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Introduction

1. Introduction

Since time immemorial, materials have been used by humans to fix physical infirmities (e.g.,
burns, bruises, fractures, bleeding) or ease the burden that often comes with them. In the
beginning, dating back to the antique, mostly natural materials were used in the attempt to
substitute parts of the body that have been lost due to injuries or diseases. Back then, the
selection of materials was highly limited to natural resources like wood or nacre due to their
availability." 2 Some of the earliest recordings of the use of biomaterials are the application of
linen sutures for wound closure by the early Egyptians or the nacre dental implants by the
Mayan people around 600 AD.? The emergence of new synthetic alternatives like polymers or
ceramics paved the way for a much more versatile and efficient usage of materials that led to
various groundbreaking products such as stents or contact lenses that have revolutionized the
biomaterial and biomedical sector.™ **

In these early stages of this new wave of biomaterials, the main focus lay on bioinert materials
that minimized host tissue interaction and thereby potential rejections or side effects.® ° This
is also reflected in the first widely accepted definition for biomaterials that was established at
the sixth “Annual International Biomaterial Symposium” in Clemson, South Carolina (USA) in
1974: “A biomaterial is a systematically, pharmacologically inert substance designed for
implantation within or incorporation with a living system”.> ® However, starting with the
molecular biology evolution and the rise of biosciences, the field of biomaterials gained
momentum and changed drastically.” 7 Due to new technologies and insights into the
molecular processes of the body, the role of life sciences tremendously increased over the
years. Nowadays, nature is increasingly used as a model and inspiration, resulting in
biomaterials that are designed to mimic properties of native tissues in order to produce tailored
biomaterials for specific applications.? New advances enable the integration of spatiotemporal
distribution of biochemical moities® as well as stimulated changes to the materials that can

impact cell behaviour.'*

1.1 The Extracellular Matrix as a Role Model for Biomaterials

The human body consists of a multitude of different tissues. Daily life is a constant interplay
and remodeling both in healthy tissues due to adaptions as well as during diseases, e.g., in
tumor growth or invasion.'>™ It has been established for years, that the microenvironment of
the cells can determine cell fate and behavior.' Therefore, one of the main interests for
biomaterials has been the recreation of target microenvironments. In all tissues, the
extracellular matrix (ECM) is surrounding the cells and provides structural support as well as
a dynamic interplay of physical and chemical signals needed for vital processes like cell

adhesion, migration, or stimulation. ¢ "7
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Figure 1: Schematic overview of the natural ECM and the triggered growth factor signalling and

mechanotransduction (adapted and modified from '8).

The ECM is a dynamic three-dimensional (3D) network that consists of a multitude of different
macromolecules, including fibrous proteins (e.g., collagen), glycoproteins (e.g., fibronectin)
and proteoglycans (e.g., aggrecan).” 2° The ECM network (fiber diameter range from 10 nm
to 300 um) forms a hydrogel-like structure in vivo that builds both a foundation and structural
framework for cells and can influence cell behavior, e.g., by mechanotransduction (Fig. 1)."*
18.20 Different components of the ECM contain specific AA sequences that facilitate important
properties of native tissues. One of the most studied sequences is the so-called arginine-
glycine-aspartate-(RGD-)motif which is found in different ECM proteins including fibronectin or
fibrinogen (Fbg). This sequence facilitates cell adhesion via integrin binding and is therefore
essential for a multitude of cellular processes such as cell migration or differentiation 2" 2
Another important mechanism in tissues is the dynamic balance between ECM maintenance
and remodeling. Cells, e.g., secrete proteases such as matrix metalloproteases (MMP) that
recognize and cleave specific peptide sequences in ECM proteins. This enables ECM turnover
and regeneration during important process such as tissue healing.?

Furthermore, the ECM contains and presents a wide array of different biomolecules (e.g.,
growth factors or cytokines) that are essential for cellular processes and signalling.?* Because
of these unique properties, the development and use of hydrogels has become increasingly

important in order to mimic these exceptional properties of ECM.
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1.2 Hydrogels — Design and Application in Biomedicine

For decades, hydrogels have been developed as biomaterials for their use in biomedicine.
Even though the term hydrogel was already mentioned at the end of the 19™ century as a
description for colloidal gels®, the earliest hydrogels, according to the current use of the term,
were developed by the 1950s and 60s.*> %-%" In general, hydrogels are defined as highly water-
absorbable 3D networks.?”? In the early stages, hydrogel technologies were mainly developed
for their application in/on human bodies such as contact lenses.?” However, due to the high-
water content, porosity, adaptability and in general favorable properties that resemble human
tissue, hydrogels have emerged as a powerful platform for a multitude of biomedical
applications such as tissue engineering (TE).?8 3031

There is a vast variety of different design criteria that must be considered before choosing a
hydrogel for specific applications in biomedicine such as — (I) biocompatibility (Il) polymer
source (Ill) crosslinking mechanism and (V) printability. (I) One of the most important criteria
in this regard is the ability of biomaterials body without harming surrounding tissue or even
enhance the performance and interaction of the material with native tissue. This is generally
referred to as biocompatibility.*® (1) Another popular criterion is the choice of the material
depending on its origin. In general, you can distinguish between natural and synthetic polymers
which can be used either in pure form or as hybrid formulation (Fig. 2). Both classes have been
extensively studied over the years and have different advantages and disadvantages that need
to be considered before using them as biomaterials.

Natural polymers are polymers that are derived from a natural source. This group comprises
a huge variety of different materials and has several properties that make them promising
biomaterials, including biocompatibility and biodegradability.>®* However, there are also
limitations such as weaker mechanical properties or batch-to-batch variations.** 3° Synthetic
polymers are designed and synthesized from monomers and can be customized, e.g.,
regarding their molecular weight as well as their mechanical properties for different
applications and are reproducible.®® 3" Yet, synthetic polymers are most of the time bioinert
and can show more cytotoxicity than their natural counterpart.® % (lll) A different important
property is the type of crosslinking mechanism used for the gel formation. Hydrogels can be
formed either by chemical crosslinking (covalent conjugation, see paragraph on covalent
hydrogel crosslinking) or physical crosslinking.?” The latter are reversible and mostly based on
physical interactions such as pi-pi-stacking®’, ionic*' and hydrophobic interactions*?, or
hydrogen bonds*. Independent of the type of crosslinking, gel formation can be induced
through a multitude of different stimuli such as pH-value**, temperature®, or ultraviolet (UV)-
light*.
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Different criteria can also be applied regarding specific properties needed for target

applications. (IV) Hydrogels can, e.g., be classified into printable and non-printable materials
which is important to create more complex structures, e.g., in field of biofabrication.

Hydrogels for biomedical applications

hybrid polymers [«—— synthetic polymers ’

Gelatin--methacryloyl Poly(2-oxazoline)s

Hyaluronic acid-methacrylate Polyethylene gylcol (PEG)

Gelatin-methacrylamide Polycaprolactone (PCL)
PEG-DA/Alginate Poly(vinyl alcohol)
Hyaluronic acid-PEG Poly(L-lactic acid)
Hyaluronic acid-PCL Polyurethane
Poly(lactic-coglycolic acid) Poly(lactic-coglycolic acid)
Poly(acrylamide)

Poly(methacrylic acid)

Figure 2: Overview and classification of polymers that have been used for biomedical applications

according to their origin (adapted and modified from 47)

1.3. Hydrogel Conjugation Strategies

The role and design of biomaterials drastically changed over time towards mimicking native
tissues both in form and functionality (vide supra). To facilitate, enhance or tune hydrogel
properties, e.g., for hydrogel formation or the conjugation of different moieties, chemical
modifications are often needed. There is a multitude of different modification and conjugation
strategies that have been deployed over the years. Due to their application in biomedicine, the

approaches of interest should be non-cytotoxic and performed under physiological condition.*®

1.3.1. Covalent Hydrogel Crosslinking

As previously mentioned, many hydrogels are formed due to physical interactions. However,
for many applications, such as 3D cell culture, a covalent network is needed to facilitate long-
term stability and shape fidelity in aqueous environments.** For this purpose, several
crosslinking strategies have been used over the years.
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One of the most commonly used covalent crosslinking approaches is photo-activated free

radical polymerization. For this, both acrylates and methacrylates can be incorporated into the
polymer during synthesis and used for crosslinking of hydrogels or the introduction of other
chemical moieties using irradiation.*® *° This approach offers the opportunity to control the
modification degree or providing spatial and temporal control over crosslinking or conjugation
processes.*® 51 %2 Dye to the increasing attention that this approach received in biomedical
applications, over the years different cytocompatible photoinitiators such as Irgacure 2959 (2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone)®, one of the most frequently used
ones, or Irgacure 819 (Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide)®* have been
designed and used, e.g., for the controlled post-printing maturation of 3D printed constructs in
biofabrication.*® However, there are also some drawbacks regarding this approach, such as a
low curing depth due to the weak light penetration® or the exposure to UV light that can lead
to deoxyribonucleic acid damages in cells.*®

Another frequently applied conjugation strategy is the use of Diels-Alder chemistry. In this
reaction, a [4 + 2] cycloaddition of a conjugated diene and a dienophile leads to the formation
of a cycoadduct.’” *® Diels-Alder chemistry has been widely applied for hydrogel crosslinking
for different reasons such as absence of side products or initiators that potentially can affect
the cytocompatibility of the biomaterial.>® Furthermore, the cycloaddition can be applied at
physiological conditions and polymerization kinetics can be controlled by adjusting
temperature or pH values.?>%? Even though multiple Diels-Alder combinations are being used,
the most widely applied system uses furan as diene and the dienophile maleimide.>®

In addition to the crosslinking mechanisms mentioned above, there is a wide range of other
chemical crosslinking strategies that have been applied for hydrogel formation and maturation
over the years including Michael-addition®® or imine (e.g., Schiff-base)®® and hydrazone®®

formation, among others.

1.3.2. Bioconjugation Strategies

To enhance functionality of biomaterials and mimic native tissues in fields such as TE,
biofabrication or drug delivery, scientists are trying to leverage multiple disciplines including
chemistry, material sciences as well biology. An integral part in creating biomaterials that
interact with native tissues and stimulate cellular processes is the incorporation of biochemical
cues.®® Biomolecules such as proteins or peptides can be made accessible with spatial and
temporal control using conjugation techniques.®” ® However, there are different challenges
that need to be considered depending on the biomolecule and the application. Most
importantly, the 3D structure of biomolecules plays a pivotal role for their function. Especially

proteins are susceptible to denaturation or aggregation. Therefore, mild reaction conditions
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need to be chosen for the conjugation of biomolecules. Over the years, a multitude of different

conjugation techniques have been developed and successfully applied (Fig. 3).

One of the most frequently used approaches for the conjugation of different moieties to
proteins is N-hydroxysuccinimde (NHS) ester-mediated chemistry. This technique is based on
the reaction of NHS esters with primary amino groups, more specific the e-amino groups of
lysine residues and N-terminus, for the conjugation of biomolecules. However, NHS ester
chemistry can lead to an unspecific binding with different stoichiometries thereby impacting
protein function.® °

This is the reason why site-specific conjugation strategies have gained more attention over
time. One requirement for site-specific conjugation is the presence of highly selective and
unique chemical residue inside the protein/peptide. One of the most applied chemoselective
conjugation strategies is the use of click-chemistry. Leveraging the presence of a single free
thiol groups (cysteine residues) on the surface of the target structure is one possible approach.
In this case, coupling of the protein or peptide of interest to the target polymer can be achieved,
e.g., via thiol-maleimide click chemistry.”" Another approach is the incorporation of new
selective chemical residues. They can be introduced in peptides via solid-phase peptide
synthesis or in proteins via genetic engineering. This enables the introduction of unique
functional groups. Characteristic functional groups can be proteinogenic AAs, such as a free
cysteine, or an introduced unnatural AA containing a bioorthogonal group.’>”* Another
advantage is that these additional AAs can be incorporated at different sites allowing site-
directed conjugation, e.g., in the case of proteins, to prevent negative impacts on protein
activity due to uncontrolled polymer conjugations as described before for NHS esters.” A click
reaction that has been studied frequently in this regard is the strain-promoted alkyne-azide
cycloaddition that results in stable 1,2,3-triazoles with the absence of toxic side products or
catalysts.”® This approach was recently used for the site-specific conjugation of different

polymers to interferon a2a to increase its half-life.”
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Thiol-maleimide Michael-addition

Thiol-ene reaction

Strain-promoted alkyne-azide cycloaddton (SPAAC)

S I (- ge— O

Cu’-catalyzed alkyne-azide cycloaddton (CuAAC)

—N—N=N  + %Z _touh
-t ligand

Diels-Alder cycloaddition
0 s 44
o
+ QN —_— o t3>
o
Figure 3: Overview over different bioorthogonal conjugation methods.

Lastly, enzyme-mediated ligation can be deployed for the coupling of biomolecules. To perform
this conjugation method, specific enzyme recognition sites have to be available in the target
structure. There is a multitude of different enzymes that catalyze ligation reactions in nature
including tyrosinases or sortases.”® ’” One of the most studied class of enzymes in this context
are the so-called transglutaminases (TG). This class of enzymes facilitates a transamidation
reaction that leads to the formation of N*-(y-glutamyl)-lysine isopeptide bonds.”® ”® The enzyme
recognition sites can either be introduced via genetic engineering®®, as already mentioned
above, or intrinsic recognition sites, e.g., insulin-like growth factor | (IGF-1) whose intrinsic TG
recognition site was used for the site-specific conjugation of polyethylene glycole (PEG) via an
MMP-sensitive peptide.®’
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1.4. Applications

Due to the vast progress and developments of hydrogels in science, the role and potential of
hydrogels for biomedical application has drastically changed over the decades. Today, there
is a huge variety of different biological and medical applications of hydrogels that have or can
have an impact on life in the future ranging from contact lenses or device coatings to delivering
drugs.?? 8 The focus of the following section will therefore be on biomedical applications that

are relevant for the hydrogels used in this study.

1.4.1. Hydrogels as Wound Sealants

One of the most studied biomedical applications of hydrogels is their use in hemostatic control.
Hundreds of million surgeries are performed every year.®* One major drawback of these
medical procedures is the possibility of severe bleeding which can lead to elevated morbidity
and mortality.?® Over the last decades tissue sealants, hemostats and adhesives have been
developed as alternative technologies to staples, sutures and clips to tackle challenges like
application time or bacterial infections.®® ® There are several requirements for biomaterials to
be used as wound sealants that must be considered, including safety, manufacturable,
applicability as well as biocompatibility. In addition, they should be applicable to a wide range
of wounds and stop blood loss at the surgical site.®® 8 One of the best studied groups of
biomaterials for wound closure that are used in clinics are hydrogels, because of their
similarities with native tissues (vide supra).

In general, hydrogels as wound sealants can also be divided into two different classes — natural
and synthetic materials (vide supra).

There are different synthetic hydrogel-based materials that can be used as tissue sealant,
which already have been approved by the U.S. FDA.®” Cyanoacrylates are promising
candidates because of their fast polymerization kinetics as well as their mechanical strength.®”
% They are used for different surgeries including neurologic®', cardiac®?, or ophthalmologic
procedures®. However, the use of cyanoacrylates is still restricted due to concerns about
cytotoxicity of by-products, the adverse effects of the exothermic polymerization reaction or
the lack of interaction with wet tissue.!” Another class of polymers that has already been
approved by the U.S. FDA is PEG.** *° Yet, there are still shortcomings like the high swelling-
degrees that limit their usage.®’

Another sealant and probably the most important commercially available product so far is a
natural wound sealant, the so-called fibrin sealant. Fibrin sealant was first approved by the
U.S. FDA in 1998.% The importance of fibrin as a medical product is further underlined by the
fact that it is the only material to date that is approved by the U.S. FDA as a hemostat, tissue
sealant and wound adhesive.* % Fbg and thrombin are the main components of the sealant.

In nature, the protein Fbg plays a pivotal role in the final step of the blood coagulation cascade
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and forms the fibrin clot after exposure to the enzyme thrombin, thereby facilitating wound

closure. The network is further strengthened by chemical crosslinking between Fbg via factor
XII. In most of the commercially available fibrin sealants, Fbg and thrombin are stored in two
different chambers and are mixed directly at the site of action inducing fibrin polymerization
and subsequently wound closure. Due to its origin and biocompatibility, fibrin sealants are often
the preferred solution in clinical applications. However, there are still shortcomings associated
with these sealants such as fast in vivo resorption and future potential developments which
are described in more detail in chapter 3 and 4 of this work.% %

As a result of an ageing population and an increasing number of surgeries, the demand for
more advanced and effective wound sealants will only increase in the future. Therefore, the
development of novel hydrogel systems with improved properties or the incorporation of

biological cues is and will be highly relevant in the years to come.

1.4.2. Hydrogels in Biofabrication

Another application that has led to and benefited from the development of novel hydrogels is
TE. This research field aims for the regeneration of damaged tissues by using constructs that
mimic their native biological counterpart or help restore their full functionality. These artificial
constructs mainly consist of 3 different components — scaffold, cells and biological entities such
as growth factors.'® However, it has become evident that the hierarchy, organizational
structure and architecture are essential for the formation of fully functional tissues. Because of
that, the field of biofabrication has emerged within the last decade.'®" ' In biofabrication,
additive manufacturing (AM) techniques are used to develop three-dimensional (3D) scaffolds
to reproduce the structural hierarchy of native tissues.'® This process is highly interdisciplinary
and requires both AM technologies and the development of novel materials, so-called
bioinks_mo, 103, 104

There are different AM methods that have been used for bioprinting approaches: laser-induced

106. 197 and extrusion printing (robotic dispensing)'®® (Fig. 4).

forward transfer'®, inkjet printing
The probably most used method among these three is the extrusion bioprinting. During this
process, a cell-laden hydrogel is transferred to a syringe. Next, the hydrogel is dispensed from
the syringe pneumatically, by a piston or a screw.'® In contrast to other techniques such as
inkjet printing, hydrogels are dispensed as strand in a layer-by-layer form by using pressurized
gas resulting in 3D constructs with a resolution off around 200 - 100 uym."%® "'° Precise control
over the applied pressure, printing speed as well as the hardware such as nozzle diameter
enables the use of different bioinks and the printing of 3D scaffolds using computer-aided

design.'®
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Figure 4: Schematic overview over the different bioprinting technologies. Reprinted with permission

from reference 1%,

The other component needed for biofabrication is the bioink. Bioinks were recently defined as
a “formulation of cells that is suitable to be processed by an automated biofabrication
technology.”'® There are several key characteristics that need to be analyzed before using a
bioink. The printability of the hydrogels is one of the most important characteristics and is
strongly influenced by the rheological properties.”" ''? Shear thinning behavior enables the
extrusion during the printing process and the stabilization of the construct afterwards due to
the viscoelastic solid-like character.*> '3 In addition, other properties such as shape fidelity of
the hydrogel as well as pore size are important.”'* "> Furthermore, it is beneficial for a bioink
to show long-term stability, e.g., via photo crosslinking.*® ''® In general, bioinks should be
biocompatible and not negatively impact cell survival or proliferation.””” On the contrary, the
hydrogel should contribute or even enhance the biological performance of cells and mimic
native tissues (vide supra).

Classes of polymers that have gained interest over the last decades in this regard are poly(2-
oxazoline)s (POx) and poly(2-oxazines) (POzi), polyamides, or polymeric amides that were
first reported in 1966 and 1967."%'22 Besides their good cytocompatibility*> '2* 124 one of the
main reasons for the increasing interest in POx/POzi systems is their chemical versatility.'
By varying different substituents of the monomers, diverse side chain functionalities can be
introduced to the polymer. This gives the opportunity to adapt or control the polymer properties
thereby enabling, e.g., thermoresponsive behaviour*® as well as chemical'® or photo-
crosslinking*® to form POx hydrogels. Furthermore, functional groups can be introduced at the
a- or Q-position which can be used for labelling or site-directed protein conjugation.”" "%

In recent years, the focus in the field of biofabrication has shifted towards better integration of
biological aspects into bioprinting (vide supra). To achieve this, developments from molecular
biology and biotechnology have to be used in unison with advances in material science to get
closer to mimicking the natural cellular environment.””' Especially, the availability of

biochemical cues has accelerated the development of engineered hydrogels with enhanced

10
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cell-material interaction. Most frequently, protein and peptide sequences are used to stimulate

different cellular processes including cell-receptor interaction or differentiation. One of the best
studied approaches is the introduction of cell-adhesive sequences to bioinert hydrogels. These
sequences are most of the time derived from naturally occurring adhesive sequences from
parts of the ECM.®® The arguably most studied sequence is the RGD-motif (vide supra). This
short peptide sequence has shown to facilitates cell adhesion of cells which is also part of
Chapter 1. However, different parameters such as peptide architecture or the amount of
peptide can influence the cellular response to the peptide.*®: 12

Over the years the influence of RGD on cellular behavior has been studied extensively. Studies
show that the impact of RGD-peptides is strongly dependent on variables such as topography
and density."?® 3% Furthermore, the spacing of RGD-peptides on the surface can have a big
influence on morphology and differentiation of cells.”™' The importance of facilitate adhesion
has also led to the development of different and novel adhesive sequences, e.g., the
development of RGD-mimetic poly(amidoamine) oligomer based scaffolds for adipose tissue
engineering among others."*?"3* Even though the understanding of cell adhesion peptides has
increased over the years, there is still a long way to go in order to fully understand and mimic
the natural tissue environment. Lately, especially the spatial-temporal control of the
presentation of adhesive sites has gained a lot of attention to further understand the
importance of the dynamic character of natural microenvironments.'®

Another important part of the microenvironment is the availability of soluble biochemical cues
such as growth factors or other ECM associated proteins (vide supra). Cell surface receptors
can interact with these cues and influence different cellular responses and processes such as
cell growth.™® That is why the incorporation of different biomolecules has been often used in
to enhance the biological performance of biomaterials.®®

However, this approach has not only been crucial for the progress and advances in the
previously mentioned research fields, but it also gained attention in the field of controlled drug
delivery, lately. Current advances in hydrogel protein conjugation techniques can be used in
both areas of research and therefore cannot be discussed separately. Hence, conjugation
techniques for the research fields will be analyzed jointly in the next paragraph on the

application of hydrogel for controlled drug delivery.

1.4.3. Hydrogels in Controlled Drug Delivery

Over last decades the market for novel peptide and protein-based pharmaceuticals has
drastically increased." However, conventional dosing such as oral delivery are highly limited
due to poor bioavailability. Furthermore, biologics have a short half-life, e.g., due to proteolytic
degradation, and the transport to the site of action is often impaired by physiological barriers

such as skin or mucus." In order to overcome these challenges, there has been an increasing

11
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interest in advanced drug delivery platforms. There are several different approaches that have

been studied over the years such as hydrogels, liposomes, or nanoparticles. %142

Hydrogels have been extensively investigated and used for drug delivery due to their favorable
properties. As already mentioned before, most hydrogels are networks that are biocompatible
and mimic native tissues. Due to their hydrophilic character and high water content, proteins
or peptide scan easily be incorporated into the hydrogel and are less susceptible to
aggregation or denaturation.?

One of the most important design criteria for hydrogels in drug delivery is their structure and
pore size. Incorporated drugs diffuse through the mesh depending on the pore size of the
hydrogels, thereby facilitating, and determining sustained release over a longer period of
time.' Furthermore, the release can be influenced by the physical and chemical interactions
between drug and hydrogel. There is a huge variety of different modifications that can be
introduced into the polymer backbone. Active pharmaceutical ingredients (API) can interact
with the polymer, e.g., via electrostatic interactions or be covalently linked to the polymer

leading to enhanced and controlled drug release profiles (Fig. 5).'4% 144
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Figure 5: Overview of different chemical interactions to facilitate drug release. A. Stable and cleavable
covalent linkages. B. Drug-polymer coupling by using electrostatic interactions. C. Hydrophobic

interactions between drug and polymer. Reprinted with permission from reference 4.

In addition to that, currently, there is a paradigm shift in the pharmaceutical industry away from
traditional dosing forms and towards personalized medicine. The use of 3D printing methods
for the manufacturing of drugs could transform the field of drug delivery in the future for both
small molecules and biologics and already led to the approval a first 3D-printed pharmaceutical
approved by the U.S. FDA in Spritam (Aprecia Pharmaceuticals).'** '*® Additive manufacturing
allows the on-demand production of medicines directly on-site thereby reducing costs and
waste during the manufacturing process.'*’-'*° Furthermore, it allows personalized drug dosing
and can lead to enhanced drug release profiles by taking advantage of size or complex 3D
structures of scaffolds or spatial control over the drug distribution (also discussed in Chapter
2)."%0:%%1 |n one study, transforming growth factor-beta 1 (TGF-B1) was attached to printable

hyaluronic acid-based bioink using Michael-addition. After 3D printing, the protein-modified
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bioink showed enhanced mesenchymal stromal cells chondrogenesis compared to the

hydrogel containing soluble

TGF-B1 highlighting a potential application for cartilage regeneration in the future.'® Another
approach is the targeted drug release. With this, APIs can be released directly at the site action
by an ex- or internal stimulus such as pH value, temperature, or enzymatic activity, preventing
off target effects of systemic administrations.’*® '°>'5° By using, e.g., multiple growth factor
containing bioinks, spatiotemporal patterns can be created to control the distribution inside the
3D scaffold thereby enhancing the performance of hydrogels. '

Due to the aforementioned favorable properties and novel approaches, hydrogels are
promising candidates to extending the current toolbox of personalized drug dosing and

targeted drug delivery.
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2. Summary

Over the years, hydrogels have been developed and used for a huge variety of different
applications ranging from drug delivery devices to medical products. In this thesis, a poly(2-
methyl-2-oxazoline) (POx) / poly(2-n-propyl-2-oxazine) (POzi) bioink was modified and
analyzed for the use in biofabrication and targeted drug delivery. In addition, the protein
fibrinogen (Fbg) was genetically modified for an increased stability towards plasmin

degradation for its use as wound sealant.

In Chapter 1, a thermogelling, printable POx/POzi-based hydrogel was modified with furan
and maleimide moieties in the hydrophilic polymer backbone facilitating post-printing
maturation of the constructs via Diels-Alder chemistry. The modification enabled long-term
stability of the hydrogel scaffolds in aqueous solutions which is necessary for applications in
biofabrication or tissue engineering. Furthermore, we incorporated RGD-peptides into the
hydrogel which led to cell adhesion and elongated morphology of fibroblast cells seeded on
top of the scaffolds. Additional printing experiments demonstrate that the presented POx/POzi

system is a promising platform for the use as a bioink in biofabrication.

Chapter 2 highlights the versatility of the POx/PQOzi hydrogels by adapting the system to a use
in targeted drug delivery. We used a bioinspired approach for a bioorthogonal conjugation of
insulin-like growth factor | (IGF-I) to the polymer using an omega-chain-end
dibenzocyclooctyne (DBCO) modification and a matrix metalloprotease-sensitive peptide
linker. This approach enabled a bioresponsive release of IGF-I from hydrogels as well as
spatial control over the protein distribution in 3D printed constructs which makes the system a

candidate for the use in personalized medicine.

Chapter 3 gives a general overview over the necessity of wound sealants and the current
generations of fibrin sealants on the market including advantages and challenges.
Furthermore, it highlights trends and potential new strategies to tackle current problems and

broadens the toolbox for future generations of fibrin sealants.

Chapter 4 applies the concepts of recombinant protein expression and molecular engineering
to a novel generation of fibrin sealants. In a proof-of-concept study, we developed a new
recombinant fibrinogen (rFbg) expression protocol and a Fbg mutant that is less susceptible
to plasmin degradation. Targeted lysine of plasmin cleavage sites in Fbg were exchanged with
alanine or histidine in different parts of the molecule. The protein was recombinantly produced

and restricted plasmin digest was analyzed using high resolution mass spectrometry. In
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addition to that, we developed a novel time resolved screening protocol for the detection of

new potential plasmin cleavage sites for further amino acid exchanges in the fibrin sealant.
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3. Zusammenfassung

Hydrogele wurden im Laufe der Jahre fir eine Vielzahl von Anwendungen, von der
Verabreichung von Medikamenten bis hin zu medizinischen Produkten, entwickelt und
eingesetzt. In dieser Arbeit wurde eine Poly(2-methyl-2-oxazolin) POx) / Poly(2-n-propyl-2-
oxazin) (POzi) Biotinte modifiziert und fur den Einsatz in der Biofabrikation und fur die gezielte
Verabreichung von Medikamenten analysiert. AuRerdem wurde das Protein Fibrinogen (Fbg)
gentechnisch verandert, um seine Stabilitat gegenliiber dem Plasminabbau in seiner Funktion

als Wundkleber zu erhohen

In Kapitel 1 wurde ein thermogelierendes, druckbares Hydrogel auf POx/POzi-Basis mit
Furan- und Maleimid-Funktionen im hydrophilen Polymerriickgrat modifiziert, was die Reifung
der Konstrukte nach dem Druck durch Diels-Alder-Chemie bewirkt. Die Modifizierung
ermdglichte eine langfristige Stabilitat der Hydrogele in wassrigen Lésungen, was fir
Anwendungen im Bereich der Biofabrikation oder im Tissue Engineering erforderlich ist.
Dariber hinaus haben wir RGD-Peptide in das Hydrogel integriert, was zur Zelladhasion und
einer verlangerten Morphologie von Fibroblasten, die auf den Gelen ausgesat wurden, fihrte.
Weitere Druckexperimente zeigen aullerdem, dass das POx/POzi-System eine

vielversprechende Plattform fir den Einsatz als Biotinte in der Biofabrikation ist.

Kapitel 2 unterstreicht die Vielseitigkeit der POx/POzi-Hydrogele, indem das System fiir die
gezielte Abgabe von Medikamenten angepasst wird. Wir verwendeten einen von der Natur
inspirierten Ansatz fur eine biorthogonale Konjugation vom Insuline-like Growth Factor | (IGF-
I) an das Polymer unter Verwendung einer Dibenzocyclooctin-Modifikation des Polymers am
Ende der Omega-Kette und eines Matrix-Metalloproteasen-empfindlichen Peptid-Linkers.
Dieser Ansatz ermdglichte eine bioresponsive Freisetzung von IGF-I aus Hydrogelen sowie
eine rdumliche Kontrolle Uber die Proteinverteilung in 3D-gedruckten Konstrukten, was das

System zu einem Kandidaten fiir den Einsatz in der personalisierten Medizin macht.

Kapitel 3 gibt einen allgemeinen Uberblick (ber die Notwendigkeit von
Wundversiegelungsmitteln und die derzeit auf dem Markt befindlichen Generationen von
Fibrinklebern einschliellich der Vorteile und Herausforderungen. Dartber hinaus werden
Trends und potenzielle neue Strategien zur Losung aktueller Probleme und zur Erweiterung

der Toolbox fur kiinftige Generationen von Fibrinklebern aufgezeigt.

In Kapitel 4 werden die Konzepte der rekombinanten Proteinexpression und des Molecular

Engineering auf eine neue Generation von Fibrin Wundklebern angewandt. In einer Proof-of-
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Concept-Studie haben wir ein neues rekombinantes Fbg Expressionsprotokoll und eine Fbg

Mutante entwickelt, die weniger anfallig fur einen Abbau durch Plasmin ist. Gezielte Lysine in
Plasmin-Schnittstellen in Fbg wurde entweder durch Alanin oder Histidin in unterschiedlichen
Teilen des Molekuls ausgetauscht. Das Protein wurde rekombinant hergestellt und eine
verminderte Schnittrate wurde mittels hochauflosender Massenspektrometrie gezeigt.
Zuséatzlich haben wir ein neues zeitaufgeldstes Screening-Protokoll entwickelt, mit dem sich
neue potenzielle Plasmin-Spaltstellen fir weitere Aminosaurenaustausche in Fibrin-Klebern

auflosen lassen.
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From Thermogelling Hydrogels toward Functional Bioinks:
Controlled Modification and Cytocompatible Crosslinking

Lukas Hahn, Matthias Beudert, Marcus Gutmann, Larissa Kefiler, Philipp Stahlhut,
Lena Fischer, Emine Karakaya, Thomas Lorson, Ingo Thievessen, Rainer Detsch,

Tessa Liihmann,* and Robert Luxenhofer

Hydrogels are key components in bioink formulations to ensure printability
and stability in biofabrication. In this study, a well-known Diels-Alder two-step
post-polymerization modification approach is introduced into thermogelling
diblock copolymers, comprising poly(2-methyl-2-oxazoline) and
thermoresponsive poly(2-n-propyl-2-oxazine). The diblock copolymers are
partially hydrolyzed and subsequently modified by acid/amine coupling with
furan and maleimide moieties. While the thermogelling and shear-thinning
properties allow excellent printability, trigger-less cell-friendly Diels-Alder
click-chemistry yields long-term shape-fidelity. The introduced platform
enables easy incorporation of cell-binding moieties (RGD-peptide) for cellular
interaction. The hydrogel is functionalized with RGD-peptides using
thiol-maleimide chemistry and cell proliferation as well as morphology of
fibroblasts seeded on top of the hydrogels confirm the cell adhesion facilitated
by the peptides. Finally, bioink formulations are tested for biocompatibility by
incorporating fibroblasts homogenously inside the polymer solution
pre-printing. After the printing and crosslinking process good
cytocompatibility is confirmed. The established bioink system combines a
two-step approach by physical precursor gelation followed by an additional

1. Introduction

In the field of biofabrication, researchers try
to create functional tissue models by using
an additive manufacturing technique. Espe-
cially in bioprinting, advances strongly rely
on the availability of suitable bioinks.l'-!
These materials, in turn, are mostly based
on polymers—either of synthetic or natu-
ral origin—and contain living cells, the re-
quired growth factors, as well as nutrition
to be processed by an automated biofab-
rication technology.*’! In most cases, di-
rect ink-writing of a hydrogel is used, al-
lowing the production of clinically relevant
designs with respect to time and size.l’
Bioinks have to be printable at cell friendly
conditions, and allow maturation of the
printed construct for several weeks. Sev-
eral key characteristics can be associated
with an ideal hydrogel bioink. First, a pro-
nounced shear thinning character of the

chemical stabilization, offering a broad versatility for further biomechanical

adaptation or bioresponsive peptide modification.

precursor hydrogel during extrusion facili-
tates 3D-printing and concurrently the vis-
coelastic solid like character prevents cell
sedimentation in the barrel.” Second, it
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should ideally allow for sufficient and fast stabilization after the
printing process. The former, that is, the formation of a precur-
sor hydrogel, can be ensured by a wide variety of approaches,
such as specific chemical pre-crosslinking,® pH,°! or temper-
ature switch,'% as described, for example, for alginate, collagen,
and gelatine. The defined control of these approaches to provide
a cytocompatible printing process is an ongoing challenge.

Thermogelling polymer solutions that undergo fast gelation
are promising candidates for bioinks. A well-known example is
the polymer Pluronic F127, also known as Poloxamer 407. This
triblock copolymer based on polypropylene glycol as thermore-
sponsive central block, flanked by two hydrophilic polyethylene
glycol (PEG) blocks, forms a physical hydrogel at room tempera-
ture. Since Pluronic F127 gels represent excellent printability,'!]
they are used in many applications as a support material and
sacrificial structure.?l One possible alternative for PEG-based
systems is the family of polymers known as poly(2-oxazoline)s
(POx) and their close relative poly(2-substituted-5,6-dihydro-4H-
1,3-oxazine)s (poly(2-oxazine)s, POzi), which serve as a diverse
biomaterials platform for different applications due to good cyto-
compatibility and chemical versatility.[}>-17]

In the context of biofabrication, only few reports can be found
describing POx/POzi based structures used in bioprinting. Lor-
son et al. reported a thermogelling diblock copolymer compris-
ing hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) and ther-
moresponsive poly(2-n-propyl-2-oxazine) (PnPrOzi) moieties.!*®!
In first bioprinting experiments excellent cytocompatibility was
confirmed. The printability and shape fidelity could be signifi-
cantly improved by the addition of Laponite XLG.[*! However,
this thermoresponsive hydrogel does not allow for long-term
cell culture experiments, as it dissolves upon addition of an ex-
cess of cell culture medium. More recently, Trachsel et al. in-
vestigated a multi-material approach with enzymatically stabi-
lized hydrophilic poly(2-ethyl-2-oxazoline) hydrogels via sortase
linkage.) To use this system in a bioink formulation, algi-
nate was needed to stabilize the constructs after printing by
Ca’*. Furthermore, cellulose nanofibrils were added to improve
printability.[?!]

In recent years, several approaches—mainly based on irradi-
ation with UV-light—have been described to introduce covalent
crosslinking after printing,?2-) fueling ongoing and controver-
sial discussions about the potential negative effect of UV irra-
ditation on cell viability.?*?*] More recently, crosslinking using
visible light has gained attention. Irrespective of the wavelength
used, photoinitiators are typically needed for crosslinking which
may affect cells either immediately or during the maturation.[**]
Accordingly, alternative approaches of in situ chemical crosslink-
ing of hydrophilic polymers by the reaction of complementary
functional groups, to obtain hydrogels, remain actively inves-
tigated. One such alternative is the Diels-Alder chemistry, al-
ready introduced for hydrogel synthesis by Chujo et al. a few
decades agol?®! besides other crosslinking strategies!?”28] and re-
cently studied again by Shoichet et al.[?*-3%] as well as Nahm et
al.,[®*] among others. Chujo et al. used the hydrophilic PMeOx
functionalized with maleimide and furan groups in the polymer
side chain. However, these hydrogel precursors would be unlikely
candidates for dispense plotting, due to their hydrophilic nature
and expected rheological properties.
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In this work, we established a double-crosslinked bioink plat-
form obtained by one starting block copolymer and its mod-
ifications, combining thermoresponsive precursor gelation to-
gether with temperature-controlled Diels-Alder crosslinking, in
order to employ the benefits of both crosslinking mechanisms
for creating a functional and adaptable bioink platform. There-
fore, a previously described diblock copolymer comprising a hy-
drophilic PMeOx block and a thermoresponsive PnPrOzi block
(PMeOx-b-PnPrOzi = P0),!8) which showed pronounced physi-
cal thermogelation in aqueous solutions, was modified with fu-
ran and maleimide moieties.**) The fast physical sol/gel transi-
tion was used to obtain a homogenous cell distribution through-
out the construct, in combination with good printability. After
the extrusion, the cytocompatible in situ Diels-Alder crosslinking
stabilized the construct and offered the possibility to introduce
bioinstructive peptides. Beside the two functionalized polymers,
no further compound such as crosslinker, initiators or viscosity
modulators were used in order to obtain both a physically and
chemically crosslinked hydrogel.

2. Results and Discussion

The presented bioink concept builds on two independent
crosslinking mechanisms. At first, thermoreversible hydropho-
bic interactions offer excellent handling and printing properties.
Second, a slow but essentially irreversible Diels-Alder crosslink-
ing post-processing provides long-term stability and maturation.

In addition, Diels-Alder functionalities enable the conjuga-
tion of bioactive components (Figure 1A).343¢ In order to in-
troduce the corresponding functionalities, the thermogelling di-
block copolymer PO, with a similar degree of polymerization as
described previously, '8l was partially hydrolyzed, yielding sec-
ondary amines, which are subsequently coupled with carboxylic
acids (Figure 1B). Doing so, it is critical that the thermogelling
properties of the polymer PO (Figure S1, Supporting Informa-
tion) are retained after modification and that the crosslinking
occurs in a time period suitable for bioprinting. The first step
was a carefully controlled partial hydrolysis of the polymer yield-
ing ethyleneimine (EI) moieties in the hydrophilic part of the
polymer. We expected that the MeOx repeat units are hydrolyzed
significantly faster than the nPrOzi units.l*”3/'H-Nuclear mag-
netic resonance (NMR) spectroscopy confirmed that backbone
and sidechain signals attributed to MeOx repeat units decreased
significantly with increasing reaction time (Figures S2,S3A,B,
Supporting Information), while the signals attributed to nPrOzi
repeat units remained preserved. The degree of hydrolysis has a
significant impact on the thermogelling properties (Figure S3C,
Supporting Information). Here, the polymers with a hydrolysis
degree of 10% of the PMeOx block were further investigated
((P(MeOxgy-co-El,y)-b-PnPrOzi,, = P1). The thermogelling prop-
erties of three different P1 polymer batches performed similar
like the unmodified polymers described by Lorson et al. (Table S1,
Supporting Information),'¥! indicating the reproducibility of the
approach.3?! Modification of P1 with furan or maleimide moi-
eties resulted in the final functionalized polymers P(MeOx,,-co-
Fu,,)-b-PnPrOzi,, (P-Fu) and P(MeOxy,-co-Ma,y)-b-PnPrOzi,,
(P-Ma). The successful and complete modification was verified by
TH-NMR spectroscopy (Figure S4, Supporting Information) and

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 1. Investigated strategy for functional bioink formulations. A) Schematic illustration of the bioink strategy. At 5 °C the polymer solutions P-Fu and
P-Ma are present as low viscous liquids, which can be easily mixed with cells and peptide motifs (e.g., RGD). Increasing the temperature to 37 °C leads
to a rapid physical gelation of both P-Fu and P-Ma preventing cell sedimentation and ensuring good printability. After printing, the chemical crosslinking
takes place at 37 °C generating stable and biofunctionalized constructs. B) Synthesis route to establish the thermogelling polymers P-Fu and P-Ma:
Partial acidic hydrolysis of the thermogelling diblock copolymer PO followed by the introduction of furan and maleimide moieties by amide coupling

(P-Fu and P-Ma).
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Figure 2. Thermogelling properties of the different modified polymers. A) P1, B) P-Ma, and C) P-Fu in the temperature range of 5-37 °C (heat rate:
0.05 °C s~") and at 20 wt% aqueous solutions ([J: Storage modulus G’,O: Loss modulus G”). Images were taken at 5 and 37 °C following the described

temperature scale.
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Figure 3. Determination of important rheological properties. A) Rheological properties for direct ink-writing of P-Fu (blue) and P-Ma (black) at a concen-
tration of 20 wt% and 37 °C. B) Amplitude sweep ((J: Storage modulus G’,O: Loss modulus G”) and C) frequency sweep. D) Shear thinning properties:
Viscosity in dependence of the applied shear rate. Red line: data fitted with a power law function. E) Yield point determination: Viscosity as a function
of applied shear stress. The onset of viscosity decrease designates the yield point 7. F) Structure-recovery properties: Alternated high and low-shear

regimes.

all relevant signals could be attributed. It is important to note that
the signals attributed to EI repeat units completely disappeared.
Furthermore, complete modification of all secondary amines (EI
units) was confirmed via titration (Figure S4, Supporting Infor-
mation).

The polymers P1, P-Fu and P-Ma exhibited pronounced ther-
mogelling properties in the temperature range of 5-40 °C (5 °C
low viscous liquid, 40 °C stable hydrogel, Figure 2) with sol/gel
transitions between 26 and 29 °C (Figure 2). Compared to the pre-
cursor polymer PO the transition temperature increased, which
simplifies handling at room temperature (T, (P0) = 21 °C, Fig-
ure S1, Supporting Information). Notably, the storage modulus
G’ at 37 °C increased from 3.8 kPa for PO to 5.3 kPa for P1 (Fig-
ure 2A). In contrast, the addition of furan and maleimide moi-
eties resulted to a reversal of G’ to 3.3 and 3.0 kPa, respectively
(Figure 2B,C). Clearly, modifications of the hydrophilic block af-
fect the polymer self-assembly, presumably by affecting the com-
patibility between the blocks. The physical hydrogels P-Fu and
P-Ma at 37 °C and a concentration of 20 wt% were further char-
acterized individually via oscillatory and rotational shear rheology
to investigate whether their rheological parameters would be fa-
vorable for 3D printing (Figure 3).

Both samples showed a pronounced linear viscoelastic region
in the amplitude sweep (Figure 3B). Slightly higher G’ values are
obtained for the polymer P-Ma, which is in agreement with the
values obtained during the temperature sweep (Figure 2). In the

Macromol. Biosci. 2021, 21, 2100122 2100122 (4 of 9)

investigated frequency region both polymers exhibited viscoelas-
tic solid-like character throughout (Figure 3C). The pronounced
shear-thinning (Figure 3D) with flow indices of n = 0.15 for P-Fu
and P-Ma, well-defined yield-points (Figure 3E; 7 (P-Fu) = 92 Pa
and 7 (P-Ma) = 166 Pa), high viscosity at low shear stress (~100
kPa s) and fast structure recovery (Figure 3F) suggests good print-
ability for both hydrogels. This rheological profile allows the low
viscosity polymer sols to be mixed with cells at <10 °C, and sub-
sequently printed at 37 °C on a preheated printing dish, where
the crosslinking Diels-Alder reaction takes place, subsequently
(Figure 4A).

Accordingly, we mixed 20 wt% aqueous solutions of both poly-
mers (1/1, v/v) at 10 °C and followed G’ and G” at 10, 20, and
37 °C over time (Figure 4B). Over the investigated time of 2 h
no hydrogel formation was observed at 10 °C and the sample re-
mained a low viscous liquid, ideal for sample preparation, cell
distribution, and transfer into a printing syringe. Only a minor
increase in viscosity is observed after ~1 h. With a temperature-
controlled printing setup, this allows for prolonged printability,
if needed. In contrast, at 25 °C, which is below T, hydrogel, a
sol/gel transition is observed after 65 min and must be attributed
to the Diels-Alder crosslinking. At 37 °C the mixture thermo-
gelled immediately, followed by additional Diels-Alder crosslink-
ing, as evidenced by an increase of G’ and G”. After less than 50
min a plateau value of more than 10 kPa was reached. Accord-
ingly, printing the bioink at room temperature onto a preheated

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Chemical crosslinking of mixed P-Fu and P-Ma hydrogels. A) Workflow for crosslinking analysis (B-C) Crosslinking kinetics of P-Fu and P-Ma
mixtures (1:1) at different temperatures (blue: 10 °C, orange: 20 °C, and red: 37 °C) and 20 wt% concentration ([]: Storage modulus G’,O: Loss modulus
G”): B) Time scans of 120 min with a fixed amplitude of 0.5 % and an angular frequency of 10 rad s~! with a C) detailed view for 50~100 min which
we deem critical for preparing and conducting a typical print. Cryogenic scanning electron microscopy (SEM) investigations to visualize the porous
structure of the bioink: Samples were recorded after D) crosslinking of 24 h and E) additional swelling for 24 h.

dish should ensure rapid crosslinking and stability of the printed
construct.

Due to the nature of the chemical crosslinked synthetic hy-
drogel, a highly porous network with features in the range of a
few dozen nm was obtained (Figure 4D). Swelling for 24 h led to
a significant increase in pore size into the lower 100 nm range
(Figure 4E). Although the pore size is sufficiently large for dif-
fusion of nutrients, cells will not be able to migrate through the
generated network. Compared to the physical hydrogel of PO (Fig-
ure S1B, Supporting Information) the pore size decreased signifi-
cantly after chemical crosslinking, due to the formation of a more
compact three-dimensional covalent network. In order to high-
light the adaptability of the platform in terms of stiffness, the con-
centration of precursor solutions of P-Fu and P-Ma was decreased
by dilution with water leading to softer hydrogels with slower
crosslinking kinetics (Figure S5, Supporting Information). Ad-

Macromol. Biosci. 2021, 21, 2100122 2100122 (5 of 9)

ditionally, the nature of the crosslinker can be adapted to specific
applications. To demonstrate this, we used PEG,-bismaleimide
as a model crosslinker. The P-Fu-PEG mixtures showed a slower
crosslinking and resulted in softer and less dense networks as
characterized by rheology and cryogenic scanning electron mi-
croscopy, respectively (Figure S6, Supporting Information). Not
surprising, this led to a more pronounced swelling of the hydro-
gels compared to the P-Fu/P-Ma crosslinking.

Based on the favorable rheological properties of the precur-
sor hydrogels and the controlled crosslinking kinetics, first 3D
printing experiments were performed. At 5 °C, P-Fu and P-Ma
solutions were homogenously mixed and transferred into a print-
ing cartridge (held at 5 °C) followed by printing onto a preheated
(37 °C) printing bed (Figure 5A—C). After 1 h of in situ chemi-
cal crosslinking at 37 °C, the constructs were immersed in fresh
cell culture medium and incubated for 14 days at 37 °C. The

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Printing of P-Fu and P-Ma crosslinking hydrogels. A) Image of the printed scaffold during the printing process. B,C) lllustration of the printed
scaffold immediately after printing. D) Printed scaffolds after incubation in culture medium for 14 days. E-G) Handling and transfer of P-Fu and P-Ma

crosslinked hydrogels after 14 days in culture medium.

constructs remained stable with good structural integrity (Fig-
ure 5D). However, fusion of stacked layers with direct contact
can be seen. During incubation, swelling increases the contact
between individual layers, which can then cross-link with each
other. In the end, this leads to a homogeneous construct with rel-
atively low stackability. Even though the hydrogels are soft, as ana-
lyzed by rheology and shown above, they were easily handled and
transferred while retaining their printed shape (Figure 5D-G).

Furthermore, we analyzed the swelling of the crosslinked P-
Fu and P-Ma hydrogels (20 wt%, ratio P-Fu/P-Ma 1:1). Only lit-
tle swelling was observed (Figure S10A, Supporting Informa-
tion), which is explained by the combination of physical and
chemical crosslinking with several crosslinking functionalities at
every polymer molecule. Interestingly, a significant increase of
swelling was observed at 5 °C (Figure S10C,D, Supporting In-
formation). Below the lower critical solution temperature of the
nPrOzi block the swelling of the hydrogel increased significantly
due to an increased solubility of the thermoresponsive nPrOzi
block and the removal of physical crosslinks upon cooling. In ad-
dition, the stability was further confirmed by mechanical testing.
Elastic moduli of approximately 3000-4000 kPa were obtained for
the crosslinked hydrogels after 14 days (Figure S10B, Supporting
Information).

As mentioned above, it has been shown that different POx-
based hydrogels show no cytotoxic effects on cells and therefore
present a promising platform for bioinks.[“*4 However, appli-
cability in biomedicine requires the adhesive functionalization
of POx-based hydrogels, as the material per se does not support
cell adhesion. To test, whether adhesive functionalization of our
hydrogels supports cell adhesion, we functionalized them with
integrin-ligating RGD-peptide. We further generated lentivirally
transduced, NIH/3T3-based morphology reporter cells, stably ex-
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pressing farnesylated tdTomato red-fluorescent protein, to label
the plasma membrane and compared the morphology of our
reporter cells cultured on top of RGD-functionalized and non-
functionalized POx hydrogels. Epifluorescence microscopy anal-
ysis after 3 and 4 days of cultivation revealed that cells on non-
functionalized POx hydrogels were low in number and showed
a rounded morphology (Figure 6A,C), whereas cells on RGD-
functionalized hydrogels displayed a well spread fibroblastoid
morphology (Figure 6B) and even increased in number over time
(Figure 6D). These data demonstrate that adhesive functionaliza-
tion of our POx hydrogels supports cell adhesion, spreading and
proliferation.

To further study cell viability within the gel (3D), NIH3T3 cells
were embedded in the hydrogel pre-printing. After the printing
process and cross-linking of the hydrogels, the cell viability of
the encapsulated cells in the scaffold was analyzed. Cells were
pre-stained with Hoechst 33342 prior to the printing process.
This was necessary as preliminary work showed that fluores-
cein diacetate (FDA) was not able to penetrate the gels in a suf-
ficient manner. Dead cells were visualized using propidium io-
dide (PI) (here no incompatibilities with in-gel penetration where
observed) staining after 1 and 2 days. After optimizing the poly-
mer purification process (Figure S8, Supporting Information)
as well as the printing protocol, cell viability staining showed
no cytotoxic effect of the hydrogel. No difference between the
unmodified and RGD-functionalized constructs was observed.
The majority of dead cells that were visible, scanning the en-
tire printed hydrogel construct, could be accounted to drying-
off effects at the outer layers, which was reported for other hy-
drogel systems before (Figure S9, Supporting Information).[*34¢]
Despite the RGD-functionalization, the cells showed a rounded
morphology after the encapsulation in the hydrogel (Figure 7). It

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH



‘EM acro-
ADVANCED Olecular
SCIENCE NEWS Bioscience

www.advancedsciencenews.com www.mbs-journal.de

C
50 pm

Figure 6. Cell adhesion on the surface of P-Fu and P-Ma crosslinking hydrogels. POx hydrogel without RGD-modification does not allow for good cell
adhesion and spreading after A) 3 and C) 4 days. In contrast, cell adhesion and spreading were observed on POx hydrogel with RGD-modification after
B) 3 days of and D) 4 days of cultivation.
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Figure 7. Cell viability of fibroblasts in P-Fu/P-Ma-bioinks after deposition of a bioink drop by extrusion printing. NIH3T3 cells were pre-stained with
Hoechst 33 342 (blue) and incorporated, printed, and cultivated in POx-based hydrogels (20 wt%) B,D) with and A,C) without RGD-peptide. Dead cells
were assessed by staining with Pl (red).
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has been previously described that POx hydrogels with moduli
of around of around 3.5-4.5 kPa are too stiff for the migration of
the cells.[*’*8] Furthermore, small pore sizes, as described above
for this system, have been shown to prevent cell spreading and
migration.**>°) With G’ of around 10 kPa and submicron pore
size, the hydrogel system, as shown in this study, clearly does
not allow the migration and therefore the spreading of the cells.

In an effort to address cell adhesion and migration, we aim
at incorporating matrix metalloprotease (MMP) cleavable link-
ers into the hydrogel network, to ensure cleavage by secreted
MMPs and therefore a loosening of the network as demonstrated
before.>153] The sequence of the linker (GPQGIAGQ) is derived
from collagen. It has been shown to be responsive to MMP cleav-
age and has already been used in different applications.l>*7] The
linker can be flanked with either thiol or maleimide groups for
the cross-linking of both P-Fu and P-Ma and is part of the ongo-
ing research.

3. Conclusion

In this study, favorable thermogelation and shear-thinning prop-
erties were combined with cell friendly post-printing chemical
crosslinking via Diels-Alder chemistry. The post-polymerization
modification preserved the nature of physical crosslinked hydro-
gels. The crosslinking kinetics and density could be fine-tuned
with different temperatures and crosslinking degrees. The sec-
ond crosslinking step ensured stability of printed constructs over
at least two weeks. Biofunctionality was introduced via the attach-
ment of RGD binding motives and NIH 3T3 cells showed cell
adhesion and an elongated morphology, when seeded on top of
the hydrogels for a couple of days. First bioprinting experiments
highlighted the optimized printing setup, the biocompatibility
and the functionality of the investigated bioink formulation. With
this study, we demonstrate a dual-gelling system based on the
versatile and cytocompatible polymer classes of POx and POzi
that was used to develop a functional bioinks. Furthermore, the
platform can be conveniently decorated with biofunctionalities,
which makes it adaptable for many specific applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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Materials and Methods

All substances and reagents for the monomere synthesis, polymerization and post-
polymerization modification were purchased from Sigma-Aldrich (Steinheim, Germany),
TCI-chemicals (Tokyo, Japan) or Thermo Fisher Scientific (Waltham, USA) and were used as
received unless otherwise stated. Deuterated solvents for NMR analysis were obtained from
Deutero GmbH (Kastellaun, Germany). 3-(2-Furyl)propionic acid was freshly sublimated
prior of usage in polymer modification. Maleimidohexanoic acid was recrystallized using
hexane as solvent. The RGD-peptide (Acetyl-Cys-Doa-Doa-GRGDSP-NH,; Doa: 8-amino-
3,6-dioxaoctanoic acid) was purchased from Cellendes (Reutlingen, Germany)

Nuclear Magnetic Resonance (NMR):

For '"H-NMR analysis of polymers and kinetic studies spectra were recorded on a Bruker
Fourier 300 ('"H 300.12 MHz) spectrometer at 298 K from Bruker BioSpin (Rheinstetten,
Germany) and calibrated using the solvent signals.

Gel Permeation Chromatography (GPC):

Experiments were performed on a Polymer Standard Service PSS (Mainz, Germany) like
described in previous studies.[1]

Rheology:

Experiments were performed on an Anton Paar (Ostfildern, Germany) Physica MCR 301
system utilizing a plate-plate geometry (25 mm diameter) and a solvent trap and a Peltier
element. The temperature-sweep measurements were performed from 5 to 40 °C (heating-
rate: 0.05 °C) by a fixed amplitude of 0.5 % and angular frequency of 10 rad/s. The
crosslinking kinetics were monitored for 2 h at different temperatures in oscillatory mode
(angular frequency: 10 rad/s, amplitude: 0.5 %). The samples were prepared at 10 °C and
placed on the precooled rheometer plate prior to measurement. For the investigation of

printing preconditions an amplitude-, frequency-, shear-rate- and shear-stress-sweep and



structure recovery testing was conducted at 37 °C like described previously.[1] For steady
shear experiments, the control shear rate mode was used. The data were fitted using the
power-law expression established by Ostwald-de Waele. To evaluate the yield point of the
systems, steady stress sweeps were performed from 5 to 1000 Pa shear stress. The onset of
viscosity decrease is recommended as the yield point. To investigate structure recovery the
shear rate was alternated from 0.1 1/s to 100 1/s several times at 37 °C.

Cryo Scanning Electron Microscopy (SEM):

The crosslinking was performed at 37 °C for 24 h. In addition, the swelling was conducted in
an excess of water at 37 °C over night. The sample preparation and imaging using a
Crossbeam 340 field emission scanning electron microscope (Carl Zeiss Microscopy,
Oberkochen, Germany) was adapted as described previously.[1]

Cell Culture:

Mouse embryonic fibroblast NIH3T3 cells were cultured in growth medium (DMEM 10 %
FCS, 100 U/mL penicillin G and 100 pg/mL streptomycine) on 25 cm? culture flasks at 37 °C
and 5 % CO..

Distribution of NIH-3T3 cells:

25 wt% aqueous solutions of both furan- and maleimide-modified polymer were prepared at
4 °C. Both polymer solutions were mixed in a ratio of 2:3 respective to the furan-modified
polymer. RGD-maleimide (0.5 pmol) of was added to the polymer solution to a final
concentration of 10 uM and 22.5 wt%. The gels were casted and incubated at 37 °C for 1 h.
Afterwards the hydrogels were overlayed with an RGD-solution (5 pM) and incubated at 37
°C for 1 h. After washing the gel with PBS for 3 times 2 x 10* in NIH3T3 tdTomato-
Farnesyl-5 reporter cells were seeded on top of the hydrogels. After 1 h of incubation at 37 °C
and 5 % CO, the construct was overlayed with growth medium (DMEM 10 % FCS, 100

U/mL penicillin G and 100 pg/mL streptomycine, 3 pg/ml puromycine).



Direct ink-writing:

For the printing of hydrogel scaffolds an extrusion-based bench-top 3D bioprinter (Bio X,
Cellink, Sweden) was used. 23 wt% aqueous solutions of both furan- and maleimide-modified
polymer were prepared at 4 °C and printed at room temperature. Both polymers were mixed
in a ration of 2:3 with respective to furan-modified polymer and transferred immediately to
the nozzle. The printer was equipped with a 25 GA (Cellink, #4116) diameter precision
nozzle. A pressure ranging from 30 to 80 kPa was applied and the printing speed was set to 10
mm/s. For the visualization of the printed letters (TRR225) 5 % of Alexa Fluor™™ 488 azide [5
mg/ml] (Thermofisher Scientific, #2146855) was added to constructs to a final concentration
23 wt% of the bioink. After printing, the constructs were incubated at 37 °C and 5 % CO..
After 1 h the constructs were overlayed with growth medium (DMEM 10 % FCS, 100 U/mL
penicillin G and 100 pg/mL streptomycine) or ddH,O.

Swelling:

After dissolving the polymers P-Fu and P-Ma (20 wt%) at 5 °C in DPBS (GibcoTM, Sigma
Aldrich), both solutions were mixed in a ratio of 1:1 and 200 pL of the final mixture were
transferred into a stench with holes of a diameter of 10 mm. Crosslinking took place at 37 °C
for 1 h yielding stable hydrogel films (n=5). These discs were weighted (m0) and transferred
to a well plate with 4 mL HBSS (GibcoTM, Sigma Aldrich) and incubated over 14 days at 37
°C, 95 % humidity and 5 % CO; in an incubator. Further, the medium was changed every 3
days. After certain time points, all samples were dried using a paper wipe and weighted
directly after incubation (ms) using a precision balance (GX-600, A&D Instruments, United
Kingdom), respectively. After 14 days all hydrogel discs were additionally incubated in the
fridge (5 °C) for 2 h and were dried as well as weighted subsequently. The ratio of swelling

was calculated by the following equation:



Eq.(1): %Swelling = % ¥ 100
Mechanical characterization:
Using a puncher, round shaped discs with a diameter of 3 mm and a height of 2 mm were
fabricated. The modulus of elasticity of these samples was analyzed using a microtester
(Cellscale, Canada). The Elastic modulus was determined from the load-displacement
relations operating a square shaped beam clamp (6x6 mm) and a beam with a diameter of
1.016 mm at room temperature. A displacement of 15 % was set for recording 3 cycles of all
films (n=3), respectively.
Cell viability staining:
NIH 3T3 fibroblasts (CRL-1658; ATCC, Manassas, VA) were maintained in treated surface
area 75 cm’ culture flasks in growth medium (DMEM containing heat-inactivated FCS (10
%), penicillin G (100 U/mL) and streptomycin (100 pg/puL) at 37 °C under 5 % CO,. Prior to
use, the cells were washed with PBS and detached by trypsin (0.005 %) with EDTA
(0.025 %). Trypsin/EDTA activity was stopped by the addition of growth medium and the
cells were washed once with growth medium. After one washing step including centrifugation
(214x g, 5 min) and aspiration, the cells were resuspended in adjusted growth medium
(DMEM containing heat-inactivated FCS (20 %), penicillin G (100 U/mL) and streptomycin
(100 pg/pL) and stained with Hoechst 33342 Solution [20 mM] (1 pL/mL — 20 uM) for 15
min at 37 °C under 5 % CO,. Subsequently, the cells were washed twice with adjusted growth
medium and resuspended to a concentration of 2.000.000 cells/mL. 25 wt% solutions of both
P-Fu and P-Fu were prepared with growth medium (without FCS) at 4 °C. P-Fu and P-Fu
solutions were mixed in a ration of 7:3 (P-Fu:P-Ma) at 4 °C and FCS (10 %), RGD-peptide (5
uM) was added to a final concentration of 20 wt%. 1 x 10° cells/ml were incorporated into the

gel and printed as described above. The prepared POx-gels were removed from the cell



culture at the respective times (ton, tan, tran and tsgy) and stained with 1 pg/mL Propidium
iodide [2mg/mL] for 2 min at 37 °C under 5 % CO,.

Generation of NIH3T3 morphology reporter cells

The cDNA of farnesylated tdTomato fluorescent protein was amplified from tdTomato-
farnesyl-5 plasmid (Addgene, # 58092) with a 5' primer encoding a BamHI site and a 3'
primer encoding a Notl site and used to replace the AcGFP ¢cDNA in pLVX-AcGFP-NI
(Clontech, # 632154). The PCR product was purified, digested with BamHI and Notl, and
inserted into equally digested pLVX-AcGFP-NI1 lentiviral vector. Plasmid DNA was purified
using the NucleoBond Xtra Maxi Kit (Macherey-Nagel, # 740414.50) and verified by DNA
sequencing (Eurofins Genomics Germany GmbH, Ebersberg, Germany). Infectious lentivirus
was generated by co-transfection of the lentiviral transfer plasmid with packaging plasmid
psPAX.2 (Addgene, # 8454) and envelope plasmid VSV-G (Addgene, # 12260) into LentiX
293 T cells (Takara, # 632180) using Lipofectamine 2000 (ThermoFisher Scientific, #
11668019). Lentivirus containing supernatant was harvested 48 h after transfection, briefly
centrifuged and concentrated (10x) using the LentiX concentrator (Takara, #631232). The
concentrated virus was used for subsequent transduction of NIH3T3 cells which were seeded
24 h prior to transduction at a density of 100,000 cells per 9.6 cm?. 10 pg/ml polybrene was
added during infection. Successfully transduced NIH3T3 cells were selected with puromycin
(5 pg/ml) and sorted for high fluorescence intensity by fluorescence-activated cell sorting
(FACS) to obtain cell lines with homogeneous expression levels.

Fluorescence microscopy

Cell Adhesion as well as cell viability was analyzed using an Axio Observer.Z7 microscope
equipped with an A-Plan 10x/0.25 Phl objective (Zeiss). The images were recorded with a 90
HE LED multispectral reflector module (Aex= 385/30 nm Ae= 425/30 nm; Aex= 469/38 nm
Aem= 514/30 nm; Aex= 555/30 nm Aepy= 592/25 nm; Aex= 631/33 nm A= 709/100 nm) with a

Colibri 7 LED lamp. Image processing was performed in ImageJ (http://imagej.nih.gov/ij/).



Polymer Synthesis:
The polymer PO (Me-PMeOxgo-b-PnPrOzi;o-EIP) was synthesized following the description
of Lorson et al.[2]. Figure S1 shows the thermogelling properties and microstructure of PO

investigated via rheology and cryoSEM.
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Figure S1. A) Thermogelling properties of a 20 wt% aqueous sample of PO. B) CryoSEM image of

the physical hydrogel of PO.

Partial hydrolysis of PO to obtain polyethyleneimine (PEI) moieties in PMeOx-b-PnPrQOzi
poylmers

For the partial hydrolysis, the procedure first described by Nahm et al. was adapted.[3] In
principle the polymer was dissolved in Millipore water and heated up to 90 °C inner
temperature. After reaching a constant temperature of 90 °C and equilibration for 10 min
concentrated HCl (t=0 min) was added to obtain a total amide concentration of 0.48 M. To
investigate hydrolysis kinetics samples were taken at different time intervals and quenched

immediately with 20 wt% aqueous NaOH solution at 0 °C.
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Figure S2. Analysis of acidic hydrolysis via '"H-NMR experiments. A) Mainly the PMeOx block
(signals 1, 2 and 3) is affected during acidic hydrolysis. No change of the PnPrOzi block signals (all
other peaks) were observed. The signals 2 and 3 decrease and the signal 1 increased as a function of
the reaction time. B) For the kinetic investigations the reactions were done in triplicates in the time
range of 0—40 minutes. Data were fitted with linear fit function and used to calculate reaction time for

the polymers P1.1-P1.3 and P1(5)-P1(20) (P1 = P(MeOxgp-co-El,()-b-PnPrOziq).

For example, to yield a hydrolysis degree of 10 % of PMeOx units the reaction time was set to
18 min following the results investigated by the kinetic studies. After the calculated time the
reaction mixture was quenched using a 20 wt% aqueous NaOH solution at 0 °C to reach
pH~9. After removal of water, the polymer was dissolved in MeOH and the remaining solid
NaCl was filtered. After removal of MeOH the polymer was dissolved in water and dialysed
(1 kD MWCO) over night and lyophilized to obtain the Polymer P(MeOxgqo-co-El;o)-b-
PnPrOzi oo (P1) as white powder. The structures were characterized via 'H-NMR and GPC.
The degree of hydrolysis Hgegree Was calculated using following equation and the

characteristic signals in the "H-NMR spectrum:

_ I(PEI bb)
I= I (PMeOx bb) + I (PEI bb)

Hdegree [% 100

With I (PEI bb): Intensity of PEI backbone signal, I (PMeOx bb): Intensity of the PMeOx

backbone signal.



P1.1: Me-(PMeOxgy-ran-PEl;p)-b-PnPrOzi

m(P0): 7.7 g,

reaction time: 18 min,

Hydrolysis of PMeOx-block: 9 % (obtained via "H-NMR)
D: 1.29 (obtained via GPC)

Yield: 6.8 g (0.32 mmol, 90 %).

P1.2: Me-(PMeOxgy-ran-PEl;p)-b-PnPrOzi g

m(P0): 7.7 g,

reaction time: 18 min,

Hydrolysis of PMeOx-block: 11 % (obtained via 'H-NMR)
b: 1.25 (obtained via GPC)

Yield: 5.7 g (0.27 mmol, 75 %).

P1.3: Me-(PMeOxgy-ran-PEl;p)-b-PnPrOzi g

m(P0): 7.7 g,

reaction time: 18 min,

Hydrolysis of PMeOx-block: 12 % (obtained via 'H-NMR)
b: 1.31 (obtained via GPC)

Yield: 6.8 g (0.33 mmol, 92 %).



Table S1. Summary of thermogelling properties of P1.1-P1.3 investigated via temperature scan using
rheology in oscillation mode. The storage modulus at 37 °C and the onset of significant gelation

(G™>>G"" onset) was highlighted.

Polymer G 37oC G™>>G’"’ (onset)
[kPa] [°C]
P1.1 4.6 24.0
P1.2 43 249
P1.3 5.6 26.4

Other hydrolysis degrees were obtained by the variation of reaction times (Figure S3 A, B). In
figure S3 C the thermogelling properties as a function of the degree of hydrolysis were
investigated. The increase of viscosity in comparison to P1(10) is shifted towards higher
temperatures for the polymers P1(5), P1(15) and P1(20). In the investigated temperature range
(5-40 °C) for the polymer P1(20) no plateau value was reached. The plateau values for the
polymers P1(5)-P1(15) were similar. Based on that the polymer P1(10) was used for further

modifications.

N = M
20 M
A
10 _/\/\\_ M
]
s BN M
5.5 ) 5:0 ’ 45 ’ 4.0 ’ 3.5 ) 3:0 25 ) 2‘0 ) 1:5 ) 1‘0 )
chemical shift / [ppm]
B) A | _pip
_ - - 810°f ——p1(10) ; ;
Polymer | Reaction | Hydrolysis | Hydrolysis a, P1(15) |
time degree® | degree” 10! P1(20) ‘
[minutes] [%] [%] D
o
P1(5) 9 5 46 8 100
P1(10) 18 10 10.2 >
P1(15) 27 15 16.1 10"
P1(20) 35 20 21.2

5 10 15 20 25 30 35 40

Temperature / [°C]
Figure S3. Thermogelation of polymers with different degrees of hydrolysis A) "H NMR spectra of
polymers with different degrees of hydrolysis (5-20 % hydrolysis of PMeOx units). B) Table of
different hydrolysis degrees obtained by changing the reaction time. “Hydrolysis degree theoretical,



®Hydrolysis degree determined using 'H NMR signal integration. C) Temperature sweeps (shear rate

0.5 1/s, heat-rate 0.05 °C/s) of polymers with different hydrolysis degrees (20 wt% aqueous samples).

The synthesis of furan- and maleimide-functionalized polymers P(MeOxgo-co-Fuj¢)-b-
PnPrOziy (P-Fu) and P(MeOxgy-co-Ma,o)-b-PnPrOzi; o (P-Ma) was performed as described
in detail by Nahm et al.[3] To purify the polymer several dialysis steps in water/ethanol (9:1)

mixtures were necessary to prevent cytotoxicity.

wien] ]
o 10

Y [
{P%i}ﬁ):\)r ") M o Mo | z

. P-Fu

/é(j/ N}» OJ EO/}_/."_ _) /\2_,2; W — szu
N b+N\/\+~ 2 —M-Ma
crh g s gl M SRR

g3 .. I o Volumey,on / [ML]
74 7.0 6.6 6.2 5.8 34 30 26 22 18 14 1.0

~

chemical shift / [ppm]

Figure S4. Following the post polymerization modification via 'H-NMR experiments. Specific signal
assignment of P1 (Signal 1), P-Fu (Signals 2) and P-Ma (Signal 3) structures after modification of PO.
Additionally, titration curves for the polymers P1, P-Fu and P-Ma are shown. P1 (black) exhibited a
pronounced buffer effect in the alkaline region (pH=9, black arrow) originated by secondary amines.
P-Fu (red) showed only one defined pH-switch corresponding to the HCI/NaOH titration and no buffer
effect of the polymer was detected confirming complete modification of all secondary amines. P-Ma
showed a buffer effect at ca. pH=10 (blue arrow), which can be attributed to the hydrolysis of

maleimide functionality during titration.
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Figure S5. Different degrees of chemical crosslinking of P-Fu-P-Ma hydrogels. Crosslinking of P-Fu
and P-Ma at 37 °C and an angular frequency of 10 rad/s and amplitude of 0.5 % at different
concentrations (O: Storage modulus G’, o: Loss modulus G™"). 20 wt% samples of P-Fu/P-Ma (1:1)
were mixed at 5 °C with H,O at a ration of 1:1 (10 wt%) (blue) and 1:2 (6.7 wt%) (green).

Using polyethylene glycol (PEG)spo-Bismaleimide as crosslinker:

P-Fu was cross-linked by an adapted procedure of the polymer analogous modification using
Diels-Alder reaction.[4] As crosslinker a PEG-bismaleimide with a molecular weight of 600
g/mol (Creative PEGworks, Chapel Hill, NC, USA) was used. Both cross-linker and polymer
stock solution (22 wt%) were dissolved in ddH,O and mixed at 4 °C to get a final polymer
concentration of 20 wt%. Analysis of the crosslinking reaction was performed using an Anton
Paar (Ostfildern, Germany) Physica MCR302, equipped with peltier elements (P-PTD200/Air
& H-PTD200) and a plate—plate geometry (diameter 25 mm) at 37 °C by mounting the
sample on top of a preheated rheometer plate (Figure S5 A). Data were processed using
RheoCompass software version 1.23.378 (Anton Paar, Graz, Austria). In addition to that, the
degree of crosslinking was varied and the crosslinked samples were analyzed after 24 h of
crosslinking at room temperature (50 % (low), 80 % (medium) and 100 % (high) crosslinking

with respect to the furan moieties) (Figure S5 B).



Additionally, a PEG-bismaleimide crosslinked sample was analyzed via cryoSEM after 24 h

(Figure S5 C i) of crosslinking and swelling for 24 h (Figure S6 C ii).
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Figure S6. Chemical crosslinking of P-Fu hydrogels with PEG-linker A)Crossliig

of PFu using
PEG bismaleimide at 37 °C and a polymer concentration of 20 wt% (o: Storage modulus G’, o: Loss
modulus G""). B) Influence of crosslinking degree (blue: low (50 %), green: middle (80 %) and black:
high (100 %) with respect to the furan moieties). C) CryoSEM analysis of a PEG-crosslinked hydrogel

after crosslinking for 24 h (i) and swelling for 24 h (ii) in aqueous solution at 37 °C.
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Figure S7. Printing of P-Fu and P-Ma crosslinking hydrogels. A) Image of the printed fluorescent
scaffold during the printing process. B) Image of the printed fluorescent scaffold immediately after
printing. C) Image of printed fluorescent scaffold with irradiation at 488 nm. D) Image of printed

fluorescent construct detached from the surface with irradiation at 488 nm after 24 h of incubation in



H,O at 37 °C. E) Image of printed scaffold with irradiation at 488 nm after 24 h incubation in H,O at
37 °C.
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Figure S8. Workflow and process control of bioink development.



POx-Fu-Ma POx-Fu-Ma + RGD
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Figure S9. Bioprinting of fibroblasts in P-Fu-P-Ma-hydrogels. Z-stack of the POx-based hydrogels
(20 wt%) with (B and D) and without RGD-peptide (A and C) with NIH3T3 cells incorporated,

printed and cultivated for 1 or 2 days.
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Figure S10. Swelling behaviour and mechanical testing of P-Fu/P-Ma hydrogels. A) Swelling study
for 14 days at 37 °C. At day 14 the thermoresponsive character of the poly(2-n-propyl-2-oxazine)

block was demonstrated by an increased swelling at 5 °C. B) Elastic modulus of the hydrogels after
crosslinking and incubation for 14 days at 37 °C. C) Image of printed number after incubation in

ddH,O for 24 h at 37 °C. D) Image of printed number after incubation in ddH,O for 24 h at 4 °C.
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ARTICLE INFO ABSTRACT

Keywords:
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Poly(2-methyl-2-oxazoline)-b-poly(2-propyl-2-
oxazine)

Biofabrication

3D printing

Transglutaminase

3D printing of biomaterials enables spatial control of drug incorporation during automated manufacturing. This
study links bioresponsive release of the anabolic biologic, insulin-like growth factor-I (IGF-I) in response to
matrix metalloproteinases (MMP) to 3D printing using the block copolymer of poly(2-methyl-2-oxazoline) and
thermoresponsive poly(2-n-propyl-2-oxazine) (POx-b-POzi). For that, a chemo-enzymatic synthesis was
deployed, ligating IGF-I enzymatically to a protease sensitive linker (PSL), which was conjugated to a POx-b-POzi
copolymer. The product was blended with the plain thermogelling POx-b-POzi hydrogel. MMP exposure of the
resulting hydrogel triggered bioactive IGF-I release. The bioresponsive IGF-I containing POx-b-POzi hydrogel
system was further detailed for shape control and localized incorporation of IGF-I via extrusion 3D printing for

future applications in biomedicine and biofabrication.

1. Introduction

3D printing holds the potential of spatial arrangement of bio-
materials, living cells, and drug molecules, enabled by automated
manufacturing procedures [1]. Thereby, the modulation of the spatial
distribution or separation of drug molecules in line with their release
kinetics may yield into individualized constructs for biomedical appli-
cation [2]. One key component for 3D bioprinting is the biomaterial
based bioink. Biomaterial inks are composed of hydrogels/polymers that
may contain further biologically active additives while bioinks are
defined by the incorporation of cells to the formulation [3]. Often, these
inks are handled as sol before and are crosslinked immediately during
the printing process [3,4]. This can be achieved via chemical cross-
linking of complementary functional groups, ionic crosslinking or after
being exposed to an external impulse like UV-light for photo-
polymerization, among others [5-8]. Alternatively, highly shear-

* Corresponding authors.

thinning hydrogels can liquify during the printing process and solidify
immediately after exiting the nozzle. As UV radiation during cross-
linking may influence drug stability and biocompatibility [8,9],
responsive polymers (e.g. pH-sensitive, temperature-sensitive, ion-
sensitive) have been brought lately to the spotlight [10,11]. Especially
thermogelling and shear-thinning hydrogels have gained attention due
to their thermoresponsive properties as bioink material [12,13]. This
type of hydrogel may be a sol at a certain temperature and gels at
another. Typically, formation of a hydrogel occurs by physical interac-
tion. Besides biological thermogelling polymers including methylcellu-
lose [14] or agarose [15], synthetic polymers show thermoresponsive
behavior with several advantages over natural polymers such as high
versatility in chemical functionalization, rapid gelation and comparably
easy modification of gelling behavior [16,17]. Among synthetic ther-
mogels, block copolymers and in particular poloxamers (in particular
Pluronic® F127) are established systems [18-21]. An alternative class of

E-mail addresses: marcus.gutmann@uni-wuerzburg.de (M. Gutmann), tessa.luehmann@uni-wuerzburg.de (T. Liihmann).

https://doi.org/10.1016/j.jconrel.2022.04.028

Received 30 November 2021; Received in revised form 31 March 2022; Accepted 16 April 2022

Available online 6 May 2022
0168-3659/© 2022 Elsevier B.V. All rights reserved.



M. Beudert et al.

thermoresponsive polymers that has been intensively studied is based on
poly(2-substituted-2-oxazoline)s (POx) and more recently also poly(2-
substituted-5,6-dihydro-4H-1,3-oxazine)s  (poly(2-oxazine)s (POzi)
[22-25]. These two closely related polymer families have previously
been used as non-fouling materials and for drug formulations with good
cytocompatibility [25-31]. Some members of this family have shown
excellent biocompatibility in several species, including one particular
POx-drug conjugate that already has advanced into clinical trials
[32,33]. Furthermore, amphiphilic poly(2-oxazolines) are able to
improve cellular and neuronal uptake of conjugated proteins [34,35].
Besides several inverse thermogelling hydrogels [36], an AB-type
diblock copolymer consisting of a hydrophilic poly(2-methyl-2-
oxazoline) A block and a thermoresponsive poly(2-n-propyl-2-oxazine)
(nPrOzi) B block showed physical thermogelling at room temperature.
Moreover, this POx-b-POzi based hydrogel displayed rapid and complete
recovery after application of shear stress rendering it a promising ma-
terial for biofabrication [37]. We recently showed that introduction of
different chemical functionalities (furan-, maleimide-moieties) to POx-
b-POzi allowed for defined chemical functionalization without
affecting the rheological properties before and during the printing pro-
cess, enabling chemical crosslinking via Diels-Alder chemistry thereafter
[38].

The addition of recombinant therapeutic proteins and peptides into
biomaterial- and bioinks becomes more and more important for thera-
peutic use [39]. Up to date, model proteins and growth factors have been
physically loaded into printable hydrogel systems with the aim to direct
cellular function with sustained drug release profiles [40,41]. In order to
link drug release to disease patterns, collagenases such as matrix met-
alloproteinases (MMPs) are frequently used [42,43]. We recently
showed that a bioconjugate of IGF-I and polyethylene glycol (PEG)
linked by a protease sensitive linker (PSL) was effective in releasing IGF-
I in response to MMPs [44-46].

IGF-I (7.5 kDa) [47] is therapeutically used for the treatment of
dwarfism [48-50]. In tissue injury, locally synthesized IGF-I critically
impacts trophic tissue repair [51,52]. IGF-I plays a critical role in a
number of biological processes, including proliferation and protection
against apoptosis, which positively influences tissue growth, repair and
regeneration of many cell types [53-55]. Despite its outstanding effects,
adequate therapies with IGF-I remain difficult due to its short half-life
and potential side effects after systemic administration (mainly hypo-
glycaemia) [48-50,56,57], which has sparked interest in local depot/
administration and controlled release systems to overcome these limi-
tations [58-65].

In this study, we synthesized a novel copolymer POx-b-POzi-DBCO
for modification of IGF-I using enzymatic and bioorthogonal bio-
conjugation strategies. The IGF-I bioconjugate was designed for physical
incorporation into the thermogelling POx-b-POzi hydrogel system
without changing its physiochemical properties during bioprinting and
for bioresponsive release of IGF-I in response to MMP. By combination of
the bioconjugate with the thermogelling POx-b-POzi hydrogel system, a
3D-printable construct with spatial control of IGF-I function was ach-
ieved, which preserved IGF-I activity as prerequisite for future
biomedical applications.

2. Materials and methods
2.1. Materials

All substances and reagents for the monomer and polymer synthesis
were purchased from Sigma-Aldrich (Steinheim, Germany) and were
used as received unless otherwise stated. Deuterated solvents for NMR
analysis were obtained from Deutero GmbH (Kastellaun, Germany). For
polymerization, methyl trifluoromethylsulfonate (MeOTf), 2-methyl-2-
oxazoline (MeOx) and 2-n-propyl-2-oxazine (nPrOzi) were refluxed
over CaHy for several hours and distilled prior to usage. The solvent
benzonitrile (PhCN) was dried over phosphorus pentoxide.
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The monomers MeOx and nPrOzi were synthesized by the Witte and
Seeliger [66] method like described several times [36,67].

Recombinant human insulin-like growth factor I (IGF-I; Mecasermin;
Increlex®) was purchased from Ipsen Group (Paris, France). Fibro-
gammin® was purchased from CSL Behring (Marburg, Germany). Pro-
tected L-amino acids used for peptide synthesis as well as acetonitrile
(HPLC grade), trifluoroacetic acid (HPLC grade) were purchased from
VWR (Ismaning, Germany). Fmoc-PEG(3)-COOH, Fmoc-PEG(6)-COOH,
Fmoc-L-Azidohomoalanine as well as Fmoc-Rink-Amide Resin were
obtained from Iris Biotech GmbH (Marktredwitz, Germany). Human
neutrophil matrix metalloproteinase 9 (MMP-9) was purchased from
Merck KGaA (Darmstadt, Germany). Quantikine® ELISA Human IGFl/
IGF-1 was from R&D Systems (Abingdon, England) Tissue culture
polystyrene (TCPS) cell culture flasks (75 c¢m?) were from Nunc (Thermo
Fisher Scientific, Schwerte, Germany) and 96 well plates from Greiner
Bio One (Frickenhausen, Germany). WST-1 was purchased from Roche
(Basel, Switzerland). Fetal bovine serum (FBS) was from Gibco (Darm-
stadt, Germany). Penicillin G and streptomycin solution was purchased
from Biochrom AG (Berlin, Germany). Dulbecco Modified Eagle Medium
was from Sigma-Aldrich (Steinheim, Germany). All other chemicals used
were at least of pharmaceutical grade. Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) Antibody #9101, p44/42 MAPK (Erk1/2) Antibody
#9102, Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060, Akt (pan)
(C67E7) Rabbit mAb #4691 and Anti-rabbit IgG, HRP-linked Antibody
#7074 were from Cell Signaling (Hitchin, UK).

2.2. Polymer synthesis

The AB diblock copolymer Me-(poly-nPrOzi)sy-b-(poly-MeOx)so-
DBCO (POx-b-POzi-DBCO) was synthesized using a general procedure
based on previous reports (Fig. S2 A) [37]. In brief, under dry and inert
conditions, 11 mg (0.07 mmol, 1 eq.) of MeOTf and 440 mg (3.46 mmol,
49 eq.) of nPrOzi were added to 1.5 mL of PhCN and stirred for 4 h at
130 °C. Full monomer conversion was monitored by 'H NMR spectros-
copy. The second block 300 mg MeOx (3.52 mmol, 50 eq.) was added,
and the reaction mixture was stirred for 2 h at 110 °C. After completion
of the second block, termination was carried out overnight using 93 mg
of 11,12-Didehydro-e-oxodibenz[b,flazocine-5(6H)-hexanoic  acid
(DBCO-acid) (0.28 mmol, 4 eq.) and 36 mg of dried diisopropylethyl-
amine (0.28 mmol, 4 eq.) at 60 °C. The reaction mixture was poured into
ice-cold diethyl ether. The precipitate was dissolved in deionized water,
dialyzed overnight using a regenerated cellulose membrane with a
MWCO of 1 kDa, and freeze dried (yield: 51.4%, 400 mg, 0.036 mmol).
The polymer structure was confirmed using 'H NMR end group analysis
(Fig. S2 C, D). The number average molar mass My, and the dispersity b
were determined via GPC analysis (Fig. S2 B). A reasonably narrow
molar mass size distribution and an increase of the number average
molar mass during the polymerization reaction (M, (1st block): 2.3 kg/
mol, b (1st block): 1.25; M, (2nd block): 3.8 kg/mol, P (2nd block):
1.30; M, (purified polymer): 4.6 kg/mol, D (purified polymer): 1.36),
indicative of the living polymerization, was confirmed. Please note,
absolute values for M, were not accessible via GPC due to the used
calibration.

2.3. Nuclear magnetic resonance (NMR)

NMR was performed on a Bruker Fourier 300 (*H: 300.12 MHz)
spectrometer at 298 K from Bruker BioSpin (Rheinstetten, Germany) and
calibrated using the solvent signals.

2.4. Gel permeation chromatography (GPC)

GPC experiments were performed on a Polymer Standard Service PSS
(Mainz, Germany) system with following specifications: pump mod.
1260 infinity, MDS RlI-detector mod. 1260 infinity (Agilent Technolo-
gies, Santa Clara, California, USA), precolumn: 50 x 8 mm PSS PFG
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linear M; 2 columns: 300 x 8 mm PSS PFG linear M (particle size 7 pm;
pore size 0.1-1.000 kg/mol) with hexafluoroisopropanol (HFIP, con-
taining 3 g/L potassium trifluoroacetate (KTFA)) as eluent calibrated
against PEG standards with molar masses from 0.1 kg/mol to 1000 kg/
mol. The columns were held at 40 °C and the flow rate was set to 0.7 mL/
min. Prior to each measurement, samples were dissolved in eluent and
filtered through 0.2 pm PTFE filters (Rotilabo, Karlsruhe, Germany) to
remove particles, if any.

2.5. Peptide synthesis and purification of the protease-sensitive linker
(PSL)

The protease-sensitive linker (PSL) with the sequence Ac-
GNQEQVSPL-PEG(3)-GPQGIAGQ-PEG(6)-A(N3) was synthesized by
solid-phase fmoc-peptide synthesis using a microwave peptide synthe-
sizer (Initiator+, Biotage, USA). Shortly, fmoc-rink-amid resin was
loaded into a 15 mL reaction vessel with a glass frit in the bottom.
Deprotection was done using 10% piperidine in DMF (v/v) at 75 °C for 3
min. Subsequently, a 5-fold molar excess of the amino acid compared to
the functional group was dissolved in DMF and mixed with 0.5 M 1-
hydroxybenzotriazole (HOBt) (v/v) as well as diisopropylethylamine
(DIPEA) and N,N’-diisopropylcarbodiimid (DIC). Coupling was per-
formed for 3 h at 25 °C. After cleavage from the resin using 92,5% tri-
fluoroacetic acid (TFA), 2,5% H50, 2,5% 3,6-dioxa-1,8-octanedithiol
(DODT) and 2,5% triisopropylsilane (TIPS), the peptide was purified
by reversed-phase chromatography using an FPLC system (GE Health-
care Akta Explorer, Life sciences, Freiburg, Germany) with a Luna C18
100A column (21.2 mm x 250 mm, Phenomenex Inc., Torrance, CA).
Successful peptide synthesis was analyzed using high performance
liquid chromatography (HPLC) and liquid chromatography-mass spec-
trometry (LC-MS).

2.6. Liquid chromatography-mass spectrometry (LC-MS)

Successful synthesis of PSL was determined using a LC-MS system
(Shimadzu, Duisburg, Germany) equipped with a DGU-20A3R degassing
unit, an LC-20AB liquid chromatograph, a SPD-20A UV/Vis detector.
UV-spectra were monitored at 214 nm and mass spectra were recorded
with an LCMS-2020 device (Shimadzu, Duisburg, Germany) [68]. A
Synergi 4 pm fusion-RP column (140 x 4.6 mm) (Phenomenex Inc.,
Torrance, CA) was utilized as stationary phase with a gradient of Eluant
A (water, 0.1% formic acid (v/v)) and Eluent B (methanol, 0.1% formic
acid (v/v)) as mobile phase. Gradient: 5 to 90% of eluent B in 8 min
followed by 5 min of 90% Eluent B; 90 to 5% eluent B in 5 min with
subsequent equilibration of the column with 5% of eluent B (4 min).
Peptides were detected in a range from 500 to 2000 (m/z). Electrospray
ionization (ESI) spectra were measured with a microTOF-focus at a
capillary temperature of 210 °C and 3.5 kV voltage with the carrier gas
No.

2.7. Matrix-assisted laser desorption/ionization (MALDI)

A solution of 20 pL (1 mg/ mL) of the sample protein was desalted
using Zip Tip® C 18 resin (Merck Millipore, Billerica, USA) following
manufacturer instructions. One pL of the desalted protein was emended
in a matrix, consisting of 3,5-Dimethoxy-4-hydroxycinnamic acid in TA-
solvent (30:70 (v/v) acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA)
in water). MALDI mass spectra were acquired in the linear positive mode
with a 337 nm nitrogen laser using an Autoflex II LFR instrument
(Bruker Daltonics Inc., Billerica, USA). Protein Standard I (Bruker Dal-
tonics Inc., Billerica, USA) was used for calibration. Theoretical masses
of proteins were calculated (https://web.expasy.org/peptide_mass/).

2.8. Coupling of PSL-peptide with IGF-I

Factor XlIla (FXIIla, 250 U/mL, Fibrogammin®, CSL Behring) was
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activated according to the manufacturer’s protocol and stored at —80 °C
until further use.

Recombinant human IGF-I (Increlex®, Ipsen Pharma GmbH) was
purified by cation-exchange chromatography (CIEX) using an FPLC
system (GE Healthcare Akta Explorer, Life sciences, Freiburg, Germany)
with a HiTrap SP-HP column (Cytiva, Freiburg, Germany). After buffer
exchange (10 mM Tris/HCL, 150 mM NacCl, 2.5 mM CaCly, pH 7.6) IGF-I
was incubated with 5-fold molar excess of PSL and 10 U/mL FXIIIa at
37 °C for 20 min. The reaction was monitored over the course of time
using HPLC with a Zorbax® 300SB-CN (4.6 x 150 mm) column. Samples
were taken at different time points and the reaction was stopped by the
addition of EDTA (10 mM). The protein-peptide conjugate was purified
using CIEX using an FPLC system (GE Healthcare Akta Explorer, Life
sciences, Freiburg, Germany) with a HiTrap SP-HP column (Cytiva,
Freiburg, Germany) and the reaction products were analyzed using SDS-
PAGE.

2.9. Site-specific conjugation with POx-b-POzi -DBCO

Purified IGF-PSL construct was dialyzed against PBS, mixed with 20-
fold molar excess of POx-b-POzi-DBCO at pH 7.4 and incubated for 72 h
at 4 °C while stirring gently. IGF-PSL-POx-b-POzi was purified using
purified by CIEX using an FPLC system (GE Healthcare Akta Explorer,
Life sciences, Freiburg, Germany) with a HiTrap SP-HP column (Cytiva,
Freiburg, Germany). The polymer conjugate was eluted with 50 mM
sodium acetate, 1 M NaCl buffer at pH 4.3. Successful coupling was
verified by SDS-PAGE as well as western blot. The concentration of the
purified construct was determined by BCA protein assay and was stored
at —20 °C until further use.

2.10. Cleavage of IGF-PSL-POx-b-POzi by MMP-9

Pro-MMP-9 was activated with 4-aminophenylmercuric acetate
(APMA) according to manufacturer’s instructions. IGF-PSL-POx-b-POzi
was dialyzed against MMP-buffer (50 mM Tris, 150 mM NacCl, 1 pM
ZnCly, 10 mM CaCly, 0.05% Brij 35, pH 6.8) and 3 g of the conjugate
were incubated with 8 nM of MMP-9 at 37 °C and 450 rpm. After
different time points, samples were taken, and protease activity was
stopped by the addition of 50 mM EDTA and heating at 95 °C for 10 min.
The cleavage of IGF-PSL-POx-b-POzi over time was monitored using
HPLC with a Zorbax® 300SB-CN (4.6 x 150 mm) column. Samples were
analyzed after 0, 2, 6, and 24 h of exposure to MMP-9, respectively.

2.11. SDS-PAGE

Purified proteins and conjugates were analyzed using Tris-glycine
SDS-PAGE as described before [58]. Gels were stained with Coomassie
Brilliant Blue G250 Merck KGaA (Darmstadt, Germany) and docu-
mented using FluorChem FC2 imaging system (Protein Simple, Santa
Clara, USA).

2.12. pAKT/AKT and pERK/ERK signaling

Extracellular signaling of IGF-I variants in respect to human IGF-I
was conducted by pAKT/AKT and pERK/ERK assay. C2C12 myoblasts
were seeded in a 96-well plate (1 x 10° cells/mL, 125 pL per well) in
growth medium overnight at 37 °C under 5% CO,. The medium was
changed to assay medium (DMEM high-glucose 0.5% FCS, 100 U/mL
penicillin G and 100 pg/mL streptomycine) and cells were grown for 24
h. Cells were stimulated with a dilution series of each IGF-I variant as
well as IGF-I ranging from 0.02 to 200 nM and incubated for 30 min at
37 °C. After stimulation, the cells were placed on ice, washed with ice
cold PBS and proteins were extracted using mammalian extraction
buffer (M-PER™ Mammalian Protein Extraction Reagent, Thermo Sci-
entific). After extraction, proteins were immediately shock frozen using
liquid nitrogen. The concentration of each condition was determined by
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BCA assay following manufacturer instructions. 1 pg total protein of
each condition was loaded on a 12% SDS-Page gel and processed using
standard SDS-PAGE and Western blotting procedures. Prior to phos-
phorylated AKT/ERK analysis, Ponceau red staining was performed. For
detection of phosphorylated AKT, a Phospho-Akt (Ser473) (D9E) XP®
Rabbit mAb (1:1000) in Tris buffered saline (TBS), containing 0.1% (w/
w) Tween-20 (TBST) and for phosphorylated ERK, a Phospho-p44/42
MAPK (Erkl1/2) (Thr202/Tyr204) antibody was used overnight at
4 °C, respectively. After incubation with the first antibody, the blot was
washed and incubated with an Anti-rabbit IgG, HRP-linked Antibody
(1:2000 in TBST). Signals were detected using SuperSignal™ West Pico
PLUS Chemiluminescent Substrate and were subsequently monitored by
a FluorChem FC 2 imaging system (Protein Simple, Santa Clara, USA).
After detection of the phosphorylated AKT/ERK, the blot was stripped
with 2-Mercaptoethanol-Buffer (50 mM Tris-HCl, 2% (w/w) SDS and
0.8% 2-mercaptoethanol-buffer, pH 6.8) for 45 min at 56 °C and was
washed under rinsing water for 1 h. For the detection of AKT, an Akt
(pan) (C67E7) Rabbit mAb (1:1000 in TBST) and for the detection of
ERK a p44/42 MAPK (Erkl/2) antibody as well as Anti-rabbit IgG
(1:2000 in TBST), HRP-linked antibody was used with identical steps,
respectively.

2.13. Cell culture

Immortalized mouse myoblast C2C12 cells (ATCC CRL-1772) were
cultured in growth medium (DMEM high-glucose 10% FCS, 100 U/mL
penicillin G and 100 pg/mL streptomycin) on 75 cm? culture flasks at
37 °C and 5% COso.

2.14. WST-1 proliferation assay

Bioactivity of IGF-I variants compared to human IGF-I was con-
ducted by formazan assay. In brief, C2C12 myoblasts were seeded in a
96-well plate (2 x 102 cells/mL, 125 pL per well) in growth medium
overnight at 37 °C under 5% CO,. The medium was changed to assay
medium (DMEM high-glucose 0.5% FCS, 100 U/mL penicillin G and
100 pg/mL streptomycin) and cells were grown for 24 h. Dilution series
of each IGF-I variant as well as IGF-I ranging from 0.01 nmol to 200
nmol were prepared in assay medium and added (1:1 (v/v)) to the cells.
Cells were stimulated for 24 h at 37 °C and 5% COs. After stimulation,
10 pL WST-1 reagent were added to each well and cells were incubated
for 4 h at 37 °C according to manufacturer instructions. Every 30 min,
cells were analyzed and the absorbance of the soluble formazan product
at 450 nm as well as background noise at 630 nm were determined using
an Infinite 200Pro (Tecan, Mannerdorf, Switzerland).

2.15. Bioresponsive release from POx hydrogels

25 wt% solutions of P(MeOxgg-co-Fuig)-b-PnPrOziig9 (P-Fu) and P
(MeOxgg-co-Maj o)-b-PnPrOziy o9 (P-Ma) were prepared in MMP-buffer
(50 mM Tris, 150 mM NaCl, 1 pM ZnCl,, 10 mM CaCl,, pH 7.4) at
4 °C. P-Fu and P-Ma were mixed in ratio of 1:4 (P-Fu:P-Ma) and IGF or
IGF-PSL-POx-b-POzi (final concentration 10 pg/mL) were added to the
mixture. 20 pL gels were casted in 96 well plate. After 45 min of incu-
bation at 37 °C the hydrogels were overlayed with 180 pL. MMP-buffer.
MMP-9 was added to a final concentration of 8 nm. Gels were incubated
at 37 °C and 100 rpm. Samples were taken after 0, 2, 4 and 6 h and
instantly frozen in liquid nitrogen. The release of IGF-I as well as its
bioactivity were monitored using WST-1 proliferation assay.

2.16. Engyme-linked immunosorbent assay (ELISA)

IGF-I (Increlex®) and IGF-PSL-POx-b-POzi were analyzed using
standard sandwich ELISA, following manufacturer’s instructions. In
brief, IGF-I and IGF-PSL-POx-b-POzi were diluted in Calibrator RD5-18
ranging from 40 ng/mL to 0.125 ng/mL, respectively. The microplate
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was washed initially as well as after each following step with 300 pL
Assay Diluent RD1-99 and incubated for 3 h at 4 °C. 200 pL. Human IGF-I
conjugate was added to each well for 1 h at room temperature. For
detection, 200 pL Substrate AB solution was added to each well and
incubated for 30 min. The reaction was stopped by adding 50 pL Stop
Solution and absorption was measured at 450 nm and 630 nm with a
microplate reader (Infinite® F200, Tecan, Meannedorf, Switzerland),
respectively.

2.17. NHS-labelling

IGF-PSL-POx-b-POzi was incubated with a 20-fold molar excess of
Atto 488-NHS-ester (Sigma-Aldrich, Steinheim, Germany) in bicarbon-
ate buffer (100 mM) for at least 1 h. Unattached Atto 488-NHS-ester was
removed from the solution via spin column (Vivaspin™, Satorius,
Gottingen, Germany).

2.18. Rheology

Experiments were performed on an Anton Paar (Ostfildern, Ger-
many) Physica MCR302, equipped with peltier elements (P-PTD200/Air
& H-PTD200) and a solvent trap as described previously [69]. Briefly,
the pre-cooled samples (final polymer concentration: 25 wt%; IGF-PSL-
POx-b-POzi: 25 pg/mL) were placed on the cooled rheometer (5 °C).
First, to simulate the printing workflow, G’ and G" were recorded for 10
min at 5 °C and a fixed amplitude of 0.5% and angular frequency of 10
rad/s. Subsequently, a temperature sweep from 5 to 37 °C was con-
ducted. The crosslinking kinetics were monitored for 2 h at 37 °C
(angular frequency: 10 rad/s, amplitude: 0.5%). To highlight the cova-
lent crosslinks further experiments were performed. After crosslinking
for several minutes at 37 °C the crosslinked samples were cooled to 5 °C
recording G'and G. In the end, experiments were performed to evaluate
all aspects of the printing process:

1) Sample equilibration (5 °C, shear rate: 0.01 1/s, 1 min)

2) Temperature sweep (5 °C - 37 °C, shear rate: 0.01 1/s, 0.1 °C/s,
approx. 5 min)

3) Shear response (37 °C, shear rate: 0.01-100 1/s)

4) Recovery and crosslinking (37 °C, shear rate: 0.01 1/s)

2.19. Circular dichroism (CD) spectroscopy

Samples were dialyzed against 10 mM NaOAc (pH 4.3), or 20 mM
NaH,PO4 (pH 7.5) for 2 days at 4 °C. The identical buffers were used for
blank measurements. CD spectra were recorded at the indicated tem-
perature in a 1 mm path length cell on a spectropolarimeter and 5 scans
were averaged (J715 spectropolarimeter, equipped with a Jasco peltier
element, Jasco Labor- and Datentechnik GmbH, GroBS-Umstadt, Ger-
many). The following parameters were used: 100 mdeg sensitivity, 0.1
nm step resolution, 50 nm min ! scan speed from 260 to 190 nm, 2 s
time constant. Protein solutions had a concentration of 0.16-0.2 mg/mL.
Heated samples were heated at a rate of 2 °C per min. Raw data were
processed with Graphpad Prism 6 (GraphPad Software, La Jolla Cali-
fornia USA, www.graphpad.com) and smoothing was performed using
10 neighbouring points on each side.

2.20. Direct ink-writing

For the printing of hydrogel scaffolds an extrusion-based bench-top
3D bioprinter (Bio X, Cellink, Sweden) was used. 25 wt% aqueous so-
lutions of both furan- and maleimide-modified polymer were prepared
and mixed at 4 °C and subsequently printed at room temperature. Both
polymers were mixed in a ratio of 6:10 with respect to furan-modified
polymer and transferred immediately to the nozzle. The printer was
equipped with a 22 GA (Cellink, #30047) diameter precision nozzle. A
pressure ranging from 120 to 180 kPa was applied and the printing
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speed was set to 3 mm/s. The print bed was preheated to 40 °C. For the following a previously established simulation protocol [79]. Structural
visualization of the printed constructs, Texas Red™ C, Maleimide (0.1 analysis and visualization were done with the program VMD [80].
mg/mL) (Thermofisher Scientific) or IGF-PSL-POx-b-POzi-Atto 488
were added to the precursor solutions to a final concentration around 23
wt% of the biomaterial ink. After printing, the constructs were incubated
at 37 °C and 5% CO,. After incubation of at least 30 min the constructs
were overlayed with ddH,0 and incubated at 37 °C and 5% CO5.

2.23. Statistics

All data were reported as mean =+ standard deviation unless specified
otherwise. Statistical significance was calculated by Tukey’s one-way
analysis of variance (OriginLab, Northampton, USA; GraphPad Soft-
2.21. Fluorescence microscopy ware, La Jolla, CA). P-values less than 0.05 were considered statistically

significant.

Distribution of IGF-PSL-POx-b-POzi in the 3D construct after printing
was analyzed using an Axio Observer.Z1 microscope equipped with an
A-Plan 10x/0.25 Ph1 objective (Zeiss), 38 HE Green Fluorescent Protein

3. Results and discussion

(hex = 450-490 nm Aem = 500-550 nm), 43 DsRed Reflector (hex = The IGF-PSL-POx-b-POzi conjugate was designed to enable physical
538-562 nm Aem = 570-640 nm) and a mercury vapor short-arc lamp. anchoring and bioresponsive release of IGF-I by MMPs from the ther-
Image processing was performed in ImageJ (http://imagej.nih.gov/ij/). mogelling POx-b-POzi hydrogel system [38]. Here, the conjugate was
obtained by transglutaminase-mediated coupling of IGF-I to a PSL using
2.22. Molecular dynamics simulations lysine (K) at position 68, following published procedures (Fig. 1A, B)
[46]. This approach has the advantage of controlled site-specific
Simulations started from the solution structure of IGF-I (PDB code conjugation of IGF-I compared to unspecific chemical conjugation
2GF1 [70]) with the protease sensitive linker (PSL) attached via an methods such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
isopeptide bond. For the parametrization of the PEG spacers within the chemistry, which may impair protein’s active sites, potentially
PSL, atomic charges were derived using the R.E.D. server [71]. The affecting biological performances as well as leading to high batch to
parm148SB force field [72] was used for the amino acids of PSL and IGF-I, batch variations during the production process [81,82]. Furthermore,
and TIP3P [73] for water. Four starting conformations were generated: K68 is part of the D domain of IGF-I which is not involved in receptor
two contained the linker peptide in extended conformation and in the binding and therefore does not affect the IGF-I *s bioactivity (Fig. 1A)
other two the initial linker peptide conformation was selected from a [83-85]. To this end, a transglutaminase donor peptide -NQEQVSPL-,
previous short MD simulation of the isolated PSL. All systems were derived from alpha-2 plasmin inhibitor (a2PI) [86], was added at the N-
placed in truncated octahedral water boxes containing one Na™ counter terminus of the MMP-sensitive sequence (GPQGIAGQ); derived from type
ion for electrical neutralization and ~ 22,000 water molecules, thus I collagen [87,88]) as well as an azide functionalization located at the C-
ensuring that even the most extended system was solvated with at least terminus (Fig. 1A). Using the extended termini at the C-terminus, the
12 A distance to the border of the periodic boundary box. Simulations PSL was coupled (1) to IGF-I via the N-terminal transglutaminase donor
were performed with AMBER20 [74] using the GPU-accelerated version peptide and (2) to the polymer POx-b-POzi-DBCO via the C-terminal
of pmemd [75,76] on A100 Nvidia cards. The four independent simu- azide function using strain-promoted azide-alkyne cycloaddition
lations (1 ps each) were run as NPT ensemble at 310 K and 1 bar with a (SPAACQ).
time step of 2 fs using SHAKE to constrain hydrogen atoms [77,78], For IGF-I bioconjugation, a POx-b-POzi-DBCO diblock copolymer

A

Domain B Domain C Domain A Domain D Protease sensitive sequence
5 10 15 20 25 30 35 40 45 50 55 60 65
IGF:GPETLCGAELVDALQFVCGDRGFYFNKPTGYGSSSRRAPQTG | VDECCFRSCDLRRLEMYCAPLKPAKSA
IGF-PSL:GPETLCGAELVDALQFVCGDRGFYFNKPTGYGSSSRRAPQTG | VDECCFRSCDLRRLEMYCAPLKPAKSA

[0 Transamidation reaction site GNQEQVSPL-PE%-GPQG EIAIGQ—PE66—>.<
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Fig. 1. Bioinspired site-directed IGF-polymer conjugation. (A) Alignment of amino acid sequence of human IGF-I and IGF-PSL. The sequence alignment was created
with Jalview 2.11.1.4 [89]. (B) 3D structure of human IGF-1 (PDB code 2GF1 [70]) and PSL (depicted structure is an approximation created by using Pep-Fold3 Best-
Model prediction). (C) Structure of Me-PnPrOziso-b-PMeOx-DBCO (POx-b-POzi-DBCO) (D) POxylation of IGF-PSL using SPAAC. Molecular structures were created
using UCSF Chimera 1.15 [90]. (E) Scheme of the printing process of IGF-PSL-POx-b-POzi.
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comprising a hydrophilic PMeOx block and a thermoresponsive PnPrOzi
block (POx-b-POzi) with a DBCO functionalization was developed. The
design of the polymer was not intended to be used for half-life extension
as frequently used for systemically applied therapeutic proteins
[43,91-92] but for anchoring of IGF-I into the thermogelling POx-b-
POzi hydrogel system (Fig. 1B).

Prior to the synthesis of the polymer and peptide, we used molecular
dynamics (MD) simulations to assess the properties of the PSL with
respect to the formation of intramolecular interactions that might
hamper receptor binding. Based on four independent 1-ps MD simula-
tions, the interactions between the PSL and IGF-I were monitored
(Fig. 2B; S1). The dynamics of simulation run 1 is available as supple-
mentary movie (Video S1) and representative snapshots from this
simulation are shown in Fig. 2A. All simulations showed that the PSL
fused to the C-terminus of IGF-I is highly dynamic and only formed
transient interactions. These results indicate that the IGF-PSL interaction
is weak and will not critically affect receptor binding affinity.

Afterwards, the PSL-peptide was synthesized using solid-phase fmoc-
peptide synthesis and analyzed by ESI-MS and RP-HPLC (Fig. S3). As-
sembly of the IGF-PSL construct was achieved by coupling IGF-I with
PSL using the transglutaminase factor XIIla (vide supra). The successful
coupling of IGF-I and PSL was confirmed using RP-HPLC (Fig. 3A), SDS-
PAGE (Fig. 3B), and MALDI-MS analysis (Fig. S4). RP-HPLC analysis
revealed that the enzymatic protein-peptide conjugation is rapid with
around 60% conversion after 20 min (Fig. 3C). The final IGF-PSL was
purified using cation-exchange chromatography (CIEX) with a purity
>95%.

The thermoresponsive polymer Me-PnPrOzisg-b-PMeOx-DBCO
(POx-b-POzi-DBCO; Fig. 1C, Fig. S2 A) was synthesized by living
cationic ring opening polymerization. The DBCO functionality at the
omega-chain-end was introduced via termination reaction of deproto-
nated DBCO-acid as nucleophile after complete monomer consumption.
The polymerization was monitored via 'H NMR and GPC analysis
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(Fig. S2 B-D) and the polymer structure was confirmed via 'H NMR end
group analysis (Fig. S2 C, D). An increase in the number average molar
mass during sequential polymerization was confirmed via GPC and the
purified polymer exhibited a reasonably narrow molar mass size distri-
bution (b = 1.36; Fig. S2 B).

The conjugate IGF-PSL-POx-b-POzi was prepared by coupling the
POx-b-POzi-DBCO to the C-terminal azide function of the PSL-peptide
within the IGF-PSL sequence using SPAAC (Fig. 1D). After 48 h of in-
cubation, IGF-PSL-POx-b-POzi was purified using CIEX leading to a
protein-polymer conjugate with a purity >95% (Fig. 3 A, B).

The high coupling efficiency and the homogeneous product enabled
by transglutaminase and subsequent SPAAC chemistry highlight the
versatility of this approach and demonstrate that bioconjugation of IGF-I
to a thermoresponsive diblock copolymer originated from POx and POzi
is successful. Especially in view of the increasing interest in PEG sub-
stitutes, both POx and POzi (and their combinations) represent excellent
PEG alternatives due to the high flexibility in chemical synthesis and
good cytocompatibility [91].

The different conjugation steps starting with IGF-I (7.6 kDa) and
resulting in IGF-PSL (10 kDa) (Fig. S4) and IGF-PSL-POx-b-POzi (25
kDa) were followed and confirmed by SDS-PAGE. Also, reversal of the
POxylation via MMP-9 mediated cleavage of IGF-PSL-POx-b-POzi was
successful as shown by the appearance of the band of unconjugated IGF-I
(below15 kDa) (Fig. 3B). RP-HPLC analysis showed 62% of cleaved IGF-I
from IGF-PSL-POx-b-POzi over 24 h (Fig. 3D, S5). While the polymer
conjugate showed a broader distribution in both RP-HPLC and SDS-
PAGE, the cleaved IGF-I product displayed narrower signals, in line
with the removal of the disperse polymer (Fig. 3B).

Successful cleavage of the protein-polymer conjugate IGF-PSL-POx-
b-POzi was achieved at 8 nM of activated MMP-9. This MMP concen-
tration was chosen as it represents the range of upregulated enzyme
levels of proteolytically active MMP-9 during the course of inflammation
in diseased tissues such as in rheumatoid arthritis [93]. Our results
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Fig. 2. Molecular dynamics simulation of IGF-PSL (A) Structure of PSL-bound IGF-I. For PSL, snapshots from different time points of the molecular dynamics
simulation are overlaid. IGF-I is shown in ribbon presentation (colored according to the secondary structure) and PSL is shown in stick presentation (colors from
yellow to dark red correspond to progressing time points of the simulation). (B) Number of contacts between PSL and IGF-I over the simulation time (run 1). The
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demonstrate that the integrated MMP-sensitive sequence within the IGF-
PSL-POx-b-POzi is accessible for the enzyme MMP-9 and full-length IGF-
Lis released from its bioconjugate as previously monitored for PEGylated
IGF-I [46].

CD analysis revealed that all tested proteins and conjugates remained
a-helical as described before for IGF-I [94], indicating that peptide and
polymer conjugation does not affect secondary structure (Fig. 4A).
Moreover, enzymatic conjugation to the PSL did not alter thermal sta-
bility of IGF-I (Fig. S6).

Bioactivity of the different IGF-conjugates were analyzed by WST-1
proliferation assay (Fig. 4B, S7) and ERK and AKT phosphorylation,
respectively (Fig. 4C, S8).

IGF-PSL-POx-b-POzi (ECsq: 4.3 nM; 95% CI: 3.5-5.1 nM) stimulated
the growth of C2C12 cells as potent as the commercially available IGF-I
(ECso: 4.6 nM; 95% CI: 4.0-5.4 nM). The analyzed downstream signaling
of ERK phosphorylation as well as AKT phosphorylation on C2C12 cells
showed a concentration dependent induction of ERK and AKT phos-
phorylation, confirming that the receptor binding sites of IGF-I were not
jeopardized during coupling of the PSL and by the amphiphilic POx-b-
POzi polymer.

As POx-b-POzi-DBCO forms only transient (shear-thinning and
dilution sensitive) hydrogels due to reversible physical interactions, we
combined the previously described furan-modified variant (P(MeOxgg-
co-Fuyo)-b-PnPrOziygp; P-Fu) and the maleimide-modified variant (P
(MeOxgg-co-Majg)-b-PnPrOzis gp; P-Ma) of the POx polymer (Fig. S9) for
covalent cross-linking via Diels-Alder chemistry [8]. IGF-I or IGF-PSL-
POx-b-POzi (25 pg/mL) were added to the polymer solution (P-Fu/P-
Ma) prior to thermogelation, followed by chemical Diels-Alder mediated
cross-linking. To monitor biological performances of IGF-I and its
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bioconjugate in the presence and absence of MMP-9 (8 nM), supernatant
samples were collected after 2, 4, and 6 h and subsequently analyzed.
Direct enzyme-linked immunosorbent assay (ELISA) readout of released
IGF-I and IGF-PSL-POx-b-POzi from the hydrogel was not possible as the
different constructs with equivalent concentrations displayed strongly
differing signals (Fig. S10). Therefore, bioactivity of the released
construct in comparison to unconjugated IGF-I was performed by WST-1
cell proliferation assay. MMP-9 treated supernatants significantly
impacted the stimulation of C2C12 cells for 4 h compared to cells, which
were treated with supernatants, lacking MMP-9 treatment (Fig. 5, S11).

These results indicates that without the presence of MMP-9, the
bioconjugate IGF-PSL-POx-b-POzi is retained due to the physical in-
teractions of the POx-b-POzi polymer within the POx-b-POzi hydrogel
network. In the presence of MMP-9, hydrogel pores, with pore sizes in
the lower 100 nm range (determined by cryo scanning electron micro-
scopy) [69] allow MMP-9 diffusion (Stokes-Einstein radius of MMP-9:
4.5 nm [95]), cleavage of IGF-PSL-POx-b-POzi and the diffusion of
cleaved IGF-I (Stokes-Einstein radius of IGF-I: 1.54 nm [96]) out of the
hydrogel. However, since the IGF-PSL-POx-b-POzi is “only” weakly
bound to the hydrogel by physical (hydrophobic) interactions, part of
the conjugate is still released due to swelling of the hydrogel and
diffusion effects. This aspect may be addressed by introducing chemical
crosslinking moieties (furan / maleimide) to the POx-b-POzi-DBCO
polymer to enable covalent cross-linking within the hydrogel network.

Due to the limited stability of IGF-I at physiological pH values (buffer
for MMP-activity according to manufacturer’s manual, Merck KGaA),
IGF release was restricted to 6 h in this study [97]. However, conjuga-
tion of IGF-I to hydrophilic polymers such as PEG resulted into pro-
longed serum stability of IGF-I [46]. This behavior might also apply for
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conjugation with POx within the POx-b-POzi hydrogel network and
should be investigated in future studies.

To assess the influence of IGF-PSL-POx-b-POzi on the printability and
crosslinking kinetics, preliminary rheological experiments were per-
formed. All the investigated samples remained liquid at 5 °C. Increased
temperature to 37 °C induced the rapid thermogelation followed by
Diels-Alder crosslinking for the samples containing both crosslinking
polymers (P-Fu/P-Ma). The incorporation of IGF-PSL-POx-b-POzi did
not affect either the thermogelation, shear thinning and recovery after
printing or the crosslinking reaction as assessed by rheological analysis
(Fig. 6A, S13, S14).

To illustrate the performances of the described POx-b-POzi ther-
mogelling hydrogel system for 3D bioprinting application, we labeled
IGF-PSL-POx-b-POzi with the fluorescent dye Atto 488, using amine-
reactive linker chemistry for visualization within the P-Fu/P-Ma solu-
tion. A second P-Fu/P-Ma solution was modified with Texas Red™ C,
maleimide using Diels-Alder chemistry. As proof of concept, we printed
two separate rings consisting of the two hydrogel batches using an
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extrusion 3D printing setup (Fig. 6B, C, Fig. S12A, B). Only one of the
compartments contained the IGF-PSL-POx-b-POzi conjugate. Both types
of hydrogels were successfully printed and were stored at least 5 h in
buffer (PBS, pH 7.5) solution. The distribution of the IGF-PSL-POx-b-
POzi as well as Texas Red™ was qualitatively analyzed using fluores-
cence microscopy. After 5 h of incubation, the printed structures showed
good shape fidelity and both IGF-PSL-POx-b-POzi and Texas Red™ were
located and visible in their respective printed POx-b-POzi hydrogel
compartment (Fig. 6D, E and S12C, D). This result indicates that IGF-I
can be easily printed in a defined 3D construct with spatial control
within the hydrogel structure. Furthermore, it shows that the addition of
IGF-PSL-POx-b-POzi does not interfere with the physical characteristics
as well as the chemical cross-linking (Diels-Alder) of the hydrogel
platform.

Our IGF-I based POx-b-POzi hydrogel system principally enables
individualized, and patient-specific manufacturing within a predefined
IGF-I location within the construct architecture (Fig. 6).

In the future the bioresponsive IGF-I modified biomaterial/bioink
platform may be used to create more complex drug-release profiles
customized for the formation of bulk or surface gradients or co-
application of different growth factors due to the printing of sophisti-
cated 3D structures and/or spatially separated compartments. Bio-
responsive IGF-I release (and combination thereof) may be further
tailored with the use of various PSLs to induce spatially definitive
cellular responses in generating tissues.

Potential therapeutic applications of such a hydrogel system are
within the area of bioresponsive wound sealants that enable the targeted
growth factor release at the incision site due to an excess of MMPs
[98-100]. Another potential application is the use of the POx-b-POzi
hydrogel system for the regeneration of cartilage tissue. Cellular ap-
proaches such as the administration of chondrocytes or stem cells
remain challenging and often need to be supported by external growth
factors [101]. Thus, encapsulation of IGF-I has been frequently
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performed in hydrogel systems to stimulate chondral repair
[63,102,103] A localized and bioresponsive delivery of IGF-I in
personalized bioprinted construct may be thus suitable to enhance IGF-I
biological performances for cartilage formation.

In an effort to address cell adhesion and migration within the POx-b-
POzi hydrogel system, incorporation of MMP cleavable linkers and RGD
sequences for maturation of cells within the hydrogel matrix and in vivo
characterization of bioresponsive IGF-I release is part of ongoing
research.

4. Conclusion

3D printing has emerged as a promising tool to deposit materials
with high shape control. In this study, we developed a 3D bioprintable
hydrogel system for the bioresponsive release of the anabolic growth
factor IGF-I by combining enzymatic and biorthogonal conjugation
techniques. The coupling of the thermoresponsive POx-b-POzi polymer
to IGF-I did not impair its bioactivity. Incorporation of the protein
conjugate into POx-b-POzi hydrogels enabled bioresponsive release of
IGF-I after the addition of MMP-9 as an external stimulus, did not impair
the rheological properties of the hydrogel system and showed high
shape fidelity after 3D-printing.

In general, the herein presented POx-b-POzi hydrogel platform pro-
vides a high degree of flexibility through the exchange of individual or
multiple components (e. g. therapeutic protein, protease sensitive
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sequence) and enables future manufacture of complex 3D architectures
with release of the bioactive molecule linked to the activity of matrix
metalloproteinases in tissue engineering applications including wound
healing and cartilage repair.
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Figure S9: Thermogelling properties of the different modified polymers. P-Ma and P-Fu at 4 °C and RT.
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measurable and set to maximal possible measurable value.
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Figure S12: (A-B) 3D printed construct with IGF-PSL-POx-b-POzi. (C-D) 3D printed construct with IGF-PSL-
POx-b-POzi (green) visualized via NHS-labelling with NHS Alexa Fluor™ 488 and Texas Red C2 Maleimide™
(red; P-Fu modified via Diels-Alder chemistry)
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Video S1: Dynamics of PSL-bound IGF-I. IGF-I is shown in ribbon presentation (colored according to the initial

secondary structure), the PSL is shown in yellow stick presentation, and the isopeptide bond in red. The data
corresponds to 1 ps simulation time from simulation run 1. Motions of the protein are smoothed over 5 time frames

to improve visual impression.
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ABSTRACT: Intraoperative bleeding and postoperative bleeding are major
surgical complications. Tissue sealants, hemostats, and adhesives provide the
armamentarium for establishing hemostatic balance, including the tissue sealant
fibrin. Fibrin sealants combine advantages including instantaneous effect,
biocompatibility, and biodegradability. However, several challenges remain. This
review summarizes current fibrin product generations and highlights new trends

and potential strategies for future improvement.

KEYWORDS: fibrin, fibrinogen, sealant, glue, hemostasis, medical device, surgery

B INTRODUCTION

An estimated 313 million surgeries are performed globally
every year." The risk of bleeding during surgery contributes to
elevated morbidity and mortality,” leading up to 20%, e.g., in
elective vascular surgeries,”" following hepatotectomy,”™® or
during cardiac surgery.” As a result, bleeding or hemorrhage is
a major driver of societal health burden and healthcare
costs.”"" Bleeding is controlled by different medical devices,
including sutures, clips, and staples, with estimated annual sales
of up to $15 billion by 2024." However, in spite of their
general use, challenges remain, including increased application
times, accuracy, cosmetic aspects, and bacterial coloniza-
tion.*™"*

Furthermore, tissue sealants, adhesives, and hemostats are
available to prevent drainage from wounds, connect tissue
ends, or support blood hemostasis. Proper material selection
among these options is critical for adequate wound
healing.'®'” The emerging importance of adhesives and
sealants is reflected by a market volume with a value of
$10.3 billion in 2020 and a projected compound annual growth
rate of 5.6%.'® In contrast to sutures, staples, etc., success with
these materials and particularly for hemostats is jeopardized by
the remaining mobility of the wound and resulting instability
risks.'” Even though more and more new approaches are being

19,20
d,"

develope the translation to the clinic has been a major

problem limiting treatment options to a handful of clinically

approved adhesives today.”' ~*’ Reflecting missing alternatives,

the gold standard, and last resort, is blood transfusion.?’

© 2022 The Authors. Published by
American Chemical Society

N4 ACS Publications
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B HEMOSTASIS

Limiting blood loss after injury, hemostasis is essential for
survival. Hemostasis (i) enables rapid closure of blood vessels
while (ii) maintaining blood flow in the circulation and finally
(iii) removal of the clot after vessel repair.’”*' Hemostasis was
previously categorized as primary (platelet activation) and
secondary (coagulation), but it is a simultaneous interplay
between platelet responses, coagulation proteins, and compo-
nents of the vessel wall.’>**** Nowadays, a cell-based model
is frequently cited, consisting of three different and overlapping
phases (initiation Ehase, amplification phase, and propagation
phase; Figure 1).>*°7%" After injury of a vessel wall, platelet
adhesion and aggregation occur at the damaged site through
interactions of platelet receptors with extracellular ligands and
soluble proteins (primary hemostasis).*’”** Simultaneously,
exposure of subendothelial tissue factors (TFs) at the injury
site results in the activation of coagulation factors leading to
activation, adhesion, and aggregation of both preexisting and
circulating platelets (secondary hemostasis).’”*>** Repetitive
loops in the coagulation system and platelet activation produce
large amounts of fibrin that stabilize previously formed platelet
thrombi.** One of the major players in hemostasis is factor
XIII, which catalyzes the formation of covalent cross-links
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Thrombin (lla)

Figure 1. Scheme of cell surface based hemostasis. In the initiation phase, tissue factor (TF) expressing cells are exposed to the coagulation factors
and initiate thrombosis by recruiting platelets to the site. The simultaneously formed TF—factor VIIIa (FVIIIa) complex activates coagulation
factor (FIX and FX) generating a small amount of thrombin. In the amplification phase, thrombin acts as a signal for further platelet activation and
aggregation as well as a signal for FV, FVIII, and FXI activation. In the propagation phase the FIX—FVIII complex is formed on the platelet surface,
activating FX—FV complex, accelerating thrombin activation and the activation of fibrinogen to fibrin.*****’

a-Chain y-Chain

I Knob “A”
Knob “B”

Hole “A”

=== Factor Xllla dependent y-y crosslinking
,’ lonic Knob:Hole interactions

Figure 2. Overview of the polymerization of fibrinogen to fibrin fibers. (A) Crystal structure of human fibrinogen (PDB 3GHG) with the addition
of the C- and N-terminal regions of the a-chain and the N-terminal regions of the f-chain that are missing in the crystal structure. (B) Abstraction
of fibrinogen from its crystal structure. (C) Fibrin polymerization: In the beginning the aC-region is cleaved by plasmin and the so-called fragment
X is formed. After the cleavage of both FpA and FpB by thrombin, knobs A and B are exposed and form knob:hole bonds through ionic
interactions. Simultaneously, covalent y—y interactions are formed stimulated by factor XIIIa leading to the formation of a fibrin network. (C) From
ref 66. CC BY 4.0.
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Figure 3. Timeline with milestones in the history of fibrin-based sealants, adhesives, and hemostats.

28,72—77

between soluble fibrinogen, to form a fibrinogen network, and
plasmin, which acts as an opposinﬁg player to factor XIII to
degrade the fibrinogen network, *>*

B FIBRINOGEN AND ITS ROLE IN NATURE

Efficient hemostasis is vital for all vertebrates sharing the basic
mechanism that leads to blood coagulation. All important
factors in the mammalian hemostasis originate from the
reduplication and differentiation of a vitamin K dependent
serine protease comprised of either the (i) Gla-EGF1-EGF2-
SP or (ii) Al-A2-B-A3-C1-C2 domain, including throm-
bin.*”*® Strategies for balancing blood coagulation, including
prothrombin and fibrinogen, are similar within the phylum
Chordata."”*"=>* For example, the homology of full-length
prothrombin is 69% between humans and zebrafish and
around 50% between humans and hagfish, with homology
being defined as at least 30% identical sequence. In
comparison, cytochrome ¢ oxidase, a key player in ATP
synthesis, shows a sequence similarity of around 50% between
different organisms and is seen as homologous among
species.””**>* Fibrinogen has also been purified from the
plasma of lamprey.”>™>’ Structural analysis of the isolated D-
fragment of lamprey fibrinogen showed structural conservation
compared to human fibrinogen.”® The c¢DNA sequence
analysis revealed that the a-chain showed 37% similarity and
the f3- and y-chains are highly conserved with 67% similarity.*”

The conversion of fibrinogen to fibrin is key to blood
coagulation (Figure 2). Fibrinogen is an a-helical protein with
three subunits: Aa-, Bf-, and y-chains. In the native form, the
protein is a hexamer consisting of two units of each of the
described chains, bound together by five disulfide bridges at
the N-terminus with an overall molecular weight of around 340
kDa.*”~°" Exposure of the protein to thrombin, the final step of
hemostasis, leads to the elimination of fibrinopeptide A (FpA)
in the N-terminus of the Aa-chain and fibrinopeptide B (FpB)
in the Bf-chain. The elimination converts fibrinogen to

2222

insoluble, clot-forming fibrin, which is additionally cross-linked
by factor XIIL**%*~% The coagulation of fibrin and its impact
on wound closure and hemostasis were reviewed before.®

B FIBRIN SEALANT

Fibrin sealant was first approved by the FDA as a medical
product in 1998. It is the only material licensed as a hemostat,
tissue sealant, and wound adhesive (Figure 3).2867,68
Fibrinogen and thrombin are the functional components of
the sealant, resulting in the formation of hemostatic fibrin after
administration. Marketed products (Table 1) are often based
on these two components. Still, they differ in fibrinogen and
thrombin concentrations to accommodate for mechanical
strength requirements or to modulate the polymerization
dynamics of the sealants.””

There are various fibrinogen concentrations in the different
products ranging from 18 to 106 mg/mL (Table 2). The
concentration of fibrinogen directly influences the mechanical
properties of the network, with higher concentrations resulting
in higher mechanical strength. Furthermore, the addition of
factor XIII affects mechanical properties by introducing
covalent cross-links between fibrinogen molecules and greater
tensile strength.”” In contrast, the thrombin concentration has
a big impact on the polymerization rate. Both commercially
available products from Baxter—Tisseel and Artiss—share the
same components in the formulation. However, Artiss contains
only around 4 IU/mL thrombin in contrast to about 500 IU/
mL for Tisseel. Consequently, prolonged clotting times are
established by Artiss as compared to Tisseel.”"

The fast fibrin clotting kinetics resulting from thorough
mixing of thrombin and fibrinogen, and subsequent application
to the injury site must be controlled by application devices to
deposit homogeneous and reproducibly formed fibrin clots.”®
These challenges fueled the development of different
application devices.

https://doi.org/10.1021/acsbiomaterials.1c01437
ACS Biomater. Sci. Eng. 2022, 8, 2220—2231
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Table 2. Components of Fibrin Sealants Currently Approved by the FDA and EMA

name fibrinogen thrombin factor XIII
Tisseel 67—106 mg/mL 400—-625 1IU/mL 0.6—5 IU/mL
Artiss 67—106 mg/mL 2.5-6.5 IU/mL 0.6—5 IU/mL
Evicel 55-85 mg/mL 800—1200 1U/mL 9 IU/mL"
Raplixa 79 mg/g 699 1U/g
VistaSeal/VeraSeal 80 mg/mL 500 IU/mL
Beriplast P 90 mg/mL 500 IU/mL 60 U/mL (40—80)
Fibryna/Fibryga 20 mg/mL
RiaSTAP 18—26 mg/mL
Evarrest 8.6 mg/ cm? 37.5 U cm?®
TachoSil 3.6—74 mg/cm®*  1.3-2.7 U/em®
Cryoseal N/A
Vivostat N/A

65,70,79,101,106,112,122,123,125—128

plasmin inhibitor exipients

aprotinin, histidine; human albumin; NaCl; niacinamide;
2250—3750 KIU/mL polysorbate 80; trisodium citrate
aprotinin, histidine; human albumin; NaCl; niacinamide;

2250—3750 KIU/mL polysorbate 80; trisodium citrate

arginine HCI, CaCl,; glycine; human albumin; NaCl;
mannitol; sodium acetate; sodium citrate

CaCly; human albumin, r-arginine HCI; NaCl; sodium
citrate; trehalose

arginine; CaCl,; glutamic acid monosodium; glycine;
human albumin; isoleucine; NaCl; sodium citrate
dihydrate

human albumin; L-arginine HCI; L-isoleucine; NaCl;
sodium citrate dihydrate; sodium L-glutamate
monohydrate

aprotinin,
1000 KIU/mL

L-arginine HCI; glycine; NaCl; sodium citrate dihydrate

albumin; arginine, hydrochloride; NaCl; sodium citrate;
sodium hydroxide

arginine hydrochloride; CaCl,; glycine; human
albumin; mannitol; sodium acetate; NaCl; sodium
citrate

human albumin; equine collagen; L-arginine
hydrochloride; NaCl; riboflavin (E101); sodium
citrate

“Factor XIII is not listed as a component by Omrix Biopharmaceuticals Ltd. Value taken from the literature.”

A frequently used system is a dual-syringe applicator system
in which thrombin and fibrinogen are separated in two
different chambers during storage (Tisseel, Baxter). The device
was further developed by integrating a gas connection for
carbon dioxide insufflation of the abdomen for laparoscopic
procedures.””™®' Other devices combine the collection of
autologous blood components and their application.*” For
example, the Vivostat system facilitates the preparation of
autologous fibrin sealants. It combines the preparation of a
fibrin sealant from whole blood and an electromechanical
applicator unit delivering a liquid spray under sensor control
for exact dosing of the individual sealant components.
Furthermore, this system was used for the coadministration
of drug substances such as fibroblast growth factor 2 to
stimulate fibroblast proliferation during tissue regenera-
tion.**~*° Raplixa applies both fibrinogen and thrombin as a
powder spray, driven by a gas flow generator with an agitator
by which the components are directly deposited onto the
injury site.*”® This powder approach has advantages
compared to liquid fibrin glues in that the components are
stable at room temperature (Figure 4).°”” Another recently
approved product is a fibrin patch for wound sutures called
Evarrest (Ethicon, Inc.). It combines bioresorbable suture
components (Vicryl and poly(lactide-co-glycolide)) with a
cellulose matrix being coated with both human fibrinogen and
human thrombin.”’ ™* Upon contact with wound fluids, the
forming fibrin clot integrates the patch into the wound. For
detailed reviews of the clinical applications and the perform-
ances of the different fibrin sealants, we direct the reader to
excellent articles.®”*%%*~%%

B CURRENT CHALLENGES AND SOLUTIONS

When fibrin adhesives are used, several drug risks and warnings
must be taken into account. In addition to the adverse effects
observed in clinical studies, there are also some warnings and
instructions for the application of fibrin glues."*”"*" The
warnings and instructions for use include, above all, the risk of

thrombosis in the case of intravascular administration,
hypersensitivity reactions, and gas or air embolism in the use
of spray devices.">" For discussion on the pricin§ critique of
vendors, we refer to previous contributions.”®*? Fibrinogen
obtained from human plasma has a risk of disease trans-
mission.””"*>'*? Viral contamination is expected in only about
1 vial in 10" for viruses such as human immunodeficiency
virus (HIV) or hepatitis B virus (HBC) and higher for
parvovirus (HPV) B19 with 1 contaminated vial in 500 000."**
Studies linked such contamination to increased infection rates
seen in patients receiving fibrin glues compared to naive
subjects.'”> This viral risk can be met by recombinant
production. Unfortunately, biotechnological production is
quite challenging, as fibrinogen is large and has a complex
structure with 29 inter- and intrachain disulfide bridges and a
complex glycosylation pattern."**~"* Consequently, Escher-
ichia coli is a nonideal vector to meet these demands.'”’
Functional recombinant fibrinogen was collected from the milk
of transgenic mice and cows.'**~"** In spite of its success, this
approach was discussed regarding zoonotic risks and ethical
concerns. "' Large-scale production of recombinant fibri-
nogen in mammalian cell based protein expression systems is
also challenging. One difficulty is the stability of the a-chain
during cell culture."” One expression system containing all
three chains—a-, f-, and p-chains—on one vector was
developed as a stable cell line, and a reasonable yield of up
to 1.3 g/L was reported.143 In addition to that contribution,l43
many patents/patent applications provide essential information
on recombinant fibrinogen production (Table 3), also
highlighting one crucial aspect, which is the protection of the
a-chain from proteolysis during culture."*°

Typically, fibrin adhesives rapidly degrade in vivo through
plasmin proteolysis, at least partially catalyzed by plasminogen.
Furthermore, plasminogen is a common byproduct in current
fibrin glues derived from human material and may contribute
to rapid breakdown."*”~'* To meet these challenges, the 6.5
kDa serine protease inhibitor aprotinin was incorporated into

https://doi.org/10.1021/acsbiomaterials.1c01437
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control of early fibrinolysis by aprotinin is further limited in

s Tisseel) delaying fibrinolysis

Aprotinin has reporte

Main Body
and electromechanical applicator drive system Vivostat developed by

Vivostat A/S. Adapted with permission from ref 83. Copyright 2001
Garbasch et al. (C) Design of RaplixaSpray by Ethicon.”” Adapted
with permission from ref 87. Copyright 2010 Greenhalgh et al.

tissues with high fibrinolytic activity. Recently, it has been
shown that the addition of elastin inhibitors effectively
hampers early fibrinolysis even without aprotinin.'”® Fur-

ref 79. Copyright 2013 Baxter Healthcare Corp. (B) Vivo Spraypen

Figure 4. Designs of different fibrin sealant applicators. (A) Dual-
syringe system DUO SET by Baxter. Adapted with permission from

effects, including allergic or anaphylactic reactions

the formulation (e.g., Baxter
(Tables 1 and 2)./97'

One study

successfully addressed this challenge by localizing aprotinin or

171

was the covalent

d from which the inhibitors were released in a sustained
172 Another successful strate

thermore, the delaying impact of inhibitors on fibrinolysis is
tranexamic acid (TA), another plasmin inhibitor, within
biodegradable microspheres supplemented into the fibrin

limited by rapid diffusion from the fibrin glue.

glue an
manner.

&Y

decoration of fibrinogen with aprotinin, "> which was further
refined by presenting aprotinin bound to a transglutaminase-

159,174,175 3
g of the

catal7yzed by

176

responsive peptide sequence. This aprotinin-containing pep-

tide sequence was bound to fibrin in the clot,
different strategy for delaying the diffusion of aprotinin was

transglutaminases present in the fibrin clot.
the covalent attachment to fibronectin and mixin
conjugate with fibrinogen prior to gelation.
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Another possibility is the use of bivalent modulating
hemostasis and thrombosis.'”” Zn?* reduces plasminogen
activation by tPA and fibrin degradation by plasmin.'”®

Furthermore, enhancing fibrin fibrils’ structure by adding
polyphosphates (PolyP) increases the stability of fibrin clots
toward plasmin degradation.'””

Even though clinical studies have shown the benefits of
fibrin sealants, these products are still used more selectively
than routinely in the clinics. One future strategy to further
improve and increase the use of fibrin sealants could build on
targeted incorporation of biological cues into fibrinogen to
adapt and tune the properties of the sealants. One of the
advantages of fibrinogen is its ability to bind biomolecules such
as growth factors (VEGF or BMP) or drugs either transiently
by fibrinogen’s heparin-binding domains or covalently by
transglutaminase.’”'**™'* Upon release, these moieties
stimulate cells and improve tissue regeneration, which is one
of the reasons why this material has also been extensively
studied as a biomaterial in tissue engineering.'**™"*® Trans-
glutaminase-responsive sequences could be used for site
specific fibrinogen decoration with other polymers to modulate
the mechanical properties of fibrin gels, depending on the
applications. However, this approach of covalent coupling to
fibrinogen is restricted to specific sites within the protein for
transglutaminase-catalyzed binding. To expand from this site
to other sites, one strategy is the recombinant, site-directed
integration of unnatural amino acids by using an expanded
genetic code expansion during recombinant protein expres-
sion.'"”’ """ The great potential of such approaches is the
batch-to-batch reproducibility of homogeneous bioconjugates,
with quality and analytical advantages.

B CONCLUSION

Fibrin glues have been used for decades with enormous needs,
as reflected by an estimated compound annual growth rate
exceeding 6.6%.'"” Building on the initial FDA approval in
1998, many successful adaptations have been introduced,
integrating progress in device development or fibrinolysis
modulators to accommodate for both surgical challenges and
improperly fast degradation, respectively. However, several
challenges remain including bioburden and rapid mechanical
stability loss. These challenges are met by research activities as
reflected by a lasting intellectual property stream pointing
toward promising new products in the future.
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Introduction

Closure of wounds and the subsequent tissue regeneration are amongst the most important
abilities of the human body. In the last phase of this process, the so-called secondary
hemostasis, fibrinogen (Fbg) plays a pivotal role in the formation of the fibrin clot after its
activation by thrombin.? Fbg is a longitudinal hexameric protein whose shape is reminiscent
of a dumbbell. The soluble protein consists of three separate chains where two pairs of each
form a complex of approximately 340 kDa molecular weight in total (Aa- (66.5 kDa), Bf- (52
kDa), and y-chain (46.5 kDa)).*® In nature, Fbg exists in heterogenous populations of different
forms. Both the a- and y-chain have different isoforms formed through alternative splicing. The
a-chain (Uniprot-P02671) comprises two different forms, the isoform E (aE; molecular weight:
~93 kDa)’ and the isoform 2 (Aa, here referred to as a). Fbg oE accounts for around 1-2% of
the Fbg population in the human body. There are also indications that Fbg containing aE might
be less susceptible to proteolytic degradation making it an interesting candidate for increasing
the half-life of fibrin clots towards plasmin.” ® The y-chain (Uniprot-P02679) exists in two
different isoforms, referred to as y - and y’-chain. In nature, the y’-chain exists primarily as
heterodimer (y/y’) and only about 0.5% as homodimer y’/y’ in human plasma.®'" The presence
of y' can have an impact on the structure and function of Fbg and the fibrin clot.” During
hemostasis the N-termini of both a- and B-chain are processed by the enzyme thrombin which
leads to the formation of the fibrin network which is described in chapter Ill in more detail.'> *®
Due to its natural role and mechanics, fibrin has been used as biomaterial in different fields of
medicine.' '® One of the most important applications is the use in so-called fibrin sealants to
facilitate wound closure in surgeries with acute bleeding.'®"® The utilization of fibrin for bleeding
control has several advantages compared to other available wound glues biocompatibility, and

versatility. 1920

However, there are still shortcomings associated with the product that constrain the broader
use of fibrin sealants. In this regard, one challenge, especially during excessive bleeding, is
the fast resorption of the fibrin clot at the injury site due to proteolytic degradation, called
fibrinolysis.?" ?2 Even though fibrinolysis is an essential process in the body to prevent the
formation of intravascular clots or to degrade the clot during tissue regeneration, blood-borne
proteases also attack fibrin glues and thereby reduce the stability of the wound sealant. The

process of fibrinolysis is mediated mainly by the enzyme plasmin.? 24

Active plasmin is a serine protease that is derived from its zymogen plasminogen.?®> % The
activity of plasminogen is highly coordinated in an interplay of a multitude of different activators
including urokinase-type plasminogen activators (uPA, urokinase) and inhibitors (e.g. ao-

antiplasmin) that are secreted by cells.?” % After activation, plasmin degrades the fibrin clot
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rapidly. Fbg used in fibrin sealants is often derived from pooled human plasma and therefore
already contains small amounts of plasminogen.?* 2° Upon contact of the sealant with the injury
site, this plasminogen is activated by proteases released from the cells and might amplify the

sealant resorption in combination with endogenous plasmin.??

Over the years, different approaches have been developed to tackle this problem. Currently,
the most successful approach has been the addition of protease inhibitors to the sealant, which
locally limit plasmin activity. The most common plasmin inhibitor used for these applications is
aprotinin (bovine pancreatic trypsin inhibitor). Aprotinin is a peptide serine-protease inhibitor
with a molecular weight of 6.5 kDa, that has been shown to successfully inhibit different
proteases including plasmin.*®*2 It is also the only inhibitor that is currently used in fibrin
sealants formulations that are already approved by the US food and drug administration (U.S.
FDA) (e.g. TISSEEL®, Baxter, Deerfield, USA).>* ** However, the use of aprotinin also has
some shortcomings, such as the potential for allergic or anaphylactic reactions.?** In addition,
aprotinin diffuses quickly from the injury site due to its small molecular weight. Thus, plasmin

inhibition only has a relatively short time frame.?

For decades protein engineering has been used to tune biophysical and mechanical properties
of proteins depending on different needs and applications.®’ Increasing protein stability such
as thermostability, has been studied extensively over the years by using genetic engineering
e.g. via directed evolution.®® ** Our aim was to develop a recombinant Fbg through site-
directed mutagenesis with improved stability towards plasmin degradation. Therefore, we
identified plasmin cleavage sites in Fbg and exchanged the AA P1 (AA residues in the
substrate that undergo cleavage) to limit cleavage efficiency. After expression of rFbg in
Chinese Hamster Ovary (CHO) cells, we demonstrated that AA exchange reduced cleavage

by plasmin.
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Results

Design of recombinant Fbg for Improved Stability towards Plasmin

Plasmin fibrinolysis occurs at multiple cleavage sites in all chains (a-, B- and y-chain).**3 In
order to investigate the influence of mutations (AA exchange) and their location, with respect
to the complex structure, on proteolytic degradation, we chose plasmin cleavage sites in
different parts of the quaternary structure of Fbg. Mutation sites are located in the a-helical
domain as well as the random coil domain (known as D domain**; Figure 1A). We chose to
insert mutations only in the y-chain to increase degradation stability of the complex by keeping
one complete chain intact, that additionally facilitates factor XllI lateral crosslinking.*® The four
different cleavage sites, either in the a-helical or D domain also allowed us to study their
influence on the structure of Fbg. The mutation sites are QLI(K)AIQ; ATL(K)SRM (both a-
helical domain); TYS(K)AST; ATW(K)TRW (both D domain) (Fig. 1A, B, S1). The ideal
substrate of plasmin contains either an arginine (Arg, R) or a lysine (Lys, K) residue at Position
P1.% In order to test the influence of the AA exchange in these sequences on plasmin
cleavage, we synthesized the four different sequences changing K to the polar AA serine (Ser,
S) proof of principle by using solid-phase peptide synthesis (SPPS). After purification, peptides
were incubated with plasmin and cleavage efficiency was analyzed using HPLC. Peptide
sequences including S instead of K showed a significant reduction in cleavage efficiency
compared to the original sequences.*’ After this proof of principle, we introduced the
aforementioned mutations in the y-chain by using site-directed mutagenesis. To test the
influence of different Fbg forms, we furthermore built two different expression plasmids, one
containing Aa-, BB- and y-chain (rFbg) and one containing aE-, B@- and y’-chain (recombinant

fibrinogen isoforms, rFbgi).
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o -

QB 111

Fibrinogen WT: .. .QLITKAIQ ... ATLKSRK...
Fibrinogen His: ...QLIBHAIQ ... ATLHSRK...
FibrinogenAla: ...QLIBAIQ ... ATLESRK...

382 3?9

|
Fibrinogen WT: .. .TYSKAST ... ATWKTRW. ..

Fibrinogen His: ...TYSHAST ... ATWHTRW...
FibrinogenAla: ...TYSBAST ... ATWATRW...

[ Plasmin cleavage site
B Plasmin cleavage site after mutation

Figure 1: Schematic depiction of the Fbg modifications. (A) Structure of Fbg with the target AA positions
in the 3D structure (PDB: 3GHG?®) colored in red, a-chain colored in blue, B-chain colored in grey and y-
chain colored in yellow. (B) AA sequence of the plasmin target sites. The catalytic residue (orange) and
the modified AAs of the mutants (red).

Production of rFbg and rFbgi
The production of rFbg and rFbgi and was performed using eukaryotic protein expression in
CHO cells. The construction of expression plasmid pcDNA4-TO-FBG was achieved by using

ligation-independent cloning (SLIC; Fig. S2). The plasmid encodes for all three chains, a, 3
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and y-chain. All chains are set in row and are under control of the human cytomegalovirus
(CMV) promoter. Bovine growth hormone (bGH) polyadenylation signal was added to the end
of each gene to assure transcription termination (Fig. 2). Expression plasmids were built for

both, wild type (WT) and variants carrying all four mutations.

a-Chain

pcDNA4-TO-FBG
12735 bp

bGH

Figure 2: Map of the Fbg expression plasmid pcDNA4-TO-fbg. The plasmid consists of the different
genes for each chain of Fbg a, # and y, each controlled by the CMV promoter. BGH polyadenylation

signal and transcription termination sequences were added to each gene cassette.

After the expression and purification of rFbgi, the non-reduced SDS-PAGE analysis showed a
band at over 300 kDa for WT which can be attributed to the native hexamer form of Fbg.
However, no high molecular band was visible for the expression for Ser-Fbg indicating that the
introduction of S instead of K at the four mutations sites lead to either degradation or truncation
of the y-chain and therefore prevents Fbg production and assembly (Fig S3). According to
literature, S can act as a helix breaker in secondary protein structures.*® As two of the four
mutations are located in the middle of the a-helical part of Fbg, these mutations could lead to

the interruption of the helix and therefore disrupt the formation of the quaternary structure.

To mimic the physicochemical properties of the target AAs we chose histidine (His, H) and
Alanine (Ala, A) as substitutes for K. A is known to be abundant in a-helices and is regarded
the most stabilizing AA for helices.*® H mimics the positive charge of the natural lysine residue
and therefore might stabilize or at least not disrupt the structure of Fbg. After the insertion of
the new mutations into the plasmid using gibson assembly, the new mutants of both rFbg and
rFbgi were produced in CHO cells and showed a high purity after size exclusion
chromatography (SEC, Fig. 3A, B). Non-reduced SDS-PAGE analysis showed a band for all
four variants (His-rFbgi, Ala-rFbgi, rFbg, His-rFbg, Ala-rFbg) at a high molecular weight of over
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300 kDa (Fig 3B, S4B, C). This suggests that the insertion of these mutations did not impair

protein expression and the Fbg hexamer was built.

Structural Analysis of rFbg

To further verify the structure of the Fbg mutants, reduced SDS-PAGE was performed. Both
B- and y-chain were visible on the gel with molecular weights of around 52 kDa and 46.5 kDa
as well as the native form at over 300 kDa (Fig 3B, S4). Furthermore, the presence and
sequence of the different chains was confirmed by high resolution ESI-MS (Figure S5-10). This
shows that the introduction of the different mutations did not impair gene expression, that the
y-chain could be produced and that the general approach can be used in the future. However,
the band of the a-chain (a-chain: 66.5 kDa; aE: 93 kDa) was not visible on the SDS-PAGE
under reducing conditions. Instead, another band emerged at around 44 kDa for both rFbg and
rFbgi indicating a truncation of the a-chain during the production or purification process (Fig
3B, S4). Furthermore, the native Fbg band was slightly lower compared to the control also

indicating a truncation of the protein (Fig. 3B).

A B
E‘ 600~ M1 2 3 4 5 6
£
I 300 kDa — [« "W i B
£ 400- i 250 kDa —
3 180 kDa — :
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© ;
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2 0 _
< 0 50 100 40 kba
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Figure 3: Analysis of rFbgi variants. (A) Exemplary size exclusion chromatography (SEC)
chromatogram of His-rFbgi. (B) SDS-PAGE of Fbg control (1), His-rFbgi (2), Ala-rFbgi (3) under non-
reduced conditions and Fbg control (4), His-rFbgi (5), Ala-rFbgi (6) under reduced conditions.

Fbg in general is susceptible to proteolytic degradation during the production.*® CHO cells are
known to secret proteases during cell culture which can lead to proteolytic degradation of the
a-chain. However, every CHO cell line has its own unique protease expression pattern which
makes it difficult to identify the responsible protease. For the optimization of the approach, we
focused on the rFbg (Aa-, BB- and y-chain) from this point on because this form of Fbg is

generally used as part of fibrin glues.
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To verify that the new band at around 44 kDa is a truncated form of the a-chain and to locate
the exact site of truncation, we performed an in-gel digestion with trypsin for a mass
spectrometry (MS) characterization of the fragment. High resolution electrospray ionization
(ESI) MS analysis showed a high alignment with the native a-chain and a truncation of the
chain at K432 (Fig 4A, B, C, S11). These results also match with the molecular weight of the
band in the SDS-PAGE (Fig 3 B) and suggested the degradation by a serine protease. It has
also been described before, that the addition of the serine protease inhibitor aprotinin during
CHO cell expression led to the production of functional Fbg.*' To limit the observed
degradation, we applied the same approach as described previously and exchanged K432 to
H in the a-chain gene cassette to inhibit proteolytic cleavage of the mutation site (rFbg432). In
addition, we built an expression plasmid in which all K inside 20 AA up/downstream of the
cleavage site K432 (K432, K437, K440, K446, K448: rFbg5xKtoH) were exchanged to H to
prevent the emergence of a new cleavage site due to evolutionary pressure. However, SDS-
PAGE analysis after CHO cell protein expression of both His-rFbg432 and His-rFbg5xKtoH
revealed that the a-chain is still degraded during the process (Fig. S12). Other enzymes that
have been reported to degrade the Fbg a-chain are matrix metalloproteinases (MMPs). The
literature analysis of MMP cleavages sites as well as the influence of different MMPs on Fbg
showed a degradation pattern resembling the ones of both rFbg and rFbgi and a potential
cleavage site at K432 (e. g. MMP 2, 3, 12, 14) 41525
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Figure 4: Improvement of rFbg expression. (A) Cutout (AA397-440) of MS-analysis of in gel digest of
the truncated a-chain (Full analysis Figure S11). (B-C) Alignment of the Fbg crystal structure (PDB:
3GHG) with the predicted structure of the Fbg a-chain by AlphaFold®® %6 (P02671) in red with the target
AA K432 highlighted in green. (D) SDS-PAGE of the screening of different protease inhibitors on the
degradation of Fbg in CHO cell culture supernatant after two days of incubation; 1: Fbg control in Tris-
buffer, 2: Fbg, 3: Fbg + EDTA; 4: Fbg + 1,10 Phenantroline, 5: Fbg + GM6001, 6: Fbg + UK 370106. (E)
SDS-PAGE of His-rFbg432 with the addition of UK 370106 during expression; 1: Fbg control reduced,
2: His-rFbg432 reduced, 3: Fbg control non-reduced, 4: His-rFbg432 non-reduced.
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Therefore, we screened different serine-protease and MMP inhibitors on their influence on the
a-chain degradation to find a suitable compound for the inhibition of a-chain degradation. We
incubated commercially available human Fbg with the supernatant taken from the CHO cells
used for the expression and incubated the protein at 37 °C for several days. The analysis using
SDS-PAGE showed the same degradation pattern for Fbg as seen during the expression. The
truncated a-chain is also visible after the addition of the serin protease inhibitor aprotinin which
could be an explanation why the inserted mutation at 432 did not have an impact on the
degradation (Fig. S13). However, an intact a-chain was detected even a couple of days after
the addition of either EDTA, 1,10- Phenanthroline or the MMP inhibitor UK 370106 (Fig. 4D,
S13). This shows that the degradation of rFbg during CHO cell expression is likely the result
of an overexpression of MMPs, either secreted or cell-bound, and a subsequent cleavage of
the a-chain.

Hence, we expressed His-rFbg432 with the addition of 25 uM of UK 370106. Reduced SDS-
PAGE analysis showed three bands at around 68 kDa, 52 kDa and 46.5 kDa similar to the
ones in commercially available Fbg. This indicates that the addition of the UK 370106 lead to
the production of a fully intact a-chain (Fig 4E). The slight difference in molecular weight of the
a-chain compared to the control could be the results of a difference in the complex
glycosylation pattern of rFbg. The sequence of the a-chain was verified using high resolution
ESI-MS (Fig. S14).

Analysis of Plasmin Digest of the y-Chain of rFbg Mutants

Due to the truncated a-chain, gel formation with rFbg was not possible as of yet. The
production of the intact complex (compare above) is still ongoing. Therefore, we performed
plasmin digests in solution with WT as well as both Ala- and His-rFbg mutants to investigate if
the inserted mutations are limiting proteolytic efficiency of plasmin at the respective cleavage
sites. Plasmin was added to the Fbg solution (1 mg/mL) to a final concentration of 0.5 U/mL.
The mixture was then incubated for 24 h to ensure complete cleavage of Fbg. Using high-
resolution ESI-MS, we could detect the four different cleavage sites K88, K111, K382, K399 in
the WT. However, no cleavage was detected in either of the two mutants for all four mutations
showing that the AA exchange from K to A or H does limit proteolytic efficiency of plasmin in
rFbg (Fig. 5, S5-6, S15). At some positions both cleaved and non-cleaved peptides were
detected, however, no cleavage at the target sites did contain a mutation. This might be due
to residual WT-Fbg peptides either on the column (carryover) or through residual WT-Fbg at
any point in the workup. We believe that this cannot be an expression or cell line artifact since
CHO cells do not produce WT-Fbg naturally and the expression plasmid only contains the

mutated form of the y-chain. However, this analysis was done only qualitatively due to the high
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costs for the expression and the truncation of the a-chain. Therefore, these experiments must

be repeated in the future with the fully intact rFbg to confirm and quantify the cleavage.
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Figure 5: Plasmin cleavage analysis of rFbg variants. (A) Structure of Fbg with the target AAs positions
in the 3D structure (PDB: 3GHG?®) colored in red. (B) Plasmin cleaves target site in Fbg. Analysis of
plasmin cleavage of target sites in WT-Fbg (C), His-rFbg (D) and Ala-rFbg (E). The presented cleavage
sites are C-terminal to K. P1 of targeted cleavage sites are colored in red. Peptide fragments detected
after plasmin (dark color) and after additional ProAlanase cleavage (light color) are shown. Position 382
shows a partial cleavage for the mutants (both cleaved and non-cleaved peptides detected). Position
399 could only be detected in His-rFbg and WT-Fbg.
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Time Dependent Analysis of Plasmin Digestion of Fbg

After proving that the AA exchange from K to either H or A does impair plasmin mediated
degradation of the y-chain, we wanted to analyze which cleavage sites are cut in intact fibrin
gels during the early phase of fibrinolysis. These sites could be potential targets for site-
directed mutagenesis in the future to stabilize and limit Fbg degradation directly at the start.
For this, fibrin gels (Sigma-Aldrich, 20 mg/mL) were cast, and a plasmin solution (0.005 mU/ml)
was added on top of the gels and incubated for up to 2 h. At different time points the
supernatant was collected and plasmin was inactivated by the addition of PSMF and heating.
Afterwards, the solutions were purified using a C18 gravity column (Strata X, Phenomenex,
Torrance, CA) and 100 fmol of ProteoMass™ Angiotensin || MALDI-MS Standard (Sigma-
Aldrich, Steinheim, Germany) were added as an internal standard to each sample to quantify
the cleavage of plasmin restriction sites. The time course of plasmin cleavage was analyzed
using high resolution ESI-MS. For the analysis, we used the specificity of plasmin described in
literature (cleavage C-terminal of R/K, similar to trypsin). However, an untargeted search
revealed several non-tryptic cleavage sites. Thus, plasmin apparently cleaves both C- and N-
terminal of R/K. In addition, some recurrent interfaces were observed showing AAs other than
R/Kin P1 and P1' positions.

The analysis shows that cleavage of fibrin gels in the earlier stages is most prominent within
the a-chain which is consistent with reports from literature. The data supports the reports that
cleavage begins in the aC region of Fbg with the most prominent cleavage at positions 602
(KIMADE) and 620 (K|RGHA). Next, cleavage sites further down the aC region are cleaved
leading to the complete removal of this part of Fbg (e.g. positions 527 (K|TFPG), 511
(RIHRHP), 226 (K|IMKPV) and 239 (K|SQLQ)). At the same time, cleavage in the a-helical
region of the a-chain begins (e.g. positions 101 (K|DSHS) and 123 (R|DNTY)) (Figure 6A, D).**
“> However, we were able to detect a multitude of different cleavage sites with this approach
that were not mentioned in the literature before (Figure S1). Furthermore, this approach
enables a much more sensitive readout and analysis compared to methods such as high
performance liquid chromatography (HPLC) and Sodium Dodecyl Sulfate — PolyAcrylamid Gel
Electrophoresis (SDS-PAGE). In accordance with literature cleavage of the B-chain starts at
the N-terminus highlighted by positions 52 (K|REEA) and 72 (R|ARPA) (Figure 6B, E).
Subsequently, the a-helical part between fragment D and E is cleaved by plasmin (e.g. 153
(K|DLWQ) and 160 (K|QVKD)) (Figure 6B, E).**4®
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Figure 6: Temporal analysis of the plasmin cleavage sites of fibrin gels. The signal intensity of the
identified peptides was normalized to the standard angiotensin Il, after that an intensity of all detected
peptides either starting (A, B, C) or ending (D, E, F) at the indicated position were summed up. (A, D)
Analysis of the cleavage sites of the a-chain over time by signals from peptides starting (A) or ending
(D) with the indicated position. (B) Analysis of the cleavage sites of the B-chain over time by signals
from peptides starting with the indicated position. (E) Analysis of the cleavage sites of the B-chain over
time by signals from peptides ending with the indicated position. (C) Analysis of the cleavage sites of
the y-chain over time by signals from peptides starting with the indicated position. (F) Analysis of the

cleavage sites of the y-chain over time by signals from peptides ending with the indicated position.
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Strikingly, only one additional cleavage site was found for y-chain (Fig 6C, F) supporting our
initial hypothesis for the use of the y-chain for the insertion of mutations. With only five cleavage
sites detected during the early stages of plasmin degradation, less mutations are needed to
potentially protect a complete chain in the fibrin complex. However, as described above for the
analysis of plasmin degradation of the y-chain after the AA exchange, the analysis of plasmin
cleavage sites in Fbg was done qualitatively. Therefore, these experiments must be repeated

in the future for a confirmation and a quantitative readout of the data.
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Conclusion

The fast resorption of fibrin sealants due to plasmin cleavage is still a major problem in
hemorrhage control. However, there are only few approaches that have been studied over the
past decades. Here, we report a novel approach using molecular engineering to limit plasmin-
induced cleavage of Fbg. Plasmin cleavage sites in both helical and random coil domains of
Fbg were exchanged using site-directed mutagenesis. The y-chain was successfully produced
in CHO cells, indicating that the insertion of mutations in different structures of the protein does
not impact its folding or expression. MS analysis showed that plasmin cleavage of those sites
was restricted proving that the AA exchange at plasmin restriction sites limits the cleavage by
enzyme. In addition, a process for the production of rFbg in ExpiCHO™ cells was developed
by screening and subsequent use of different MMP inhibitors during expression. Furthermore,
we developed a potential time-resolved screening protocol for the elucidation of plasmin
cleavage sites for a potential AA exchange for further generations of Fbg variants.
Nonetheless, different experiments must be repeated in the future for a quantitative readout of
the experiments. The approach for the production of a molecular engineered Fbg, reported
here, could be used in the future to generate a new generation of fibrin sealants with an
improved stability towards plasmin degradation. By varying both the number of mutations at
plasmin cleavage sites as well as their location in the quaternary structure of the protein, fibrin
gel resorption could potentially be fine-tuned for specific application. In the future, the ability of
the different recombinant Fbg variants to form fibrin gels must be verified. Furthermore, the
influence of the mutations on the gel structure needs to be analyzed. Most importantly, the
effect of the mutations on the resorption time of fibrin gels must be investigated in order to

further develop the platform for a potential use as wound sealant in the future.
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Materials and Methods

Materials

Restriction enzymes were purchased from New England Biolabs (NEB, Frankfurt a. M.,

2 and used according to manufacturer’s instructions. For PCRs, Phusion™ High-

Germany)
Fidelity DNA Polymerase from Thermo Fisher Scientific (Waltham, USA)®! was used, also
according to manufacturer’s instructions. Custom oligonucleotides were purchased from
Sigma-Aldrich (St. Louis, USA)™, desalted and lyophilized, and solubilized to 100 uM in H20
upon arrival. The ExpiCHO™ expression system, comprising Gibco ExpiCHO-S cells, Gibco
ExpiCHO™ Expression Medium, Gibco ExpiFectamine™ CHO reagent, ExpiCHO™ Feed,
ExpiFectamine™ Enhancer and Gibco OptiPRO™ Serum-Free Complexation Medium were
purchased from Thermo Fisher Scientific (Waltham, USA). Spectra™ Prestained Multicolor
High Range Protein Ladder (40 — 300 kDa), Spectra™ Prestained Multicolor Broad Range
Protein Ladder (40 — 300 kDa) and PageRuler™ (10 — 170 kDa), Coomassie Brilliant Blue
G250, SuperSignal™ West Pico PLUS Chemiluminescent Substrate, Bradford Protein Assay
Kit, Mammalian Cell Lysis Buffer, 1-Step™ Ultra TMB ELISA Substrate Solution were from
Thermo Fischer Scientific (Dreieich, Germany). HiTrap™ Capto MMC, Superdex™ 200 Hiload
16/600 and Superdex™ 75 10/300 GL were from Cytiva (Buckinghamshire, GB).

Methods

Site-directed mutagenesis

The y-chain vector DNA was amplified using PCR with primers designed in order to insert
mutations at  different  positions in the sequence (FGG-Lys88-S-FW: 5'-
GCAGCTGATC AGCGCCATCC AGCTGACCTA CAACCCCGAC GAGG-3’; FGG-Lys88-S-
RV: 5-GGTCAGCTGG ATGGCGCTGA TCAGCTGCTT CACTTCGCTG GTC-3; FGG-
Lys111-S-FW: 5-CCGCCACCCT GAGCTCCCGG AAGATGCTGG AAGAGATC-3’; FGG-
Lys111-S-RV: 5-CGGGAGCTCA GGGTGGCGGC GTCGATCATG TTG-3’; FGG-Lys356-S-
FW: 5-CTACAGCAGC GCCAGCACCC CCAACGGCTA CGACAAC-33; FGG-Lys356-S-
RV: 5- GTGCTGGCGC TGCTGTAGGT GCCGCCCTGG TAGTACACG-3’; FGG-Lys373-S-
FW: 5-CACCTGGAGC ACCCGGTGGT ACAGCATGAA GAAAACCAC-3’; FGG-Lys373-S-
RV: 5-CCGGGTGCTC CAGGTGGCCC AGATGATGCC GTTGT-3’). The amplified cDNA
was transformed into E. coli dH5a and mutations of target residues were verified by sanger

sequencing.
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Gibson Assembly

For the insertion of the different mutations into the y-chain, a part of the DNA sequence of the
y-chain was purchased from Thermo Fisher Scientific (Waltham, USA). In order to perform
Gibson assembly pairs of primer for both the vector containing the y-chain as well as the
synthesized gene were designed (FGG Insert Fw: 5-GAGAACAAGA CCAGCGAAGT GAA-
3; FGG Insert Rv: 5-CTTCATGGTG GTTTTCTTCA TGC-3: FGG Vector Fw: 5'-
GTACAGCATG AAGAAAACCA CCA-3’; FGG Vector Rv: 5-CTTCACTTCG CTGGTCTTGT
TCT-3'). The amplified cDNA was purified using PCR purification kits (E.Z.N.A® Kits, Omega
Bio-tek, Inc., Norcross, USA) and inserted into the vector pcDNA3 and transformed into E. coli
dH5a. Successful cloning was verified by sanger sequencing (Eurofins Genomics, Ebersberg,

Germany).

Building of expression plasmids

All cloning steps were performed via SLIC, using PCR-amplified inserts and vectors opened
with restriction enzymes. First, the open reading frame (ORF) for Fbg a-chain was cloned
into the Xbal-opened pcDNA™4/TO/myc-His A P! vector, either without a stop-codon to
incorporate the vector-encoded myc-His tag or with a stop-codon for untagged versions. The
OREFs for Fbg B- and y-chain have been cloned into the EcoRI-opened pcDNA™3 vector .
In a second step, the FGB- and FGG-ORFs were PCR-amplified together with the surrounding
CMV promoter and bGH poly(A)signals (using oligonucleotides #7 and #8, or #9 and #10,
respectively) and inserted in a single SLIC-reaction into the pcDNA4/TO/FGA construct,
opened by restriction with Sapl-enzyme (cuts in the vector backbone between the ColE1 origin
of replication and the bleomycin resistance gene).

Clones were screened by a combination of colony-PCRs [ and analytical restriction analysis

8] and verified by sequencing all three ORFs ¥,

Cell Culture

ExpiCHO™ cells were cultured according to manufacturer’s protocol. In short, cells were
maintained in 125 mL flask in ExpiCHO™ Expression Medium at 37 °C, 8% CO- and 130 rpm
without the use of antibiotics. For general maintenance cells were passaged every 3-4 days

when a density of approximately 6 x 10° cells/mL was reached.

Production of rFbg and rFbgi

Fbg variants were expressed according to the user manual (Thermo Fisher Scientific,
Waltham, USA). Briefly, ExpiCHO™ cells (Thermo Fisher Scientific, Waltham, USA) were
cultured to a final density of 10 x 10° cells/mL. Plasmids encoding for the different Fbg variants

(0.8 pg/mL of culture) as well as ExpiFectamine™ CHO (Thermo Fisher Scientific, Waltham,
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USA) were diluted in 5 mL of cold OptiPro™ medium (Thermo Fisher Scientific, Waltham,
USA) and incubated for 5 min at room temperature (RT). The ExpiFectamine™ CHO/DNA
complex was transferred to the shaker flask and incubated at 37 °C and 8% CO, and 130 rpm.
After 24 h of incubation, ExpiFectamine™ CHO Enhancer and ExpiFectamine™ CHO Feed
(Thermo Scientific, Waltham, USA) were added to the culture flask. The culture flasks were
transferred to an incubator at 32 °C and 8% CO- with shaking at 130 rpm. This step was
repeated after 4 days of incubation. After another incubation step of up to 7 days at 32 °C and
8% CO2 and 130 rpm cells were harvested and centrifuged at 3000 rpm for 15 min.

For the production of rFbg with the addition of UK 370106, the inhibitor was added to the
medium to a final concentration of 25 uM. Every day, cells were centrifuged at 1100 rpm for
4 min. The supernatant was removed, EDTA was added to a final concentration of 2 mM, and
it was stored at -80 °C until further use. Purification was done as described before with the

addition of 2 mM EDTA to every buffer used during the process.

Purification of rFbg and rFbgi

WT and mutants of both rFbg and rFbgi were purified from the supernatant of ExpiCHO™
cells. After filtration of the supernatant using a microfiltration membrane (Filtropur S 0.2 uM,
Polyethersulfon-Membran, Sarstedt, Nuembrecht, Germany) the solution containing the
recombinant protein was purified by ion exchange (AiEx) chromatography using a fast protein
liquid chromatography system with a Capto MMC column (GE Healthcare Akta Explorer, Life
sciences, Freiburg, Germany) equilibrated in 20 mM phosphate buffer (pH 7) containing
150 mM natrium chloride (NaCl). The protein was eluted from the column with a linear gradient
using a 200 mM arginine buffer (pH 8.5) with 500 mM NaCl. After buffer exchange to a 10 mM
arginine buffer (pH 8.5) containing 150 mM NaCl recombinant Fbg was purified in a second
step using SEC (Hiload 16/600 Superdex 200 PG, GE Healthcare, Life sciences, Freiburg,
Germany) with 10 mM arginine buffer (pH 8.5) containing 150 mM NacCl. Protein concentration
was determined using bicinchoninic acid (BCA) or Bradford assay according to

manufacturer's manual. The recombinant protein was stored at -80 °C.

SDS-Page

Purified proteins and conjugates were analyzed using Tris-glycine SDS-PAGE either with or
without the addition of B-mercaptoethanol as described before.’” Gels were stained with
Coomassie Brilliant Blue G250 and documented using FluorChem FC2 imaging system
(Protein Simple, Santa Clara, USA).
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Formation of fibrin gels

Lyophilized Fbg (Sigma-Aldrich, St. Louis, USA) was dissolved in ddH.O and dialyzed against
10 mM Tris/HCI, 150 mM NaCl (pH 7.5) over night at RT. Gelation of Fbg (20 mg/mL) was
started by the addition of thrombin (Merck KGaA, Darmstadt, Germany) (1 U/mL), factor Xllla
(fibrogamin®, CSL Behring) (50 mU/mL) as well as CaCl, (10 mM). 100 uL of the Fbg solution
were transferred to a 96 well plate and incubated at RT for at least 2 h. Afterwards gels were

stored at 4 °C upon further experiments.

Plasmin digest

In order to analyze plasmin digestion of mutated restriction sites, 100 yL of human plasmin
(Merck KGaA, Darmstadt, Germany) (0.5 U/mL) were added to 100 ug of Fbg and rFbg (Ala
and His) and incubated for 24 h at 37 °C and 130 rpm in order to ensure complete cleavage.
Afterwards, samples were stored at -80 °C. For the analysis of the time-dependent cleavage
site determination and quantification of plasmin, fibrin gels (20 mg/mL) were incubated with
different plasmin concentrations on top of the gels ranging from 0.005 mU/mL — 0.5 U/mL.
Samples were taken at different points in time from 1 min to 24 h. PMSF (1 mM) was added to
the sample and heated at 95 °C for 10 min to ensure plasmin inactivation. Samples were stored
at -80 °C.

Screening of inhibitors for Fbg expression

ExpiCHO™ cells were cultured to a density of 6 x 10° cells/mL. Afterwards, cells were
centrifuged for 4 min at 1000 rpm at RT and the supernatant was collected. Commercially
available Fbg (Sigma-Aldrich, St. Louis, USA) was mixed with the supernatant to a final
concentration of 3.3 mg/mL and a volume of 200 pl. The mixture incubated at 37 °C and
750 rpm and samples were taken at 0, 24 and 48 h, respectively. For the screening the
different inhibitors were added to the mixture (final concentrations: PMSF: 1 mM; Aprotinin: 50
pug/mL; GM6001: 25 uM; EDTA: 4 mM; 1,10-Phenanthroline: 1 mM; UK 370106: 100 uM). As
control Fbg was incubated in 10 mM Tris/HCI, 150 mM NaCl (pH 7.5) under the same
conditions. For the visualization of Fbg degradation, 20 pL of the mixtures were analyzed using
SDS-PAGE.

High resolution mass spectrometry analysis

Sample preparation - In-gel digestion

Samples were diluted with Nupage Sample buffer™ (Thermo Fisher Scientific, Waltham,
USA). In a next step dithiothreitol was added to the samples to a final concentration of 50 mM
for the reduction of disulfide bonds. After denaturation of the proteins at 70 °C for 10 min,

iodoacetamide (IAA) was added to a final concentration of 120 mM and the samples were
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incubated for 20 min in the dark. SDS-PAGE was performed (vide supra) and the band of
interest was cut out of the gel and stored at -80 °C until further use.

In case of in-gel digestion, gel bands were cut out and subsequently destained with 30%
acetonitrile. Afterwards they were shrunk with 100% acetonitrile. In the next step they were
dried using a vacuum concentrator.

Per slide, 0.1 pg of trypsin were used, and the digest was performed overnight at 37 °C in 0.05
M NHsHCO3 (pH 8). Peptides extraction from the gel slices was done using 5% formic acid.
ProAlanase digest was performed by incubating the gel-slice with 0.1% Formic acid, containing

0.2 ug of ProAlanase for 1.5 h. Peptides were extracted as above.

Sample preparation — In-solution digestion

Proteins were digested either with plasmin alone (vide supra) or with plasmin and ProAlanase
(ProAla) (Promega, Madison, USA) with slight differences in handling. For all digests, samples
were brought to a concentration of 0.2 pug/uL in 50 mM tris buffer. For “plasmin only” samples
were immediately purified (see below). For ProAla (Promega, Madison, USA), 50 uL of 8M
Guanidinium Hydrochloride were added to 10 pg (50 L) of protein stock solution and briefly
heated to ensure denaturation. To enable specific ProAla digest the solution was acidified
using 900 uL of 32 mM HCI. After pH was checked to be in the range of 1-1.5, ProAla was
added (1:50 ProAla:Protein; 0.25 ug), proteolysis was allowed to continue for 2.5 h. Afterwards,
pH was set to slightly basic by addition of 0.5 -1 mL of 2 M Tris buffer. In the next step, the
samples were immediately purified.

Prior to purification, samples were reduced and alkylated as follows:
Tris(2-carboxyethyl)phosphine (TCEP) was added to a final concentration of 20 mM. Samples
were heated to 60 °C for 5 min and IAA was added to a final concentration of 40 mM during
cooling. The samples were allowed to fully cool in the dark for 20 min. Immediately after, the
samples were loaded on 1 mL Strata X33 syringe columns (10 mg bed; Phenomenex,
Torrance, CA). For all steps only gravitational flow was used. The columns were activated with
3 mL 100% ACN and then washed with 3 mL 100% deionized water. Then the sample was
added. Afterwards, the column was washed with 5 mL 0.4% formic acid in ddH2O. Elution was
performed with 0.5 mL 0.4 % formic acid in 80% ACN. The eluted samples were frozen in liquid
nitrogen and freeze dried. For analysis, samples were resuspended in 50 pL 0.2% formic acid,

2% acetonitrile and used for liquid chromatography (LC)-MS/MS analysis immediately.

LC-MS

NanoLC-MS/MS analysis were done with a LTQ-Orbitrap Velos Pro (Thermo Fisher Scientific,
Waltham, USA) using a PicoView lon Source (New Obijective, Littleton, USA) that was
connected with an EASY-nLC 1000 (Thermo Fisher Scientific, Waltham, USA). First, peptides
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were applied to a precolumn (trap column, 2 cm x 150 uM ID) with 3 um C18 ReproSil (Thermo
Fisher Scientific, Waltham, USA). Subsequently, they were eluted to self-packed capillary
columns (30 cm x 150 pym ID) with 1.9 ym ReproSil-Pur 120 C18-AQ (Thermo Fisher Scientific,
Waltham, USA). Separation of peptides was done using either a 30, 60 or 120-min linear
gradient from 3-30% acetonitrile and 0.1% formic acid. The flow rate was set to 500 nL/min.
Gradients were used as follows: 30 min gradients were used for in-gel digested samples,
60 min gradients for time resolved plasmin cleavage site determination and quantification,
120 min gradients for all other in solution digests.

The acquisition of MS and MS/MS scans was done as previously described.®® In brief, an
Orbitrap analyzer (resolution of 30,000 at m/z 400) was used to obtain MS scan. For the
acquisition of MS/MS scans, a resolution of 7500 at m/z 400 in combination with HCD
fragmentation with 30% normalized collision energy were applied. MS/MS fragmentation of
precursor ions (TOP5) was performed in data-dependent scans with a dynamic exclusion of 7
seconds and a repeat count of 1; charge exclusion (z=1) was applied. The intensity threshold
for the selection of precursor ions was set to a value of 50,000. Automatic gain control (AGC)
was set to a target value of 1 x 10° for MS scans and a value of 5 x 10* for MS/MS scans.
Internal mass calibration was facilitated by using background ions from

decamethylcyclopentasiloxane (m/z of 371.10124 for [M+H]") as lock mass in all runs.

Data Analysis
Data analysis was performed using PMI-Byos (Protein Metrics inc., Cupertino United states).

For quality control, data was searched against databases containing all human proteins
(uniport reference proteome). When the target protein was identified searches detailed below
were performed against custom databases containing either the WT sequences of a -, B- and
y-chain of Fbg, or in the case of y-chain analysis only the y-sequence. For determination of
successful expression after inhibitor addition, the isoform sequence (P02671-2|FIBA_HUMAN
Isoform 2) from uniport was used.

Samples were searched using PMI-Preview (Protein Metrics inc., Cupertino United states) first,
and suggested modifications were included in the main search. In all cases decoys were
added. Results were filtered and only peptide matches with a scoring of > 100 were
considered.

Settings for individual searches varied and were as follows:
Determination of cleavage efficiency in mutants:

All datafiles were searched in batches of 3 (separated by protease used for digest), with the

settings described below.
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A. Plasmin Only digest (y):
Precursor Tolerance of 15 ppm, fragment mass tolerance of 20 ppm, digestion C-terminal of
K (non-specific); Allowed modifications were: Oxidation (C, H, M, P, W, Y), Acetyl (N-term),
Deamidation (NQ), fixed Carbamidomethyl (C), Dioxidation (M, W) Decarbamidomethyl (C).
They are concurrent with PMI-Byos recommendations for sequence variant analysis workflows
(two rare and common modifications allowed).

B. Plasmin and ProAlanase digest (y):
Precursor Tolerance of 15 ppm, fragment mass tolerance of 20 ppm, digestion C-terminal of
A and P (non-specific); Allowed modifications were: Acetyl (N-term), fixed Carbamidomethyl
(C). They are concurrent with PMI-Byos recommendations for sequence variant analysis
workflows (two rare and common modifications allowed).
In addition to that, a “quality control” assessment of the experiments was performed. Both sets
of digests were searched against a database containing all three Fbg chains.
Settings were as follows: 5 ppm precursor and 20 ppm fragment tolerance, digestion C-
terminal of APKR, set to semi-specific with up to 5 missed cleavages. Modifications were
drastically reduced compared to the gamma chain searches (compare attached file). Data was

filtered as above.

a-chain in-gel digest:

A. Tryptic digest:
A custom database of all three chains, their mutants and other proteins was used.
Settings: 5 ppm precursor and 20 ppm fragment tolerance, digestion C-terminal of R/K, fully
specific with up to 2 missed cleavages allowed, one common and one rare modification
allowed.
Modifications, see attached file

B. ProAlanase digest:
A custom database of all three chains, their mutants and other proteins was used.
Settings: 5 ppm precursor and 20 ppm fragment tolerance, digestion C-terminal of P/A, non-
specific with up to 2 missed cleavages allowed, one common and one rare modification
allowed.

Modifications, see attached file

a-chain expression with protease inhibitors in-gel digest:

The database contained isoform 2 of the alpha chain and the other two chains.

Settings: 5 ppm precursor and 20 ppm fragment tolerance, digestion C-terminal of R/K, fully
specific with up to 3 missed cleavages allowed, three common and two rare modifications

allowed.
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Time resolved cleavage site determination and quantification:

This search was performed using MaxQuant (V1.6.17.0) using a database containing all three
Fbg chains, and in addition plasminogen, prothrombin, Factor FXllla and angiotensin peptide,
common contaminants were added. Datafiles of 6 consecutive points in time were searched in
batch. We used the instrument specific standard settings, specific trypsin digest but allowing
up to 7 missed cleavages to account for differences between plasmin and trypsin, match
between runs feature, allowed for up to 5 modifications. Allowed modifications were: Oxidation
(M), Acetyl (N-term), Deamidation (NQ), Phospho (STY) and fixed Carbamidomethyl (C).
Bioinformatic analysis was performed using Perseus (V 4.1.3). We filtered the results as
follows: removing contaminants, at least one intensity >0. We then normalized all intensities
to the angiotensin intensity of the respective datafile. This excluded the last two points in time,
as the angiotensin intensity was too low to be confirmed. We then extracted information for
each of the respective Fbg chains. For each chain separately and per timepoint, we summed
up intensities of all peptides, either regarding their start or end position. The sum of intensities
for all peptides starting or ending at certain cleavage site, allowed us to develop a timepoint,

not dependent on a single peptide, but on a certain cleavage site.
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Supporting Information

Supporting Figure

Fibrinogen a-chain

10
MFSMRIVCLV
60
DWPFCSDEDW
110
DSHSLTTNIM
160
HIQLLQKNVR
210
QKQLEQVIAK
260
LTDMPQMRME
310
GPGSTGNRNP
360
SPRPGSTGTW
410
GNARPNNPDW
460
SGSTTTTRRS
510
SGIGTLDGFR
560
SGIFTNTKES
610
YREMADEAGSE

20
LSVVGTAWTA
70
NYKCPSGCRM
120
EILRGDFSSA
170
AQLVDMKRLE
220
DLLPSRDRQH
270
LERPGGNEIT
320
GSSGTGGTAT
370
NPGSSERGSA
420
GTFEEVSGNV
470
CSKTVTKTVI
520
HRHPDEAAFF
570
SSHHPGIAEF
620
ADHEGTHSTK

30
DSGEGDFLAE
80
KGLIDEVNQD
130
NNRDNTYNRV
180
VDIDIKIRSC
230
LPLIRKMKPVP
280
RGGSTSYGTG
330
WKPGSSGPGS
380
GHWTSESSVS
430
SPGTRREYHT
480
GPDGHKEVTK
530
DTASTGKTFP
580
PSRGKSSSYS
630
RGHAKSRPVR

Fibrinogen a-chain isoform aE

631-866:

640
DCDDVLQTHP
690
GSLNFNRTWQ
740
WAGNEAYAEY
790
NNMQFSTFDR
840
NNSPYEIENG

650
SGTQSGIFNI
700
DYKRGFGSLN
750
HFRVGSEAEG
800
DADQWEENCA
850
VVWVSFRGAD

660
KLPGSSKIFS
710
DEGEGEFWLG
760
YALQVSSYEG
810
EVYGGGWWYN
860
YSLRAVRMKI

40
GGGVRGPRVV
920
FTNRINKLKN
140
SEDLRSRIEV
190
RGSCSRALAR
240
DLVPGNFESQ
290
SETESPRNPS
340
TGSWNSGSSG
390
GSTGQWHSES
440
ERLVTSKGDR
490
EVVTSEDGSD
540
GFFSPMLGEF
590
KQFTSSTSYN
640
GIHTSPLGKP

670
VYCDQETSLG
720
NDYLHLLTQR
770
TAGDALIEGS
820
NCQAANLNGI

RPLVTQ

50
ERHQSACKDS
100
SLFEYQRNNK
150
LKRKVIEKVQ
200
EVDLKDYEDQ
250
LOKVPPEWKA
300
SAGSWNSGSS
350
TGSTGNQNPG
400
GSFRPDSPGS
450
ELRTGRERVT
500
CPEAMDLGTL
550
VSETESRGSE
600
RGDSTFESKS

SLSP

680
GWLLIQQORMD
730
GSVLRVELED
780
VEEGAEYTSH
830
YYPGGSYDPR
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Fibrinogen B-chain

10 20 30 40 50
MKRMVSWSFH KLKTMKHLLL LLLCVFLVKS QGVNDNEEGF FSARGHRPLD
60 70 80 90 100
KEREEAPSLR PAPPPISGGG YRARPAKAAA TQRKVERKAP DAGGCLHADP
110 120 130 140 150
DLGVLCPTGC QLQEALLQQE RPIRNSVDEL NNNVEAVSQT SSSSFQYMYL
160 170 180 190 200
LEDLWQKRQK QVEDNENVVN EYSSELEKHQ LYIDETVNSN IPTNLRVLRS
210 220 230 240 250
ILENLRSKIQ KLESDVSAQM EYCRTPCTVS CNIPVVSGKE CEEIIRKGGE
260 270 280 290 300
TSEMYLIQPD SSVKPYRVYC DMNTENGGWT VIQNRQDGSV DFGRKWDPYK
310 320 330 340 350
QGFGNVATNT DGKNYCGLPG EYWLGNDKIS QLTRMGPTEL LIEMEDWKGD
360 370 380 390 400
KVKAHYGGFT VQNEANKYQI SVNKYRGTAG NALMDGASQL MGENRTMTIH
410 420 430 440 450
NGMFFSTYDR DNDGWLTSDP RKQCSKEDGG GWWYNRCHAA NPNGRYYWGG
460 470 480 490
QYTWDMAKHG TDDGVVWMNW KGSWYSMRKM SMKIRPFFPQ Q
Fibrinogen y-chain
10 20 30 40 50
MSWSLHPRNL ILYFYALLFL SSTCVAYVAT RDNCCILDER FGSYCPTTCG
60 70 80 90 100
IADFLSTYQT KVDKDLQSLE DILHQVENKT SEVEQLIKAI QLTYNPDESS
110 120 130 140 150
KPNMIDAATL KSREMLEEIM KYEASILTHD SSIRYLQEIY NSNNQKIVNL
160 170 180 190 200
KEKVAQLEAQ CQEPCKDTVQ IHDITGKDCQ DIANKGAKQS GLYFIKPLKA
210 220 230 240 250
NQQFLVYCEI DGSGNGWTVF QKRLDGSVDF KKNWIQYKEG FGHLSPTGTT
260 270 280 290 300
EFWLGNEKIH LISTQSAIPY ALRVELEDWN GRTSTADYAM FKVGPEADKY
310 320 330 340 350
RLTYAYFAGG DAGDAFDGFD FGDDPSDKFF TSHNGMQFST WDNDNDKFEG
360 370 380 390 400
NCAEQDGSGW WMNKCHAGHL NGVYYQGGTY SEASTPNGYD NGIIWATWET
410 420 430
RWYSMKKTTM KIIPFNRLTI GEGQQHHLGG AKQAGDV
Fibrinogen y-chain isoform y*:
434-437: AGDV —— VRPEHPAETEYDSLYPEDDL

B Cleavage sites only found in literature

O Cleavage sites only found MS experiments
B Cleavage sites found in literature and MS experiments
B Mutation sites found in this study

Figure S1: Sequence of the Fbg chains, a (Uniprot-FB02671), B (Uniprot-FB02675) and y (Uniprot-
FB02679), with cleavage and mutations sites highlighted in different colors.40-43
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cMv
Primer y-Chain
#9

a-chain Prime B-Chain
#

pcDNA4-T O-FGA pcDNA3-FGG

pcDNA3-FGB

B-Chain

pcDNA4-TO-FBG
12735 bp

1. Sapl restriction digest
2. PCR, dephosphorylation
3. PCR, dephosphorylation

Figure S2: Construction of Fbg expression plasmid.
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Table 1: Listing of the different plasmids

Date / Name FGA FGB FGG tag
pcDNA4/TO/FG wit, wit, wit, C-terminal
isoform a-E  isoform 1 isoform y’ myc-His
(FGA)
pcDNA4/TO/FG_wt_no tag wit, wit, wit, -
isoform a-E  isoform 1 isoform y’
pcDNA4/TO/FG_mut_mycHis wit, wit, K88S, C-terminal
isoform a-E  isoform 1 K111S, myc-His
K382S, (FGA)
K399S,
isoform y’
pcDNA4/TO/FG_mut_no tag wit, wit, K88S, -
isoformo-E  isoform 1 K111S,
K382S,
K399S,
isoform y’
pcDNA4/TO/FG_new_wt wit, wit, wit, -
isoform a isoform 1 isoform y
pcDNA4/TO/FG_new_HisM4 wit, wit, K88H, -
isoform a isoform1  K111H,
K382H,
K399H,
isoform y
pcDNA4/TO/FG_new_AlaM3 wit, wit, K88A, -
isoform a isoform 1 K111A,
K382A,
K399A,
isoform y
pcDNA4/TO/FG_K432H_wt K432H, wt, wt, -
isoform a isoform 1 isoform y
pcDNA4/TO/FG_5xKtoH_wt 5xKtoH*, wit, wit, -
isoform a isoform 1 isoform
pcDNA4/TO/FG_K432H_HisM4 K432H, wit, K88H, -
isoform a isoform1  K111H,
K382H,
K399H,
isoform y
pcDNA4/TO/FG_5xKtoH_HisM4  5xKtoH*, wit, K88H, -
isoform a isoform1  K111H,
K382H,
K399H,
isoform y
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Table 2: Oligonucleotides used for PCR-amplifications:

Amplicon

oligonucleotides template

FGA-OREF, wt, isoform aE, with stop-codon
FGA-ORF, wt, isoform Aa

FGA-ORF, K432H mutagenesis
FGA-ORF, 5xKtoH mutagenesis
FGB-ORF, wt, isoform 1

FGG-ORF, wt, isoform y’

FGG-ORF, K88S, K111S, K382S, K399S,
isoform y’

FGG-ORF, wt, isoform y

FGG-ORF, K88H, K111H, K382H, K399H,
isoform y

FGG-ORF, K88A, K111A, K382A, K399A,
isoform y

FGB-operon (incl. CMV promoter and bGH
poly(A)signal)

FGG-operon (incl. CMV promoter and bGH
poly(A)signal)

FGA-OREF, wt, isoform aE, without stop-codon

#1 “FGA-Bio-His”

#2

#1 “FGA-Bio-His”

#68

#198 pCMV6-XL4-FGA_new
#201

#302 pcDNA4/TO/FGA new
#304

#303 pcDNA4/TO/FGA new
#305

#3 .,FGB“

#4

#5 ,LFGG"

#6

#5 “FGG mutation”

#6

received ORF already in pcDNA3

received ORF already in pcDNA3

received ORF already in pcDNA3

#7 pcDNA3-FGB

#8

#9 pcDNAS-FGG,
pcDNA3-FGG_mut,

#10 pcDNA3-FGG_HisM4,
or pcDNA3-
FGG_AlaM3

118




7 Chapter 4: Molecular Engineering of Fibrinogen for Improved Stability towards Plasmin
Degradation

Table 3: Oligonucleotide sequences:

Zligonucleotid direction sequence
#1 forward TGGCGGCCGCTCGAGTCTAGGCCACCATGGTGTCCATGC
#2 reverse TTGTTCGAAGGGCCCTCTAGCCTGAGTGACCAGGGGC
#3 forward GCCGCCAGTGTGCTGGAATTGCCACCATGGTCCGGATGG
TGATGGATATCTGCAGAATTTCACTGCTGAGGAAAGAATGG
#4 reverse ce
#5 forward GCCGCCAGTGTGCTGGAATTGCCACCATGGTCTGGTCCC
#6 reverse TGATGGATATCTGCAGAATTTCACAGGTCGTCCTCGGGG
#7 forward GTATTGGGCGCTCTTCCGCTGTACGGGCCAGATATACGCG
#8 reverse  CGCGTATATCTGGCCCGTACCCATAGAGCCCACCGCATCC
GGATGCGGTGGGCTCTATGGGTACGGGCCAGATATACGC
#9 forward G
GAGTCAGTGAGCGAGGAAGCCCATAGAGCCCACCGCATC
#10 reverse c
TGTTCGAAGGGCCCTCTAGATCAAGCCTGAGTGACCAGGG
#68 reverse GCC
Reverse
#198 TTGTTCGAAGGGCCCTCTAGCTAGGGGGACAGGGAAG
#201 forward TAAGAAGGAGATATACCATGGAAGCAGCAGTCG
#302 forward CATCTGGTCACTTCTAAAGGAGATAAAGAGC
4303 reverse CATCTGGTCACTTCTCATGGAGATCATGAGCTCAGGACTG
GTCATGAGCATGTCACCTCTGGTAGCACAACC
#304 forward CCTTTAGAAGTGACCAGATGTTCTGTGTGGTACTCTC
#305 reverse CCATGAGAAGTGACCAGATGTTCTGTGTGGTACTCTC
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Figure S3: Analysis of recombinant Fbg expression in CHO cells. (A) SDS-PAGE (5-12%) WT-rFbgi
after the first purification using AiEx (B) Ser-rFbgi after the first purification using AiEx.
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Figure S4: SDS-PAGE analysis of the expression of rFbg, His-rFbg and Ala-rFbg. (A) SDS-Page of WT
rFbg: M: Marker; 1: rFbg reduced; 2: rFbg non-reduced. (B) SDS-PAGE of rFbg variants: M: Marker; 1:
His-rFbg non-reduced; 2: Ala-rFbg non-reduced. (C) SDS-PAGE of rFbg variants: M: Marker; 1: His-
rFbg reduced; 2: Ala-rFbg reduced.

120



Chapter 4: Molecular Engineering of Fibrinogen for Improved Stability towards Plasmin

7 Degradation

10 20 30 40 50 60 70 80 90 100
MSWSLHPRNLILYFYALLFLSSTCVAYVATRDNCCILDERFGSYCPTTCGIADFLSTYQTKVDKDLOSLEDILHQVENKTSEVKQLIKAIQLTYNPDESS

110 120 130 140 150 160 170 180 190 200
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210 220 230 240 250 260 270 280 290 300
NQOFLVYCEIDGSGNGWTVFQKRLDGSVDFKKNWIQYKEGFGHLSPTGTTEFWLGNEKIHLISTQSAIPYALRVELEDWNGRTSTADYAMFKVGPEADKY

310 320 330 340 350 360 370 380 390 400
RLTYAYFAGGDAGDAFDGFDFGDDPSDKFFTSHNGMQFSTWDNDNDKFEGNCAEQDGSGWWMNKCHAGHLNGVYYQGGTYSKASTPNGYDNGI IWATWKT

410 420 430 440 450
RWYSMKKTTMKIIPFNRLTIGEGQQHHLGGAKQVRPEHPAETEYDSLYPEDDL

B WT-Fbg

H His-rFbg

l Ala-rFbg

Sequence Coverage:

His-rFbg: 45.38%

Ala-rFbg: 45.37%

Figure S5: NanoLC-MS/MS analysis of rFbg, His- and Ala-rFbg y-chain after plasmin digest.
Suggested modifications are highlighted in light green (WT- and His-rFbg) or dark blue (Ala-rFbg).
Opposing colors of peptide fragments to the normal coloring scheme (Black — Green; Blue — Green,

Red — Purple) are the result of the selection of the respective fragments in the software.
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1 2 30 40 50 60 7 8 % 100
MSWSLHPRNLILYFYALLFLSSTCVAYVATRDNCCILDERFGSYCPTTCGIADFLSTYQTKVDKDLQOSLED ILHQVENKTSEVKQLIKAIQLTYNPDESS

110 120 130 140 150 160 170 180 190 200
KPNMIDAATLKSRKMLEEIMKYEASILTHDSSIRYLOEIYNSNNQKIVNLKEKVAQLEAQCQEPCKDTVQIHDITGKDCQDIANKGAKQSGLYFIKPLKA

2i0 230 210 240 2&0 2_60 210 280 2_90 300
NQOFLVYCEIDGSGNGWIVFQKRLDGSVDFKKNWIQYKEGFGHLSPTGTTEFWLGNEKIHLISTQSAIPYALRVELEDWNGRTSTADYAMFKVGPEADKY

310 320 330 340 350 360 370 380 390 400
RLTYAYFAGGDAGDAFDGFDFGDDPSDKFFTSHNGMQFSTWDNDNDKFEGNCAEQDGSGWWMNKCHAGHLNGVYYQGGTYSKASTPNGYDNGI IWATWKT

410 420 430 440 450
RWYSMKKTTMKIIPFNRLTIGEGQQHHLGGAKQVRPEHPAETEYDSLYPEDDL

H His-Fbg

H Ala-rFbg

B WT-rFbg

Figure S6: NanoLC-MS/MS analysis of rFbg, His- and Ala-rFbg y-chain after plasmin and subsequent
ProAla digest. Suggested modifications are highlighted in light green (His- and Ala-rFbg) or dark blue
(WT-rFbg). Opposing colors of peptide fragments to the normal coloring scheme (Black — Green; Blue

— Green, Red — Purple) are the result of the selection of the respective fragments in the software.
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Figure S7: NanoLC-MS/MS analysis of WT-Fbg, His- and Ala-rFbg a-chain after plasmin digest.
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Suggested modifications are highlighted in light green (WT-Fbg- and His-rFbg) or dark blue (Ala-rFbg).
Opposing colors of peptide fragments to the normal coloring scheme (Black — Green; Blue — Green,

Red — Purple) are the result of the selection of the respective fragments in the software.
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10 20 30 40 50 60 70 80 90 100
MFSMRIVCLVLSVVGTAWTADSGEGDFLAEGGGVRGPRVVERHQSACKDSDWPFCSDEDWNYKCPSGCRMKGLIDEVNQDFTNRINKLKNSLFEYQKNNK

110 120 130 140 150 160 170 180 190 200
DSHSLTTNIMEILRGDFSSANNRDNTYNRVSEDLRSRIEVLKRKVIEKVQHIQLLOKNVRAQLVDMKRLEVDIDIKIRSCRGSCSRALAREVDLKDYEDQ

20 220 230 240 250 260 270 280 20 300
QKQLEQVIAKDLLPSRDRQHLPLIKMKPVPDLVPGNFKSQLQOQKVPPEWKALTDMPOMRMELERPGGNEITRGGSTSYGTGSETESPRNPSSAGSWNSGSS

310 320 330 340 350 360 370 380 390 400
GPGSTGNRNPGSSGTGGTATWKPGS SGPGSTGSWNSGSSGTGSTGNONPGS PRPGSTGTWNPGSSERGSAGHWTSES SVSGSTGQWHSESGSFRPDSPGS

410 420 430 440 450 460 470 480 490 500
GNARPNNPDWGTFEEVSGNVSPGTRREYHTEKLVTSKGDKELRTGKEKVTSGSTTTTRRSCSKTVTKTVIGPDGHKEVTKEVVTSEDGSDCPEAMDLGTL

510 520 53 S0 550 860 570 580 590 600
SGIGTLDGFRHRHPDEAAFFDTASTGKTFPGFFSPMLGEFVSETESRGSESGIFTNTKESSSHHPGIAEFPSRGKSSSYSKQFTSSTSYNRGDSTFESKS

610 620 60 60 650 660 670 680 60 700
YKMADEAGSEADHEGTHSTKRGHAKSRPVRDCDDVLQTHPSGTQSGIFNIKLPGSSKIFSVYCDQETSLGGWLLIQQRMDGSLNFNRTWQDYKRGFGSLN

710 720 730 740 750 760 770 780 790 800
DEGEGEFWLGNDYLHLLTQRGSVLRVELEDWAGNEAYAEYHFRVGSEAEGYALQVSSYEGTAGDALIEGSVEEGAEYTSHNNMOFSTFDRDADQWEENCA

810 820 830 840 850 860
EVYGGGWWYNNCQAANLNGIYYPGGSYDPRNNSPYEIENGVVWVSFRGADYSLRAVRMKIRPLVTQ

l His-Fbg
H Ala-rFbg
B WT-rFbg

Figure S8: NanoLC-MS/MS analysis of WT-Fbg, His- and Ala-rFbg a-chain after plasmin and
subsequent ProAla digest. Suggested modifications are highlighted in light green (Ala- and His-rFbg) or
dark blue (WT-Fbg). Opposing colors of peptide fragments to the normal coloring scheme (Black —
Green; Blue — Green, Red — Purple) are the result of the selection of the respective fragments in the

software.
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Figure S9: NanoLC-MS/MS analysis of WT-Fbg, His- and Ala-rFbg B-chain after plasmin digest.
Suggested modifications are highlighted in light green (WT-Fbg- and His-rFbg) or dark blue (Ala-rFbg).
Opposing colors of peptide fragments to the normal coloring scheme (Black — Green; Blue — Green,

Red — Purple) are the result of the selection of the respective fragments in the software.
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Figure S$10: NanoLC-MS/MS analysis of WT-Fbg, His- and Ala-rFbg B-chain after plasmin and
subsequent ProAla digest. Suggested modifications are highlighted in light green (WT-Fbg- and His-
rFbg) or dark blue (Ala-rFbg). Opposing colors of peptide fragments to the normal coloring scheme
(Black — Green; Blue — Green, Red — Purple) are the result of the selection of the respective fragments
in the software.
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Figure S$11: NanoLC-MS/MS analysis of the in-gel digest of His-rFbg a-chain.
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Figure $12: SDS-PAGE analysis of the expression of His-rFbg432 and His-rFbg5xKtoH. M: Marker; 1:
His-rFbg432 non-reduced. 2: His-rFbg432 reduced. 3: His-rFbg5xKtoH non-reduced. 4: His-rFbg5xKtoH
reduced.
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Figure $13: Screening of different inhibitors for the expression of rFbg. (A) SDS-PAGE of Fbg incubated
with ExpiCHO™ cell supernatant and different inhibitors after 2 h: M: Marker; 1: Fbg 2: Fbg + PMSF 3:
Fbg + Aprotinin; 4: Fbg + EDTA; 5: Fbg + 1,10 Phenanthroline; 6: Fbg + GM6001; 7: Fbg + UK 370106;
8: Fbg control. (B) SDS-PAGE of Fbg incubated with ExpiCHO™ cell supernatant and different inhibitors
after 14 h: M: Marker; 1: Fbg 2: Fbg + PMSF 3: Fbg + Aprotinin; 4: Fbg + EDTA; 5: Fbg + 1,10
Phenanthroline; 6: Fbg + GM6001; 7: Fbg + UK 370106; 8: Fbg control.
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Figure S14: NanoLC-MS/MS analysis of the in-gel digest of His-rFbgK432 a-chain with the addition of
UK 370106 during production.
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Figure S$15: NanoLC-MS/MS analysis of (A) His- and (B) Ala-rFbg y-chain after plasmin digest.
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8. Materials & Methods

All the individual chapters (1-4) include their own material and methods segment in the main
text or in the supporting information (Sl). There are no other materials & methods that were
used outside the ones stated in the chapters.
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9. Discussion & Outlook

Due to the vast progress in material as well as biomedical and pharmaceutical sciences over
the last decades, the form, role, and value of hydrogels changed drastically. While hydrogels

* 27 nowadays so-called smart

were initially used mainly as implants or contact lenses
hydrogels, designed with unique properties including self-healing'’, conductive'®® or shape-
memory behaviour'®, are being developed. These approaches paved the way for new
applications in entirely different fields ranging from drug delivery, biotechnology and tissue
engineering to the microelectronics sector.?® %165 The selection of the polymers is as diverse
as the applications themselves comprising a multitude of different synthetic and natural
polymer classes. The choice depends on many different factors and can have a huge impact
on the performance of the material and the application. However, there is no holistic solution
for all the different areas and fields that need to be addressed. Hence, there is still a need for
more suitable systems for the multitude of unique approaches, emphasizing the importance

for the development of novel and sophisticated hydrogels.

This work focused on the development and improvement of hydrogel systems for three
different areas of biomedical research — biofabrication, drug delivery and wound sealants —
based on the synthetic polymer classes of poly(2-oxazoline)s and poly(2-oxazine)s as a
versatile alternative to current bioinks such as PEG, as well as the protein Fbg — the current

gold standard in wound sealants.®

9.1 Thermogelling POx/POzi Hydrogels for Drug Delivery and

Biofabrication

Over the last decade the field of biofabrication has gained increasing attention due to the
advantages such as the possibilities of generating more complex 3D tissue models or the
future generation of tissue transplants (See Introduction, Chapter | and Il). However, there
is still the need for new functional and fitting bioinks besides the currently used systems like

PEG to further push the progress and development in this field.'®” 1%

One class that has generated interest in this regard is the class of poly(2-oxazoline)s.'®®
Recently, a physical thermogelling hydrogel based on a diblock copolymer PMeOx-b-PnPrOzi
was developed that shows promising properties for an application as a bioink including
cytocompatibility and a pronounced shear thinning behavior. However, its use especially in
long-term 2D or 3D cell culture is limited due to the physical gelation mechanism which leads

to the dissolution of the scaffolds in aqueous solutions.*® Nonetheless, there is a multitude of
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different modification strategies that can be applied to modify and enhance polymer properties

such as long-term stability or the bioactivity.

We used this approach to incorporate chemical crosslinking to facilitate a dual gelation
mechanism resulting in long-term stability of the hydrogels. We introduced furan and/or
maleimide moieties to the polymer backbone establishing chemical crosslinking via Diels-Alder
chemistry. The modification did not have a negative effect on the printability of the polymer.
Furthermore, chemical crosslinking facilitated long-term stability in aqueous solutions without
the addition of further components to the system enabling a use of this system in cell culture.
In a next step, we incorporated RGD-peptides into the POx/POzi hydrogels which resulted in
cell adhesion of fibroblast cells on the top of the gels.

However, there is still need and room for improvement and development for this system. One
of the most crucial points is the crosslinking kinetics of the Diels-Alder chemistry. Especially
for more complex printing experiments that require a longer time frame, the onset of chemical
crosslinking during the printing process could lead to uneven printing, higher sheer stress for
the cells or clogging of the syringe. To tackle this problem, different printheads that allow the
mixing of the two components directly at the extrusion of the hydrogel could be used preventing
premature crosslinking during the printing process. Another area for potential improvement of
the bioink is the printability. Recently, it has been shown that the addition of a nanoclay
improves the printability of the basic PMeOx-b-PnPrOzi hydrogel by improving the yield
point."? Despite this improvement, this system was not applicable in long-term cell culture due
to the lack of chemical-crosslinking. However, a combination of nanoclay with the furan and
maleimide modified hydrogel platform could drastically improve the printability of the system
while retaining form and stability in cell culture. Lastly, due to the small pore size of the cross-
linked hydrogels no cell adhesion was visible inside the gels in 3D cell culture despite the
incorporation of RGD-motifs. By using cleavable peptide linkers, e.g., matrix metalloprotease-
sensitive peptide sequences, the mesh size of the polymer network could be adjusted after
printing, either by the addition of exogenous proteases or the expression of endogenous

protease from the cells, thereby creating their own niche.

Another potential application of the PMeOx-b-PnPrOzi system is the sustained and targeted
delivery of biological cues both in drug delivery for patients as well as in biofabrication for the
maturation of cells post-printing. Recent advances in science have led to a huge variety of
different new therapeutics. However, often conventional drug dosing forms can result in severe
off target effects or limit the efficacy of those drugs. Hence, there is a need for novel drug
delivery systems to overcome these challenges. Hydrogels have been used for drug delivery

for decades due to their unique properties including high water content and ability to
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incorporate drugs. These properties are further enhanced by the emerging technique of 3D

printing which enables the development of more complex 3D structures and patterns that can
tune the release of drugs according to specific applications." They can facilitate spatial and
temporal control over the release and thereby, e.g., increase the bioavailability of drugs at the
site of action while reducing off target effects.®” 12172173 Dye to its thermoresponsive behavior,
printability, and its chemical versatility, the PMeOx-b-PnPrOzi polymer is a promising
alternative to other widely used polymers such as PEG and a candidate for the incorporation
and delivery of biologics such as growth factors. Using a different modification approach, we
introduced an omega-chain-end DBCO functionality to the polymer. After that, we coupled
IGF-1, an U.S. FDA approved growth factor'’*, site-specifically to the polymer by applying both
a bioinspired enzymatic and a biorthogonal conjugation using an MMP-sensitive peptide linker.
By using this approach, we showed that receptor binding and, therefore, bioactivity of IGF-I
are not impaired by the linker or the polymer. Furthermore, the polymer-drug conjugate could
be printed, and IGF-I was released by MMPs from the hydrogel. We were also able to print
IGF-PSL-POx with spatial control over its distribution inside the 3D scaffold.

This starting point offers different opportunities for future studies and developments. IGF-I has
been previously shown to have positive effects on cardiac cells including differentiation of
cardiac progenitor cells, revascularization, proliferation or cell survival.">"" This is why
injectable scaffolds loaded with IGF-I have recently gained interest in the field of cardiac tissue
engineering.'” Therefore, the here presented IGF-I delivery system could be tested for a
potential use in cardiac tissue repair. Moreover, reduced levels of IGF-lI have also been
connected to impaired wound healing, e.g., in diabetic wounds.'”® The IGF-POx-b-POzi
hydrogel system could be developed as wound sealant for the simultaneously delivery of
essential growth factors for wound closure and regeneration directly at the target site. Another
possible application is the use of the presented hydrogels for cartilage tissue regeneration
during diseases such as osteoarthritis. IGF-I has been shown to enhance chondrocyte
proliferation and has been investigated for cartilage repair and tissue engineering before.'®
'8 However, there is still a lack of suitable systems for the controlled delivery of IGF-I at the
target site for cartilage repair.”®' The IGF-I-loaded hydrogels described here, could be applied
directly at the side of interest via injection or as transplant and release IGF-I in controlled
manner due to increased MMP levels. Furthermore, the delivery of IGF-I could be used in the
field of tissue engineering and biofabrication for the targeted delivery of much needed
biological cues during the maturation process.

In addition, the structure of the printed scaffold has a huge influence on the release profile of
the drug due to both the diffusion of the proteases in the hydrogel as well as the diffusion of

the target protein drug out of the hydrogel.'®* '® The mesh size of polymer networks strongly
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influences the diffusion process of proteins inside the hydrogel.'® By varying different

parameters such as weight percentage of the polymer, crosslinking degree as well as kinetics,
the changing release profile could be studied and adapted depending on target applications.
In addition, no release from more sophisticated printed POx-constructs was tested as of right
now. Therefore, complex structures should be printed to investigate the influence of 3D
structures and the spatial control over the drug distribution on the drug release. Moreover, the
different modifications — maleimide or furan together with DBCO - could be introduced to
PMeOx-b-PnPrOzi polymer reducing the components of the system and open up new
possibilities for applications, e.g., in biofabrication.

At the moment, the system has only been tested for the model protein IGF-I. To improve and
test the versatility of this approach, different proteins could be coupled to the polymer in further
studies. Different proteins such as bone morphogenic protein 2 (BMP-2), a growth factor that
plays an important role in bone and cartilage development and regeneration'®® ¥ have
intrinsic transglutaminase (TG) binding sites'®” and could be incorporated into the hydrogel by
using the same approach as for IGF-I. Furthermore, molecular engineering can be applied to
modify other biologics without an intrinsic TG-responsive site. Recently, a factor Xllla
recognition site was introduced at the C-terminus of miIL-4 for the site-specific conjugation to
different polymers including poly-(2-ethyl-2-oxazolin).2® Another promising approach is amber
codon expansion which has been used, e.g., to incorporate unnatural AAs into interferona-2a
for a subsequent site-specific coupling to different polymers without affecting its biological
activity.” Both possibilities could be used to attach a variety of different proteins to PMeOx-b-
PnPrOzi polymer to further expand the current toolbox.

Applying these concepts for different proteins open up the opportunity for the simultaneous
incorporation of different proteins or drugs into the hydrogel network, enabling co-delivery of
different drugs. Co-administration of dual drugs with synergistic effects has recently gained
interest, especially in the field of cancer research. The co-delivery of two different drugs can
be an important tool to tackle problems like multi-drug resistance of tumor cells which highly
restricts adequate cancer treatment.'®® This concept could also be applied in the field of
biofabrication using the targeted delivery of different biological cues in separated

compartments for the stimulation and maturation of different cell types.

9.2 Development of Improved Fibrin Sealants for Wound Closure

The last part of this work focuses on the development and improvement of another hydrogel
that has been of interest for years due to its application in hemorrhage control — the current
generations of fibrin wound sealants. Alongside the rising population world-wide, the number

of hundreds of million surgeries performed each year will only increase.®* However, these
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surgeries not only lead to increased morbidity and mortality®> '8, but also contribute to

enormous costs for our entire healthcare system.' '®" Today, there is a huge variety of
different devices available for surgeons to control major bleeding such as sutures and clips,
but also tissue sealants, adhesives, and hemostats. Especially the latter group has been
emerging as a valuable addition to the toolbox with increasing interest in the development of
novel wound sealants.®” Potentially the most important material in this group is fibrin. This is
also reflected by the approval of fibrin-based products as hemostat, sealant and adhesive —
the only material thus far.’” However, there are still several shortcomings that limit the more
widespread use of fibrin-based materials. One of the biggest problems in this regard is the fast
in vivo resorption of the sealant due to the endogenous protease plasmin.®® In the current
generation of fibrin sealants this issue is typically addressed by the addition of the protease
inhibitor aprotinin.'*'% However, the addition of aprotinin entails the possibility for allergic
reactions.'>'%" We used molecular engineering in order to impair plasmin cleavage of Fbg by
exchanging targeted AA in plasmin cleavage sites in the protein. Furthermore, we created a
mammalian expression vector containing the genes for the three different Fbg chains — a, -
and y. We showed that the AA exchange in different parts of the protein, a-helical and globular
part, did not affect protein expression. We were also able to detect qualitatively that the AA
exchange from K to H/A did limit plasmin cleavage efficiency of targeted sites. In combination
with the presented time-dependent screening method, this approach might be used for the
production of fibrin sealants with increased stability towards plasmin degradation in the future.
These findings open up a variety of different possibilities for further experiments and studies
that have to be performed hereafter. First, as already mentioned above, both the plasmin
cleavage efficiency after AA exchange as well as the time-dependent screening were
performed qualitatively. Therefore, these experiments and results must be repeated and
confirmed for the quantification of the data. Next, gel formation of the rFbg variants must be
tested in order to verify the full bioactivity. In addition, the influence of the currently inserted
mutations on the plasmin cleavage of fibrin networks has to be evaluated. Potentially, new AA
exchanges must be performed to measure an impact of these mutations on the long-term
stability of the gels. There are different approaches that could potentially be applied. By
eradicating each plasmin cleavage site from one chain, e.g., the y-chain, one complete strand
of Fbg could be preserved and lead to increased stability of the fibrin network over a longer
period. The y-chain is a promising candidate as it has the lowest number of plasmin cleavage
sites (Chapter IV) and additionally facilitates factor XlIl dependent intermolecular crosslinking,
thereby potentially enhancing the stability of the network.'®® '*® A second method is the
selection of AA that are presented on the surface of the protein. These residues tend to be

more susceptible and accessible for protease cleavage. In this setup it would be interesting to
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investigate the influence of the location of the mutations on plasmin cleavage in general.

Another approach is the use of the presented time-dependent screening method for the
selection additional residues for further AA exchanges. By deleting plasmin cleavage sites that
are cleaved directly at the beginning of the degradation process, the onset of mechanical
breakdown of the fibrin gels could be delayed. Additionally, it is interesting to analyze the
maximum number of AA that could be exchanged without affecting the structure of the protein,
its bioactivity, the structure of the clot as a whole or its mechanical properties.

In the current generation of fibrin sealants, Fbg is used in concentration of up to 106 mg/ml."%?
Therefore, another important point is the optimization of the protein expression in Chinese
hamster ovary (CHO) cells to maximize the protein yield and reduce production costs for a
potential use as wound sealant. The most promising approach in this regard is the
establishment of a high-level stable expression cell line. While transient expression systems
as described in this work are more adaptable and beneficial for basic research and screenings,
stable cell lines allow high-level expression of targeted proteins under controlled conditions
without the need of transfection agents. Therefore, establishing a high-level expression cell
line for the most promising Fbg versions would be ideal for further potential in vivo studies in
the future.

Lastly, a way to improve future generation of fibrin sealants is the incorporation of biological
cues to enhance hemostasis and tissue regeneration. Fbg contains several TG responsive
sequences or other binding domains such as heparin binding domains that can be used for
growth the incorporation of growth factors.?%2%2 As already described above, TG-responsive
peptide sequences could be incorporated into biological moieties for the covalent attachment
to the fibrin network. Still, this approach is limited to the existing binding domains and
sequences in the protein. By incorporating unnatural AA into the protein using amber codon
expansion, biological moieties could be site-specifically coupled to Fbg through biorthogonal

conjugation methods.

In conclusion, the emergence and development of novel biomaterials especially over the last
centuries has led to groundbreaking products that contributed to our current lifestyle, e.g., in
form of implants or for advances in research and science. However, as a result of the
constantly rising number and age of the population and the associated health issues, new
innovations and approaches in the field of biomaterials will be needed in the future for a
multitude of different biomedical areas. In this thesis, a highly versatile hydrogel platform was
developed that can be used in multiple areas such as biofabrication as well as drug delivery
and can be adapted depending on target applications. Furthermore, a novel approach was

deployed to further enhance stability of fibrin sealants towards plasmin degradation, that can
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help in the future to prolong the hemostatic effect of the sealants and thereby expand their

current usage in clinics.
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