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Foreword

"Each and every one of us has the power to make a difference in the world - every day and at
any time. All we need is to have faith in ourselves and the determination to cultivate our tal-
ents and achieve greatness. We should never let the narrow-mindedness of others hold us
back, nor never limit others based on your own limited imagination. Instead, we should al-

ways seek to collaborate and connect with others to make meaningful progress together.”

- Inspired by Jane Goodall, Marie Curie, and Carol W. Greider. -
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Kurzfassung

Nachhaltigkeit wird in der heutigen Gesellschaft immer wichtiger, um zu einer "grineren"
Zukunft beizutragen.! In der Materialwissenschaft sind Kollagene die am héiufigsten vor-
kommende, kommerziell genutzte Proteinfamilie auf dem globalen Bioprinting-Markt.2 Meh-
rere Nachteile tierischer Kollagene erfordern die Suche nach nachhaltigen Alternativen.3 In
dieser Arbeit wurde ein neues, veganes rekombinantes kollagendhnliches Protein (rCol) fur
die Erforschung verschiedener biomedizinischer Anwendungen charakterisiert, um einen
Beitrag zur wachsenden Nachfrage nach neuartigen Therapien in der regenerativen Medizin
zu leisten. Der Schwerpunkt lag dabei auf Implantaten, Medizinprodukten und dem 3D-
Druck von kiinstlichen Geweben und Organen. Um diesen Anwendungen gerecht zu werden,
konzentrierte sich die Arbeit auf die Entwicklung neuartiger Hydrogelsysteme. Zu Beginn
wurde rCol charakterisiert und die Grenzen des Materials identifiziert. Die im Vergleich zu
Saugetierkollagenen hohe Loslichkeit (bis zu 200 mg/ml) in einem weiten pH-Bereich, die
hohe Biokompatibilitdt und die vergleichsweise niedrige Viskositéit gewédhrleisten eine ein-
fache Handhabung bei Konservierung der triplehelikalen Struktur. Aufgrund des geringen
Molekulargewichts musste rCol fiir die Hydrogelbildung chemisch vernetzt werden. Nach
einer ersten Bewertung verschiedener Vernetzungsmethoden wurden zwei Vernetzer ausge-
wihlt und detaillierter untersucht. Der Vernetzer DMTMM synthetisierte feste Hydrogele
ab 10 mg/ml rCol mit einem breiten Festigkeitsbereich (1,5 - >42 kPa) und hoher Porositat,
die ein hohes Quellverhalten ermoglichen, um ein flexibles "Weichgewebepflaster" fiir die
Verabreichung von Medikamenten zu schaffen. Durch die Einbettung Meloxicam-beladener
Mikropartikel konnte eine anhaltende Wirkstofffreisetzung gezeigt werden. Als Wirkstoffde-
pot bietet das Pflaster einen interessanten Ansatz, fiir z. B. die Krebstherapie oder Wund-
heilung, um einen oder mehrere Wirkstoffe simultan oder mit verschiedenen Freisetzungs-
profilen abzugeben. Hybride mit bioinerten Polyethylenglykol ergaben Hydrogel mit
mindestens 5 mg/ml rCol mit zellabweisenden Eigenschaften. Zusammen mit der formulie-
rungsabhéngigen biologischen Abbaubarkeit ist diese Formulierung sehr attraktiv als Bar-
rieremembran in der Chirurgie, um das Einwachsen von Weichteilgewebe nach einer Opera-
tion zu verhindern, ohne dass eine anschlieBende, manuelle Entfernung erforderlich ist.
Dartber hinaus wurden injizierbare Formulierungen fiir minimalinvasive Anwendungen
und far Hautinjektionen im kosmetischen Bereich erforscht. Zusétzlich wurde rCol separat
mit Norborneneinheiten (rColN) und mit priméiren Thiolen (rColS) fir die Photopolymerisa-
tion mittels Thiol-En-Chemie chemisch modifiziert. Es wurde ein hoher Funktionalisierungs-
grad (15-98%) unter Beibehaltung der Triplehelix und einer hervorragenden Biokompatibi-

litat (83-110% Zellviabilitat) erreicht. Alle Derivatisierungsschritte wurden ohne organische
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Loésungsmittel in einer einstufigen Reaktion bei Raumtemperatur durchgefithrt und zeigten
hohe Reproduzierbarkeit und hohe Ausbeuten (82-99%). Die resultierende Zweikomponen-
tentinte aus rColN und rColS zeigte eine Hydrogelbildung ab 2,5 mg/ml rColNS, einer nied-
rigen Photoinitiatorkonzentration (0,3 mg/ml Lithium-Phenyl-2,4,6-trimethylbenzoylphos-
phinat (LAP)) und Belichtungszeiten von wenigen Millisekunden. Im Vergleich zur
radikalischen Kettenwachstumspolymerisation von rColN benétigte rColNS dreimal weniger
Photoinitiator und viermal weniger Kollagen, um ein Hydrogel zu bilden, was mit der hohen
Umsatzrate der Photopolymerisation (86-96%) assoziiert wurde. Insbesondere die schnelle
Gelbildung bei sehr niedrigen und biokompatiblen Konzentrationen an Photoinitiator macht
diese Technologie fur Zellverkapselungsstudien sehr attraktiv. Ein weiteres Highlight war
die unerwartete breite Festigkeit (G' von 0,5 bis >57 kPa), die nach aktuellem Wissen bisher
fiir kein Kollagenhydrogel veroffentlicht wurde und den nichstliegenden Stand der Technik
(16 kPa) um das 3,5-fache tibertraf. Dieser breite Bereich konnte sowohl fiir die Entwicklung
von Weichgewebe als auch fiir steifere Implantate von Interesse sein. Dartiber hinaus konnte
in 2D- und 3D-Experimenten eine ausgezeichnete Biokompatibilitdt mit menschlichen Zellen
sowie eine formulierungsabhéngige und damit einstellbare biologische Abbaubarkeit nach-
gewiesen werden. In 3D-Zellverkapselungsexperimenten konnte die Streckung von mensch-
lichen Fibroblasten innerhalb eines Tages und eine hohe Zellviabilitat in Langzeitkulturen
nachgewiesen werden. rColS war aullerdem in der Lage, temperatursensitive Hydrogele zu
bilden, die hinsichtlich ihrer Reversibilitdt und méglicher Anwendungen untersucht wurden.
Waihrend normale, hochviskose Kollagene auf den 3D-Druck durch Extrusion beschrinkt
sind, zeigte rColNS hervorragende Eigenschaften fir niederviskose Drucktechnologien wie
Stereolithografie und Jetting. Die niedrige Viskositat von rColNS gewéhrleistet eine einfache
Handhabung bei der Verarbeitung bei Raumtemperatur, um hochtransparente Hydrogele zu
synthetisieren. Soweit bekannt, wurden bisher noch keine 3D-Druckversuche mit Stereo-
lithografie oder Jetting unter Verwendung der Thiol-En-Chemie mit einem rekombinanten
Kollagen veroffentlicht die zum Druck stabiler zylindrischer Strukturen fithrten. Die Verar-
beitung der rColNS-Biotinte mit Zellen tiber Drop-on-Demand beeintrachtigte die Zellviabi-
litat nicht. Dariiber hinaus wurde gezeigt, dass der Hybriddruck mit RESOMER® die me-
chanische Festigkeit weiter erhohen konnte, um so den Anwendungsbereich zu erweitern.
Zusammenfassend léasst sich sagen, dass diese Arbeit das neuartige rCol charakterisiert und
verschiedene Vernetzungsoptionen fiir verschiedene biomedizinische Anwendungen evalu-
iert hat. Insbesondere die entwickelte rColNS-Formulierung zeigte eine ausgezeichnete Bio-
kompatibilitdt und ein breites Anwendungsspektrum und wird voraussichtlich einen wichti-
gen Beitrag als hochwirksame, rekombinante und vegane Kollagenalternative leisten, die

den 3D-Bioprinting-Markt in eine nachhaltigere Zukunft revolutionieren kénnte.
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Abstract

Sustainability is becoming increasingly important in today's society to contribute to a
“greener” future.! In material science, collagens represent the most abundant, commercially
used protein family in the global bioprinting market.2 Several drawbacks of standard animal-
derived sourcing require the need for sustainable alternatives.3 In this thesis, a new, vegan
recombinant collagen-like protein (rCol) was characterized for research and evaluation of
various biomedical applications to contribute to the growing demand for novel therapies in
regenerative medicine (improvement of patient well-being and product efficiency). The focus
was placed on implants, medical devices and 3D printing of artificial tissues and organs. To
do justice to these applications, the work concentrated on the development of new types of
hydrogel systems. At the beginning, rCol was characterized and material limitations were
identified (e.g. structural analyses, temperature effects on the protein structure, solubility,
viscosity and biocompatibility). Compared to mammalian collagens, the high solubility (up to
200 mg/ml) in a broad pH range, the high biocompatibility and its comparably low viscosity
ensures convenient material handling while ensuring a triple-helical conformation. Due to
the low molecular weight, rCol required chemical crosslinking for hydrogel formation. After
initial evaluation of various crosslinking methods, two crosslinkers were selected and inves-
tigated separately. The crosslinker DMTMM synthesized solid hydrogels starting from
10 mg/ml rCol with a wide range of storage moduli (1.5 - >42 kPa) and high porosities allow-
ing high swelling ratios to craft a flexible "soft tissue patch" for drug delivery. By embedding
meloxicam-loaded microparticles, a sustained drug release was demonstrated. As a drug de-
pot, the patch offers an interesting approach, e.g. for cancer therapy or wound healing, to
transport one or more active ingredients in one dosage form (with or without different release
profiles). Hybrids of the naturally bioinert polyethylene glycol (PEG) with at least 5 mg/ml
rCol, resulted in a hydrogel with cell-repellent properties. Together with formulation-depend-
ent biodegradability, this formulation is very attractive for biodegradable barrier membranes
in surgery to prevent soft tissue ingrowth after operation without the need for subsequent
manual removal. Furthermore, injectable formulations thereof in isotonic solutions were ex-
plored for minimally invasive applications and as for skin injections in the cosmetic sector.
Furthermore, rCol was chemically modified by thiol-ene chemistry to enable photopolymeri-
zation. rCol was modified separately with norbornene units (rColN) and with primary thiols
(rColS). High levels of functionalization were achieved (15-98%) while maintaining the triple
helix and excellent biocompatibility (83-110% cell viability). All derivatization steps were
performed without organic solvents in one-step reactions at RT and showed high reproduci-

bility and high yields (82-99%). The resulting two-component ink of rColN and rColS showed
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hydrogel formation at low collagen concentrations from 2.5 mg/ml rColNS, a low photoiniti-
ator concentration (0.3 mg/ml Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP))
and exposure times of a few milliseconds. In contrast to radical chain growth polymerization
of rColN, rCoINS required three times less photoinitiator and four times less collagen to form
a hydrogel which was associated with the high turnover rate of the photopolymerization (86-
96%). In particular, the rapid gelation at very low and highly biocompatible photoinitiator
concentrations made this technology very attractive for cell encapsulation studies. Another
highlight was the unexpectedly wide range of stiffness (storage moduli (G') from 0.5 to
>57 kPa), which has not been published for any collagen hydrogel and which surpassed the
closest state of the art (16 kPa) 3.5 times. This wide range could be of interest for both soft
tissue development and stiffer implants. Next, excellent biocompatibility with human cells
(HeLa, NIH3T3, HFF and SW1353 cells) as well as formulation-dependent and thus adjust-
able biodegradability could be demonstrated in 2D and 3D experiments. 3D cell encapsula-
tion experiments demonstrated cellular stretching of human fibroblasts within one day and
great cell viability in long-term cultures. rColS was also able to form temperature-sensitive
hydrogels which were explored regarding reversibility and potential applications. While nor-
mal collagens are highly viscous and therefore often limited to 3D printing by extrusion, the
rColNS showed excellent properties for low-viscosity printing technologies such as stereo-
lithography and drop-on-demand. The low viscosity of rColNS ensures easy handling (in-
creased formulation homogeneity, avoidance of bubble entry) while handling at room tem-
perature to synthesize highly transparent hydrogels. As far as known, 3D printing trials with
stereolithographic processing and drop-on-demand printing have not yet been published yet
using thiol-ene chemistry and a recombinant collagen which led to the printing of stable cy-
lindric structures. Processing rColNS bioink with cells via Drop-on-Demand did not interfere
with the cell viability. Additionally, hybrid prints with RESOMER® were demonstrated to
further increase mechanical strength and extend the range of applications. In summary, this
work characterized the novel rCol and evaluated different crosslinking options for diverse
biomedical applications. In particular, the developed rColNS formulation showed excellent
biocompatibility and a wide range of applications and is expected to make an important con-
tribution as highly effective, recombinant and vegan collagen alternative which could revo-

lutionize the 3D bioprinting market into a more sustainable future.
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1 Introduction

1 Introduction

1.1 Biomaterials

1.1.1 Definitions

Biomaterials are defined by the International Union of Pure and Applied Chemistry (IUPAC)
as materials used in contact with living tissues, organisms, or microorganisms4 and can be
derived from organisms (animals, plants, or microorganisms) or synthetic origin. Biomateri-
als have a wide range of properties. While synthetic biomaterials are often characterized by
high mechanical stability and inertness, biologically derived biomaterials are often charac-
terized by high biocompatibility, low immunogenicity, good biodegradability, and good biore-
sorption.5 Since the first documented use of biomaterials in ancient Egypt as sutures made
from animal tendons, biomaterials have increased in variety and applications.¢ Biomaterials
are specifically designed to interact with biological systems to replace or support body parts
for therapeutic or diagnostic purposes. The development and research of biomaterials is re-
ferred to as biomaterials science or biomaterial engineering. The term biomaterial should not
be confused with the term biomacromolecule, which is limited to biologically derived macro-
molecules such as proteins, nucleic acids, or polysaccharides, and the term biopolymer. The
term biopolymer describes a biomacromolecule with a repeating unit called a monomer
throughout the structure, which is not mandatory for macromolecules per se. The ability of a
material to elicit an appropriate host response in a specific application or to avoid an adverse
effect when in contact with a living system 1s referred to as biocompatibility. In contact with
living cells, the ability of a substance to elicit a specific response from a living material (e.g.
collagen triggers blood clotting when exposed to platelet cells in the blood?8) is referred to as
bioactivity or biological activity (verb: bioactive). When a macromolecule is subjected to an
enzymatic degradation process that reduces its molar mass, this is called biodegradation and
the macromolecule is described as biodegradable. The degradation of a polymer by water
without any contribution from living elements is not called biodegradation but is called hy-
drolysis. In vivo, the correct term for a biologically initiated degradation process is biodegra-
dation. When exposed to cells, bioadhesion or bioattachment may occur. Both terms describe
the adhesion of cells or tissues to the surface of a material. Cell adhesion is usually followed
by proliferation as a biofilm or tissue. In addition, bioresorption describes the biochemical or
biophysical resorption of the biomaterial, which may include catabolic and anabolic pro-

cesses. When manufacturing cellular matrices, the term scaffold is often used. Scaffolds
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generally describe porous matrices with communicating pores for the purpose of culturing
cells and forming neo-tissues for implantation and integration into a living organism. Scaf-
fold formation can be triggered by several effects, including molecular self-assembly, which
involves the spontaneous, thermodynamically induced aggregation of particles without the

influence of an external force (e.g. micelle aggregation or collagen triple helix formation).4

1.1.2 Diversity of biomaterials

Biomaterials can be divided into synthetic and natural biomaterials. While synthetic bio-
materials include materials such as metals, ceramics, and synthetic polymers, natural bio-
materials include biomacromolecules such as proteins, nucleic acids, and polysaccharides
that were originally formed by living matter.® An overview is given in Figure 1-1, and their

subtopics are discussed in more detail below.
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Figure 1-1: Overview of various biomaterials of natural or synthetic origin.

1.1.2.1 Polysaccharide-based biomaterials

Polysaccharide-based biomaterials are made from polysaccharides such as alginate, chitosan
and hyaluronic acid. Depending on the polysaccharide, these materials can be biocompatible,
biodegradable and non-toxic, making them ideal for a wide range of applications. In addition,
these materials can be tailored for a wide range of properties, including mechanical strength,
hydrophilicity, and biodegradability, making them customizable for specific applications.10

These biomaterials can be used in a variety of biomedical applications to create three-
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dimensional scaffolds for skin, cartilage, and bone repair, to provide structural support for
cells, and to enable tissue engineering and the development of artificial organs.!! In the field
of drug delivery, polysaccharide-based biomaterials can be used to deliver drugs to specific
cells or tissues in the body, which can increase efficacy and reduce side effects.1213 Polysac-
charide-based biomaterials are also attractive as wound healing materials for various dress-
ings to promote healing and prevent infection, and as coatings for biomedical implants to
promote biocompatibility. In addition, polysaccharide-based materials can be used as biosen-
sors (for e.g. the anchoring of enzymatic or non-enzymatic detection elements to the electrode
surfacel4) and play an important role in the food industry (starch, pectin and carrageenan as
thickeners, stabilizers and emulsifiers) and in water treatment to remove heavy metals and

other contaminants.10.15

1.1.2.2 Protein-based biomaterials

Protein-based biomaterials are derived from proteins like collagen, elastin, fibrin, laminin,
vitronectin, fibronectin and many more. These so-called structural proteins are the main
component of the extracellular matrix and they form a network that holds tissues and organs
together to give them stability and strength. They are therefore of crucial importance for the
structure and function of the body.16 Because they are biocompatible, biodegradable and non-
toxic, protein-based biomaterials are ideal for a wide range of applications in e.g. medicine,
biotechnology and materials science.l” They can also be engineered for specific properties
such as mechanical strength and biodegradability, allowing them to be tailored for specific
applications like scaffolds for tissue engineering!?, bioadhesion!8 or drug delivery?®. In addi-
tion and in contrast to polysaccharide-based biomaterials, peptides and proteins have several
advantages, including more interaction sites with other molecules or cells (cell attachment,
protein binding, ...) or targeted genetic engineering for application-specific primary sequence
designs.20 The most famous recognition pattern in proteins is the peptide RGD (arginine,
glycine and aspartic acid) which acts as integrin binding pattern for cell adhesion. Another
example is the platelet binding domain for collagen to induce blood clotting.2! In addition,
post-translational folding and modifications create additional unique properties.22-24¢ Depend-
ing on the type of tissue, different material compositions allow tissue specific properties. As
an example, the extra cellular matrix (ECM) of bones consists mainly out of collagen and
minerals to form a stiff and rigid structure, while the ECM of the lung consists mainly of
elastin and fibrillin to enable stretchability and elasticity of the tissue. In summary, proteins

typically have a longer development phase but are more functional for biological interactions.
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In the field of tissue engineering, proteins such as collagen and fibrin can be used to create
three-dimensional scaffolds for skin grafting, cartilage repair and nerve regeneration due to
their cellular interaction properties to rebuild tissue in vivo.2> In medical devices, biomedical
implants can be coated with fibrin, fibroin or collagen to promote cell adhesion and tissue
integration. In the food industry, amino acid polymers such as casein and whey are used as
emulsifiers, thickeners and gelling agents, or are sold as raw materials for the bodybuilding
industry. Overall, protein-based biomaterials offer great potential for use in various fields
due to their biocompatibility, biodegradability, and ability to be engineered to meet specific

needs.524

1.1.2.3 Nucleic acid-based biomaterials

Nucleic acid-based biomaterials are synthetic or biologically derived biomaterials composed
of nucleic acids. While most applications are based on specific deoxynucleic acid (DNA) or
ribonucleic acid (RNA) molecules for transfections and genetic alterations, they can also be
used as biomaterials and are separated in specific applications and biomaterial building
blocks. RNA has recently experienced a boom for temporary transfection during the COVID
pandemic.26 Other gene therapies include cellular delivery of siRNA, plasmids, or viral vec-
tors for the treatment of genetic disorders or cancer?? or targeted drug delivery with DNA or
RNA-based aptamers to reduce side effects of systemic drug administration.28 Nucleic acid-
based biomaterials can also be used in diagnostics for microarrays or biosensors.29 Like pol-
ysaccharides or proteins, nucleic acids can also be used as scaffolds for tissue engineering
applications.?® Ongoing research in nanotechnology (DNA origami) evaluates nanoscale
structures for drug delivery, sensing, electronics, and other applications.3! In the field of syn-
thetic biology, nucleic acid-based biomaterials, such as DNA circuits and synthetic gene net-
works, are explored to create novel biological systems for research and biotechnology appli-
cations. Overall, the versatility of nucleic acid-based biomaterials makes them a promising
area of research with a wide range of potential applications in medicine, biotechnology, and

materials science.32

1.2 Collagen

1.2.1 General information

The term "collagen" comes from the Greek word "koAAa" (kélla), meaning "glue”, combined
with the suffix "-yév, -gen”, meaning "to make”. It was originally used to refer to a glue made

by boiling animal hides and bones.33 Collagens are the most abundant protein family in
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mammals, accounting for 25-35% of total protein mass/body weight. They have a unique tri-
ple-helical structure (see Figure 1-2) and function in many physiological and pathological
processes, including cell adhesion, embryonic development, and tissue regeneration. They
are also the major class of structural proteins in the extracellular matrix (ECM) where they
provide structure, strength, and elasticity.34 In 2007, Schweizer et al. discovered fossilized
bones of a 68-million-year-old Tyrannosaurus rex with intact collagen, highlighting the long
history of this protein family.35 Naturally, the body's production of collagen decreases with
age, but excessive sun exposure, smoking, alcohol consumption, and lack of exercise and sleep

are major contributors as well.36-38
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Figure 1-2: Collagen structure and its strand alignment into triple helix, to form fibrils and fibers.

1.2.2 Proteinogenic functions

Some tissue-specific benefits of collagens include the flexibility, support, and movement of
cartilage or the encapsulation and protection of delicate organs such as the kidneys or spleen;
they fill the sclera of the eye and provide the matrix of teeth that are made as a mineral
composite.39:40 Collagens surround vascular cells and play an important role in blood clotting.
When exposed to platelet cells after vessel damaging collagen induces platelet aggregation
and fibrin clot formation.8 In addition, collagens have cell guiding functions for cell migration,
differentiation, and proliferation and they are critical for embryonic development and regen-

eration.4!
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1.2.3 Collagen types and structure

To date, more than 29 different types (designated by Roman numerals) have been identified
in humans, forming connective tissue, skin, bones, ligaments, cartilage, and tendons.3942 Col-
lagens are also abundant in corneas, blood vessels, intestines, intervertebral discs, and den-
tin (teeth). Type I collagen is the most abundant type in humans (forming skin, tendons,
blood vessels, and bones) with more than 90% total share4344, followed by types II (cartilage),
IIT (reticular), IV (basal lamina), and V (cell surfaces, hair, placenta). Type II collagen ac-
counts for approximately 5% to 10% of the total collagen in the body. It is primarily found in
cartilage and is responsible for providing structure and resistance to compression.4> With a
share of ~1-5%, collagen type III is found in skin, blood vessels, and internal organs.46 De-
pending on the degree of mineralization, collagen tissues can be rigid (bone), compliant (ten-

don), or both (cartilage).47-49

Collagens have a unique structure that can be defined by three features. First, the quater-
nary structure of collagens consists of three left-handed polyproline type II peptide chains
twisted into a right-handed triple a-helix. This is stabilized by intramolecular hydrogen
bonds. Second, the tight, supercoiled triple a-helix structure is atypical for proteins, and it is
only possible because of the repetitive amino acid motif (Gly-Xaa-Yaa), in which every third
amino acid (aa) is glycine, the smallest known aa that fits sterically without altering the
triple helical conformation. Third, Xaa and Yaa are often occupied by proline (Pro) or hydrox-
yproline (Hyp) due to post-translational modifications. In the most abundant collagen type I
10% proline and 10% hydroxyproline is present which sums up to an initial proline content
of ~20% prior to post translational modifications.49:50 According to Pfang et al., the initial
proline content can also reach 25%.51 The triple helix formed can be composed of identical
collagen chains (known as homotrimers, such as collagen II, II, VII, VIII, X) or different
chains (known as heterotrimers, such as collagen types I, IV, V, VI, IX, and XI).4252 The per-
centage of triple helical conformation within a collagen sequence ranges from 96% (collagen

type I) to less than 10% (collagen type XII).39

Based on their structure and supramolecular organization, different collagen subclasses can
be identified. These are fibrillar and network collagens, membrane-associated collagens with
interrupted triple helices (MACITs), fibril-associated collagens with interrupted triple heli-
ces (FACITSs), and multiple triple helix domains and interruptions (MULTIPLEXINSs).53:54¢ To
better understand structural differences, the primary sequences of selected collagen genes

were assembled based on Ricard-Blum (Figure 1-2).39
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Figure 1-3: Structural organization of collagens in regards to their domain composition modified from

Ricard-Blum.39

Collagen type I belongs to the fibrillar subclass and will be defined in more detail due to its
high abundance. It is composed of >1,000 aa, resulting in the longest triple-helical collagen
structure (~300 kDa, 280 pm in length and <2 nm in diameter). Through helical assembly
(fibrillogenesis), collagen type I triple helices can form elongated fibrils (>500 pm in span,
500 nm in diameter, and >107 molecules).54 This assembly is dependent on temperature, pH,
and ionic strength.4® Collagens not only contain triple helical areas but also terminal and
internal non-triple helical regions which extent their functional capacities.?® Collagen type I
synthesis and degradation are regulated by a variety of factors, including growth factors,
cytokines, and mechanical stress. Dysregulation, structural changes, and degradation of col-
lagen production have been implicated in several pathological conditions, including osteogen-

esis imperfecta, osteoarthritis, skin aging, and cancer.5
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Table 1-1: Overview of different collagen types, their chain structure, class, and tissue distribution.

The table was adapted from Sorushanova et al.#? and Ghomi et al.56 Fibrillar collagens are highlighted

in green and bold.

Type Chains Class Tissue distribution
. 1O azD)] Fibrillar Abundant, Dermis, tendon, ligament, cornea, dura ma-
ter, bone, tumor
1I [al(IT)]s Fibrillar Cartilage, vitreous, tendon, intervertebral disc
- [l (TD)]s Fibrillar Skin, aorta, uterus, tendon, intestine, blood vessels,
liver
v multiple MACIT Basement membranes of cell membranes
\% multiple Fibrillar Embryonic tissue, dermis, bone, cornea, hair
VI multiple Network Uterus, dermis, cartilage, muscle
VII [al(VID]s Fibrillar Skin, amniotic membrane, cornea, mucosal epithelium
VIII [al(VIID)]2 «2(VIII) Network Descemet's membrane, endothelial cells
IX [a1(IX) a 2(IX) aa3(IX)] FACIT Cartilage, tendon
X [alX)]s Network Calcifying cartilage (including parts of tendons)
XI [al(XD) a 2(XI) aa3(XD)] Fibrillar Cartilage, intervertebral disc
XII [o 1(XID)]s FACIT Dermis, tendon, cartilage
XIII [al(XIID)]s MACIT Endothelial cells, epidermis
XIv [al(XIV)]s FACIT Dermis, tendon, cartilage
XV [al(XV)]3 MULTIPLEXIN Placenta, kidney, heart, ovary, testis
XVI [al(XVD)]s FACIT Heart, kidney, muscle
XVII [al (XVID)]s MACIT Hemidesmosomes (skin), specialized epithelia
XVIII [a1(XVIID)]s MULTIPLEXIN Kidney, liver
embryonic development, interneurons and formation of
XIX [a1(XIX)]3 FACIT hippocampal synapses, basement membranes, muscle
cell, rhabdomyosarcoma
XX [al(XX)]s FACIT Corneal epithelium, skin, sternal cartilage, tendon
XXI [a1(XXT)]s FACIT Blood vessel walls
XXIT [a1(XXII)]s FACIT Tissue junctions
XXIIT [al(XXIID)]s MACIT Tumors (prostate)
XV (el (KKIV]s Fibrillar Regulation of type I fibrillogenesis, osteoblast differenti-
ation marker
XV [l (KXV)]s MACIT Interaction with B-amyloid plaques in Alzheimer's dis-
ease
XXVI [a1(XXVD)]s FACIT Ovary and testis
XXVII [a1(XXVID)]s Fibrillar Hypertrophic cartilage
XXVIII [a1(XXVIID)]s Beai(:liltﬁla- Schwann cells, peripheral nervous system
XXIX [al1(XXIX)]3 Nonfibrillar Epidermis, lung, small intestine, colon and testis
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1.2.4 Collagen biosynthesis

Collagen is mainly produced by fibroblasts, but chondroblasts, osteoblasts and odontoblasts
are also capable of synthesizing collagen for their respective extracellular matrix (ECM). Col-
lagen synthesis is controlled at multiple levels by growth factors such as transforming growth
factor beta (TGF-B), platelet derived growth factor (PDGF), fibroblast growth factor (FGF) or
insulin-like growth factor (IGF) or cytokines/lymphokines such as interleukin-1 alpha or beta
(IL-1 a,B) or interferon gamma (INF-y).57 Collagen synthesis requires several steps, which

will be discussed in more detail in the following.
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Figure 1-4: Fibrillar collagen biosynthesis.

Transcription and translation: Genes for pro-al, pro-a2 or pro-a3 (containing a central
collagen peptide flanked by pro-peptides and an N-terminal signal peptide) are transcribed
(in nucleus) and translated (in cytoplasm - ribosomes) to form the pre-pro-peptide (a-chain).
The N-terminal signal sequence is recognized by a signal recognition particle (SRP) on the

rough endoplasmic reticulum (RER), which causes uptake into its lumen.58

Post-translational modifications I: Inside the RER lumen, the signal peptide is cleaved
to form the pro-peptide (pro-a-chain). Next, the lysine and proline side chains are hydrox-
ylated by lysyl hydroxylase and procollagen-proline dioxygenase (P4H; uses vitamin C as a
cofactor, oxygen and iron ions) to form hydroxylysine and hydroxyproline. Glucose or galac-

tose monomers are exclusively conjugated to the hydroxylated lysines (not to the
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hydroxyprolines). The twisting of three modified pro-a-chains into a triple helix forms procol-

lagen. Procollagen still has unwound ends that are later truncated.58

Post-translational modifications II: Procollagen is translocated to the Golgi apparatus
where additional glycosylation occurs, followed by extracellular secretion. Extracellular
membrane-bound collagen peptidases remove "loose ends" to form tropocollagen. Tropocolla-
gen molecules self-assemble into collagen microfibrils, which are ultimately crosslinked by
lysyl oxidases (extracellular, copper-dependent oxidases) by introducing aldehyde groups
onto lysine hydroxylysine side chains, which undergo intramolecular and intermolecular al-
dol condensation to link tropocollagen units to form collagen fibrils. Multiple collagen fibrils

can then assemble into collagen fibers.?8

1.2.5 Recombinant collagens

Animal-derived collagens are widely used in many medical applications. To date, animals
remain the primary source (>50,000 metric tons of collagen and gelatin per year).?® According
to a recent market report, the global collagen market was valued at 9.12 billion in 2022 and
1s expected to reach $23.1 billion by 2030 (Compound annual growth rate (CAGR) of 10.8%).
The growth is driven by the increasing demand for collagen-based products in the food and
beverage industry (~ 60%), driven by consumers' health awareness and preference for natu-
ral and organic ingredients.®® In addition, collagen is expected to gain significant market
share in the medical and cosmetics sector (~38%) due to expanding applications, changing
consumer preferences and lifestyles, higher disposable incomes and increased awareness of
health and personal care.6! Although animal-derived collagens are well established materi-
als, accumulating concerns like source availability, stability, quality issues (batch-to-batch
variability, non-sustainability, difficult purification), and the potential of disease transmis-
sion arises the need for recombinant alternatives.é2 In addition, ethical and religious concerns
as well as a global shift towards a vegan diets favor the development of non-animal-derived
alternatives.363.64 So far, recombinant versions from mammalian and insect cells have been
tested but have been found to be too costly for mass production.65.66 Thus, cheaper hosts (yeast
and bacteria) are highly attractive and gain in importance. In addition to lower production
costs, which is one of the key drivers, recombinant collagens have advantages due to their
sustainable origin, scalability of the production system and ease of customization.é2 Molecu-
lar engineering allows the biosynthesis of even rare proteins in large quantities in a sustain-
able and efficient production process.1” As a result, numerous commercially available recom-
binant collagens have been developed over the years, e.g. Cellnest (Fujifilm Manufacturing

Europe B.V.), recombinant human Type I collagen (rhCollagen) from tobacco plants

10
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(CollPlant Biotechnologies); HumaColl21® (vegan human type XXI collagen) or Collume®
(marine inspired vegan collagen) (Geltor Inc.) and VECOLLAN® (Evonik Operations GmbH).
Due to the improved properties, recombinant collagens are investigated for biomedical engi-

neering, such as skin repair, tendinopathy, corneal and cardiac repair therapies.3:67-69

1.2.6 Comparison of collagen and gelatin

Most of the animal derived collagen is converted to gelatin as the slaughterhouse waste is
hydrolyzed with acid or base to release gelatin from bones, skin and cartilage. This process
first denatures the collagen fibrils and degrades the long collagen strands in smaller poly-
peptides which changes the material properties by keeping the amino acid sequence (Figure
1-5). Because the 3D structure of collagen does not need to be preserved, harsh and compa-
rably cheap extraction conditions can be applied which ensure a cheap process and a compa-
rably low price. Compared to collagen, gelatin is water-soluble and is often used as gelation
agent, stabilizer or binder for food applications like gummy bears. Collagen, on the other
hand, is insoluble in water and forms a strong, fiber-like network that holds tissues and or-
gans together and gives them stability and strength.70:71 Collagen also degrades more slowly
than gelatin.” Furthermore, both materials behave differently to temperature. While low
temperatures keep collagen liquid, temperature decrease causes gelatin to form a solid hy-
drogel. Hydrogels will be introduced in the next chapters. By increasing the temperature,
both materials behave vice versa causing gelatin to melt and collagens can form solid hydro-
gels triggered by pH adaptations.”74 Depending on the application, one material can be pre-
ferred over the other. One example is the production of gummy bears where gelatin is highly
preferred due to the cheaper material cost. Another example is 3D bioprinting. While very
fast gelation due to temperature reduction makes gelatin the easier choice for 3D printing,
collagen might outrun gelatin in the biological performance in the long term due to the closer
material properties to native tissues. Although both materials are biocompatible and support
cell growth and tissue regeneration, collagen is closer to the ECM and has higher mechanical
strength and stiffness compared to gelatin. In summary, both materials have their benefits

that justify their use depending on the application.

11
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Figure 1-5: Gelatin production and subsequent gelation thereof.

1.3 Hydrogels

1.3.1 Introduction

Hydrogels first appeared in the literature in 1894, describing a variety of hydrophilic polymer
networks with water as the dispersing medium.?576 They bind high amounts of water (>90%
possible) and their 3D shape is held together by physical effects or chemical crosslinking,
preventing the gel from dissolving during swelling. Physical stabilizing effects include hydro-
gen bonding, hydrophobic or ionic interactions, and chain entanglement. Chemical methods
rely on covalent bonds.”” Hydrogels can be made from natural or synthetic materials. Natu-
rally derived hydrogels have better cell interaction, but often have material-derived problems
such as batch-to-batch variation, limited tunability, or disease transfer. Synthetic hydrogels
on the other hand do not have these downsides, but they often lack biofunctionality. There-
fore, hybrid gels are particularly interesting for tissue engineering and additive tissue man-
ufacturing.’ Furthermore, as degradable matrices, hydrogels are considered as perfect start-
ing point for neo-tissue growth which can allow minimal invasive transplantation via
injections.”:80 Hydrogels have a wide range of mechanical properties that make them attrac-
tive for many applications. By varying the polymer or crosslinker concentration, different
rheological properties, expressed by storage moduli, can be measured (10 Pa to 3 MPa).8! This
adjustable range of mechanical stiffness together with excellent biocompatibility makes hy-
drogels an interesting approach for biomedical applications to mechanically adapt to the sur-
rounding tissue. In addition, high water absorption and great biodegradability contributes to
the attractiveness of hydrogels. Hydrogels’ properties can be tailored using different cross-
linking approaches and some are even stimuli responsive (so called smart hydrogels) which
makes them responsible to environmental changes like pH, temperature, compound concen-
trations, osmotic pressure, light expose and the exposure to specific molecules like glucose or

antigens.””.82 By choosing the material, the crosslinking strategy, the addition of additional

12
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substances, material concentrations and other parameters, different product properties like
mechanical strength, porosity, biocompatibility, and degradability can be adjusted which
opens the field for different applications. 7780 For example, hydrogels used in tissue engineer-
ing should mimic the mechanical properties of natural tissues to support cell growth and
differentiation, while drug delivery hydrogels should have a controlled release rate to achieve
optimal therapeutic efficacy.828 In summary, hydrogels are versatile, highly tunable and
responding scaffold materials which can be used in different applications while maintaining

great biocompatibility.

Table 1-2: Important general hydrogel characteristics (not limited to collagen) and their definitions.

Bioactive properties: Hydrogels can be engineered to incorporate specific bioactive molecules, such as growth

factors or cytokines, that can promote cell proliferation, differentiation, and tissue regeneration.

Biocompatibility: Hydrogels can be engineered to be biocompatible and support cell growth, making them use-

ful in multiple biomedical applications used for tissue engineering, wound healing and drug delivery.

Degradation rate: Hydrogels can be designed to degrade at a controlled rate, which can be important for appli-
cations such as drug delivery or tissue engineering. Degradation rate can be controlled by adjusting crosslink

density, collagen concentration or by incorporating degradable components.

Mechanical properties: Stiffness, elasticity, and toughness can be engineered to make hydrogels suitable for
various applications. These mechanical properties of hydrogels can be controlled by adjusting e.g. the material

composition or the crosslinking density.

Porosity: Hydrogels can be synthesized with varying degrees of porosity, allowing them to be used for different

applications such as drug delivery to serve as a matrix for drug encapsulation and release.

Self-healing: Some hydrogels can self-heal, meaning that they can repair themselves after being damaged. This

property can be useful in applications with repeated mechanical stress.

Stimuli-responsive behavior: Hydrogels can respond to external stimuli such as temperature, pH and light,
allowing control over their properties and behavior. For example, pH-responsive hydrogels can be used to deliver

drugs to specific areas of the body where the pH is different.

Structural Similarity: Structure-dependent functionality can be accessed by using the respective materials
which also naturally occur at the site of action with preserved 3D structures to initialize the desired reaction in

vivo like cell attachment, cell migration and support for tissue regeneration.

Swelling behavior: Hydrogels can absorb and retain large amounts of water, resulting in significant swelling.

The degree of swelling can be tuned by adjusting the chemical composition and crosslinking density.

13
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1.3.2 The role of rheology in tissue engineering

1.3.2.1 Literature review

In tissues, cells are subjected to various mechanical forces, including hydrostatic pressure,
shear, compression, and tension. According to Newton's Third Law, for every action there is
an equal opposite reaction. Adapted to tissues, cell matrices will respond to environmental
changes by adjusting their internal tension through reciprocal actomyosin- and cytoskeleton-
dependent counterforces (scientific term: mechanoreciprocity).8485 This force adjustment in-
fluences the ECM, resulting in changing mechanical matrix properties over time. Force plays
an important role in guiding stem cell fate and controlling embryonic development. Force is
necessary for normal tissue-specific development by controlling organization and function as
well as cell growth, survival, and migration. Its loss can lead to the progression of diseases

such as liver fibrosis, atherosclerosis and cancer.34

1.3.2.2 Quantities and units

When a force (F) is applied to an area (Ao), deformation can occur. The quotient of the two
units 1s called stress (0) and is measured in Newtons per square meter (N/m2), Pascals (Pa),
or pounds per square inch (psi). Strain (€) describes the quotient of deformation by the change
in length (AL = L - Lo) and the original length (Lo) to which stress is applied. The quotient of
stress (0) and strain (€) is called elastic modulus 6 (see equation 1-1), which characterizes the
resistance of an object or material to elastic deformation and is used to quantify the mechan-
ical properties of materials.86
force (F) 1-1

stress (6) area (4,)

strain (¢) change in length (AL)
original length (L)

elastic modulus 8§ =

Depending on the direction of the applied force, different subcategories of the elastic modulus

can be measured (see Table 1-3) and which were visualized in Figure 1-6.

14
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Table 1-3: Overview of different elastic moduli.

Name & description

Definition

Young's modulus (E): material's resistance to de-
formation under tensile or compressive forces (uni-

axial deformation, linear stress)

ratio of stress (force per unit area) to strain (change in
length per unit length) in the linear elastic region of the

stress-strain curve.

Shear modulus (G): material's resistance to de-
formation under shear forces (deformation of shape

at constant volume).

ratio of shear stress (force per unit area) to shear strain
(change in angle per unit length) in the linear elastic re-

gion.

Bulk modulus (K): material's resistance to com-

pression under hydrostatic pressure.

ratio of hydrostatic stress (pressure) to volumetric strain
(change in volume per unit volume) in the linear elastic re-

gion.

Poisson’s ratio (v): material's tendency to expand

in one direction when compressed in another one.

negative ratio of lateral strain (change in width per unit

width) to axial strain (change in length per unit length) in

the linear elastic region.
a g b c d

Figure 1-6: Main mechanical deformations representing tensile (a), compressive (b), shear (c) and tor-

sion (d) deformations. The figure was extracted from Gumaraes et al and reproduced with permission

from Springer Nature.87

To describe a hydrogels resistance to deformation, the shear modulus (G) is mostly used.
When sheared, the material can store some of the applied energy which is described as the
elastic component which is expressed by the shear storage modulus (G’). After relaxation, the
stored energy triggers reverse deformation to return to the initial conditions. In ideal elastic
materials, the energy is released without damaging the material structure, even when mul-
tiple cycles of stress and replication are applied. If the structure is irreversibly damaged by
the deformation energy, the energy is dissipated, for example, by heat, which represents the
viscous part, described as the shear loss modulus (G”). Ideally, viscous materials exhibit an
irreversible deformation behavior that changes the material irreversibly after several stress-
relaxation cycles. G’ and G” are components of the complex modulus (G¥), which is describes
as the material's response to both elastic and viscous deformation. It connects G’ and G” by
the imaginary unit i through the equation G* = G' + iG". An important correlation between

G’ and G” is tangent delta (tan &). This dimensionless quantity describes the ratio of viscous
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1.3 Hydrogels

and elastic shares within a viscoelastic material and is defined as: tan 6§ = G" / G'. It is often
used in dynamic mechanical analysis (DMA) and other rheological techniques to study the
mechanical properties of materials. For an ideally elastic behavior, no viscous portion (G”) is
measured and tan 6 is 0 (G’ > G”). For an ideally viscous behaviors, no elastic portion (G’) is
measured, meaning tan § approaches infinity (G” > G’). When tan 6=1 (during gelation) the
so-called sol/gel transition point is reached. Previous studies suggest the following tan 6 val-
ues for different hydrogel stiffnesses. In case of a weak hydrogel, tan 6 is near 1. A medium
stiff hydrogel is represented by a tan & of between > 0.1 and < 0.5 and a strong hydrogel pro-

duces a tan 6 of < 0.1.8889

1.3.2.3 Correlation of the Young modulus and the shear modulus

The Young modulus (E) can be used to characterize materials, including different tissues
(Figure 1-7). Annealing to the stiffness of native tissues, is important for the development of
artificial matrices for cellular wellbeing and the integration into surrounding tissues in case
of implantation. For softer hydrogel formulations, tensile strength measurements are highly
difficult due to low material integrity as well as the required mechanical sample fixation for
the measurement. Instead, the shear modulus (G) can be measured even for very soft hydro-
gel formulations using a plate-plate rheometer. With the help of Poisson's ratio, the modulus
of elasticity (E) can be calculated using equation 1-2.87 For hydrogels, a Poisson’s ratio (v) of

0.25 - 0.49 can be estimated®®

E
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Figure 1-7: Elastic moduli of different tissues. The graphic was reproduced with permission from

Springer Nature.$4
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1.3.3 Hydrogel Synthesis

1.3.3.1 Physical crosslinking

Hydrogels can be formed by physical or chemical crosslinking methods.?” Physical crosslink-
ing 1s highly structure-dependent and is based on intermolecular non-covalent reversible in-
teractions. They can be based on ionic/electrostatic or hydrophobic/hydrophilic interactions,
hydrogen bonding, crystallization, metal coordination, host-guest interactions and others
(see Table 1-4). Due to their non-covalent interactions, some hydrogels can respond to exter-
nal stimuli such as temperature, pH, light or electric fields. These special forms of hydrogels
are called "smart" or "stimuli-responsive". Some are even self-healing (breaking bonds under
high shear stress and reforming under low stress). Not all physically crosslinked hydrogels
are stimuli-responsive like ionotropic gelation of physical entanglement.??9! Physically cross-
linked hydrogels have several advantages, including high biocompatibility, and ease of syn-
thesis. These properties can be tuned by adjusting the parameters of the crosslinking method.
Stimuli-responsiveness can be useful for drug delivery or tissue engineering applications,
and some formulations allow adjustable degradability over time and injectability. Disad-
vantages include inferior mechanical properties compared to chemically crosslinked hydro-
gels, which makes physically crosslinked hydrogels more prone for breaking or deformation
under stress. Physical crosslinking can also lead to instability over time, as network for-
mation can be reversible. It is challenging to create hydrogels with desired properties or net-
work structures due to non-covalent interactions. Physically crosslinked hydrogels may also
not respond as efficiently or rapidly to external stimuli compared to selected chemically cross-
linked hydrogels, and their weaker mechanical properties may limit their suitability for some
applications, including drug delivery or tissue engineering.”>92 Some example for physically
crosslinked hydrogels are alginate which can be crosslinked by divalent cations, like calcium
(Caz+)93, gelatin® or agarose® which gel and liquify due to temperature changes and ionic
interactions happening between the cationic chitosan and the anionic alginate.? Animal-de-
rived collagens are normally physically crosslinked when heated by self-assembly to form
fibrils (see chapter 1.2.1, Figure 1-2). The process (called fibrillogenesis) is guided by hydro-
gen bond formations and van der Waals forces. Physically gelated collagen hydrogels are
normally quite weak and changes in pH and temperature can alternate the electrostatic in-
teractions and change the properties of formed hydrogels. Thus, chemical crosslinks were
explored to achieve more defined structures, a higher overall stiffness and an increased re-
sistance to environmental, physical parameters.” The recombinant collagen studied for this
thesis (rCol) is not capable of physical gelation which made chemical crosslinking mandatory

to craft 3D structures.
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Table 1-4: Physical intermolecular interactions for hydrogel formation.

Interaction

Description and Examples

Ionic/electro-
static interac-

tions

Tonic interactions occur between charged molecules of opposite charges (like cations & anions)
forming strong bonds. Same charge — repulsion, opposing charge — attraction. Prominent ex-
amples: alginate crosslinked by divalent cations (Ca2*, Ba2* or Mg2*) & polycationic chitosan +

anionic chondroitin sulfate and alginate, or polylactic acid for electrostatic interactions.

Hydrogen
bonds

Most common interaction type; very weak; great stability by multitude of hydrogen bonds; sta-
bilizes biopolymers like DNA or proteins. Other examples: Amides, urea carboxylic acids, pyr-

role and carbazole + pyridine or imidazole.

Hydrophobic/
hydrophilic in-

teractions

Polymers with hydrophilic and hydrophobic areas can undergo sol-gel transition at lower criti-
cal solution temperatures (LCSTs) or upper critical solution temperatures (UCSTs) or when
treated with ultrasonification. Examples: poly(N-isopropylacrylamide) (PNIPAAm) for LCST
and poly(N-acryloyl glycinamide) (PNAGA) for UCST. Fibroin (variance in a-helices and B-

sheets) can be changed by ultrasonification which strongly determines its water solubility.

Crystalliza-
tion/stereo-
complex for-

mation

Polymer chains can align in a regular, repeating pattern, resulting in a more rigid and ordered
structure. Stereo complex formation occurs when two different types of polymers with opposite
stereochemistry interactions meet, resulting in a more stable and ordered hydrogel structure.
The effectiveness depends on factors such as molecular weight, concentration, temperature, and

the number of freeze-thaw cycles.

Metal coordi-
nation / Chela-

tion

Interactions between functional groups in polymers and metal ions. Bipyridyl-functionalized
poly(2-oxazoline)s can be crosslinked with Fe(II), Ni(I), Ru(II) or Co(III) or 3,4-dihydroxy-
phenylalanine (DOPA) functionalized 4-Arm-Polyethylene glycol (4PEG) molecules complexing
Fe(III) ions. Especially the pH is crucial for this kind of interactions.

Host guest in-

teraction

Usually, a host is a molecule with large cavity volume like a-cyclodextrins (CDs) and crown
ethers. Guests with complementary shape can also interact (key-lock principle). A good example

is a a-CD modified PEGs. They are injectable and can be used for controlled drug release.”

- i stacking

-1t stacking by the overlap of electron clouds surrounding aromatic rings, resulting in attrac-
tive van der Waals interactions between the rings. Examples: polyphenylene oxide (PPO), pol-
yethylene glycol (PEG) and polyacrylates. The strength and specificity of the n-mr stacking in-
teraction can be influenced by various factors, like the aromatic ring distance, their orientation,
size and shape. These factors can be controlled through the design and synthesis of the polymer

chains, allowing the synthesis of hydrogels with tailored properties.

Polymerized

entanglement

Also known as physical entanglement or physical interpenetration. In polymerized entangle-
ment, the polymer chains are not covalently bonded to each other, but instead become entangled
due to their high molecular weight and chain flexibility. When the polymer chains are mixed in
a solution and undergo polymerization, they become physically interlocked and entangled,
forming a stable and reversible network structure. Influencing factors are the molecular weight
of the polymer chains, the degree of polymerization, the crosslinking density, and the presence

of additives or surfactants in the solution.
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1.3.3.2 Chemical crosslinking (with focus on collagen)

1.3.3.2.1 Introduction
Chemical crosslinking forms strong covalent bonds that are generally more stable than phys-
ical interactions and less sensitive to environmental changes such as temperature or pH.?"
Variations in material concentration and functional groups per molecule allow finetuning of
material properties such as stiffness, swelling, and degradation. Depending on the functional
groups available in the applied biomaterial, different crosslinking approaches are feasible.
The following is a detailed description of the different chemical crosslinking options for bio-
materials. While some technologies are based on the addition of small molecules or chemical
linkers, others require material functionalizations prior to crosslinking. The most used cross-
linking methods are based on inexpensive and highly reactive chemicals such as formalde-
hyde (FA) or glutaraldehyde (GTA). FA reacts with the e-amino group of lysine and hydrox-
ylysine residues in collagens to form imines, which further react with tyrosine or amide
groups of asparagine or glutamine residues. The reaction results in brittle and toxic products,
as well as toxic by-products that must be thoroughly removed (in the case of GTA), making
it unsuitable for biomedical purposes.® As a replacement for GTA, hexamethylene diisocya-
nate (HDC) has been introduced with fewer toxic side effects in a long-term culture with
human skin fibroblasts.? Also, 3,3-dithio-bis-propionimidate (DTBP) and dimethyl suberim-
idate (DMS) have been successfully tested on collagen with lower toxicity than GTA as well

as polyepoxy compounds with acceptable cytotoxicity.10!

1.3.3.2.2 Activation reagents
In addition, carbodiimides (R1-N=C=N-R2) are widely described and used in literature. An
overview of commonly used carbodiimides is given in Figure 1-8. 1-Ethyl-3-(3-dimethyla-
minopropyl)carbodiimide (EDC) represents a water-soluble carbodiimide which is often used
for biochemical applications such as protein conjugation or protein crosslinking. In combina-
tion with N-Hydroxysuccinimide (NHS) the yield can be increased. The precise reaction
mechanism is depicted in Scheme 1-1. When comparing with previously introduced GTA,
HDC or acyl azide, EDC shows the best results in terms of biocompatibility and tissue regen-
eration.192 As an activation reagent, carbodiimides initiate the reaction but they are not part
of the final linkage.192 In addition, these reagents are often classified as hazardous, and their
byproducts can also be problematic. Therefore, they are not recommended for direct cell con-

tact, but rather for cell-free scaffolds with washing steps prior to cell contact.
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Figure 1-8: Chemical structures of carbodiimide derivatives with IN,N'-Dicyclohexylcarbodiimide
(DCCQ), Diisopropylcarbodiimide (DIC), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-Cy-
clohexyl-N'-(2-morpholino-ethyl)carbodiimid-methyl-p-toluolsulfonat (CMCT) and the triazine deriva-
tive 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM).
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Scheme 1-1: Carbon acid activation followed by primary amine conjugation. An active O-acylisourea
intermediate is formed by the reaction of EDC with a carbon acid in collagen. This step is most efficient
at an acidic pH around 4.5. This intermediate can react directly with primary amines. The instability
of the active ester in aqueous solution allows hydrolysis of the intermediate within a short time. Sub-
stitution with NHS forms a water-stable NHS ester that allows conjugation to primary amines at phys-
iological pH. During the formation of the active NHS ester, an isourea by-product (1-(3-dimethyla-
minopropyl)-3-ethylurea) is formed. During the subsequent substitution of NHS by a primary amine,

NHS is released. This reaction step requires a pH 7.0-9.0.103

EDC/NHS was compared with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM), another carbon acid activation reagent, which shows higher reaction ef-
ficiency even in the absence of pH control, which is essential for EDC conjugation (pH 3.5-
4.5)104 followed by pH increase to slightly alkaline conditions. DMTMM was successfully used
between pH 5.0 and 9.0. Only by going <3 and >10, no crosslinking was observed.1% In addi-
tion, DMTMM is classified as less hazardous than EDC with high yields and low epimeriza-
tion levels.106.107 Also bubble formation during gelation was reported with EDC in literature
which interrupts a homogenous network formations and favors the usage of DMTMM as
crosslinker. It was indicated that traces of ethyl isocyanate (one of the educts in EDC syn-
thesis) could be responsible for the gas formation.198.109 To avoid bubble formation and due to

the described broader pH range, DMTMM was determined as the better choice of crosslinker.
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Furthermore, DMTMM can form amide bonds in alcoholic or aqueous media without ester
formation. The carboxylate anion reacts with DMTMM to form an active ester, which is at-

tacked by an amine or alcohol to form the corresponding amide or ester (see Scheme 1-2).107,110
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Scheme 1-2: Carbon acid activation by the triazine derivative DMTMM followed by substitution with
a primary amine to form an amide bond. NMM = N-methylmorpholine. The leaving group within the

2nd step is called 4,6-dimethoxy-1,3,5-triazin-2-ol.

1.3.3.2.3 Bi- and multi-functionalized linker
GTA is one of the best known crosslinkers in protein chemistry, providing two terminal alde-
hyde functions that can react with primary amines to form Schiff bases. Although the homo-
bifunctionalized linker is cheap, it is classified as a hazardous CMR substance. Polyethylene
glycol (PEG) instead represents a large group of synthetic molecules with different molecular
weights and branches. The terminal alcohols can be derivatized to introduce different side
chains that are interesting for different crosslinking approaches. The material is biologically
inert and cell adhesion or proliferation is only possible with additional functionalizations.11!
PEG itself is FDA approved and is used in a variety of products ranging from highly engi-
neered bioactive formulations to food additives including the functionalization of proteins,
nucleic acids, or hydrophobic drugs to enhance their blood circulation time or to enhance the
solubility in water.1!2 It exists in different molecular weights and can be designed as linear
or branched versions (4-arm, 6-arm and 8-arm derivatives) with different terminal function-
alizations (homo- and hetero-functionalized). Various companies such as JenKem Technology
USA Inc. or Creative PEGWorks offer a wide range of functionalized PEG derivatives. To
enable chemical crosslinking, commercially available 4-fold branched NHS-activated Star-
PEG derivatives were tested with rCol based on a previous publication with animal-derived

collagen!!3 and further results with this chemistry are presented in the experimental part of
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the thesis. Terminally modified NHS esters are known for great reaction efficiencies.1°3 The

underlaying reaction chemistry is depicted in Scheme 1-3.
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Scheme 1-3: (A) Chemical crosslinking of rCol using the NHS activated 4-Arm-PEG linker which re-
acts with primary amines present in lysine side chains to form peptide bonds. (B) Chemical structure

of the 4-Arm-PEG-NHS crosslinker.

1.3.3.2.4 Genipin
Besides synthetic crosslinkers like the Star-PEG compound, more natural crosslinking rea-
gents like genipin are desired. Genipin was first extracted from the fruit of Gardenia jas-
minoides, which describes a small molecule that undergoes a nucleophilic substitution reac-
tion with primary amines and the reactive carbonyl group of genipin. The crosslinking
reaction can be controlled by adjusting the pH, temperature, and concentration of genipin.
The resulting crosslinked protein structures have improved stability, mechanical strength,
and resistance to degradation, making them suitable for various biomedical and industrial
applications. Limitations of this chemistry include potential dose-dependent cytotoxicity
(limited to 0.5 mM)!14, a long reaction time, and the blue color, which is limiting for some
applications. Other interesting natural chemical crosslinkers include nordihydroguaiaretic
acid and tannic acid. Nordihydroguaiaretic acid is a natural polyphenolic compound obtained
from the creosote bush!!® and contains two reactive ortho-catechol groups. In addition to be-
ing a crosslinking agent, it has been shown to have anticancer and antioxidant proper-

ties. 116,117
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Scheme 1-4: Genipin-based crosslinking of collagen.
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1.3.3.2.5 Click chemistry and bioorthogonal click chemistry
Click chemistry, introduced by Sharpless et al. in 2001 and awarded with the Nobel Prize in
2022, refers to a set of chemical reactions that are highly efficient, modular and effective.118
Some of them are listed in Table 1-5. They have fast reaction kinetics, high yields and mild
reaction conditions. Click chemistry is widely used in synthetic chemistry, materials science,
and drug discovery to create new compounds and materials. Some common examples of reac-
tions are the Huisgen cycloaddition, the copper-catalyzed and strain-promoted azide-alkyne
cycloaddition, and the tetrazine click reaction.11® Bioorthogonal chemistry describes chemical
reactions that can occur in living organisms without interfering with native biological pro-
cesses.120 They are often used in chemical biology and biochemistry to study and manipulate
biological systems. Additionally, to the requirements of click reactions, bioorthogonal reac-
tions have addition requirements which differentiates them from click reactions. They must
be non-toxic and their fidelity should not be affected by the plethora of endogenous function-
alities present in cellular media.!?! This class of high-yielding chemical reactions allows rapid
and selective crosslinking in vitro and in vivo without affecting endogenous functional
groups. The origin of bioorthogonal reactions arose from molecular labeling using Staudinger
Ligation in 2000, and the term bioorthogonal was first defined by Bertozzi et.al. in 2003.122,123
Since then, an increase in scientific publications was observed, followed by the Nobel prize
in 2022 which was given to Carolyn R. Bertozzi, Morten Meldal and K. Barry Sharpless for
their development of Click Chemistry and bioorthogonal chemistry as stated above.24¢ Using
bioorthogonal reactions, researchers can introduce specific chemical groups into biomolecules
(such as proteins, nucleic acids, and lipids) and track their behavior in real time. Bioorthog-
onal chemistry also allows specific biomolecules to be selectively labeled and modified with-
out affecting the rest of the system. Besides Staudinger ligation more examples are inverse
electron demand Diels-Alder reaction (IEDDA), aldehyde/ketone-tetrazine cycloaddition, te-
trazine ligation, oxime, and hydrazone ligation.125 A great paper comparing different
bioorthogonal reactions was published in 2019 by Van Hoorick et. al.126 While click chemistry
and bioorthogonal chemistry share some similarities (such as their focus on highly selective
reactions), they have different goals and applications. Click chemistry is primarily used to
create new compounds and materials, while bioorthogonal chemistry is used to study and
manipulate biological systems. In addition, not all click chemistry reactions are bioorthogo-
nal, as some may interfere with biological processes (e.g. toxic catalysts or harsh reaction
conditions), and not all bioorthogonal reactions are click chemistry, as they may not involve
the formation of covalent bonds. For a better overview of different click reactions and their
suitability for biological systems, see Table 1-5. In the following chapters, selected bioorthog-

onal click reactions are described in more detail.
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Table 1-5: Summary of different click reactions (CC) and the separation from bioorthogonal (BO).77.121

Reaction Description and/or examples BO

Tetrazine + aldehyde or ketone — stable triazoline intermediate — amide
Aldehyde/ketone-te- ) . ) )
) . (slower than Tetrazine-click reaction, can require elevated temperatures or yes
trazine cycloaddition .
catalysts to proceed efficiently)

CuAAC azide + alkyne — stable triazole, cupper catalyzed yes
. ) 6 different enzyme classes; mostly ligases; covalently linked, e.g. Tyr + Tyr;
Enzymatic reactions yes
Gln + Lys
ieDDA strained alkene or alkyne + tetrazine — stable cycloadduct yes
Michael additions base-catalyzed thiol-vinyl sulfone or base-catalyzed thiol-maleimide coupling yes
SPAAC azide + alkyne — stable triazole; strain promoted yes
Staudinger Ligation reaction between an azide and a phosphine to form an amide yes
) . . Tetrazine + strained alkene like trans-cyclooctene — stable 1,2,4,5-tetrazine
Tetrazine-click reaction yes
adduct
Thiol-ene chemistry photoinitiated thiol-ene photocoupling yes
Diels-Alder [4 + 2] cycloaddition; Furan + Maleimide no
) o azide + alkyne — stable triazole; 1,3-dipolar cycloaddition, normally organic
Huisgen cycloaddition no
solvent
Schiff base amine + aldehyde or ketone — conjugated imine no

1.3.3.2.5.1 Enzyme-based methods

Enzymatic reactions are attractive because they are fast, highly selective, and easy to gelate
without toxic by-products. On the other hand, residual enzymes can continue to catalyze un-
wanted crosslinking with surrounding tissues in the body, while enzyme removal remains
challenging. In addition, many enzymes depend on cofactors such as Ca?* or cytotoxic com-
pounds such as H202. Although small amounts are required, enzymes can be quite expensive
compared to small molecule-based crosslinkers. Common enzymes are horse-radish peroxi-
dase (HRP; H20:2 dependent) or tyrosinase to crosslink tyrosine side chains, transglutami-
nases to link lysines to glutamine side chains (Ca2* dependent), or exogenous lysyl oxidase to
convert lysine side chains to highly reactive aldehydes that form Schiff bases with other ly-
sine side chains. This third enzymatic reaction is known from collagen maturation.'2?” Within
this thesis HRP, tyrosinase and transglutaminase were tested and led to hydrogel formation
with rCol (data not shown here) but were not pursued further due to the described draw-

backs.

1.3.3.2.5.2 Thiol-Michael Addition
Thiol-Michael addition is a chemical reaction in which a thiol (such as cysteine) reacts with
a Michael acceptor (such as an a,8-unsaturated carbonyl compound) to form a carbon-sulfur

bond in a nucleophilic addition reaction. The reaction proceeds under mild conditions and is
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highly efficient, making it an attractive method for organic synthesis. This chemistry has
been used for various applications, including protein labeling, site-specific conjugation, and
drug delivery. The reaction has also been used in the development of bioorthogonal imaging

and compound sensing applications.

Radicalic mechanisms Catalyst dependent reactions
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Scheme 1-5: Thiol-Michael addition and its different reaction mechanisms as overview.128

1.3.3.2.6 Photopolymerization

1.3.3.2.6.1 General information

Light-induced polymerization occurs significantly faster than chemical crosslinking which is
mandatory to avoid layer crumbling during layer-based printing processes. The use of light
in 3D bioprinting is well established.129 Based on a broad range of photo-activated groups,
several modifications respond upon a light stimulus to trigger a reaction. Radical polymeri-
zations are widespread in bioprinting due to the stability of radicals in aqueous physiological
conditions and their tolerance towards hydrophilic compounds. Also cycloadditions like Diels-
Alder or 1,3-dipolar cycloadditions belong to light-induced crosslinking reactions.!30 Photo-
activated click reactions are separated from the other introduced reactions above due to the
high relevance for this thesis. Benefits of photopolymerization reactions are rapid and light-
triggered mechanism which can happen at ambient temperature and under mild conditions.
This allows the mixture of all formulation components including cells and subsequent mold-
ing thereof followed by the rapid curing upon light exposure which prevents cellular sedi-
mentation. Photopolymerization can happen with two different polymerization mechanisms.
One happens by a chain growth polymerization and the other one by a strep-growth polymer-
1zation process.13! Both mechanisms are compared in the following chapter and advantages

were highlighted.

1.3.3.2.6.2 Radical chain growth polymerization vs. Step-growth polymerization

Light-induced radical formation initiates the reaction of vinyl monomers which undergo
propagation and ultimately termination.132 Generally, the reactivity decreases starting from
acrylate > acrylamide > vinyl ester ~ vinyl carbonate > methacrylate > methacrylamide.133

Most frequently used are methacryloyl monomers. Advantages are their relatively simple
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execution, their robustness, the diverse array of commercially available monomers and the
easy and comparably cheap synthesis using anhydrides.13° Besides (meth)acrylates also
(meth)acrylamides or vinyl esters are common. Material examples are polyethylene glycol
diacrylate (PEGDA) or gelatin methacrylate (GelMA) as well as modified polysaccharides like
methacrylated alginate or methacrylated hyaluronic acid. Regarding the synthesis with
methacrylic anhydride (hazardous substance; GHS05 and GHS07) the formed side product
methacrylic acid (toxic and acidic (GHS05 and GHS06) requires thorough purification to en-
sure material safety. Also, the often-applied high pH could potentially denature or hydrolyze
the applied biopolymer and pH tolerance of the biopolymer should be evaluated beforehand.
Also, several drawbacks regarding radical chain growth polymerization (rCGP) should be
addressed. One is oxygen inhibition (side reaction; propagating radicals and Oz form unreac-
tive peroxides which interrupt the polymerization reaction).134135 Also, radical chain growth
polymerizations are defined by diffusion-controlled reaction kinetics. The movement of radi-
cal sites within molecules is restricted due to the limited mobility of macroradical chain ends.
This results in reaction termination only through propagation reactions, which leaves a sig-
nificant amount of unreacted double bonds.!36 Both parameters (oxygen inhibition and reac-
tion conversion) are critical for the viability of cells during photopolymerization.13° Third, the
reactivity of radical species is locally driven by diffusion which results in high microstruc-
tural heterogeneity which can lead to hydrogel shrinkage which could lead to deformation or
mechanical failure.137.13% Another downside is the creation of hydrogels with extensive cross-
linking, which may result in volume shrinkage. This effect is bad for 3D printing where shape
and volume-fidelity plays an important role.139140 Examples of the step-growth polymeriza-
tion (SGP) mechanism are the thiol-ene chemistry, thiol-yne chemistry or the thiol-Michael
addition, which was described in the previous chapter. Thiol-ene reactions describe the reac-
tion of a thiol with an alkene. The mechanism can occur radical-mediated or base-catalyzed
(Michael Addition). In case of the radical procedure, the radical initiator abstracts the thiol
radical to form a thiyl radical. Next, an anti-Markovnikov addition to the alkene occurs to
create a carbon centered radical which overtakes the radical from near thiol to form another
thiyl radical to repeat the cycle. The reaction is faster with more sterically exposed alkenes.
Especially with norbornenes, the reaction is very fast due to a ring strain relief effects.126 In
2019, Van Hoorick et al. published a comparison of reaction rates: Norbornene > vinyl ether
> propenyl > alkene ~ vinyl ester > N-vinyl amides > allyl ether > N-vinyl amides > acrylate

> acrylonitrile ~ methacrylate > styrene > conjugated dienes.126
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Scheme 1-6: (A) Scheme of photoinitiated rCGP based on methacrylated collagen. (B) Scheme of SGP
based on thiol-ene click reaction using a terminal alkene. The scheme was taken from Hoorick et al.

with minor modifications.126

1.3.3.2.6.3 Advantages of step growth polymerization

The step-growth reaction mechanism has many advantages compared to the rCGP. First,
some alkenes (i.e. norbornenes and vinyl ethers) do not undergo competitive chain-growth
homo-polymerization allowing supreme reaction control yielding in a higher conversion rate
of functional groups and a homogenous network formation.141.142 Second, the high reaction
selectivity allows less shrinkage during crosslinking and less post polymerization. Third, and
in comparison to rCGP, SGP is not prone to oxygen inhibition (rapid radical scavenging by
oxygen molecules) as mentioned before which leads to less hydroxy peroxides and alcohol
formation which can produce better cell viabilities after printing. Fourth, circumventing the
oxygen inhibition consumes less starting material, photoinitiator (PI) and less light intensity.
Also, the required irradiation times were lower than for radical chain-polymerizations. Es-
pecially higher PI concentrations and more light exposure make radical chain polymerization
less attractive for direct cell encapsulation.126.143 A potential drawback of thiol-ene reactions
is the non-bioorthogonal nature of the reaction. Available cysteines on protein surfaces
(~1.7%) could interfere within the reaction.44 Also containing thiols can form disulfide

bonds.145 Nevertheless several cell types were successfully encapsulated using the thiol-ene
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mechanism using human dermal fibroblasts!46, fibroblasts and chondrocytes!4?, mesenchy-
mal stem cells (MSC cells)!48, insulin secreting cells149, or adipose tissue-derived stem cells

(ASCs)150,

1.3.3.2.6.4 The choice of photoinitiator

The selection of a good photoinitiator (PI) is critical. Requirements for biological applications
are aqueous solubility, low cytotoxicity, high efficiency in radical generation by visible, low
intensity light and an excellent monomer reactivity.130.151 Also the absorption maximum, the
response to different wavelengths, the minimal required PI concentration for hydrogel syn-
thesis, the molar extinction coefficient, stability, the GHS classification, the requirement to
add additional compounds like co-initiators, price and the toxicity of the PI before and after
irradiation is important to consider.151.152 PIs can be differentiated into single-photon initia-
tors (1PIs) (Norrish Type I and Type II), two photon initiators (2PI) and initiators which
undergo photofragmentation. An overview of the different options and the underlaying chem-

ical activation is depicted in Figure 1-9.
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Figure 1-9: Different activation mechanisms of different PI types. Reprinted with permission from the

American Chemical Society.!?? Copyright 2023
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Table 1-6: PI comparison. The table was made based on Benedikt et al.'®, Elkhoury et al.’>* and Lee et

al. 130,

Water A €max
PI Chemical structure solubil- Key strengths/ Key Drawbacks ( max) M Ref
nm
ity leml)
12959 High initiation rate, low cytotoxicity
o
(C12H1604) " and immunogenicity / Low initiation 328 296 153
5g
CAS: 106797- HO\/\O OH energy, UV light needed, low water 365 5 155
53-9 solubility
LAP ® -
0 9 yj Good water solubility, UV and VIS 365 218
(C16H16LiO3P) 0 153
P 47 g/l light can be used / low initiation effi- 380 191
CAS: 85073- I ] ] . . 156
194 ciency especially with VIS light 405 30
VA-086
o Low toxicity, good water solubility,
(C12H24N404) H e . .
HO\/\N&N\\N N ~oH 45 g/L high initiation rate / Releases N2 which 375 30 130
CAS: 61551- H )
causes bubble formation
69-7
o Good water solubility, enhanced pene-
tration depth due to VIS light use,
Ru(bpy)s/SPS B
10 g/LL great cell viabilities / sensitivity to air 450 14600 157
and moisture which can lead to degra-
dation and reduced efficiency.
Eosin Y Low cytotoxicity, wide range of absorp- 69800
CAS: 17372- 1g/L tion in VIS range, works with low light 158,159
86500
87-1 powers / a co-initiator is needed
OH
Riboflavin HO. “Son Wide absorption range also in VIS
0.06- ] ] 374 10300 o
(C17H20N+06) OH area, non-toxic, beneficial to cells / re- 160,161
N A0 1.2 g/L , _ 449 12100
CAS: 83-88-5 ;@N/LVNH active oxygen species could be formed

Single-photon initiators (1PIs) from the Norrish Type I undergo photoscission by homolytic
bond cleavage causing direct decay into two primary radicals. They are commonly used due
to their excellent biocompatibility and direct availability after irradiation. Examples are ace-
tophenone and phosphine oxides. Some common 1PIs Type I are 1-[4-(2-hydroxyethoxy)-phe-
nyl]-2-hydroxy-2-methyl-1-propane-1-one (short: Irgacure 2959 or 12959) and Lithium phe-
nyl-2,4,6-trimethylbenzoylphosphinate (short: LAP). Single-photon initiators (1PIs) of the
Norrish Type II undergo a biomolecular reaction where the excited triplet state of a PI trans-
fers energy to a co-initiator (auxiliary molecule, hydrogen donor) to generate secondary rad-
icals.162 Examples are benzophenones, thioxanthones, Eosin Y and Riboflavin. Two-photon
initiators (2PIs) are based on molecules with a m-conjugated system which absorbs two-pho-
tons at the same time which ensures a smaller laser focal volume leading to unprecedented

spatiotemporal resolution (see Figure 1-14). During irradiation, two photons are absorbed
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simultaneously which allow the use of low energy near-infrared (NIR) light which is less
harmful than UV light and allows deep tissue penetration for polymerization under the
skin.163 Photofragmentation happens with selected molecules including azo compounds which
result in photofragmentation of the weakest C-N bond by nitrogen molecule release thus
forming alkyl radicals which initiate radical polymerization. One example is 2,2’-Azobis[2-
methyl-N-(2hydroxyethyl)propionamide] (also known as VA-086).130 Recently Ru!! complexes
(metal-catalyzed radical polymerizations) like the water-soluble tris(2,2’-bipyridyl)-ruthe-
nium(II) chloride hexahydrate [Ru(Il)(bpy)3]2+ reached growing interest due to their activa-
tion under visible light (400-450 nm). Together with sulfate anions like sodium persulfate,
Rulll species are formed as well as SO4 radicals which initiate the polymerization.157.164 A

comparison of commonly used Pls is given in Table 1-6.

1.3.3.2.7 The limitations of physically gelated mammalian collagen hydrogels
Collagen products mainly comprise crosslinked structures to provide the needed 3D structure
as observed from chapter 1.4.6, Table 1-7. In addition to the described disadvantages of mam-
malian collagens (see chapter 1.2.5), the properties of physically and chemically crosslinked
collagens divergent making chemically crosslinked collagens denser and stronger networks
at identical shear stress moduli.’®5 The limited stiffness of physically crosslinked collagen
hydrogels can be challenging for 3D printing as well as the susceptibility to changes of pH
and temperature. By applying chemical crosslinking, researchers identified a reduced degra-
dation rate and the avoidance of cell-mediated scaffold contraction for cartilage repair.166
Furthermore, the thermally driven self-assembly is more difficult to control and could lead
to different product properties. To allow chemical crosslinking on demand, researchers intro-
duced chemical components such as methacrylates for photopolymerization.'¢7 In summary,
mammalian collagens can normally be physically and chemically crosslinked. By using chem-
ical crosslinking, the material is more stable and material properties are easier to adjust the
respective application. Therefore, chemically crosslinked collagens are seen as more relevant

for future developments regarding collagen products.

1.4 Biomedical applications of (collagen) hydrogels

The wide range of biomaterial applications includes disciplines such as chemistry, biology,
medicine, tissue engineering and materials science. In biomedicine, biomaterials are widely
used in implants (artificial hips, knees, teeth and heart valves, stents, vascular grafts, nerve
conduits, breast implants), prosthetics (artificial replacements for limbs and other parts of
the body, artificial ligaments and tendons, bone cement), medical devices (contact lenses,

surgical sutures, clips and stables),drug delivery systems (used to deliver drugs in a
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controlled manner), gene therapy (RNA transfection), tissue engineering (scaffolds, artificial
organs, artificial skin) and biomolecule detection (diagnostic assays, health monitoring).168
Hydrogels are used in a wide variety of fields, including agriculture, food industry and bio-
medical applications. Most research is done in the medical field, as scaffolds for tissue engi-
neering, wound healing, wound dressings, smart hydrogels for drug delivery, antibiotic stor-
age compartments or biosensors. Hydrogel applications can be divided into cell-free hydrogel
scaffolds and cell-loaded scaffolds (see Figure 1-10).85 Cell-free scaffolds are interesting for
dermal, intraocular or cartilage filler, drug delivery, wound dressings and others (bioimag-
ing, biosensing).” Cell-loaded hydrogel scaffolds are used for skin and liver regeneration,
cancer vaccines, the therapy of diabetes, disease models, neo-vascularization and many

more.8% An overview of hydrogel applications was depicted in Figure 1-10.
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Figure 1-10: Hydrogel application overview. Reprinted with permission from a Cao et al.?>

Different applications will be described further in the following with the focus on collagen as
biomaterial. Collagen-based biomaterials are widely used for in vitro and in vivo applications
like food, cosmetics, pharmaceuticals, artificial skin and glue.’® A low immunological re-
sponse, biodegradability, low antigenicity, an excellent biocompatibility and cell growth po-
tential predetermine collagens for medical approaches.!” By using genetic engineering, re-
combinant alternatives could provide multiple opportunities towards new and innovative
material properties enabling a bright and exiting future. Currently, recombinant alternatives
are being investigated for mainly medical applications including dermal fillers;'" wound
dressings;172 microcarriers;!”3 drug delivery applications;% bone void fillers!7¢ and for tissue

engineering scaffolds.175176 Other applications are collagen shields for ophthalmology, dural
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grafts, nerve tubes, ophthalmic shields, and lacrimal plugs.17? According to a query of the
National Medical Products Administration (NMPA) database by Liu et al., more than 30 re-
combinant collagen products have already been approved for market entry in China, with a
strong focus on skin wound treatment (more than 50%).62 To manufacture a collagen product,
formulations as powder, hydrogel or sponge are possible. Most of these applications are not
produced from unprocessed collagen but require post-synthetic crosslinking into 3D water-
insoluble hydrogel structures, which can be further processed into lyophilized sponges,
fleeces and sheets. A comprehensive list of collagen applications has been published by Ku-

mar et al in 2022177 and some applications are described in more detail below.

1.4.1 Drug Delivery

As described above, hydrogels have an extraordinary affinity for water and can absorb large
amounts of it. Thus, dried scaffolds thereof (sponges) can be swollen in a drug solution for
subsequent release at the site of interest over time, reducing the frequency of dosing. Made
from water-absorbing polymers, drugs can be encapsulated and released by absorbing fluids
from the environment. Stimuli-responsive hydrogels can provide precise control of drug re-
lease, especially for drugs with short half-lives or rapid clearance. For example, pH-respon-
sive hydrogels can release drugs in response to changes in acidity, which is useful for deliv-
ering drugs to specific regions of the body such as the stomach or intestine. In addition,
hydrogels can be used for topical applications (especially ionic drugs, skin penetration by
iontophoresis) and mucoadhesive hydrogels for targeted drug delivery. Li et al. analyzed dif-
ferent forms of hydrogels (macro-, micro- and nanogels) and their mesh size dependance on
the release kinetics based on different release mechanisms. Based on the burst release within
24 h and the half-life of different hydrogel delivery systems, the release was categorized by
different release mechanisms. By blotting the data, huge differences were seen showing burst
release and fast drug release for diffusion-controlled mechanisms and low burst release and
retained drug release for degradation-controlled mechanism (see Figure 1-11).82 The use of
conventional drugs and their high concentrations can cause severe side effects, creating the
need for drug delivery systems (DDS) to deliver the drug to its target site of action.1”® DDS
made of polymers, nanoparticles, and lipids are known for attaching or encapsulating drugs
for long-term sustained release.l” Hydrogels can be used to e.g. deliver naproxen for antimi-
crobial properties!s® or NGF-B for corneal regeneration.!8! Injectable hydrogels were tested
for the release of cisplatin for tumor treatment!82 or to deliver growth factors to support

wound healing.183
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Figure 1-11: Drug release property chart of hydrogels. The figure was taken from Li et al. and repro-

duced with permission from Springer Nature.52

Collagens are an attractive option due to their tunable pore size for drug loading, efficient
fibrillar network, susceptibility to enzymatic degradation, in vivo stability, biocompatibility,
low antigenicity, minimal toxicity, and high safety standards.!8* High abundances of car-
boxyl, hydroxyl, and primary amines allow for a wide range of material crosslinking strate-
gies. Some applications comprise the delivery of tetracyclinel8?, growth factors!sé or doxoru-
bicin for cancer treatment.!®? Collagen can be processed as a sponge, (composite) film, as
nano- or microgel, as mesh and many more. Collagen microparticles are used for e.g. the
delivery of glucocorticosteroids.188 A table with a variety of applications has been published
by Amit Kumar Verma in 2022.177 Collagens can also be used as a hydrogel formulation for
sustained release of liposomes loaded with, e.g. RNA.18 or for drug delivery in transdermal
patches.190 Collagen delivery systems with controlled release can be achieved by adjusting
the configuration of the collagen matrix or by attaching other proteins, such as fibroin.191
Collagen has garnered significant attention due to its customizable pore size for drug encap-
sulation, efficient network of fibrils, susceptibility to enzymatic breakdown, in vivo durabil-

ity, biocompatibility, low antigenicity and minimal toxicity.184
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1.4.2 Tissue repair and engineering

Hydrogels can be used as "close-to-in vivo" structures to support the regeneration of skin,
cartilage, bone, nerve, heart, liver, cornea, vascular, dental, muscle, trachea, bladder, tendon
and ligament, pancreatic and other tissues. These results can be achieved by incorporating
relevant cells and additional compounds, including growth factors and antimicrobial agents.
Relevant areas include cancer research, cell therapy, tissue engineering, drug discovery and
personalized medicine.192Collagen, a major component of various tissues in the body, has an
important function in wound healing and tissue regeneration. It can be used in various forms
such as dressings, particles and scaffolds to promote wound closure by moisturizing, absorb-
ing wound fluid, inducing biological responses and facilitating collagen degradation by cells
such as keratinocytes and fibroblasts. Collagen-based products can be combined with growth
factors and antibacterial agents to enhance wound healing.193 In addition, collagen has been
used extensively in orthopedics and sport medicine for bone repair (trauma or disease) where
it promotes cell attachment, proliferation, and growth of new bone tissue. Collagen can be
incorporated into scaffolds with other biomaterials to improve their mechanical properties
and regenerative potential, including bioceramics such as beta-tricalcium phosphate and hy-
droxyapatite, bioactive glass, and other osteoconductive substances.19¢ In cartilage repair,
collagen scaffolds are used to mimic native tissue and facilitate hyaline cartilage regenera-
tion, for example, by adjusting pore structure and degradation rates. Collagen is also used in
tendon and ligament repair.19519 In addition, collagen has been used in studies focused on
muscle tissue regeneration, myocardial regeneration, cardiac stem cell therapy, nerve regen-
eration, corneal regeneration, and vascular research. Injectable collagen hydrogels have
shown promise in vascular network formation. Overall, collagen-based materials offer a wide
variety of opportunities for regenerative medicine and tissue engineering.!? As the main
structural protein in the ECM of hard and semihard tissue, the development of applications
for cartilage or bone tissue engineering was obvious. However, due to the high material
strength of bone, combination products are required, like by including nanosized hydroxyap-

atite (nHA).198

1.4.3 Medical devices

Collagens have been investigated for clinical translation in many medical applications. As a
component of medical devices, collagens are interesting for wound dressings products or bone
void fillers.62 Applied as dressing or gel with or without antimicrobial agents or growth fac-
tors, hydrogels can provide a moist environment to promote healing, absorb wound fluid,

reduce infection risks, preventing scar formation and help to debride necrotic and fibrotic
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tissue. Hydrogel dressings come in various forms and are particularly useful for wounds that
are difficult to bandage. They reduce pain and can be left in place for several days to reduce
the frequency of dressing changes & thus promote faster healing.199 Hydrogel coatings are
thin layers of hydrogel material applied to products to enhance their properties or function-
ality. These coatings improve surface properties such as wettability, adhesion and lubricity,
they modify drug release, prevent biofouling, and enhance biocompatibility. Hydrogel coat-
ings are used in medical devices, contact lenses, textiles, and electronic devices. They can
also be responsive to specific stimuli, such as changes in pH or temperature, and can be en-
gineered to be biodegradable or degrade over time to minimize environmental impact. Fur-
ther research is needed to optimize their properties and ensure safety and efficacy in various
applications.2%0 Collagens’ bioactivity plays an important role in physiology and cellular re-
sponses from cells especially from connective tissue and can be used as a hydrogel to promote
cell adhesion, migration, proliferation and differentiation of relevant cells to promote wound
healing.201 Another type of cell interaction happens with blood platelets which induces hemo-
stasis. Platelets adhere to collagens, aggregate and activate blood clotting. The strength of
this interaction is dependent on both the extent of crosslinking in collagen hydrogels and the
presence of positively charged groups on their side chains. Blocking carboxylic side chains
due to crosslinking eliminates over 98% of the hemostatic activity. Also, the change in con-
formation strongly influences platelet aggregation. Platelet activation is induced by non-de-
natured, fibrillar collagen, whereas denatured collagen (gelatin) does not activate platelet

aggregation.198

1.4.4 Plastic and reconstructive surgery and Cosmetics

The plastic surgery and cosmetic industries have experienced significant growth in recent
years, driven by various factors such as the desire to maintain a youthful and attractive ap-
pearance. Hydrogels are relevant product formulations due to their high biocompatibility,
high water content and low cost. Hydrogel-based beauty masks are claimed to hydrate the
skin, restore elasticity, and slow down the aging process.202 In cosmetics, collagen plays a role
due to their ability to metabolize and replace external collagen with body-own versions over
a period of months, making them ideal for subcutaneous injection as soft tissue fillers to
reduce wrinkles by lifting the skin.203.204 Subcutaneous injections are also used to treat na-
solabial folds and to promote acne scar healing.”0.202 In surgery, collagen containing devices
can be used for suture reinforcement, hernia repair, and in the manufacture of acellular der-
mal substitutes made from decellularized extracellular matrices or collagen scaffolds com-
bined with cells such as keratinocytes and fibroblasts to replace skin defects. They are also

used for breast reconstruction.205206
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1.4.5 Dental applications

Collagen scaffolds can be used in regenerative dentistry, especially for periodontal (teeth sur-
rounding) tissues. In particular, collagen plugs/sponges as hemostatic, resorbable wound
dressings to accelerate healing and collagen barrier membranes to protect epithelial migra-
tion and the ingrowth of pluripotent stem cells are highly important. In addition, bone grafts
and combination with bioactive compounds are under investigation.207 In 2022, Binlateh et
al. published a list of studies on dental collagen applications. They comprise e.g. the use of
collagen hydrogel scaffolds combined with the bone morphogenetic protein 2 (BMP2), show-
ing improved reconstruction of periodontal attachment and increased amount of periodontal
ligament compared to BMP2 alone in beagle dogs.208 Another example used collagen sponge
scaffolds with injected dental pulp stem cells (DPSCs) to demonstrate an optimal support for
bone repair in humans?% or collagen-based barrier membranes to treat bone defects without
showing adverse effects.?10 Using mineralized collagen bone grafts, stimulation of new bone
formation around the dental implant was observed in minipigs with excellent clinical perfor-
mance.?!! In terms of hemostasis and wound healing, collagen plugs have been successfully
tested for accelerated soft tissue healing, reduction of postoperative pain, and increased cell
proliferation.212.213 These findings suggest that collagen scaffolds have promising applications
in dental medicine and may provide an effective approach to promoting tissue regeneration

and restoring dental health.

1.4.6 Biosensors

A relatively new approach is the use of collagen as a biosensor. Biosensors are analytical
devices that measure a change in a biological process by converting it into a detectable sig-
nal.214215 They are classified by the biological component used (enzymes, antibodies, nucleic
acids, cells, etc.) or by the type of signal transducer (electrochemical, optical, mass-based or
piezoelectric).216 The applied biomaterial like collagen forms hereby the hydrogel matrix for
the biological component and the signal transducer. Hydrogel-based biosensors offer ad-
vantages over other types of biosensors, including high biocompatibility, enhanced sensitiv-
ity, high flexibility and conformability, good stability and long shelf life, real-time monitoring,
low cost, and ease of fabrication and use. They can be used for medical diagnostics, food safety
testing and environmental monitoring, and can be integrated with other technologies to cre-
ate more sophisticated sensing systems.217.218 Some hydrogel-based applications include glu-
cose sensing for monitoring blood glucose levels in diabetic patients (glucose oxidase immo-
bilized in an electroconductive collagen matrix).219-221 Another application is the detection of

ethanol or lactate (collagen membranes loaded with alcohol dehydrogenase or lactate
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dehydrogenase).222 Similarly, cholesterol biosensors based on hydrogels have also been de-
veloped to monitor cholesterol levels, which is important for the management of cardiovas-
cular diseases.?23 Hydrogel biosensors have also been used in environmental monitoring, such
as the detection of heavy metals, pesticides, and pathogens in water.22¢ Another hydrogel
biosensor based on aptamer-functionalized hydrogels was developed for detecting thrombin
in human serum.225 Biosensors can be used as well for antifouling electrode interfaces226 or
for high-performance tyrosinase-sensing transistor-based biosensors to detect tyrosinases.227
Hydrogel-based biosensors can also be used for cancer detection. An example was published
by Wang et al. who conjugated anti-HERZ2 antibodies to the hydrogel for selective sensing of
HER2, a breast cancer biomarker.228 A comprehensive overview of identified products is given
in Table 1-7 based on extensive market research. While a few applications are in powder
form, primarily for supplements, the primary applications for the biomedical field are based
on hydrogels and hydrogel-derived sponges. Sponges are primarily used for medical devices
and surgery, where their porosity and 3D structure facilitate cell infiltration and tissue in-
growth, and allow for high water uptake ratios, which can help maintain a moist environment
for tissue regeneration.229.230 Although collagen sponges are the most prevalent product in
the market, there is a need for a better understanding of hydrogels, which offer more research
potential than sponges due to their complexity and compatibility with additive manufactur-
ing methods such as 3D bioprinting. Collagen hydrogels can mimic the extracellular matrix
due to their high water content and are more likely used for soft tissue engineering, such as
skin, nerve, or muscle regeneration, as well as in the fields of cosmetics and wound care. They
have the advantage of being able to be injected or molded into various shapes, which can be

useful for minimally invasive procedures.!7.231,232
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Table 1-7: Examples of some collagen-based products on the market. This list is not exhaustive, and

the products have not been specifically selected, but are merely the result of a broad web search.

Application
field Category Example products Manufacturer
Supplements Powder CollaGEN - O-rtho Molecular Products
Powder Collagen peptides Fitmart GmbH & Co. KG
Orthopedics Sponge Orthoss® Collagen Geistlich BioTnateriaIs
Sponge Parasorb Resodont® Resorba Medical GmbH
Dental Sponge Collacone® or Collafleece® botiss biomaterials GmbH
applications  Fleece Parasorb® Fleece w/ gentamycin Resorba Medical GmbH
Hydrogel Stimulen® Southwest Technologies Inc.
Hydrogel Collasate® w/ or wi/o silver oxide PRN Pharmacal
Hydrogel Woun’Dres® Coloplast Corp.
wound care / Sponge Simpurity collagen dressing Safe n Simple
Sponge Hemopatch Baxter International Inc.
dV:::s?:g Powder/sponge/gel DermaCol™ w/ and w/o silver DermaRite Industries, LLC.
Sponge Puracol® Collagen wound dressing Medline Industries, Inc.
Sponge Suprasorb® C Lohmann & Rauscher
Sponge KOLLAGEN resorh™ Resorba Medical GmbH
Sponge Fibracol® Plus Johnson&Johnson
Collagen particles Medifil® Il Collagen Particles Human BioSciences, Inc.
Cardio- Sponge Omniflow™ || Vascular Prosthesis LeMaitre Vascular, Inc.
vascular Sponge Artegraft® Collagen Vascular Graft LeMaitre Vascular, Inc.
Sponge Avitene™, Avitene™ Ultrafoam™ BD (Becton, Dickinson and Company)
Sponge Hemocollagene Septodont
Surgery Sponge Colo Plug Cologenesis Healthcare Pvt Ltd.
Sponge Integra® Helistat® and Helitene® Integra LifeSciences Corporation
Sponge Lyostypt® B. Braun Conpany
Sponge PROMOGRAN® Systagenix Wound Management Ltd
Film High Prime Collagen Film Dermarssance
Cosmetics Injectable hydrogel Bellafill® Suneva Medical, Inc.
Injectable hydrogel Cosmoderm™ and Cosmoplast™ Allergan, Inc.
Hydrogel CollaGel Hydrogel R Neuromics
Tissue Liquid PureCol® EZ Gel Advanced BioMatrix (A BICO company)
. . Sponge SpongeCol® Advanced BioMatrix (A BICO company)
engineering Liquid / Bioink Fibercoll-Flex-A® Viscofan BioEngineering
Powder/Liquid/Sponge  AteloCell® KOKEN CO., LTD.
Ophthalmol- Film ABCcolla® ACRO Biomedical Co., Ltd.
Sponge ologen™ Collagen Matrix Aeon Astron Europe B.V.
o Liquid ColloRx® Collagen Eye Drops AlfaMedic Ltd.
Drug Sponge Collatamp® G w/ gentamicin Syntacoll GmbH
Delivery Sponge Sulmycin® Implant E Syntacoll GmbH
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1.5 Additive manufacturing

1.5.1 Status Quo and future trends of additive manufacturing

Additive manufacturing (AM, also known as layer manufacturing process, rapid prototyping
or 3D printing (short: 3DP)) was defined in 2012 by the American Society for Testing and
Materials (ASTM) in the document F2792-12a as the process of joining materials to create
objects from 3D model data, typically layer by layer, as opposed to subtractive manufacturing
methods.233 This process can be used to create complex shapes and designs with a high degree
of accuracy and precision. Additive manufacturing is used to create customized prototypes,
tools, end-use products, and many other items in a resource-efficient manner.23¢ In 2014, a
global sustainability perspective calculated a total cost reduction of US$170-593 billion due
to 3D printed alternatives, as well as a reductions in CO2z (130.5-525.5 Mt) and energy (2.5-
9.3 EJ) by 2025.235 AM includes technologies such as material jetting, vat photopolymeriza-
tion, material extrusion, binder jetting, powder bed fusion, sheet lamination, and more. Due
to the wide variety of printing technologies, they can also be separated by their material

origin. An associated list is shown in Table 1-8.

Table 1-8: Selection of standard printing technologies based on their starting material appearance.

Selective Laser Sintering (SLS), Direct Metal Laser Sintering (DMLS), Selective Laser

powder-based:
Melting (SLM) or Electron Beam (Additive) Melting (EB(A)M)

molten material- Fused Filament Fabrication (FFF), which is also called Fuse Deposition Modeling
based: (FDM)

Stereolithography (SLA or SL), Digital Light Processing (DLP), Multi Jet Modelling

liquid material- o ) ) )
(MJM) or PolydJet Printing, Material Jetting (MdJ) or Drop-on-Demand (DoD), Film

based:
Transfer Imaging (FTI)

others: (Laser Metal Deposition (LMD) or Laminated Object Modeling (LOM)

1.5.1.1 Advantages and Disadvantages of AM

Additive manufacturing is not designed to replace traditional manufacturing methods, but it
does expand the range of manufacturing choices. There are three major benefits that can be
broken down into several aspects. These benefits are time and cost savings and increased
manufacturing flexibility. AM can produce complex shapes with fewer materials and less
labor.236 In addition, the increased production speed is of great importance. Having manufac-
turing systems on-site reduces COz emissions for transportation, eliminates waiting time for

delivery of spare parts or their replacement, which reduces costs and ensures lower capacity
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utilization, reduces the need for inventory management, and increases flexibility in material
design.?37 In addition, AM can use leftover materials to build new parts, which can reduce
material waste by 40% compared to traditional methods, and 95%-98% of leftover materials
can be recycled.238 The flexibility to create complex designs, including easy access to changes
in material composition and design, is another advantage for creating, for example, devices
with more strength in one part and more ductility in another.239 This rapid change in proto-
types and their easy functionalization can allow for rapid alignment with customers accord-
ing to their needs. Additive manufacturing can produce complex shapes and designs that
would be impossible with traditional methods (versatility), allowing items to be customized
to individual specifications. Furthermore, AM is much faster than traditional methods and
can be used to create items on demand with minimal waste by using only the materials that
are actually needed for the product.236 Despite the benefits, there are several challenges, ob-
stacles and limitations to consider. These include imperfections, cost, production time, mate-
rial limitations, and size limitations. Imperfections include surface quality and roughness,
which are most prevalent in layer-based methods, and the removal of support structures after
printing.240 Cost issues arise from the partially high prices of AM systems, the materials
used, and mass production (too time-consuming compared to traditional methods).241.242 Alt-
hough many materials are suitable for AM, a few materials, such as magnesium or biode-
gradable polymers, remain challenging and require further research.236 Finally, the printing
time, the size limitations of the printing machines, and the required energy consumption
make AM challenging for major objections compared to traditional methods.243 In summary,
much research is needed to tinker with these limitations, and it is unlikely that AM will
displace traditional manufacturing methods from the market. More likely, they will be used

in combination to produce complex products.236

1.5.1.2 The AM market forecast

A recent global market report analyzes AM market size, shares, and trends by component,
printer type, technology, software, application, material, and other criteria, and estimates
the global AM market size at US$13.84 billion (in 2021) and is anticipated to grow (CAGR of
20.8%) from 2022-2030, resulting in a revenue forecast of US$76.16 billion in 2030. 2.2 mil-
lion printer units will be shipped worldwide in 2021 and the number is expected to reach 21.5
million in 2030. The reason for this increase is the growing demand for prototyping, including
industries such as healthcare, automotive, aerospace and defense. The key companies men-
tioned are Stratasys, Ltd; Materialise NV; EnvisionTec, Inc; Autodesk Inc. and others.244 One
year later, the 3D printing market share, size, trends by component (hardware, software,

services), by e.g. printer type, technology software and other aspects were again evaluated,

40



1 Introduction

which estimated the global 3D printing market size at US$16.75 billion (in 2022) with a
CAGR of 23.3% from 2023-2030, leading to a revenue forecast of US$88.28 billion in 2030.
This strong growth is again driven by the increasing demand for prototyping across multiple
industries. Unlike the previous report, this one evaluates and compares different technolo-
gies and analyzes their growth. Stereolithography dominated the market in 2022 with a rev-
enue share of more than 10%.245 The data from both market reports show a growing market
with an average CAGR of ~22% and an increased expected market revenue within the newer

market report.

1.5.1.3 Bioprinting

Bioprinting is a subsegment of AM. Its market size was valued at US$2 billion in 2022 and
is expected to grow at a CAGR of 12.5% from 2023 to 2030 to reach revenues of US$5.3 billion
in 2030. This market growth is driven by the limited number of organ donors and an increas-
ingly aging population with chronic respiratory diseases. Increasing investments in bioprint-
ing and rapid technological advancements forecast a growing market in the coming years.
The inkjet-based segment accounted for the largest revenue share in 2022 (36%), and mag-
netic levitation is projected to grow at the fastest CAGR of 13.7%, as it is expected to solve
more than 80% of 3D bioprinting errors due to advanced features, improved speed, and pre-
cision. The medical segment accounts for the largest market share in 2022 (37.6%), with an
expected CAGR of ~15% through 2030. This is followed by food and animal products with
~25%, bioinks with ~15%, dental applications, biosensors, and consumer/personal product
testing. For bioprinting, Asia Pacific accounted for a revenue share of 26% in 2022 and is
expected to continue its dominance over the forecast period, mainly due to Japan and China.
North America accounted for a revenue share of 30.9% in 2022 and is expected to lead the
market throughout the forecast period. Key players are focusing on R&D to develop techno-
logically advanced applications to gain a competitive edge. Some of the key players are Cel-
link Global; EnviosionTEC, Inc.; Organovo Holdings, Inc.; Allevi by 3D Systems; Regemat 3D
S.L.; Inventia Life Science Pty Ltd. and 3D Bioprinting Solutions. Other university-based
companies include Formlabs (from the Massachusetts Institute of Technology); Fluicell
(Chalmers University of Technology in Sweden); Poietis (Inserm and the University of Bor-

deaux); and the Wyss Institute at Harvard University.246

1.5.1.4 3D Bioprinting and 3D cell culture

A recent study (September 2022) compared the global market for laboratory animal models,

3D cultures, and organoids, and examined future trends over the next 5 years. The study was
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driven by the shift from classical animal models to 3D cell culture-based alternatives. Animal
studies are an essential part of drug development and safety testing to explore in vitro results
in a more complex tissue environment, leading to better predictions of human physiology
prior to clinical trials. The use of animals in research is guided by the 3Rs initiative (Replace-
ment, Reduction and Refinement) to reduce the number of tests and ensure comparable data
by using inbred strains for highly specific models (genetic homogeneity). The most commonly
used animals are mice and rats, as their small size offers an ideal combination of genetic
proximity to humans, breeding costs and colony maintenance. Driven by factors such as eth-
ical concerns, the desire to personalize healthcare, the need for faster and cheaper screening,

and the ability to enable real-time observation.
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Figure 1-12: Post-printing maturation of bioprinted structures with some test model examples for

evaluation followed by application developments using these established models.

3D cell culture alternatives are paving the way. In addition, simplicity of design, scalability,
and high relevance to human physiology are contributing to growth. This is particularly rel-
evant in areas where the use of animals becomes too costly or problematic for study design.

3D cell culture-derived organoids can mimic organic function and are gaining acceptance.
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Extracted from Figure 1 of the market report reference is the timeline for possible availability
of 3D-printed organs and tissues for humans between 2020 and 2026 (timeframe of PhD the-
sis plus a few additional years), which comprises corneas, vasculature, cartilage tissues, bone
tissues, skin, cancer models and adipose tissue. The figure forecasts applications until 2045
with the heart as last position between 2034 and 2045.247 In Figure 1-12, different applica-
tions of 3D bioprinted test systems are depicted with their maturation phase and the evalu-

ation of printed models.

1.5.2 Bioprinting Methods
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Figure 1-13: Visualization of the difference of bioink and biomaterial inks and the most used technol-

ogies for 3D bioprinting.

To craft scaffolds with cells, two approaches need to be separated (bioink printing and bio-
material printing). While bioinks are capable to include cells and bioactive components like
growth factors for biofabrication, biomaterial inks are used to create biocompatible 3D struc-
tures that can support the growth of cells but do not contain them during the printing pro-
cess.248.249 Ag described earlier, several additive manufacturing methods are known (see chap-
ter 1.5.1, Table 1-8).250 Only some are useful for 3D bioprinting. The most common

technologies are depicted in Figure 1-13 and compared in more detail in Table 1-9.
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Table 1-9: Technology comparison for bioprinting based on previous literature.251-253

Bioprinting technology

Criterium Inkjet printing (Micro)extrusion Laser-assisted SLA
30 to >6%x107
Viscosity 3.5-12 mPa*g25¢ 1-300 mPa*gs256 5-200 mPa*s
mPa¥*g255
Low, Medium,
Cell density High Medium
<5x106 cells/ml 108 cells/m1256
Cell viabil-
80-95%3257 40-92%258.259 >95% >85%
ity?2s1
Resolution 50 pm?260 100 pm - mm?261 10-100 pm 10 pm
Fast
Print Slow Medium
(<1 to >300 pl; Fast
speed?251,262 (100 um/s) (2-1600 mm/s)

1-10000 drops/s)263

Nozzle size

20-150 pm25¢

20 pm - mm

Nozzle-less

Nozzle-less

Working
Non-contact Contact Non-contact Contact
principle
Mechanical )
Low High Low /
integrity
Vertical )
Poor Good Medium Good
structure?s!
Cost?251 Low Medium High Low
Mai Only low viscous solu- Only viscous lig- Metallic residues, Difficult with multi-
ain
tions, weak mechani- uids, bad cell via- costly, time-consum-  ple inks, UV light can
limitation ) ) . ) ) . o
S cal integrity, low cell bility when high ing preparations, damage cells; limited
densities extrusion pressure thermal damage to photo curable inks
Allows cell gradients, Nozzle-free, high res-
Main . Simple, high cell Nozzle-free, high . . .
electronic control over . . . olution, high cell via-
ad- densities resolution, high res-

vantage?253.264

252

drop size and ejection
rate, fast, low cost,

high resolution

works for vascular

tissue constructs

olution, broad vis-

cosity range.

bility, fast printing
time-independent of

complexity

1.5.2.1 Extrusion-based bioprinting

Extrusion-based bioprinting is a type of additive manufacturing where a highly viscous ma-
terial formulation is deposited through a nozzle in a pre-programmed pattern. The technol-
ogy has a comparably bad resolution but allows a high material throughput and the printing
of high cell numbers to create a wide range of tissue types. The most common technologies
are pneumatic, piston-based or screw-based methods. An overview of the three most common
technologies is given in Figure 1-13. Microextrusion printing (LEP) relies on smaller nozzle
diameters which allow higher precision, and which are limited to a slower printing speed
mostly used for non-biological applications but can be used for bioinks as well. The technology

needs slightly viscous bioinks, creates tissues with high cell densities and can be used to print
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vascular structures. On the downside, relatively high shear forces affect cell viability nega-
tively and increasement of print speed is therefore limited. Furthermore, the resolution is
bad compared to light triggered technologies.253.255.265 [iquid Support Bath—Assisted 3D Bi-
oprinting is a relatively new material extrusion printing technology. This technology is based
on a liquid, low viscous ink which is displaced into a liquid support bath by smooth nozzle
movement while trapping the extruded material for further crosslinking in situ.266 This kind
of printing is relevant for soft hydrogels which are generally not self-supporting enough to
use direct in-air printing without viscosity enhancers. This technology is interesting because
adding extensive viscosity modifiers can lead to unwanted material properties.267.268 Liquid
Support Bath—Assisted 3D Bioprinting can be further divided into two subcategories: embed-
ded 3D printing and support bath-enabled 3D printing. Embedded 3D printing is mainly used
to print functional patterns or hollow channels in a bulk structure while support bath-ena-

bled 3D printed is s a promising method to print complex freeform structures.269-271

1.5.2.2 Droplet-based Bioprinting (DBB)

Droplet-based bioprinting (or inkjet printing) offers great advantages due to simplicity and
precise control of deposition including cells, proteins, genes, drugs and other substances and
thus is used in many different scientific fields. The deposit of droplets depends on different
technologies which are outlined in the following.272 The mechanism is based on single droplet
placing down to the nanoliter to picoliter range on an acceptor substrate. The technology has
a higher resolution than extrusion printing and cell gradients can be printed and growth
factors or other proteins can be incorporated. Drop size and ejection rate can be adjusted
allowing variable control over the print construct. This technology is comparably cheap and
allows rapid printing speed. Disadvantages are the need for low bioink viscosities (especially
for picolitre droplets, very low viscosities are needed) and the weak mechanical integrity of
printed constructs. Additionally recent clogging can interrupt the printing process.253 Inkjet
printing can be subdivided into three different subcategories: Continuous-inkjet jetting (CIJ),
Drop-on-demand inkjet bioprinting (DoD) and Electrohydrodynamic jetting (EHD). For CIJ,
the printer head continuously ejects ink through a nozzle by pressure to form a droplet
stream. DoD is preferred over CIdJ for tissue printing because of the selected droplet position-
ing when needed by pressure pulses formed by a voltage signal through a thermal, piezoelec-
tric or electrostatic actuator. In the case of thermal inkjet jetting (TIJ) the pressure is gener-
ated by an expanding printing liquid by heating273.274; piezoelectric inkjet jetting (PILJ) is
based on volumetric change of the fluid chamber273.275 and electrostatic inkjet jetting (ELJ)
generates pressure by electrostatic force.27¢ While most DoD technologies are based on drop-

let ejections by an applied pressure through a nozzle, acoustic bioprinting employs a gentle
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acoustic field to eject droplets from a reservoir.277 This nozzle-free technology allows high cell
concentrations or even cell spheroid deposition without the risk of clogging. Cell viability of
>94% can be achieved, which is higher than current inkjet-based methods (>85%) or extru-
sion-based methods (40-80%). The device itself is said to be small and flexible with respect to
different types of bioinks. Even low-viscosity solutions can be printed with high resolution by
gaining a better understanding of the positioning, fluidity, and 3D morphology of individual
droplets. In a recent publication (2021), the authors printed a small tumor model to demon-

strate a functionality.278

1.5.2.3 Vat-polymerization

Vat polymerization (VP) describes the structure printing from a vat of photo-sensitive resin
through controlled light exposure.130 Depending on the type of light, different technologies
are formed. Starting with stereolithography (SL, also known as SLA, optical fabrication,
photo-solidification, or resin printing) in 1987 as a method to form solid structures from a
layer-by-layer printing procedure by a laser beam?2?, advanced light exposure techniques
emerged such as digital light processing (DLP) and two-photon stereolithography. SL allows
precise resin curing and is typically used to create prototypes and final products with a high
degree of accuracy and detail. Digital Light Processing (DLP) uses a digital light projector
instead of a laser light source. DLP is typically faster than SL, but SL produces resolutions
with sharper details and smoother surfaces.280.281 Two different projection configurations are
known. In the bottom-up configuration, the printing stage moves up and photo crosslinking
occurs at the bottom of the reservoir. In the top-down configuration, the stage moves down
while photopolymerization occurs at the air-liquid interface. Single-photon SL is based on
single photons with high energy which requires high-energy light sources such as UV lamps
and limits the resolution of the printed structures to ~100 pm. A relatively new technology
called continuous liquid interface production (CLIP) where radical-induced crosslinking is
inhibited in a “dead zone” created by oxygen where photoexcited photoinitiators or free radi-
cals get quenched and thus avoiding polymerization.282 Also other types of inhibitors can be
used. This method allows for continuous elevation of the printing platform without the need

for multistep procedures which increases the printing speed significantly.130
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Figure 1-14: a) Top-down vat photopolymerization process (resin is solidified on the resin surface and
cavities are naturally filled with resin) and bottom-up vat photopolymerization (resin is solidified at
the bottom of the vat). b) Graphic depiction of the CLIP: (I) Personalized geometry (II) Constant eleva-
tion of the build platform (III) Resin-filled vat (IV) DLP system with micro-mirrors (V) Light and oxygen
penetrable window (VI) Zone of no polymerization (VII) UV-cured object. The figure was extracted from
Bachmann et al.282 ¢) Overview of different vat polymerization methods. d) Difference between one

photon polymerization (1PP; light with A) and 2PP (light with 2 A) regarding the reaction side.

A newer and more advanced method uses two-photon polymerization (2PP) (also named two-
photon lithography or direct laser writing DLW), which offers tight 3D control over complex
structures while allowing sub-micrometer precision due to the non-linear photophysical phe-
nomenon known as two-photon absorption (2PA).130 The applied femtosecond laser operates
in the near-infrared (NIR) and two low energy photons are used for curing. This allows much
higher resolutions of a few nanometers. The lower energy photons can also penetrate deeper
into tissue or resin for more precise control. On the downside, this technology requires a more
powerful laser and is generally more expensive than 1P-SL.284 One of the main limitations in
vat polymerization is the slow speed of printing in the vertical direction. In case of a cell
containing ink, this can cause cellular sedimentation and thus inhomogeneity and that’s why
most cell-laden constructs are more horizontally distributed than vertically.130 One recently
developed technology is volumetric 3D printing (Xolography) which is based on special pho-

toswitchable initiator which requires light of two wavelengths for activation. Xolography uses
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a laser-generated light sheet (one wavelength) in combination with orthogonally applied, pro-
jected cross-section images with light of another wavelength. Compared to SLA/DLP, Xolog-
raphy relies on high viscosity materials. This eliminates the need for a support structure and
avoids sinking of the build during printing. Advantages of Xolography are high speed (no
moving of the printing plate required, and curing does not have to be completed before mov-
ing to the next layer), high resolution (known from light-based methods, producing a smooth
surface; no subsequent polishing is required), no support structures are required, and mate-
rial diversity is high, allowing stronger and more durable objects with increased polymer

chain length. 285286

1.5.2.4 Laser-assisted bioprinting

The most known technology is called Laser-Induced Forward Transfer (LIFT) which trans-
fers a small amount of substance from a donor to a receiving substrate with a pulsed laser.
By focusing on the thin donor film, the laser beam induces the formation of a high-pressure
bioink bubble by local melting. The bubble is then "shot" onto the substrate layer. Advantages
of direct laser writing are the nozzle-free process which avoids clogging, a high resolution
(microscale), a high printing speed, compatibility with a wide range of bioink viscosities and
single cell droplet printing. Disadvantages are the bioink requirement for fast gelation kinet-
ics and potential contaminations from the absorbing layer in case of metallic surfaces. Also
the technology is comparably expensive, time-consuming in preparation and cell positioning
remains difficult.23 Magnetic levitation 3D bioprinting is another type of additive manufac-
turing that uses a combination of magnetic and optical forces to precisely deposit materials
in a pre-programmed pattern by employing biocompatible magnetic nanoparticles. Before
printing, cells are incubated with nanoparticles which adhere to the cell membrane via elec-
trostatic interactions. Subsequently, these labelled cells are magnetically printed using per-

manent magnetic fields to print 3D patterns (rings or dots).287

1.5.2.5 Others

Other technologies include hybrid bioprinting?28 and 4D printing?8. While hybrid bioprinting
describes the simultaneous use of different material processing methods, 4D (bio)printing
refers to 3D printed constructs that can morph into artificial structures after printing due to

external stimuli such as a change in pH or light.
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1.6 Goal of the thesis

Collagens are the most abundant natural biomaterials for biomedical applications, with
widespread use in tissue engineering, wound healing, drug delivery, and other biomedical
applications. However, due to their high usage and mostly animal origin, sustainable alter-
natives such as the recombinant collagen-like protein (rCol) are highly attractive. The overall
objective of this work is to investigate the synthesis of novel hydrogels based on a vegan rCol
developed by Evonik Operations GmbH and to evaluate their applicability in various biomed-

ical applications.
To achieve this goal, subgoals were defined:

1. rCol characterization to identify performance and handling limitations, such as solu-
bility, 3D structure, viscosity, and biocompatibility.

2. Proof of Concept (PoC) trials for hydrogel synthesis with different crosslinking tech-
nologies to target different biomedical application scopes (drug delivery, cell adhe-
sion, cell encapsulation). Generation of case studies for the most promising technolo-
gies.

3. Chemical functionalization of rCol to explore photopolymerization by thiol-ene chem-
istry due to the conjugation with norbornene and thiol units. The reaction products
shall be tested for hydrogel synthesis. Resulting hydrogels shall be characterized and
tested for 3D (bio)printing.
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2 Results and Discussion

2.1 rCol characterization

Collagens belong to an important and abundant group of structural proteins. Together with
other proteins like gelatin, keratin, silk, fibroin, sericin, elastin, fibrin, dairy-based proteins
(casein, whey proteins) and plant-based proteins (zein), collagens can be used as biopolymers
to craft 3D scaffolds. Compared to saccharide-based biopolymers (cellulose, dextran, chitosan,
etc.), protein-based polymers often have biological interaction domains for, e.g. cell binding
which make them more interesting for biological applications. A very interesting alternative
to commonly used animal-derived collagens are recombinant collagen-like proteins. Two of
these proteins comprise the collagen-like domains of the Scll and Scl2 protein whose genes
are expressed naturally by Staphylococcus pyrogenes. While the Scll gene is known to inter-
act with integrins a261 and a1181 through the sequence GLPGER2%, Scl2.28 does not contain
any known binding sites and is therefore reported as “blank slate”29l. Other Scl2 variants
with altered sequences contain binding motifs like GFPGER, and are able to bind to cells
even as a composite with cell repellent PEG.292 Other researchers modified the Scl2.28 pro-
tein by implementing heparin-binding, integrin-binding, and hyaluronic-acid binding pep-
tides to induce desired biological responses.29 Within Evonik Operations GmbH a recombi-
nant variant of the Scl2 protein was expressed in Corynebacterium glutamicum as disclosed
in W0O2023016890A1, W0O2023016892A1 and W0O2023016895A1 to produce a dried product
with a purity of >95% (RP-HPLC) and a triple helical share of >90% (analyzed by SEC). The
purified product was the basis for this thesis and is abbreviated as rCol in the following. The
goal of this subchapter aimed for a better understanding of rCol. This includes qualification
methods like 1H-NMR, Circular dichroism (CD) spectra and material safety. While the NMR
spectra will be important for the qualification and quantification of later chemical derivati-
zations, CD spectra can confirm collagenous triple helical folding. The material safety was
evaluated by a standard cytotoxicity assay. Quantification methods based on light absorb-
ance methods were tested. The processability was explored by determining the solubility in
common aqueous solutions, the resulting viscosity and the temperature stability. These pa-
rameters are important for the subsequent handling and processing of rCol in the following

chapters.
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2 Results and Discussion

2.1.1 Protein structure

2.1.1.1 Primary sequence

The structure of collagen is unique. The self-assembly of three a-helices into a triple helix
gives the protein exclusive properties. When heated or exposed to acid or base, collagens de-
nature which cause a reduction in toughness and strength as shown for bone.29429 Also while
collagens are resistant to most proteinases, denatured collagen (gelatin) is susceptible to
most proteinases.2% For a better understanding of the explored rCol material, its primary

sequence was depicted in Figure 2-1 with the respective share of amino acids.

Name 3-Letter 1-Letter Class Number » Count, %
O Glyein Gly G Hydrophilic 80
MNHKVHMHHEHEHADEQEEKAKVRTELTQ o n K e
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RGEQGPQGLPGKDGEAGAQGPAGPMGPAG
ERGEKGEPGTQGAKGDRGETGPVGPRGER
GEAGPAGKDGERGPVGPAGKDGONGQDGL
PGKDGKDGQNGKDGLPGKDGKDGONGKDG
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Tip W Hydrophobic 0

MW = 22840.53 g/mol

Total: 240 100 %

Total number of negatively charged residues (Asp + Glu): 35
Total number of positively charged residues (Arg + Lys): 33

Figure 2-1: (Left) Primary sequence of rCol with labelled His tag (grey) and a thrombin cleavage
(green). After enzymatic hydrolysis, the resulting amino acid sequence is underlined. (Right) Displayed
amino acid composition together with the aa share and the number of negatively and positively charged

side chains after cleavage (calculated using: https://www.protpi.ch/Calculator/ProteinTool).

2.1.1.2 Tertiary structure

Based on literature, the collagen’s triple helical structure can be visualized by CD data with
a maximum at ~ 220 nm and a minimum at <200 nm. In the single-stranded, denatured form,
collagens produce a flat curve which anneals zero at 220 nm as shown in Figure 2-2. When
multiple triple helices align to fibrils, a minimum at 210 nm is observed.?97-299 To visualize
the triple helical structure, CD spectra of rCol were recorded in cooperation with Dr. Julia

Wirmer-Bartoschek (Goethe University Frankfurt) according to chapter 4.2.5.6 w/o and w/
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prior denaturation (10 min at 40 °C). Data extraction was done by the author of this thesis
showing a triple helical structure of rCol before denaturation and a single strand structure
after denaturation. This experiment showed that “only” 10 min at 40 °C denatured rCol. To
further investigate the temperature limitations of this material, several CD spectra at
different temperatures were overlayed to achieve a melting curve. This topic will be outlined

in Figure 2-3.

rCol (25 °C)
® rCol (10 min at 40 °C)

Normalized CD at 215 nm
[mdeg]

Wavelength [nm]

Figure 2-2: Normalized and smoothed CD spectrum of rCol. The sample (0.1 g/kg) was prepared in
50 mM sodium phosphate buffer pH 7.2 with in a thermomixer for one hour at 20 °C. A more detailed

description, signal normalization and smoothing was described in chapter 4.2.5.6.

2.1.1.3 Melting temperature

When exposed to temperatures between 30 and 40 °C, most collagens are known to denature
(triple helix to single strands; see Figure 2-2) forming gelatin.300:301 This effect is only par-
tially reversible for animal-derived collagens and is influenced by different factors like incu-
bation time, temperature and chain length.302-304 The melting temperature (Tw) is defined as
the temperature where 50% of the protein triple helix is unfolded into a single strand. This
value differs depending on the type and origin of the collagen.305 While fish-based collagens
show a generally low thermal stability (structural changes occur already above 28 °C), some
collagens show melting temperatures of above 40 °C.305 For human collagen type I Leikina et
al. identified denaturation below body temperature (37 °C). Even 36 °C caused complete un-
folding over time. For Collagen type III, a further reduced T of 35 °C was determined. This
effect is assumed to happen due to the number of posttranslational modifications, especially
hydroxyproline, whose increase is associated with an increased thermal stability of triple

helix, 306,307
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In a publication from 2022, Fujii et al. observed a change in melting temperature of a partic-
ular collagen from zebrafish by the exposure of extracted fibroblasts to different tempera-
tures (18 °C to 33 °C). The researchers correlated the formation of hydroxylysine with the
exposure temperature which led to 26% hydroxylysine share when cultured at 18 °C and 49-
50% when cultured at 33 °C. Additionally, the Tm changed from 34.2 °C to 36.4 °C.3% To iden-
tify the capability of triple helical formation and its unfolding, CD spectroscopy represented
an excellent and precise technique. CD spectra of rCol were performed by different tempera-
tures, and overlayed to a melting curve. A detailed procedure is given in chapter 4.2.5.6.
While lower temperatures did not affect the protein structure, higher temperatures caused
denaturation. A Tw of 33 °C was obtained from the fitting curve for rCol. Therefore, the rec-
ommended usage conditions of rCol should not exceed an incubation temperature of 30 °C.
Direct usage as a media component for cell culture applications or direct injection within the
human body could comprise the biological activity due to triple helical disintegration. In or-
der to maintain the 3D structure at these temperatures, chemical crosslinking was of great
interest. Furthermore, follow up experiments in chapter 2.2.2.2.1, Figure 2-14 showed signif-
icant changes in hydrogel formation and hydrogel stiffness when the reaction temperature
was changed which led to much lower stiffnesses when the triple helix was partially or com-

pletely denatured prior to crosslinker addition.
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Figure 2-3: CD melting curve of rCol with a sigmoidal curve fitting using GraphPad Prism 9.4.1. From

the resulting formula, a melting temperature (Tm) of ~33 °C was calculated.

2.1.1.4 Refolding

Animal-derived collagens are known for their physical gelation due to pH shifts to allow self-

assembly by hydrostatic interactions including Van der Waals forces.304309 rCol showed no
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2.1 rCol characterization

signs of physical gelation in a wide range of tested parameters including pH, temperature
and concentration. It was assumed that the rCol strand was too short to build sufficient hy-
drogen bonds to stabilize the 3D structure. When heated the material untwined into single
strands. To explore refolding properties, denatured rCol was incubated at different tempera-
tures and different concentrations for 20 h. The resulting solutions were analyzed by size
exclusion chromatography and the change of area responding for the triple helical confor-
mation in accordance with the remaining peaks was observed over time. After denaturation
the formed single strands folded back into their triple helical conformation in a concentration
and temperature dependent matter (see Figure 2-4). The higher the concentration the higher
the refolding ratio within the same time. While a temperature of 30 °C led to nearly no re-
folding at any tested concentration, the refolding increased up to 90% of triple helical struc-
ture when the temperature was decreased to 4 °C or 10 °C, respectively. This data aligned
with the determined melting temperatures via CD which indicated denaturation starting
from 30 °C. To allow refolding, a temperature between 4 °C and 10 °C can be used for 20 h,
maintaining a minimal concentration of 20 mg/ml to yield maximal folding. The refolding

behavior observed in this study could be reproduced in subsequent studies (data not shown).
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Figure 2-4: Temperature-dependent rCol refolding. This graph was taken from patent WO
2023/016892 Al. The information was reproduced with permission from the authors. A 40 g/L rCol so-
lution was unfolded at 40 °C, split up and further diluted to concentrations from 1-40 mg/ml. The sam-
ples were incubated at different temperatures (4-30 °C) for 20 h and analyzed via size exclusion chro-
matography. The relative share of triple helical conformation was calculated based on the peak

integrals compared to the remaining peaks (data not shown).
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2 Results and Discussion

2.1.2 Physicomechanical Characterization

2.1.2.1 Isoelectric point

Solubility describes a critical material property which is important for, e.g. protein crystalli-
zation, bioprocess and application development. Proteins are normally dissolved in aqueous
solution or in buffer to stabilize the 3D structure. Although proteins often possess great water
solubility, this is not always the case. Varying from milligrams per milliliter like serum al-
bumins (>500 mg/ml), also totally non-soluble proteins like crambin are known to litera-
ture.310.311 The solubility itself is influenced by extrinsic and intrinsic factors. Extrinsic fac-
tors comprise the pH, ionic strength, temperature, and the presence of additives, whereas
intrinsic factors are defined primarily by the protein’s secondary structure which defines the
protein-solvent interface. Especially with proteins, the three-dimensional structure can
change in different solvents resulting in protein denaturation. For aqueous solutions the pH
plays a significant role especially for molecules with a zwitterion character. A zwitterion or
dipolar ion is per definition a molecule with two or more functional groups which are posi-
tively and negatively charged. By having functional basic or acidic groups, amino acids and
proteins are good examples for zwitterions. In an aqueous environment, carboxylic side
chains (present in glutamic and aspartic acid side chains) tend to deprotonate (dissociation
of protons), and amines tend to protonate (present in lysine side chains). At a certain pH,
positive and negative charges are even in number resulting in a zero net charge which makes
the protein unable to move in an electric field (like using sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis; short: SDS-PAGE). This pH is called the isoelectric point IEP, pI).
Knowing the isoelectric point for a protein provided a first understanding of the pH-depend-
ent solubility in an aqueous environment and helped to identify an appropriate pH range.
Matching the pl of a protein results in protein precipitation due to zero net electronical
charge. The pl can be determined experimentally by isoelectric focusing or by calculation.
Here, different online tools were applied to calculate the pl of rCol which led to similar values,

which were listed in the following. One calculated example curve was depicted in Figure 2-5.

e https://web.expasy.org/compute_pi/: 5.49
e http://isoelectric.org/calculate.php: 5.41
e https://www.protpi.ch/Calculator/ProteinTool: 5.50
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charge, z

pH

Figure 2-5: rCol titration curve calculated with Prot pi I Protein Tool. The tool calculates a pI of 5.5

and a slightly negative net charge at a pH of 7.4 with z = -2.5.

2.1.2.2 Solubility

Laboratory experiments (not published here) have demonstrated the usage of rCol in differ-
ent aqueous buffer systems with a broad pH range around pH 7.0. To further define the sol-
ubility, an adaptation of the procedure described by Wu et al. was applied.312 A 200 mg/ml
stock solution was prepared in three different dilutants at RT (ddH20, phosphate-buffered
saline (1XPBS) pH 7.4 and HEPES bufferwq pH 8.0). The UV absorbance of the solution was
measured before and after centrifugation (see Figure 2-6). No visible pellet was observed
after 30 minutes of centrifugation at 21,300 rcf and no UV signal loss was measured. This

indicated that all three buffer systems can dissolve properly rCol at 200 mg/ml.
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Figure 2-6: rCol quantification before and after centrifugation. A 200 mg/ml rCol solution was pre-

pared in different aqueous solutions followed by centrifugation (21,300 rcf; 30 min). The absorbance

before and after centrifugation of the supernatant was measured at UV (A=280nm) via nano drop.
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2 Results and Discussion

2.1.2.3 Viscosity

Common animal-derived collagens like rat-tail collagen (rtCol) or bovine collagen (bCol) often
have high viscosities which hampers material handling and its homogenization with addi-
tional compounds. In their application note No. 376, Eppendorf states that a fluid with
<200 mPa*s can be still transferred using a classic air-cushion pipette.313 Special pipetting
tips and transfer techniques (reverse pipetting) are mandatory to avoid material loss and
bubble entry for higher viscosities which produces additional cost. Regarding applications
like bioprinting, bubble entry can harm encapsulated cells, hinder homogenous network for-
mation and limits microscopy by light refraction. To analyze the viscosity of animal-derived
collagens, a rat-tail collagen (Advanced BioMatrix; PhotoCol®) was tested as reference and a
flow curve was recorded by using a plate cone setup within an AntonPaar rheometer as de-
scribed in chapter 4.2.6.3.1 leading to Figure 2-7 (chapter 2.1.2.2). To identify the linear range
of the viscosity/shear rate, several measurements at different shear rates were needed. All
concentrations showed a shear-thinning effect which didn’t end up in a constant horizontal
viscosity value. According to literature, animal-derived collagens show the characteristics of
non-newton fluids which is caused by an increase in collagen macromolecule interactions,
leading to the increase in the entanglement of the chains.314 Finally, the linear range could
be identified (Figure 2-7; Al), enabling the extraction of the final viscosity value for each of
the concentrations tested (Figure 2-7; A2). For comparison, the measurement was repeated
with rCol dilutions in ddH20 from a 100 mg/ml stock solution. While both collagens (animal
and non-animal) showed an exponential, concentration-dependent increase in viscosity, the
animal-derived collagen rapidly exceeded the value of 200 mPa*s at a concentration of
4 mg/ml rtCol. The threshold of 200 mPa*s is defined as a suitable viscosity for standard
pipetting tips according to Eppendorf Application Note 376.313 rCol, on the other hand,
showed a more than 350x lower viscosity at the highest tested concentration of 100 mg/ml
rCol in comparison to rtCol. These values are very beneficial as they allow an easy handling
of the rCol solution at higher concentration (100 mg/ml, <70 mPa¥*s), and thus enabling effi-
cient crosslinking due to an improved diffusion of reactants. It was assumed that the aberra-
tion in viscosity relied on the reduced molecular weight of rCol (~23 kDa for rCol and
~300 kDa for rtCol). While rtCol formed sufficient electrostatic interactions for physical ge-
lation, rCol lacked this property, which may be conditioned by the shorter chain length and
molecular weight. The lack of post-translational hydroxylation and the resulting absence of
stabilizing hydrogen bonds by hydroxyprolines was not associated with a change in viscosity
but rather is expected to alternate the stability of the protein and to change parameters like

the melting temperature.
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Figure 2-7: Viscosity determinations of different rCol and rtCol formulations. The viscosity was ex-
tracted from the linear range of recorded flow curves which were recorded with an Anton Paar MCR
502 WESP system with plate-cone set-up (N = 3). (A1) Flow curves of different rtCol formulations (1-
10 mg/ml in 20 mM acetic acid). Blue dotted boxes indicate the extracted linear range for figure A2.
(A2) Blotted linear range with the standard deviation from at least 3 neighboring data points (N = 3).
(B1) Recorded flow curves of different rCol formulations (6.25-100 mg/ml dissolved in ddH20) and the
average viscosities of five neighboring data points within the linear range (N = 3). (B2) Flow curves

were recorded at 4 °C for rtCol and at 20 °C for rCol. All data was normally distributed.
2.1.3 Protein quantification

2.1.3.1 UV/VIS detection by absorbance measurements

Nuclear magnetic resonance (NMR) and mass spectrometry (MS) are effective methods for
structure elucidation and compound quantification, but they require expensive equipment

and may not be accessible to everyone. UV/VIS absorption spectra are commonly used to
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2 Results and Discussion

quantify deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and proteins. DNA has an ab-
sorption maximum at 260 nm, while RNA and proteins can be detected at 280 nm due to the
absorbance maxima for the amino acids tryptophan and tyrosine.315316 Here, different con-
centrations of rCol were prepared at RT and the absorbance at 280 nm was measured at RT
using a NanoDrop™ device to reduce the sample volume in comparison to a multiplate
reader. A linear signal-concentration correlation was detected for rCol concentrations up to
100 mg/ml. The limit of detection for this technology was determined at <2 mg/ml which most

probably resided in the rare appearance of tyrosine per molecule (1 Tyr/molecule).

2 y = 0.0555x% + 0.0424
o R? =0.9992

Absorbance at 280 nm
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Figure 2-8: Absorbance spectra of different rCol concentrations in ddH20O between 0.01 mg/ml and
100 mg/ml. The absorbance was measured using a NanoDrop™ One/One€ (Thermo Scientific™) with

2 ul per sample. ddH20 was used as solvent and as background control.

2.1.3.2 Colorimetric assays

To reduce the limit of detection, two more sensitive, colorimetric assays were tested. (Brad-
ford and BCA assay). Bovine serum albumin (BSA) was used as sample reference. While both
assays demonstrated signal-concentration correlations for BSA, only the BCA assay worked
for rCol in the tested concentration range. Also, the general sensitivity was higher for the
BCA assay. For rCol, the Bradford assay did not show a signal increase compared to the
background up to concentrations of 10 mg/ml and thus was neglected. The BCA assay allowed
rCol quantification down to 20 ug/ml and was used as complement assay to UV absorption to
cover the rCol range between 0.025-2 mg/ml. By increasing the rCol concentration further
the Bradford assay might show an extractable signal but exploration thereof was neglected

due to the faster and cheaper UV measurement demonstrated above.
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Figure 2-9: Colorimetric rCol quantification by using the BCA Assay (left) and the Bradford Assay
(right). BSA was used as a reference. ddH20 was used as solvent and as background control. A polyno-

mial fit was performed where possible.

2.1.4 Biocompatibility

To determine potential toxic effects of rCol, an assay to measure the metabolic activity of
cells was performed (see Figure 2-10). With increased rCol concentration the viscosity of the
test solution increased. To avoid viscosity-based effects on the cell viability like a potentially
reduced diffusion of nutrition, a max. concentration of 40 mg/ml was used. A correlation
between an increase in rCol concentration and a decrease in viability was detected. Still, very
good viability values with respect to the control group were detected (87% - 103%). The ex-
periment could be repeated with higher rCol concentrations to determine the L.Cso value. This
was neglected due to the concentration-dependent increase in viscosity which was associated
with a slowed down diffusion and a reduced viability. According to the ISO Norm 10993-5,
the threshold for materials safety equaled a min. of 70% viability which was exceeded within
this experiment for all sample groups. Resulting, the LDso value was >40 mg/ml rCol. In
summary, this chapter showed the protein sequence’s ability to form a triple helix, and the
material was evaluated as non-toxic and usable for the direct contact with living cells. In
summary rCol is a novel, recombinant, bacterial-derived collagen which was evaluated as
interesting alternative for animal-derived collagens which are currently used as collagen
standard. In Table 2 1, major differences to standard mammalian collages were listed. Major
differences were found in the hydroxyproline content, the molecular weight, the rheological

behavior and the solubility.
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Figure 2-10: Cytotoxicity determination of rCol via CellTiter-Glo® assay with HelLa cells. The assay
was performed according to the manufacturer's protocol (see chapter 4.2.3.1.2). Untreated HeLa were
used as control (100% viability). The defined threshold for safe medical devices by ISO Norm 10993-5
of 70% was depicted by a red dotted line (N=3). All data was normally distributed. A homoscedastic

two-sided Student’s t-test was performed (*, **, *** represent a < 0.05, 0.01, and 0.001, respectively).

Table 2-1: Comparison table for mammalian collagens like rtCol from Cellink and bacterial collagens

like rCol. Advantages were highlighted (green).
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Criterium Mammalian collagens rCol
Hydroxyproline Yes No
Triple helix Yes Yes
Thermal stability T = ~30-35 °C317 Twm =~33-35°C
Refolding possible? Yes317 but partially Yes
Average molecular weight 300 kDa 23 kDa
Solution non-Newtonian fluid Newtonian fluid
Needed pH for solubility  3.0-3.8 (0.02 M acetic acid) 6-8 in 1xPBS
Solubility limit Up to 20 mg/ml Up to 200 mg/ml

Viscosity (10 mg/ml)

>25,000 mPa*s

~ 1.5 mPa*s

Toxicology safe safe
Price Expensive Cheaper
Disease transmittance Possible No




2.2 rCol crosslinking

2.2 rCol crosslinking
2.2.1 Introduction

2.2.1.1 The need for chemical crosslinking

In the previous chapter, the high solubility, low viscosity and processability were highlighted
of rCol along with the solubility at neutral pH while maintaining the triple helical structure
with its reversibility after denaturation. Identified disadvantages were the temperature sen-
sitivity and lack of physical gelation known for animal-derived collagen when heated to 37 °C.
Instead of physical crosslinking, the rCol solution denatured into single strands. Therefore,

to craft 3D structures, chemical crosslinking was mandatory.

2.2.1.2 Technology evaluation

To enable chemical crosslinking, relevant functional side chains within the material must be
identified and quantified. According to the introduction of this thesis, the most accessible and
commonly used side chains in proteins are carboxylic acid groups, primary amines and pri-
mary thiols. These functional groups are present in aspartic acid (Asp), glutamic acid (Glu),
lysines (Lys) and cysteines (Cys). Other functional groups, such as alcohols, are much more
difficult to access and may require more reactive compounds. Due to the lack of cysteines
within the sequence, natural crosslinking via thiols is not an option. Within chapter 2.3.2.1
high abundance of lysine (9.17%) was quantified via 1H-NMR spectra (Figure 2-38). Further-
more, the high number of carboxylic acid side chains (14.6%), made amide bond formation a
very attractive crosslinking attempt for a theoretically high variance of network densities.
Different crosslinking technologies were established in the beginning of this thesis (Table
2-2). Although all technologies resulted in hydrogel formation, most technologies were ex-
cluded from further investigations. As described in chapter 1.3.3, Glutaraldehyde has several
downsides which limits its usage. To still connect only primary amines, a PEG-based active
ester was tested further based on a previous publication with animal-derived collagen.113
PEG represents a bioinert, FDA approved material which is commonly used in a wide field
from cosmetics to medicine!l2 and can be exchanged theoretically by another spacer polymer
to generate application-specific rCol copolymers (see chapter 1.3.3.2.3, Scheme 1-3). When
comparing EDC/NHS and DMTMM, which work similar, DMTMM was chosen as a target
linker due to the described problems with EDC/NHS (see chapter 1.3.3). Another reason for
this choice was the observed gas bubble development during gelation using EDC/NHS (data

not shown) which were associated in literature with an EDC side product which disrupted a
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homogenous hydrogel formation as described in chapter 1.3.3.2.2.108.109 Both technologies
have the unique feature of being no direct crosslinker but rather an activation reagent for
carboxylic acids which theoretically allows a crosslinker-free hydrogel product in case of com-
plete turnover. Enzymatic reactions are commonly considered as fast and environmentally
friendly. To name some advantages, they do not require chemical solvents and allow reactions
at reduced temperatures. Nevertheless, enzymes are difficult to remove after the hydrogel
synthesis, and they do not lose their chemical activity due to their role as catalysts. This
could lead to unwanted, additional crosslinking within a biological system and could compro-
mise homogenous hydrogel network formation. Although enzymes like transglutaminase
were successfully tested, the described issues with enzymatic removal and the elevated prices
for enzymes shifted the focus to other technologies. In summary, the DMTMM and the 4PEG-
SG crosslinker were selected for further characterization including but not limited to the

physical limitations of formed hydrogels and their biological performance.

Table 2-2: Successfully tested crosslinking approaches for rCol.

Technology Covalent linkage formed Needed functional groups
Glutaraldehyde Schiff Base 2x Lys (R-NHz)
4PEG-SG Amide bond 2x Lys (R-NHz)
EDC/NHS Amide bond 1x Lys (R-NHz2) + 1x R-COOH
DMTMM Amide bond 1x Lys (R-NH2) + 1x R-COOH
Transglutaminase Amide bond Gln (R-CONH3?) + Lys (R-NHbs)

2.2.2 DMTMM induced crosslinking

2.2.2.1 The formulation optimization

The applied molar ratio (MR) of rCol to crosslinker (XL) was based on the molar ratio of the
functional side chains of each compound. For the DMTMM crosslinking, the carbon acid side
chains in rCol were activated and reacted with the primary amines in rCol (see chapter
1.3.3.2.2, Scheme 1-2). For this crosslinking chemistry, the absolute number of acidic side
chains in one mol of rCol was compared to the number of functional side chains within one
mol of DMTMM. While one molecule of rCol contains 35 acidic side chains + one terminal
COOH group, DMTMM contains only one reactive center per molecule. To achieve an equimo-
lar ratio (1:1), one molecule of rCol was added to 36 molecules of DMTMM. In the following
the MR of different formulation is always depicted in the following format: MR of functional

side chains in rCol to functional side chains in crosslinker (1:X).
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2.2.2.1.1 The gelation range
To identify the minimal, required concentrations of rCol and DMTMM for hydrogel synthesis,
different combinations thereof were tested (2.5 — 50 mg/ml rCol; MR range of 1:0.1 — 1:3). For
this crosslinking chemistry, a broad reaction efficacy without the need for specific buffer sys-
tems was described in literaturel® to allow chemical crosslinking at e.g. at neutral pH (7.0-
7.5).318 If not stated otherwise ddH20 was used as solvent for the reaction. In an upside-down
vial test different formulations were prepared in 2 ml HPLC vials according to chapter 4.2.4.
Constant turning of the sealed vials at RT showed gelation within 24 h for most cases. Insuf-
ficiently gelated samples moved according to gravity during turning of the vials. An example
of the assay was given in Figure 2-11, A and the resulting evaluation of the screening in
depicted in B. The reaction kinetics were evaluated as slow due to gelation within the minutes
to hour range. This allowed the application of higher rCol concentrations including thorough
homogenization prior to hydrogel formation. To keep the water content high and to reduce
material cost, a rCol concentration range of 10 - 40 mg/ml was recommended for further ex-

periments.
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Figure 2-11: (A) Examples for the upside-down vial test with 300 ul formulation each in a sealed 2 ml
vial. Gelation was visualized by the immobilization of the formulation when turned upside-down. (B)
Results of up-side down vial test with selected formulation of rCol and DMTMM. Sample vials were
incubated at RT for 24 h with 300 pl formulation each. Gelation and no sufficient gelation were visual-

ized with different colors.
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2.2.2.1.2 Biocompatible MRs of DMTMM
DMTMM is a hazardous substance like most chemical linker (LDso 1.091 mg/kg in rats).319
High equivalents thereof might be counterproductive for the direct contact with tissues and
might require washing steps in between. By directly implementing the drug of interest within
the patch during crosslinking could lead to drug release during subsequent washing steps,
which makes washing undesirable for the application of a tissue patch for drug delivery. To
determine the recommended molar ratio (MR) of DMTMM, a leachable experiment was per-
formed. Identical samples were prepared according to chapter 4.2.4.3 and further processed
according to chapter 4.2.3.2. Briefly, fully gelated hydrogels were washed thrice with cell
culture medium and pre-seeded fibroblasts were exposed to the washing solutions within a
cell viability assay. Data showed formulation-dependent, cytotoxic effects of the first extrac-
tion solution. Higher concentrations of rCol and DMTMM resulted in a lower viability. The
measured viability increased by exposure to subsequent washing solutions (2rd and 3rd wash).
Exposed to the 1st washing solution, human foreskin fibroblasts (HFF) showed exceptionally
low viabilities of <20% for hydrogels made of 40 mg/ml rCol and a MR of 1:3. By decreasing
the MR of DMTMM, the cell viability increased (80% for 1:1 ratio and 87% for 1:0.5 ratio).
For formulations made from 20 mg/ml rCol, the detected cytotoxic effect of all washing solu-
tions was lower. Also, single washing was sufficient to result in normalized cell viability val-
ues of >80% for all tested formulations which surpassed the threshold of 70%, which was
required to evaluate a medical device as safe according to the ISO Norm 10993-5. To reduce
the cytotoxic potential, a maximal MR of DMTMM of 1:1 was recommended for further de-

velopment steps.
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Figure 2-12: MTS cytotoxicity assay of washing solution of different hydrogel formulations exposed to
HFF cells. 220 pl hydrogel was washed 1 h at 37 °C with 440 pl culture medium. Seeded HFF cells were
exposed to washing solutions for 24 h each. The threshold defined by ISO Norm 10993-5 was indicated
by a dotted red line at 70% normalized cell viability (N=3). All data was normally distributed.
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The results obtained in this study indicated differences in the cytotoxicity profile of the hy-
drogels, due to the safety nature of the crosslinker used. Nevertheless, the study indicated
that after a proper manufacturing process safe material can be produced. To finally confirm
the non-cytotoxicity of those hydrogels, additional testing might be necessary, like a leacha-
ble/extractable assay according to the ISO-10993-12/18. This assay is used to evaluate the
cytotoxicity of medical device products mimicking final usage conditions, such as exposure

time and extraction media of the medical device.

2.2.2.2 Mechanical characterization

2.2.2.2.1 Rheology
Rheological properties are critical to potential applications. Due to the unknown gelation
kinetics of different formulations, simple endpoint measurements are not target-oriented. To
measure the reaction time required for maximum conversion, the reaction kinetics was ob-
served by shear modulus measurements using the ElastoSens Bio™ instrument as described
in chapter 4.2.6.3.2. The measured shear storage modulus (G') and shear loss modulus (G")
were shown in Figure 2-13 (A) for three example formulations. The final stiffness, resulted
from the max. turnover of the reaction, was extracted from the y-value of the linear portion
of the G' curve. The corresponding x-value described the required incubation time according

to the applied reaction temperature of 25 °C.
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Figure 2-13: (A) Gelation kinetics expressed by shear storage moduli (G’) and shear loss moduli (G”)
of 20 mg/ml rCol crosslinked with different MR of DMTMM. (B) Shear Storage Moduli (G’) of fully
gelated rCol hydrogel formulations extracted from the plateau phase of the online kinetic measure-
ments using the ElastoSens Bio™ instrument by using DMTMM activation reagent (N=2). All data was

normally distributed.
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As described in the introduction, the triple helical structure is crucial for the material
strength. Based on chapter 2.1.1, Figure 2-3, rCol started to denature starting from 30 °C.
To determine the change in gelation and final stiffness, a selected formulation (40 mg/ml
rCol; DMTMM; MR 1:1) was crosslinked at different temperatures (see Figure 2-14). To en-
sure a max. degree of folding, the used rCol stock solution was incubated for 24 h at 4 °C (in
alignment with chapter 2.1.1.4, Figure 2-4). Prior to adding DMTMM, the mixture of ddH20
and rCol was incubated for 15 min at the respective reaction temperature to initialize triple
helical change. 15 min was chosen due to the successful usage of that timeframe in chapter
2.1.1.2, Figure 2-2 to denature rCol. The change in rheology was monitored by the Elas-
toSens™ Bio at the desired reaction temperature. By increasing the reaction temperature,
the mechanical strength increased from 15 °C up to 25 °C reaction temperature. The increase
in stiffness was hypothesized to be the results of different reaction kinetics. The duration
until the final stiffness was reached lasted longer at 15 °C. DMTMM is known to hydrolyze
over time which might have competed with the crosslinking reaction which might have led
to lower stiffnesses. To validate this hypothesis, staining experiments with ninhydrin were
performed later in this thesis (see chapter 2.2.2.2.2). Further temperature increase led to a
reduced final stiffness starting from 30 °C and let to no hydrogel formation at 37 °C. These
findings correlated with the measured melting curves of the triple helix (chapter 2.1.1, Figure
2-3) which demonstrated small amounts of triple helical unfolding at 30 °C and complete
unfolding at 37 °C. It was assumed that the elevated reaction temperatures interfered nega-

tively with the crosslinking reaction by denaturing collagen.
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Figure 2-14: (A) Max. measured stiffness at different reaction temperatures for 40 mg/ml rCol cross-
linked by a MR of 1:1 DMTMM. Respectively 2 ml sample were used and analyzed with the Elas-
toSens™ Bio. (N=2). All data was normally distributed. A homoscedastic two-sided Student’s t-test was

performed (*, **, *** represent a < 0.05, 0.01, and 0.001, respectively).

67



2.2 rCol crosslinking

To increase the validity of the temperature-dependent gelation, other established crosslink-
ing technologies were tested like the rCol/PEG composite at different temperatures which
also demonstrated a change in rheology with reaction temperatures between 30 °C and 37 °C.
In summary, the stiffness of DMTMM crosslinked rCol hydrogels can be adapted in a broad
range in alignment with the final applications. By restricting the MR of DMTMM to max. 1:1
and using a collagen concentration of 20-40 mg/ml, a stiffness range of 1.5 kPa — 30 kPa was
identified. By further reducing the rCol concentration, even lower stiffnesses were expected.
To further understand the correlation of stiffness and the rate of formed crosslinks within

the synthesized hydrogel a colorimetric assay was used in the following chapter.

2.2.2.2.2 Network density
The hydrogel stiffness was assumed to correlate with the intramolecular and intermolecular
covalent bonds which formed during the synthesis. To better understand the correlation, one
rCol concentration (20 mg/ml) was crosslinked with different MRs (1:0.1 — 1:3). By normaliz-
ing all data on the absorbance signal of non-crosslinked rCol, a MR dependent share of free

NH: groups was detected (see Figure 2-15, A).
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Figure 2-15: (A) Reaction efficiency determination via ninhydrin staining using 20 mg/ml rCol in
ddH:20. The experiment was repeated twice. (B) Correlation of data from (A) and the measured shear
storage modulus G’ of the respective formulations. The formulations were indicated by the numbers 1-
5 comprising the MRs of rCol to DMTMM of 1:0.1 to 1:3 (N=5) A polynomial fit was added with Excel.

All data was normally distributed.

While a 1:0.1 ratio reduced the NHz signal by 10% (compete turnover), a 1:0.5 ratio led to
44% signal decrease and a 1:1 ratio a signal decrease of 62%. By increasing the molar ratio
to 1:3, a signal decrease of 91% was measured. Next, the rate of modified primary amines

was correlated with the final stiffness of the resulting hydrogels demonstrating an
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2 Results and Discussion

exponential increase in stiffness with increased crosslinks (see Figure 2-15, B). Based on the
high ratio of primary amines present in rCol compared to animal-derived collagens (described
in the introduction) much higher stiffnesses were expected by chemical crosslinking. In sum-

mary, a correlation of hydrogel stiffness and network density was detected.

2.2.2.2.3 Porosity and swelling
In the introduction, a great porosity was correlated with great swelling properties. To visu-
alize internal pores, synthesized hydrogels (according to chapter 4.2.4.3) were freeze-dried
(according to chapter 4.2.4.8) and imaged using Scanning Electron Microscopy (SEM) (ac-
cording to chapter 4.2.6.2). Obtained data gave a first prediction about the swelling capacities
as well as the liquid update due to the visualized porosity. As a reference, a commercially
available animal-derived collagen sponge was tested (Geistlich BioGride). The animal-de-
rived reference patch showed a fiber like structure with a more closed surface and an unde-
fined inner porosity. Determination of the average pore size was neglected due to the lack of
defined pores. The DMTMM crosslinked rCol sample showed a generally hollower structure
with more holes in the surface, and a more homogenous pore distribution of similar shape
(see Figure 2-16). The diameter of 10 inner pores was measured with the software Imaged

which resulted in an average pore size of ~150 um with a standard deviation of ~70 um.

surface cryobreak

Reference,
Geistlich BioGride

20 mg/mlrCol,
DMTMM 1:3

Figure 2-16: SEM pictures a DMTMM crosslinked collagen sponge vs. an animal-derived reference

product (Geistlich BioGride).

To further explore aberrations in porosity, different formulations were analyzed ranging from
25 mg/ml — 50 mg/ml rCol with two MR of DMTMM (1:0.4 and 1:0.8). SEM imaging of all
samples looked similar by observing the surface and the cross-section (see Figure 2-17, A).
To identify differences, the diameters of 25 pores per sample were measured using Imaged

and categorized in different size cluster (see Figure 2-17, B). All formulations showed
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2.2 rCol crosslinking

comparable pores with diameters of <200 pm. A difference was observed in the medium (201-
399 um) and high (400-700 pm) pore size range. While a MR of 1:0.8 led to similar pore di-
ameters for all concentrations of rCol, the tested MR of 1:0.4 resulted in bigger pores by de-
creasing the rCol concentration (25 mg/ml > 40 mg/ml > 50 mg/ml). The bigger the pores in
the sponge microstructure, the bigger was the expected swelling behavior. In summary, all
collagen sponges made from rCol showed a comparable macro- and microstructure. The pore
size was adjustable by altering the formulation and the number of crosslinks, which showed

a bigger pore size by decreasing the MR of DMTMM and the rCol concentration.
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Figure 2-17: (A) SEM imaging of the interfaces between surface and cross-section (1 mm scale bar)
and the cross-section (500 um scale bar). (B) Pore size share within the different tested formulations
(N=2). 25 pores were analyzed per sponge with the software Imaged. (C) Representative DMTMM
crosslinked rCol sponges made from 25 mg/ml rCol and a MR of 1:0.8.

Swelling properties were important for collagen patches or sponges because they can affect

the performance of the product. Regarding wound healing, a high swelling can help to
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2 Results and Discussion

maintain a moist environment for wound healing. This can also help to control bleeding and
exudate in the wound area. Also the mechanical properties are highly effected such as their
strength and elasticity. This can impact how well the product fits into the wound site and
how it interacts with surrounding tissues. Furthermore, the swelling properties of collagen
sponges or patches can affect their drug delivery capabilities. If the sponge or patch swells
too quickly or too much, it may release incorporated substances like drugs too quickly in case
of diffusion-based release mechanism and impaired swelling might not release the drug ef-
fectively. Therefore, a good understanding and controlling the swelling properties was im-
portant for optimizing their performance for the developed drug delivery patch. To test the
swelling capacities sample specimen were prepared based on different formulations as de-
scribed in chapter 4.2.4.8. Subsequent swelling in 1XPBS at 37 °C showed differences in the
resulting wet weight (see Figure 2-18). A high equilibrium swelling ratio (720%-2280%) com-
pared to literature (~650%)320 was measured within the first 30 min which remained constant
for at least two days. A formulation dependent difference in swelling was observed with a
clear trend. The higher the MR and the rCol concentration the lower was the resulting water
uptake. Here, only two rCol concentrations (20 and 40 mg/ml) and three MR (1:3, 1:1 and
1:0.5) were tested. By extending the formulation range even broader equilibrium swelling
ratios were expected and can be explored in future attempts for product specific applications.
By blending in other materials like chitosan (25% collagen and 75% chitosan) swelling ratios
of 2348% 321 or even 4036%322 were published. With NaCl as porogen, a recombinant human-
like collagen expressed in E.coli (crosslinked with transglutaminase) demonstrated a swell-
ing ratio of ~ 3250%.323 Blending rCol with these materials (especially hyaluronic acid (HA))
or applying pore forming agents could be interesting to increase the swelling capacity of the
product further. The high swelling ratio makes DMTMM crosslinked sponges interesting for
products with a high fluid absorption capacity. Increased swelling by using less DMTMM
could also simplify regulatory approval. By correlating this data with the measured pore size

in the previous chapter showed a correlation of increased swelling with bigger pores.
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Figure 2-18: Swelling ratio of rCol sponges crosslinked with DMTMM after submersion in 37 °C
1XPBS. Gentamycin was added to avoid bacterial growth (N=3). All data was normally distributed. A
homoscedastic two-sided Student’s t-test was performed (¥, **, *** represent a < 0.05, 0.01, and 0.001,

respectively).

2.2.2.2.4 Degradation
The time-dependent degradation of rCol hydrogels is an important parameter to estimate the
long-term stability of the product as well as the biodegradation in vivo. Especially for tissue
remodelling, a tissue-specific degradation pattern is highly desired to build up body-own ma-
trices while the incorporated matrix is degraded. Two different degradation experiments
were performed for this thesis: hydrolysis and enzymatic degradation. Test specimen were
prepared according to chapter 4.2.6.6.1 and freeze-dried according to chapter 4.2.4.8 followed
by exposure to 1XPBS buffer at 37 °C for two weeks. The dry weight before wetting was com-
pared to the re-dried hydrogel sponge after different timepoints. Generated data for hydrol-
ysis were depicted in Figure 2-19 (A). After one day of incubation, an initial weight loss was
documented for all test specimen, which increased slightly with higher rCol concentrations
and strongly with a higher initially applied molar ratio of DMTMM. It was assumed that
remaining DMMTM and its side products were washed out of the hydrogel after synthesis.
Most cases demonstrated a stable remaining weight without further weight loss for the re-
maining incubation time. The reason for the increasing weight gain with 20 mg/ml rCol sam-
ples by reducing the MR of DMTMM remained unclear. In summary, all samples showed
hydrolytic resistance within two weeks test time. Enzymatic degradation is important for in
vivo applications. Here a mixture of enzymes (secreted by C. histolyticum) was applied with
a strong enzymatic activity.32¢ The enzymatic mixture was chosen instead of a human colla-
genase due to the common usage325.326 and the comparable kinetics to matrix metalloprotein-
ases.32” The two main enzymes are collagenase and clostripain.328 Different types of collagen

are natural substrates for collagenases. Here collagen hydrogel sponges with identical
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hydrogel shapes were pre-swollen in reaction buffer (50 mM CaClz in 0.1 M TRIS-HCI pH
7.4) and exposed to the enzyme mixture at 37 °C. The decrease in wet weight was documented
over time (see Figure 2-19, B). The used samples showed no weight loss over an incubation
time of 24 h except for one formulation (40 mg/ml rCol, MR of DMTMM of 1:0.5) which led to
the assumption, that the produced samples were resistance to the exposed enzymes. For fu-
ture experiments, other metalloproteinases should be tested as well to get a broader under-
standing of the material degradation. Not all MMPs recognize identical aa patterns thus,
enzymatic degradation might occur with other enzymes. Additionally, longer incubation
times could be tested to intensity effects. In summary, DMTMM crosslinked rCol samples
didn’t show hydrolytic or enzymatic degradation under the tested conditions. Further inves-
tigations are recommended to verify this effect. The stability of these products makes them
an interesting approach for implants or other applications which benefits from a strong ma-

terial integrity over time.

A 140.0 B 120

120.0 100

100.0 30
80.0 60
60.0

4
40.0
20.0 2
0.0

1:1 1:05/ 1:3 1:1 1:05 1:1 1:05 1:3 1:1 1:0.5

(=R )

Remaining dry weight (%)

Remaining wet weight (%)
o

40 mg/ml Vecollan 20 mg/ml Vecollan 40 mg/ml rCol | 20 mg/ml rCol
MR (rCol:DMTMM) MR (rCol:DMTMM)
mld m7d ml14d H1lh m4h m24h

Figure 2-19: (A) Hydrolysis over two weeks (N=1). (B) Enzymatic hydrolysis via Collagenase (from
Clostridium histolyticum) over 72 h incubation time at 37 °C. Freeze dried hydrogels with identical,
initial hydrogel volume were swollen in Collagenase buffer for 24 h followed by fluid replacement by
buffer with enzyme (N=3). Sample groups with missing data at different timepoints mean complete
hydrolysis. The sample description describes the applied concentration of rCol followed by the molar
ratio of functional groups within one mole of rCol compared with the ratio of functional groups in one

mole crosslinker or activation reagent (N=3). All data was normally distributed.

73



2.2 rCol crosslinking

2.2.3 rCol/PEG composite

2.2.3.1 Background

One of the main benefits of hydrogels is the high-water content which is associated with a
great biocompatibility. Made by a collagen-like protein (rCol) and a bioinert PEG-linker the
product was expected to achieve bioinert and biodegradable hydrogel properties which could
be used as a pure material or in combination with a stronger organic polymer product like
PLGA or PLA for hernia meshes. Also, the combination thereof could be used for implants to
improve cellular colonialization in comparison to implants made purely from organic poly-
mers. Within this chapter, the rCol combination with a PEG polymer linker was tested for
hydrogel synthesis. The biocompatibility of the composite, the fabrication thereof and the

application for injectability applications and for hydrogel-based membranes was evaluated.

2.2.3.2 The formulation optimization

The described molar ratio (MR) of rCol to crosslinker (XL) was based on number of primary
amines per molecule rCol and the four NHS moieties per molecule of 4PEG-SG (see Scheme
1-3). rCol contains 22 lysines and one terminal NHz group. As result, an equimolar ratio (1:1),
described one mol of rCol vs. 5.75 mol of 4PEG-SG. In the following, the applied MR of dif-
ferent formulation was depicted in the following format: MR of functional side chains in rCol

to NHS groups in 4PEG-SG (1:X).

2.2.3.2.1 The gelation range

For NHS-based active esters like 4PEG-SG a pH of 7.2 - 9 was recommended by literature.329
Therefore, a 0.1 M HEPES buffer with pH 8 was investigated. To identify the mimical con-
centration for hydrogel formation a concentration range of 2.5 — 30 mg/ml rCol and a MR
range of rCol to 4PEG-SG of 1:0.1 — 1:1.6 was tested for the 4PEG-SG crosslinker. Gelation
was achieved within seconds to hours. Hydrogel formation was possible starting from
5 mg/ml rCol but limited the recommended rCol concentration range of maximal 20 mg/ml.
An overview of tested formulations and the differentiation of gelated and non-gelated formu-
lations was depicted in Figure 2-20. Higher concentrations of rCol caused gelation within
seconds which made material processing highly challenging and required very short homog-
enization and fast molding times. When the PEG-linker was applied in excess, turbidity was
observed. The higher the applied rCol concentration, the lower the required MR of 4PEG-SG
to cause turbidity (data not shown here). In a summary, recommended formulations com-
prised concentrations between 5 - 20 mg/ml of rCol and a MR of rCol to 4PEG-SG of
1:0.1 - 1:0.8.
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Figure 2-20: Results of up-side down vial test with selected formulation of rCol and 4PEG-SG. Sample
vials were incubated at RT for 24 h with 300 pl formulation each. Gelation and no sufficient gelation

were visualized with different colors.

2.2.3.2.2 The influence of pH
As described in the previous chapter, NHS-based coupling reactions are pH-dependent. To
explore the effect of pH on the gelation speed, three different buffer systems around the neu-
tral point were tested (0.1 M MES pH 6.0, 1x PBS pH 7.4 and 0.1 M HEPES pH 8.0) within
the recommended formulation range of (5 - 20 mg/ml rCol and a MR of 4PEG-SG of 1:0.2 -
1:0.8). Gelation was performed at RT for 24 h in closed HPLC vials. The gelation time was
determined via “up-side down vial assay” as shown above. Fastest gelation kinetics were rec-
orded at pH 8.0 (see Table 2-3). For this reason, a pH of 8.0 was used as standard pH for
further experiments. Nevertheless, gelation with 1XPBS (pH 7.4) was possible as well, which
could be highly relevant for cellular applications. Due to slowed gelation kinetics with 1xXPBS,

also higher rCol concentrations were possible which led to even stiffer hydrogels.

Table 2-3: Gelation time observation for 4PEG-SG reaction products in three different buffer systems
(0.1 M MES pH 6.0, 1x PBS pH 7.4 and 0.1 M HEPES pH 8.0). Samples with no gelation within 24 h

incubation time at RT were labelled with “*” as well as successful (v) and insufficient gelation (X).

Gelation (yes/no) Gelation time (min)
rCol (mg/ml) MR (XL)
pH6.0 pH7.4 pHS8.0 pH 6.0 pH 7.4 pHS8.0
5 1:0.2 X v v * 67 20
5 1:0.4 X v v * 45 10
5 1:0.8 X v v * 56 12
10 1:0.2 v v v >120 20 3
10 1:0.4 v v v >120 22 2
10 1:0.8 v v v >120 28 2
20 1:0.2 v v v >50 11 1
20 1:0.4 v v v >50 12 <1
20 1:0.8 v v v >50 16 <1
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2.2 rCol crosslinking

2.2.3.2.3 Reaction efficiency
The network density was expected to correlate with the final stiffness of the synthesized hy-
drogel. To visualize the network density within the formed hydrogel, one rCol concentration
was selected (20 mg/ml), crosslinked by different MR of 4PEG-SG and colorized by ninhydrin
staining according to chapter 4.2.5.2 to detect unreacted primary amines. Resulting data was
shown in Figure 2-21. Resulting signals were normalized on the pure rCol signal. By adding
increasing MRs of crosslinker, the number of free NH2 groups continuously decreased. By
using a MR of 1:1 (highest tested ratio), 35% free primary amines remained. In comparison
with the DMTMM crosslinker (see chapter 2.2.2.2.2; Figure 2-15):, a divergent reaction effi-
ciency was determined (see Figure 2-21, B). While a 1:1 ratio and a 1:0.1 ratio led to similar
shares of crosslinked primary amines, MRs in between showed a higher crosslinked share of
primary amines with the DMTMM crosslinker. Interestingly, the used exponential fitting
curves expected a higher reaction efficiency for the 4PEG-SG crosslinker compared to the
logarithmic curve behavior for the DMTMM crosslinker. This could be explained by the hy-
drolytic nature of DMTMM and the longer reaction time which competes with each other. In
summary, data demonstrated an exponential correlation of rCol and 4PEG-SG. By using

higher MR than shown, a complete turnover could be achieved by a MR of ~1:1.2.
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Figure 2-21: (A) Reaction efficiency determination via ninhydrin staining using 20 mg/ml rCol in
ddH20. The experiment was repeated twice with N=2 each. (B) Crosslinker comparison (DMTMM vs.
4PEG-SG) regarding the reaction efficiency (N=4). An exponential trendline for 4PEG-SG linker and a
logarithmic trendline for DMTMM reagent was calculated. All data was normally distributed. A homo-
scedastic two-sided Student’s t-test was performed with Excel *, ** *** represent a < 0.05, 0.01, and

0.001, respectively.
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2.2.3.2.4 Leachables
As a part of the manufacturing process of hydrogels, washing steps were included to evaluate
the effect on the biological safety of by-products which were generated during the crosslink-
ing reaction. The high standard salt concentration of 0.1 M HEPES buffer is not isotonic and
will form a hypertonic osmotic pressure that might damage exposed tissue cells. To avoid this
effect, cell compatible HEPES concentrations were extracted from literature (10-25 mM)330
which led to an application concentration of 20 mM HEPES buffer for this experiment. Hy-
drogels formed within the normal time frame and were processed according to the description
in chapter 4.2.3.2. Considering the assay conditions, no toxic effect was determined with the
first washing solution (see Figure 2-22). No additional washing was needed with the applied
cell compatible buffer concentration of 20 mM HEPES buffer pH 8.0. The great viability made
the rCol/PEG composite interesting for cell encapsulation trials. The increase of viability to
>100% within the 31 washing fraction for some formulations remained unclear. The results
obtained in this study indicated no cytotoxic effect of by-product (IN-Hydroxysuccinimide) and
unreacted crosslinker for the tested formulations. To finally confirm the non-cytotoxicity, ad-
ditional tests might be necessary, such as a leachable/extractable assay according to the ISO-

10993-12/18.
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Figure 2-22: MTS cytotoxicity assay. Successive washing solutions of different hydrogel formulations
were exposed to pre-seeded HFF for 24 h each. 220 pl hydrogel samples were washed 1 h at 37 °C with
440 pl culture medium. The measured viability of the control group was displayed by a black dotted
line and the defined threshold for safe medical devices by ISO Norm 10993-5 of 70% in red (N=3). All

data is normally distributed.
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2.2 rCol crosslinking

2.2.3.3 Mechanical characterization

2.2.3.3.1 Rheology
In analogy to chapter 2.2.2.2.1, the rheological properties were measured using the Elas-
toSens™ Bio device. In Figure 2-23, the measured shear storage moduli were blotted. Within
the tested rCol concentration range of 0.5-20 mg/ml in combination with different MR of
4PEG-SG (1:0.2 and 1:0.8), shear storage moduli between 0.4 and 14.2 kPa were measured.
Next, the influence of the reaction temperature was explored as previously done in chapter
2.2.2.2.1 for the DMTMM crosslinked reaction products. With DMTMM as crosslinker, data
showed a decrease in stiffness by applying increasing reaction temperature between 25 °C
and 30 °C (see Figure 2-14). At a reaction temperature of 37 °C, no hydrogel formation was
observed at all. To validate the temperature effect, the experiment was repeated with the
4PEG-SG crosslinker. Data showed a comparable stiffness between 15 and 33 °C. 33 °C was
defined in chapter 2.1.1.3, Figure 2-3 as the melting temperature of rCol. By applying higher
reaction temperatures (37 °C and 45 °C), lower and comparable values were generated and
hydrogels formation was observed. In summary, generated data validated the influence of
the reaction temperature on the resulting hydrogel stiffness. To avoid changes in stiffness,
material handling below 33 °C was recommended. Data showed the importance of the triple

helix during gelation for hydrogel formation.

we)

A 16

14
) g’
=<1
8135;3 S
g = 10 &)
&S 8 25
5 6 E
mn O
= 4 % 3
0 - [ [ | U:
1:02 1:0.8 1:0.2 1:0.8 1:0.2 1:0.8 E 1
0
0.5 mg/ml 10 mg/ml 20 mg/ml 0
rCol rCol rCol 15 256 33 37 45
MR (4PEG-SG, 10 kDa) Temperature (°C)

Figure 2-23: (A) Shear Storage Moduli (&) of fully gelated rCol hydrogels extracted from the plateau
phase of the online kinetic measurements using the ElastoSens Bio™ using 4PEG-SG crosslinker for
hydrogel synthesis (N=2). (B) 30 mg/ml rCol with 4PEG-SG and a MR of 1:0.2 at different temp. The
solution w/o crosslinker was incubated 15 min at the respective temp. to denature the rCol. The 37 °C

sample was tested in duplicate. All data was normally distributed.
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2.2.3.3.2 Porosity and swelling

surface

20 mg/mlrCol, 20 mg/mlrCol, Reference,
PEG 1:0.2 DMTMM 1:3 Geistlich BioGride
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Figure 2-24: SEM pictures of rCol sponges crosslinked with DMTMM or 4PEG-SG including an ani-

mal-derived reference product (Geistlich BioGride).

In accordance with chapter 2.2.2.2.3 porosity and swelling were analyzed. As reference, a
commercially available animal-derived collagen sponge was tested (Geistlich BioGride). Hy-
drogels and sponges were prepared according to chapter 4.2.4.4 and chapter 4.2.4.8. Experi-
mental data of this study showed a strong difference between the commercially available,
animal-derived reference patch (BioGride) and rCol samples crosslinked by DMTMM (see
Figure 2-24). Both showed a rather good porosity compared to all rCol/PEG composites. The
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2.2 rCol crosslinking

rCol/PEG composites demonstrated a closed open porosity and a bad pore formation within
the sample. Differences within the 4PEG-SG crosslinked samples were identified. The higher
the rCol concentration, the less pores were detected. In summary, rCol/PEG composites
demonstrated less porosity and were expected to swell significantly less compared to the
DMTMM crosslinked rCol samples. To quantify swelling, the experimental procedure for Fig-
ure 2-18 (chapter 2.2.2.2.3) was repeated with selected rCol/PEG composites. As expected, a
low swelling ratio was documented (~400-800%) compared to the reaction products with
DMTMM (see chapter 2.2.2.2.3; Figure 2-18). Also longer swelling times were required to
achieve stable values. Sample made from 5 mg/ml rCol and a MR of 1:0.2 showed sample
disintegration between 24 h and 48 h after starting the experiment. It was assumed that the
PEG composite has higher sensibility to hydrolysis compared to the DMTMM crosslinked
reaction products which was quantified in chapter 2.2.2.2.4 and chapter 2.2.3.3.1. In sum-
mary, rCol/PEG composites were interesting for drug delivery by matrix swelling and for
surface coatings to avoid cellular ingrowth. The potential for matrix injections was tested in

a later chapter (see chapter 2.2.4.1).
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Figure 2-25: Swelling ratio of rCol sponges crosslinked with 4PEG-SG after submersion in 37 °C
1xXPBS. Gentamycin was added to avoid bacterial growth (N=3). All data was normally distributed.

2.2.3.3.1 Degradation
The degradation was determined as described in chapter 2.2.2.2.4. Hydrolysis data (Figure
2-26 (A)) demonstrated an initial weight loss within one day of incubation for all samples.
The loss in weight was stronger for low rCol concentrations and less applied crosslinker.

Samples were prepared with 100 mM HEPES buffer each. It was assumed that washed out
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HEPES salts and partially not crosslinked collagen strands caused the change in weight. As
a result, the value after one day was evaluated as the better reference und residual values
were normalized anew in Figure 2-26 (B). Within one week of incubation all samples cross-
linked with a MR of 1:0.8 lost 1-9% of their weight while samples crosslinked with a MR of
1:0.2 dissolved completely except for the highest tested rCol concentration (20 mg/ml). After
two weeks of incubation, all tested formulations with less 4PEG-SG crosslinker were disin-
tegrated while all samples with high crosslinker concentration (1:0.8) remained with 4-18%
weight loss compared to the value after one day of incubation. Data demonstrated a formu-
lation dependent, adjustable hydrolysis profile which can be influenced by the used rCol con-

centration and the MR of applied crosslinker.
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Figure 2-26: Hydrolysis over two weeks (N=1) in (A) absolute values and (B) normalized on the re-

maining mass after one day of incubation.

Enzymatic degradation was performed identically to chapter 2.2.2.2.4. The applied rCol/PEG
test specimens reacted differently to the enzyme mixture (see Figure 2-27). After one hour,
no loss in weight was observed. Comparably to the hydrolysis data, a stronger difference was
observed by a change of the crosslinker ratio than by a change in rCol concentration. With a
high MR of crosslinker (1:0.8), only the lowest rCol concentration (5 mg/ml) demonstrated
full degradation within 48 h (maximal incubation time). With a lower MR (1:0.2) degradation
effects were strongly rCol concentration dependent as well. While 20 mg/ml rCol samples
demonstrated 24% weight loss after 8 h, 10 mg/ml rCol sample lost 70% in weight and the
5 mg/ml rCol sample disinterested completely already within 4 h. In summary, PEG compo-
sites showed an adjustable, formulation-dependent degradation behavior which could be in-

teresting for applications which require a matrix degradation within a certain time window
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for e.g. the release of an immobilized drug or non-permanent filler material that needs to be

remodeled and replaced over time for the body's own tissues and ECM.
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Figure 2-27: Enzymatic hydrolysis via Collagenase (from Clostridium histolyticum) over time at 37 °C.
Freeze dried hydrogels with identical, initial hydrogel volume were swollen in Collagenase buffer for
24 h followed by fluid replacement by buffer with enzyme (N=3). Sample groups with missing data at

different timepoints meant complete hydrolysis. All data was normally distributed.

2.2.3.4 Biological Evaluation

2.2.3.4.1 Cell adhesion
In the introduction of this chapter a change in cellular adhesion was hypothesized due to the
natural cell-repellent PEG properties within the rCol/PEG composites.331:332 To determine
the effect of different PEG shares, different molecular weights of the 4PEG-SG linker were
tested using standard 10 kDa and 40 kDa. As reference, DMTMM crosslinked rCol samples
were tested and rat tail collagen (rtCol) which was chemically gelated with identical MRs
and physically according to the manufacturers protocol with a shift of pH and temperature.
To better compare the results with rat tail collagen, collagen concentrations were applied
using 4 mg/ml for all rtCol and rCol/PEG formulations. Except for the physically gelated
rtCol a MR of 4PEG-SG of 1:0.8 was used for all samples. For the DMTMM control, 4 mg/ml
didn’t result in a stable hydrogel. Therefore, a higher concentration of 20 mg/ml rCol was
applied (MR of DMTMM). To achieve a broader understanding, several cell types were tested.
The detailed experimental procedure was described in chapter 4.2.3.3. Briefly, thin rCol hy-
drogels were prepared in a 48-well-plate format. After gelation (humid atmosphere, 25 °C,

overnight), hydrogels were washed (3x, with RNAse free, sterile ddH20, 220 ul each, 1 h
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washing time per washing step on an orbital shaker, 200 rpm). To ensure sterility, samples
were irradiated for 30 min with the UV light from a cell culture bench. Finally, hydrogels
were washed once with full cell culture media (300 ul each; 1 h) to avoid osmotic pressure
effects hydrogels were topped by 3x104 cells/well. Cellular attachment was observed on the
positive controls (plasma-treated cell culture plate and physically crosslinked rtCol). This
was expected due to the great cell adhesive properties of both materials. rtCol/PEG compo-
sites showed a reduced cell adhesion compared to the physically gelated rtCol samples. No
significant differences were detected in regards to the applied molecular weight of PEG
linker. This first observation demonstrated a slight change in cell adhesion by implementing
PEG units (see Figure 2-28). rCol/PEG composites showed cell repellent properties for all
tested cell types. Similar results (lack in cell adhesion) were achieved with both tested mo-
lecular weights of PEG. Instead of cell-matrix interactions, cells attached to each other and
started spheroid formation by cell-cell interactions. The effect was stronger for tested fibro-
blasts (murine and human foreskin) than with tested epithelial cells (HeLa; epithelial cell-
line derived from cervical cancer) and bone cells (Cal72; osteosarcoma cell-line). Additionally,
to 4 mg/ml rCol, the experiment was repeated with 10 mg/ml rCol concentration which
showed the same effect. rCol hydrogels crosslinked with DMTMM showed different results
for different rCol batches which demonstrated cell adhesion with a strongly different number
of attached cells (see Figure 2-29). Repetition of the experiment showed issues with repro-
ducibility (data not shown here). In conclusion, cell adhesion on DMTMM crosslinked rCol
hydrogels was demonstrated as being possible, but the high variability in adhesion led to the
conclusion that it is not usable for cell adhesive purposes, due to the fluctuating effect. Lack
of cell adhesion of Scl2/PEG composites was already reported by Cosgriff-Hernandez et al. in
2010 by modifying Scl2 with 3.4 kDa Poly(ethylene glycol)-acrylate-N-Hydroxysuccinimide
followed by photopolymerization. Thus, a lack of cell adhesion was not surprising.333 In sum-
mary, positive controls demonstrated cell adhesion (cell culture plate surface and physically
gelated rtCol). Chemically crosslinking rtCol, showed reduction in cell adhesion. Replacing
rtCol by rCol led to loss of cell adhesion after crosslinking with 4PEG-SG. With DMTMM as
crosslinker, resulting hydrogels showed cell adhesion. The rCol/PEG composite could be used
for the spheroid or organoid production. To optimize cell adhesion, the topic was further ad-

dressed in chapter 2.3.4.6 with an alternative gelation approach using photopolymerization.
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rCol rtCol
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Figure 2-28: Cell adhesion on rCol/PEG and rtCol/PEG hydrogel surfaces with different cell types. All
formulations were prepared with 4 mg/ml rCol, a MR of crosslinker of 1:0.8 and different molecular
weights (10 kDa and 40 kDa). Rat tail collagen (rtCol) was crosslinked with the same MR. As control,
plasma treated cell culture surface were used. The assay was performed as described in chapter 4.2.3.3.

Cells were incubated for 24 h under cell culture conditions.

Figure 2-29: HFF adhesion on 20 mg/ml rCol hydrogels crosslinked with DMTMM (MR 1:3) (3 batches)
and on a plasma-treated cell culture plate surface (plate control). Cells were incubated for 3 d. The
experiment was performed several times. The depicted data was generated by a colleague (M. Liefke;
Evonik Operations GmbH) and displayed with her consent. Cells were additionally stained with Phal-
loidin and Hoechst 33342.

2.2.3.4.2 Cell encapsulation trials
To evaluate the potential of DMTMM crosslinked rCol and the rCol/PEG composite for cell
encapsulation, screening experiments were performed. Due to the slow gelation kinetics of
the DMTMM reaction, high rCol concentrations were used to speed up the gelation prior to
cellular precipitation. Due to these limitations the DMTMM crosslinker was not expected to
be suitable. To reduce cytotoxic effects of DMTMM, it was used with low MRs which led to
the following formulation test range: 20-60 mg/ml rCol (MRs of 0.4 - 1:1). Contrary to the
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performed gelation tests with DMTMM as crosslinker where all tested formulations with
20 mg/ml rCol caused gelation (see chapter 2.2.2.1.1, Figure 2-11), lack of gelation was ob-
served when cells were added to the formulation. It was assumed that side reactions with the
cell surfaces increased the required concentration of DMTMM to form sufficient crosslinks
for hydrogel formation. While cellular precipitation remained an issue (even higher rCol con-
centrations), cell stretching was only observed by chance in formulations with a low MR of
DMTMM and a rCol concentration close to the gelation limit (see Figure 2-30). The experi-
ment was repeated several times which showed no reproducible results. Furthermore, low
viabilities were observed during cultivation, which decreased significantly with higher rCol
concentrations and higher DMTMM ratios. Therefore, rCol crosslinking by DMTMM were

not considered suitable for direct cell encapsulation.

V 7

4% rCol; DMTMM1:0.4 6% rCol; DMTMM 1:0.4 4% rCol; DMTMM 1:1

Figure 2-30: LIVE/DEAD/Hoechst 33342 staining of NIH3T3 cells after 7 d of culture. Cells were cul-

tivated in 48 well plate format.

Next, the rCol/PEG composite was screened for cell encapsulation. Based on the results with
DMTMM as crosslinker, cell stretching was preferred with low MRs thereof. For this screen-
ing a rCol concertation range of 20-40 mg/ml was used in combination with a MR range of
4PEG-SG of 1:0.1 — 1:0:3 according to chapter 4.2.4.3 (hydrogel synthesis) and chapter 4.2.3.7
(cell encapsulation conditions). No formulation showed cell stretching within 14 d. Cells re-
mained round shaped with low viability determined by subsequent LIVE/DEAD staining
(data not shown). In alignment with the data on porosity which showed a dense network
formation (see chapter 2.2.3.3.2) and the lack of cell adhesion (see chapter 2.2.3.3.1), the
rCol/PEG composite was evaluated as being unsuitable for cell encapsulation as well. To al-
low cell encapsulation while maintaining a great rheology, porosity and cell compatibility
another technology (Photopolymerization) was introduced in in chapter 2.3 including cell en-

capsulation experiments in chapter 2.3.4.7.
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2.2.4 Case studies

2.2.4.1 DrugDelivery Patch

2.2.4.1.1 Background
Collagen patches are used for the delivery of antibiotics. Here an alternative approach was
pursued to deliver drugs to the site of action by incorporation thereof in a collagen patch. For
crosslinking, the DMTMM crosslinker was selected due to affordable chemicals, observed po-
rous networks (see chapter 2.2.2.2.3), capability wit a broad pH range, gentle production con-
ditions compared to other technologies like the dehydrothermal method which requires vac-
uum and high temperatures, a wide range of interconnectivity due to high abundance
carboxylic and aminic side chains, which enable a wide range of stiffness (see chapter
2.2.2.2.1; Figure 2-13) and a “pure” rCol product due to the function as activation reagent.
No bridging spacers remain except for byproducts of the reaction. Collected data from chapter
2.2.2 identified rCol concentrations of 10-40 mg/ml in combination with MRs of DMTMM of
max. 1:1 to obtain a safe product. The rheology of the resulting hydrogels was tunable and
varied in a wide range up to 30 kPa (see 2.2.2.2.1, Figure 2-13). Additionally, the pore size
was adjustable, and thus the swelling behavior. Crafted sponges were all porous, and the
data obtained showed no hydrolytic effects over the test period of two weeks and no enzymatic
degradation. Based on the generated findings, a tissue patch was explored in the next chap-
ters that is flexible and allows sustained release of a model drug component over time. To
develop a collagen patch for drug delivery, several criteria were defined like the ideal formu-
lation, patch thickness, product flexibility (for minimally invasive administration and adap-
tion to body movements without tearing), biocompatibility and biodegradability. A porous
structure shall ensure strong swelling for a sustained drug delivery profile and to fully cover

the implantation site. In the following these parameters were explored.

2.2.4.1.2 Patch Formulation
The formulation of the patch has a significant influence on the stiffness of the product. Dif-
ferent formulations were tested (10-80 mg/ml rCol + three different MRs of DMTMM (1:0.25,
1:0.5 and 1:1). Based on the literature research within the introduction (see chapter 1.4.6;
Table 1-7) collagen patches comprise sponges made by freeze-drying. This is also beneficial
to avoid hydrolytic effects within the network and can reduce drug leakage. Thus, crosslinked
collagen hydrogels were freeze dried to achieve sponge-like collagen patches. 4x4 cm2 PLA
molds with Teflon-coatings were applied with 2 mm hydrogel height by adding 3.2 ml of for-
mulation per mold. While 10 mg/ml rCol with a DMTMM MR of 1:0.25 didn’t form a hydrogel
(aligned with data from Figure 2-20), all other formulation did (see Figure 2-31). All
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formulations were removable from the molds after freeze drying. Obtained patches were eval-
uated for its flexibility by bending them with the hand and evaluating the breaking angle
(see Table 2-4). Most formulations broke when bended for max. 180° except for the 10 mg/ml
rCol formulation with a MR of 1:0.5 and 1:1 of DMTMM, which demonstrated to be very
flexible in dry state as well the formulation made from 20 mg/ml rCol with a MR of DMTMM
of 1:0.25 after rehydration in water. Formulations with 80 mg/ml were brittle in the dry and

wet state and were evaluated as not suitable for this application.

Table 2-4: Physical evaluation of the breaking angle of dry and wet rCol crosslinked sponges. Wetting

was done by submersion in ddH20 for 5 min.

rCol MR <30° <45° <90° <180° Rollable (>360°)

10 0.25  —--memeoeeees no sufficient gelation-----------------

o
1

20 025 - wet

40 025 - wet
0.5 - wet

80 0.25

In summary, lower concentrations of rCol and DMTMM significantly increased the flexibility
of the patch. The lower the rCol concentration, the higher the applicable DMTMM ratio to
preserve patch flexibility. Most formulations with a DMTMM ratio of 1:1 broke. Therefore,
lower MRs were desired. Formulations up to 40 mg/ml rCol were evaluated as feasible for a
hydrogel height of 2 mm to allow bendability in a wet state. Within this trial 20 mg/ml rCol
patches with a MR of 1:0.25 and 10 mg/ml rCol with a MR of 1:0.5 and 1:1 showed the best
material properties. To include the affordability aspect, lower rCol concentrations were de-
sired. Also, the formulation 10 mg/ml rCol, MR 1:0.5 formed a hydrogel and patch but the
mechanical resistance remained low. Thus, the formulation with 10 mg/ml rCol with a MR of

DMTMM of 1:1 was evaluated as interesting option.
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Figure 2-31: Formulation evaluation of rCol hydrogel patches after freeze drying. Wetting was done

by submersion in ddH20 for 5 min.

2.2.4.1.1 Layer thickness
Additionally, to the formulation optimization above, the layer thickness was evaluated in this
chapter. Based on the optimized formulation with 10 mg/ml rCol, MR 1:1, different hydrogel
heights were tested (2-8 mm; see Figure 2-32). After gelation and freeze-drying, prepared
patches were removed from the molds and bent. At a thickness of 2 mm, the patch did not
break when bent by 180° (dry and wet). Using 4 mm and 8 mm hydrogel layer thickness led
to the breaking of the patches. Another observation was the general loss in height by freeze-
drying. While the 2 mm patch lost 25%, the 4 mm patch lost 38%, and the 8 mm hydrogel
patch lost 35% of its original height. Based on these results, a 2 mm hydrogel height was

evaluated as best option for further developments.
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After drying After swelling

2.0 mm BD
1.5 mm AD

4.0 mm BD
2.5 mm AD

8.0 mm BD
5.2 mm AD

Figure 2-32: Hydrogel sponges before and after swelling (5 min in ddH20) made from 10 mg/ml rCol
crosslinked with DMTMM with a MR of 1:1. Patches were bent for 180° in dry and wet state. Also, the
layer thickness was measured before drying (BD) and after freeze drying (AD) as well as the lost in

height.
2.2.4.1.2 Drugrelease performance

2.2.4.1.2.1 Caffeine release by diffusion

Drug delivery patches might have different requirements on the release profile of the API
according to the final application. This might be considered during the development of such
a product. In some cases and to match the desired release profile, the usage of a drug carrier
(such as microparticles) could be useful. As hydrophilic systems especially hydrophilic APIs
such as antibodies or growth factors might be of high interest. As PoC, two drugs were se-
lected and tested (caffeine and meloxicam) due to their high usage and their convenient quan-
tification by light absorbance. Caffeine is cheap and a controlled release thereof could help to
reduce unwanted side effects such as nervousness and sleep disturbances that can occur with
a rapid release of caffeine.334 In addition, a sustained-release patch could provide a conven-
ient and discreet way to consume caffeine without the need to regularly drink coffee or other
caffeinated beverages. Meloxicam is a nonsteroidal anti-inflammatory drug (NSAID) that is
used to relieve pain and inflammation caused by conditions such as osteoarthritis, rheuma-
toid arthritis, and ankylosing spondylitis. Meloxicam works by reducing the production of
prostaglandins, which are chemicals that cause pain and inflammation in the body.335 In the
following, calibration curves of caffeine (see Figure 2-33; A) and meloxicam (see Figure 2-33;
C) were recorded and the linear range was identified. Due to the lack of carboxyl groups and

primary amines, caffeine could not react with the crosslinker or activated carboxyl group
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within rCol and thus was added directly during hydrogel synthesis. To facilitate the experi-
mental set up, the caffeine release was directly tested from the crosslinked hydrogel by sub-
mersion in 37 °C water bath according to chapter 4.2.5.7. Absorbance detection showed >90%
(w/w) caffeine release within the first hour for different formulations (10 and 30 mg/ml rCol;
MR of DMTMM of 1:0.25 and 1:2). No drug retention was observed. Therefore, another sys-
tem needs to be explored. Internally, the technology for the manufacturing of meloxicam
loaded microparticles made from PLGA was known. Based on this knowledge, caffeine was
replaced by meloxicam and PLGA particles loaded with meloxicam were tested in comparison

to PLGA placebo particles in the next chapter.
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Figure 2-33: (A) Absorbance measurements of different caffeine concentrations in 1XPBS. The meas-
urement was performed with a multi well plate reader (Tecan Reader) using a sample volume of
200 pl/well. (B) Caffeine release from DMTMM crosslinked rCol hydrogels (N=3). All data was normally
distributed. (C) Absorbance measurements of different meloxicam concentrations in 1XPBS or DMSO.
The measurement was performed with a multi well plate reader (Tecan Reader) using a sample volume

of 200 pl/well.
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2.2.4.1.2.2 Meloxicam release from PLGA microparticles

To prolong drug release, the meloxicam loaded PLGA microparticles were tested. Ideally, the
rCol hydrogel immobilized the particles and allowed meloxicam release either by diffusion or
particle degradation. Particles were provided by a colleague (Dr. M. C. Operti, Evonik Oper-
ations GmbH) made from 20% PLGA as placebo and meloxicam-loaded version (96.6% =+
0.9 mg meloxicam per gram g of PLGA and the particles had a diameter (Dso) of 87.6 um and
a span of 1.2). The particle analysis was done by Dr. M. C. Operti (method not described). To

determine the release profile, several steps were performed prior to the release experiment.

Figure 2-34: (A) Meloxicam-loaded microparticles made from PLGA. (B) Homogenously distributed

PLGA placebo particles within a rCol hydrogel (particles were added once the formulation started to
gelate). (C) Air-dried rCol patch with encapsulated PLGA particles containing meloxicam in the mold
and separated thereof. (D) rCol hydrogel from B under the microscope and (E) within 1XPBS. (F)
Freeze-dried rCol patch with embedded PLGA placebo microparticles. (G) Incubated rCol patch con-
taining meloxicam loaded PLGA particles after 240 h of incubation and (H) after subsequent replace-

ment of 1XPBS by 5 ml DMSO and 3 h additional incubation at RT.
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First, the particle load per patch was adjusted. Different drying studies (data not shown)
demonstrated issues with too many particles during drying. A good distribution was identi-
fied in Figure 2-34 (D). The number of particles can vary depending on factors like the particle
size and the number of layers in which the particles were immobilized. Second, the patch size
was adjusted to a total meloxicam concentration within the linear range of the calibration
curve (Figure 2-33). To ensure a quantifiable signal in case of 100% meloxicam release, the
signal would remain quantifiable. Regarding the extraction volume (40 ml 1XPBS pH 7.4), a
meloxicam concentration of 50 mg/l was chosen. Third, the background signal of PLGA in
DMSO was explored at the absorption maximum of meloxicam (A=365 nm) and it was evalu-
ated as not interfering. Background was the complete dissolution of meloxicam in DMSO at
the end of the extraction trial to quantify the remaining meloxicam within the patch. Fourth,
the degree of drying was selected. Instead of freeze drying, hydrogels were only partially
dried in a heat oven to allow microscopic imaging during the release experiment and to de-
termine particle immobilization. In case of complete drying, the collagen patch would turn
white which would make microscopic imaging impossible. While PLGA particles had a white
color, the yellow color came from the meloxicam. Yellowish staining of the extraction solution
correlated with released meloxicam. For the trial, particles and particle containing patches
were submersed in 40 ml 37 °C warm 1XPBS buffer and incubated under orbital shaking for
up to 10 days. The drug released was monitored by the absorbance signal of the extraction
solution (see Figure 2-35). As an internal control, 50 mg/ml meloxicam in 1XPBS was used as
reference to evaluate the meloxicam stability during the incubation time. As negative control,
placebo particles made from PLGA with similar diameters were tested. The extraction fluid
was analyzed until no more significant increase in signal was measured. Then, the 1XPBS
was replaced by DMSO to dissolve remaining PLGA and meloxicam within the patch. The
50 mg/ml Meloxicam control in 1XPBS showed no signal change for the tested incubation
time of 10 d. Therefore, not subsequent corrections needed to be done regarding the extrac-
tion data. Also, the placebo particles showed no relevant background within the 10 d extrac-
tion time. For the meloxicam loaded MPs, with and without immobilization in the rCol patch,
the extraction solution turned more and more yellowish. After 240 h incubation time, no
strong signal was measured any more for the meloxicam particle samples (see Figure 2-35).
Next, 1XPBS extraction medium was replaced by 5 ml DMSO. Within the next 3 h, the rCol
patch turned transparent and the solution turned yellow (see Figure 2-34, H). To ensure
complete meloxicam release another sample was taken after 24 h. No signal difference was
quantified. Absorbance measurements showed ~20% additional meloxicam release from the

patch (see Figure 2-35).
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Independently whether the particles were exposed directly to the medium or they were prior
encapsulated in the patch, similar release profiles were observed (see Figure 2-35). Data in-
dicated that the release is not dependent on the patch but solely relied on the MPs. Different
particles loaded with different bioactive compounds could be tested in one patch and the dif-
ference in release could be explored. If successful, rCol patches could be used for drug depots
to deliver one or multiple bioactive components to treat diseases in a long-term perspective
with a long-lasting effect. Here the flexibility and great biocompatibility of rCol made this

depot matrix an interesting formulation for implants and other biomedical applications.
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Figure 2-35: Meloxicam release from a Meloxicam (M) solution, from PLGA microparticles (MPs) con-
taining Meloxicam, or DMTMM crosslinked 10 mg/ml rCol patches with embedded MPs loaded with
Meloxicam. Samples were incubated in 1xPBS over time at 37°C under orbital shaking (85 rpm) (N=3).

2.2.4.1 Injectables

In the field of cosmetics, hydrogel-based injections are interesting for dermal filler for wrinkle
treatment due to their great biocompatibility and adjustable degradation pattern. Injectable,
cell repellent hydrogels could be also relevant for minimal invasive surgery. Compared to
open surgery, minimal invasive surgery benefits from parameters like smaller incisions, re-

duced pain, shorter hospital stays, a quicker recovery and a reduced risk of complications
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such as infection, bleeding, and other surgical complications.33¢ During surgery, postopera-
tive adhesions between tissues and organs happen in 67-97% of all cases.337 Long term side
effects from (abdominal) adhesion can be infertility, chronic and intestinal pain.33% To avoid
cellular adhesion, the cell repellent rCol/PEG formulation could be injected to separate tis-
sues during surgery. With the rCol/PEG composite, good biocompatibility was demonstrated
(see chapter 2.2.3.2.4) as well as adjustable degradation (see chapter 2.2.3.3.1). Due to the
fast gelation kinetics of the composite, in situ mixture followed by injections might be an
excellent approach. Also, partially pre-gelated formulations to increase the viscosity might
be of interest. Therefore, the rCol/PEG composite was tested as injectable. For subcutaneous
injections, a needle size of G25 - G27 was recommended.33? One formulation (20 mg/ml rCol,
MR of 4PEG-SG of 1:0.2 in 1XPBS) was evaluated as PoC. The low ratio of crosslinker (1:0.2)
was chosen due to less NHS side product, less potentially side effects on tissue and a softer
hydrogel rheology compared to high MRs. First gelation was documented with ~8 min. Data
aligned with the identified crosslinking time in chapter 2.2.3.2.2 (Table 2-3) of 11 min. Be-
tween 10-15 min after mixing the components, the viscosity increased strongly. Injectability
was possible until ~17 min after mixing using needle sizes down to G27. Smaller needle sizes
were not tested so far. A similar gelation behavior was observed with 0.9% NaCl as solvent.
The prepared formulation was injected into a gelatin hydrogel layer (Figure 2-36 (A)) and
between two gelatin blocks from the top into the interspace (Figure 2-36 (B)). The formulation
expanded homogenously as desired between both layers. In summary, the low viscous rCol
material represents an interesting approach for injections by even very thin needle diame-
ters. To further evaluate the formulation, shear thinning experiments could be performed.
By adding a non-hazardous crosslinker like 4PEG-SG, an adjustable gelation time (chapter
2.2.3.2.2, Table 2-3) together with a good biocompatibility (chapter 2.2.3.2.4, Figure 2-22) and
an adjustable stiffness (chapter 2.2.3.3.1, Figure 2-23) and degradation rate (chapter
2.2.3.3.1, Figure 2-26 and Figure 2-27) makes the rCol/PEG formulation an interesting ap-
proach as injectable. Depending on desired viscosities, the formulation can also be adapted,

and slight pH changes can speed up or slow down the reaction time.
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(A) rCol/PEG injection into one gelatin hydrogel layer

d et

Figure 2-36: Injection test of 20 mg/ml rCol crosslinked with a MR of Col to 4PEG-SG of 1:0.2 in 1XPBS
using green food dye as colorant. The formulation was mixed with a two-chamber syringe and static
mixing unit. The formulation was ejected (A) into a 10% (w/w) gelatin block by a G21 needle or (B)
injected between two topped gelatin blocks with a G27 needle.

2.2.4.2 Barrier membrane

Medical devices can be made of different materials for desired properties. Hernia meshes for
examples are normally made from synthetic materials such as polypropylene.340 These ma-
terials have a great strength, and durability. Occasionally they are coated with ECM mate-
rials such as collagen to improve their biocompatibility and reduce the risk of complica-
tions.341 Combining these strong materials with hydrogels can not only improve the
biocompatibility to reduce the risk of inflammation and rejection of the implant by the body's
immune system, but also enhance lubrication to reduce friction between the implant and
surrounding tissues, which can improve the implant's performance and longevity.342 Also as
explored in previous chapters, hydrogels can be designed to release drugs or other therapeu-
tic agents in a controlled manner, which can improve the effectiveness of the implant and
reduce the need for additional treatments. Hydrogels furthermore can reduce the risk of in-
fection by releasing antimicrobial agents that can help prevent infections around the im-
plant.343 Here two experiments were performed. First the rCol/PEG formulation was molded
into a patch and the flexibility thereof was explored. The 1 mm patch was flexible but tore
easily. Formulation alternations or the implementation of elastic materials like elastin might

increase the tensile strength of the product. As described in the introduction, the tensile
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2.2 rCol crosslinking

strength describes the resistance against an uniaxial deformation caused by stretching or
compression. Another approach is the combination with a polymeric mesh. Here a common
mesh made from polyester (200 pm pore size) was embedded between two rCol/PEG hydrogel
layers. After gelation the patch remained bendable and stretchable. To improve the hydrogels
resistance, the patch was dried (16 h at RT and 5 60 °C) (see Figure 2-37)The dried patch
remained flexible and stabilized the hydrogel component against external mechanical stim-
uli. Also, the patch could be easily cut. In chapter 2.2.3.4.1, the cell repellent properties of
rCol/PEG hydrogels were explored. To ensure the preservation of this effect with the dried
hydrogel composite, further cell adhesion trials were needed. To ensure product sterility of
the product, different sterilization methods could be explored as well. Also, the biological
performance in vivo needs to be evaluated regarding the additional manufacturing cost to

evaluate the market potential of the composite.

(A) rCol barrier film

Figure 2-37: 20 mg/ml rCol crosslinked with 4PEG-SG (MR of 1:0.2). (A) Molded 1 mm hydrogel film
and manual film stretching. (B) Hydrogel with embedded polyester mesh. Each hydrogel layer had a
height of 1.5 mm. (C) Dried patch from (B) by exposure to RT overnight followed by 5 h drying at 60 °C.
The mesh was bendable and cuttable after drying.
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2 Results and Discussion

2.3 Modified rCol for Photopolymerization

2.3.1 Introduction

Photopolymerization represents a great feature for novel biomaterials to generate 3D struc-
tures. Rapid curing on demand would be an excellent feature for the low viscous Col solution
to immobilize cells or particles on demand. This feature is of high interest for biofabrication
(including bioprinting) which describes a growing field in tissue engineering and regenera-
tive medicine allowing customized construction of complex 3D scaffolds while accurately con-
trolling cellular behavior. The enhanced complexity of tissue models made from biofabrica-
tion can resemble living tissues better, which makes them more valuable for in viiro test
systems. The low viscous rCol material enables alternative printing procedures including
jetting and SLA, which are not possible or highly challenging with highly viscous fluids in-
cluding mammalian collagens. In a previous publication from 2021, collagen type I was mod-
ified with norbornene units and photopolymerized with HS-PEG-SH for 3D cell encapsula-
tion trials leading to high viability and cellular stretching within seven days after extrusion-
based bioprinting.146 In 2020, Tytgat et al. modified a recombinant collagen-like protein (Cell-
nest from FUJIFILM Manufacturing Europe B.V.) leading to great ASC encapsulation (im-
mortalized human adipose tissue—derived stem cell line) by two-photon polymerization (2PP)
as well as proliferation inside of the printed structures.1?> Based on the promising literature
data, norbornene and thiol groups were conjugated with rCol. To my knowledge, this has not
been reported with rCol so far. Additionally, the produced material composition of nor-
bornene-modified and thiolated rCol was tested for drop-on demand printing and stereo-
lithography. Testing these two technologies with a mixture of norbornene and thiol-modified
rCol was also new to science and wasn’t published according to the author’s knowledge in the
past. This chapter comprises the implementation of the functionalization chemistry, the sub-
sequent analytics, the synthesis of hydrogels synthesis via Photopolymerization, the identi-
fication of formulation limitations, the mechanical and biological characterization of formed

hydrogels and ultimately the printing trials.

2.3.2 Chemical functionalization

2.3.2.1 Norbornene-modified rCol (rColN)

Norbornene-modified rCol (rColN) was synthesized by derivatization. Two major synthesis
routes were described in literature: Anhydride-based (5-Norbornene-2,3-dicarboxylic anhy-

dride)!46 and acid-based (5-Norbornene-2-carboxylic acid).17”> In both cases, the norbornene
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2.3 Modified rCol for Photopolymerization

was conjugated to primary amines present in lysine side chains. In the following, the two

methods from Scheme 2-1 and Scheme 2-2 were compared.

2.3.2.1.1 Synthesis via anhydride
Advantages of the anhydride-based functionalization were an accelerated reaction kinetic
(one-step reaction) and cheaper chemicals. Disadvantages comprised the high reactivity of
the anhydride which could also initiate modification of other nucleophiles like primary alco-
hols present in tyrosine, serin or threonine side chains. This effect was observed in several
experiments using methacrylic anhydride to methacrylate rCol especially when high DoF
were reached (proven via TH-NMR; data not shown). Another disadvantage is the introduc-
tion of an additional carboxylic group by each conjugation and the simultaneous elimination
of primary amines. Resulting, less NH2 groups are available which can be protonated. As a
result, the altered net charge could influence the pl leading to altered solubility properties
(especially in the acidic pH) and an altered 3D structure. In the worst case, repelling forces
could inhibit the strand annealing into the triple helical structure which is required for col-

lagen.

NH, H OH
HOOC
1x PBS HOOC 0
NH + I O H
2 pH 8.0 © NH,
H
H,N N
COOH COOH
o)
rCol CA rColN

Scheme 2-1: Reaction scheme for the conjugation of cis-5-Norbornene-endo-2,3-dicarboxylic anhydride

(CA) to rCol.

2.3.2.1.2 Synthesis via norbornene acid as one-pot reaction
The functionalization of gelatin via 5-norbornene-2-carboxylic acid (NCA) has been described
in the literature as a two-step reaction involving pre-activation of the carboxylic acid followed
by subsequent conjugation.344 The highly water-soluble carbodiimide 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide (EDC)17> was used to activate the carboxylic acids (see Scheme 2-1).
Although this reaction is more complex, it was preferred over the anhydride version and was

tested with rCol instead of gelatin according to Scheme 2-2.
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Scheme 2-2: (A) Activation of norbornene carboxylic acid (NCA) with EDC/NHS and (B) subsequent
conjugation with rCol in a substitution reaction. The reaction conditions were extracted from Gockler

et al.?** and adapted to rCol.

As a PoC, the process published by Gockler et al. was applied on rCol with a reduced reaction
temperature (RT instead of 50 °C) due to the heat sensitivity of the material. Identical com-
pound masses were used due to unknown conversion rates. Recalculation of the molar ratios
from animal gelatin to rCol resulted in a 4-fold increase in the occurrence of lysine side chains
within the same mass of material (Table 4-12). The synthesis was carried out and the product
purified according to chapter 4.2.4.1.1. To quantify the DoF of the product, tH-NMR spectra
were recorded and peaks of the unmodified rCol were assigned using 'H-NMR spectra of
gelatin344 together with published chemical shifts for different amino acids from analyzed
tetrapeptides.345 rCol contains one single aromatic amino acid (tyrosine) which can be used
for signal quantification (2,6 H at 7.15 ppm and 3,5 H at 6.86 ppm). Lysins were modified
during the reaction, so the change of signal (¢CHz signal at 3.02 ppm) can be used to deter-
mine the degree of functionalization (DoF). Each collagen strand contains one tyrosine side
chain and 23 primary amines (22 lysine side chains and one terminal -NHzs). Introduced nor-
bornene units can be identified by their C=C double bond character, which produces signals
between 5.83 to 5.98 ppm and 6.10 to 6.28 ppm. To calculate the DoF, equation 2-1 was used.
A DoF of 100% described a total conjugation of all primary amines within a rCol molecule
with norbornene units.
A(Norbornene signal)/2 1

DoF (%) = —*x100 2-1
oF (%) A (Tyrosine signal)/4 " 23”7

99



2.3 Modified rCol for Photopolymerization

Amino acid — signal correlation 8
accordingto Goéckler et al.
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2 Thr 8 Lys 1
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Figure 2-38: 1H-NMR rCol spectrum (50 mg in 1 ml D20).

By comparing the two 1H-NMR spectra from Figure 2-39, a degree of functionalization of
~49% was calculated based on equation 2-1. Due to the calculated applied MR of 1:0.5 of
NCA, a DoF of 0.49 represented a conversion rate of nearly 100% (0.49/0.5 = 98%). The DoF
is an important parameter which contributed to final hydrogel properties like pore size and

material stiffness.

rColN Medium

Reference: rCol H
H H e—
ysine signal
R
H H H
(o}
R |
Tyrosine Norbornene

side chain side chain ‘

& 4 2 ° [ppim]

Figure 2-39: TH-NMR spectrum of rCol and rColN_medium. Relevant protons responsible for the meas-
ured signal were highlighted in red. The lysine signal is represented by the two protons at the epsilon

carbon atom of the side chain.
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2 Results and Discussion

2.3.2.1.3 TNBSA Assay implementation
Another way to determine the DoF was done with a colorimetric assay. Extracting from lit-
erature, the 2,4,6-Trinitrobenzene-1-sulfonic acid (TNBSA)-Assay was selected to detect pri-
mary amines which were not conjugated during the derivatization.344 During the functional-
ization reaction, the number of primary amines was reduced which resulted in a reduced
absorbance signal which meant a higher DoF. To establish the assay, pure rCol was used. As
shown in Scheme 2-3, the signal can be detected at 420 nm and 335 nm. By measuring at
335 nm a higher signal intensity was measured (see Figure 2-40). Thus, 335 nm was chosen
as detection wavelength. Also, both curves entered a plateau phase at rCol conc. >200 ug/ml.
200 pg/ml remained within the linear range and was chosen as sample concentration for fur-
ther measurements due to the expected signal decrease during derivatization resulted from

the lysine conjugation with norbornene units (see Figure 2-40).

—_ _ + éo
(9 893/—\ ¢ HE " 5 ’ 9 N'HyR I NHR
. 0
- N& NO, 2 - N NO, B BH* -_N NO
R-NH _ 2 2
o —2> O/'}rl\/\ NO; - o+ N A, O™+
pH=8.5 ;
NO, -S0.% NO, NO,
NO,
TNBS Mesenheimer Trinitrophenyl trinitrophenylamine
anion (420 nm) ammonium (335 nm)

Scheme 2-3: TNBSA reaction mechanism for the synthesis of the trinitrophenylamine. TNBSA is
deprotonated in basic buffer to form trinitrobenzene sulfonate followed by a nucleophilic attack of the
primary amines yielding in substitution of the sulfate. The basic pH binds protons from the solution
yielding in an orange-colored derivative. As a side reaction TNBSA can react with hydroxonium ions to

picric acid. The reaction mechanism was extracted from Cayot et. al.346
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Figure 2-40: TNBSA Assay calibration curve with rCol detected at 420 nm (Mesenheimer complex)

and 335 nm (Triphenylamine derivative). The assay was performed according to chapter 4.2.5.1.
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2.3 Modified rCol for Photopolymerization

2.3.2.1.4 rColN reaction optimization
For the one-pot reaction to modify rCol with norbornene units (see Scheme 2-2) the car-
bodiimide 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was used to activate nor-
bornene acid for subsequent chemical coupling. The detailed reaction mechanism of EDC was
described in chapter 1.3.3.2.2, Scheme 1-1. EDC is a commonly used chemical but it is highly
reactive, hazardous (GHS06, GHS8, GHS09) and susceptible to hydrolysis. Due to the used
one-pot reaction, some carboxylic acids may have been activated by EDC without N-Hydroxy-
succinimide (NHS) substitution, which could reduce the biocompatibility of the products by
secondary reactions with biological material or by later released EDU side products. To
achieve a higher DoF, excess of EDC was required. Thus, longer purification times were ex-
pected. To avoid these issues, pre-activated, commercially available norbornene acid N-Hy-
droxysuccinimide ester (NCA-NHS) was applied. Due to high conversion rates of NHS acti-
vated esters, the need for chemical excess was not expected. This resulted in fewer byproducts
and shorter dialysis times due to the single non-hazardous byproduct NHS. Using identical
molar ratios (MRs) compared to previously applied Norbornene acid (NCA) (one-pot PoC ex-
periment) a comparable DoF (~ 50%) was synthesized. Therefore, NCA-NHS was used for all
following rColN syntheses. The water solubility of NCA and NCA-NHS was poor. According
to a publication using the anhydride pathway, acetone was used to pre-dissolve norbornene
anhydride.146 Prior to the reaction, the compatibility of the acetone volume ratio with rCol
was tested. By applying the same volume ratio, no solvent-induced precipitation of rCol was
observed and the volume ratio was rated as feasible for the reaction. NCA-NHS was added
as acetone solution or directly as powder, which led to white precipitation in both cases. The
optimal pH for NHS ester coupling has been published to be between 7.2 and 9.329 Therefore,
two buffer systems were tested (1XPBS pH 7.4 and 0.1 M HEPES buffer pH 8.0). Within the
first hours, the pH dropped stronger with 1XPBS and the turbidity increased. The addition
of (1 M) NaOH cleared the solution again. White flocculation remained in both cases. Turbid-
1ty was not observed with HEPES buffer, and no manual pH adjustment was needed. It was
assumed, that 0.1 M HEPES buffer had a better buffer capacity than 1xPBS to avoid a pH
drop. Within the reaction time of 24 h, flocculation vanished in all formulations and a clear
solution formed (see Figure 2-41). It was assumed that NCA-NHS precipitated in aqueous
solution and that regaining transparency indicated reaction progress. Reaction product anal-
ysis using the TNBSA assay showed no benefit by adding acetone to the reaction mixture.
The DoF was also higher with the HEPES buffer, and no subsequent pH adjustment was
needed to maintain the pH. As a result, Nor-NHS was added directly, no acetone was used,
and HEPES buffer pH 8 was used resulting in a controlled, organic solvent free reaction

without the need pH adjustment.
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Figure 2-41: (A) Change in transparency with ongoing reaction process. (B) DoF analysis via TNBSA
assay of different reaction products synthesized with (w/) or without (w/o) acetone using two different
buffer systems (1x PBS pH 7.4 and 100 mM HEPES buffer pH 8.0) (N=3). All data was normally dis-
tributed.

During purification by dialysis against ddH20, a white precipitate formed within the dialysis
tube. The amount of precipitate correlated with the targeted DoF (higher DoF = more pre-
cipitation) and increased with every water exchange. Freeze drying of the supernatant re-
sulted in a poor mass yield. When the white solid was submerged in 0.1 M HEPES buffer pH
8.0, it dissolved completely. By modifying primary amines, the basic side chains (NH2), the
pl of the protein was assumed to change which potentially made it less to non-soluble in an
acidic environment (less NH2 groups, which could get protonated). To maintain a neutral to
basic pH, dialysis against 1XPBS pH 7.4 was tested. For the last dialysis step, the 1XPBS
buffer was exchanged by alkalified ddH20 (pH of 7.5-8.5) to remove most buffer salts. By
doing so, no precipitation was observed during the dialysis. To further lower the production

costs, the 1XPBS was replaced completely by alkalized water.

2.3.2.1.5 rColN screening
rColN screening was executed with different MR of NCA-NHS to rCol. Based on the previous
experiment where a MR of rCol:Norbornene acid of 1:0.5 led to a DoF of 48%, five different
MRs (1:0.1 to 1:1) were tested with 200 mg starting material each to approach a DoF of 10-
100%. The reaction products were dialyzed, freeze-dried and analyzed via 'H-NMR and
TNBSA assay. By comparing the data from both analytical methods, similar results were
gained. The difference between both methods increased with increased DoF of the rColN from

5-13%. Resulting DoF were shown in Figure 2-42.
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Figure 2-42: (A) 'H-NMR spectra of differently modified rColN products comparing the crucial peaks
for quantification (B) DoF determination by TNBSA-Assay (N = 3) and 'H-NMR in correlation to the
applied equivalents of Nor-NHS. (C) Correlation of average DoF (TNBSA-Assay and 'H-NMR) and
applied equivalents of Nor-NHS to rCol. All data was normally distributed.

Within the rCol development phase, also methacrylated rCol was synthesized, which resulted
in very high DoF of >90% (data not shown here). By using methacrylic acid anhydride in
excess, methacrylation of hydroxyl groups was proven by 'H-NMR by the chemical shift of
the aromatic protons of the tyrosine signal. To explore the observed effect for the norbornene
functionalization, Nor-NHS was used in excess (two equivalents). 1H-NMR showed a DoF of
98% (nearly complete turnover) and no tyrosine modifications. In summary, the DoF could
be adjusted by the applied equivalents of Nor-NHS to rCol. A linear correlation between the
applied molar ratio of Nor-NHS to rCol and the resulting DoF was identified. Quantification
was successfully demonstrated by 'H-NMR and colorimetric TNBSA-Assay. By comparing
the measured DoF from the TNBSA assay and 'H-NMR, led to signal variations between 4%
-13% for all tested MRs which was rated as acceptable (see Figure 2-42; C).

2.3.2.1.6 Cytotoxicity Analysis
To analyze possible cytotoxic side effects of rColN, a cell viability study using the MTS-assay
was performed (see Figure 2-43). The assay determined the metabolic activity of selected cells
(here: HFF) during compound exposure. As reference, unmodified rCol was tested. The assay

procedure was described in more detail in chapter 4.2.3.1.1. Sample concentrations between
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0.1 and 20 mg/ml were tested showing cell viabilities between 83—110%. This surpassed the
threshold of 70% (which was extracted from the ISO standard 10993-5). Resulting from the
generated data, an LDso of >20 mg/ml was determined for all tested samples. The materials

were determined as non-cytotoxic under the test conditions.
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Figure 2-43: MTS cell viability assay based on the metabolic activity of HFF fibroblasts after exposure
to rCol and rColN for 24 h under culture conditions. rCol was dissolved in cell culture medium prior to
exposure (N = 3). All data was normally distributed. The threshold for viability of 70% given by ISO
standard 10993-5 was indicated by a red dotted line.

To reduce the sample size for subsequent experiments, three different DoF were synthesized:
Low (25% + 12%), medium (560% + 12%) and high (756% =+ 12%). Only these three material
variants were used in the following thesis. Materials with a lower DoF (extra low: <12%) and
a higher DoF (extra high >88%) were not taken into consideration due to their poor or ex-
treme gelation behaviors. While rColN_low required high concentrations for gelation (see
chapter 2.3.3.2), the high functionalization of rCol (rColN_high) might have altered the heli-
cal structure strongly or cause extreme network densities during crosslinking. Larger
amounts of all three derivatives were synthesized for all follow up experiments to calculate

different DoF's resulting in the material characteristics in Table 2-5.

Table 2-5: rColN synthesis table showing the applied equivalents (eq.) of Nor-NHS, the applied mass
of Nor-NHS per gram rCol, the analyzed DoF, the calculated molecular weight of the products (Mw) and
the resulting yield.

Sample Eq. m (NCA-NHS) Muw (g/mol) DoF (NMR) Molecular yield
rColN_low 1:0.2 45 mg 23,431 21% 99%
rColN_medium 1:0.5 116 mg 24,330 53% 79%
rColN_high 1:0.8 185 mg 25,005 7% 82%
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2.3.2.1.7 Secondary structure
CD spectra can reveal the potential triple helical structure of collagens. To determine the
DoF after synthesis, the three variants (low, medium and high) from Table 2-5 were com-
pared to unmodified rCol (native and denatured). All curves showed the typical curve behav-
ior for a triple helical structure (see Figure 2-44. Compared to rCol, the minimum at ~197 nm
and the maximum at ~220 nm decreased for all rColN variants. For data extraction, the CD
signal was normalized to a wavelength instead to a concentration. It is possible that chemical
changes due to the introduced norbornene units alter the absorption properties of the mole-
cule, resulting in slightly different normalized values. Nevertheless, the triple helical struc-

ture could be demonstrated and was comparable for all three derivatives.
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Figure 2-44: CD spectra of rCol and rColN. All data was normalized to UV absorption at 215 nm and
smoothed using a second order polynomial equation with 5 neighboring points in size (5 nm). The
smoothing was performed with GraphPad Prism 9.4.1. All samples were prepared with 0.1 g/kg 50 mM
sodium phosphate buffer pH 7.2 and dissolved in a thermomixer for one hour at 20 °C before usage.

The denatured rCol was incubated at 40 °C for 10 min prior to the measurement. The measurement

itself was performed at 20 °C.

To determine the temperature stability of rColN, CD spectra were recorded at different tem-
peratures. After a sigmoidal fit, the following Tw were calculated from the turning points of
the sigmoidal fits: 33.1 °C (rCol); 33.0 °C (rColN_low); 31.9 °C (rColN_medium) and 30.9 °C
(rColN_high). Gained data indicated a reduced thermal stability for norbornene modified
rCol of up to 2.2 °C. For rColN handling a material incubation of max. 30 °C was recom-

mended to maintain the triple helical structure.
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Figure 2-45: Melting temperature of rColN variants determined via CD spectra. 10 mg/ml rColN and
rCol solutions in 50 mM sodium phosphate buffer pH 7.2 were prepared at 20 °C, diluted to 0.1 mg/ml
and analyzed with a heating speed of 1 °C per 10 min from 25 — 40 °C. Applied procedures were de-
scribed in chapter 4.2.5.6.

In Figure 2-4 (chapter 2.1.1.4) unmodified rCol showed refolding of the material over time
measured by size exclusion chromatography (SEC). The same approach was followed to eval-
uate the refolding capacity of the rColN materials. Refolding of rColN_low and rColN_me-
dium was observed (data not shown). For rColN_high, the applied SEC method needs to be
optimized due to shift of retention time which made peak integration and peak resolution
impossible. The experiment should be repeated with an optimized measurement method to
validate and to determine potential backfolding for rColN_high. Refolding of denatured
rColN was of importance to reuse denatured material by e.g. wrong storage conditions. Still,
several repetitions need to be performed to the long-term stability of the protein in aqueous
solution or powder form to get a better insight into the shelf life. Also, by preparing a stock
solution and storage between 2 and 15 °C could always ensure the maximum degree of triple

helical folding, which ensures identical material performance.
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2.3.2.2 Thiolated recombinant collagen-like protein (rColS)

2.3.2.2.1 Introduction
Cysteine is rarely found in native collagen.34” The applied rCol contains no cysteine. The
introduction of thiols has several advantages like disulfide bond formation to strengthen the
proteinogenic 3D structure and the chemical crosslinking via thiol-ene chemistry. The intro-
duction of thiol groups can be achieved via genetic modifications or by post-translationally
modifications. Here, the thiols were added post-translationally by chemical functionaliza-
tions. Several reagents can be used to modify primary amines. One of the most prominent
reagent is 2-iminothiolane (2-IT or Traut's Reagent).348 Also, sodium thioparaconate349, y-
thiobutyrolactone3®?, benzoyl homocysteine thiolactone3’! and N-acetyl homocysteine thio-
lactone (AcHCT)352 can be used. According to a recent publication from Gockler et al. (thio-
lated gelatin), N-acetyl homocysteine thiolactone was selected due to its relative novelty and

its price. All the listed structure were visualized in Figure 2-46.
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Figure 2-46: Overview of diverse thiolation reagents for proteins.

2.3.2.2.2 Ellman-Assay establishment
To quantify the DoF's of thiolated rCol, the calorimetric Ellman-Assay was established. The
assay is based on the Ellman’s reagent cleavage (5,5'-dithiobis-2-nitrobenzoic acid or DTNB)
due to disulfide exchange with thiols in the sample. Formed 2-nitro-5-thiobenzoate (TNB-)
ionizes to TNB?2- dianion in water at neutral and alkaline pH which appears in a dark yellow

color. The assay was ideal for rCol due to the lack of cysteines in the unmodified protein.

2.3.2.2.3 Proof of concept (PoC) synthesis

NO
SH + g S © s oH + © S
- ~ —_—
R o s R-S<g
O,N ° o O,N

Thiol Ellman's reagent (DTNB?") TBS*
dark yellow color

Scheme 2-4: Reaction scheme for the Ellman's assay.

rColS was synthesized comparable to GelS according to the protocol of Gockler et al. The

reaction temperature was reduced (40 °C to 20 °C) and the starting material concentration
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2 Results and Discussion

was increased to 40 mg/ml. A detailed reaction description was given in chapter 4.2.4.2. using
the published ratios, 5 equivalents of N-acetyl homocysteine thiolactone (AcHCT)
(5.03 mmol, 801.49 mg) were added to 1 g rCol (0.04 mmol, 1.01 mmol R-NH3z moieties) in
carbonate buffer under N2 atmosphere. After synthesis (3 h at 20 °C) and purification, the

material was analyzed via 'TH-NMR and Ellman's assay.

NH, (@] NH,
H,N
o @ R HS\/\}” o SH
NH, /Z( b \‘(NH NM
N H
HoN H O HN HN77/
NH, N-Acetylhomocysteine thiolactone HS%O NH, O
0.1 M carbonate buffer pH 10, RT, 3 h, N,
rCol O rColS

Scheme 2-5: Reaction scheme for the conjugation of N-Acetyl homocysteine thiolactone to rCol.

The DoF was determined by 'H-NMR using formula 2-2. The two eCHz2 protons responsible
for the lysine signal (6 = 2.96 to 3.03 ppm) were divided by the area of the four protons of the
tyrosine signal (6 = 6.77 to 6.85 ppm and 6 = 7.06 to 7.15 ppm), divided by the numbers of
primary amines and multiplied with 100 to indicate the amount in percent. Subsequent sub-
traction from 100% resulted in the DoF. With an increase in DoF, the lysine signal dimin-
ished due to the conjugation with the thiolactone derivative. Another important peak appears
at 2.015 ppm which corresponded to the introduced thiol moieties. Due to potential peak
overlays in this area, the DoF calculations according to formula 2-2 proved as being sufficient.
A(lysine signal)/2

1
DoF (%) = 100 — —x*x100 2-2
oF (%) A (tyrosine signal) /4 * 23"

Using an excess of 5 equivalents of AcHCT resulted in a DoF of 72% To achieve higher DoF
longer reaction times could be tested with higher equivalents of AcHCT. Based on the gener-
ated data in chapter 2.3.2.1.6, a DoF of max. 75% was pursued. The same three functionali-
zation variants were also pursued for rColS and required equivalents for the chemical modi-

fication were explored in the following screening.
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Figure 2-47: 1TH-NMR spectra of the first rColS batch made with 5 equivalents of N-acetyl homocyste-
ine thiolactone. The protons responsible for the tyrosine signal and the lysine signal were highlighted

in red. At 6 = 2.015 ppm a third peak correlated with the introduced thiols.

2.3.2.2.4 rColS screening
Respectively 200 mg rCol was modified with five different molar ratios of AcHCT (1:0.25;
1:0.5; 1:1; 1:2; 1:5). Molar ratios were calculated by comparing the functional side chains in
1 mol rCol. Due to 23 reactive NHz groups, a molar ratio of 1 represented 1 mol functional
side chains in 1/23 mol collagen molecules. The reaction was described in more detail in chap-
ter 4.2.4.2. After product purification and freeze drying, the Ellman's assay was performed
to quantify the DoF as well as tH-NMR spectra. By using more thiolactone (derivatization
agent), an increased DoF was expected. To ensure signal quantification, the absorbance sig-
nal had to be in the linear range of the assay. To ensure this, different rColNS variants were
screened in a concentration range from 1 to 10 mg/ml rColS (data not shown). The linear
range was expected to differ for different DoF. Higher DoF were expected to have a lower
linear concentration range compared to low functionalized rColS. For 1,2 and 5 mg/ml rColS
a linear range was detected for all rColS variants (see Figure 2-48 (B). To receive a stronger
signal intensity, 5 mg/ml sample concentration was chosen for subsequent quantification ex-
periments. Reaction products of the screening were also analyzed by 'H-NMR (see Figure
2-48 (A). A correlation of extracted DoF's via Ellman's assay and H-NMR was compared in
Figure 2-48 (C). A linear correlation was extracted. The formula of the resulting trendline
could be used to calculate the DoF solely based on the Ellman's assay signal. The calculated
DoFs were summarized in Figure 2-48 (E). By plotting the DoF against the applied equiva-
lents of thiolactone (AcHCT), a logarithmic correlation was identified. By extrapolation, a
DoF of 75% would theoretically require 5.8 equivalents of AcHCT and a DoF of 100%
20 equivalents of AcHCT. This finding correlated with Gockler et al. who used the same
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chemistry with animal-derived gelatin.344 Five (5) equivalents of thiolactone showed a similar
DoF of 72% compared to the literature (73%)175 and surpassed the DoF published for gelatin
with 50%.344
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Figure 2-48: (A) 'H-NMR spectra of differently modified rColS products comparing the crucial peaks
for quantification. (B) Ellman's assay signal comparison of rColS derivatives (C) DoF correlation based
on 'H-NMR data and Ellman's assay signal with a linear trendline. (D) Logarithmic correlation of DoF
and applied equivalents of thiolactone. (E) Overview of applied MRs, resulting signals, recalculated

DoF's and their difference in signal (N=3). All data was normally distributed.
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2.3.2.2.5 Toxicological analysis
To analyze possible toxic side effects of the modified rColS material after purification, an
MTS assay was performed with unmodified rCol as a reference (<40 mg/ml collagen). The
assay procedure was described in chapter 4.2.3.1.1. rColS showed an increased background
signal, which correlated with the DoF's used and the rColS concentrations (data not shown).
It was assumed that the introduced thiols interfered with the MTS reagent leading to an
excess of formazan product. To obtain more reliable data, the color independent CellTiter-
Glo® assay was performed with identical samples and controls. The experimental procedure
was described in chapter 4.2.3.1.2. The background signal remained low for all samples
tested. The excellent biocompatibility of unmodified rCol was already tested in previous ex-
periments as shown in chapter 2.1.4, Figure 2-10 and in chapter 2.3.2.1.6, Figure 2-43. The
experiment showed excellent viability of 86% - 109% which surpassed the ISO Norm 10993-
5 threshold of 70%. Resulting from the generated data, an LDso of >20 mg/ml was determined

for all tested samples.

120%

100% T * = : -
. mrColS 15%
. Tt 1 BER.  BERR. .. o ColS 20,
40% H rColS 39%
Yoo mrColS 55%
0
0.1 1 5 10 20

=X

rColS 72%

Viability over control (%)

[rColS] (mg/ml)

Figure 2-49: CellTiter-Glo® assay to determine the influence of different rColS samples on the meta-
bolic activity of HFF fibroblasts after exposure for 24 h. rColS was dissolved in cell culture medium
prior to exposure (N=3). All data was normally distributed. The threshold for viability of 70% given by
ISO standard 10993-5 was indicated by a red dotted line.

2.3.2.2.6 DoF targeted synthesis
Based on the data generated, the reaction was repeated with the calculated equivalents of
thiolactone for theoretically: 25% (0.5 equivalents), 50% (1.7 equivalents) and 75% thiolated
collagen (5.8 equivalents). The DoF was quantified by Ellman's assay and 'H-NMR resulting
in the following products listed in Table 2-6. The resulting products showed excellent cell
compatibility after purification (99-112% viability) and were considered as safe for subse-
quent experimental studies. All subsequent experiments were conducted with rColS_low
(25% +12%), _medium (50%=+12%), or _high (75% +12%). The numbers in brackets described

the DoF range per product.
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2 Results and Discussion

Table 2-6: rColS synthesis table showing the applied equivalents (Eq.) of thiolactone, the applied mass
of thiolactone per gram of rCol, the analyzed DoF, the calculated molecular weight of the products (Mw)
and the resulting yield.

m (thio- DoF Molecular
Sample Eq. Mw (g/mol)
lactone) (Ellman) yield
rColS_low 1:0.5 77 mg 23,357 14% 99%
rColS_medium 1:1.7 268 mg 24,638 49% 97%
rColS_high 1:5.8 941 mg 25,224 65% 97%
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Figure 2-50: CellTiter-Glo® with different conc. of rColS_low, rColS_medium and rColS_high (N = 1).
The threshold for viability of 70% given by ISO standard 10993-5 was indicated by a red dotted line.

As stated in chapter 2.1, collagen obtains a typical a-helical 3D structure. Due to this struc-
ture collagen obtains its unique properties, which differentiated it from its denatured ran-
dom-coiled structure. Some of these properties like an increased material strength are listed
in chapter 2.2.2. CD spectra were recorded to evaluate the rCol’s secondary structure after
thiolation (see Figure 2-51). Generated CD spectra showed a similar signal for the unmodified
and folded rCol for all tested rColS variants. No denaturation was observed through the man-
ufacturing process. Next, the melting temperature was determined by overlaying CD spectra.
The following melting temperatures were extracted: 33.06 °C (rColS_low); 32.24 °C
(rColS_medium) and 32.34 °C (rColS_high).
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Figure 2-51: CD spectra of rCol and rColS. Measured data was normalized on material absorbance at
215 nm and smoothed using a second order polynomial equation with 5 neighboring points in size
(5 nm). The smoothing was performed with GraphPad Prism 9.4.1. The denatured rCol was incubated
at 40 °C for 10 min prior to the measurement. Detailed measurement descriptions were given in chapter

4.2.5.6.
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Figure 2-52: Melting curves of rColS_low, _medium and _high determined via CD melting curves.
10 mg/ml rColS and rCol solutions in 50 mM sodium phosphate buffer pH 7.2 were prepared at 20 °C,
diluted to 0.1 mg/ml and analyzed with a heating speed of 1 °C per 10 min from 25 — 40 °C. Applied

procedures were described in chapter 4.2.5.6. A sigmoidal curve fit was done with GraphPad Prism.

2.3.3 Hydrogel synthesis

2.3.3.1 Choice of Photoinitiator

One of the first and still commonly used water-soluble type I photoinitiators (PI) is Irgacure

2959. Disadvantages are limited molar absorptivity at 365 nm (¢ = 5 M—1 ¢cm—1) and its low
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water solubility of 5 g/1, which, however, is still acceptable for most applications. In compar-
ison lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP) showed a better water-solu-
bility of 47 g/l. LAP also absorbs light at higher wavelengths of 365 nm (¢ = 218 M~1cm1).153
For being less cytotoxic and allowing light absorbance at visible light, LAP became first choice
in state-of-the-art water-soluble PIs for 3D biofabrication353.35¢ To test for cytotoxicity before

and after irradiation, Irgacure 2959 and LAP were compared with HFF cells.
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Figure 2-53: CellTiter-Glo® cytotoxicity assay of Irgacure 2959 and LAP solutions on HFF (P7) cells
after 24 h exposure time with (w/) and without (w/o) prior irradiation (15 sec, Omnicure S2000, sample-
light distance: 5 cm, intensity: 5.0 W/cm?2). The PI was dissolved in medium. The background of the
sample solution without cells was subtracted and the signal was normalized to the negative control
(cells with culture medium). The relevant threshold for viability of 70% given by the ISO standard
10993-5 was visualized as dotted, red line at 70% (N=3). All data was normally distributed.

Resulting data from the cytotoxicity assay demonstrated differences between both photoin-
itiators. First, the non-irradiated samples were compared where no radical formation was
expected. Between 0.1 and 1 mg/ml material, the cell viability remained above 70% (78-
142%). Interestingly, non-irradiated LAP even had a positive effect on the measured signal
especially between 1 and 5 mg/ml. The reason for showing such high viabilities above 100%
remained unclear. By increasing the Irgacure 2959 concentration, already 2 mg/ml material
resulted in cell viabilities below the threshold of 70% and a concentration of 5 mg/ml Irgacure
2959 was toxic for 100% of the tested cells. The irradiated samples demonstrated a reduced
viability for LAP. Still, even with 5 mg/ml photoactivated material, the measured signal re-
mained above the threshold. For Irgacure 2959, a slightly higher cell viability was measured
with the irradiated samples. This was surprising because the radicals were expected to have
a more severe influence on the cell viability. Based in the generated data, an LDso value of

>5 mg/ml was defined for LAP while Irgacure 2959 obtained a LDso of 2-5 mg/ml. In
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2.3 Modified rCol for Photopolymerization

summary, LAP can be used in higher concentrations than Irgacure 2959. Even with 5 mg/ml
activated LAP, the resulting cell viability remained above the threshold of 70%. Due to the
good solubility and the sensitivity to blue light, further experiments were done with LAP.

2.3.3.2 First crosslinking trials

HS
N HoN o Photo-
HoOC 3 )\\

HN N initiator
NH, NH, H
+ HO HN _—
H N O N ! ’
N COOH -0)-
(e} HoN (0]
SH _

rColN rColS R1, R2 = Collagen

Scheme 2-6: Photopolymerization of rColN and rColS by adding a photoinitiator (here: LAP) and a
light signal (here: blue light with the wavelength of 405 nm).

rColN and rColS were mixed in a 1:1 mass ratio (example: 20 mg/ml rColNS contains
10 mg/ml rColN and 10 mg/ml rColS) with similar or identical DoF. To better understand the
rColNS concentration threshold for gelation, the following range was tested: DoF (8-81%) +
rColNS concentrations (2.5-40 mg/ml). To reduce the number of experiments, the LAP con-
centration was set to 0.3 mg/ml in accordance with Gockler et al.3#4 For photopolymerization,
the Omnicure S2000 system was used. The Omnicure S2000 system can produced up to
16.5 W/cm? (see Figure 2-54). To compare the generated data, always the same light intensity
was chosen. Here, a medium light intensity of 5.0 W/cm? was chosen for all following experi-
ments. 100 pl sample volumes were prepared according to chapter 4.2.4.5 and 25 pl droplets
were tested according to chapter 4.2.6.1 via droplet test.
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Figure 2-54: Correlation of measured radiance and adjustable level of the Omnicure S2000 lamp.
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First, rColN was tested without rColS in a radical chain polymerization. Gained data showed
a weak gelation performance with 0.3 mg/ml photoinitiator (see Table 2-7). No gelation was
observed even with 40 mg/ml rColN_high (DoF of 80%). By applying longer irradiation times
of up to 400% (15 — 60 seconds), tested formulations remained liquid. By increasing the LAP
concentration ~ 3% (0.3 — 1 mg/ml) gelation was observed for some formulations starting
from 10 mg/ml rColN_medium (DoF of 41-56%) (see Table 2-7). A correlation between colla-
gen concentration and the applied DoF was observed with regards to successful gelation.
Second, rColN was tested in combination with rColS in a step growth chain polymerization
(SGP). The combination of rColNS and rColS showed improved gelation properties. Success-
ful gelation was observed with only 2.5 mg/ml rColNS and 0.3 mg/ml LAP. In comparison to
radical chain growth polymerization (RCP) with rColN_medium, a 4X reduction in required
collagen while using 3% less photoinitiator for gelation was observed with rColNS. Further-
more, a correlation between collagen concentration and the applied DoF was observed. In-
creased DoF and rCol concentration improved gelation and vice versa. The data obtained
confirmed the published results by Van Hoorick et al. that RCP required more photoinitiator
and higher material concentrations for gelation.!26 In summary, the combination of rColN

with a thiol significantly reduced the required material concentrations.

Table 2-7: Gelation experiments with rColN and LAP in 1XPBS. The total rCol was indicated in bold.
(left) A LAP concentration of 0.3 mg/ml (left table) and 1 mg/ml (right table) was used for all formula-
tions. All samples were irradiated with an Omnicure S2000 system with 5.0 W/ecm? from a 5 cm distance
between sample and optical fiber for up to one minute. Gelation was determined every 15 seconds of
illumination. Successful (v) and insufficient gelling (X) was documented (with N = 2). Based on the
defined DoF ranges the following DoF were assigned to rColN_very low (8% and 12%), rColN_low (29%),
rColN_medium (41%, 48% and 56%) and rColN_high (80%).

0.3 mg/ml LAP 1 mg/ml LAP

[rCoIN] DoF (rColN) (%) [rColN] DoF (rColN) (%)

(mgml) 8 12 29 41 48 56 80 (mg/ml) 8 12 29 41 48 56 80
5 X x X X X X X 5 X X X X X X X
10 X X X X X X X 10 X X X v v 4 X
20 X X X X X X X 20 X X v v v 4
40 X X X X X X X 40 v v v v v v
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Table 2-8: Gelation experiments with rColN, rColS and LAP in 1XPBS. The total rCol concentration is
indicated in bold. rColN and rColS were applied in identical mass ratio (1:1) with a LAP concentration
of 0.3 mg/ml. All samples were irradiated with an Omnicure S2000 system with 5.0 W/ecm? from a 5 cm
distance between sample and optical fiber for 15 seconds each. Successful (v) and insufficient gelling

(X) was documented. All formulations were tested with N = 2.

Bioink DoF (rColN) DoF (rColS) Total rCol (mg/ml)

Classification (%) (%) 25 5 10 20 40
Extra low 8 8 X X X v
Extra low - low 12 17 X X X v
Low 29 32 X v v v
Medium 41 45 v v v v Y
Medium 48 45 v v v v Y
high 80 81 v v v v Y

2.3.3.3 Irradiation time

The minimal irradiation time for hydrogel formation is an important factor for 3D printing.
Shorter irradiation times can speed up the printing process, which can save time and money.
Furthermore, long lamp exposure and processing times bear the risk of hydrogel drying. To
compare the gelation rate of radical chain polymerization with rColN to step-growth polymer-
ization with rColNS, same concentrations of collagen (10-40 mg/ml) were applied along with
three concentrations of LAP (0.3, 1, and 2 mg/ml). Gelation was detected with the droplet
assay (see chapter 4.2.6.1; 25 ul droplets) and irradiation times of 1-60 seconds using the
Omnicure S2000 instrument at 5.0 W/cm?2 and a sample to light source distance of 5 cm. After
the indicated irradiation time, an attempt was made to move the droplet with a pipetting tip.
When sufficiently solid, the droplet moved and was evaluated as gelated. Resulting data (Ta-
ble 2-9) showed the expected discrepancy between radical chain polymerization with rColN
to step-growth polymerization with rCoINS. By using only rColN, only high concentrations
of rColN and LAP led to stable hydrogels. This finding aligned with the trend observed in
Table 2-7. Still some formulations were evaluated in Table 2-7 as hydrogel forming, which
failed in the repetition (Table 2-9). It was assumed that the respective concentrations repre-
sented the border gelation concentration where gelation was difficult to determine. In gen-
eral, a trend was observed that higher rColN and LAP concentrations led to hydrogel for-
mation. By using rColN in combination with rColS, all tested formulations gelled within one
second of irradiation. One exception was rColNS_low where irradiation times of up to 15 sec-
onds were needed to induce gelation. Data demonstrated collagen and LAP correlations show-

ing that less LAP and less collagen required longer irradiation times. In summary, gelation
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was possible with all tested formulations of rColNS. Data validated the described superiority
of step-growth polymerization. A DoF and collagen concentration dependent irradiation time

was observed.

Table 2-9: Minimal gelation times of different collagen hydrogel formulations were noted in green with
the applied irradiation time until gelation was observed as well as insufficient gelation (X). All samples
were irradiated with an Omnicure S2000 device with 5 cm between the optical fiber and a lamp power
of 5 W/cm? for up to 60 seconds. Samples were evaluated after 1, 2, 3, 5, 10, 20, 30 and 60 seconds of

irradiation. Samples were prepared on Tesafilm coated glass slide.

Formulation LAP (mg/ml) LAP (mg/ml)

Total rCol DoF 0.3 1 2 0.3 1 2
5 mg/ml Low rColN X X X |rCoNS 15 10 5
10 mg/ml Low rColN X X X |rCoINS 5 2 1
20 mg/ml Low rColN X X X | rCoINS 2 1 1
40 mg/ml Low rColN X X X | rColNS 1 1 1
5 mg/ml Medium rColN X X X | rCoINS 2 1 1
10 mg/ml Medium rColN X X X | rColNS 1 1 1
20 mg/ml Medium rColN X X 15 | rColNS 1 1 1
40 mg/ml Medium rColN X 1 1 | rColNS 1 1 1
5 mg/ml High rColN X X X | rColNS 1 1 1
10 mg/ml High rColN X X X | rColNS 1 1 1
20 mg/ml High rColN X X X | rCoINS 1 1 1
40 mg/ml High rColN X X 15 | rColINS 1 1 1

2.3.3.4 Reaction efficiency

Cell encapsulation requires an interconnected pore system for proliferation. The reaction ef-
ficiency was correlated with a more intertwined network which influences the pore size and
pore distribution. To better understand the reaction efficiency of rColNS hydrogels, colori-
metric studies were performed with the Ellman's assay (described in chapter 4.2.5.3) using
CoINS_medium as PoC with different molar ratios of thiol:norbornene. To establish the assay
for this purpose, hydrogels were prepared as described in chapter 4.2.4.5 in a 96-well plate
with 5 mg/ml rColS_medium with different concentrations of rColN_medium and 0.3 mg/ml
LAP with 100 pl total volume/well. After irradiation (Omnicure S2000, 320 — 500 nm, 15 sec.,
5.0 W/cm?), samples were covered with 200 pl Ellman reagent of different concentrations
(0.2%, 0.1% or 0.01% (w/v)) and stirred (orbital shaker; 200 rpm) for 2-6 h at RT. Absorbance

was then recorded without discarding the supernatant. Similar results were measured for all
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three regent concentrations. This finding indicated that all three concentrations were suffi-
cient to modify all thiol side chains. Differences were measured in the incubation time until
a stable signal was reached. The higher the Ellman reagent concentration the faster a stable
signal was reached (data not shown). To reduce the reagent concentration while maintaining
an adequate incubation time to reach a stable signal 0.1% (w/v) Ellman reagent was chosen
and the experiment was repeated for validation and to determine the minimal required in-
cubation time to reach a stable signal. By measuring every hour an incubation time of 2 h
was sufficient to reach a stable value at RT (see Figure 2-55). Data obtained showed high
efficiency of the rColN photopolymerization reaction. An equimolar ratio of norbornene to
thiol led to less than 20% unreacted thiols while twice the excess of norbornene units led to

~100% turnover of the primary thiols present in rColS.
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Figure 2-55: Assay establishment for reaction efficiency using the Ellman's assay. 0.1% (w/v) Ellman
reagent was added to photopolymerization products of rColS_medium w/ or w/o rColN_medium. Ellman
reagent in reaction buffer was used as blank. Sample groups were measured in triplicates. All data was

normally distributed.

Within this thesis, rColN and rColS were not mixed with identical concentrations in (mol/l)
but in 1:1 mass ratios (g/l). Thus, the experiment was repeated with defined mass concentra-
tions (see Figure 2-56). Data showed the lowest free thiol content in rColNS_high and the
highest free thiol content in rColS_low. rColINS_medium remained in the middle range. For
rColNS_medium and rColNS_high no global trend was observed with respect to the applied
concentrations. Considering also rColNS_low, the data showed a stronger difference by the
applied type of rColNS (DoF) than by the applied concentration. The only exception remained
the lowest tested rColNS_low concentration with a significantly higher signal compared to

the other results. The average percentages of free thiols, excluding 5 mg/ml for rColNS_low,
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were: rColNS_low = 9%; rColNS_medium = 6.6% and rColNS_high = 4.8%. The rather high
signal of unreacted thiols for 5 mg/ml rColNS_low was assumed to result from the low density
of reaction partners (steric availability) together with the low number of functional side
chains per modified rCol molecule. Longer irradiation times could be tested for a possible
increase of reacted side chains as well as alternating concentrations of LAP. Higher and lower
concentrations of all three variants could also be tested to potentially identify additional con-
centration dependent trends. In conclusion and except for 5 mg/ml rColNS_low, a higher DoF

resulted in more reacted side chains with shares of <10% of unreacted thiols.
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Figure 2-56: Ratio of free thiols after reaction of rColN and rColS with subsequent Ellman's assay
quantification. 0.3 mg/ml LAP was used for the photopolymerization. The resulting signals were nor-
malized on the applied final concentration of rColS_low, _medium or _high (N=3). Samples were diluted

when needed to remain within the linear range of the unmodified rColS.

2.3.3.5 Self-gelation of rColS

2.3.3.5.1 Background
Disulfides are covalent bonds between thiols. The reaction occurs naturally between cysteine
side chains, which essentially contribute to the secondary structure and tertiary of proteins.
Disulfides are usually formed by the oxidation of sulthydryl (-SH) groups.355 Alternatively,
disulfide bonds can form by thiol-disulfide exchange (see Ellman's assay; chapter 4.2.5.3).
Collagen normally does not contain cysteine or if so only in small quantities.35¢ By syntheti-
cally introducing thiols, disulfide bond formation could lead to hydrogel formation due to long
time storage (cysteine can also be introduced genetically within the amino acid sequence).
The self-gelation effect was observed, when rColS solution was stored between 4 °C - 25 °C

for several days. To trigger disulfide bonds, several ways were described in literature like the
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2.3 Modified rCol for Photopolymerization

addition of an oxidation reagents like H2O2 or by the addition of several metals or enzymes

which can catalyze the reaction.357 The reaction is additionally triggered by pH.358

2R—SH =RS—SR+2H "+ 2e" 2-3

RS —SR+R'SH = RS — SR+ RSH 2-4

2.3.3.5.2 PoC and the influence of pH
As stated above, the pH plays an important role in disulfide bond formation. To test the in-
fluence of pH, rColS_low was dissolved with 100 mg/ml in three different buffer systems
(1xXPBS buffer, 0.1 M HEPES buffer pH 8.0 and carbonate buffer pH 10). Samples with pH
10 showed the fastest gelation, forming a gel even before complete dissolution which required
the application of incubation at elevated temperatures to achieve a homogenous solution.
After complete dissolution, all formulations were incubated at 2-8 °C. The solution dissolved
at pH 10 let to the stiffest hydrogel formation with the fastest gelation kinetics. At pH 7.4
and pH 8.0 the hydrogel formed as well, but the gelation process took longer and the final
hydrogel was softer. As a result, hydrogel formation was observed for all tested buffer sys-
tems when stored at 2-8 °C over different time periods. The higher the applied pH, the higher
the resulting stiffness after identical time points. It was assumed that the basic pH acceler-

ates the reaction to produce more crosslinks at the same time to form stiffer hydrogels.

2.3.3.5.3 The influence of temperature
Melting curves of rColS (Figure 2-52) demonstrated triple helical disintegration above
~30 °C. It was assumed that an elevated temperature (increase to 37 °C) might also change
the rheological properties of rColS due to denaturation resulting in a liquid solution. To test
this hypothesis and to reproduce the previous results, a freshly prepared 100 mg/ml
rColS_low stock solution in carbonate buffer pH 10 was prepared overnight at RT followed
by subsequent heating to 37 °C to allow full dissolution. The prepared solution was incubated
over night at 2 to 8 °C which caused gelation. Subsequent incubation for 15 min at 37 °C
dissolved the formulation again. The solution was stored for 14 h at 2 to 8 °C causing gelation
again followed by incubation for only 1 min at 37 °C which was sufficient to dissolve the hy-
drogel again. Subsequent incubation at 2 to 8 °C for only 10 min caused gelation. This repet-
itive gelation and dissolution cycle was picturized in Figure 2-57. In summary, the self-gela-
tion effect of rColS was reproducible and reversibility in repetitive warming and cooling

cycles was proven.
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RT - 15 min,
overnight —  37°C
gelation +
no sufficient
dissolution

Figure 2-57: Gelation experiments with 100 mg/ml rColS_low in carbonate buffer pH 10 exposed to

different temperatures for different time periods.

It was assumed that heat treatment disintegrated the triple helical structure and resulted
single strands which didn’t form a hydrogel anymore. This hypothesis aligns with the rColS
melting temperatures extracted from Figure 2-52 (chapter 2.3.2.2.6) with T of 32-33 °C. By
cooling down the formulation to <15 °C, the formulation gelated again. It was assumed that
—based on the refolding experiments in Figure 2-60 (chapter 2.3.3.5.1) — temperatures below
the melting temperature initiated refolding into the triple helical structure. To better under-
stand the temperature dependent gelation and denaturation, the shear modulus of one se-
lected formulation was recorded online with the ElastoSens™ Bio device (see chapter
4.2.6.3.2). To achieve a more intensive shear storage modulus (G’) signal, rColS_medium was
used (instead of rColS_low). By using identical repetitive heating and cooling cycles, the tem-
perature dependent gelation was demonstrated. Briefly, the sample was initially heated to
40 °C followed by cooling to 5 °C. The sample was heated again with 1 °C/min until 40 °C was
reached. Repetitive cycles of heating and cooling led to the data in Figure 2-58. Data demon-
strated repetitive and reproducible increase and decrease in stiffness ranging from ~500 Pa
until ~3500 Pa. To visualize the cyclic behavior, a sinus curve fit was applied. The longer the
cooling phase lasted the higher the measured stiffness of the hydrogel (&). A longer incuba-
tion time was associated with a higher share of refolding into the triple helix and thus an
increased stiffness. To test this, the sample holder was incubated after the 3rd heating at 2 -
8 °C for 5 d which led to a further increase in a G’ up to ~5000 Pa. By heating to 40 °C, com-
parable low G’ values of ~500 Pa to preceding cycles were measured. The measured increased
stiffness with longer cooling times was assumingly due to the ongoing refolding of the single
strand into a triple helical structure. The disulfide formation has apparently not changed
significantly during the measurements due to the similar stiffness after each heating cycle
and the comparable melting temperature. In case of disulfide bond formation, a change in T,

was expected.
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Figure 2-58: Increase and decrease of stiffness due to temperature changes of 2 ml of a 100 mg/ml
rColS_medium solution in 1x PBS over time. Cooling meant a temperature change from 40 °C to 5 °C
and heating vice versa. Anti-evaporation oil was used to avoid sample drying. The curve was fitted using

Excel solver with a sinus fit (y=A*sin(wx)+B).

Generated data validated the temperature dependence and demonstrated a time-dependent
gelation behavior as well. Based on these results, additional kinetic experiments were per-
formed by a colleague (B. S. Thaqi; Evonik Operations GmbH) and displayed with her consent
(see Figure 2-59). Samples were incubated at 2-8 °C and measured from time to time until a
stable value was reached. Anti-evaporation oil was used to avoid sample drying. All tested
samples showed a G’ of 0.3 — 0.6 kPa after heating (40 °C) independently of the applied for-
mulation (100 — 150 mg/ml rColS_low and rColS_medium). A rColS concentration dependent
comparison of rColS_medium demonstrated a ~11X increase in G’ (150 mg/ml vs. 100 mg/ml)
during the 2nd cooling phase (18.4 vs. 1.7 kPa). For 150 mg/ml rColS_low a comparable G’ to
150 mg/ml rCoINS_medium of 18.5 kPa was measured. Differences appeared during the
longer incubation phase at 2-8 °C. After 5 d at 2-8 °C G’ values strongly increased to 4.8 kPa
for 100 mg/ml rColS_medium (2.8% increase), 57 kPa for 150 mg/ml rColS_medium (3.1% in-
crease) and 34 kPa for 150 mg/ml rColS_low (1.8X increase) were measured. Data showed an
incubation time dependent increase in G’ due to long time storage at 2-8 °C which revealed
the effect of a lower or higher DoF on the hydrogel stiffness. In summary, the temperature,
the rColS concentration and the DoF had a significant influence on the rheology of rColS

solutions.
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Figure 2-59: (A) Correlation of shear storage modulus of different rColS samples in 1XPBS when ex-
posed to subsequent heating and cooling cycles (N=1). (B) Resulted shear storage modulus after tem-
perature treatment in Figure A and subsequent storage at 4 °C for several days. Each sample was
measured once per days at 4 °C machine temperature as a single measurement and was subsequently

stored back art 4 °C. Anti evaporation oil was applied on the sample to avoid sample drying (N=1).

So far, all results demonstrated a reduction in G’ when heated (40 °C) followed by hydrogel
melting. This aligned with the identified melting curved for rColS (see chapter 2.3.2.2.6, Fig-
ure 2-52) of 32 — 33 °C. Additionally to the triple helical formation, disulfide bond formation
was expected to contribute to the melting temperature. By increasing the pH from 7.4
(1xXPBS) to 10 (carbonate buffer), gelation happened faster and a DoF and rColS concentra-
tion dependent increase in liquification temperature was observed (data not shown). By ex-
ploring this effect further and enabling the same effect in 1XPBS or 0.9% (w/w) NaCl the
selected formulations could be relevant for injections. Ideally, the resulting temperature
would be slightly higher than the human body temperature to ensure gelation after injection

for e.g. cosmetic applications as dermal filler.

2.3.3.5.1 rColS refolding
In chapter 2.1.1.4, Figure 2-4 the temperature-dependent refolding of rCol was explored. In
this chapter the experiment was repeated with rColS with another sample concentration
(~25 mg/ml rColS each). The sample was denatured for 15 min at 40 °C and stored at 15 °C
for up to 24 h. Samples before and after and after subsequent storage at 15 °C for 24 h were
analyzed via a SEC chromatography with the method used in patent WO 2023/016892 Al.
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The triple helix content was monitored at 1, 2, and 24 h as shown in Figure 2-60. Data were
generated and provided by C. Banger, Evonik Operations GmbH and displayed with his con-
sent. It showed a triple helical ratio of 83-91% before denaturation for all three samples. After
denaturation (15 in at 4 °C) rColS_low remained the highest triple helical share of nearly
50% while rColS_medium showed 21% and rColS_high showed a triple helical ratio or
amount of 13%. Within the next hours, the triple helical ratio increased for all samples lead-
ing to 90% refolding of rColS_low, 92% for rColS_medium and 84% for rColS_high after 24 °C
incubation time at 15 °C in comparison to the triple helical share before denaturation. Triple
helical unfolding was stronger with high DoF and refolding took longer to reach comparable
shares of triple helical folding. In summary, this experiment demonstrated the capability of
rColS to fold back in the triple helical state when stored at 15 °C over time. Longer refolding
times (48 h or 72 °h) could increase triple helical share further. Based on this finding the
hypothesis that changes in G’ appeared from triple helical denaturation was strengthened.
Also, the role of disulfide bond formation played an important role as shown in the long-term

incubation at 4 °C (see Figure 2-59).
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Figure 2-60: Temperature-dependent refolding of different rColS variants. ~25 mg/ml rColS solutions
in 50 mM Na-Phosphate buffer pH 7.2 were measured, denatured and measured again via SEC-HPLC.
The share in triple helical content was calculated based on the relevant peak integrals compared to the
residual peak areas before and after denaturation. After denaturation, samples were incubated at 15 °C

for 1-24 h prior to the analysis (N=1).

2.3.3.5.2 Application example
Due to the self gelation of rColS, injectables for e.g. dermal filler, cellular encapsulations or
drug depots are highly appealing. To test the injectability of the formulation through a needle
(G27), one formulation was chosen (100 mg/ml rColS_medium) in 1XPBS and in 0.9% NaCl
solution. rColS was dissolved over night at RT forming a transparent solution which also
gelated within this timeframe. The formulation was incubated at 37 °C followed by storage

at 2-8 °C. After different minutes the formulation was ejected to visualize the increase in
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viscosity (see Figure 2-61). After 8 min a visual increase in viscosity was observed which

increased. After 15 min a strong but still ejectable hydrogel was formed (see Figure 2-61; B).

Figure 2-61: Ejected rColS hydrogel after different timepoints with 100 mg/ml rColS_medium.
rColS_medium was dissolved in 0.9% NaCl. The formulation was heated to 37 °C for 5 min, filled in a
1 ml syringe with G27 needle attached and stored at 4 °C for up to 15 min. After different timepoint,

the formulation was ejected. (B) after 15 min storage at 4 °C.

Based on literature, common injectable formulations for soft tissue fillers require stiffnesses
from 7-600 Pa with viscosities (1) of 150-1630 Pas.3%° For a proper product development of an
injectable hydrogels, several formulations might be screened including critical manufactur-
ing steps like autoclaving of pre-filled syringes to ensure product sterility. Due to the medical
focus of this thesis, this topic wasn’t explored further. The self-gelation of rColS was demon-
strated in different buffer systems and different rColS concentrations (100 — 150 mg/ml). A
pH dependent effect in gelation was observed which was associated with pH triggered disul-
fide bond formation. Depending on the storage time at reduced temperatures (4-15 °C) strong
differences in stiffness were recorded based on the applied rColS concentration and the ap-
plied DoF. The higher these parameters, the higher was the measured stiffness. Injectability
was shown as a first PoC experiment and should also be explored further. Next steps could
test the refolding effect after autoclaving of the rColS solution as well as testing 0.9% NaCl
as alternative solvent. Also, the difference in melting temperature should be evaluated start-
ing from a pre-gelated rColS formulation until full stiffness was reached. The increase in
stiffness due to longtime storage was associated with disulfide bond formation. These links
might have an increasing effect on the melting temperature. Based on the findings, rColS

could be an interesting smart material for self-gelation.
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2.3.4 Characterization of rCoINS hydrogels

2.3.4.1 Porosity

The porosity was determined according to previous chapters (2.2.2.2.3 and 2.2.3.3.2) and cor-
related with the surface area of the material. The experimental procedure was described in
chapter 4.2.6.4. A higher surface area was correlated with an increased water uptake (swell-
ing). The more porous the surface, the better and faster was the expected swelling. Intercon-
nected pores are also important for cell expansion within the matrix, and open porosity at
the surface is necessary for cell infiltration.360:361 In order to better understand the appear-
ance of different formulations, rColNS hydrogel sponges were prepared according to chapters
4.2.4.5 and 4.2.4.8 with 5 mg/ml, 10 mg/ml and 20 mg/ml collagen resulting from 1:1 mixtures
(w/w) of rColN and rColS in ddH20 and three different DoF (low, medium and high). Cylindric
hydrogels were prepared with 0.3 mg/ml LAP in self-made silicon molds (750 pl, 6.3 mm ra-
dius, 6 mm height). Hydrogel formulations were cured (Omnicure S2000; 5.04 W/cm?2; 15 sec.)
and lyophilized. The obtained hydrogel sponges were analyzed by SEM and the porosity and
inner structure were analyzed (see Figure 2-62). The total porosity (detailed description in
chapter 4.2.6.4) ranged from 83-96% for all tested formulations and increased slightly with
amplified incubation time (83-94% after 1 h incubation, 88-96% after 24 h) (see Figure 2-62).
Open porosity (detailed description in chapter 4.2.6.4) ranged from 12% to 35% and increased
with amplified incubation time as well (12-29% after one hour, 24-35% after 24 . The lowest
tested rColNS concentration (5 mg/ml rColNS) showed the highest open porosity and
20 mg/ml rColNS samples showed higher open porosity than 10 mg/ml rColNS samples.
Cross section images validated this effect (see Figure 2-63). Additionally, the diameter of
formed pore walls increased with the rColNS concentration for all DoF. An increase in pore
diameters with 20 mg/ml rColNS samples was observed with an increased DoF. This effect
was not observed with 10 mg/ml rColNS samples. An open porosity of max. 35% was not
considered high compared to other crosslinking technologies using rCol which can reach open
porosities of 50-80% (data not shown here). The same can be said for the total porosity, which

can reach 95-99% with the DMTMM crosslinked reaction products (data not shown here).
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Figure 2-62: Porosity determination of 5-20 mg/ml total collagen made from rColNS (N=3). All data

was normally distributed.
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Figure 2-63: SEM imaging of rColN/S sponges. Sponges were prepared and analyzed according to
chapter 4.2.4.8 and 4.2.6.2. Images were taken each from the surface of the sponge (1000 um, 500 pm
and 100 um) and the cross chapter after freeze fracture (200 pm, 50 pm and 5 pm). 1% = 10 mg/ml; 2%
=20 mg/ml.
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2.3.4.2 Swelling

The porosity was measured in analogy to chapter 2.2.2.2.3 and 2.2.3.3.2. Different formula-
tions (5-20 mg/ml rColNS, all three DoF) were tested. Cylindrical samples were prepared
according to chapter 4.2.4.8 (750 ul, 6.3 mm radius, 6 mm height) and incubated in 1x PBS
at 37 °C for up to 72 h. The swelling ratio was calculated according to chapter 4.2.6.5. After
72 h swelling time, a swelling ratio between 8 - 14 was observed for all samples. The highest
and fastest swelling was observed with the two highest rColNS concentrations with the two
highest DoF (20 mg/ml rColNS_medium and 20 mg/ml rColNS_high). The increase in poros-
ity and in pore size for the 20 mg/ml rColNS formulations from Figure 2-63 was aligned with
an increased swelling (10.2 (low)—12.9 (medium)—14.1 (high). This effect was not reported
for 5 and 10 mg/ml rColNS. One hypothesis was the more defined structure with higher

rColNS concentrations.
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Figure 2-64: Swelling data of rColNS sponges in 1XPBS for 0.25-72 h at 37 °C (N=4). All data was
normally distributed. A homoscedastic two-sided Student’s t-test was performed with Excel *, ** ***

represent a < 0.05, 0.01, and 0.001, respectively.

2.3.4.3 Degradation

Biomaterials like collagens are naturally biodegradable and can be fully resorbed by mam-
malian organisms, which is favored especially for in vivo applications like sutures as they
avoid later surgical removal. For different applications, different degradation times are de-
sired. While some applications favor non to very slow degradation properties (like permanent
implants, dermal filler) some applications benefit from a medium to fast degradation rate
(long-term delivery scaffolds or resorbable tissue scaffolds). For bioinks, a medium degrada-

tion time is desired which ideally happens simultaneously tissue remodeling.
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2.3.4.3.1 Hydrolysis
Hydrolysis was explored analog to chapter 2.2.2.2.4. Data showed an initial decrease in hy-
drogel mass within the first 24 h (see Figure 2-65). This effect increased with lower rColNS
concentrations and lower DoF. The reason remained unclear but might be correlated with
the significant higher numbers of unreacted side chains demonstrated in Figure 2-56 (chap-
ter 2.3.3.4), which could leave collagen strands unreacted or cause insufficient structural in-
tegrity. Less structural integrity and a low number of intermolecular crosslinks could facility
strand separation during denaturation (1XPBS solution; 37 °C). Additionally, non-cross-
linked material could be flushed away or go into solution (depending on the fragment size).
It was hypothesized that closer spherical distance (given by higher rCoINS concentrations)
and higher numbers of crosslinks (given by higher DoF) would reduce strand separation due
to sterically hinderance and/or fragment entrapment. Extrapolated trendlines were calcu-
lated based on the remaining weight after 1 d of incubation (Figure 2-65; B), rColNS concen-
tration of 30-40 mg/ml could lead to no material loss. After the initial decrease (after 1 d), no
further decrease in weight was observed for any of the formulations tested over a monitoring
time of 14 days. On the contrary, a slight increase in weight was measured for most of the

formulations. The reason for this effect was not determined.
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Figure 2-65: (A) Hydrolysis of rColNS hydrogel sponges over time under physiological conditions. (B)

Blotting values from figure A with extrapolated linear trendlines.

2.3.4.3.2 Enzymatic degradation
Enzymatic degradation was performed in analogy to chapter 2.2.2.2.4 and 2.2.3.3.1 with a
metalloproteinase mixture. The choice of enzymes was outlined in chapter 2.2.2.2.4. The de-

crease in wet weight was monitored after an initial swelling phase in reaction buffer for 24 h
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according to chapter 4.2.6.6.2. A commercially available animal-derived bovine collagen ref-
erence (Lyostypt®, Braun) was used. The initial wet weight after soaking in enzyme buffer
(24 h at 37 °C) was used as reference wet weight. After adding the enzyme solution, loss in
wet weight was determined. All samples degraded completely within 24 hours. The DoF had
a significant effect on the degradation rate, especially for rColNS_low (see Figure 2-66). A
concentration-dependent degradation was observed. Samples made from higher rColNS con-
centrations had longer degradation times. After addition of the enzyme solution, all
rColNS_low samples decreased in weight within 1 h, while surprisingly, all formulations
with rColNS_medium or rColNS_high increased slightly in weight. One potential hypothesis
could be that the enzymatic activity increased the pore size of rColNS_medium and high,
which may have promoted swelling in the beginning of the experiment. It was assumed that
this effect was not visible for rColNS_low due to the fast degradation. The bovine collagen
reference was also hydrolyzed by the enzymatic activity but the degradation rate should not
be directly compared due to the different sample surface areas. In summary, all formulations
were degraded by the enzymatic activity. The degradation rate was highly dependent on the
DoF during hydrogel synthesis. This knowledge could be used to find the optional rColNS
composition for a specific application, followed by testing tissue specific metalloproteinases

for side specific applications.
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Figure 2-66: Enzymatic hydrolysis of different rColNS formulations with different DoF over a period
of 8 d with Collagenase from Clostridium histolyticum in comparison to animal-derived Lyostypt®. All
samples had a cylindrical shape with a diameter 6.3 mm and height 6 mm in dry state except for the
animal-derived reference which was a flat sponge patch. The starting weight (100%) was depicted with

a red dotted line (N=3). All data was normally distributed.

2.3.4.3.3 Rheology
As described in chapter 4.2.6.3 the gelation kinetics were recorded using the ElastoSens™
Bio device with the described method in chapter 4.2.6.3.2. To establish the device for photo-
polymerization, different formulations with polyethylene glycol diacrylate (PEG-DA,
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benchmark material) were used. PEG-DA hydrogels showed a linear increase in shear stor-
age modulus (G') until complete cure from 54 kPa with 20% (v/v) material in 1XPBS with
1 mg/ml LAP (see Figure 2-67).
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Figure 2-67: (A) Shear storage moduli (G’) of different hydrogels made of different concentrations of
PEG-DA (M= 575 g/mol) within the plateau phase of the gelation kinetic using the ElastoSens™ Bio
(B) Different PEG-DA formulations after photopolymerization 2.5% (not solid); (C) 5% (solid); (D) 7.5%
(solid) and (E) 10% (solid).

Next, rat tail collagen methacrylate (rtColMA) formulations were tested based on a 10 mg/ml
stock solution in 20 mM acetic acid. The rtColMA stock solution was challenging to handle.
The preparation of an 8 mg/ml rtColMA formulation caused issues like bubble formation,
material loss and probably insufficient homogenization. Therefore, a maximum concentra-
tion of 6 mg/ml rtCol was evaluated. The stock solution was diluted to a final concentration
of 2-6 mg/ml rtColMA in 1XPBS containing 1 mg/ml LAP. For the physical gelation, the sam-
ple was prepared on ice and transferred to the sample holder, followed by heating to 37 °C to
reach a plateau phase to trigger physical gelation, followed by irradiation at 405 nm leading
to a second plateau phase caused by chemical crosslinking (see Figure 2-68). Physical gelation
showed a concentration dependent increase in G’ with a low standard deviation from 0.8 kPa
(2 mg/ml rtColMA) to 2.7 kPa (6 mg/ml rtColMA). Subsequent photopolymerization (see
chapter 4.2.6.3.2) increased G’ to 1.3 kPa (2 mg/ml rtColMA) and 6.8 kPa (6 mg/ml rtColMA).
The standard deviation for chemical crosslinking was higher than physical crosslinking
which could be conditioned by issues with photoinitiator homogenization within the formu-
lation, as well as limited diffusion before photopolymerization and during physical gelation.
In conclusion, the experimental data showed a rtColMA concentration-dependent increase in
stiffness during physical gelation, which was further enhanced by chemical crosslinking. All
formulations turned to cloudy white during the process, which is an obstacle for applications

which require transparency for e.g. microscopic applications (see Figure 2-68; B). While the
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resulting stiffness range is excellent for soft tissue applications (see Figure 1-7) the material

might be too soft for stiffer tissues such as cartilage.
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Figure 2-68: (A) Shear storage modulus (G’) measurements of rt ColMA samples in 1XPBS and 1 mg/ml
LAP. Hydrogels made of different concentrations of rt ColIMA (Cellink) were analyzed with ElastoSens™
Bio (N=2). Sample groups were measured in duplicates. All data was normally distributed. (B) Visual
hydrogel appearances after chemical crosslinking of 2-8 mg/ml rtColMA and subsequent experimental

process steps of the measurement.

Next, different rColNS formulations were tested in a duplicate using photopolymerization,
which showed a low standard deviation. Three example measurement with their standard
deviation of duplicates were depicted in Figure 2-69 (A). The extracted and collected storage
moduli were depicted in Figure 2-69 (B). Measurements with rCoINS showed an adjustable
G’ based on the chosen rColNS concentration and the chosen DoF. The increase of both pa-
rameters increased the final stiffness (G’). As an example, 40 mg/ml rColNS_low resulted in
9.9 kPa, 40 mg/ml rColNS_medium in 19 kPa and 40 mg/ml rColNS_high in 26.2 kPa. To
better understand the potential range of stiffness, a high concentration with the highest DoF

was tested (100 mg/ml rColNS_high) resulting in a G’ of 57 kPa.
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Figure 2-69: (A) Measured increase in shear storage modulus (G’) of different rColNS hydrogel for-
mulations induced by photopolymerization. Samples were tested in duplicates; the standard deviation
was performed in Excel. (B) Rheological measurements of rColNS formulations (each 2 ml in 1XPBS,

0.3 mg/ml LAP) with the ElastoSens™ Bio device (N=2).

By correlating the measured stiffnesses, a polynomial fit was calculated with allows the stiff-

ness prediction of intermediate formulations (see Figure 2-70).
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Figure 2-70: (A) Storage moduli of different rColNS formulations after complete gelation vs. applied
rColNS mass concentration by 1:1 mixture of rColN and rColS with different DoF (low, medium and

high).

In 2020, Tytgat et al. modified another recombinantly expressed collagen protein in a similar
way. By using 100 mg/ml of the of norbornene-modified and thiolated collagen a G’ of 16 kPa
was genereated.” Compared to rColNS_high, the material from Tytgat et al. resulted in a
3.5% reduction of measured stiffness which highlighted to broad spectrum of rColNS in re-
gards to the measured stiffness after crosslinking. Here, radical chain polymerization of

rColN was used as reference to rColNS. Although it should be noted that norbornenes are
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expected to be less reactive than terminal alkenes (including methacrylates), rColN was used
as a first reference. Based on the generated data in chapter 2.3.3.2, Table 2-7, at least
1 mg/ml LAP was necessary to form a hydrogel with only rColN_high for 20 and 40 mg/ml
material. Without rColS, rColN formed hydrogels with significantly lower G’ even by increas-
ing the LAP concentration (see Table 2-10). Increase in LAP concentration caused increase
in G’ for the radical chain polymerization with rColN. In chapter 2.3.3.4, Figure 2-56, only
small shares of unreacted thiol side chains remained after crosslinking. Thus, only a small
increase in G' was expected for rColNS by using a higher LAP concentration than 0.3 mg/ml.
For 20 mg/ml rColNS_high only 4% unreacted thiols were determined. A similar share for
40 mg/ml rColNS_high was expected and no increase in G’ was detected by increasing the
photoinitiator concentration from 0.3 mg/ml to 2 mg/ml. This confirmed the high reaction ef-
ficiency known for thiol-ene chemistry. The low LAP concentration of 0.3 mg/ml LAP was
used for follow up experiments to keep the PI concentration as low as possible to avoid po-
tential PI induced cell damages from formed radicals. In summary, rColNS showed superior
stiffness at identical concentrations and was evaluated as a superior technology compared to

radical chain polymerization.

Table 2-10: Rheological measurements with rColN w/ and w/o rColS using the ElastoSens™ Bio. Con-
stantly 1 mg/ml LAP was used with a sample volume of 2 ml. Depicted values were extracted from the

plateau phase of the measured kinetics.

LAP Final G’ (kPa) Difference in stiffness
Sample i Average ()
(mg/ml) Rep.I Rep.II (rColN vs. rCoINS)
20 mg/ml rColNS_high 0.3 7.1 7.5 7.3+0.2 1.0x
20 mg/ml rColN_high 1 0.58 0.54 0.56 + 0.02 0.07x
20 mg/ml rColN_high 2 0.96 - 0.96 0.13x
40 mg/ml rColNS_high 0.3 28.50 - 28.50 1.0x
40 mg/ml rColNS_high 1 28.71 - 28.71 1.0x
40 mg/ml rColNS_high 2 217.82 - 27.82 1.0x
40 mg/ml rColN_high 1 1.27 1.04 1.16 + 0.12 0.04x
40 mg/ml rColN_high 2 3.13 - 3.13 0.11x
40 mg/ml rColN_high 5 4.48 - 4.48 0.16x

2.3.4.3.1 Developing tissue specific scaffolds with elastic and shear modulus
Based on a recent market analysis, 3D tissue printing is currently being developed for cornea,
vasculature, cartilage, bone, skin, cancer models, and adipose tissue.247 Within this thesis,
two relevant cell types were selected to estimate a potential use of the materials for skin and
cartilage repair. Other applications, such as cancer models and vasculature were excluded

due to high model complexity. Bone was also excluded due to the very high material stiffness
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that is difficult to achieve with hydrogels. To test two different stiffnesses, skin (here fibro-
blast scaffold) and cartilage (chondrocyte scaffold) were selected. For the selected applica-
tions, elastic moduli (E) of ~3 kPa and ~14 +1 kPa were reported for fibroblasts (skin) and for
chondrocytes (cartilage), respectively.362 As introduced in chapter 1.3.2, the stiffness of the
hydrogel plays an important role on the cellular wellbeing and the integration into existing
tissues. Although cells can sometimes remodel the scaffold and replace it by their own matrix
which alternates the composite stiffness, matching the desired stiffness from the beginning
might be beneficial for a great cellular well being. Based on equation 1-2 (chapter 1.3.2.3) (E’
= 2.5G’ to 3(@), the tensile strength can be recalculated into the shear storage modulus lead-
ing to a G' of ~1 kPa for skin tissue and a G' of ~4.7-5 kPa for cartilage. To find suitable
formulations, the measured G’ of rColNS formulations using the ElastoSens™ Bio can be
used to find the optimal composition. Ideally, the measurement shall be repeated with cells
incorporated into the formulations to depict the real matrix stiffness. Also, the cells should
be incubated for 24 h before the measurement to reduce false negative results due to swelling
or hydrolysis effects, which could occur within the first hours of incubation to get a more
exact value. However, this is connected to different obstacles like the observed hydrogel
shrinkage, which was reported in chapter 2.3.4.3.1 for lower concentrated formulations mak-
ing ElastoSens measurements impossible. Direct molding into the sample holders would de-
tach them during the cultivation which hinders a correct measurement. Also some cells like
fibroblasts are known to develop strong contraction, which leads to a shrinkage of the scaf-
folds during cultivation.363.364 In summary and to keep the experimental set up simple, meas-
ured values based on cell free scaffolds measured at 25 °C were considered as first orientation
to predict an adequate material stiffness for different cell types and tissues. Based on these
values formulations for fibroblasts and chondrocytes were tested in the biological chapter

below.

2.3.4.4 Leachables

To evaluate the biocompatibility of the rColNS hydrogels, a leachable assay was applied as
described in 4.2.3.2. To reduce toxic side effects from formed radicals during photoactivation,
hydrogel extracts were prepared after crosslinking and a dose-depended toxicity assay was
performed by exposing the extracts to pre-seeded HFF. After an incubation period of 24 h the
cells viability was analyzed using the MTS assay (CellTiter 96® AQueous One Solution Cell

Proliferation Assay, Promega).
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Figure 2-71: Leachable assay of rColNS hydrogels tested on HFF. Exposure time was 24 h and detec-
tion happened with the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega) (N=3).
All data was normally distributed.

2.3.4.5 Biomaterial sterility

The production of bioinks required sterile print components. Several methods have been re-
ported in the literature to ensure sterility, including plasma sterilization, sterile filtration,
gamma or UV light irradiation, and dry or wet heat sterilization. Due to the potential inter-
ference of UV light with the protein structure in terms of crosslinking effects such as tyrosine
dimer formation in collagen36> or protein degradation, as well as the heat sensitivity of rCol,
some technologies were excluded. For animal-derived collagen (MW ~300 kDa) there were
additional limitations. For example, sterile filtration of a rat tail collagen solution with a
0.2 um pore size filter resulted in clogging. Due to the significantly lower molecular weight
and viscosity of rCol, sterile filtration was tested for feasibility. Solution with 10 mg/ml rCol
(unmodified and modified) were prepared in ddH20. 2 ml solutions with and without sterile
filtration (0.2 pm filter) were transferred into 50 ml sterile Greiner tubes with filter caps
("non-sterile sample"). After subsequent lyophilization, dry weights were plotted (see Figure
2-72). No significant difference was observed between filtered and unfiltered samples and no
trend was observed. Data indicated that there was no significant weight loss due to sterile

filtration.
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Figure 2-72: Dry weight comparison before and after sterile filtration of different samples. Animal-
derived rat tail collagen (Sigma) was tested as well but sterile filtration (0.2 um pore size) wasn’t pos-

sible due to instant clogging (N=1).

Next, a sterility kit was used to determine biological contamination of unfiltered and filtered
samples from Figure 2-72 by using ROTI®DipSlides (CASO/RBCenr, Carl Roth, 3934.1) ac-
cording to the user manual (see chapter 4.2.3.6). Images were taken after 2 d and 5 d of
culture (see Figure 2-73). After 5 d of culture (supplier's recommended incubation time),
growth was seen on both sides of the control slide with 8 colony-forming units (CFU) for eu-
karyotes and 64 CFU for procaryotes. Partial bacterial growth without sterile filtration was
observed for some samples (case 2) with 28 CFU and no growth was observed for all without
sterile filtration (case 1). This indicated that some contamination occurred due to the non-
sterile processing of the material which would be removed by sterile filtration. In summary,
the data showed that sterile filtration does not result in drastic material loss for the tested
formulations and no bacterial, fungal or yeast growth was observed with the ROTI®DipSlides
used, demonstrating that sterile filtration is an excellent option for material sterilization or
decontamination on a laboratory scale. The applicability for larger batch sizes has to be eval-

uated in the future.
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Sample  Control Case 1 Case 1 Case 2 Case 2
before not SF SF not SF SF

) B E ‘

Figure 2-73: Sterility Assay after 5 d incubation time at 30 °C under humid conditions. “Sample be-
fore” shows an inoculated slide before the incubation time. The red agar fosters the growth of yeast and

fungi, the yellow agar the growth of bacteria.

2.3.4.6 Cell Adhesion and cellular ingrowth

2.3.4.6.1 Initial screening
Unlike polysaccharide-based hydrogels, proteins contain recognition pattern for biological
interactions like cell adhesion. Collagens derived from animals, for example, are known for
their high abundance of cell binding sites such as the common integrin binding pattern RGD
(Arg-Gly-Asp). rCol does not contain the RGD motif. In 1996, alternative integrin binding
domains were published.366:367 One example is the DGEA motif which occurs once per strand.
To evaluate cell adhesion, human fibroblasts (HFF), human epithelial cells (HeLa) and mu-
rine fibroblasts (NIH3T3) were tested on different photopolymerized rColNS formulations
according to chapter 4.2.3.3. Microscopic images were recorded within seven days followed
by Hoechst 33342/Live/Dead staining (see Figure 2-74). Most cells were viable after seven
days and a 2D cell layer had formed. In comparison the plasma-treated surface consistently
showed better growth behavior compared to the hydrogel surfaces. Data also indicated cell
type-specific cell adhesion. While fibroblasts showed strong cell adhesion on the rColNS for-
mulations, HeLa cells did not adhere at all. Instead, they formed spheroids. Differences be-
tween HFF and NTH3T3 cells were observed already after one day of incubation. The NIH3T3
cells were proliferating faster. This could be due the immortalization of NTH3T3 cells com-
pared to the primary HFF. Primary cells are known to grow slowly. Furthermore, a higher

rColNS concentration showed more attached cells after seven days (10 mg/ml vs. 5 mg/ml)
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and rColNS_medium showed better adhesion than the combination of rColN_medium and
rColS_low. It was assumed that the stiffer rColNS_medium hydrogels accelerate cell adhe-
sion. The exact reason for the difference in cell adhesion remained unclear. Cell adhesion was
also cell type specific. While fibroblasts attached well, tested epithelial cells (HeLa) did not
attach to the hydrogel surface. This effect needed to be validated by experimental replication
and by testing more cell types, which was done in Figure 2-78. Selective cell adhesion could

be exploited as feature for applications like selective cell isolation from e.g. a biopsy.
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Figure 2-74: Cell adhesion experiment of different cell types (3T3, HFF and Hela) on different photo-
polymerized rColN/rColS hydrogel formulations. (A) Exemplary HFF behavior within the test period
of seven days represented by brightfield imaging at day 1, 2 and 6 followed by LIVE/DEAD/Hoechst
staining according to chapter 4.2.3.5.1 at day 7. (B) Different cell behavior after 7 days of culture and
subsequent LIVE/DEAD/ Hoechst staining. Viable cells (green), dead cells (red) and cell nuclei (blue)

were stained.

2.3.4.6.2 Confirmation study
To validate the obtained data, the experiment was repeated with additional formulations of
rColNS (5 mg/ml and 10 mg/ml rColNS_low, rColINS_medium and rColNS_high) and addi-
tional cells (human chondrocytes (SW1353 cells). Cured hydrogels were topped by respective
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culture medium (200 pl each) and incubated overnight at 4 °C to ensure no osmolar effects
during the experiment. Within seven days, brightfield imaging was performed showing sim-
ilar results as the previous experiment (see Figure 2-75). Plate controls again showed the
best cell adhesion with confluence after 1-2 days. HeLa cells repeatedly failed to attach to the
hydrogel surface. Formulations with 5 mg/ml rColNS_low dissolved within the first days of
cultivation, and some formulations lost about half of their volume (10 mg/ml rColNS_low and
5 mg/ml rColNS_medium). Formulations with higher DoF or higher rCol concentration
(10 mg/ml rCoINS_medium, 5 mg/ml rColNS_high and 10 mg/ml rColNS_high) visually re-
tained their volume and were depicted in Figure 2-75. For NIH3T3 cells, a higher rColNS
concentration and DoF showed higher numbers of adhered cells. This effect was not observed
for HFF and SW1353 cells. After 5 days of incubation cells showed between 60 and 100%
confluency. The best results were achieved with NITH3T3 cells which showed a much higher
cell adhesion with 10 mg/ml rCoINS which arose the hypothesis, that the rColNS concentra-
tion is more crucial than the applied DoF. With HFF, the same trend was observed. For
SW1353 cells no clear trend was observed and the best adhesion was reported on the stiffest
hydrogel made from 10 mg/ml rColNS_high. In summary, cell adhesion was observed for 3T3,
HFF and SW1353 cells as well as no cell adhesion for HeLa cells which aligned with the
previous data. Also, stiffer or more concentrated rColNS formulations showed improved cell

density after 5 d of incubation than softer hydrogel version.

Figure 2-75: Cell adhesion of different cell types (NIH3T3, HFF and SW1353 cells) on different cured
rCoINS hydrogel formulations (0.3 mg/ml LAP; curing according to standard Omnicure S2000 settings)
after one day and 5 days of incubation. Brightfield pictures of both timepoints were connected by an

arrow. The experiment was conducted in a 48 well format as described in the method chapter 4.2.3.3.
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2.3.4.6.1 Cellular ingrowth

In a third attempt, the cell adhesion experiment was repeated with only HFF cells for
a prolonged incubation time (21 d) followed by Live/Dead staining to detect for long-
term viability and cellular ingrowth. After 21 days, cells showed high viabilities with
partially 100% confluency (plate control, 20 mg/ml rColNS_medium). After two weeks,
cellular extensions were observed growing into the gel, as shown in see Figure 2-76.
Cellular ingrowth started between day 7 and 14 with the lower concentrated formula-
tions. The effect was stronger with a lower DoF (rColNS_low > rColNS_medium) (see
Figure 2-77). On the other side, 2D cellular growth was more uniformly distributed on
higher concentrated rColNS formulations which aligned with the previous results. The
highest tested formulation with rColNS_low (20 g/ml total collagen) demonstrated the
best cellular attachment, which was comparable to the plasma treated cell culture sur-
face reference. However, the cellular attachment to the reference (plasma treated cell
culture plate) was consistently superior to that of the tested hydrogels which also
aligned with previous results. It was assumed that the high matrix stiffnesses and
highly density of the collagen scaffold could lead to increased exposed number of bind-
ing sites to the surface, leading to a stronger cell adhesion. In summary, especially the
lower concentrated formulations showed HFF ingrowth into the hydrogel matrix. The
highest confluency was observed with the highest tested concentration of rColNS_me-

dium (see Figure 2-77).
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Figure 2-76: HFF growth on six different rColNS hydrogel formulations (200 pl formulation/well in
8 well chamber slide; 200 pl; 5x104 cells/ml) over time under culture conditions. The cell morphology
was evaluated after 2 d, 7 d and 14 d using brightfield imaging. After 21 d a LIVE/DEAD/Hoechst
33324 staining was performed. The scale bar equals 100 um.
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Figure 2-77: Formulations from Figure 2-76 which showed cellular ingrowth after different incubation

times. Observed ingrowth was indicated with circles. The scale bar equals 100 um.

2.3.4.6.2 Addition of RGD binding motif
The RGD peptide is the most known binding motif for cells. Thus, it was added to the liquid
formulation before photopolymerization as peptide (Sigma, TrueGel3D RGD; TRUERGD-
1EA) to determine potential change in cell adhesion. To achieve a strong effect, the peptide
was used in excess (1:27). Based on the previous experiment the best formulation was tested
(10 mg/ml rColNS_high) for this experiment. Already after one day, differences in cell adhe-
sion were observed (see Figure 2-78). As mentioned above, cells seeded on plasma-treated
culture flasks showed the best adhesion and the fastest proliferation but NIH3T3 cells
showed nearly similar adhesion results in combination with the RGD peptide. While mouse
fibroblasts (NIH3T3 cells) responded strongly to the presence or absence of the RGD peptide,
human fibroblasts didn't show a significant difference in cell adhesion. The SW1353 cells on
the other hand showed an improved cell adhesion in combination with the RGD peptide
within the first days but the effect was not strong. HeLa cells repetitively didn’t adhere even
with the addition of the RGD peptide. In summary, cell adhesion was repeatedly supported
for human and mouse fibroblasts without the addition of the RGD peptide as well as the
tested human chondrocytes. By adding the RGD peptide strong differences were only ob-
served with the NIH3T3 cells. Although the overall cell adhesion is not comparable to an
optimized plasma-treated cell culture plate, the rColNS hydrogel represents an interesting,
biocompatible and cell adhesive coating material which can be cured quickly on demand for

e.g. implants or cell culture vessels.
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Figure 2-78: Brightfield imaging of cell adhesion experiment on 10 mg/ml rColNS_high formulations
crosslinked with 0.3 mg/ml LAP as PoC with and without a RGD peptide. NIH3T3, HFF, HeLLa and

SW1353 cells were tested with the same starting number of cells/sample. The pictures show the cellular
behavior on top of the hydrogels after 1. 2, 5 and 7 days of culture. The plate control represents a plasma

treated cell culture plate surface (optimal culture conditions). The scale bar equals 100 um.
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2.3.4.6.3 Application: Cell adhesion for medical device coatings
Great cell adhesion was shown for rColNS hydrogels with different cell types. Finally, hydro-
gel adhesion to non-adherent surfaces were tested to improve the biocompatibility and integ-
rity of medical devices for tissue implantations based on the results of the previous chapters.
HFF cells were seeded on 6 well plates (w/ and w/o plasma treatment) with or without prior
hydrogel coating. The coating was done according to chapter 4.2.3.3 by a thin hydrogel layer.
Formulations were covered with full Dulbecco's Modified Eagle Medium (DMEM) and incu-
bated for 72 h prior to usage at 37 °C. Medium was replaced by 2 ml fresh full DMEM me-
dium containing HFF cells (3x10¢ cells/well). Brightfield pictures were recorded after 1 d, 2 d
and 3 d. As expected, no cell adhesion was observed on the cell repellent plate surface and
great cell adhesion on the plasma-treated surface already after 1 d (see Figure 2-79). The cell
adhesion performance in the hydrogel coated wells was slightly weaker than on the positive
control but remained similar in both plate systems showing great cell adhesion after 1 d as
well. Proliferation was observed on the positive control as well as on the hydrogel coatings

showing confluency on the positive control after 2 d and near confluency on the hydrogel

coatings after 3 d.

Figure 2-79: HFF cell adhesion on different surfaces using a 6-well plate with cell repellent surface
and one with plasma-treated cell culture surface. A hydrogel coating (40 mg/ml rColNS_low in 1xPBS;
500 ul/well; 1 mg/ml LAP; Omnicure S2000 standard settings) was applied in both plate systems.
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2.3.4.7 Cell encapsulation

Different parameters influence the viability of cells inside 3D scaffolds. These parameters
have been classified into different hierarchies of difficulty. Basic parameters include a bio-
compatible material that has a low to non-inflammatory response and does not produce toxic
byproducts during additive manufacturing. Furthermore, it should allow and promote cell
proliferation. Hydrogels have been specifically studied here. Second, and more difficult to
control, are the parameters that comprise the physical microstructure of the formed hydrogel
scaffold. These include pore size, network density (influenced by material concentration and
DoF), nutrient exchange, and matrix stiffness. Cells need sufficient space to migrate and
proliferate. Especially for adherently growing cells, cell stretching will only occur if the cells
have enough space. Third, and most difficult to control, is the cell-matrix interaction over
time. This includes cell differentiation, cell viability and scaffold remodeling. All these pa-

rameters are only examples. A broader overview was given in Figure 2-80.
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Figure 2-80: Overview of relevant parameters for the rCol bioink development based on rCol with

identified and grouped challenges within the development phase.

2.3.4.7.1 Human fibroblasts

2.8.4.7.1.1 Initial screening

Broad formulations of rColN and rColS were tested (DoF range: very low (<12.5%) to medium
(50+12.5%); rColNS concentration range: 2.5-40 mg/ml). Formulations with a very low DoF
did not gel although higher rColNS concentrations were used like 20 mg/ml rColNS_low or
the mixture of 20 mg/ml rColN_very low and 20 mg/ml rColS_low. Higher DoF allowed gela-
tion with very low total collagen concentrations such as 2.5 mg/ml or 5 mg/ml rColNS_me-
dium. During cultivation, very soft formulations disintegrated, stiffer formulations shrank
in size and the stiffest formulations demonstrated a stable shape. These results align with

the described initial mass loss in chapter 2.3.4.3.1. Although shrinkage is not desired, the

148



2 Results and Discussion

soft hydrogels showed the best cellular viability and stretching within the matrix, while
stiffer formulations did not. Based on the accumulated results, a DoF and concentration de-
pendent “cell stretching window” was identified (see Figure 2-81 (B)). If the DoF and the
collagen concentration were too low no sufficient gelation occurred. If the DoF and the colla-

gen concentration were too high, cells remained round shaped.

1.25 mg/ml each 2.5 mg/ml each 2.5 mg/ml each 5 mg/ml each 5 mg/ml each 10 mg/ml each
rColN_medium === rColN_medium®=2* rColN_medium === rColN_medium w2 rColN_low === prColN_low
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Figure 2-81: (A) HDF cell encapsulation in rColNS hydrogel scaffolds using 0.3 mg/ml LAP and the
Omnicure S2000 standard curing settings. After incubation for 14 d under cell culture conditions, a
LIVE/DEAD staining was performed, and pictures of the fluorescence imaging were depicted (upper
row) as well as a depth coding thereof (lower row). Green arrows symbolized doubling of the rColN and
rColS concentration. Grey arrows symbolized a reduction in DoF for one component. (B) Summarized
comparison of tested formulations and the relevant concentration range where hydrogel formation and

cellular stretching was observed.

2.8.4.7.1.2 Confirmation study

To show reproducibility, the experiment was repeated with the most successful formulations
from Figure 2-81. Additionally, 3.5 mg/ml rColN_medium + 3.5 mg/ml rColS_low was tested
based on the aligned data from Figure 2-81 (B). Each formulation was prepared with four

replicates and respectively one per formulation was stained via LIVE/DEAD and Hoechst
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staining after 1 d, 7d, 14 d and 21 d of culture. The resulting fluorescence images after 21 d

of culture as well as a depth coding thereof was depicted in Figure 2-82.

2.5 mg/ml rColN_medium 5 mg/ml rColN_medium 5 mg/ml rColN_low 3.5 mg/ml rColN_medium
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Figure 2-82: Reproduction of the cell encapsulation experiment from Figure 2-81 with additionally
3.5 mg/ml rColN_medium + 3.5 mg/ml rColS_low and 0.3 mg/ml LAP with encapsulated HFF cells. The
upper row shows a LIVE/DEAD staining while the lower row shows a depth coding.

To better show the cellular stretching over time, one formulation (2.5 mg/ml rColNS_medium
+ 2.5 mg/ml rColS_low and 0.3 mg/ml LAP) was depicted at different time points in Figure
2-83. Data showed cellular stretching within one week together with cellular proliferation,
which was observed by the increase in green dots (viable cells). Also, the relative ratio of dead
cells (red) decreased slightly. After 14 d, the sample was damaged leading to a not-usable
picture and after 21 d a great cellular stretching was observed in multiple layers as well as
an additional increase in proliferation due to an increase in green dots. In summary, cellular
stretching of HFF cells is possible within one week in selected rColNS hydrogels. An overview
of functional formulations was visualized in Figure 2-81; B. Cellular stretching and prolifer-
ation were repetitively shown which increased over the weeks of the experiment as well as

cellular wellbeing.
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Figure 2-83: Selected formulation of Figure 2-82 (2.5 mg/ml rColN_medium + 2.5 mg/ml rColS_low)
with more time steps. The upper row shows a LIVE/DEAD staining while the lower row shows a depth

coding.

2.3.4.7.1.3 Final compositions

Based on the characterized formulations within the previous chapters, the experiment was
repeated using 5 and 10 mg/ml rColNS_low, 2.5 and 5 mg/ml rColNS_medium. The goal of
was a closer resolution of cellular behavior by daily observations. Already after one day, cell
stretching was observed using 5 mg/ml rColNS_low and 2.5 mg/ml rColNS_medium (see Fig-
ure 2-84). The effect increased to day 2 up to day 7. Higher concentrated formulations
(10 mg/ml rCoINS_low and 5 mg/ml rColNS_medium) showed no cellular stretching after 1 -
2 days. Within the next days increased cellular stretching was observed up to day 7. The best
cellular network formation was observed with the softest formulation (5 mg/ml rColNS_low)
which was assumed to be relying on the relatively low number of crosslinks. Higher concen-
trated formulations showed also cellular stretching, but it took much longer to appear, and
no sufficient networks were formed within 7 d incubation time. In summary, the two best
formulations (5 mg/ml rCoINS_low and 2.5 mg/ml rColNS_medium) showed great cellular
stretching and network formation already after one day of incubation. These formulations
could be tested in animal trials to show their performance for in vivo applications. Still an
open issue remains the structural shrinkage of the material when incubated at 37 °C as re-
ported in chapter 2.3.4.3.1. To circumvent this shrinkage, higher rColNS concentrations with
very low modified rColN and rColS components could be evaluated as well as supporting
structures like RESOMER® grids to keep the hydrogel material in place. Depending on the

required softness, the soft hydrogel formulations could be also tested for injection purposes.
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Figure 2-84: Brightfield imaging after 1 d and 2 d incubation time of encapsulated HFF cells (P8) in
rColNS hydrogels followed by Phalloidin/Hoechst 33342 staining after 7 d. Cell loaded hydrogels were
prepared in 8 well chamber slides with 200 pl formulation per well. 0.3 mg/ml LAP was applied and
photopolymerization was done with the Omnicure S2000 standard curing settings. Green = actin fila-

ments; Blue = cell nuclei.

2.3.4.7.1.4 rColS replacement

To show the versatility of the thiol-ene chemistry, rColS was replaced by another thiol. Here,
a four times terminally modified polyethylene glycol was chosen (4-Arm-PEG-SH). This
linker exists with different molecular weights. To reduce the sample number only the 10 kDa
version was tested based on the previous experiments with 4-Arm-PEG-SG in chapter 2.2.
Before applying the linker, its cytotoxicity on fibroblasts was evaluated according to chapter
4.2.3.1.2 (see Figure 2-85). No toxic side effects were detected. The observed, bell-shaped

curve behavior remained unclear. Experimental repetition could reveal whether this effect is
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reproducible. Due to the lack of any cytotoxic effect, the experiment was not repeated, and

the linker was evaluated as save to use.
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Figure 2-85: CellTiter-Glo® assay to test possible toxic effects of different 4-Arm-PEG-SH concentra-
tions (molecular linker weight: 10 kDa) on mouse fibroblasts (3T3 cells; P11) after 24 h of exposure

under culture conditions (N=3). All data was normally distributed.

To minimize the sample size, only rColN_medium was tested in combination with 4-Arm-
PEG-SH with one molecular weight (10 kDa). Previous experiments showed that cell stretch-
ing of human fibroblasts was favored with lower rColNS concentrations and lower DoFs.
Therefore, the linker was applied with low molar ratios (1:0.1; 1:0.2 and 1:0.3) in combination
with three rColN_medium concentrations (5, 10 and 20 mg/ml). The sample preparation was
described in chapter 4.2.4.6. All nine formulations gelated but some dissolved within 2 days
under culture conditions (5 mg/ml rColN_medium with MR of 1:0.1 and 1:0.2; 10 mg/ml
rColN_medium with MR of 1:0.1). All formulations which didn’t dissolve shrank in their vol-
ume during cultivation. This finding correlates with the rColNS trials (see chapter 2.3.4.3.1,
Figure 2-65). The G’ of all gelated formulations was measured without cells leading to values
between 0.5 and 1 kPa (data not shown here). Formulations with cellular stretching and high
cell viabilities, were close to the gelation limit and thus very soft. In summary, the rColS
replacement showed great cellular stretching and cellular wellbeing of encapsulated HFF
cells within a certain” formulation window” (see Figure 2-86, B) as previously shown for
rColNS formulations (see Figure 2-81; B). Depending on the application, a replacement of
rColS could be interesting to craft copolymers with additionally properties. As an outlook for
future research topics, thiolated bioactive molecules like the RGD peptide could be tested for
covalent integration. This could lead to new formulations for drug delivery where the release
is based on the degradation of the collagen matrix over time or to stimulate cells to interact
with the matrix in a desired way. This could lead to now therapeutic approaches for hydro-
philic APIs in case of a release matrix or as surface coating for e.g. a targeted cellular differ-

entiation by covalently crosslinked growth factors or hormones in a flat cell culture plate
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surface covering without the need to add special differentiation media. All these ideas could
be relevant for future projects, but they were not pursued within this thesis.

A 5.0 mg/ml rColN + 1.8 10 mg/ml rColN + 2.5 mg/ml 10 mg/ml rColN + 3.5
mg/ml PEG-SH; MR 1:0.3 PEG-SH; MR 1:0.2 mg/ml PEG-SH; MR 1:0.3

20 mg/ml rColN + 2.5 mg/ml 20 mg/ml rColN + 4.5 mg/ml 20 mg/ml rColN + 7.0 mg/ml
PEG-SH; MR 1:0.1 PEG-SH; MR 1:0.2 PEG-SH; MR 1:0.3

20 mg/ml rColN_medium —.—O—O-
10 mg/ml rColN_medium - —O—.—O—
5 mg/ml rColN_medium —O—O—.—

hydrogel + good cell stretching
hydrogel + small cell stretching

no cell stretching
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Figure 2-86: (A) HFF (P4) cell encapsulation trials in a matrix made from rColN_medium and 4-Arm-
PEG-SH, 10 kDa. A final cell concentration of 5x10° cells/ml was applied. Samples were prepared in 8
well chamber slides with 200 pl formulation per well. After 7 and 14 d under culture conditions for two
weeks, a LIVE/DEAD/Hoechst 33342 staining was performed to visualize cell spreading and cellular
wellbeing (viable cells = green; dead cells = read; blue dots = cell nuclei). (B) Overview of tested formu-

lations.
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2.3.4.7.1.5 Minimal medium

Fetal bovine serum (FBS) is an undesired medium component due to its animal-derived ex-
traction from calves. Research is done to reduce or replace FBS for the development of mini-
mal and defined media. Based on the previous encapsulation results, the experiment was
prepared with two different media. These were full culture DMEM medium containing 15%
FBS and CnT-Prime Fibroblast Proliferation Medium (CELLnTEC; CnT-PR-F; contains only
1% serum) with three different conc. (10 mg/ml, 20 mg/ml and 30 mg/ml rColN_medium) and
different MR of 4-Arm-PEG-SH, 10 kDa. Based on the previous experiment, a MR of 1:0.2
showed the best results with 10 mg/ml rColN_medium (see Figure 2-87). Excellent cellular

growth was determined with the minimal medium.

After 7d After 14 d

DMEM, 15% FBS

CnT, 1% FBS

Figure 2-87: Encapsulated HFF cells (P4) in a rCol/PEG composite made from 10 mg/ml rColN_me-
dium and 4-Arm-PEG-SH, 10 kDa with a MR of 1:0.2. A final cell concentration of 5x105 cells/ml was
applied. Formulations were cured with 200 ul each in an 8 well chamber slide format and incubated for
up to 14 d followed by LIVE/DEAD/Hoechst 33342 staining (viable cells = green; dead cells = read; blue

dots = cell nuclei).

2.3.4.7.2 Human chondrocytes
Besides fibroblasts for e.g. skin applications, cartilage cells were also interesting due to the
predicted possible availability of 3D printed organs and tissues for humans from a recent
market report study, which predicted a timeline of 2022-2025 for skin and 2021-2024 for
cartilage.?4” To find a good scaffold for cartilage regeneration, the experiment from the pre-
vious chapter was repeated with adapted concentrations of rColNS to fit the shear storage
modulus G’ for the used chondrocytes (SW1353; ATCC). In chapter 2.3.4.3.1, the required
shear storage modulus in cartilage tissue was calculated from the Young's modulus, resulting
in a value of G' of ~ 4.7-5 kPa. In chapter 2.3.4.3.3, the shear stress moduli of different rColNS

formulations were determined and set in correlation to the applied formulation. Although
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these data were derived from cell-free scaffolds they were used as a rough guidance for po-
tential rColNS formulations for chondrocytes. Based on these calculations, different formu-

lations were calculated (see Table 2-11).

Table 2-11: Formulation calculations for rColNS hydrogels for cartilage applications. Formulations

where cellular stretching was observed were highlighted in green.

DoF (Collagen) [Total collagen] for G’ [Total collagen] for G [Total collagen]
=4.7 kPa =5.0 kPa
rColNS_low 27.8 mg/ml 28.6 mg/ml 20, 25, 30, 35 mg/ml
rCoINS_medium 18.2 mg/ml 18.8 mg/ml 10, 15, 20, 25 mg/ml
rCoINS_high 16.0 mg/ml 16.5 mg/ml 10, 15, 20, 25 mg/ml

Each formulation was prepared in duplicate with 1x10¢ cells/ml, followed by 3D culture un-
der standard conditions for three weeks. Most formulations showed initial shrinkage as re-
ported earlier for other rColNS formulations when heated to 37 °C (see Figure 2-65, chapter
2.3.4.3.1) and the same effect was observed during HFF encapsulation experiments in chap-
ter 2.3.4.7.1. rColNS_low and rCoINS_medium performed best, while rColNS_high per-
formed bad at all tested concentrations. This finding aligned with the rColNS performance
for HFF encapsulation in the chapter 2.3.4.7.1. In cartilage, chondrocytes can appear with
different morphologies. While juvenile chondrocytes are elliptic in shape, the shape can also
take a round form.368 In the present experiments, cellular stretching was observed for two
formulations only (see Figure 2-88). Interestingly, both formulations (25 mg/ml rColNS_low
and 20 mg/ml rColNS_medium) aligned with the calculated range from Table 2-11. In sum-
mary, the used human chondrocytes showed high viability after three weeks of culture in
rColINS hydrogels. Depending on the formulation, some showed cellular stretching. For this
work, the focus was on fibroblasts and this experiment served as a PoC that the rColNS

material was also suitable for other cell types.

25 mg/ml rCoINS_low 20 mg/ml rCoINS_medium

Figure 2-88: LIVE/DEAD/Hoechst 33342 staining of encapsulated SW1353 cell within rColNS formu-
lations after 21 d incubation time. Both formulations were prepared with 0.3 mg/ml LAP. The formula-

tion with 20 mg/ml rColNS_medium was depicted with three layers of a Z-stacking.
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2.4 Crosslinker comparison

The application of all three tested crosslinking mechanism (DMTMM, rCol/PEG and rCoINS)
resulted in hydrogels synthesis. Identified differences and common properties were outlined
in Table 2-12. The minimal required rCol concentration for hydrogel formation shifted per
crosslinking procedure and was best with rColNS where only 1.25 mg/ml rColN and
1.25 mg/ml rColS was required. For the rCol/PEG composite, at least 5 mg/ml rCol and for
the DMTMM crosslinker at least 10 mg/ml rCol were needed. The pH range for hydrogel
synthesis showed a broad flexibility with rCoINS and DMTMM, while the PEG linker re-
quired a neutral to basic pH. A big difference was observed in gelation speed, which was
fastest with rColNS (seconds) followed by the rCol/PEG (seconds to minutes) and the
DMTMM crosslinking reaction (minutes to hours). Hydrogel sponges made with DMTMM
showed great swelling (720-2280%), followed by rColNS (800-1410%) and rCol/PEG (400-
800%). Regarding porosity demonstrated rCol/PEG the highest density with less to no poros-
ity. The porosity increased with the equilibrium swelling rates. The material integrity during
lyophilization was best for DMTMM crosslinked rCol, followed by rCoINS and rCol/PEG. In
terms of enzymatic degradation, formulation-dependent degradation was observed for the
PEG composite and rColNS hydrogels, while the DMTMM crosslinked hydrogels showed al-
most no degradation under the tested conditions. The measured stiffness of all three technol-
ogies with one concentration of rCol (20 mg/ml) had a wide range depending on the applied
MR of the linker and the DoF (in case of rColNS). Therefore, it is difficult to include this
parameter for the comparison. Nevertheless, a broad range of stiffnesses was identified for
all technologies which could be adapted to the final application. For the biological evaluation,
rColNS showed the best biocompatibility. The two other technologies allowed unspecific side
reactions with surrounding cells or tissues during gelation which needs to be considered for
the final application. The best cell adhesion was achieved with rColNS. Cells also adhered to
DMTMM crosslinked rCol samples, but the results were difficult to reproduce. No cell adhe-
sion was observed with rCol/PEG composites. For 3D cell encapsulation, only rColNS per-
formed well. The other technologies are more suited for scaffolds which can be washed prior
to cellular contact. The advantages of the DMTMM crosslinker were based on the high struc-
tural integrity and preservation after lyophilization, good porosity, high material swelling
and good resistance to hydrolysis and enzymatic degradation. In addition, soft tissue patches
prepared with this crosslinker showed excellent conditions for drug delivery. The developed
rCol/PEG composite showed adjustable, formulation-dependent degradation together will
cell repellent surface properties regardless of the tested cell type. This highly transparent

hydrogel product didn’t show hazardous properties in a first leachable experiment and is
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therefore interesting for cell repellent surface coatings or implantable and biodegradable sep-
aration membranes to avoid cellular ingrowth. The fast gelation together with an adjustable
degradation pattern could be explored further for immobilized API release due to matrix deg-
radation by e.g. the use of microparticles. The developed thiol-ene chemistry has great gela-
tion properties with minimal concentrations of rCol. The light-triggered, very fast gelation of
rColNS formulations showed partial shrinkage when exposed to 37 °C with lower concentra-
tions of rColNS which is reduced by higher rColNS concentrations. The product had average
swelling properties and was susceptible to enzymatic degradation but so far it was stable
against hydrolysis. The great biocompatibility, the good cell adhesion as well as the repeti-
tively proven cellular wellbeing within the rColNS matrix made the established thiol-ene
chemistry with rCol a great bioink material for tissue engineering and 3D cell culture. An

overview comparing all technologies was given in Table 2-12.

Table 2-12: Comparison. The best crosslinking procedure per category was highlighted in green

Characteristic Crosslinking procedure
DMTMM rCol/PEG rColNS
Min. [rCol] for gelation (mg/ml) 10 5 2.5
pH range 5-9 7-9 broad
Gelation speed slow medium to fast  very fast
Storage modulus (hydrogel) (kPa) (20 mg/ml collagen) 1.5-11 3.6-14.1 2.4-7.3
Swelling +++ + ++
Degradation - Hydrolysis no yes no
Enzymatic degradation no yes yes
Not cytotoxic / Leachables - + +++
Usable for direct cell contact -- + +++
Transparency (sponges after swelling) no yes no
Porosity ++ +
Sponge Form stability +++ - +
Price/ crosslinker (research prices) per Gramm ++ +
Cell encapsulation -- +++
Cell Adhesion + ++
Printability -- -- ++
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2.5 Printability studies

Bioprinting can be done with many different technologies. Some prefer low viscosity, while
others rely on highly viscous solutions. Due to the low viscosity of rColNS, technologies like
stereolithography and drop-on demand were evaluated as methods of interest. The Regenate
printer from Black Drop GmbH was used for the subsequent fabrication to apply jetting be-
sides Fused filament Fabrication (FFF).

2.5.1 Drop on demand printing

2.5.1.1 Establishment of DoD printing

To establish the printing process, formulations without cells were evaluated with simple,
physically gelling material (animal-derived gelatin and Blue Drop Agarose (Black Drop
GmbH)). Both are liquid when heated and solid when cooled. Blue Drop was initially heated
to 80 °C until liquification followed by a 1:1 dilution with 1xPBS and filled into a pre-heated
printhead (32 °C). The used 10% (w/w) gelatin in ddH20 was prepared by dissolving 10 g
gelatin in 90 g ddH20 at 60 °C. The prepared gelatin solution was stored at 4 °C and heated
to 37 °C when needed until liquification occurred before transferring the solution into a pre-
heated printhead (37 °C). After establishing material handling, cylindric structures were
printed and compared (see Figure 2-89). The sliced file was provided by Black Drop GmbH
and adapted on the respective material. For printing parameters, the recommended settings
from Black Drop GmbH were used (see Table 2-13). Due to the better resolution and the much

cheaper price, gelatin was chosen for further establishments.

Table 2-13: Recommendations Regenate printer settings provided by Black Drop for the processing of

bioinks.
Parameter — Controller Recommendations Range
Temperature printing head (Jetting) material dependent 4°C—-42°C
Temperature printing head (Printing bed) material dependent 4°C-80°C
Printing speed 300 - 1500 1 - 2000 mm/min
Lamp power 30% 0% - 100%
Distance lamp to printing surface 1cm 1-1.5cm
Pressured air 0.2 - 0.3 bar 0.2 — 1.5 bar
Opening time (Opening time (valve)) 450 -800 ps 400 ps — 4500 ps
Droplet Distance (OC und IC) 0.75 - 1.5 (material dependent) 0.5-2
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Figure 2-89: Cylindric prints (@14 mm; 10 mm height) made from (A) 10% (w/w) gelatin in ddHz20 and
(B) Blue Drop agarose (Black Drop GmbH) in 1XPBS processed via Drop-on-Demand. For jetting a

pressure of 0.2 bar was applied and droplets were printed on a cooled surface (4 °C).

2.5.1.2 Establishment of rCoINS printing

2.5.1.2.1 Bioink viscosity
The high printing fidelity in Figure 2-89 was the result of an optimization experiment and
printing effects are challenging to reproduce with another material like rColNS which ob-
tains different material characteristics. The very low viscosity of the material, which is close
to water, makes additive manufacturing even more challenging in terms of fidelity and drop-
let shape especially on hydrophilic surfaces like glass. Exploration of the contact angle of the
bioink to the printing surface can reveal further insights to optimize the printing fidelity. To
optimize the printing result, the formulation was adjusted in regards to the described optimal
viscosity range in literature of 3.5-12 mPa%*s.25t To find the optimal concentration range for
3D printing with rColNS, the viscosities of different rColNS concentration was determined
with rColNS_low. Starting from a 100 mg/ml rColNS (stock solution from a 1:1 mixture of
rColN and rColS which was prepared fresh at RT), a dilution series was made in 1XPBS. An
exponential correlation between concentration and viscosity was determined (see Figure
2-90). Interestingly, additional cooling over 40 h increased the viscosity of the solution fur-
ther, which was demonstrated in chapter 2.3.3.5 for rColS. To adjust the formulation to the
recommended viscosity a concentration range of 24.1 — 47.4 mg/ml was calculated. It is rec-
ommended to use the formulation directly after preparation and to consider the change of

viscosity during longer storage times.
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Figure 2-90: Correlation of viscosity and total collagen concentration of rColNS_low after dissolution.
A 100 mg/ml stock solution was prepared by dissolving 50 mg rColN and 50 mg rColS in 1XPBS for 4 h
at RT followed by viscosity determination according to chapter 4.2.6.3.1 (N = 3). The measurement
temperature was 20 °C. Then, after an incubation of 40 h storage at 4 °C the measurement was re-
peated each with N = 3 followed by an exponential curve fit with Excel. All data was normally distrib-
uted.

2.5.1.2.2 Drop volume analysis
The printing resolution is depending on several factors. One of them is the droplet size which
can go down to nl volumes. The smaller the droplets were, the higher the resulting resolution.
To quantify the drop volume, a defined number of droplets was ejected and the resulting mass
was compared. Different rCoINS concentrations and different pneumatic pressure of the
printing head were tested with the same gate opening time (450 us). Produced data demon-
strated a pressure dependent increase in droplet volume (see Figure 2-91). The higher the
applied pressure, the more volume was ejected which led to bigger droplets. Also, the devia-
tion in droplet mass was less dependent on the rColNS concentration with higher pressures.
In summary, the pressure influenced the droplet size and lower pressures were recommended

to ensure a max. resolution.
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Figure 2-91: Droplet mass correlation with the applied pneumatic pressure. rColNS_medium was

used. The measurement was performed at 22 °C (N=3). All data was normally distributed.

2.5.1.2.3 Printing rCoINS
After identifying the optimal viscosity range to match the recommended range (25-50 mg/ml
rColNS_low; see chapter 2.5.1.2.1), the material was processed to produce a column of drop-
lets and a cylindrical structure of 8 mm in diameter (see Figure 2-92). The results showed
the potential to print droplets on top of each other, but cylindrical printing caused inhomo-
geneous wall thickness (thick base and a thin top). Also, no distinct droplets were observed
which was associated with an excess of droplets per layer and a nonsufficient gelation. There-
fore, the number of drops per layer was reduced, which resulted in the same issue. Next,
more LAP was tested (0.3 mg/ml —1 mg/ml) to allow faster curing leading to potentially
stiffer structures. The results indicated the need for higher LAP concentrations. Alterna-
tively, longer exposure times could be tested. Also, a brief experiment with rtCol was per-
formed with even 2.5 mg/ml LAP and an increased irradiation time. The resulting cylinder
showed no distinct droplet separation, and more LAP might be needed to improve the print-
ing quality. In general, rtCol was evaluated as not being ideal for droplet printing due to the
high viscosity and extrusion printing might be the better technology to process the material

by also considering the higher toxicity of elevated LAP concentrations.

Figure 2-92: Printing trials of 50 mg/ml rColNS_low with (A) 0.3 mg/ml LAP in 1XPBS processed with
0.2 bar and a single droplet per layer and (B) 0.3 mg/ml LAP in a cylindric shape with @8 mm. (C)
Same settings were applied with 1 mg/ml LAP in 1XPBS. (D) 4 mg/ml neutralized rtColMA (Cellink)
solution with 2.5 mg/ml LAP with twice the irradiation time and post-curing for 30 seconds using the

Omnicure S2000 with standard settings.
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To confirm these findings, different formulations were tested with 1 mg/ml LAP, showing
great resolution and efficacy in the indicated concentration range of 25-50 mg/ml
rColNS_low, with great results using 40 mg/ml material, showing better resolution, more
distinct droplets, and less droplet accumulation at the base of the print. Less splattering was
also observed with 50 mg/ml. It was suggested that the higher concentrations resulted in
stiffer hydrogels, which increased the bouncing effect of new droplets (Figure 2-93). Still,

different additional concentrations should be tested to potentially find a better formulation.

Figure 2-93: Printed cylinder made out of 40 mg/ml rColNS_low (1:1 mixture) with 1 mg/ml LAP in
1XPBS (100 layer; height of 9.3 mm; outer 8.5 mm; 0.09 mm layer height; 30 droplets per layer; AB
droplet dispensing; curing after 15 and 30 droplets with 4x 1 sec curing time each; 40% lamp power). A

pressure of 0.3 bar was used for jetting.

2.5.1.2.4 Bioink variations
Printing below 30 mg/ml rColNS_low remained challenging. A screening revealed that more
LAP resulted in better printing results (data not shown here). Furthermore, higher DoF of
rCoINS (low — medium — high) correlated with less required rColNS concentrations for ge-
lation and efficient printing in height (see Figure 2-94 (A) and (B)). This was expected in
general due to the previously performed experiments in chapter 2.3.3.2 showing that hydro-
gel synthesis was possible with lower rColNS concentrations when higher DoF were applied.
It was assumed that the low viscosity of rColNS (especially with low concentrations) compli-
cated the droplet positioning without flowing them away prior to the viscosity increase by
curing. By incorporating viscosity enhancers like a recombinant hyaluronic acid with high
viscosity (see Figure 2-94 (C)), cylindrical structures were printed with only 10 mg/ml rColNS
material. Although printing with less than 30 mg/ml is possible, the formed structures were
easily destroyed under minimal stress. Therefore, printing with at least 30 mg/ml rColNS
was recommended. Also, the surface properties of the material on which is printed on plays
an important role within the printing process. Several materials were tested (glass and pol-

ystyrene in particular), which led to the assumption that plastic surfaces caused better
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printing results while a glass surface led to stronger droplet splashing. Therefore, sole hy-
drogel prints with rColNS were done in 3.5 mm petri dishes made from polystyrene. It was
assumed that the more hydrophobic surface led to better droplet formation of the hydrophilic

formulation.

Figure 2-94: Cylindric prints (¥8 mm) made from rCoINS. (A) 20 mg/ml rColNS_low, 1 mg/ml LAP in
1XPBS. The print was halfway stopped. (B) 20 mg/ml rColNS_medium, 1 mg/ml LAP in 1XPBS. (C)
10 mg/ml rColNS_high, 1 mg/ml LAP with 0.25% (w/v) recombinant hyaluronic acid.

2.5.1.3 rColNS printing with cells

Cell growth within the rColNS matrix was demonstrated in chapter 2.3.4.7 with different cell
types and the printability of the rColNS formulation was demonstrated in chapter 2.5.1.2.3.
Finally, both was combined. One of the best formulations for cell stretching was
5 mg/ml rColNS_low with 0.3 mg/ml LAP (see chapter 2.3.4.7.1.3) but printability thereof
failed. Higher concentrations of LAP and rColNS were needed to increase the viscosity and
the printing fidelity. 40 mg/ml rColNS_low on the other side demonstrated good printability
(see chapter 2.5.1.2.3, Figure 2-93). To explore the usability of 40 mg/ml rColNS_low for cell
encapsulation, HFF cells were added to the liquid formulation and printed. Although the
formulation gelated, cells remained round shaped and LIVE/DEAD staining revealed low cell
viabilities (data not shown). To explore the influence of the printing technique on the cell
viability, 5 mg/ml rColNS_low spiked with cells (1x108 HFF cells/ml) were processed by the
printer head and ejected into an eight well chamber slide. The photopolymerized matrix was
incubated for one week under culture conditions showing elongated and viable cells after one
week via LIVE/DEAD staining (see Figure 2-95 (A)). To demonstrate cell stretching while
maintaining a low rColNS_low concentration, viscosity modifiers like hyaluronic acid (e.g.
HyaCare), dextran, PEG, polyvinyl alcohol (PVA), Xanthan Gum, Pectin, Carrageenan, Guar
Gum, Cellulose and other materials could be accessed to stabilize the low viscous formula-
tion.369 Additionally, the implementation of another biopolymer could alternate the pore size
of the formed hydrogel by acting as an placeholder which could induce cell stretching with

higher rColNS concentrations. To reduce the rColNS_low concertation from 40 mg/ml to 30
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or 20 mg/ml, recombinant hyaluronic acid was added to stabilize the print with HFF cells
(1x106 cells/ml). While 20 mg/ml rColNS formulations showed weak resolution (distinct outer
lining but repetitively caused an inner filling), 30 mg/ml rColNS allowed a cylindric print
with good resolution (see Figure 2-95; B) but cells remained round shaped. The printing fi-
delity decreased with the increase in height. As an outlook, other material composition could
be tested to further increase the printing fidelity and to allow cell stretching and cellular

wellbeing within the formulation.

Figure 2-95: (A) LIVE/DEAD staining of encapsulated HFF cells (P3) in 5 mg/ml rColNS_low using
0.3 mg/ml LAP. The formulation was processed via DoD using the Black Drop Bioprinter with a pres-
sure of 0.25 bar. The cured matrix (Omnicure S2000, 15 seconds, 5.04 W/cm?2) was covered by cell cul-
ture medium and incubated for one week prior to staining. (B) Cellular print of HFF cells (1x108
cells/ml) using 30 mg/ml rColNS_low with 0.25% (w/v) recombinant hyaluronic acid and 1 mg/ml LAP.

The cylinder has a diameter of 8 mm and consists of 72 layers.

2.5.1.4 RESOMER® - rCol hybrid print

Compared to hydrogels, RESOMER® polymers have a much higher stiffness. Combining both
materials by using a core shell design can stabilize weak hydrogel structures and improve
the biological response of RESOMER®. Therefore, PLA based RESOMER® was printed to-
gether with agarose hydrogel. Some impressions of an artificial heart valve (see Figure 2-96)
and another structure with filled hydrogel cavities (Figure 2-97) were successfully tested.

Also, porous or hollow structures could be interesting for subsequent hydrogel filling.

Figure 2-96: Hybrid print of a heart valve made from transparent PLA and agarose. The hydrogel
fraction was stained using purple food dye. The printing file was provided by Blackdrop GmbH.
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Figure 2-97: FFF print of transparent PLA filament to squares with a diameter of 5 mm. The squares
were filled with 40 mg/ml rColNS_low (0.3 mg/ml LAP). After photopolymerization hydrogels were
stained with 1 mg/ml rhodamine B in ddHz0.

2.5.2 Stereolithographic printing

Besides DoD, stereolithography is another great printing technology for low viscous and pho-
topolymerizable fluids. To explore feasibility for stereolithography of rColNS, a selected for-
mulation was processed with the Bionova X from Cellink which demonstrated great potential
for further trials. To increase the printing fidelity different parameters could be optimized.
Examples are printing parameters like layer height, exposure time and curing intensity. Fur-
thermore, the formulation could be optimized by testing a broader concentration range of
rColNS, explore different viscosities, and have a deeper look into the surface tension. Inter-
esting would also be the use of cell culture medium as solvent, the addition of rheology mod-
ifiers or post processing steps like additional curing or washing to achieve the desired mate-

rial properties.

Figure 2-98: Stereolithographic print of 40 mg/ml rColNS_medium with 1 mg/ml LAP in 1XPBS using

a Bionova X from Cellink as PoC experiment to craft a cuboid, a cubic and a pyramid-like structure.
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3 Conclusion

3.1 The State of the Art - before the thesis

The 3D-bioprinting is a growing market with a reported CAGR forecast of 16.2%
worldwide.370 3D-bioprinting inludes the development of 3D-cell culture systems and
artificial tissues targeting new regenerative medicine therapies. Therefore, the need for
efficient cell scaffolds is continuesly increasing. At the same time, we are living in a world
with limited resources, where the idea of sustainability is more and more respected and
followed. In order to combine the need for tissue matrices and sustainability while
considering the advantages of proteinogenic biomaterials, Evonik Operations GmbH invested
in a recombinant collagen (rCol) for which scaffold structures were explored within this
thesis. Apart from synthetic polymers, which often show poor to non-biological interactions
and partially no biodegradability, naturally derived biomaterials (polysaccharides, proteins,
a.0.) have in general higher biodegradability, biocompatibility, non-toxicity and non-
antigenicity. While most polysaccharides are plant-derived (alginate, agar, agarose, cellulose,
...), proteinogenic biomaterials are mostly animal-derived. Due to the mostly proteinogenic
nature of tissues, proteinogenic bioinks may offer advantages over polysaccharide-based
materials. Also their easy modification by genetic engineering and the natural interaction
sites with cells and other components make proteins highly interesting. The aim of this work
was to better understand rCol and to develop different hydrogels of it to develop different
material applications while studying the characteristics and properties of the formed hydro-
gels. The rCol material was also compared to animal-derived collagen and the differences
were determined. Various applications in the field of medical devices and bioprinting were
explored by introducing three different crosslinking technologies for rCol based on a simple
carbon acid activation reagent (DMTMM), a copolymer with PEG and finally a prior chemical
functionalization to allow photopolymerization. The functionalization for photopolymeriza-
tion was established for the first time for rCol based on thiol-ene chemistry (click chemistry).
During the research and development phase, two application fields of interest were identi-
fied. First, a soft tissue patch for drug delivery and second a novel recombinant and photo-

polymerizable bioink made from rCol.

3.1.1 DMTMM and PEG linker

Numerous crosslinking methods have been reported to stabilize proteins. Some examples go

back to 1983 where Weadock et al. used UV irradiation, dehydrothermal crosslinking (DHT),
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carbodiimides, glutaraldehyde and combinations thereof to crosslinked bovine collagen
films.37t For DMTMM more recent literature was found. One of the earliest mentions of “col-
lagen” and “DMTMM?” on the patent database “Espacenet” was from 2009 where the authors
synthesized an ultrafine fibrous membrane made from a biopolymer like collagen and
DMTMM as crosslinker (2009; CN101703786A). More recent patents include a recombinant
collagen-like protein expression and its subsequent crosslinking by DMTMM (2017;
W02018069873A1) or the DMTMM-guided crosslinking of collagen for cornea replacements
(2023; CN115990969A) or for an ophthalmological device (2020; US2023035013A1). One pa-
tent application with similar protein sequence compared to rCol was filed. The rCol was
crosslinked by carbon acid activation regents like EDC or DMTMM (2017;
W02019046943A1). By exceeding the research to market products and publications, no soft
tissue patch application was found w/ or without the use for drug delivery made from a re-
combinant collagen-like protein. For 4-Arm-PEG-SG, the closest state-of art was identified
by Lotz et al.113, where chemical crosslinking of rat tail collagen with a PEG-SG linker was
used to overcome the fibroblast-mediated contraction due to the poor stability of physically
gelated collagen. The authors could show a reduction in contraction by using the linker. Still
the material derived from animal-derived sources and does not fulfill the desire for sustain-
ability. In summary, both technologies were chosen to evaluate hydrogel synthesis with rCol.
Both linkers are state of the art for animal-derived collagens. Due to the unique properties

of rCol, novel material properties of formed hydrogels were generated.

3.1.2 Photopolymerization

For rColN and rColS functionalization, the closest state of the art was published during the
timeframe of this PhD thesis by others in 2021. A summary of these publications is listed in
Table 3-1. Tytgat et al. reported the functionalization of a recombinant collagen like-protein
using a comparable functionalization chemistry. Still novelties were introduced for the deri-
vatization reaction due to the replacement of organic solvents and reduced reaction temper-
atures. Additionally, DoD as printing technology was not tested with rCol before using nor-
bornene and thiol functionalizations. Also, the used collagen-like protein (Cellnest) has
enough alterations within the primary sequence to be evaluated as different protein which
was outlined in the following. First, Cellnest (RCPhC1) was assembled from four overlapping
collagenous fragments of human type I collagen alpha 1 chain with a molecular weight of
571 amino acids.?72 rCol is of bacterial origin (based on the Scl2 protein), with half the size
(240 amino acids) and labelled as type free. Second, the amino acid comparison was different.
Similar shares for Gly, Leu, Cys, Hyl, Arg, His, Phe, Hyp were identified. RCPhC1 contains
more Ala (2.5x), Val (2x), Ile, Met (4x) and Pr (1.3x) while rCol contains more Ser, Thr, Asp
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(1.4x), Glu (1.6x), Gln (3.6x), Lys (1.6x) and Tyr. Ser, Thr and Tyr are only present in rCol;
Ile only in RCPhC1. Third, rCol contains more lysine side chains which are relevant for the
derivatization and the chemical crosslinking with the two described reagents (DTMMMM
and 4PEG-SG) and the chemical derivatization for rColN and rColS. Fourth, both proteins
lack cysteines side chains. Fifth, the share of hydrophobic side chains is higher in the
RCPhC1 sequence which could negatively affect the solubility in water depending on the 3D
folding of the protein and the exposure thereof to the aqueous surrounding. In another pub-
lication, Guo et al. used only ColN which was derived from an animal-derived collagen, and
the authors used norbornene acid anhydride which introduced additional carbon acids with
each conjugation position resulting in a different product. Gockler et al. used a comparable
chemistry with elevated temperatures due to the use of animal-derived gelatin. Therefore,
the reaction products are also not comparable to rColN and rColS. This leaves rColN and
rColS to totally new material whose synthesis were never done before. The same accounted
for the resulting hydrogel products which updated the state of the art with all the subsequent
discoveries with the synthesized hydrogel made from rColNS.

Table 3-1: Summary of relevant literature for the state-of-the-art evaluation for rColN and rColS.

Author Description Differences to publication Source
Functionalization of a recombinant collagen
) . . Another collagen was used; no or-
(RCPhC1) with norbornene and thiol units by a .
o ) ) ) . ganic solvents were used for the
similar chemistry for high resolution 2PP print- .
Tytgat ) . . . synthesis; lower temperatures
ing and the encapsulation of adipose tissue—de- . . _ 175
et al. ) ) o were applied during the reaction;
rived stem cells (ASCs). This publication has the o )
) DoD printing was used instead of
closest state of the art in regard to the overall PP
procedure and the application idea. ’
Norbornene functionalization of rtCol I with nor- Another collagen was used; nor-
G bornene anhydride and subsequent photopoly- bornene functionalization was
uo
. merization with HS-PEG-SH (1000 Da) for the done with norbornene acid instead 146
et al.
successful encapsulation of human dermal fibro- of the anhydride; no 3D printing
blasts (HDFBs) allowing cellular spreading. technique was used.
Functionalization of animal-derived gelatin with A short collagen-like protein was
Gockl norbornene acid and thiolation with N-acetyl-ho-  used instead of gelatin; lower tem-
ockler
. mocysteine thiolactone. The used chemistry rep- peratures were used for the reac- 344
et al.

resented the closest state of the Art for the new

rCol material and was further optimized.

tions; better reaction control using

a preactivated norbornene acid

3.2 Identified novelties

The goal of this thesis was to evaluate the novel rCol material and to explore hydrogel syn-

thesis technologies and to develop biomedical applications. Based on exclusive properties of
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rCol, resulting hydrogels demonstrated exceptional material properties and fitting applica-

tions which were outlined in the following.

3.2.1 Material related

First, crosslinking rCol with DMTMM or the PEG-based linker was not obvious due to the
different molecular weight of rCol in comparison to mammalian collagens. To synthesize hy-
drogels with rCol, the importance of the collagenous triple helix during gelation was explored.
In Figure 2-3 (chapter 2.1.1.3), a Tm of 33 °C was identified for rCol. Exposure to different
temperatures prior to crosslinking and during crosslinking significantly influenced the gela-
tion and the final stiffness (see chapters 2.2.2.2.1 and 2.2.3.3.1, Figure 2-14 and Figure 2-23).
These findings indicated the importance of the triple helical conformation required for hy-
drogel formation with low molecular weight collagens. Second, an elevated stiffness of rCol
hydrogels was identified compared to mammalian collagens. All technologies reported in this
thesis relied on lysine side chains for crosslinking. Due to the high ratio thereof (10%) in the
rCol primary sequence, a variety of crosslinks could be established. As comparison, mamma-
lian collagens contain ~3.7-3.9% lysines based on the following sequences from the database
Uniprot: P02452, P02464 and P08123. Especially for the al chain, the number of lysine side
chains is preserved in several mammalians (human, mouse, rat and bovine) based on the
Uniprot sequences: P02452, P11087, P02454 and P02453.373 The resulting hydrogels ex-
ceeded the known stiffnesses of mammalian collagens based on the generated data in Figure
2-68 and Figure 2-69 (chapter 2.3.4.3.3) roughly 21x compared to physically crosslinked
rtColMA (57 kPa vs. 6.8 kPa) and ~8x compared to chemically crosslinked rtColMA (57 kPa
vs. 6.8 kPa). These values are just for a rough estimation. Higher concentrations of both ma-
terials (rtColMA and rColNS) might alter the relative share. Furthermore, the high solubility
(up to 200 mg/ml) allows high final concentrations with a broad range of material properties
including a broad rheology range (tested from ~ 0.5 kPa to ~60 kPa). Third, rCol solution
obtained remarkably low viscosities compared to mammalian collagens. Collagens are known
to be quite viscous which restricts their usage for bioprinting. Only technologies which re-
quire a high viscosity are therefore suitable (like extrusion). The low viscosity of rColNS be-
fore crosslinking is ideal for Jetting and SLA. Fourth, rCol hydrogels revealed adjustable cell
interaction properties regarding cell adhesion. Based on the applied crosslinking procedure
and the formulation, none to great cell adhesion was observed. The best cell adhesion was
observed with rColNS (except for HeLa cells), followed by DMTMM crosslinked rCol hydro-
gels (difficulties in reproduction) and the complete loss of cell adhesion with rCol/PEG com-
posites. This cell-repellent effect was not observed by mixing the PEG linker with rat tail

collagen. Concluding, the surface properties were adjustable depending in the final
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application. The lack of cellular attachment with the PEG composite could be useful for cell-
cell interaction studies for cell type specific adhesion, cell spheroid or organoid production
and the use as biosensors with anti-fouling characteristics. Decreased biological recognition
can also make the composite appealing for drug delivery or for biodegradable anti-fouling
coatings. Especially in combination with blood, collagen is known to induce blood clotting.
Thus, it can be risky for nanogel or microgel applications when thinking about injections. A
blood clotting effect of the formulation needs to be tested in advance before investing in that
direction. Due to the hydrophilicity of the hydrogel matrix, especially hydrophilic bioactive
materials are interesting including antibodies, growth factors, antibiotics or vitamins while
maintaining biodegradable properties. Cell repellent matrix properties can be also beneficial
for cell encapsulation trials as published for chondrocytes for the formation of neocartilage.374
Fifth, rCol solutions as well as resulting hydrogels have an unseen transparency unusual for
mammalian collagen-based hydrogels. Most hydrogels are turbid or colored (like alginate,
agarose or cellulose)3’® which makes them difficult for microscopic applications and they can
decompose into acidic monomers (alginate) which might cause a regional pH drop when im-
planted or cause inflammation (chitosan). Here rCol based hydrogels offer a great advantage
for applications where transparency is a must have. Sixth, the biodegradability was adjust-
able. Based on the formulation, different hydrolytic effects were observed with or without the
presence of relevant enzymes. Due to the high accessible concentration range of rCol, the
degradation time can be adjusted based on the application while no toxic side products form
during rCol degradation due to the proteinogenic origin. Furthermore, rCol can be easily ge-

netically modified to introduce several recognition patterns for e.g. enzymatic cleavage.

3.2.2 Applications

One application of rCol hydrogels is the usage as drug delivery matrix. Trials with DMTMM
crosslinked rCol demonstrated a fast release of added APIs in the hydrogel solutions (tested
with caffeine) as well as when using a nano emulsion (data not shown here). For the latter,
microparticles were added prior to crosslinking and immobilized within the hydrogel. The
release kinetic of the encapsulated model drug (meloxicam) was like loaded microparticles
without being immobilized in the hydrogel, showing a sustained release profile as expected
for the used polymer (PLGA). On the side, the direct API immobilized without microparticle
showed an immediate release profile. These findings showed a great potential of the micro-
particle loaded DMTMM crosslinked rCol as well as the PEG composite for a sustained in
situ API release for therapeutic applications. Especially the fast-gelling PEG composite with
adjustable degradation patterns and a demonstrated injectability prior to crosslinking bear

a huge potential for an injectable drug depot while showing no adverse effects of the released
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NHS as shown by a leachable experiment. During this thesis, several application fields were
evaluated and tested. An overview of tested applications was given in Figure 3-1. Due to the
novelty of the material itself, most applications were evaluated as new state of the art. Based
on the raw material, hydrogels were synthesized and used for the generation of microgels
with microfluidics, as coatings for cell culture plates, films, freeze-dried hydrogels for colla-
gen sponges and ultimately soft tissue patches. By the help of chemical derivatizations, also
bioprinting was possible. A special case is electrospinning which was successfully tested and

explored by another PhD student (C. Krauss, Evonik Operations GmbH).

COLLAGEN APPLICATIONS
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Figure 3-1: Overview of rCol-based medical, drug delivery and tissue engineering applications.

Regarding rCoINS, a highly efficient bioink for bioprinting was developed which was never
done with this material before and opened to range of printing technologies which rely on low
viscous polymer solutions like DoD or vat-based methods. The fast and efficient crosslinking
mechanism with minimal concentrations of photoinitiator, the large formulation spectrum
and the great transparency were additional benefits. Microscopic imaging was ideal with
rColNS hydrogels and allowed the long-term observation of encapsulation cells in multiple
layers. This could be highly relevant for tissue development. The low concentrations of re-
quired material could be also interesting for e.g. subcutaneous injections. The performed DLP
printing with this material composition could be interesting to printing high resolution struc-

tures for medical purposes.
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3.3 The future of 3D bioprinting

3.3.1 Currents trends

3D bioprinting gained increasing awareness within the latest years mainly due to its ability
to overcome some challenges in tissue engineering like spatial control of cell and biomaterial
placement and to counteract the decrease in organ donors vs. the increasing demand for
1t.376:377 Given a rapidly aging world population it is highly likely that market for bioprinted
organs will steadily growth within the first half of the 21th century. In a recent paper3"s, 3327
publications related to 3D bioprinting were analyzed by bibliometric analysis (2007-2022)
demonstrating an increasing number of published articles over time and an expected growing
trend with USA (n = 1,069) and China (n = 733) in the lead with top-ranked institutions like
the Harvard Medical School and Tsinghua University. The top ten listed journals with most
publications were identified with an impact factor (2021) of >4 which might be seen as indi-
cator for the scientific relevance. The rapid increase in publications is partially owned due to
the increase in printer commercialization and in bioink distribution.3’® By comparing the
research from the past eight years to the last four years several changes were observed. 3D
bioprinting became more prominent in tissue engineering. Also, the term “bioink” became an
important keyword within the last 4 years and was described as highly relevant for the future
research as well as the term “biomaterial” wherefore the authors expect significant develop-
ments within the next years. Also, the attention to hydrogels has significantly increased as
well as its wide recognition as bioprinting material. Some early discovered materials like
gelatin and alginate decreased in attention due to other, more promising materials and a
decrease for these materials was forecast. Applications in the regenerative medicine field are
expected to be highly focused on in the future as well. Based on a recent report from 2023,
the main applications for bioprinting were described as cell culture and regenerative medi-
cine applications comprising 3D cell systems, organ-on-a-chip designs, skin substitutes and
organ printing (in situ printing).370 According to another publication,3’8 only a few bioinks
were described before 2015. Between 2015 and 2018 a large number of new biomaterials
emerged including alginate3™, hyaluronic acid389, collagen38!, fibroin382 and agarose383. Ding
et al. also points out the often-used biomaterial combination with gelatin to maintain the
shape during printing before crosslinking. Besides the increased attention to decellularized
extracellular matrices, increasing numbers of studies combine two to three materials to re-
ceive additional benefits which was also considered as a hot research direction.37® After 2018
more materials were evaluated as being suitable for 3D bioprinting including chitosan384,
gellan gums385, cellulose3% and others. All this ongoing research with different materials

makes the bioink and hydrogel topic the most studied topic in 3D bioprinting.378 Here, also
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the combination of low viscous materials for polymerization with high viscous filler materials
1s interesting to increase the viscosity to allow a stable printing result. For photopolymeriza-
tion applications also the choice of PI is a relevant topic. Ongoing research in this field within
the last years allowed e.g. volumetric printing by Xolography using a dual color technique
where a special PI is activated in the orthogonal intersection of light of two different wave-
lengths.286 Another approach its the design of biocompatible PIs which react to light with a
longer wavelength. In 2020, Urciuolo et al. used two photon cycloaddition of PEG molecules
which were modified with 7-carboxymethoxy-4-methylcoumarin which reacts to light with
wavelengths >850 nm. This technology allowed in depth curing under the skin due to the
high penetration depths of infra-red light. The technology was successfully tested on mice
and published in nature.38” Applying this byproduct-free technology to other molecules in-
cluding rCol could open the scope for specific form printing in situ. Still, ongoing challenges
limit the current usage of bioprinting to simulate an environment which is as close as possible
to native tissue. Examples are the ideal choice of biomaterial, the optimal manufacturing
process and one of the biggest challenges, the formation of vascular networks and the scale
up to craft complex 3D-architectures required for organ printing. Also, cellular in vivo and in
vitro interactions with the respective biomaterials need to be understood better while main-
taining the structural integrity of the printed structures over time. Also, the lack of specific
ECM proteins in most bioinks, the potential of scaffold remodeling and adjusted matrix deg-
radation remains challenging as well as the optimal final stiffness of the crafted composite
to withstand external stress after implantation and to ensure excellent blending in the sur-
rounding tissue. Despite all these challenges, bioprinting is expected to be a key player in

personalized regenerative medicine in the future.377.378,388,389

3.3.2 Benefits of the recombinant collagen ink rCoINS

As described in the previous chapter, bioinks represent a major part of bioprinting. Animal-
derived GelMA describes one of the most promising materials due to its physical gelation by
temperature changes, which allows deposition with high accuracy followed by photopolymer-
ization to crosslink the printed object. Its proteinogenic nature allows cellular interactions,
which is highly desirable for tissue applications. As described in the introduction, GelMA has
several disadvantages as well as animal-derived collagens mainly due to the animal origin
(see chapter 1.2.5). An alternative are recombinant materials like recombinant gelatin or
collagen. Due to the advantages of collagen compared to gelatin including a better resem-
blance to tissue conditions, a better preservation of recognition sites and a stronger material
stiffness recombinant, collagen represent the better option. Still, animal-derived collagens

are hard to handle due to an acidic stock solution, high viscosities, inhomogeneity, the need

174



3 Conclusion

to neutralize the solution for cell contact, issue of bubble entry, the requirement to cool the
collagen solution to avoid premature gelation during preparations and a limited concentra-
tion range. Gelation trials with rtColMA (photopolymerizable collagen version) demonstrated
whitish and non-transparent hydrogel products which could make microscopic imaging im-
possible. The developed rColNS bioink resolved many of the issues. The material shows su-
perior properties such as high solubility resulting in a material preparation in isotonic 1XPBS
solution with very high concentrations of >150 mg/ml, which formed after a few hours at RT;
low viscosity enabling a good homogenization behaviors and easy bubble removal prior to
curing. The processing of the rCol solution at any temperature <30 °C is a huge benefit. Mi-
croscopic images of encapsulated cells were easy due to the high transparency, even with
higher concentrations of rColNS. Besides cells, drugs were also attractive candidates for en-
capsulation. The triple helical structure, which contributes to stability, was also retained.
Compared to commercially available rtColMA, rColNS could be synthesized with several
DoFs, that can be adjusted based on the application. The biological performance was also
different. While rtColMA can show problems with cellular well-being after encapsulation,
rColNS showed reproducible well-being for encapsulated fibroblasts. It was assumed that
rColNS formed a more homogeneous network compared to rtColMA. This was also supported
by previous publications with GelMA.126 Due to the flexible thiol-ene chemistry platform,
rColN and rColS offers a chemistry that can be mixed with other norbornene-modified or
thiolated polymers to synthesize copolymers with additional benefits and potentially unique
material properties, which aligned with the described trend for copolymers. In addition to
the tested 4-arm PEG-SH, other polymers such as DTT or peptide with terminal thiols could
be used, as well as cysteine-containing or modified proteins for covalent attachment to form
hydrogels with additional properties. Therefore, rColNS is an excellent bioink choice whose
components preserve the triple helical structure while ensuring quality and performance
with consistent results. In summary, the developed rColNS bioink has a great potential for
bioprinting and represents a very promising candidate for commercialization to contribute

internationally to the emerging field of tissue engineering.
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4  Materials and Methods

4.1. Material

4.1.1 Used Cell lines and Primary Cells

Table 4-1: Overview of applied cells. Cells labelled with “*” are cell lines.

Abbr. Cell Type / morphology / Origin

Cal72* Cell line / fibroblastic / human osteosarcoma

HeLa* cell line / epithelial-like / human cervix carcinoma
HFF-1 Primary fibroblast / fibroblast-like / human skin
NIH3T3* Fibroblasts / fibroblast-like / Swiss albino mouse
SW1353* Chondrocytes / fibroblast-like / human chondrosarcoma

4.1.2 Prepared Solutions

Table 4-2: Table of prepared solutions for the experimental part.

Supplier
DSMZ - ACC 439
DMSZ - ACC57

DMSZ - ACC173
DMSZ — HTB-94™

Fin. conc. Sample description Vorm components
o ) 150 I anhydrous DMSO
66 uM (400x) Phalloidin stock solution ) )
+ vial content (ThermoFisher)
o o ) 2.5 ul  Phalloidin stock solution
0.165 uM (1x)  Phalloidin staining solution )
+1ml 1% (w/v) BSA in 1XPBS
100 mg rCol
100 mg/ml  rCol stock solution
+1ml ddH:0
10l Triton X-100
0.1%(w/w)  Cell permeabilization buffer
+10ml 1xPBS
20 ml  Triton X-100
20% (v/v)  Triton X100
+80ml ddH:20
14.20 g Na:HPO,
0.1 M (w/v) NazHPO,
+1L ddH:0
12.00g NaH:PO4
0.1 M (w/v) NaH2PO4
+1L ddH:20
93.2ml 0.1 M NasHPO.
0.1 M (pH 8.0) Ellman reaction buffer +6.6ml 0.1 M NaH2PO.
+0.2ml 0.5 M EDTA pH 8.0
. . 1mg 5,5'-dithio-bis-(2-nitrobenzoic acid)
0.01% (w/v)  Ellman staining solution
+10ml Ellman reaction buffer
4mg 5,5'-dithio-bis-(2-nitrobenzoic acid)
0.4% (w/v)  Ellman staining solution
+1ml 0.1 M Ellman reaction buffer pH 8.0
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18.17 mg L-Cysteine
1.5 mM Cysteine stock solution
+ 100 ml Ellman reaction buffer
) 5ml Na:CO3(0.1 M)
0.1 M (pH 8.5) TNBSA reaction buffer
+95ml NaHCOs(0.1 M)
20 ul 5% (w/v) TNBSA
0.01% (v/v) TNBSA stock solution
+9980 ul TNBSA reaction buffer pH 8.5
8.93 g Na:HPO, - 7xH20
50 mM (pH 7.2)
whv) CD measurement buffer +2.31g NaH:PO4 - 1xH20
WiV,
+1L ddH:0
. 7.35g CaCl: - 1xH20
0.5 M CaCl: stock solution
+100 ml ddH:0
10 ml 50 mM CaCl:
0.1 M Tris,
Enzymatic degradation buffer +10ml 1M TRIS-HCI pH 7.4
50 mM CaCl:
+80ml ddH:20
8.40g NaHCOs
0.1M NaHCOs solution
+1L ddH:20
) 10.60 g Na2COs
0.1 M Na2COssolution
+1L ddH:0
40 ml NaHCOs3(0.1 M)
0.1 M (pH 10) rColS reaction buffer
+60ml Na:COs (0.1 M)
201.37 mg 4-Arm-PEG-SG, 10 kDa in
201.37 mg/ml PEG-SG stock solution
+1ml ddH:20
196.25 mg DMTMM in
196.25 mg/ml  DMTMM stock solution
+1ml ddH:0
30 mg LAP
30 mg/ml  LAP stock solution
+1ml ddH:0
100 mg Ninhydrin
1% (w/v) Ninhydrin solution
10 ml DMSO
4.1.3 Chemicals
Table 4-3: Overview of used chemicals.
Denotation Provider Cat. number
0.4% trypan blue staining solution Invitrogen™ T10282
5,5'-dithiobis-(2-nitrobenzoic acid (DTNB) Sigma D8130-5G
5-Norbornene-2-NHS Ester (26% exo; 73% endo) BroadPharm® BP-24407
Alexa Fluor™ 488 phalloidin Invitrogen™ A12379
BlueDrop Agarose Black Drop GmbH D8130-1G
Caffeine Merck Millipore 1025841000
Calcium chloride (CaCly) Sigma // Merck C5670-100G
CellTiter 96® Aqueous Non-Radioactive Cell Prolif. Assay Promega GmbH Gb5421
CellTiter-Glo® Luminescent Cell Viability Assay Promega GmbH G7571
CnT minimal medium CELLnTEC CnT-PR-F
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Coll 1 Lyophilizate

Cellink

VL5000000010

Collagen from rat tail (rtCol)

Sigma

C7661

Collagenase from Clostridium histolyticum

Sigma-Aldrich // Merck

C0130-100MG

Dimethyl sulfoxide (DMSO)

Merck

1.02952.1000

DL-Homocysteine thiolactone hydrochloride Sigma-Aldrich / Merck 53530-25G-F
DMEM, high glucose, pyruvate, no glutamine Gibco® life technologies 21969035
DPBS (1x), w/o calcium, w/o magnesium Gibco® life technologies 14190-144
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich E9884-100G
Gelatine (extra pure, gold, 180 Bloom) Roth 4274.3
Gentamycin solution (50 mg/ml) Gibco® life technologies 11520506
Gibco™ Fetal Bovine Serum Gibco® life technologies 16000044
GlutaMAXT™-T (100x) Gibco® life technologies 35050-061
HEPES Buffer pH 8.0 (1M) sterile Apollo Scientific BIA6906
Hoechst 33342, 10 mg/ml aqueous solution Invitrogen™ H3570
HyaCare Evonik Operations GmbH

L-Cysteine Merck 168149-2.5G
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate Sigma Aldrich 900889-1G
LIVE/DEAD™ Viability/Cytotoxicity Kit Invitrogen™ L3224
Meloxicam Fisher Scientific AAJ6063506
Na:HPO, - 7xH20 Sigma $59390-1KG
NaH:PO4 - 1xH20 Sigma 567549-1KG
Ninhydrin Sigma-Aldrich / Merck 151173-10G
PhotoCol® Methacrylated Type I Collagen Cellink #5198-100MG
Picrylsulfonic acid solution (5% (w/v) in ddH20) Sigma-Aldrich P2297-10ML
Pierce™ BCA Protein Assay Kits Thermo Scientific™ 23225

Poly (ethylene glycol) diacrylate (PEG-DA), M. 575 Sigma // Merck 437441-100ML
Sodium bicarbonate (NaHCOs3) Merck 1063290500
Sodium Carbonate (Na2COs) Merck 1063921000
Sodium Dodecyl Sulfate (SDS), Lauryl Thermo Scientific™ 28365
Sodium hydroxide pellets (NaOH) Spectrum Chemical S0170-500GM
TRIS, 1.0 M solution pH 7.4 ThermoFisher J60202.K2
Triton™ X-100 Sigma 1086031000
TrypLE™ Express w/o phenol red Gibco® life technologies 12604-021
UltraPureTM Distilled water DNAse & RNAse free Invitrogen 10977-035
UltraPure™ 0.5 M EDTA, pH 8.0 Invitrogen™ 15575020
VECOLLAN® (rCol) Evonik Operations GmbH
a-Hydroxy-4-(2-hydroxyethoxy)-a-methylpropiophenon Sigma-Aldrich 410896-10G
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4.1.4 Consumables

Table 4-4: Table of used consumables.

Material Manufacturer Article number
p-slide 8 well high ibiTreat Ibidi GmbH 80806

1.5 ml reaction tubes, transparent Eppendorf 30120086
15 ml CELLSTAR®, blue screw cap Greiner Bio-One 188271
2.0 ml reaction tubes, black Eppendorf 30120248
2.0 ml reaction tubes, transparent Eppendorf 30120094
50 ml CELLSTAR®), blue filter screw cap Greiner Bio-One 227245

50 ml CELLSTAR®, blue screw cap Greiner Bio-One 227261
Cell culture flask, 250 ml, 75 cm? Greiner Bio-One 658175
Cell culture flask, 550 ml, 175 cm? Greiner Bio-One 660175
Combitips® advanced, 1 ml, yellow Eppendorf 30089642
Combitips® advanced, 2.5 ml, green Eppendorf 30089650
Combitips® advanced, 5 ml, blue Eppendorf 30089669
ep Dualfilter T.I.P.S.®blue tip, 50-1000 pl Eppendorf 30078578
ep Dualfilter T.I.P.S.® grey tip, 0.1-10 pl Eppendorf 30078810
ep Dualfilter T.I.P.S.® orange tip, 20-300 pul Eppendorf 30078560
ep Dualfilter T.I.P.S.® yellow tip, 2-200 pl Eppendorf 30078551
Injekt®-F syringe, 1 ml B. Braun 9166017V
Injekt™ syringe, 10 ml B. Braun 9205766
Mr. Frosty™ Thermo Scientific™ 5100-0001
MTP, 48 well, sterile, w/ lid, transparent Greiner Bio-One 677180
MTP, 6 well, sterile w/ lid, transparent Greiner Bio-One 657160
MTP, 6 well, sterile, w/ lid, transparent, cell repellent Greiner Bio-One 657970
MTP, 96 well, sterile, w/ lid, black Greiner Bio One 655086
MTP, 96 well, sterile, w/ lid, transparent Greiner Bio-One 655180
MTP, 96 well, sterile, w/ lid, white Greiner Bio One 655083
MTP, 96 well, transparent, UV-Star Greiner Bio One 655801
Omnifix® syringe, 30 ml B. Braun 4617320N
Omnifix® syringe, 50 ml B. Braun 8508577FN
Petri dish (@3.5 mm) Greiner Bio-One 627161
Petri dishes (9.4 mm) Greiner Bio-One 632181
Polyester mesh, 200 pm pore size NeoLabs® 2-4063
ROTI® DipSlides Carl Roth 3934.1
Serological pipette (CELLSTAR®, 10 ml) Greiner Bio One 607180
Serological pipette (CELLSTAR®, 25 ml) Greiner Bio One 760180
Serological pipette (CELLSTAR®, 5 ml) Greiner Bio One 606180
Spectra/Por 7 Dialysis Tubing 3.5kD 45mm 16ft Repligen 132111
Sterican Disposable Needle, 21G x 4 3/4” - 120mm B. Braun 4665643
Sterican Disposable Needle, 27G x %” B. Braun 16010256 E

Sterile filters (Filtropur S 0.2)

Sarstedt AG &Co. KG  83.1826.001
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4.1.5 Devices

Table 4-5: Table of used devices.

Device Provider Model

3D bioprinter Black Drop GmbH Regenate

3D printer Anycubic Mega S
Analytical balance Sartorius AG Cubis MCE225S-2S00-1
Autoclave Systec GmbH DB-23
Automated Cell Counter Invitrogen AG Countess™ 3
Centrifuge I Eppendorf 5425 R
Centrifuge II Eppendorf 59101
Fluorescence microscope 1 Carl Zeiss AG Axio Observer Z1
Fluorescence microscope 2 Leica Stellaris 5
Freeze dryer Martin Christ Gefriertrocknungsanlagen GmbH  EPSILON

Heat cabinet Memmert GmbH & Co. KG UNB 200

Magnetic stirrer

IKA-Werke GmbH & Co. KG

C-MAG HS 7 control

Mechanical Pipette Eppendorf Research® plus
Multi-Dispenser Pipette Eppendorf Repeater® M4
NanoDrop Thermo Fisher Scientific One

NMR device Bruker Avance IIT HD 400 MHz

Platform shaker

Heidolph Instruments GmbH & Co. KG

Vibramax 100

Rheometer AntonPaar MCR 502 WESP
Rheometer (online) Rheolutions GmbH ElastoSens™ Bio

Routine microscope Carl Zeiss AG Primo Vert

Safety workbench Thermo Electron LED GmbH 20301 1.2

SEM JEOL Ltd. JSM-IT300 InTouchScope™

Spot UV Curing System

Excelitas Technologies® Corp.

Omnicure S2000

Tecan Multiplate Reader

Tecan Group AG

Infinite M200 Pro

Vibratory shaker Scientific Industries, Inc. Genie 2
Water bath Julabo GmbH PURA 14
Device Provider Model
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4.1.6 Software

Table 4-6: Used software for this thesis.

Name Softwareprovider Version
ChemDraw Professional® PerkinElmer Informatics, Inc. 21.0.0.28
Endnote™20 Clarivate™ 20.5

Fiji Imaged National Institute of Mental Health, Bethesda, Maryland, USA.  1.53q
Fusion 360 Autodesk, Inc. 2

LasX Leica Microsystems 03.05.2007
Microsoft Office 365 Microsoft Corporation 2302
Prism 9.4.1 GraphPad 09.04.2001
RheoCompass Anton Paar GmbH 1.31.70
Tinkercad Autodesk, Inc. /

TopSpin Bruker Corporation 04.01.2001
Zen (blue edition) Carl Zeiss Microscopy GmbH 3.3.89.0006

Minitab

Minitab, LLC.

21.4.1 (64-bit)

4.2 Methods

Unless otherwise stated, "cell culture conditions" meant humid atmosphere at 37 °C and 5%
COz2. “Complete culture medium” represented the used cell-dependent culture medium with
all required supplements, FBS, and antibiotics used to culture the respective cells, whereas
“culture medium” represented the unsupplemented high-glucose DMEM medium with py-
ruvate and without glutamine. Also, room temperature is abbreviated with RT and comprises

21 °C -25 °C.

4.2.1 Data extraction and Statistics

Generated data were processed with Microsoft Excel and processed into figures. In case of
duplicates or more replicates, the standard deviation was calculated with the formula
STABW.N. The test for normal distribution was performed with Minitab with the help of a
probability blot. Significance calculations were performed with Minitab as well using a one-

way ANOVA or a 2-Sample t Test.

4.2.2 Cell Culture

The work with cell cultures was done under sterile conditions in a Herasafe™ safety cabinet,
and all vessels or bottles were disinfected before placement (Bacillol® AF or 70-80% (v/v)

isopropanol in ddH=0). Only sterilized consumables were used in contact with cells and UV
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irradiation was used for sterilization at the end of a workday. Disposable nitrile gloves were
worn during work, and all cell cultures and supernatants were inactivated before disposal by

autoclavation. Regular tests for mycoplasma were performed as well.

4.2.2.1 Cell Thawing

Vials of frozen cells (1 ml volume, typically 1X108 cells) were removed from liquid nitrogen
storage and gently agitated in a 37 °C water bath. Once 50% of the cell suspension was
thawed (approx. 30-90 sec.), the vial was removed and decontaminated by immersion or
spraying with 70%-80% isopropanol. From here, proper aseptic techniques were applied us-
ing a laminar flow hood. The contents of the vial were diluted in 8 ml of prewarmed (37 °C)
culture medium and rinsed once with 1 ml of fresh prewarmed culture medium. The cell sus-
pension (10 ml) was gently homogenized and centrifuged (500 rcf, 5 min, 4 °C). After discard-
ing the supernatant, the cells were resuspended in fresh pre-warmed (37 °C) medium and
transferred to a new sterile T75 flask. The flask was incubated under culture conditions until

cell passaging was required.

4.2.2.2 Cryopreservation

Table 4-7: Cryopreservation media. ** high glucose, w/o L-glutamine, w/ sodium pyruvate. All formu-

lations contain 0.3 ml of a 50 mg/ml gentamycin stock solution (final concentration: 30 pg/ml).

Cells Cryo medium Culture medium
e 70% (v/v) DMEM** e 500 ml DMEM, high glucose**

HFF o 20% (v/v) FBS e 75 ml FBS (final concentration 15%)
e 10% (v/v) DMSO . 5 ml GlutaMAX™ (final conc. 1x)
e 70% (v/v) DMEM** e 500 ml DMEM**

NIH3T3 o 20% (v/v) FBS e 50 ml FBS (final concentration: 10%)
e 10% (v/v) DMSO . 5 ml GlutaMAX™ (final conc. 1x)
o 70% (v/v) DMEM** e 500 ml DMEM, high glucose**

HeLa o 20% (v/v) FBS e 50 ml FBS (final concentration: 10%)
e 10% (v/v) DMSO . 5 ml GlutaMAX™ (final conc. 1x)
e 60% (v/v) DMEM** ¢ 500 ml DMEM, high glucose**

SW1353 e 30% (v/v) FBS e 50 ml FBS (final concentration: 10%)
e 10% (v/v) DMSO . 5 ml GlutaMAX™ (final conc. 1x)
e 70% (v/v) DMEM** e 500 ml DMEM, high glucose**

Cal72 e 20% (v/v) FBS e 50 ml FBS (final concentration: 10%)
e 10% (v/v) DMSO . 5 ml GlutaMAX™ (final conc. 1x)
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Cell-type dependent cryopreservation media were prepared in accordance with Table 4-7.
Cells were detached as described in chapter 0, counted, precipitated by centrifugation
(500 ref, 5 min., 4 °C) and resuspended in cryopreservation medium with 1x10¢ cells/ml. Re-
spectively 1 ml cell suspension was transferred into a cryo vial followed by linear cooling to
- 80 °C with 1 °C/min using a Mr. Frosty™ cryo device (ThermoScientific™; order number:

5100-0001).

4.2.2.3 Passaging and standard culture

Adherent cells were split before they reached confluency (100% coverage of the culture sur-
face). Cells were split when they reached ~80% confluency with the indicated seeding density

in Table 4-8. Used culture medium for standard cultivation are listed in Table 4-7.

Table 4-8: Used seeding densities and subcultivation ratios for applied cells.

Cell Seeding Inoculation cell density Detach-
Subcultiva-
Type density (total cell number/flask) ment solu-
tion ratio
(cells/cm?) T175 T75 T25 tion
NIH3T3 0.5x104 0.9x106 4x105 1x105 TrypLE 1:10
HFF >0.8x104 1.4x108 6x10° 2x105 TrypLE 1:5to 1:7
SW1353 1x104 1.756x106  7.5x10°> 2.5x10° TrypLE 1:2 to 1:5
Cal72 1.25%104 2.2x106  9.4x105 3.1x105 TrypLE 1:3 to 1:10
HeLa 2x104 3.5x10%  15x10° 5x10° TrypLE 1:10 to 1:15

Prior to detachment, the culture medium was removed, and the cells were rinsed once or
twice with 1XPBS (RT) to remove traces of serum (containing trypsin inhibitors), detached
cells and cell debris. Cells were incubated with detachment solution at 37 °C under culture
conditions (inside an incubator) until ~ 90-100% of the cells detached. Frequently the cell
vessel was removed from the incubator and the cell morphology was observed with a light
microscope. Gentle tapping of the flask may help to dislodge cells. The indicated volume of
culture medium (pre-heated; 37 °C) was added to quench enzymatic activities and the cells
were transferred to a sterile Falcon tube. Repeated pipetting (up and down) was used to break
up remaining cell aggregates while bubble formation during pipetting was prevented as much
as possible. Enzymatic incubation was kept short to avoid irreversible cell damage (especially
with trypsin).3%0 Then the same was precipitated by centrifugation (500 rcf, 5 min, 4 °C). Af-
ter removing the supernatant, cells were resuspended in 1 ml culture medium which was
preheated to 37 °C. The cell concentration was determined by the Countess™ 3 Automated
Cell Counter (Invitrogen™; catalog number: AMQAX2000) according to the user's manual

(1:1 mixture of cell suspension and 0.4% trypan blue staining solution (Invitrogen™,; catalog
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number: T10282). After the measurement, the following formula was used to adjust the de-

sired cell concentration (equation 4-1):

c2:Vz | _ 4-1
3 VMedium to ada = V2 — V1

V1=

51

e (i1 = detected cell concentration of the homogenized stock suspension.
e (2 = desired cell concentration.
¢ V1 =volume of stock suspension (needed to be calculated)

e V3 is the desired final volume of the desired concentration.

Pre-heated (37 °C) Vijeqium to aaa Was first added to the desired culture vessel followed by V.
The vessel was gently moved several times in the shape of an infinity symbol () before plac-
ing it into the incubator. Every 2-5 days, the cells are washed with 1XPBS (RT) and the me-

dium was replenished, or cells were detached again for sub cultivation reasons.

Table 4-9: Used volumes for cell passaging regarding cell washing with 1x PBS, cell detachment and

subsequent quenching of the enzymatic reaction and the total volume for cell cultivation.

Flask/dish Growth Area  1xPBS Detachment Quenching vol- Growth Me-

(cm?) (ml) solution (ml) ume (ml) dium (ml)
T175 175 15 7 7 30
T75 75 5 3 7 12
T25 25 3 1 3 4

4.2.3 Biological Assays

4.2.3.1 Cytotoxicity Assays

4.2.3.1.1 MTS Assay
The CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (Promega; catalog
number: G5430) detected the number of viable cells after exposure to a test solution by quan-
tifying the concentration of reduction equivalents (NADH & NADPH) produced by viable cells
during glycolysis. By reducing the MTS reagent to a measurable purple formazan product,
the metabolic activity of exposed cells was measured as an indirect indicator of cell viability.
The assay was designed based on the manufacturer's protocol and ISO standard 10993-5.
Briefly, cells were seeded at 1x104 cells/well (1x105 cells/ml, 0.1 ml) into a transparent 96-
well plate. 20 mg/ml sample stock solutions in complete culture medium were diluted with
complete culture medium to the final test concentrations. After 14-24 h of incubation under

culture conditions, the cell medium was replaced with 100 pL. of test solution. Each
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formulation was tested in triplicate. For background control, the formulation was tested
without cells. Complete culture medium was used as a negative control. Cells were exposed
to the test formulations for 24 h under cell culture conditions. The test solution was then
replaced with 100 pl of fresh complete culture medium and 20 ul of premixed MTS reagent
solution per well (prepared according to the user's manual). For the positive control, 5 pl of
20% (v/v) Triton X-100 was added 10 min before the addition of the MTS solution. The test
plate was incubated for 4 h (37 °C, 5% COgz). The absorbance was read at 490 nm (multiplate
reader, Tecan Pro200). The background signal was subtracted from each test sample, fol-
lowed by signal normalization to the negative control. The sample mean and standard devi-

ation were calculated.

4.2.3.1.2 CellTiter-Glo® Assay
The CellTiter-Glo® Luminescent Cell Viability Assay was performed to evaluate potential
cytotoxic effects of solubilized materials according to the manufacturer's protocol. Cells of
Iinterest were pre-seeded at 1xX104 cells/well (1x105 cells/ml, 0.1 ml) in a white 96-well plate.
As an adhesion control, 3 wells of a transparent 96-well plate were filled with the same num-
ber of cells. After 14-24 h of incubation (37 °C, 5% COQOzg), the complete culture medium was
replaced by 100 pl of test solution. A 20 mg/ml stock solution in complete culture medium
was prepared for each formulation, followed by a dilution series with complete culture me-
dium. Each formulation was tested in triplicate. The formulation without cells was analyzed
as a reference. 150 pg/ml digitonin in complete culture medium (positive control) and com-
plete culture medium (negative control) were used as controls. Cells were exposed to the test
formulations for 24 h under cell culture conditions. The CellTiter-Glo® reagent was then pre-
pared (1:1 mixture of CellTiter-Glo® Substrate and CellTiter-Glo® Buffer) and equilibrated to
RT together with the cell containing MTP for 30 min. Reagent was added at 100 ul/well. The
plate was vortexed for 2 min (multiplate reader, Tecan Pro200) followed by an incubation
period of 10 min. Luminescence was then measured with an integration time of 0.1 sec. per
well. The average signal of the positive control was subtracted from each test sample and the
sample signals were normalized to the negative control. The average of the sample values

and the standard deviation were calculated.

4.2.3.2 Leachables

2 mm thick hydrogels were prepared in a sterile 48-well plate (220 pl of liquid hydrogel for-
mulation) and incubated for 16-24 h at RT. Separately, adherent growing cells were seeded
into a white 96-well plate for luminescence measurements at 1x104 cells/well (100 pl of a

homogenized cell stock solution containing 1X105 cells/ml). The next day, each well was
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washed in the 48 well plate with twice the hydrogel volume (440 ul) of complete culture me-
dium at RT with orbital shaking (300 rpm) for 1 h each. Wash solutions were collected with
a total of three wash cycles. The medium in the culture plates with adherent cells from the
previous day was replaced by 100 pl of washing solution. Each wash solution was tested in
triplicate. Cells exposed to culture medium were used as a negative control. Exposed cells
were incubated under culture conditions for 24 h. The next day, the MTS assay was per-

formed.

4.2.3.3 Cell Adhesion

All steps for hydrogel preparation were performed under proper aseptic technique in a lami-
nar flow hood and were performed either in 48 well MTPs, 6 well MTPs or 8 well chamber
slides. The preparation of hydrogel formulations is described in chapter 4.2.4. In case of pho-
topolymerization, samples were cured and used right away. Wells filled with non-photopoly-
merizable formulations were cured overnight at RT by plate sealed to prevent drying. If not
stated otherwise, they were washed twice with twice the hydrogel volume for 1 h each to
remove potentially toxic components and to generate isotonic conditions within the hydrogel.
For rColNS samples, this step wasn’t mandatory because rColN and rColS proved to be non-
toxic and LAP was used in a non-toxic concentration as well. After washing detached cells
were added (according to Table 4-10). The culture plate was incubated under culture condi-
tions for up to 7 d. Brightfield imaging was performed within this time period. Optionally, a
cell staining can be applied to determine the cell viability or to label cell structures like actin-
filaments. As reference, chemically and physically gelated rtCol was used and prepared ac-
cording to chapter 4.2.4.7. The required concentration of PEG linker was calculated based on
the number of lysine side chains in rat tail collagen and based on the molecular weight of the

PEG linker to yield in identical MRs to the rCol sample.

Table 4-10: Applied cells and volumes for cell adhesion experiments regarding the applied vessel.

Hydrogel V (cell Applied cell Final culture
Format
volume/well suspension) suspension volume
8 well ibidi slide 200 pl 200 pl 5x10% cells/ml 200 pl
48 well MTP 220 pl 300 ul 1x10° cells/ml 300 ul
6 well MTP 500 pl 100 pl 3x106 cells/ml 2000 pl

187



4.2 Methods

4.2.3.4 Cell injections + Staining

To determine cellular metabolic activity within hydrogel sponges crosslinked by DMTMM,
they were prepared according to chapter 4.2.4.3 and 4.2.4.8. For the subsequent injections,
HFF and SW1353 cells were used. Hydrogel sponges were prepared according to chapter
(750 pl, 6.3 mm radius, 6 mm height) prepared from 750 ul hydrogel volume were soaked in
EtOH for 20 min followed by overnight incubation in 25 ml sterile 1XPBS containing 30 pg/ml
gentamicin each. The next day, the sponges were transferred to a 12-well plate, followed by
500 ul of complete culture medium injections to remove residual EtOH and to equilibrate the
interior with medium. Then, cells were injected (500 pl, 2x106 cells/ml each for HFF cells and
500 ul, 3x106¢ cells/ml for SW1353 cells) using a 27Gx3/4 needle, followed by immersion in cell
culture medium for 7 d. Then, cells were stained by replacing the cell culture medium with
3 ml of 1 mg/ml MTT reagent in 1XPBS for 4 h incubation time. Then, the macroscopic images
of the surface and interface were taken by cutting the sponge in half. The sponges were then
squeezed to remove excess liquid and incubated with 80% (v/v) isopropanol for 1 h in a sealed
reaction tube. Additional squeezing ensured a homogeneous solution. The absorbance of

250 ul extraction solution was measured at 570 nm.

4.2.3.5 Cell staining

4.2.3.5.1 LIVE/DEAD + Hoechst 33342
LIVE/DEAD staining was performed using the LIVE/DEAD™ Viability/Cytotoxicity Kit for
Mammalian Cells according to the user's manual (Invitrogen™; catalog number: 1.3224). The
kit is based on calcein-AM and ethidium homodimer-1 (EthD-1). The aqueous working solu-
tion was freshly prepared before each staining experiment due to the susceptibility of calcein-
AM to hydrolysis by adding 2.5 ul 4 mM calcein AM and 10 pl 2 mM EthD-1 to 5 ml sterile
1xXPBS. Additionally, 2 pl of 10 mg/ml Hoechst 33342 solution (Invitrogen™; catalog number:
H3570) was added. The resulting working solution was added directly to the cells (200 pl /
well / 8 well slide; 220 pl / well / 48 well plate. Cells were incubated for 20-40 min at 37 °C in
the dark. Then, dye emissions were detected using a fluorescence microscope with the follow-

ing wavelength settings:

e Calcein: Excitation / Emission: 494 nm / 517 nm
e EthD-1: Excitation / Emission: 528 nm / 617 nm
e Hoechst 33342: Excitation / Emission: 352 nm / 454 nm
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4.2.3.5.2 Phalloidin/Hoechst 33342
Phalloidin staining is based on Alexa Fluor 488® Phalloidin Reagent (Invitrogen™; catalog
number: A12379). The water-soluble, small-molecule bicyclic peptide conjugate binds to F-
actin with nanomolar affinity. The staining procedure is based on four sequential steps: Fix-
ation, Permeabilization, Blocking/Staining and Readout. This protocol describes the staining
procedure for adherent cells in a 48-well plate format. The volumes required can be adapted

to other vessel sizes by multiplying each volume by the volume change factor.

Cell fixation: Remove supernatant; wash cells twice with pre-warmed 1xXPBS (500 pul each).
Discard washing solution and add 300 pl 4% methanol-free paraformaldehyde solution. In-

cubate the mixture for 15 min at RT.

Cell Permeabilization: Remove fixation solution; wash twice with 500 ul 1xPBS each. Re-

place washing solution by 300 ul “Permeabilization buffer”. Incubate 15 min at RT.

Blocking and staining: Discard “Permeabilization solution”. Wash twice with 500 pl
1XPBS each. Add 200 pl “Phalloidin staining solution”/well. Incubate 30-60 min at RT in the
dark. Remove staining solution. Wash twice with 1XPBS (500 pl each). Remove the washing
solution and add 200 ul/well of a Hoechst staining solution. 10 mg/ml Hoechst stock solution

is diluted 1:5000 to a work concentration of 2 pg/ml.

Readout: Fluorescence microscope imaging with Aex 499 nm / Aem 520 nm (Phalloidin) and
Aex 352 nm / Aem 454 nm (Hoechst 33342). Record pictures and prepare image overlays using

the software Imaged.

4.2.3.6 Sterility test

To allow sterile production of collagen derivatives, sterile filtration (0.2 pm pore size) was
used after dialysis. Each 2 ml of reaction product (w/ and w/o sterile filtration, 1% (w/v) each)
was lyophilized in a 50 ml sterile Greiner tube with filter inlet in the cap (0.2 um). The weight
of the lyophilizate obtained was compared with the tare weight to determine any weight loss
due to sterile filtration. 20 mg of each lyophilizate was dissolved in 40 ml of sterile 0.9% NaCl
solution and assayed using ROTI® DipSlides (CASO/RBCenr, Carl Roth, 3934.1) according
to the manufacturer's instructions (0.5 mg/ml). Briefly, the DipSlides were immersed in the
40 ml test samples for 10 seconds each. E. coli (bacterium) and P. pastoris (yeast) strains
were used as positive controls. The slides were incubated at 30 °C for 120 h. Photographs

were taken after 48 and 120 hours.
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4.2.3.7 3D cell encapsulation

This method described the cell encapsulation in rCol hydrogels followed by longtime cultiva-
tion. All steps were done under proper aseptic techniques within a laminar flow hood with
sterile materials only. If not stated otherwise, rColN and rColS were used in identical con-
centrations with 0.3 mg/ml Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP). All
components were dissolved in 1XPBS. Cells of interest were detached and adjusted to a con-
centration of 1x107 cells/ml in full culture medium. Cells were used with final concentrations
of 1x106 cells/ml. 1XPBS, rColN@g), rColSg), cells and LAP@q were mixed in a suitable vessel
based on Table 4-11, molded and exposed to light. If not stated otherwise either 8-well ibidi
slides with 200 pl/mold or 48-well plates with 220 ul/mold were applied and the Omnicure
S2000 system was used for irradiation with 5.04 W/cm?2 for 15 seconds and a lamp-sample
distance of 5 cm. After irradiation, hydrogels were covered by the identical volume of pre-
heated full cell culture medium followed by incubation under culture conditions. The medium

was exchanged after 1 h, 24 h and then every second day.

Table 4-11: Example formulations for rColNS with cells for 1000 ul each. 50 mg/ml rColN and 50 mg/ml
rColS stock solution in 1XPBS was used as well as 30 mg/ml LAP. Cells were prepared with

1x107 cells/ml and homogenized before adding to achieve a final cell concentration of 1x106 cells/ml.

Final concentrations Needed volumes per component
rColN rColS LAP Cells rColN rColS LAP Cells 1xPBS
mg/ml nb/ml pl
2.5 2.5 0.3 1.0x106 50 50 10 100 790
5.0 5.0 0.3 1.0x10¢ 100 100 10 100 690
7.5 5.0 0.3 1.0x106 150 150 10 100 590
10 10 0.3 1.0x10¢ 200 200 10 100 490
12.5 12.5 0.3 1.0x10¢ 250 250 10 100 350
15 15 0.3 1.0x10¢ 300 300 10 100 250
17.5 17.5 0.3 1.0x108 350 350 10 100 150
20 20 0.3 1.0x10¢ 400 400 10 100 50
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4.2.4 Chemical Synthesis

4.2.4.1 Synthesis of recombinant norbornene-modified collagen (rColN)

4.2.4.1.1 rColN - preliminary synthesis

The protocol of Gockler et al. was adapted.344 Briefly, 1.5 g rCol
\Nﬁ was dissolved overnight at RT in 37 ml 0.5 M MES buffer pH 6.0.

HOOC Subsequently, 110.3 mg NBCA, 305.96 mg EDC*HCI, and

H NH: 91.84 mg NHS were dissolved in 1 ml each of 0.5 M MES buffer,
T@YN COOH mixed, and heated to 50 °C for 15 min. The solution was cooled to
orColN RT and rCol solution was then added dropwise, followed by pH

adjustment to 7.56 with 10 M NaOH. The reaction was stirred
overnight (14-16 h) at RT. After seven days of dialysis against ddH20 (cellulose tube; cut-off:
3.5 kDa), the product was lyophilized, resulting in a white, spongy material.

Table 4-12: Used quantities for the synthesis of GelN and rColN using an adapted procedure of Gockler

et al.?** Used molar masses are highlighted in green.

Compounds Approach 1: Gelatin Approach 2: rCol
Gelatine: m (g) / Nmolecule) (mmol) / nnpz (Mmmol) 1/-/0.27

rCol: m (g) / ngmolecules) (Mmol) / nnaz (mmol) - 1/0.044/1.007
NCA: m (mg) / nemolecules) (mmol) 73.5/0.53 73.5/0.53
EDC*HCI: m (mg) / Ngnoleculesy (mmol) 204.0/1.06 204.0/1.06
NHS: m (mg) / ngmolecutes) (mmol) 61.3/0.53 61.3/0.53
Molar ratio of NHz: NCA : EDC*HCl : NHS 1:2:4:2 1:0.5:1.1:0.5

4.2.4.1.2 rColN synthesis
All subsequent steps were performed as sterile as possible. A clear solution of 40 mg/ml rCol
(Evonik Operations GmbH) in 0.1 M HEPES buffer pH 8.0 was prepared overnight at RT on
an orbital shaker (450 rpm). Different amounts of 5-norbornene-2-NHS ester (NCA-NHS;
BroadPharm; BP-24407) were added to clean and sealable glass vials, followed by rCol solu-
tion. The covered reaction was stirred for up to 48 h at RT. Initial flocculation disappeared
within the reaction time and visualized the progress of the reaction. The solution was diluted
1:2 with reaction buffer followed by dialysis (cellulose tubing; cut-off: 3.5 kDa) for 1 d against
alkaline ddH20 (pH ~ 8.0). Water was changed regularly (every 1-2 h; at least 3X per day).

The purified product was lyophilized to produce a white sponge-like material, which was
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stored at 4 °C for further use. Optionally, the product can be sterile filtered (0.2 um pore size)

prior to lyophilization to ensure material sterility.

1H-NMR (400 MHz, D20, 315 K): 6/ppm = 7.13-6.75 (4Haroma:, Collagen (Tyr)), 6.44-6.11 (2H,
Norbornene (sp2-C-H)), 2.99 (t, 2H, e-CH> (Lys)).

Table 4-13: Calculation table for the synthesis of rColN.

material equiv. m (mg) M (g/mol) n (mmol) n (reac.side chains, mmol)
rCol 1 1000 22844 0.044 1.007
0.1 23.68 235.24 0.101 0.101
0.25 59.21 235.24 0.252 0.252
0.5 118.42 235.24 0.503 0.503
NCA-NHS 0.75 177.63 235.24 0.755 0.755
1 236.85 235.24 1.007 1.007
1.5 355.28 235.24 1.511 1.511
2 473.70 235.24 2.014 2.014

4.2.4.2 Synthesis of recombinant thiol-modified collagen (rColS)

g
y N
HOOC
4 0

0 SH

NH NH,
H
///4>’N COOH
HS 4

rColS

A 40 mg/ml rCol solution in 0.1 M carbonate buffer
(pH 10) was mixed with 1 mM EDTA (to avoid thiol ox-

idation by metal ions39!) and transferred into a 2-neck

flask. The solution was degassed and flushed with N2
(3x each; 1-3 min/step). 1.0 M (160.3 mg/ml) DL-N-ac-

etyl homocysteine thiolactone (short: AcHCT; Sigma &
Aldrich; Cat. No.: A16602-25G) was dissolved in de-
gassed 0.1 M carbonate buffer (pH 10) and added via

syringe and septum at the indicated volumes in Table 4-14. After stirring for 3 h at RT, the

reaction mixture was dialyzed for 24 h at RT against degassed ddH20 (cut-off: 3.5 kDa). The

water was replaced four times with new degassed water. 1 mM EDTA was added to the first

two washings. The purified product was lyophilized to produce a white sponge-like material,

which was stored under N2 at -80 °C for further use.

1H-NMR (400 MHz, D20, 315 K): 6/ppm = 7.13-6.75 (4Haromat, Collagen (Tyr)), 2.99 (t, 2H, e-

CH: (Lys)), 2.02 (s, 3H, CO-CHs).
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Table 4-14: rColS synthesis calculation table. A 160.3 mg/ml AcHCT stock solution in carbonate buffer

was used.

n n (reac. side V (AcHCT

material equiv. m (mg) M (g/mol) (mmol) chains ol) stock, pl)

rCol 1 1000 22844 0.04 1.01
0.25 40.07 159.21 0.25 - 250
0.5 80.15 159.21 0.50 - 500
AcHCT 1 160.30 159.21 1.01 - 1000
320.59 159.21 2.01 - 2000
801.49 159.21 5.03 - 5000

4.2.4.3 Synthesis of rCol hydrogels with DMTMM

A 100 mg/ml rCol stock solution was pre-dissolved in ddH20 overnight at RT on an orbital
shaker. 196.25 mg/ml crosslinker (0.71 M; TCI Chemicals) was freshly prepared in ddH20
(this takes up to 5 min, RT). The molecular ratio of collagen to crosslinker was based on the
reactive side chains in both components. The recombinant collagen contains 36 acidic side
chains (19 Asp and 16°Glu + 1 terminal carboxyl group), while the DMTMM activation rea-

gent contains one functional group per molecule.

Table 4-15: Pipetting scheme for rCol and DMTMM (1500 pl volume each).

Final concentrations (mg/ml) St&ziS?;;7;ﬁ§a_ Volumes of stock solutions (ul)
MR rCol DMTMM rCol DMTMM rCol DMTMM ddH:20
0.1 10 0.436 100 196.25 150 3.3 1347
0.5 10 2.18 100 196.25 150 16.7 1333
10 4.36 100 196.25 150 33.3 1317
3 10 13.08 100 196.25 150 100 1250
0.1 20 0.872 100 196.25 300 6.7 1193
0.5 20 4.36 100 196.25 300 33.3 1167
20 8.72 100 196.25 300 66.6 1133
3 20 26.17 100 196.25 300 200 1000
0.1 30 1.308 100 196.25 450 10.0 1040
0.5 30 6.54 100 196.25 450 50.0 1000
30 13.08 100 196.25 450 100 950
3 30 39.25 100 196.25 450 300 750
0.1 40 1.744 100 196.25 600 13.3 887
0.5 40 8.72 100 196.25 600 66.6 833
40 17.44 100 196.25 600 133 767
3 40 39.25 100 196.25 600 300 600
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0.1 50 2.18 100 196.25 750 16.7 733

0.5 50 10.9 100 196.25 750 83.3 667

50 21.8 100 196.25 750 167 583

3 50 65.41 100 196.25 750 500 250
4.2.4.4 Synthesis of collagen-PEG composites

100 mg/ml rCol was pre-dissolved in ddH20 overnight at RT on an orbital shaker.
201.37 mg/ml crosslinker (0.02 M; 4-arm PEG-SG 10 kDa, Jenkem Technology) was freshly

prepared in ddHzO (this takes up to 5 min, RT). The molecular ratio of collagen to crosslinker

was based on the reactive side chains in both components. The recombinant collagen contains

23 primary amines (22 lysine + 1 terminal NHz), while the 4-arm PEG-SG linker contains

four functional groups per molecule. This results in a molar ratio of 23:4. The components

were added in the following order: ddH20, 0.1 M HEPES buffer pH 8.0 (1:10 dilution from

1 M stock solution), rCol stock solution and the crosslinker stock solution. The mixture was

homogenized and transferred into the appropriate mold. Gelation takes place within seconds

to hours (depending on the formulation). To avoid dehydration, gelation was performed in a

humid atmosphere. In some cases, 4-arm PEG-SG linkers with an aberrated molecular

weight were used (2 kDa, 20 kDa, 40 kDa).

Table 4-16: Pipetting scheme for rCol and 4-Arm-PEG-SG, 10 kDa linker from Jenkem Technologies.

(1000 pl Formulation volume each).

Final concentrations (mg/ml)

Stock concentra-
tions (mg/ml)

Volumes of stock solutions (ul)

MR rCol PEG-SG rCol PEG-SG | rCol PEG-SG Buffer ddH:0
0.2 5 2.517 100 201.37 50 12.5 100 838
0.4 5 5.034 100 201.37 50 25 100 825
0.8 5 10.07 100 201.37 50 50 100 800
1.6 5 20.14 100 201.37 50 100 100 750
0.2 10 5.034 100 201.37 100 25 100 775
0.4 10 10.07 100 201.37 100 50 100 750
0.8 10 20.14 100 201.37 100 100 100 700
1.6 10 40.27 100 201.37 100 200 100 600
0.2 20 10.07 100 201.37 200 50 100 650
0.4 20 20.14 100 201.37 200 100 100 600
0.8 20 40.27 100 201.37 200 200 100 500
1.6 20 80.55 100 201.37 200 400 100 300
0.2 40 20.14 100 201.37 400 100 100 400
0.4 40 40.27 100 201.37 400 200 100 300
0.8 40 80.55 100 201.37 400 400 100 100
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Table 4-17: Pipetting scheme for rCol and 4-Arm-PEG-SG, 5 ka, 20 kDa and 40 kDa linker from

Jenkem Technologies (1000 ul Formulation volume each).

Final concentrations (mg/ml) Volumes of stock solutions (ul)
PEG-SG PEG-SG 1M
MR rCol rCol ddH:=0
5 10 20 40 5 10 20 40 Dbuffer

0.2 5 1.26 252 5.04 | 10.1 50 6.25 12.5 25 50 100 Rest
0.4 5 252 5.03 10.1 20.1 50 12.5 25 50 100 100 Rest
0.8 5 5.05 10.1 20.2 404 50 25 50 100 200 100 Rest
0.2 10 2,52 5.03 101 20.1; 100 12.5 25 50 100 100 Rest
0.4 10 5.06 10.1 20.2 40.4 i 100 25 50 100 200 100 Rest
0.8 10 10.1 20.1 40.2 80.4: 100 50 100 200 400 100 Rest
0.2 20  5.05 10.1 20.2 404 ; 200 25 50 100 200 100 Rest
0.4 20 10.1 20.1 40.2 80.4 : 200 50 100 200 400 100 Rest

0.8 20  20.1 403 80.6 161 ;| 200 100 200 400 - 100 Rest
0.2 40 10.1 20.1 40.2 80.4 | 400 50 100 200 400 100 Rest
0.4 40 20.2 403 80.6 161 | 400 100 200 - - 300 Rest

4.2.4.5 Synthesis of rColN/rColS Hydrogels

Hydrogels made of rColN and rColS will be referred to as rColNS hydrogels. If not stated

otherwise in the respective chapters, the hydrogels were synthesized the following:

4.2.4.5.1 The applied light source
Depending on the final DoF and the concentrations of rColN, rColS and LAP used, different
irradiation times were also required. The minimum irradiation for optical gelation was given

in chapter 2.3.3.3. Depending on different applications, different lamps had to be used:

e The Omnicure S2000 unit was used for most of the experiments (broadband lamp from

365 nm — 500 nm; 5.04 W/cm?2; lamp-sample distance of 5 cm). Unless otherwise
noted, this lamp was used with a 15 s exposure time.

e For rheological kinetics described in chapter 2.3.4.3.3 (ElastoSens™ Bio), a built-in

lamp with a specific wavelength of 405 nm and an irradiance of 11.6 mW/cm? had to
be used.

e For 3D printing, a high-power UV LED spot P lamp (Opsytec Dr. Grébel GmbH) with

a maximum wavelength of 405 nm and a bandwidth of ~ 40 nm was used. The "stand-
ard" lamp emitted different irradiance intensities [W/cm?2] depending on the sample
distance and the distance from the lamp center. An excerpt from the data sheet is
shown below. Due to the different print structures, the lamp distance and the lamp

power were adjusted individually for each print.
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Figure 4-1: Correlation of measured E [W/cm2] and the lamp position of the standard lamp version

with 100% lamp power. The figure was taken from the technical data sheet.

4.2.4.5.2 Hydrogels without cells
Stock solutions of 50 mg/ml rColN, 50 mg/ml rColS and 30 mg/ml LAP (use brown or black

light protected vessel) were prepared in 1XPBS until a clear solution was obtained. 1XPBS,

rColNg), rColSuq and LAPug were mixed in a suitable vessel and exposed to light with the

Omnicure S2000 standard settings if not stated otherwise. The preparation of hydrogels with

cells was described in chapter 4.2.3.7.

Table 4-18: Example formulations for rColNS without cells for 1000 pl each with 0.3 mg/ml LAP as

final concentration diluted from a 30 mg/ml stock solution. rColN and rColS were applied as a 50 mg/ml

stock solution in 1XPBS.

Fin. rCol concen-

Fin. concentrations (mg/ml)

Volumes of stock solutions (ul)

tration (mg/ml) | rCoIN rColS LAP | rColN rColS LAP 1xPBS Sum
5 2.5 2.5 0.3 50 50 10 890 1000
10 5.0 5.0 0.3 100 100 10 790 1000
20 10 10 0.3 200 200 10 590 1000
30 15 15 0.3 300 300 10 390 1000
40 20 20 0.3 400 400 10 190 1000
5 2.5 2.5 1.0 50 50 33 867 1000
10 5.0 5.0 1.0 100 100 33 767 1000
20 10 10 1.0 200 200 33 567 1000
30 15 15 1.0 300 300 33 367 1000
40 20 20 1.0 400 400 33 167 1000
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4.2.4.6 Synthesis of rColN/4-Arm-PEG-SH composites

rColN and 4-Arm-PEG-SH (10 kDa) were dissolved with 50 mg/ml in 1XPBS until a clear
solution formed. 30 mg/ml LAP was dissolved in 1XPBS for at least 2 h prior to the experi-
ment. 1XPBS, rColNg), 4-Arm-PEG-SHg), LAPq) (and cells) were mixed in a suitable vessel
and exposed to light of a wavelength of 365-405 nm using the Omnicure S2000 system with
standard settings. If not stated otherwise 200 pl sample was used per well in an eight well
chamber slide (ibidi). Cells were resuspended in full culture medium and used with
5x10° cells/ml as final concentration. After curing the sample was topped by 200 ul full cul-
ture medium and subsequent cultivation under culture conditions. The medium was ex-
changed every 2-3 days. For curing, the Omnicure S2000 system was used. If not stated oth-
erwise, the standard settings were applied as described in chapter 4.2.4.5.1. An example

pipetting scheme was given in Table 4-19.

Table 4-19: Example formulations for rColN and 4-Arm-PEG-SH (abbreviated with PEG-SH) without
cells for 2200 ul each. 50 mg/ml rColN and 50 mg/ml PEG-SH stock solutions in 1XPBS were applied.
The PI (LAP) was used with a stock concentration of 30 mg/ml in 1XPBS. Cells were prepared with

1x107 cells/ml and homogenized before adding.

Final conc. Volumes to add
rColN PEG-SH LAP HFF rColN PEG-SH LAP 1xPBS Cells Sum
mg/ml cells/ml pl
5 1.8 0.3  5x10° 220 79 22 1769 110 2200
10 2.5 0.3 5x10° 440 110 22 1518 110 2200
10 3.5 0.3  5x10° 440 154 22 1474 110 2200
20 2.5 0.3  5x10° 880 110 22 1978 110 2200
20 4.5 0.3 5x10° 880 198 22 990 110 2200
20 7.0 0.3 5x10° 880 308 22 880 110 2200

4.2.4.7 Gelation of rat tail collagen

Lyophilized rat tail collagen (Sigma, C7661) was reconstituted in 0.1% CH3COOH to a stock
solution of 6 mg/ml. During dissolution, the solution was kept at 4 °C. For the hydrogel for-
mation, all stock solutions were preincubated on ice for at least 15 min. Physically cross-
linked rtCol was prepared by combining the following ingredients on ice: 10XPBS, rtCol stock
solution, ddH20 and 1 M NaOH. The final formulation contained 1XPBS and a pH of 7.2-7.4.
The mixture was homogenized thoroughly by pipetting followed by brief centrifugation to
remove bubbles. Reverse pipetting was used with special pipetting tips into the final vessel
and the sample was incubated at 37 °C under humid conditions for 1 h to allow physical ge-

lation. For chemical crosslinking, the sample preparation was identically to the physical
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gelation but after temperature incubation, a crosslinker solution was added on top with iden-
tical volume to the underlaying hydrogel with 2x the final crosslinker concentration in 0.1 M
HEPES buffer pH 8.0. The crosslinking solution remained 2 h on top at RT under humid
conditions. Then, the residual supernatant was discarded, and the hydrogel was washed 3x
with 1XPBS buffer. The chemical crosslinker wasn’t directly added to the solution due to the
rapid gelation speed which increased the already high viscosity too fast, to deposit the mate-

rial.

4.2.4.8 Sponge preparation by freeze drying

Hydrogel based sponges can be made from hydrogels via freeze drying. Prepared hydrogels
were processed with a freeze dryer (Epsilon, Martin Christ Gefriertrocknungsanlagen

GmbH) according to the depicted procedure in Figure 4-2.
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Figure 4-2: (left) rCol freeze drying protocol regarding pressure and temperature over time containing
a loading phase (0 h — 0.5 h), a freezing phase (0.5 h — 4.5 h), a main drying phase (4.5 h — 40.5 h) and
a final drying phase (40.5h — 42.5 h). (right) Example rColNS sponges after freeze drying using
rColNS_low; _medium and _high. In each row, final collagen concentrations of 5, 10 and 20 mg/ml were

used from left to right.

4.2.4.9 Patch preparation

DMTMM crosslinked hydrogel sponge patches were prepared as described in the following
with or without the addition of APIs with and without the prior encapsulation in microparti-
cles. If not stated otherwise, 2 mm thick hydrogel layers were prepared with a standard for-
mulation of 10 mg/ml rCol and a MR of DMTMM of 1:1. Flat silicon molds with rim were
filled with a freshly prepared hydrogel solution according to chapter 4.2.4.3. Enough volume
was used to achieve a layer thickness of 2 mm. Prior to adding the solution to the mold, APIs

were spiked as solution into the water fraction of the formulation or alternatively a
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microparticle suspension. Furthermore, when microparticles were applied, the formed sus-
pension was incubated until first viscosity increases were visually observed prior to molding.
Alternatively, fully closed molds containing the suspension were constantly rotated until ge-
lation occurred to ensure a homogenous particle distribution. After gelation under humid

conditions, formed hydrogels were freeze-dried according to chapter 4.2.4.7.

4.2.4.10 3D (bio)printing

If not stated otherwise, the following settings were applied with the Regenate printer from
Black Drop GmbH. The biopolymer solution was filled into one of the printer heads. During
printing, the printing platform was cooled 4-15 °C for hydrogel printing and kept at RT for
hybrid extrusion printing with filament. For each biopolymer solution, the printer head was
heated or cooled accordingly (rColNS 4 °C-RT). For droplet generation a chamber pressure of
0.2-0.3 bar was used on the printer heads with a valve opening time of 450 us. The droplet to
surface distance was kept around 1 cm. Printing files were either provided by Blackdrop or
self-made using an Autodesk 3D crafting software. The file was sliced accordingly to the

printer company’s instructions with the companies owned slicer software.

4.2.5 Analytics

4.2.5.1 TNBSA-Assay

2,4,6-Trinitrobenzene Sulfonic Acid (TNBSA) can be used to quantify primary amines by the
formation of a chromogenic derivative with an absorption maximum at 335 nm. Primary
amines are present in lysine side chains as well as in the N-terminus of the used rCol. During
the synthesis of rColN and rColS, lysine side chains are modified. By comparing the primary
amines of modified and unmodified rCol, the degree of functionalization (DoF) can be quan-

tified.

4.2.5.1.1 Liquid rCol and its derivatives
The TNBSA assay was performed according to the manufacturer's protocol from Promega.
Briefly, 500 pl of sample (200 pg/ml) was dissolved in reaction buffer (0.1 M sodium bicar-
bonate (NazCO3/NaHCOs) pH 8.5) and mixed with 250 pl of freshly diluted TNBSA solution
(0.01% (v/v)). The TNBSA working solution was prepared from an aqueous 5% TNBSA stock
solution diluted with reaction buffer. The reaction mixture was incubated at 37 °C for 2 h in
the dark. The reaction was then quenched with 125 pl of 1 M HCl followed by 250 pl of sodium
dodecyl sulfate solution (SDS, 10% w/v). Unmodified rCol was used as a reference. For each

sample, a blank was prepared by directly quenching 500 pl sample with 125 ul 1 M HCl
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followed by 250 ul TNBSA solution (0.01% (v/v)) and then incubating at 37 °C for 2 h in the
dark. Then 250 ul SDS solution (10% (w/v)) was added to all samples and the absorbance was
measured in transparent UV/VIS 96-well plates with 250 ul sample volume per well followed
by absorbance detection at 335 nm using a TecanReader Pro200. A glycine dilution series (2-
12 pug/ml) was recorded for evaluation. For the unmodified proteins, a sample concentration
of 20-200 pg/ml is recommended. If needed, the sample was diluted for a signal intensity

between 0.1 and 1.0.

Table 4-20: Pipetting scheme for TNBSA Assay.

Sample Blank

500 pul sample dissolved in buffer

125 ul 1 M HCI

250 pul TNBSA solution (0.01% (v/v))
Incubation at 37 °C for 2 h in the dark

500 ul sample dissolved in buffer
250 ul TNBSA solution (0.01% (v/v))

125 ul 1 M HCI

) 250 ul SDS solution (10% (w/v))
250 ul SDS solution (10% (w/v))

4.2.5.2 Ninhydrin-Assay

To determine the degree of crosslinking within DMTMM and PEG-SG induced hydrogels, a
ninhydrin staining of the final hydrogels can be performed. 100 pl fully gelated hydrogel sam-
ple within a 2 ml reaction tube was covered by 170 ul DMSO and 30 pl 1% (w/v) Ninhydrin
in DMSO. The mixture was incubated within a water bath for 2 h at 80 °C. Then 100 pl was
removed and analyzed within a 96 well plate by using an Absorption wavelength of 590 nm.
If needed, the sample was diluted for a signal intensity between 0.1 and 1.0. The wavelength

was chosen due to an absorption scan with one sample. 100 ul DMSO was used as blank.

4.2.5.3 Ellman’s Assay

4.2.5.3.1 Liquid collagen
The Ellman's assay was used to determine the conjugated free thiol moieties in thiolated
collagen (rColS). The assay was performed according to a literature protocol (Thermo Fisher
Scientific Inc.). A stock solution of 0.5% (w/v) lyophilized rColS or rCol in reaction buffer
(0.1 M sodium phosphate, pH 8.0, containing 1 mM EDTA) was prepared. 125 ul collagen
stock solution was mixed with 1250 pl reaction buffer and 25 ul freshly prepared 0.4% (w/v)

Ellman reagent solution and incubated for 15 min at RT. Buffer was used as blank. After
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incubation, 200 pl was transferred into a 96-well plate and the absorbance was measured at
412 nm. For data extraction, the average blank was subtracted from all data and the result-
ing values were plotted. For calibration purposes, a cysteine calibration curve was recorded
according to the manufacturer protocol showing a linear curve behavior between 0-1.5 mM

L-Cysteine. If needed, the sample was diluted for a signal intensity between 0.1 and 1.0.

o NO, NO, o
SH . N OH + HO SH
R” HO S E—— R,S\S OH
O,N © o) O,N

Scheme 4-1: Reaction scheme for the Ellman's assay. A thiol containing test substance (X) reacts with
5,5'-Disulfanediylbis (2-nitrobenzoic acid) (X) by cleaving the reagents thiol group and forming 2-nitro-

5-thiobenzoate (TNB-). The basic reaction buffer reduces TNB— to TNB2?— which has a yellow color.
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Figure 4-3: (A) Ellman's assay calibration curve with L-Cysteine. (B) Color change of the different
tested samples (f.1.t.r) reaction buffer, 0.25 mM, 0.5 mM, 0.75 mM, 1 mM, 1.25 mM and 1.5 mM.

4.2.5.3.2 Determination of free thiols after photopolymerization
Ellman's assay was also used to quantify the amount of free thiol groups in photopolymerized
rColNS hydrogels by keeping the same concentration of rColS and changing the concentra-
tion of rColN. Hydrogels were prepared in 1XPBS with 100 ul sample volume/well in a 96-
well plate with N = 3. Outer wells were filled with 200 pl of 1X PBS to ensure a moist envi-
ronment. After irradiation (Omnicure S2000, 15 sec. 5.04 W/cm2, 320-500 nm, 5 cm sam-
ple/lamp distance), samples were covered with 200 ul of 0.01% Ellman reagent (0.1 M sodium
phosphate, pH 8.0, containing 1 mM EDTA). Hydrogels were incubated for 2-4 h at RT in the

dark and optical absorbance was measured at 412 nm. rColS in 1XPBS was used as a positive
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control identical to the rColS concentration in the hydrogel formulation (1/2 of the total col-
lagen concentration). To keep within the linear range of the assay the applied rColS concen-
tration was reduced. For a concentration range of 2.5 — 10 mg/ml, applied rColS concentra-
tions were 0.625-2.5 mg/ml. Results were multiplied with the dilution factor. 100 ul 1xPBS
was used as a background control. The average background signal was subtracted from all
signals followed by signal normalization to the positive control to calculate free thiol groups

n %.

Table 4-21: Calculation table for MR calculations of rColN_medium (Mw = 24330 g/mol; 53% DoF) and
rColS_medium (Mw = 24,638 g/mol; 49% DoF). 5 mg rColS_medium contains 0.2 mmol rColS

and 2.3 mmol thiol groups. rColN_medium contains 12.2 norbornene moieties per molecule.

Sample m (rColS) n (thiol) n (Nor) n (rColN) m (rColN) Signal

1:0 5.00 mg 2.29 mmol 0.00 mmol 0.000 mmol 0 mg 100%
1:0.1 5.00 mg 2.29 mmol 0.23 mmol 0.019 mmol 0.46 mg 90%
1:0.25 5.00 mg 2.29 mmol 0.58 mmol 0.047 mmol 1.15 mg 72%
1:0.5 5.00 mg 2.29 mmol 1.15 mmol 0.094 mmol 2.29 mg 46%
1:0.75 5.00 mg 2.29 mmol 1.72 mmol 0.141 mmol 3.44 mg 27%

1:1 5.00 mg 2.29 mmol 2.29 mmol 0.188 mmol 4.58 mg 15%

1:2 5.00 mg 2.29 mmol 4.58 mmol 0.376 mmol 9.15 mg 0%

4.2.5.4 Protein quantification assay

4.2.5.4.1 Bradford Protein Assay
Marion Bradford's 1976 paper on the Bradford protein assay, which is a very common and
widely-used laboratory method for quantifying proteins in solutions, is one of the most cited
papers in history and was used for this method description.392 The Bradford protein assay is
based on the absorbance shift of Coomassie Brilliant Blue G-250 (465 nm to 595 nm) when
binding to protein occurs. This is due to hydrophobic and ionic interactions that stabilize the
anionic form of the dye, causing a visible color change. Variability of the response of the assay
to different proteins due to the dye's specificity is the main disadvantage, so it is recom-
mended to use a protein standard that is likely to give absorbance values close to those of the
protein samples of interest. The assay is more accurate for neutral proteins and can be af-
fected by high concentrations of detergents. For this thesis, a ready-to-use Coomassie Bril-
liant Blue G-250 working solution from AppliChem GmbH (article number: A6932,0500) was
applied. The assay was performed in a 96 well MTP plate format using transparent plates.
Every sample was prepared in triplicate. A 2 mg/ml protein stock solution was prepared in

ddH20 and diluted to 100 pg/ml using ddH20. 0, 2, 4, 6, 10, 15 and 20 pl protein stock solution
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was added per well and filled up to 20 pl total volume with ddH20. 200 pl Bradford reagent
was added on top per well. After incubation for 30 min at RT the absorbance was measured
at 595 nm and received data were blotted against the applied protein concentration. The
standard deviation was depictured as well as a linear curve fit to identify the linear range of
the test substance. If needed, the sample was diluted further in ddH=0 for a signal intensity

between 0.1 and 1.0.

4.2.5.4.2 BCA Protein Assay
The assay protocol was taken from the Pierce™ BCA Protein Assay Kit (Thermo Scientific™;
catalog number: 23227). The bicinchoninic acid assay (BCA assay) has a resolution of (20—
2000 pg/ml and is similar to the Lowry protein assay, the Bradford assay and the biuret re-
action. It is based on an alkaline solution containing BCA, Na2COs, NaHCOs, Na2:CsH4Os¢
(sodium tartrate) and CuSO4x5 H20 (copper (II) sulfate pentahydrate). Peptide bonds within
the protein reduce Cu?* to Cu* (temperature dependent, endotherm). Then, two molecules of
bicinchoninic acid chelate with Cu* ion each by forming a purple-colored complex whose ab-
sorbance can be measured at 562 nm. An advantage of the assay is the high tolerance towards
additional compounds within the reaction mixture like urea and guanidinium chloride.393
The assay was performed in the 96 well MTP format. 20 mg/ml rCol stock solution was pre-
pared in ddH20 and diluted with ddH20 to the following concentrations: 1500, 1000, 750,
500, 250, 125 and 25 ug/ml. ddH20 was used as reference. Next the working reagent (WR)
was prepared (50:1; Regent A:B). After mixing, a cloudiness may be observed which quickly
disappears due to homogenization during mixing. A color change to a clear green solution is
observed. The solution can be stored at RT in the dark for several days. Each sample was
tested in triplicate. 25 ul (diluted) sample was added per well (96-well plate) followed by
200 ul working solution. The plate was vortexed on an orbital shaker at 300 rpm at RT for 30
seconds. The plate was covered and incubated at 37 °C for 30 minutes in the dark. The plate
was cooled to RT for 5 minutes and the absorbance was then measured at 562 nm using a
Tecan Pro200 plate reader. The average background signal (blank: ddH20 + WR) was sub-
tracted from all test samples. The sample average was plotted with standard deviation

against the applied sample concentration.

4.2.5.5 1H Nuclear Magnetic Resonance (NMR)

The degree of functionalization was quantified using H-NMR spectra from a 400 MHz spec-
trometer (Bruker Avance III HD 400 MHz NMR Spectrometer). Before the measurement,

50 mg of the sample was dissolved in 1 ml deuterium oxide at 30 °C.
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4.2.5.6 Circular dichroism + CD melting curves

Collagenous samples were dissolved in 50 mM sodium phosphate buffer pH 7.2 to a concen-
tration of 10 g/kg and dissolved in a thermomixer for one hour at 20 °C. Samples were diluted
by a factor of 100 to a final concentration of 0.1 g/kg in the same buffer. CD measurements
were performed on a Jasco J-810 CD Spectropolarimeter using a 2 mm quartz cuvette and a
volume of 400 pl at 20 °C if not indicated else. All CD spectra were baseline corrected against
the same buffer. Spectra were taken from 260 to 190 nm using a bandwidth of 1 nm and
scanning speed of 50 nm/min with 5 accumulations each. CD spectra were smoothed using a
Savitski-Golay filter with a window of 5 points (5nm) and normalized to UV absorption signal
at 215 nm. Melting curves were recorded from 25 °C to 40 °C at 200 nm with a heating speed
of 1 °C per 10 min. and a bandwidth of 1 nm.

4.2.5.7 APIrelease from rCol patches

Release experiments were performed either with the API added to the liquid formulation (as
with caffeine) or after the API was encapsulated in PLGA microparticles and added to the
still-liquid formulation. In the case of lyophilization, the resulting patches are no longer
transparent, making it difficult to observe the particles within the patch. Therefore, the hy-
drogels were semi-dried in a heat cabinet at 40 °C for 20 hours. After drying, the patches
were immersed in 1X PBS and incubated in a 37 °C warm water bath on an orbital shaker
(85 rpm) in 50 ml Greiner tubes. The volume of the extraction medium was chosen in accord-
ance with the solubility limit of the encapsulated drug in 1XPBS and the loading density of
the patch/particles to ensure complete theoretical solubility and to avoid any drawback ef-
fects due to solubility limitations. After various time points, 1 ml samples were taken from
the supernatant. The reduced volume was replaced with 1 ml fresh 1xXPBS and the sample
was analyzed using a Tecan multiplate reader with an absorbance wavelength of 365 nm for
meloxicam and 275 nm for caffeine. Quantification was performed using calibration curves
in 1XPBS and the initial caffeine applied was normalized to the recalculated measured sig-
nal. In the case of PLGA particles, when no further signal increase was reported, the 1XPBS
buffer was completely removed and replaced with 5 ml DMSO to dissolve the remaining par-
ticles as well as the remaining meloxicam from the patch. After 3 and 24 hours of incubation
at RT, absorbance was measured at 365 nm to ensure complete release after 3 h. The sum of

released Meloxicam was normalized to 100%.
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4.2.6 Mechanical characterizations

4.2.6.1 Gelation limitation & gelation time

The minimal conc. for gelation was determined via two different methods based on the ap-
plied crosslinker. For photopolymerizations, the droplet test was performed and for all other
formulations the upside-down vial assay. Gained data provided the min. conditions for optical
gelation. Although the hydrogel appeared solid, post-gelation procedures by additional curing
increase the stiffness significantly within time. Therefore, it must not be mistaken with the

maximum final stiffness whose determination was described in chapter 4.2.6.3.

Droplet test: 25 pl formulation droplets were dispensed onto a tesafilm® coated glass slide
followed by irradiation for a varying amount of time (Omnicure S2000; broad spectrum lamp;
365 nm — 500 nm; 5.04 mW/cm?2; lamp-sample distance of 5 cm; 1-60 seconds). Hydrogel for-
mation was proven by droplet movement with a pipetting tip after irradiation. Solid hydro-

gels can be moved as one piece while liquid formulations could not.

Vial upside-down assay: 300 pl hydrogel formulation was filled into a 2 ml HPLC vial. The

vial was sealed and turned upside down within different time points. Formed hydrogels im-

mobilized the formulation and the needed time was documented.

4.2.6.2 SEM imaging

Collagen sponges were frozen in liquid nitrogen and cut with a blade to create a cross-section
surface. Chapters were fixed with a sticky pad on a SEM sample stub. The sample surface
was sputtered with gold-palladium, thereby increasing electrical conductivity. Secondary
electron pictures were captured in various magnifications with a JEOL JSM-IT300 Scanning
Electron Microscope (SEM, high vacuum, 10kV, SE-mode). The device uses a Tungsten cath-
ode with a theoretical magnification range of 10X to 300,000X. A secondary electron detector
(SED) was used for the measurement. Applying an image analysis software, the pore size of

several cells was measured (n >8).

4.2.6.3 Rheology

4.2.6.3.1 Viscosity measurement
The Anton-Paar MCR 502 WESP system equipped with a plate-cone extension was used to
determine the viscosity. The lower plate was flat (stainless steel, @ 50 mm, CP50) while the
cupper cone had a 1° angle (stainless steel, @ 50 mm, CP50-1) with a truncation of 99 um.
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The stock solution was made one day in advance and left for complete dissolution on an or-
bital shaker at RT overnight. A sample load of 750 ul was applied. Excess sample was re-
moved with a tissue after reaching the measurement position (0.099 mm measurement gap).
The shear rate was measured at constant 20 °C with 21 data points between 0.01 and 104 1/s
as logarithmic ramp. The shear rate for different solutions was adapted depending on the
viscosity. For highly viscous solutions, a lower shear rate was needed than for low viscous
solutions. Each sample was measured in triplicate and the average within the linear range

of three measurements was calculated as well as the standard deviation.

4.2.6.3.2 Online shear modulus measurement
After optical gelation, further stiffening occurs within the hydrogel due to ongoing crosslink-
ing. Using an endpoint measurement, the required time for complete gelation is time con-
suming to determine. Here the Anton-Paar MCR 502 WESP system equipped with a plate-
plate extension could have been applied. Instead, the ElastoSens™ Bio device from Rheo-
lution Live Sciences was used. The non-destructive non-contact measurement relies on in-
duced vibration of the sample holder silicon bottom whose amplitude is recoded by a laser.
The stiffer the formulation, the lesser the response in amplitude. For photopolymerization,
hydrogel formulation with 2.2 ml were prepared. 2 ml was transferred into the calibrated
sample holder using reverse pipetting. The sample was irradiated with 405 nm (50% lamp
power; equals a light power of 11.6 mW/cm?2 according to the providers light power chart) until
a stable Shear Storage Modulus (G’). The stiffness was measured every 10 seconds. The hy-
drogel height was recorded by the device ensuring no significant decrease. If not stated oth-
erwise, the reaction temperature was kept constant at 25 °C. If the recorded Shear Storage
modulus (G’) was below 500 Pa using the standard stiff mode, the measurement was repeated
with 7 ml of the same formulation according to the user manual in soft mode. For crosslinker
induced gelation, a hydrogel volume of 5.5 ml was prepared, and 2-5 ml was transferred into
the calibrated sample holder using reverse pipetting. Data was recorded until a stable Shear
Storage Modulus (G’) was measured. Due to longer gelation times, compared with photopol-
ymerization, the liquid formulation was covered with a special occlusive o1l shipped with the
machine to avoid water evaporation. The hydrogel height was recorded by the device ensur-
ing the oil’s function. If not stated otherwise, the reaction temperature was kept constant at
25 °C. If the recorded Shear Storage modulus (G’) was below 500 Pa using the standard stiff
mode, the measurement was repeated with 7 ml of the same formulation according to the
user manual in soft mode. For rtColMA 2 ml samples were applied and exposed to an increas-
ing temperature ramp from 20 to 37 °C with 1 °C/min, followed by incubation at 37 °C for
5 min. Photopolymerization followed as described above with 405 nm (50% lamp power;

equals a light power of 11.6 mW/cm? according to the providers light power chart) until a
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stable Shear Storage Modulus (G’). For the disulfide bond formation of rColS, solutions of 50,
100 or 150 mg/ml rColS with different DoF were dissolved in 1x PBS or carbonate buffer pH
10 and dissolved completely. For some formulations additional heat treatment was required
to achieve a clear and transparent solution. 2 ml solution was filled into a sample holder
which was topped with anti-evaporation oil from the supplier. The sample was cooled to 10 °C
and measured over time. The increase in storage modulus was recorded until a stable plateau
phase was reached. Then, the temperature was slowly increased in 10 min steps with an
increment of 5 °C each until 40 °C was reached. Once the storage modulus didn’t decrease
further, the sample was incubated at 4 °C once more until no increase in stiffness was meas-
ured. The process of heating and cooling was repeated several times. Data extraction was
done by documenting the storage modulus (G’) and the time once the plateau phase was

reached. Both values originate from the same data point.

4.2.6.4 Porosity (¢)

For this thesis, two different kinds of porosity were determined: open porosity and total po-
rosity. To determine both methods, the ethanol replacement method was used. First, the vol-
ume of the test specimen (collagen sponge) was determined. Here cylindric samples were
used and the volume was determined by formula 4-2.

V (cylinder) =m =1’ «h 4-2

Next, the dry weight of the samples was measured and submerged in sufficient volume of
pure ethanol to cover the sample specimen completely. Here 5 ml EtOH were used. Samples
were incubated in sealed tubes to avoid solvent evaporation and all weighing steps were pro-

ceed as fast as possible out of the same reason.

The following formula were applied:

EtOH — EtOH ini
total porosity ¢ [%] = added remeny * 100
Spongedry + EtOH 34404 — EtOHremaining 4-3

Spongewet - Spongedry
V.S'ponge * PEtOH

_ spongewet - Spongedry * psponge
Mgponge * 0.789 g/cm3

open porosity ¢ [%] =
4-4
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4.2.6.5 Hydrogel swelling

Hydrogels are mainly made of water. Complete drying results in sponge-like structures that
can increase their weight multifold by swelling in an aqueous environment. This property
can be useful for drug loading or other biologically active compounds. Various methods for
hydrogel swelling are described in the literature. Here, a method according to Alonso et. al.
was applied. Fully gelated hydrogels were freeze-dried, and their initial dry weight (wary
(t=0)) was measured using an analytical balance with high sensitivity (at least 10—-3 —10—4 g)
followed by submerging in 37 °C warm 1xPBS at for up to 72 h. At various time intervals,
the swollen hydrogels were removed from the soaking solution, excess surface water was
removed with a filter paper and the wet weight (wwet (t = x)) at different time points was
determined. The swelling ratio was calculated using equation 4-5 and plotted against the
time. A curve area with no incline represents the respective equilibrium state. Sample trip-

licates were used.394

Wyet (t=x) — Wdry (t=0)

Swelling ratio (%) = * 100 4-5

Wary (t=0)

4.2.6.6 Degradation

4.2.6.6.1 Hydrolysis
In alignment with ASTM International (F1635 — 16), the degradation via hydrolysis under
physiological conditions was determined by weight loss. After preparing cylindric hydrogel
sponges according to previously described methods (750 pl, 6.3 mm radius, 6 mm height),
their initial dry weight (wary (t = 0)) was determined by using a high precision balance (pre-
cision of 0.1% of the total sample mass). Samples were fully immersed in 1XPBS (pH of 7.4 +
0.2) containing 30 pg/ml gentamycin with a solution-to-sample mass ratio of >30:1. The sam-
ples were incubated at 37 °C + 1 °C. The degradation solution was refreshed every 2-3 d. After
1,7, 14 and 21 days, the hydrogel samples were gently rinsed in ddH20 to remove superficial
phosphate salts followed by freeze drying. Subsequently, the remaining dry weight (wary (t =
x)) was measured and correlated with the respective wo by using equation 4-6. Each sample

represented an endpoint measurement.

w, = - W =
Remaining mass (%) = 100 — ( dry(€=0) dryt=x , 100) 4-6
Wary (t=0)
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4.2.6.6.2 Enzymatic hydrolysis
Enzymatic degradation was determined by wet weight determination according to Li_2016
with minor modifications.3% Instead of hydrogels, swollen hydrogel sponges were used (cy-
lindric; 750 pl, 6.3 mm radius, 6 mm height) whose dry weight was measured followed by
swelling in digestion buffer (50 mM CaClz in 0.1 M TRIS-HCI pH 7.4) until max. hydration
was reached. Max. hydration was ensured by constant weight measurements or by a previous
swelling experiment. If not stated otherwise, 24 h at 37 °C were used. The wet weight (Wwet;
t=0) was measured by removing the sample from the buffer, removing surficial excess water
with a tissue prior to weighing. Then the buffer was exchanged by 2 ml fresh, pre-heated
(37 °C) warm digestion buffer containing collagenase (10 U/ml Collagenase IV from Clostrid-
ium histolyticum). Buffer without enzyme was used as negative control. All samples were
incubated at 37 °C. After different time points (0.5, 1, 2, 4, 8, 24 and 48 h) the wet weight
(Wwet; t=x) was determined after removing excess surface water carefully with a tissue. A
decrease in wet weight was plotted against the time. The degree of degradation was deter-
mined by normalizing the residual hydrogel wet weight to the initial wet weight according to
the following formula. Three samples were used at every time point for the measurement to

calculate means and standard deviations.

Wyet t=0) — Wwet (t=1x)

«100 4-7

Remaining weight (%) = "
wet (t=0)
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