was adjusted through a thermostat from
Julabo. Before the measurement, the GNPs were filtrated through a 0.2 um filter so that no
larger particles or dust interfered with the measurement. TEM. TEM images were taken with a
Jeol JEM 1400 at 120 kV to determine the primary size. For the drop casting, undiluted GNPs
were added on a 300 mash copper grid coated with a 20-30 nm carbon layer. Excess sample
dispersion was blotted with a filter paper ?®2. The size was determined using Image J software
and counting 100 particles. ICP-OES. The gold concentration was determined via ICP-OES
(SpectroGreen, Spectro/Ametek). 10 ul GNPs were diluted in 1 ml aqua regia (3:1 hydrochloric
acid: nitric acid) for digestion of nanoparticles. Afterwards, the samples were diluted up to
10 ml with MiliQ water, and the gold concentration was determined with ICP-OES. The
calibration curve was prepared by using 0.1, 0.5, 1, 5, and 20 ppm gold standard solution
(stock 1 000 mg I Au TraceCERT®, Sigma Aldrich).
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Production and Cell Culture of PLX-PAD Cells. PLX-PAD cells were produced by Pluristem
Therapeutics, Ltd. (Haifa, Israel). As previously described 2 2’° production of PLX PAD cells
was performed in a state-of-the-art clean room facility according to GMP regulations. Human
placentas were collected from healthy donors and cut into pieces. After enzymatic digestion of
the tissue, cells were seeded as 2D cultures in a culture flask followed by 3D cultivation in a
bioreactor. Before characterization of the cells, 3D cultures were harvested and cryopreserved
in liquid nitrogen. Characterization was performed by staining the cells with MSC-positive and

MSC-negative markers and analyzed by flow cytometry 2°.

Cell culture. PLX-PAD cells were cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% FBS, 100 U mI" penicillin, 100 mg ml" streptomycin, and 2 mM
glutamine. Viability and count were measured with trypan blue by an automated cell counter
(TC10, Bio-Rad). Cells were grown in a humidified incubator at 37 °C and 5% CO.. Cells were
either thawed one day before the experiment and seeded at the recommended density for the
experiments or cultured in flasks and sub-cultured once a week when they reached around

80% confluence.

Uptake and Exocytosis. Two different protocols for the uptake of GNPs were tested. For both
protocols, the PLX-PAD cells were seeded at a density of 500 000 cells per well in a six-well
plate (Greiner, Pleidelsheim, Germany) and incubated overnight. All incubation steps were
performed in a humidified incubator (37 °C, 5% CO.). Afterwards, the cells were incubated
with a nanoparticle solution of 300 yg ml™" in isotone NaCl (B.Braun, Melsungen, Germany) for
30 min (low loading protocol) or with 300 ug mI”" nanoparticles in DMEM (Thermo Fisher
Scientific, Waltham, MA, USA) with 10% FBS for 24 h (high loading protocol). After the
incubation time, the cells were washed twice with PBS (Thermo Fisher Scientific, Waltham,
MA, USA) and then either incubated again in DMEM with 10% FBS for exocytosis
measurements or harvested with Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA,
USA) for uptake measurements. The exocytosis of the GNPs was also determined using two
different protocols. Either the collected DMEM was not replaced or the DMEM volume collected
was replaced. When keeping the same supernatant during the entire time, the DMEM and the
corresponding cells were collected after 2, 6, 24, or 48 h (without supernatant replacement).
For the second protocol with supernatant replacement, the supernatant was exchanged with
fresh supernatant after collecting it from the cells at the same time point as for the protocol
without supernatant replacement. Here, the cells and the supernatant were harvested for

analysis as well.
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ICP-OES Analysis. Before the analysis of the gold content in the cells and in the supernatant,
the cells were digested. Therefore, after trypsinization, cells were centrifuged (300g, 5 min)
and the supernatant was discarded. Afterwards, cells were diluted with 1 ml of aqua regia
(3:1 hydrochloric acid/nitric acid) and incubated at room temperature overnight on an orbital
shaker (300 rpm) followed by dilution with MiliQ water to 10 ml before measurement. The cell
culture supernatants for the determination of exocytosed gold content were collected from the
cells and treated with aqua regia followed by incubation and dilution to 10 ml with water. The
gold concentration was determined by ICP-OES (SpectroGreen, Spectro/Ametek, Kleve,
Germany). The calibration curve was prepared using 0.1, 0.5, 1, 5, and 20 ppm gold standard
solution (stock 1 000 mg I'" Au TraceCERT®, Sigma Aldrich, St. Louis, MO, USA). Untreated
cells and cell culture media were used to deduct background signals. The amount of gold was

calculated using the concentration resulting from the ICP OES and the volume of the sample.

Intracellular Trafficking. For the intracellular trafficking of the GNPs, PLX-PAD cells were
seeded at a density of 400 000 cells per well in six-well plates. On the next day, incubation
with GNPs was carried out at a GNP concentration of 300 ug ml™ for 4 and 24 h. Additionally,
a pulse-chase experiment was performed where the PLX-PAD cells were incubated with the
GNPs for 4 h followed by an exchange to fresh cell culture medium and a subsequent 20 h
incubation. After the incubation time, cells were harvested with Trypsin-EDTA (Thermo Fisher
Scientific, Waltham, MA, USA). For each condition, three wells were pooled after harvesting
to reach enough intracellular GNPs. PLX-PAD cells were centrifuged (300g, 5 min) and the
supernatant was discarded. For cell lysis, cells were suspended in PBS with protease inhibitor
(Thermo Fisher Scientific) and EDTA at 4 °C. Cell lysis was carried out through sonication
(QSonica Q800R3, QSonica, Newton, CT, USA) at an amplitude of 70% and pulsation
frequency of 30 s. Sonication was performed in total for 7 min at 4 °C. Cell debris and nuclei
were removed by centrifugation (1 000g, 4 °C, 10 min) and, afterwards, the GNPs were
collected by centrifugation (5 000g, 4 °C, 30 min). To remove unbound and loosely bound
proteins, the nanoparticles were washed three times with PBS containing protease inhibitor
and EDTA. Afterwards, the hard corona proteins were detached from the nanoparticles using
2% (w/v) SDS and 62.5 mM Tris-HCI, as previously described by our group %> '"°. Proteins and
nanoparticles were separated via centrifugation (5 000g, 4 °C, 30 min) and protein-containing

supernatant was used for protein quantification, SDS PAGE, and LC-MS analysis.

Protein Quantification and SDS-PAGE. Proteins were quantified by the Pierce 660 nm
Protein Assay (Thermo Fisher Scientific) according to the manufacturer's manual. The

adsorption was measured with a Tecan Infinite M1000 plate reader using bovine serum
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albumin (Merck, Kenilworth, NJ, USA) for a calibration curve. After quantification, the proteins
were separated with SDS-PAGE and stained by Silver Staining according to the
manufacturer’s recommendations. A total of 2 ug protein in 26 pl total volume was mixed with
4 yl NuPage Reducing Agent and 10 ml of NuPage LDS Sample Buffer (Thermo Fisher
Scientific). The sample was loaded on a 10% Bis-Tris-Protein Gel using SeeBlue Plus2 Pre-
Stained (Invitrogen, Waltham, MA, USA) as a molecular marker and NuPage MES SDS
Running Buffer. Gels were stained with Pierce Silver Stain Kit (Thermo Fisher Scientific)

according to the manufacturer’s protocol.

In-Solution Digestion, Liquid Chromatography-Mass Spectrometry (LC-MS), and Protein
Identification. The in-solution digestion, liquid chromatography-mass spectrometry, and
protein identification were performed as previously described by our group with slight
modifications %% 8 "% Prior to digestion, SDS was removed from the protein mix using Pierce
Detergent Removal Spin Columns (Thermo Fisher Scientific). Afterwards, the proteins were
precipitated via the ProteoExtract protein precipitation kit (Merck) and solubilized in
RapiGest SF (Waters) in ammonium bicarbonate butter (50 mM). The Proteins were reduced
with dithiothreitol (5 mM, Sigma-Aldrich) and alkylated with iodoacetamide (15 mM, Sigma-
Aldrich) followed by an overnight tryptic digestion at a protein:trypsin ratio of 50:1. To allow
absolute protein quantification, samples were diluted with 0.1% formic acid and spiked with
50 fmol pI”" Hi3 E.coli. (Waters), following a published protocol '®°. Peptides were measured
using a nanoACQUITY UPLC system coupled to a Synapt G2-Si mass spectrometer. The
system was operated in a positive resolution mode, performing data-independent acquisition
with additional ion mobility separation (IMS-MSF) with a mass to charge range of 50-2 000 Da,
scan time of 1 s, ramped trap collision energy from 20 to 40 V, and data acquisition of 120 min.
The samples were injected with a flow rate of 0.3 ulmin' and as a reference
Glu-Fibrinopeptide (150 fmol pl™") and Leu-Enkephalin (200 pg ul™') were used and injected
with a flow rate of 0.5 yl min”'. Data processing was performed using MassLynx 4.1 and
Progenesis Gl 2.0 with a reviewed database downloaded from Uniprot. Thresholds for noise
reduction were set at 120, 25, and 750 counts for low energy, high energy, and peptide
intensity. For protein identification, at least one assigned fragment per peptide, three assigned
fragments per protein, and one assigned peptides per protein were required. The TOP3/HI3

approach provided the amount of each protein in fmol '*.

Protein Annotation. After protein identification, we identified all corona proteins with an
enrichment of 1.5-fold compared with the lysate proteins. The enriched corona proteins were

forwarded to an analysis with the functional annotation tool DAVID (Version 6.8,
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https://david.ncifcrf. gov/home.jsp accessed on 15 November 2021) 2'* %3 The enriched
proteins were analyzed by functional annotation clustering, implementing the database for
GOTERM_CC_FAT with medium classification stringency to consider the cellular
compartments. The following GOTERMS were considered for the study: extracellular vesicle,
cell surface, secretory vesicle, endoplasmatic reticulum, early endosome, cytoplasmic region,

endocytic vesicle, and nucleosome.
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6.4 Results and discussion

For the purpose of evaluating the influence of the loading amount on nanoparticles on their
exocytosis, glucose-PEG-coated gold nanoparticles (GNPs) were synthesized. In this study,
we focused on one type of nanoparticle to demonstrate changes in the nanoparticle exocytosis
behavior independently from particle size or surface functionalization. Gold nanoparticles were
chosen as a widely used type of nanoparticle and as a particle type that could be used in the
future as an imaging reagent for stem cells. To achieve a higher stability of the nanoparticles
under physiological conditions, the GNPs were surrounded with HS-PEG-COOH via gold-thiol
interactions. Carboxylic functionalization of PEG was then used for coupling of glucose on the
nanoparticles to achieve an increased uptake of the GNPs into cells *°. In Figure 6.1, an
illustration of the surface functionalization of the nanoparticles can be seen, as well as a
representative transmission electron microscopy (TEM) picture. TEM showed an average size
of the gold nanoparticles of 12.0 £ 2.8 nm. Dynamic light scattering (DLS) revealed a
significantly larger size of the GNPs of 75 nm. However, using TEM, only the size of the gold
nanoparticle core is measured (i.e., without the PEG and glucose coating contributing to the
size measurement). In contrast in DLS, where the whole hydrodynamic diameter of the
particles is measured. As the PEGylated and glucose-coated nanoparticles show a negative
(-potential, the particles can, in addition, build up more electrostatic interactions in liquid

dispersion, and thus show a larger diameter size than that measured by TEM images.

Parameters | Values

dg; (DLS) 75 nm

PDI 0.387

(-Potential -29.8 mV
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Figure 6.1: Characterization of glucose-PEG-coated gold nanoparticles. (A) Schematic
representation of PEGylated and glucose-coated gold nanoparticles. (B) Representative TEM images
of GNPs. The size of the nanoparticles is given in nm + SD. The scale bar represents 50 nm.

(C) Physicochemical properties of the GNPs.
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To evaluate the exocytosis of the GNPs from PLX-PAD cells, we used two different uptake
and exocytosis protocols. For a lower loading of nanoparticles in the cells, we used a protocol
with a short incubation time (30 min). However, to still have a sufficient uptake of nanoparticles
in cells for this protocol, we incubated the cells without any proteins in isotone NaCl solution,
as it was previously shown that the protein corona that formed in cell culture media with FBS
reduces the uptake of nanoparticles into cells 2. This phenomenon, known as the stealth
effect, was intended to be avoided in this protocol by incubating the cells without the presence
of proteins in the exposure media 8. In the second protocol, we incubated the GNPs with the
PLX-PAD cells for 24 h in DMEM with FBS. There, we expected to have a higher uptake and
intracellular internalization of the nanoparticles because of the longer incubation time, despite
the presence of proteins. The FBS was added to the cell culture media to avoid potential

damage or change in cell functions due to the long incubation time without proteins.

Determination of the gold concentration in the cells was carried out using ICP-OES. ICP-OES
is mainly used to determine the concentration of metals in complex solutions. For the analysis,
the samples are first atomized and ionized in an argon plasma. Then, the ions and atoms are
excited and emit electromagnetic radiation, which can be assigned to the different elements
as discrete lines and by that quantified ?®*. For the injection of the samples into the plasma,
the samples are sprayed into a nebulizer in order to form small droplets. As cells and cell
clumps in the sample could result in an inhomogeneous solution and lead to poor aerosol
formation, the cells were previously dissolved overnight in aqua regia. Afterwards, the gold
concentration in the cell solutions was determined for both uptake protocols and exocytosis

protocols.

In Figure 6.2A, a schematic representation of the different protocols used for the incubation
can be seen. Figure 6.2B shows that the different incubation protocols indeed resulted in
different amounts of gold in the cell suspension, suggesting that the uptake of GNPs was
higher for the high loading protocol than for the low loading protocol. It can be seen at time
point 0, which displays the measurement directly after uptake of the nanoparticles, that the
amount of gold in the high loading protocol was 165 pg per cell, while for the low loading
protocol, it was 15 pg per cell. Therefore, the high loading protocol led to a particle amount 10

times higher in the cell than the low loading protocol.

After uptake of the nanoparticles, the cells were incubated again with DMEM for analysis of
the exocytosis of the nanoparticles. First, we determined the amount of gold in the cells when
the cell culture media was kept the same the whole time (Fig. 6.2A, grey box left). However,
what the behavior might be in vivo should always be considered. There, exocytosed particles
would be removed relatively quickly by other cells or body fluids. Thus, it is unlikely that
exocytosed particles reabsorb on the cells and are taken up again. The amount of gold in the
cells was also analyzed after replacing the supernatant regularly (Fig. 2A grey box right). In
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Figure 6.2B, it can be seen that the intracellular gold concentration does not increase or
decrease drastically for both protocols. However, looking deeper into the results, it can be seen
that the amount of gold increases slightly with time for the low loading protocol both without
and with supernatant replacement. This indicates that, after the uptake time, particles could be
still attached to the surface of the cells and were available to be taken up with further incubation
time. By washing and harvesting for ICP-OES analysis, particles that are attached to the
surface might be lost. With supernatant replacement, this increase stopped after 24 h and the
intracellular gold concentration leveled off at a gold amount of 17 pg per cell. Without
supernatant replacement, the gold amount increases up to 26 pg per cell, which may indicate
a further uptake either of exocytosed GNPs or GNPs from the cell surface. For the high loading
protocol, no difference could be observed with or without supernatant replacement. Here, a
small decrease in the gold amount can be seen after 2 and 6 h. This could be due to a release
or exocytosis of nanoparticles from the cells. However, after 24 h, the gold amount increases
to the same level as before and decreases afterwards again slightly to 130 pg per cell. The
increase in the gold amount could also be due to an uptake of GNPs that were still attached to

the surface and reuptake of exocytosed GNPs occurred.

To further determine the exocytosis of the GNPs from PLX-PAD cells, we analyzed the amount
of gold in cell culture media after allowing exocytosis from the cells. In Figure 6.2C, the
calculated exocytosed gold concentration per cell can be seen. To facilitate a comparison
between intracellular gold concentration and that in the supernatant, the amount of gold was
also given per cell here. Considering the samples without supernatant replacement, it is
noticeable that the amount of gold in the supernatant increased for both protocols (low and
high loading) until 6 h, then decreased up to 24 h before it increased again up to 48 h. As the
supernatant was kept and harvested at the recommended time point, it is very probable that
the particles, which were previously released from the cell, were taken up again. Looking at
the intracellular gold concentration, an increase in the concentration for the high loading
protocol could be observed, which supports the re-uptake theory when the particles are not
removed from the cell culture media. This has also been observed previously for gold
particles 2%°. There, after a short time, a plateau was reached where exocytosis and re-uptake
were in equilibrium 2%, However, under in vivo conditions, it is more probable that the
exocytosed particles are removed from the surrounding area of cells by other cells (i.e.,
phagocytic cells). It is also important to pay attention to additional physiological dynamic
removal processes that can occur. Considering this for the protocol, we observed that, with
regular supernatant replacement, the amount of exocytosed gold decreased over time. Most
of the gold was measured in cell culture media after 2 h and decreased rapidly to 6 h. After

24 h and 48 h, only a small amount of gold was measured in the supernatant. Therefore, in
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accordance with previous studies on different cell types, the exocytosis of nanoparticles seems

to be fast, but decreases with time 2%°.

\
\

|
.

w
=]
7

N
o
1
A
.\
.
.

amount of gold [pg]
3

A
/ Low Loading \ /lligh Loading \

= g Hours after cell uptake

-
o
1

o
1

o

(@)

300 pg/ml 300 pg/ml 2 8-
30 min 24h 5
isotone NaCl DMEM + FBS £ 6
\ j &
=]
7
£ 47
°
°
) o
w 2- l/}\ —
—%
E "
H . .
E 0 L] 1
0 20 40
Hours after cell uptake
=
)
= = D 100
g g .
k= B s
o
5 : L
— — o o
- j=¥ c
=] L ‘g
s = s 50
< =] | replace E
=] < . e
s - = ‘/medlum o
= =] i °
) < e 2}
g- £ , y 2
7 )
- - ‘ 0
2 Z replace 0 20 40
g E_ 2 medium Hours after cell uptake

Without supernatant . With supernatant
replacement replacement
Without supernatant With supernatant
replacement replacement

Figure 6.2: Uptake and exocytosis measurements of GNPs in PLX-PAD cells. (A) Schematic
representation of the different incubation protocols used for incubation. PLX-PAD cells were incubated
either for 30 min with 300 ug mI”* GNPs in isotone NaCl solution (blue) or for 24 h with 300 ug ml"* GNPs
in DMEM with FBS (red). After uptake of GNPs, the cells were further incubated in DMEM with FBS for
up to 48 h either with regular exchange of the medium (grey box right) or kept in the same medium (grey
box left). (B) Calculated gold concentration per cell. Cells were harvested after incubation with GNPs
and after incubation with DMEM, respectively. Afterwards, cells were analyzed with ICP-OES and the
amount of gold per cell was calculated. The low loading protocol is shown in blue and the high loading
protocol in red (data are shown as mean + SD, n = 3). (C) Calculated amount of gold in supernatant
determined by ICP-OES after incubation of PLX-PAD cells with GNPs and further incubation with cell

culture media (data are shown as amount of gold in pg exocytosed per cell as mean £ SD, n = 3).
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(D) Calculated gold amount remaining in PLX-PAD cells after allowing for exocytosis given in percent

(data are shown as mean = SD, n = 3).

To allow a better comparison of the exocytosis rate between the different loading protocols,
the percent of gold remaining in the cells was calculated (Fig. 6.2D). Therefore, the amount of
gold quantified after the uptake of the particles and the amount quantified in the supernatant
was used for calculation. While 98% of the gold remained in the cells for the high loading
protocol, only 80% remained after 2 h and 66% remained after 48 h for the low loading protocol.
Particles could either be released from the cell surface or excreted from the cells. A higher
loading of the GNPs in the PLX-PAD cells (by means of a more prolonged incubation protocol)
also seems to reduce the exocytosis of the loaded particles from the cells. This can be seen
by consideration of the total amount of gold exocytosed and by looking at the amount of

exocytosed gold given in percent.

Previously, Yu et al. synthesized temperature-responsive GNPs for long-term tracking of stem
cells. Here, by adjusting the temperature, an increased uptake and a reduced exocytosis could
be observed. However, still, a non-negligible amount of GNPs was secreted within 24 h, which
could lead in vivo to a loss of signal or unspecific signal from other cells %°°. During other
studies, GNPs were coated using poly-I-lysin or PEG coupled to a trans-activator of
transcription peptide to increase the uptake of GNPs in stem cells, and thereby increase the
CT signal. However, increased uptake did not lead to a decreased exocytosis of GNPs, which
makes long-term tracking still problematic 2°¢%”. Using our glucose-PEG-coated GNPs and
adapting the incubation protocol, the exocytosis rate was significantly reduced and a high
loading of the stem cells could still be achieved. This could be used in the future for better

long-term tracking of stem cells.

The next step was to analyze whether proteins attached to the surface of the GNPs indicate if
particles stay intracellular or if they are exocytosed. Therefore, we incubated the particles with
the PLX-PAD cells, harvested and lysed them, and collected the proteins in the protein corona
around the GNPs. The protein corona develops dependently on proteomic milieu around the
particle. Therefore, with this method, it is possible to determine the pathway to which the GNPs
belong '8 2% As it is necessary for this analysis that the nanoparticles were internalized into
the cell and were no longer on the surface, the protocol was adapted. Instead of an incubation
of 30 min in isotone NaCl solution, the GNPs were incubated for the low loading protocol for
4 h in DMEM with FBS at the same concentration. Therefore, we ensured that we still have a
lower and shorter loading of GNPs in the cells, but reach a sufficient amount of particles in the
cells to isolate them in the protein corona analysis. Additionally, a 4 + 20 h condition was
analyzed to ensure internalization and processing for a possible exocytosis of the GNPs. The
proteins were visualized via SDS-PAGE (Fig. S6.1) and analyzed via LC-MS (Fig. 6.3, Fig. 6.4).

138



Chapter B - The protein corona in the intracellular environment

No clear differences between the conditions via SDS PAGE were observed. However, a clear
distinction between the protein corona composition of the GNPs and the lysate of the PLX-
PAD was noticed. This difference confirms that the protein corona of the GNPs was efficiently

isolated from the cell lysate.

After the analysis of the SDS-PAGE, the protein corona was additionally analyzed via LC-MS.
A bottom-up proteomic approach was used for this protein analysis 2®°. Therefore, proteins
were desorbed from nanoparticles followed by digestion into peptides with trypsin. Peptides
were separated by liquid chromatography and ionized by electrospray ionization. In the mass
spectrometer, the mass-to-charge ratio of the ionized peptides was recorded. With the use of
a deconvolution software and protein databases, these signals can be assigned to specific
proteins, and through this, the composition of protein mixtures can be determined ?%°. Here,
we used this proteomic approach to analyze the intracellular fate of the GNPs. First, we
considered the TOP 10 proteins in the protein corona for all conditions. Thereby, it can be seen
that the TOP proteins binding on the GNPs after 4 h differ from the proteins binding after 24 h
and 4 + 20 h. After 4 h incubation, serum proteins, namely fibrinogen and serum albumin, were

predominantly measured. After more prolonged incubation, this protein adsorption pattern

changed towards intracellular proteins e.g., histones and actin.
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Figure 6.3: Proteomic analysis of the protein corona on the surface of GNPs after uptake in
PLX-PAD cells. The heatmap is displaying the combined TOP 10 proteins of each condition
(25 proteins in total) identified by LC-MS. The values are reported as the mol% based on all identified

proteins in the protein corona.
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Next, we analyzed to which intracellular compartments the proteins in the protein corona
belong. Therefore, the enrichment factor of the proteins in the protein corona compared with
cell lysate was calculated. Only proteins with a 1.5-fold enrichment were considered for
annotation to an intracellular compartment. First, we used DAVID to assign the number of the
enriched proteins of each condition to the different cellular compartments (Fig. 6.4A). We
observed that most of the enriched proteins of all conditions are associated with extracellular
vesicles. The highest protein count for extracellular vesicle proteins can be seeninthe 4 + 20 h
condition and the least protein count in the 4 h condition. For the categories - cell surface,
secretory vesicles, early endosomes, cytoplasmic region, and endocytic vesicles - no
difference between the different conditions was observed. The higher protein count for the
4 + 20 h condition comes from the fact that, in total, more proteins were enriched in the corona
for this condition, indicating that these particles traversed longer through the cells and

encountered a more complex protein milieu.

In order to determine whether the protein corona indicates if a particle is exocytosed or not,
we analyzed the proteins annotated to the extracellular pathway (Fig. 6.4B). Here, again, the
proteins found in the protein corona after 4 h of incubation clearly differ from the proteins in
the corona after 24 h and 4 + 20 h. Many proteins that were already found under the TOP 20
list were observed here again, but some proteins that are not that highly represented could
also be annotated to this group. After 4 h of incubation time, more apolipoproteins and
vitronectin could be seen in the protein corona. However, after further incubation (i.e., 24 h
and 20 + 4 h), the protein composition changed and the amount of intracellular proteins
increased. Moreover, only one representative of the proteins involved in the exocytosis,
namely Rab-13, could be detected in a small amount in the protein corona after 24 h. However,
Rab-13 is involved in the formation of intracellular vesicles and involved in both endocytotic
and exocytotic processes, and cannot be unequivocally assigned as an exocytosis marker 2%¢-
287 The fast exocytosis of the GNPs observed for the low loading protocols is probably due to
the protein corona, which was mainly formed by extracellular proteins. The obtained results
suggest that prolonged nanoparticle incubation protocols allow intracellular protein corona

changes and lead to a deeper and longer internalization in the cells.
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Figure 6.4: Protein annotation and proteins of the “extracellular vesicle” GOTERM. (A) Annotation
of the proteins bound on the particles to intracellular compartments. Proteins were desorbed from GNPs
after incubation and lysis of the PLX-PAD cells. The protein corona was analyzed by LC-MS and proteins
assigned to selected intracellular compartments using DAVID-based functional annotation clustering by
GOTERM_CC_FAT. A detailed list of all annotated proteins to the intracellular GOTERMs can be found
in Table S6.1-S6.10. (B) Heatmap of all proteins assigned to the extracellular vesicle GOTERM.
Different incubation time points are displayed in comparison with cell lysate of PLX PAD cells.
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6.5 Conclusion

Here, we demonstrated that a longer incubation protocol allows for higher loading of gold
nanoparticles in PLX-PAD cells and leads to reduced exocytosis of these nanoparticles from
the cells. Moreover, with the analysis of the protein corona, we showed that, with a prolonged
incubation time, the serum proteins in the protein corona are exchanged to intracellular
proteins, which probably leads to the reduced exocytosis. A low exocytosis rate of gold
nanoparticles is absolutely necessary for long-term tracking of stem cells in vivo as background
signals from other cells are reduced and the signal intensity of the stem cells remains stable
over time. These findings could help to better understand the in vivo fate of stem cells and
intracellular biokinetics of glucose-PEG-coated gold nanoparticles. It can also support on the
design of nanoparticles’ uptake protocols for the labelling and tracking of cells used as

therapeutic agents.
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6.6 Supplementary information

4h

24 h 20h Lysate
kDa . 1 I 1 4

4h =

—_—
198 . | ed]
98 g

—

- —_—

62
49 .

38 .

| T

11

28

17 —

14

Figure S6.1: Hard corona proteins separated by SDS-PAGE and stained by a silver staining. The
lanes are labelled according to the incubation time and Lysate corresponds to the cell lysate of PLX PAD

cells. Lanes labelled with * are not relevant here.
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Table S6.1: List of enriched proteins in the protein corona identified by LC-MS. Displayed are the

1.5-fold enriched proteins compared to the proteins of the lysate.

Uniprot Accession Protein Name
P62249 40S ribosomal protein S16
P62851 40S ribosomal protein S25
P60709 Actin_ cytoplasmic 1
P12235 ADP/ATP translocase 1
P05141 ADP/ATP translocase 2
P01009 Alpha-1-antitrypsin
P01023 Alpha-2-macroglobulin
P02647 Apolipoprotein A-l
P06727 Apolipoprotein A-IV
P02655 Apolipoprotein C-lI
P02656 Apolipoprotein C-llI
P02649 Apolipoprotein E
043150 Arf-GAP with SH3 domain_ ANK repeat and PH domain-containing protein 2
P25705 ATP synthase subunit alpha_ mitochondrial
P25098 Beta-adrenergic receptorkinase 1
P10909 Clusterin
P01024 Complement C3
Q9NYV4 Cyclin-dependentkinase 12
Q07065 Cytoskeleton-associated protein 4
P04843 Dolichyl-diphosphooligosaccharide—protein glycosyltransferase subunit 1
P02671 Fibrinogen alpha chain
P02675 Fibrinogen beta chain
P02679 Fibrinogen gamma chain
P00738 Haptoglobin
Q8WYB5 Histone acetyltransferase KAT6B
P10412 Histone H1.4
P16401 Histone H1.5
P04908 Histone H2A type 1-B/E
Q93079 Histone H2B type 1-H
P68431 Histone H3.1
P62805 Histone H4
Q14520 Hyaluronan-binding protein 2
P01876 Immunoglobulin heavy constant alpha 1
P01857 Immunoglobulin heavy constant gamma 1
P01861 Immunoglobulin heavy constant gamma 4
P01871 Immunoglobulin heavy constant mu
P01834 Immunoglobulin kappa constant
PODOY2 Immunoglobulin lambda constant 2
Q5T7N2 LINE-1 type transposase domain-containing protein 1
P49023 Paxillin
POCG47 Polyubiquitin-B
Q13045 Protein flightless-1 homolog
P61619 Protein transport protein Sec61 subunit alphaisoform 1
Q7Z7L7 Protein zer-1 homolog
P51153 Ras-related protein Rab-13
P02787 Serotransferrin
P02768 Serumalbumin
PODPH7 Tubulin alpha-3C chain
P04004 Vitronectin
Q9UHRG6 Zinc finger HIT domain-containing protein 2
P21506 Zinc finger protein 10

144



Chapter B - The protein corona in the intracellular environment

Table S6.2: List of proteins annotated to the GOTERM “extracellular vesicle” by DAVID. Proteins
were identified via LC-MS proteomics workflow and annotated to the corresponding intracellular

compartment with DAVID. Displayed are the Uniprot Accession number and the protein name of each

protein.
Extracellular Vesicle

Uniprot Accession Protein Name
P62249 40S ribosomal protein S16
P62851 408 ribosomal protein S25
P60709 Actin_ cytoplasmic 1
P05141 ADP/ATP translocase 2
P01009 Alpha-1-antitrypsin
P01023 Alpha-2-macroglobulin
P02647 Apolipoprotein A-I
P06727 Apolipoprotein A-IV
P02655 Apolipoprotein C-lI
P02656 Apolipoprotein C-llI
P02649 Apolipoprotein E
P25705 ATP synthase subunit alpha_ mitochondrial
P10909 Clusterin
P01024 Complement C3
Q07065 Cytoskeleton-associated protein 4
P02671 Fibrinogen alpha chain
P02675 Fibrinogen beta chain
P02679 Fibrinogen gamma chain
P00738 Haptoglobin
P10412 Histone H1.4
P16401 Histone H1.5
P04908 Histone H2A type 1-B/E
Q93079 Histone H2B type 1-H
P68431 Histone H3.1
P62805 Histone H4
P01876 Immunoglobulin heavy constant alpha 1
P01857 Immunoglobulin heavy constant gamma 1
P01861 Immunoglobulin heavy constant gamma 4
P01871 Immunoglobulin heavy constant mu
P01834 Immunoglobulin kappa constant
PODOY2 Immunoglobulin lambda constant 2
POCG47 Polyubiquitin-B
P51153 Ras-related protein Rab-13
P02787 Serotransfermin
P02768 Serumalbumin
P04004 Vitronectin
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Table S6.3: List of proteins annotated to the GOTERM “cell surface” by DAVID. Proteins were
identified via LC-MS and annotated to the corresponding intracellular compartment with DAVID.

Displayed are the Uniprot Accession number and the protein name of each protein.

Cell Surface

Uniprot Accession Protein Name
P02647 Apolipoprotein A-l
P06727 Apolipoprotein A-IV
P10909 Clusterin
P02671 Fibrinogen alpha chain
P02675 Fibrinogen beta chain
P02679 Fibrinogen gamma chain
P01876 Immunoglobulin heavy constant alpha 1
P01857 Immunoglobulin heavy constant gamma 1
P01861 Immunoglobulin heavy constant gamma 4
P01871 Immunoglobulin heavy constant mu
P01834 Immunoglobulin kappaconstant
PODOY?2 Immunoglobulin lambda constant 2
P02787 Serotransferrin

Table S6.4: List of proteins annotated to the secretory vesicle pathway by DAVID. Proteins were
identified via LC-MS and annotated to the corresponding intracellular compartment with DAVID.

Displayed are the Uniprot Accession number and the protein name of each protein.

Secretory Vesicle

Uniprot Accession Protein Name
P01009 Alpha-1-antitrypsin
P01023 Alpha-2-macroglobulin
P02647 Apolipoprotein A-l
P10909 Clusterin
Q07065 Cytoskeleton-associated protein 4
P02671 Fibrinogen alpha chain
P02675 Fibrinogen beta chain
P02679 Fibrinogen gamma chain
P51153 Ras-related protein Rab-13
P02787 Serotransferrin
P02768 Serumalbumin
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Table S6.5: List of proteins annotated to the endoplasmic reticulum by DAVID. Proteins were
identified via LC-MS and annotated to the corresponding intracellular compartment with DAVID.

Displayed are the Uniprot Accession number and the protein name of each protein.

Endoplasmatic Reticulum

Uniprot Accession Protein Name
P01009 Alpha-1-antitrypsin
P02647 Apolipoprotein A-l
P06727 Apolipoprotein A-IV
P02649 Apolipoprotein E
P10909 Clusterin
Q07065 Cytoskeleton-associated protein 4
P04843 Dolichyl-diphosphooligosaccharide—protein glycosyltransferase subunit 1
P61619 Protein transport protein Sec61 subunit alphaisoform 1
P02768 Serumalbumin
P04004 Vitronectin

Table S6.6: List of proteins annotated to the early endosome pathway by DAVID. Proteins were
identified via LC-MS and annotated to the corresponding intracellular compartment with DAVID.

Displayed are the Uniprot Accession number and the protein name of each protein.

Early Endosome

Uniprot Accession Protein Name
P02647 Apolipoprotein A-l
P06727 Apolipoprotein A-IV
P02655 Apolipoprotein C-lI
P02656 Apolipoprotein C-lll
P02649 Apolipoprotein E
P02787 Serotransferrin

Table S6.7: List of proteins annotated to the cytoplasmatic region by DAVID. Proteins were
identified via LC-MS and annotated to the corresponding intracellular compartment with DAVID.

Displayed are the Uniprot Accession number and the protein name of each protein.

Cytoplasmatic Region

Uniprot Accession Protein Name
P60709 Actin_ cytoplasmic 1
P02671 Fibrinogen alpha chain
P02675 Fibrinogen beta chain
P02679 Fibrinogen gamma chain
P49023 Paxillin
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Table S6.8: List of proteins annotated to the endocytotic vesicle pathway by DAVID. Proteins were
identified via LC-MS and annotated to the corresponding intracellular compartment with DAVID.

Displayed are the Uniprot Accession number and the protein name of each protein.

Endocytotic Vesicle

Uniprot Accession Protein Name
P02647 Apolipoprotein A-l
P02649 Apolipoprotein E
P00738 Haptoglobin
POCG47 Polyubiquitin-B
P51153 Ras-related protein Rab-13
P02787 Serotransferrin

Table $6.9: List of proteins annotated to the nucleosome by DAVID. Proteins were identified via
LC-MS and annotated to the corresponding intracellular compartment with DAVID. Displayed are the

Uniprot Accession number and the protein name of each protein.

Nucleosome

Uniprot Accession Protein Name
Q8WYB5 Histone acetyltransferase KAT6B
P10412 Histone H1.4
P16401 Histone H1.5
P04908 Histone H2A type 1-B/E
Q93079 Histone H2B type 1-H
P68431 Histone H3.1
P62805 Histone H4
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Table S6.10: List of proteins in negative control identified by LC-MS. The negative control cells and
tubes were treated in the same way as the samples to ensure that only corona proteins are analyzed

and to exclude cell contamination.

Negative Control

Uniprot Accession Protein Name Mol %
P62736 Actin_ aortic smooth muscle 4.54
P60709 Actin__ cytoplasmic 1 6.94
P05141 ADP/ATP translocase 2 0.36
P12236 ADP/ATP translocase 3 0.41
P25705 ATP synthase subunit alpha_ mitochondrial 0.48
P06576 ATP synthase subunit beta_ mitochondrial 0.29
P00403 Cytochrome c oxidase subunit 2 0.30
Q07065 Cytoskeleton-associated protein 4 0.16
P10412 Histone H1.4 1.55
P16401 Histone H1.5 0.92
P04908 Histone H2A type 1-B/E 13.43
POCO0S5 Histone H2A.Z 0.41
060814 Histone H2B type 1-K 10.10
P68431 Histone H3.1 5.87
P62805 Histone H4 14.02
P60660 Myosin light polypeptide 6 0.31
014950 Myosin regulatory light chain 12B 0.22
P35579 Myosin-9 1.35
Q00325 Phosphate carrier protein_ mitochondrial 0.61
Q96DU9 Polyadenylate-binding protein 5 1.45
POCG47 Polyubiquitin-B 1.76
P02545 Prelamin-A/C 0.33
P35232 Prohibitin 0.17
Q6UXUO0 Putative uncharacterized protein 0.26
P06753 Tropomyosin alpha-3 chain 0.57
Q8NEP4 Uncharacterized protein C17o0rf47 23.96
095399 Urotensin-2 0.06
P08670 Vimentin 0.30
Q5T200 Zinc finger CCCH domain-containing protein 13 1.35
QYUHR6 Zinc finger HIT domain-containing protein 2 7.54
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Chapter C - Protein adsorption on biomaterial surfaces

Chapter C contains two subchapters. Subchapter 7 introduces the reader to biomaterials for
bone substitution, specifically CaP. Next, mechanisms of bone regeneration, such as
angiogenesis, are discussed. Last, the process and the consequences of protein adsorption
for bulk biomaterials are detailed. Then subchapter 8 presents publication [5] that investigated
protein adsorption from hemoderivatives on CaP surfaces and analyzed the pro-angiogenic
effect on endothelial cells. Publication [5] was previously published in a peer-reviewed journal

and is presented as a verbatim reproduction with slight adaptions.

[5] da Costa Marques, R.*, Simon, J.*, d'Arros, C., Landfester, K., Jurk, K., Mailander, V.

Proteomics reveals differential adsorption of angiogenic platelet lysate proteins on

calcium phosphate bone substitute materials. Regenerative Biomaterials, 2022, 9,
rbac044. (* shared first)
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7. Theoretical Background

7.1 Biomaterials for bone substitution

The two previous chapters focused on the extracellularly and intracellularly formed protein
corona. The protein corona is a phenomenon strongly associated with nanoscale particular
materials, so far referred to as NPs. Yet, biomaterials outside the conventional nanoscale
range might also be subjected to protein adsorption, specifically if these biomaterials exhibit a
nanostructured surface and if these biomaterials form contacts with biological matter, such as

tissues or biological fluids **.

According to one definition, biomaterials are substances, other than drugs, of synthetic or
natural origin that augment or replace tissue, organ, or body functions for quality-of-life

288

improvements “*°. Thus, biomaterials share common utilization in medical devices or

implants '8, However, a strict definition remains elusive 2%

, and particularly the rise of
nanotechnology has contributed to the complexity of defining and discriminating the term
“biomaterials” 2*°. Nevertheless, the coming sections will focus on calcium phosphate (CaP)

biomaterials with nanostructured surfaces and a material size outside the nano range.

A well-known field of biomaterial applications is bone substitution * 2%, Here specifically,
biomaterials are utilized in bone grafting. Bone grafting encompasses all surgical procedures
for bone augmentation, such as replacing damaged bone or filling bone cavities '* °°. Bone
was described as the second most transplanted tissue after blood ?°', and the future demand
for bone grafts will most likely rise in aging populations '® 2%, Here, the current gold standard
regarding successful bone regeneration remains autografts, bone grafts harvested from
patients themselves ?®. Typical autografts are collected from non-essential bones, typically
from the iliac crest or the fibula ?*. Yet, autografts impose high morbidity caused by the
harvesting process and might not be suitable for geriatric patients or patients with conflicting
predispositions %% On the other hand, allografts - banked bone grafts from other individuals
- might lead to immunological reactions and harbor infection risks ?°* ?%°, To counteract the
limits of auto- and allografts in bone grafting, synthetic biomaterials for bone substitution
provide a promising solution '°. Different materials were introduced as suitable bone substitute
materials, such as calcium sulfates, calcium phosphates, bioactive glass, and poly(methyl
methacrylate) bone cement '°. Among these, CaPs are widely used candidates for bone
grafting procedures '°. CaPs are produced as synthetic mineral salt by high-temperature
sintering, excluding water vapor, and molding the CaPs by high-pressure compaction 2. By
this, CaPs can be produced with different shapes and porosities, making them a versatile

material ' #®, CaPs can be further distinguished: Hydroxyapatite (HA) and tricalcium
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phosphate (TCP) are commonly used CaPs for bone substitution and appear as biphasic
calcium phosphate if combined . HA with the formula Ca1o(PO4)s(OH),, has a similar
molecular structure to bone mineral, showing brittle properties under tension but mechanical
resistance to compressive loads '* 2. TCP with the formula Cas(PQOs). is predominantly
manufactured in its rhombohedral B-TCP form. Because of the lower Ca/P ratio, B-TCP shows
a faster absorption rate 2°’?°° However, B-TCP has weaker mechanical properties than HA 3%
By combining HA and TCP to biphasic calcium phosphate, the absorptive and mechanical

properties can be controlled and adjusted by the ratio ™.

Despite the promising capabilities of CaPs in bone substitution, their regenerative potential
falls behind autografts. Therefore, it is necessary to understand the role of CaPs within the
bone regeneration process and identify chances for refinement. Only by further refining the
regenerative capabilities of CaPs, synthetic bone substitutes will become an advantageous

option for bone grafting.

7.2 Bone regeneration and angiogenesis

Bone is a metabolically-active connective tissue that provides structural support, movement
(in combination with muscle tissue), protection of vital structures, and a storage for minerals
and growth factors **'. By volume, bone consists of 10% cellular material and 90% bone
matrix °'-*%2, The cellular component can be divided into bone matrix-producing osteoblasts,
bone-resorbing osteoclasts, and bone hemostasis-maintaining osteocytes *°*. Bone matrix has
four different components. The inorganic bone matrix is mainly composed of natural HA 3%
Natural HA resembles a substituted form of the above-described synthetic HA, replacing, for
example, phosphates and hydroxyl groups with carbonates and silicates 2°* 3%, The inorganic
bone matrix provides the tissues’ mechanical stability and a storage depot for calcium,
phosphorous, magnesium, and sodium 3%, The organic bone matrix contains predominantly
type 1 collagen and additionally proteoglycans, glycoproteins, and growth factors *°'. These
organic components induce flexible properties and, therefore, resistance to mechanical stress.
Furthermore, growth factors are involved in bone modeling and remodeling **. The two

remaining components of the bone matrix, lipids and water, constitute up to 15% 3°".

Bone maintenance and healing are driven by the processes of bone modeling and
remodeling '* %%, Bone modeling represents bone formation during growth, involving only little
resorption 3. Conversely, bone remodeling involves bone resorption and replacement by

newly formed bone tissue. These complementary processes ensure a lifelong system for
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skeletal growth and adaption to external factors *%°. Particularly spontaneous and extreme
loads or persistent and gradual mechanical stress can cause bone fractures, requiring bone
healing mechanisms '* 3% Here, the fracture size plays a decisive role in the exact healing
mechanism *%. Small and stabilized fractures can be joined through primary healing, also
intramembranous ossification *°’. After initial hematoma formation, this process is completed
through an inflammatory process and ossification, without cartilage formation. However, larger
fractions with disconnected bone ends require secondary bone healing **’. During secondary
bone healing, also endochondral ossification, hematoma formation and inflammation are
followed by cartilage formation due to low oxygen conditions within the large gap *°"*%. The
cartilage is then gradually replaced by bone remodeling until acquiring an established and
stable union of bone tissue "% Nevertheless, very large fracture gaps due to high-energy
trauma, concomitant diseases, or developmental defects can hamper bone healing and lead

to a non-union, requiring further treatment **3%.

Necessary factors which drive bone regeneration are the recruitment of progenitor cells,
growth factors, an established extracellular matrix for structural support, and, most importantly,

angiogenesis 3%,

Angiogenesis describes the process of blood vessel sprouting from
preexisting blood vessels as a consequence of tissue requirements 3°°2'°  Accordingly,
efficient angiogenesis improves the vascularization in wound sites, serving as a crucial factor
in bone healing *'". Indeed, efficient vascularization serves as an infrastructure for oxygen and
nutrient transport, waste egress, and the recruitment of inflammatory and bone progenitor
cells *''. Therefore, angiogenesis was identified as a target for improved bone regeneration in
bone grafting procedures '°. Endothelial cells (ECs) are the central cell type involved in
angiogenesis. Being connected by adherence and tight junctions, ECs form blood vessel tubes.
Angiogenesis occurs through different mechanisms. Yet, the mechanism of sprouting
angiogenesis remains the best studied so far 3®°. Here, early pro-angiogenic growth factors,
such as vascular endothelial growth factor (VEGF) or fibroblast growth factors (FGFs), initiate
the branching 3%°2'°. These growth factors are sequestered by hypoxic, tumor, or inflammatory
cells. Upon binding EC-receptors, such as VEGF receptor-2 or FGF receptors, ECs become
activated and mediate the detachment of neighboring pericytes through the metalloproteinase-
driven degradation of the intertwined extracellular matrix *°°. Through a rising VEGF gradient,
a selected EC matures to a tip cell, while neighboring ECs downregulate VEGF receptor-2 and
become stalk cells **. Stalk elongation is then driven by the tip cell's sensing of molecular
environmental guidance signals through filopodia **°. The stalk itself is elongated by stalk cell
division until fusion with another vessel branch occurs *%. Finally, late-stage angiogenic factors,
such as platelet-derived growth factor B (PDGF-B) and transforming growth factor-g (TGF-B),

recruit pericytes to cover and stabilize the newly formed vessel 3°°31°,
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To summarize, bone healing and angiogenesis are highly dependent on the supply of selected
growth factors. Therefore, supplying these growth factors alongside CaPs has become a
promising option *'2. Here, surface modification through protein adsorption of these proteins is

a desired concept to promote bone regeneration.

7.3 Protein adsorption on biomaterial surfaces

Protein adsorption occurs on biomaterials that form contact with tissues or biological fluids °.
Similar to the protein corona formation on NPs, protein adsorption on biomaterials occurs
spontaneously, changing the physicochemical properties of the biomaterials’ surface *3'3. For
biomaterials with tissue contact (e. g. in bone grafting applications), the proteins adsorb before

the biomaterial-cell contact is established *'°. Therefore, the changed surface properties

4 5

directly affect cell adhesion ', cell signaling *'°, and implant integration *'23'®, Here, the
underlying principles of protein adsorption are comparable to the protein adsorption on NPs,
including the Vroman effect ** *'*, Similarly, the properties of the protein environment play a
large role, as already discussed in subchapter 1.3. However, unlike NPs, bulk biomaterials
represent an extensive surface with different categories of physicochemical properties that
influence protein adsorption * 33, These influential physicochemical properties of biomaterials

are depicted in Figure 7.1.

Proteins /
Environment

Surface Surface Surface

. Roughness Porosity  Crystallinity
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Biomaterial Surface

Figure 7.1: Protein adsorption on biomaterial surfaces. The scheme visualizes the process of
protein adsorption on biomaterials. The biomaterial properties that impact protein adsorption are
depicted.
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Previous studies mentioned that charge and electrostatic interactions primarily cause the
adsorption of proteins, specifically for ceramic-based biomaterials, such as the above-
described CaPs *'°3'"_ For example, previous works immobilized amino acids or carboxylic
acid to enhance electrostatic interactions between proteins and CaP surfaces to increase
protein adsorption * 3'8319 Surface modifications by physical or chemical immobilization are,
thus, also influencing protein adsorption on biomaterial surfaces *. Another impacting factor is
the surface area. It is commonly accepted that a larger surface area increases the amount of
adsorbed proteins 3'"32°_ Notably, the surface area of CaPs increases with a smaller granule
size, a higher surface roughness (on the nanometer scale), and a higher microporosity, making
these factors influential for protein adsorption * %2322 However, the pore size must be large
enough for proteins to enter the material. Last, the biomaterials’ crystallinity impacts protein
adsorption *%. For instance, biomaterials with a lower crystallinity show a higher solubility *.
Consequently, the solubility increases the ionic strength in the protein environment, potentially
altering the confirmation of the proteins in solution and indirectly affecting the adsorption

behavior 4 323,

Unique to biomaterial surfaces, nanoscale topography is influential for protein adsorption. In
the case of bone substitution with synthetic CaPs, protein adsorption through blood or tissue

contact, or coating approaches, determine the success of implant integration.
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8. Proteomics reveals differential adsorption of angiogenic platelet

lysate proteins on calcium phosphate bone substitute materials

Aim:

CaPs represent an efficient biomaterial platform for bone substitution. To further improve bone
regeneration, CaPs are often combined with hemoderivatives, e. g. blood plasma or platelet
lysates. Here, proteins adsorb to the CaP surface, and the adsorption of proteins with
regenerative effects is highly desired. However, the protein adsorption in this setting remains
uninvestigated. Therefore, this study aimed to reveal the adsorbed protein composition for
three different hemoderivatives and six types of CaPs by LC-MS proteomics. Additionally, the

regenerative effects were studied by employing tube formation assays with endothelial cells.

Copyright:

Subchapter 8 contains a verbatim reproduction with slight adaptions of article [5] that was
published in a peer-reviewed journal. The presented study is reprinted with permission from
Oxford University Press, Regenerative Biomaterials. Copyright © 2022, Oxford University

Press.

[5] da Costa Marques, R.*, Simon, J.*, d'Arros, C., Landfester, K., Jurk, K., Mailander, V.

Proteomics reveals differential adsorption of angiogenic platelet lysate proteins on

calcium phosphate bone substitute materials. Regenerative Biomaterials, 2022, 9,
rbac044. (* shared first)

Contributions:

| prepared both types of platelet lysates. | performed the protein adsorption experiments and
characterized the protein samples by quantification, SDS-PAGE, and ELISA. | performed the
LC-MS sample preparation and LC-MS data evaluation. | conducted the cell culture methods
and the tube formation assays. | created and edited the figures and wrote the manuscript.
Dr. Johanna Simon performed the LC-MS measurements. Dr. Cyril d’Arros and Dr. Guy
Daculsi provided the TCP/HA materials and the characterization data. Gunnar Glasser imaged
the SEM pictures. Dr. Elena Kumm supervised and supported the preparation of the washed
platelet lysates. The project was supervised by Prof. Dr. Katharina Landfester, PD Dr. Kerstin
Jurk, and Prof. Dr. Volker Mailander.
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8.1 Abstract

Protein adsorption on biomaterials for bone substitution, such as calcium phosphates (CaP),
evokes biological responses and shapes the interactions of biomaterials with the surrounding
biological environment. Proteins adsorb when CaP materials are combined with growth factor-
rich hemoderivatives prior to implantation to achieve enhanced angiogenesis and stimulate
new bone formation. However, the identification of the adsorbed proteins and their angiogenic
effect on bone homeostasis remain incompletely investigated. In this study, we analyzed the
adsorbed complex protein composition on CaP surfaces when using the hemoderivatives
plasma, platelet lysate in plasma (PL), and washed platelet lysate proteins (wPL). We detected
highly abundant, non-regenerative proteins and anti-angiogenic proteins adsorbed on CaP
surfaces after incubation with PL and wPL by liquid chromatography and mass spectrometry
(LC-MS) proteomics. Additionally, we measured a decreased amount of adsorbed pro-
angiogenic growth factors. Tube formation assays with human umbilical endothelial cells
demonstrated that the CaP surfaces only stimulate an angiogenic response when kept in the
hemoderivative medium but not after washing with PBS. Our results highlight the necessity to
correlate biomaterial surfaces with complex adsorbed protein compositions to tailor the

biomaterial surface toward an enrichment of pro-angiogenic factors.
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8.2 Introduction

Differences in adsorption characteristics of proteins on biomaterial surfaces must be
considered for the engineering of biomaterials to enhance their regenerative potential 3" 324,
For bone substitution, biomaterial engineering has put forth a variety of synthetic bone
substitute materials 2> 32°, Among these, calcium phosphates (CaP) and other synthetic bone
substitute materials are more frequently used for smaller bone defects ' 3%°32¢ CaPs
represent an absorbable and bioactive biomaterial platform with versatile and promising
functionalization approaches to improve regenerative effects after application "%, However,
the application of CaPs in larger bone defects has been limited because of their inherent lack
of growth factors '*2'. This lack of growth factors results in the inefficiency of CaPs to stimulate
the formation of new bone 2'. To improve the formation of new bones, a crucial process is an

efficient angiogenesis, the sprouting of new blood vessels 23",

Previous studies have suggested the use of hemoderivative materials as growth factor-rich
sources. Here, plasma, serum, platelet-rich plasma (PRP), or platelet lysates (PL) are currently
combined with synthetic bone substitute materials ?*?*. These hemoderivative materials are
cheap and easily obtainable sources of growth factors compared with single and isolated
growth factors '°. However, combining the promising hemoderivative growth factor sources

with bone substitute materials remains a disputable method with controversial results ' 2223,

To understand these controversial results, we critically considered the complexity of proteins
in hemoderivatives and the surface-adsorbed proteins that can induce but also inhibit
angiogenesis. Activated platelets are well-known modulators of angiogenesis by the
differential release of pro- and anti-angiogenic factors from platelet a-granules in an agonist-
dependent manner '3 Therefore, resting platelets are an excellent source of a variety of
enriched angiogenic factors ***. Highly abundant and potent pro-angiogenic growth factors
stored in platelet a-granules include vascular endothelial growth factor (VEGF), fibroblast
growth factor 2 (FGF-2) and platelet derived growth factor AB (PDGF-AB), which are
essentially involved in proliferation and migration of endothelial cells in early and late stages
of vessel branching, respectively *®°. The chemokine platelet factor 4 (PF4, CXCL4), the
matricellular response to injury protein thrombospondin-1 (TSP-1) and endostatin, a C-terminal
fragment of collagen type XVIII, represent prominent platelet-derived anti-angiogenic factors,
which commonly inhibit the ligation of distinct growth factors, e.g. VEGF, FGF-2, to endothelial
cells %33 Presently, the protein adsorption on ‘modified’ bone substitute materials and the
biological effect remain poorly studied for combining hemoderivatives with bone substitute
materials. Therefore, we revealed the protein adsorption and its impact on angiogenesis in the

case of CaP surfaces combined with hemoderivatives.
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Here, we present for the first time a label-free liquid chromatography-mass spectrometry
(LC -MS) proteomics approach to analyze the complex composition of the adsorbed proteins
on CaP surfaces when incubated in the commonly used hemoderivatives citrate plasma (cP),
platelet lysate with plasma (PL), and washed PL without plasma components (wPL).
Additionally, we determined the concentrations of selected growth factors on the CaP surfaces
by enzyme-linked immuno- sorbent assay (ELISA). Finally, we analyzed the angiogenic
potential of preincubated CaP surfaces in tube-formation assays with human umbilical
endothelial cells (HUVECs). We report our findings of highly abundant, non-regenerative
proteins and single anti-angiogenic proteins on CaP surfaces when utilizing PL and wPL as a
hemoderivative source. The adsorbed proteins only led to a non-angiogenic response when
the CaP granules were washed before application. Further, we demonstrate that the CaP were

only able to stimulate an angiogenic response when kept in the hemoderivative medium.
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8.3 Materials and methods

Human citrate plasma. Human citrate plasma (cP) was provided by the Department of
Transfusion Medicine Mainz from healthy donors in accordance with the Declaration of Helsinki.
Citrate plasma was generated by plasmapheresis. A plasma pool from ten healthy donors was

created, aliquoted and stored at -80 °C.

Freeze—thaw preparation for generating human PL. PL was obtained from human
apheresis platelet concentrate by performing a previously published, standardized freeze-thaw
lysis method **. The human platelet apheresis from ten healthy donors was obtained from the
Transfusion Center of the University Medical Center Mainz in accordance with the Declaration
of Helsinki. The platelet apheresis from all donors was pooled and aliquoted. The lysis was
performed in five freeze-thaw cycles by freezing for 10-40 min at 80 °C and thawing for 7.5 min
at 37 °C. To remove cellular debris, PL was centrifuged at 1 410g for 40 min at 22 °C (5702R,

Eppendorf, Germany). The supernatant was collected, aliquoted and stored at -80 °C.

Platelet preparation for generating human washed PL. Human whole blood was obtained
from healthy volunteers in accordance with the Declaration of Helsinki. The study was ap-
proved by the Ethics Committee of the University Medical Center Mainz
(Study No. 837.302.12; 2018-13290_1). The volunteers did not take any medication for at least
10 days. All donors gave their informed consent before participating in the study. Venous blood
was collected and anticoagulated with 10.6 mM trisodium citrate. Platelet isolation and
washing were performed as previously published **°. To bind remaining free calcium, a 0.5 M
EGTA solution was added for a final concentration of 2 mM. The blood samples were
centrifuged at 200g, for 10 min at room temperature (RT; Allegra X-30R, Beckman Coulter,
USA). The supernatant, containing PRP was diluted with the same volume of CGS buffer
(120 mM NacCl, 12.9 mM Tri-Na—citrate, 30 mM glucose, pH 6.5). Diluted PRP was centrifuged
at 69g for 10 min at RT to pellet leukocytes. The supernatant was collected and centrifuged at
4009 for 10 min at RT to pellet the platelets. The supernatant was discarded and the platelet
pellet was resuspended in 3 ml CGS buffer. Following an incubation of 5-10 min at RT,
samples were centrifuged at 400 g for 10 min at RT and the supernatant was discarded. The
platelet pellet was resuspended in HEPES buffer (145 mM NaCl, 5 mM KCI, 1 mM MgCl,,
10 mM glucose, 10 mM HEPES, pH 7.4) and the platelet concentration was adjusted to
2*10° platelets ml *'. Platelets were incubated at 37 °C in the water bath for 15 min. Platelet

samples were frozen in liquid nitrogen for shock freeze lysis to obtain wPL and stored at -80 °C.
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Bone substitute granules. We included six different CaPs in the experiments. Four kinds of
granular, biphasic CaP (TCP/HA), with an intimate molecular mixture of 20% hydroxyapatite
(HA) and 80% tricalcium phosphate (TCP), were kindly provided by Dr. Guy Daculsi
(Biomatlante, France). The TCP/HA materials were synthesized and characterized according
to the methods previously described in literature *****'. The sample TCP/HA-1 was the
conventional MBCP+ from Biomatlante (Biomatlante AMS group, CEmark and US FDA). The
sample TCP/HA-2 was produced according to the same protocol with a higher sintering
temperature to increase the crystal size and reduce microporosity **2. The TCP/HA-3 sample
was a smaller, rounded granule type with the same chemical composition and sintering as
TCP/HA-1. The TCP/HA-4 sample had the same smaller size and rounded morphology as
TCP/HA-3, but was produced with a higher sintering temperature as TCP/HA-2 **?. Two kinds
of granular B-TCP were purchased as chronOS Granules from DePuy Synthes, USA. No
further modification was applied for the experiments. The characterization data for the 3-TCP

| 343

samples were retrieved from a previous study from Duan et a , in which the values are

linked to the sample ‘chronos’.

Brunauer, Emmett and Teller measurement. The specific surface area (SSA) of the TCP/HA
samples was determined by the Brunauer, Emmett and Teller (BET) method, which was
already described in previous works 34?3423 The measurements were performed by nitrogen
gas adsorption on Micromeritics 3-FLEX equipment. About 100 mg per sample was weighed
and degassed in vacuum conditions with 10 mbar at 150 °C for 24 h. Next, the weight of the
samples was precisely measured. The SSA was calculated from the range of relative pressure
of adsorption—desorption isotherms by 0.05-0.2. The unit of the SSA, determined by BET is in

m?g .

Scanning electron microscopy. The morphology of the CaP materials was characterized by
performing scanning electron microscopy (SEM) with a LEO 1530 GEMINI (Zeiss, Germany).
The CaP surfaces were imaged in their native state at 3 kV and 121V, without utilizing

precious metal sputter coating.

Protein adsorption preparation. Protein adsorption preparation was performed with
modifications as previously described ®2. After thawing, human cP, PL, and wPL were
centrifuged at 20 000g for 30 min at 4 °C (5804R, Eppendorf, Germany) to remove protein

aggregates and cellular debris. To ensure reproducibility, 10 mg of CaPs were used and
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incubated in either 1 ml cP or PL, or in 100 yl wPL. The samples were incubated for 1 h at
37 °C. To deplete loosely bound or free protein, the CaPs were washed three times with PBS
with centrifugation steps of 20 000g for 10 min at 4 °C, discarding the supernatant and adding
1 ml PBS to the granules. The washed and adsorbed proteins were desorbed by adding
50-100 pl of desorption buffer (2% (w/v) SDS, 62.5 mM Tris-HCI) to the CaPs, incubating the
samples at 95 °C for 5 min and centrifuging at 20 000g for 10 min at 4 °C. This protein
desorption approach was performed and described in previous studies with different
materials °>°% 3% The supernatant was collected and analyzed further by protein quantification,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), ELISA, and LC-MS.
To utilize CaPs with washed and adsorbed proteins in tube formation assays, 10 mg CaP was
added to 5 ml Medium 200 after the abovementioned protein adsorption preparation for a
concentration of 2 mg ml”'. For the experiments with unwashed CaPs, CaPs were added
directly to the supplemented medium for a concentration of 2 mg ml”". Medium 200 was
supplemented with 100 U mI™ penicillin, 100 mg ml”" streptomycin and with or without simple
concentrated (1X) large vessel endothelial supplement (LVES; all Gibco, Germany) after

washing steps.

Protein quantification. Protein concentration of cP, PL, wPL, and adsorbed protein samples
was quantified with Pierce™ 660 nm Protein Assay Reagent (Thermo Scientific, Germany)
according to the manufacturer’s instructions. For samples containing SDS, such as the
desorbed proteins, lonic Detergent Compatibility Reagent (Thermo Scientific, Germany) was
added to the assay reagent, before employing the measurement. Bovine serum albumin
(Sigma- Aldrich, Germany) was used as a standard. Absorption was measured by an Infinite
M1000 plate reader (Tecan, Switzerland) at 660 nm.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. For cP, PL, wPL, and
adsorbed protein samples, 2 mg of protein was adjusted with deionized water to a total volume
of 26 pl. To the diluted samples, 4 pyl of NUPAGE™ Sample Reducing Agent and 10 pul of
NuPAGE™ LDS Sample Buffer (both Invitrogen, Germany) were added and incubated at
70 °C for 10 min to denature the proteins. The samples were loaded on a Bolt™ 10% Bis-Tris
Plus gel using NUPAGE™ MES SDS Running Buffer (both Invitrogen, Germany) and run for
1 h at 200 V. SeeBlue™ Plus2 Pre-Stained Standard (Invitrogen, Germany) was used as a
molecular weight marker. The gels were stained with SilverQuest™ Silver Staining Kit
(Invitrogen, Germany) according to the manufacturer’s instructions and documented with the

Scanning system View Pix 1100 (Biostep, Germany).
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Enzyme-linked immunosorbent assay. The concentration of human VEGF, human FGF-2
and human platelet-derived growth factor (PDGF-AB) was measured for cP, PL, wPL, and
wPL-adsorbed proteins samples by ELISA. Samples and reagents were prepared and
processed according to the manufacturer’s instructions of the utilized Human VEGF Quantikine
ELISA Kit, Human FGF2 Quantikine ELISA Kit and Human PDGF-AB Quantikine ELISA Kit
(all R&D Systems, Germany). The absorption was measured by an Infinite M1000 plate reader

at 450 nm with a wavelength correction at 570 nm.

In solution digestion. Adsorbed protein samples were processed with Pierce™ Detergent
Removal Spin Columns (Thermo Scientific, Germany) to remove SDS. The procedure was
performed according to the manufacturer’s instructions before digestion. Subsequent protein
digestion was carried out according to published protocols > '8 For cP, PL, wPL, and
adsorbed protein samples, 25 ug was precipitated with ProteoExtract Protein Precipitation Kit
(CalBioChem, Germany), following the manufacturer’s instructions. Afterwards, Proteins were
isolated by centrifugation at 10 000g for 10 min at RT and washed twice with ProteoExtract
Protein Precipitation Washing Solution. The supernatant was discarded and the pellet left to
dry for 5-10 min. Subsequently, the pellets were resuspended in 0.1% RapiGest SF surfactant
(Waters Corporation, Germany), dissolved in 50 mM ammonium carbonate buffer. Samples
were incubated at 80 °C for 15 min to solubilize protein. Protein disulfide bonds were reduced
by adding dithiothreitol (Sigma, Germany) solution in a final concentration of 5 mM. The
reaction was performed at 56 °C for 45 min. Next, proteins were alkylated by adding 500 mM
iodoacetamide (Sigma, Germany) solution for a final concentration of 15 mM. The reaction
was carried out in the dark for 1 h. Protein digestion was performed with a ratio of 50:1 of
protein:trypsin (Promega, Germany) for 16 h at 37 °C. The digestion was stopped by adding
2 ul of hydrochloric acid (Sigma, Germany) and incubating for 45 min at 37 °C. Lastly, samples
were centrifuged at 13 000g for 15 min to remove degradation products and the supernatant

was transferred into new tubes.

Liquid chromatography coupled to mass spectrometry analysis. The LC-MS
measurements were performed with modifications from previously described methods 2.
Samples were diluted with LC-MS grade water (Merck, Germany) containing 0.1% formic acid
(Sigma, Germany). Samples were spiked with 50 fmol I HI3 E.coli Standard (Waters
Corporation, Germany) for absolute protein quantification '®. The digested peptides were
applied to a nanoACQUITY UPLC system, equipped with a C18 nanoACQUITY trap column
(5 ym, 180 pm, 20 mm) and a C18 analytical reversed-phase column (1.7 um, 75 um,

150 mm; all Waters Corporation, Germany). The two mobile phases consisted of (A) 0.1% (v/v)
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formic acid in water and 0.1% (v/v) formic acid in acetonitrile (Biosolve, Germany) and a
gradient of 2-37% of mobile phase B over 70 min were used for separation. The samples were
infused with a flow rate of 0.3 pl min™" and the referent components Glu-Fibrinopeptide and LE
(both Sigma, Germany) were set to a flow rate of 0.5 yl min™'. The nanoACQUITY UPLC
system was coupled with a Synapt G2-Si mass spectrometer(Waters Corporation, Germany).
Electrospray ionization (ESI) was performed with a NanoLockSpray source was in positive
mode. The measurements were conducted in resolution mode and experiments were carried
out with data-independent acquisition (MSF). Each measurement was performed in technical
triplicates. A mass to charge range of 50-2 000 Da, scan time of 1 s, ramped trap collision
energy from 20 to 40 V was set and data were acquired over 90 min. For data acquisition and

processing, the software MassLynx 4.1 (Waters Corporation) was utilized.

Protein identification. Peptides and proteins were identified with the software Progenesis Ql
2.0 (Nonlinear Dynamics) 2. Noise reduction threshold for low energy, elevated energy and
peptide intensity were set to 120, 25, and 750 counts, respectively. A human data base with
reviewed proteins was downloaded from uniport (SWISS PROT) and modified with the
sequence information of Hi3 E.coli standard for absolute quantification. Following parameters
were selected: one missed cleavage, maximum protein mass 600 kDa, fixed carbamidomethyl
modification for cysteine and variable oxidation for methionine. Protein identification
requirements were restricted to at least two assigned peptides and five assigned fragments.
Peptide identification requirements were based on three assigned fragments. Identified
peptides with a score parameter below 4 were excluded. Protein amount in fmol was calculated
by TOP3/Hi3 approach "%,

Human umbilical vein endothelial cell culture. Human umbilical vein endothelial cells
(HUVECS) (Gibco, Germany) were cultured with Medium 200, which was supplemented with
simple concentrated (1X) LVES, 100 U ml™ penicillin and 100 mg ml™* streptomycin. The cells
were kept in an incubator at 37 °C, 5% CO2 and 95% relative humidity (CO- Incubator C200,
Labotect, Germany) for cultivation. For cell subculture and harvesting for experiments, cells
were briefly washed with PBS, followed by cell detachment with 0.25% Trypsin-EDTA (Gibco,
Germany) for 5 min at 37 °C, 5% CO, and 95% relative humidity. The cell suspension was
transferred with LVES-supplemented medium and centrifuged at 130g for 5 min at RT (5810R,
Eppendorf, Germany). The supernatant was discarded and the cell pellet resuspended in
LVES- supplemented medium. Cell viability and cell count were determined by equally mixing
20 ml of cell suspension and trypan blue and measuring by an automated cell counter (TC10,

Bio- Rad, Germany).
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Tube formation assay. Geltrex™ LDEV-Free Reduced Growth Factor Basement Membrane
Matrix (Gibco, Germany) was thawed on ice at 4 °C overnight. The wells of a p-Slide
Angiogenesis (Ibidi, Germany) were covered with 10 yl of basement membrane matrix and
incubated at 37 °C, 5% CO, and 95% relative humidity for 1 h to solidify. HUVECs with a
passage number between 2 and 6 were harvested and centrifuged as described above. The
pellet was resuspended in Medium 200 without LVES to avoid undesired stimulation. The cell
concentration was adjusted to 400 000 cell mI" and mixed with the same volume of
supplemented medium for each test condition, respectively. A cell number of 10 000 cells per
well was seeded. The cells were incubated at 37 °C, 5% CO, and 95% relative humidity and
examined for tube formation after 18 h under a CKX41 inverted microscope (Olympus,
Germany). One picture was taken per well by utilizing the software analySIS getlT (Olympus
Soft Imaging Solutions GmbH). Pictures were evaluated with ImageJ (National Institutes of
Health, USA) and the plugin Angiogenesis Analyzer (Gilles Carpentier) **¢, measuring the total

segment length.

Data representation. Data were presented as means + standard deviation (SD) of the values.
Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software, USA). For a
comparison of two data sets, the unpaired t-test was utilized. For statistical analysis, involving
multiple data sets, one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
test or Dunnett’s multiple comparison test were performed. All tests were carried out choosing

a P values of <0.05 to be statistically significant.
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8.4 Results and discussion

We investigated lysates of platelet with plasma (PL) and from washed platelets (wPL) in a
divided workflow with two steps (Fig. 8.1). Additionally, we included human citrate plasma (cP)
to compare the PL preparations with plasma and without. These three hemoderivative protein
sources (cP, PL, and wPL) were used to study protein adsorption on CaP surfaces. The
hemoderivative protein sources and adsorbed protein samples were analyzed qualitatively by
SDS-PAGE and by LC-MS for quantitative proteomic data. In addition, the samples were
analyzed for selected pro-angiogenic growth factors by ELISA. Finally, the pro-angiogenic

potential of the samples was evaluated by employing tube formation assays.

I. Analysis of Protein Source Il. Analysis of Adsorbed Proteins

Incubation with
TCP/HA or B-TCP
1h, 37°C,
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Protein Tube Formation Tube Formation
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Figure 8.1: Principal workflow of protein source and adsorbed protein analysis. Platelet lysates
were generated from human platelets in plasma and from washed platelets, respectively. Different bone
substitutes were incubated with hemoderivative protein sources for protein adsorption. Incubated bone
substitutes were washed three times with PBS, pH 7.4 to remove loosely bound and free proteins.
Afterward, adsorbed proteins were recovered by a protein desorption step. Protein sources and
adsorbed protein samples were analyzed by protein quantification, SDS-PAGE, silver staining, and
LC-MS. Tube formation assays were employed to study pro-angiogenic effects of hemoderivative
protein sources and bone substitutes with adsorbed proteins. Protein crystal structures were taken from

RCSB Protein Data Bank. Images are not drawn to scale.

Hemoderivative protein sources

The three hemoderivative protein sources used in this study were distinct in composition and
source material (Fig. 8.2A). Human cP was obtained from the blood bank. The first type of
human PL was generated from human platelet apheresis concentrates by a freeze—thaw

preparation of five cycles. The human wPL was generated from whole blood of single healthy
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human donors. Here, the platelets were washed to remove plasma components before lysis.
Both lysates were generated with a similar platelet concentration. However, wPL showed a
lower protein concentration when compared with PL, indicating the depletion of plasma

proteins.

The plasma protein depletion was also demonstrated by SDS-PAGE, observing a distinct band
pattern for wPL compared with the other two sources (Fig. 8.2B). To further detail the
differences of the complex protein composition between the hemoderivatives we performed
quantitative LC-MS measurements. LC-MS-identified proteins of the three sources were
assigned to nine different protein function classes (Fig. 8.2C). Here, cytoskeletal and
coagulation-related proteins were more pronounced in wPL when compared with PL and cP
and tissue leakage proteins were more pronounced in wPL when compared with cP.
Conversely, a lower amount of immunoglobulins and serum albumin was detected in wPL.
Minor differences were uncovered for PL in contrast to cP like a higher percentage amount of
tissue leakage proteins, indicating lysed platelets. PL proteins, such as platelet factor 4 and
platelet basic protein were also found within the ten most abundantly detected proteins for wPL,
whereas plasma proteins, such as serum albumin and immunoglobulins were among the most
abundant in cP and PL (Tab. S8.1).

To provide data for pro-angiogenic growth factors, the concentration of VEGF, fibrinogen
growth factor 2 (FGF-2) and platelet derived growth factor (PDGF-AB) were measured by
ELISA (Fig. 8.2D-F). Here, both, PL and wPL showed a statistically significant higher
concentration of all three growth factors when compared with cP. Comparing PL and wPL, the
highest concentration for all three pro-angiogenic growth factors was found in wPL. However,
as wPL was generated from single-donor blood, the concentration of all three growth factors

showed donor-dependent differences (Fig. S8.1).
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A
Citrate Plasma (cP) Platelet Lysate (PL) Washed Platelet Lysate (wPL)
Composition Citrate plasma Citrate plasma and platelet lysate Platelet lysate
Source Plasma from blood bank Platelet apheresis concentrate Whole blood
Method Separated by centrifugation ~ Freeze thaw preparation (5 cycles) Flash freezing
Total protein [mg mL-']  64.22 +6.69 65.64 +5.62 2.48+0.63
Platelets [PLT mL-] N/A 0.8-2x 109 2x10°
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Figure 8.2: Human washed PL differs from plasma and PL in protein composition and growth
factor concentration. (A) Characteristics of utilized hemoderivative protein sources. The main
composition, source of material, preparation method, protein concentration (mg ml' + SD, n = 4-8) and
platelet (PLT) count are listed. Protein sources were analyzed by (B) SDS-PAGE with silver staining
and (C) quantitative LC—MS proteomics. The bars indicate the percentage based on all identified
proteins with protein annotation in nine different functional classes. (D-F) Protein sources were
evaluated for pro-angiogenic growth factors. The concentration of VEGF, FGF-2 and PDGF-AB was
measured by ELISA (data are shown as mean £ SD, n (PDGF-AB, cP) =2, n (others)=4). The
statistical significance was calculated by ANOVA with Tukey’s multiple comparison test
(***P < 0.001,****P < 0.0001); N/a, data not available.

In addition, we performed tube formation assays to study the pro-angiogenic potential and
complement the protein data. Alongside the tested samples, we included non-supplemented
cell medium as negative control (-) and LVES supplemented medium as positive, tube
stimulating, control (+). Generally, increasing the concentration of all three hemoderivatives,

respectively, increased the tube formation with statistical significance (Fig. 8.3A-C). Yet, a
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peak in total tube length was observed for cP at 5%, achieving slightly better results than 10%
(Fig. 8.3A). Comparing the three hemoderivative sources at the same protein concentration of
1.1 mg ml”" revealed wPL to be the most potent inducer of tube formation (Fig. 8.3D/E). The
enhanced tube formation by wPL could be observed microscopically and evaluated by the
Angiogenesis Analyzer Plug-In of ImageJ, resulting in a statistically significant result.
Comparable to the donor-dependent differences in growth factor concentration, the effect of

the tube formation assays differed among the various donor samples (Fig. S8.2).
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Figure 8.3: Human wPL induces stronger angiogenic response in tube formation assays.
(A-C) The pro-angiogenic effect of hemoderivative protein sources was analyzed by employing tube
formation assays with HUVECs. HUVECs were incubated with different concentrations of citrate plasma
(cP), platelet lysate in plasma (PL) and lysate of washed platelets (wPL) on Geltrex™ LDEV-Free
reduced growth factor basement membrane matrix for 18 h. For cP and PL different percentual dilutions
(0.25-10%) in the cell culture medium were tested. For wPL different ratios of wPL in total volume
(1:50-1:2) with cell culture medium were tested. Total tube length was evaluated with ImagedJ and the
plugin angiogenesis analyzer (-, negative control: medium without LVES; +, positive control: medium
with LVES; data are shown as mean 6 SD, n = 3-8). (D) Tube formation was analyzed with a comparable
protein concentration of 1.1 mg ml"' for all three protein sources (data are shown as mean + SD,
n = 6-17). The statistical significance was calculated by ANOVA with Dunnett’s multiple comparison test
(*P <0.05, **P <0.01, *™*P < 0.001, ****P < 0.0001), performing the comparison with the negative
control (A-C) or with wPL (D). (E) HUVECs on Geltrex™ after 18 h incubation with different
hemoderivative protein sources at the same concentration, as seen in (D). The scale bars represent
200 pym.
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Protein adsorption

Protein adsorption influences the interplay between biomaterial surfaces and their biological
environment. In this part, we investigated the protein adsorption of the three abovementioned
and characterized protein sources on different CaP surfaces. Additionally, we measured the
concentration of the same growth factors and linked the protein results to the results of the

tube formation assays.

Four different CaP surfaces consisting of 80% TCP and 20% HA (HA/TCP) with two different
granule sizes were selected. Additionally, we included two different CaP surfaces consisting
of B-TCP with two different sizes, which were commercially purchased as chronOS (DePuy
Synthes). The physicochemical characterization revealed differences between the materials
(Fig. 8.4A/B, Fig. S8.3). The HA/TCP samples showed an increasing crystal size with a raising
sample number. The B-TCP samples showed the highest crystal size with HA/TCP-4.
Conversely, the SSA decreased within HA/TCP a raising sample number, and the B-TCP
samples showed the smallest SSA with HA/TCP-4. The microporosity decreased within
HA/TCP sample number. The microporosity of B-TCP was comparable to the higher
microporosity of HA/TCP-1 (Fig. 8.4A).

To investigate the protein adsorption, we incubated the CaP materials with the
hemoderivatives for 1 h at 37 °C and subsequently washed them three times before a
desorption step. This protein desorption approach was performed and described in previous
studies with different materials % %> 3%°_ Proteins were detected for all material variations
incubated in all three hemoderivative sources. We did not perform and analyze protein
adsorption of wPL on B-TCP-2 due to limited quantities of wPL and great similarities between
B-TCP-1 and B-TCP-2 in the case of adsorption with cP and PL. Interestingly, the highest
concentration of adsorbed proteins was consistently measured for all materials after being
incubated in wPL when compared with the other sources (Fig. 8.4C/D). For cP, we observed
similar amounts of protein regardless of the used CaP surface. On the other hand, we noticed
a decreasing trend of protein amount in the case of PL, which was following the decreasing
SSA for the materials, reversibly the increasing crystal size. This same trend was observed for
wPL in the case of the TCP/HA samples.
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A
i Granule Size Crystal Size SSA Specific Microporosity
Sample Composition [mm] [um] Surface Area [m?/g] (<10 um )
TCP/HA-1 0.5-1.0 <0.5 >6 > 25%
TCP/HA-2 80 % Tricalcium 05-1.0 1-2 1-3 <20%
phosphate,
TCP/HA-3 20% Hydroxyapatite 0.08-0.2 0.5-2 1-3 <20%
TCP/HA-4 0.08-0.2 5-7 05-1 <10%
B-TCP-1 . 0.5-0.7
- Hcalclum 5.03+1.90 * 0.51* 31.52*
B-TCP-2 phosp 07-1.4
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TCP/HA-1 1.19+£0.20 2.28 £ 0.56 2.72 £0.01
TCP/HA-2 0.97 £0.20 1.58 £ 0.41 2.65 +£0.07
TCP/HA-3 1.06 £0.19 1.76 £ 0.53 2.56 £ 0.01
TCP/HA-4 1.35+£0.53 1.60 £0.23 2.18 £ 0.04
B-TCP-1 0.82 £0.32 1.18 £ 0.48 2.38 £ 0.04
B-TCP-2 0.90 £0.35 1.27 £0.27 -

Figure 8.4: CaP Material characterization, SEM images and protein adsorption. (A) The
physicochemical characterization of utilized CaP materials. The composition, size of the granules,
crystal size, SSA, microporosity, and the manufacturing processes are listed. Crystal size, SSA and
microporosity for p-TCP materials (marked with *) were retrieved from previously published
measurements 343. (B) SEM images of granular CaP surfaces. The scale bars represent 10 uym.
(C) Quantification of adsorbed proteins on CaPs, shown as a bar diagram. CaPs were incubated for 1 h
in cP, PL and wPL, respectively. Protein adsorption of wPL on 3-TCP 2 was not performed and analyzed
due to limited quantities of wPL and strong similarities between 3-TCP 1 and B-TCP 2 for cP and PL.
Subsequently, three wash steps were performed and proteins were desorbed with 2% SDS. Proteins
were quantified by Pierce 660 nm Assay (data are shown as mean + SD, n = 2-7). (D) Quantification of
adsorbed proteins on CaPs, shown as a table, as seen in (C) (data are shown as mean + SD, n = 2-7).
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The band pattern of the adsorbed proteins, as seen on SDS-PAGE, differed slightly from their
original hemoderivative protein sources’ pattern. The protein pattern complexity was slightly
reduced for wPL-related protein adsorption compared with cP and PL, respectively
(Fig. 8.5A/B, Fig. S8.4A). Differences were more pronounced when the adsorbed proteins
from wPL were compared with the absorbed proteins from cP and PL. Both cP and PL showed
their strongest band at ~66 kDa, suggesting the rough molecular weight of serum albumin 2.
The strongest band for wPL was defined at ~42 kDa, suggesting B-actin 2% 347 Interestingly,
the band pattern was similar across the different materials when incubated in the same
hemoderivative source. Only slight differences were observed on the gel between TCP/HA
materials and B-TCP.

We employed LC-MS measurements to further characterize the complex adsorbed protein
composition. Using the same protein functional classes as shown for the hemoderivatives,
large differences in adsorbed proteins were revealed depending on the utilized hemoderivative.
After the incubation in cP, the most abundant protein was serum albumin, followed by
immunoglobulins (Fig. S8.4B). Likewise, serum albumin remained the highest protein in PL,
although decreased. The other protein functional classes in PL, such as coagulation,
complement, cytoskeleton and immunoglobulins were distributed more evenly (Fig. 8.5C). The
protein functional class distribution of wPL was quite distinct compared with cP and PL. Here,
cytoskeleton proteins were found to be the most abundant group with more than 60% on every
CaP surface used, followed by tissue-leakage proteins and coagulation (Fig. 8.5D). Generally,
the protein composition by protein functional classes did not differ much between the different

CaP materials within the same adsorbed protein source.

Next, we quantified the three previously described pro- angiogenic growth factors by ELISA in
the adsorbed protein samples and compared them with the original hemoderivative. The ELISA
experiment was exclusively performed for TCP/HA-4, incubated in wPL. We chose to
investigate TCP/HA-4 principally because of the small size of the granules (Fig. 8.4A) and
therefore its suitability for the tube formation assays. We chose wPL as the hemoderivative for
its best performance in the tube formation assays (Fig. 8.3D/E). Despite the promisingly high
concentration of VEGF, FGF-2 and PDGF-AB in wPL, a great decrease was measured after
protein adsorption (Fig. 8.5E-G). The value for VEGF was measured below the detection limit.
FGF-2 was depleted ~10-fold and PDGF-AB ~700-fold.
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Figure 8.5: Cytoskeletal proteins from human washed PL are enriched on CaP surfaces while
pro-angiogenic growth factors are depleted. CaP surfaces were incubated for 1h in the
hemoderivative protein source. After three subsequent washing steps, proteins were desorbed with
2% SDS. (A, B) SDS-PAGE and silver staining were performed for adsorbed proteins on different CaP
surfaces incubated in PL and wPL, respectively. Protein adsorption of wPL on B-TCP 2 was not
performed and analyzed due to limited quantities of wPL and strong similarities between B-TCP 1 and
B-TCP 2 for cP and PL. (C, D) Adsorbed proteins on CaP surfaces from PL and wPL, respectively, were
analyzed by quantitative LC-MS proteomics and identified proteins were classified into nine different
protein functional classes. The bars indicate the percentage based on all identified proteins.
(F-G) Adsorbed proteins on the CaP surface of TCP/HA-4, incubated in wPL, were evaluated for

angiogenesis-involved growth factors and compared with wPL. The concentration of VEGF, FGF-2, and

173



Chapter C - Protein adsorption on biomaterial surfaces

PDGF-AB was measured by ELISA (b.d.l. = below detection limit; data are shown as mean + SD, n = 4).

The statistical significance was calculated by an unpaired t test (****P < 0.0001).

Additionally, single non-angiogenic and anti-angiogenic proteins were found among the
20 most abundant proteins in both PL and wPL-adsorbed protein samples. In case of the
adsorbed proteins from PL, TSP-1 was found to be present among the top20 proteins. An anti-
angiogenic potential of TSP-1 has been previously reported **®. The other proteins detected
were mainly non-angiogenic plasma proteins, such as albumin, immunoglobulin chains, and
complement factors (Fig. 8.6A). For the adsorption of wPL proteins, the highest abundant
proteins were found to be cytoskeleton proteins or cytoskeleton-associated proteins. Among
these proteins were cytoplasmatic actin, myosin-family proteins, tubulin and gelosin, an actin-
binding protein. Platelet prominent proteins detected were platelet basic protein, a precursor
of the pro-angiogenic chemokines connective tissue-activating peptide Ill (CTAP-3) and
neutrophil-activating peptide-2 (NAP-2), TSP-1, and PF4, a chemokine involved in anti-
angiogenic signaling (Fig. 8.6B) **%**°_ In comparison, the most abundantly adsorbed proteins
after incubation in cP were serum albumin and several immunoglobulin chains, apolipoproteins
and other prominent plasma proteins (Fig. S8.4C). Here, the composition of the abundant
proteins was found to be highly influenced by the presence of plasma proteins. In summary,
non-angiogenic cytoskeleton proteins and anti-angiogenic platelet proteins adsorbed on the

CaP surfaces and the inclusion of plasma drastically changes the adsorbed proteins.
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Figure 8.6: Non-regenerative and anti-angiogenic proteins are detected among the most
abundant proteins on PL incubated CaP. (A, B) The heat maps show the 20 most abundant proteins
for TCP/HA-4 compared with the other CaP surfaces. The values represent the percentage based on

all identified proteins.
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Subsequently, the selected CaP material, TCP/HA-4 was tested without and with preincubation
in wPL in tube formation assays to investigate the effects on the angiogenic performance of
HUVECs. While wPL potently induced tube formation, no angiogenic effect was observed
when preincubated with TCP/HA and then washed with PBS. In this case, we obtained the
same negative result for non-treated CaP materials and wPL preincubated CaP materials
(Fig. 8.7).
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Figure 8.7: Washed CaP surfaces incubated in human washed PL show no pro-angiogenic effect.
(A) The pro-angiogenic effect was analyzed by employing tube formation assays with HUVECs.
HUVECSs were incubated with untreated CaP surfaces and CaP surfaces, incubated in wPL and washed
three times (all TCP/HA-4). HUVECs were then seeded on Geltrex™ LDEV-Free reduced growth factor
basement membrane matrix for 18 h. Total tube length was evaluated with Imaged and the plugin
angiogenesis analyzer (-, negative control: medium without LVES; +, positive control: medium with
LVES; data are shown as mean £ SD, n = 4-9). The statistical significance was calculated by ANOVA
with Dunnett’s multiple comparison test (*P < 0.05), performing the comparison with the negative control.
(B) HUVECs on Geltrex™ after 18 h incubation with untreated CaP surfaces and CaP surfaces (seen
as dark spots in the images), incubated in wPL and washed three times, as seen in (A). The scale bars

represent 200 ym.

Additional tube formation assays were performed with TCP/HA-4 in the presence of the three
respective hemoderivatives, but without removing the hemoderivatives and washing with PBS
after adding TCP/HA-4 to the hemoderivatives. For the three hemoderivatives, concentration-
dependent effects on the tube formation were observed, similar to the experiments without
CaP surfaces. However, CaP surfaces incubated in both, CP and wPL seemed to induce less
tube formation when incubated in the lowest dilution, 10% and 1:2, respectively (Fig. 8.8A-C).
Also, similar protein concentrations of the hemoderivative were tested. Unlike the results for

hemoderivative sources without CaP surfaces, all three hemoderivatives induced tube
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formation, but without statistical difference between the hemoderivative groups (Fig. 8.8D).
However, the tube formation efficiency tended to be visually stronger for the conditions with
PL and wPL compared with cP. Here, the HUVECs attached to the CaP surfaces and formed

tubes with the CaP surfaces as central nodes (Fig. 8.8E).
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Figure 8.8: CaP Surfaces kept in different hemoderivative protein source show a similar pro-
angiogenic stimulation. (A-C) The pro-angiogenic effect of CaP surfaces in hemoderivative protein
sources was analyzed by employing tube formation assays with HUVECs. HUVECs were incubated
with different concentrations of cP, PL, and wPL, containing CaP on Geltrex™ LDEV-Free reduced
growth factor basement membrane matrix for 18 h (all TCP/HA-4). for cP and PL different percentual
dilutions (0.25-10%) in the cell culture medium were tested. For wPL different ratios of wPL in total
volume (1:50-1:2) with cell culture medium were tested. Total tube length was evaluated with ImageJ
and the plugin angiogenesis analyzer (-, negative control: medium without LVES; +, positive control:
medium with LVES; data are shown as mean + SD, n = 3-6). (D) Tube formation was analyzed with the
same protein concentration of 1.1 mg ml- for all three protein sources, containing CaP without additional
washing with PBS (all TCP/HA-4, data are shown as mean £ SD, n = 6-17). The statistical significance
was calculated by ANOVA with Dunnett’'s multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001,
***P < (0.0001), performing the comparison with the negative control (A—C) or with wPL (D).
(E) HUVECs on Geltrex™ after 18 h incubation with different hemoderivative protein sources at the
same concentration, containing CaP (seen as dark spots in the images), as shown in (D). The scale

bars represent 200 pm.

In this study, we investigated comparatively cP (citrate plasma), PL (lysate of platelets in
plasma), and wPL (lysates of washed platelets without plasma) and their effect as sources of

pro-angiogenic factors adsorbed on CaP surfaces. Despite the difference in composition of the
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three hemoderivative sources, all of these promoted tube formation of HUVECSs, which is in
accordance with other reports *'%%3 However, the concentration of the prominent growth
factors VEGF, FGF-2, and PDGF-AB was higher in the platelet-derived sources, PL and wPL
than in plasma alone. Depleting plasma components from isolated platelets by washing
resulted in both, an elevated concentration of growth factors and improved tube formation,
indicating the effectiveness of lysates, such as wPL for regenerative effects. Nevertheless, it
has to be considered that non-pooled wPL show inter-individual differences in the experiments,
which might have an impact on the use of autologous donor materials to promote regenerative
effects. Using the same workflow, including mass spectrometry-based proteomic analysis, we
investigated the complex protein composition of the hemoderivatives adsorbed on different
CaP materials, which revealed significant differences. Despite differences in the
physicochemical properties of the CaP surfaces, we quantified comparable amounts of protein
per amount of CaP in the case of cP and wPL but observed a decrease in protein amount with
a decrease of the material’s SSA for adsorbed PL and wPL. For the latter protein source, the
trend was observed for the TCP/ HA samples. The impact of the SSA on protein adsorption
was described in the literature *** 3**. In any case, the protein adsorption on biomaterials
represents a highly complex process that is driven by multiple factors and, therefore,
challenging to predict. As described through experimental observations, adsorption on CaPs
is influenced on one hand by the material’'s physicochemical properties such as the surface
area, the chemical composition, hydrophobicity and the topography. On the other hand, the
proteins’ properties, such as size, charge, and structure add a secondary dimension of
influence * 3. Complex protein mixtures as the herein described hemoderivative protein
sources can therefore bring a variation to the adsorption result. Despite having a lower SSA,
B-TCP-1 adsorbed more protein from wPL than the TCP/HA samples with a higher SSA.
Seemingly, the higher microporosity and the chemical composition influence this result. For
the cP-related adsorption, it is necessary to point out that plasma proteins are vastly different
from lysate-derived proteins. While both lysates contain a significant amount of cellular
components, such as membrane proteins, lipids and metabolites, plasma is comprised mainly
of secreted and globular proteins. This difference in composition results in similar protein
amounts adsorbed throughout all CaP samples despite their physicochemical features. Similar
observations were made in a study when incubating various CaP in serum *°. Accordingly,
the biomaterial’'s physicochemical properties must be considered together with the

composition of the protein source to evaluate the performance of protein adsorption.

Increased adsorption of cytoskeleton proteins was observed when PLs, especially from wPL,
were incubated with the CaP materials. Among the 20 most abundant platelet proteins, non-
regenerative proteins, such as cytoskeleton proteins, and anti-angiogenic proteins, such as

PF4 and TSP-1 were identified. These proteins are abundantly expressed in human platelets
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with estimated copy numbers of 563 000 and 101 000 per platelet, respectively ***. PF4 and
TSP-1 inhibit the proliferation and migration of endothelial cells and induce apoptosis via
multiple mechanisms **"**®_ One major anti-angiogenic effect of PF4 on endothelial cells is its
ligation of the important growth factors VEGF and FGF-2, thereby preventing their endothelial
interaction, especially through its competitive binding to heparin and heparin sulfate of
proteoglycan receptors 3¢ Similar to PF4, TSP-1 also interferes with endothelial cell binding
of VEGF. In addition, TSP-1 signals via CD47, which is coupled to the VEGF receptor R2 to
reduce VEGF-mediated activation and which counteracts nitric oxide signaling in endothelial
cells %132 However, there are also studies reporting pro-angiogenic effects of TSP-1 via
indirect signaling through myofibroblasts 3% %3 Furthermore, a recent study demonstrated a
pro-angiogenic potential of TSP-1 for biomaterial surface modification *%*. Future studies must
clarify the role of TSP-1 as a stimulant for pro-angiogenic biomaterial modification. CXCL7 is
the most abundant platelet chemokine stored in the a-granules. Platelet basic protein
represents a pre-cursor CXCL7 variant of the pro-angiogenic active forms CTAP-Ill and
NAP-2 30 with an estimated copy number of 479 000 per platelet **°. It has been shown that
the proteolytic cleavage product of platelet basic protein, CTAP-III mediates chemotaxis of
endothelial cells in vitro **°. However, NAP-2 showed the most chemotactically regulatory
activity on neutrophils **°. Platelet basic protein exerts antimicrobial activity, but its effect on

endothelial cells is unknown so far 3.

The observed lacking pro-angiogenic response of HUVECs after incubation with CaP materials
adsorbed with proteins from PLs might be due to a decreased binding affinity of the growth
factors VEGF, FGF-2, PDGF-AB and increased binding affinity of the anti-angiogenic protein
platelet factor 4 for the CaP materials, which were washed with PBS. Potentially, this washing
procedure in the absence of divalent cations, e.g. Ca** and Mg?* ions, may affect the types
and amount of adsorbed proteins as non-washed CaP surfaces kept in hemoderivative protein
source, still induced angiogenesis of cultured HUVECs. However, here all three tested plasma
and platelet protein sources showed similar pro-angiogenic effects compared with the positive
control (LVES-supplemented medium). Additionally, we observed an inclusion of the CaPs in
the HUVEC's tubular structures, demonstrating an interaction between the cells and the CaPs.
This adhesion of HUVECs on CaPs was already described in the literature *’. It can be
assumed that integrins on HUVECs establish contact with several adsorbed proteins with
integrin-binding domains on the CaPs, such as fibronectin or vitronectin. This formation of a
focal contact between CaPs and cells through protein contacts was experimentally explained
for marrow stromal cells, osteosarcoma cells, and bone-marrow-derived mesenchymal stem
cells ¥83%°  Upon establishing this cell-CaP contact through integrins, a rearrangement of
intracellular actin can occur, enabling signaling cascades involving mitogen-activated protein

kinase (MAPK) signaling *°. MAPK signaling is involved through Jagged/Notch gene activity
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in the release of common angiogenic growth factors in HUVECs, as well as the expression of
their associated receptors *'. Furthermore, the growth factors in the surrounding
hemoderivative contribute strongly to tube formation as seen for the addition of the sole

hemoderivatives.

Conversely to our work, a previous study has demonstrated pro-angiogenic effects after rinsing
PL-preincubated CaP scaffolds, resulting in the secretion of pro-angiogenic growth factors by
mesenchymal stromal cells *'2. However, the CaP materials used in this study were washed
once in HBSS. Therefore, it is likely that different coating and washing procedures may
influence the binding properties of platelet-derived proteins to CaP materials which have to be
optimized in future studies. Thus, a comprehensive analysis of protein adsorption on
hemoderivative-preincubated CaP materials in combination with their pro-angiogenic potential

is crucial for biomaterial surface engineering using PLs as hemoderivative source.
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8.5 Conclusion

We state that all three hemoderivatives, as generated for this work, induced an angiogenic
stimulus to HUVECs, with wPL showing the greatest effect. However, after adsorption on the
CaP surfaces, the most abundant proteins identified by LC-MS were non-angiogenic or anti-
angiogenic. In fact, we observed a reduction of pro-angiogenic VEGF, FGF-2, and PDGF-AB
as measured by ELISA. The adsorbed proteins on the CaPs alone did not induce tube
formation in HUVECSs. Instead, tube formation was induced by keeping the hemoderivatives in
the experiment. Consequently, biomaterial surfaces must be engineered to tightly adsorb pro-
angiogenic growth factors and prevent dissipation out of wound cavities after implantation. We
conclude that it is essential to analyze the protein adsorption on surfaces of synthetic bone
substitute materials regarding pro-angiogenic responses. This correlation between material
surface and the complex composition of adsorbed proteins must be considered to modify bone
substitute materials with efficient regenerative capabilities. Overcoming the lack of
angiogenesis or regenerative capabilities will lead to a reliable improvement of bone substitute
materials to treat larger bone defects with higher success. Until then, the pro-angiogenic PL or
wPL should not be washed away during the preparation of bone substitutes with these complex

mixtures of proteins.

180



Chapter C - Protein adsorption on biomaterial surfaces

8.6 Supplementary Information

Table S$8.1: The ten most abundant proteins identified by LC-MS in the hemoderivative protein

sources. (A-C) The 10 most abundant proteins in citrate Plasma (cP), platelet lysate in plasma (PL),

and lysate of washed platelets (wPL) are listed. The values represent the percentage of total proteins

identified.
cP PL wPL
0, 0,
Identified Proteins % of tqtal Identified Proteins % of tqtal Identified Proteins % of tqtal
protein protein protein
Serum albumin 30,06 Serum albumin 30,33 Serum albumin 6,83
Ig gamma-1 chain C region 6,53 Ig kappa chain C region 5,563 Platelet factor 4 5,26
Clathrin heavy chain 1 4,32 Zinc finger protein 354C 4,72 Platelet basic protein 4,67
Ig kappa chain C region 4,26 Ig gamma-1 chain C region 3,91 Thrombospondin-1 3,23
Myosin-14 2,38 Gamma-enolase 3,10 Fermitin family homolog 3 2,99
. - . Glyceraldehyde-3-phosphate
Serotransferrin 2,35 Fibrinogen beta chain 2,66 dehydrogenase 2,68
Myosin-9 2,02 Myosin-10 2,64 Fibrinogen gamma chain 2,59
Ceruloplasmin 1,83 Ig lambda-2 chain C regions 2,59 Filamin-A 2,51
Talin-1 170 C1GALT 1-specific chaperone 1 2,59 Vinculin 297
Ig alpha-1 chain C region 1,70 Serotransferrin 1,87 Profilin-1 2,22
Top 10 Total 57.16 Top 10 Total 59.92 Top 10 Total 35.52
3000 500 . 200
~ s o
3 v, 400 E 150
E 2000 s’ 300 2
2 2 o 100
w &~ 200 a
@ 1000 T v
w 2 100 g 50
o
o [\ (i}
> > ) > %) S > > )
Ui o o U & o v o &
& & & Q\ Q\ Qr\ Q

Figure S$8.1: Concentration of pro-angiogenic growth factors is donor-dependent in human

washed platelet lysates. (A-C) Washed platelet lysates from three different donors were evaluated for

angiogenesis-involved growth factors. The concentration of VEGF, FGF-2, and PDGF-AB was

measured by ELISA (data are shown as mean + SD, n = 4).
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Figure S8.2: Pro-angiogenic response in tube formation assays is donor-dependent for human
washed platelet lysates. The proangiogenic effect of washed platelet lysates from five different donors
was analyzed by tube formation assays with HUVECs. HUVECs were incubated with the same
concentration of wPL from five different donors on Geltrex™ LDEV-Free Reduced Growth Factor
Basement Membrane Matrix for 18 h. Total tube length was evaluated with ImageJ and the plugin
Angiogenesis Analyzer (-, negative control: medium without LVES, +, positive control: medium with

LVES; data are shown as mean = SD, n = 3-9).
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B-TCP-1 TCP/HA-4 TCP/HA-3 TCP/HA-2 TCP/HA-1

B-TCP-2

Figure S8.3: SEM images of CaP materials. Surface characterization in three magnifications. The left
row scale bars represent 100 um, the middle row scale bars represent 50 um, and the right row scale

bars represent 10 um.
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Figure $8.4: Analysis of adsorbed proteins from human plasma on CaP surfaces. CaP materials
were incubated for 1 h in cP. After three subsequent washing steps, proteins were desorbed with
2% SDS. (A) SDS-PAGE and silver staining were performed for adsorbed proteins on different CaP
surfaces incubated in cP. (B) Adsorbed proteins on CaP surfaces from cP were analyzed by quantitative
LC-MS proteomics and identified proteins were classified into nine different protein groups. The bars
indicate the percentage based on all identified proteins. (C) The heat map show the 20 most abundant
proteins for TCP/HA-4 compared to the other CaP surfaces. The values represent the percentage based

on all identified proteins.
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Conclusion

Nano- and biomaterial design remains challenged by the adsorption of biomolecules,
specifically the adsorption of proteins. Protein adsorption changes the surface properties of
these materials tremendously, limiting their success in clinical translation. The studies
presented within this thesis aimed to address questions within the challenging field of

nanomedicine and nanomaterial design.

Protein adsorption is a complex process, influenced by the protein-containing environment,
but also by the NPs’ physicochemical properties. Despite the many efforts to study protein
adsorption - also named the protein corona - for different NP systems, the overall comparability
between these studies remains limited. The limitations of lacking comparability were
addressed in chapter A by systematically analyzing the influence of temperature,
concentration, and surface modification on the protein corona composition. While past studies
focused on the formation of the protein corona in extracellular environments, the intracellular
trafficking and evolution of the protein corona remain poorly investigated. The studies of
chapter B were dedicated to investigating the intracellular fate of the protein corona and its
importance of unraveling the intracellular trafficking and exocytosis process of NPs. Last,
protein adsorption also affects the performances of bulk biomaterials with nanostructured
surfaces. Here, the study of chapter C analyzed the composition of adsorbed proteins from
hemoderivatives on CaP surfaces for bone substitution. Specifically, the pro-angiogenic effect
of the adsorbed hemoderivative proteins was intensively investigated. The following

paragraphs give a concise overview of the findings:

The study in subchapter 2 in chapter A determined temperature and concentration of the
protein environment but also NP surface modification as impacting factors for the protein
corona composition and, eventually, for the cellular uptake. Here, we observed a decreased
uptake in endothelial cells when increasing the protein concentration and increasing the
temperature during the protein corona formation, respectively. The results suggest that the
conditions for in-vitro protein corona experiments must be carefully chosen when mimicking
in-vivo conditions. If non-mimicking conditions are intentionally selected, as for temperature-
responsive materials, suitable controls should be considered to exclude differing outcomes by

the conditions alone.

The study presented in subchapter 4 in chapter B provided a reconstruction of the
intracellular separation of a pre-formed, fluorescently-labeled protein corona and associated
NPs. This separation occurred over several hours. The eventual endosomal sorting, which led

the protein corona into MVBs and NPs into REs, was visualized for the first time by high-
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resolution CLEM and was supported by flow cytometry data. The results provide a further
understanding of the cellular processing of intentionally formed artificial protein coronas, such

as for (intra-)cellular targeting.

Next, the study in subchapter 5 in chapter B analyzed the uptake pathway and intracellular
trafficking of biocompatible NPs, implementing a proteomic workflow to investigate the
intracellular protein corona composition. By using conventional methods, such as flow
cytometry and microcopy for different time points, the evolution of the protein corona was
correlated to cellular uptake kinetics. Specifically, HES-NPs with a slower uptake were linked
to a gradually evolving intracellular protein corona, whereas HSA-NCs with a fast uptake
demonstrated a stable intracellular protein corona. Furthermore, the composition of the
intracellular protein corona revealed a molecular insight into the NPs’ intracellular trafficking.
The data demonstrates the advantages of evaluating the protein corona for intracellular studies,

particularly for NPs with cellular targeting.

The proteomic workflow to analyze intracellular protein coronas was applied in the study in
subchapter 6 in chapter B. Here, the exocytosis of gold NPs in stem cell-like stromal cells
was investigated with two loading protocols. The results demonstrate that a longer incubation
results in a reduced exocytosis rate. The composition of the intracellular protein corona
indicates that a longer incubation time results in an enrichment of adsorbed intracellular
proteins, possibly favoring a higher exocytosis rate. Reducing exocytosis rates remains
necessary for NP-based cell labeling. Therefore, these results will improve NP design for

imaging applications.

Finally, the study presented in subchapter 8 in chapter C analyzed the protein adsorption of
potential pro-angiogenic hemoderivatives, such as plasma and platelet lysates on CaP
biomaterial surfaces. The proteomic findings were correlated with results by ELISA and tube
formation assays utilizing endothelial cells to co-evaluate the pro-angiogenic potential. The
results demonstrate an abundance of adsorbed non-angiogenic and anti-angiogenic proteins,
while pro-angiogenic growth factors were decreased. Washing the materials after incubation
in the hemoderivatives, resulted in a decreased angiogenic effect, suggesting that the
adsorbed proteins alone do not evoke the desired regenerative effect. Instead, CaP surfaces
should be utilized in bone regeneration without washing procedures when coated in

hemoderivatives.

In conclusion, the studies emphasize the value of protein adsorption analysis for nano- and
biomaterials with medical applications. Ultimately, the progression of our understanding of
nano-bio interactions will truly result in precisely tailored nano- and biomaterials with a

successful clinical translation.
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