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Chapter 1

INTRODUCTION AND MOTIVATION OF THE THESIS






Chapter 1

The field of tissue engineering (TE) aims to avoid the problems of organ transplantation or
even reduce the need for organ replacement by enhancing or maintain tissues and organs
before a terminal organ failure [1]. The development of TE started in the 1970’s with the
transfer of keratinocyte sheets onto patients suffering from burn injuries [2]. TE combines
the aspects of medicine, cellular and molecular biology, material science and engineering [3].
The association of all these fields enables scientists to develop natural, synthetic, or
semisynthetic tissues which can grow into the required functionality by using expanded cells
from the patients [4-6]. Therefore, a central aspect of tissue engineering is the use of three-
dimensional scaffolds, which should mimic the extra cellular matrix (ECM) in the human
body [6]. The ECMs of different tissues all possess a tissue dependent dynamic structure and
support the cells to maintain tissue architecture and function by providing a proper structural
and mechanical environment. At the same time, the ECM should allow cells to migrate,

restructure and degrade this microenvironment to release signaling molecules.

Main components of the natural ECM are various biopolymers, such as collagen, hyaluronic
acid (HA) or fibrin [7]. As materials from biological origin, biopolymers can be found in all
types of living organisms, such as bacteria, algae, plants, or animals. The advantages of most
biopolymers are their immanent biocompatibility and biodegradability. They are also known
to be ecofriendly as renewable raw materials. In contrast to defined synthetic polymers they
often have a much higher batch-to-batch variability, depending on the source and the culture
conditions they were produced [8]. Additionally, most biopolymers usually need secondary
chemical modifications to form stable ECM mimicking hydrogels, since they don’t provide an
accurate mechanical stability themselves [9], which would be essential for a long term

culture of cells on these substrates.

To further adjust and prepare materials or 3D scaffolds specific for each patient and
application site, the selection of a proper 3D fabrication technique is of utmost importance
to also fulfill the structural prerequisites of the intended replacement tissue. To achieve
hierarchical constructs containing cells and biomaterials, different biofabrication techniques
are used to provide better tissue constructs than before. Groll et al. specified this new
“technology of biofabrication that uses cells and materials as building blocks, which is mainly
used for TE and regenerative medicine (RM) applications” [10]. Nowadays, especially the 3D

bioprinting of hydrogels as a biofabrication technique is used to generate the desirable larger
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3D printed constructs. But still, also this established technique needs continuous adjustment

depending on the used biomaterial and is not suitable for all available hydrogel systems.

This thesis aims to establish new biopolymer-based hydrogel systems for TE as well as
biofabrication applications. The biopolymers hyaluronic acid (HA) and gelatin were chosen
due to their well-known chemical structures and biocompatibility. The thesis mainly focuses
on the development of new synthesis paths for modification of HA and gelatin to obtain
crosslinkable hydrogel precursors. The resulting hydrogel systems based on the synthesized
biopolymer derivatives are investigated regarding their material properties, their

biocompatibility, and the possibility to use them in TE applications such as 3D bioprinting.

Chapter 2 provides an overview and deeper insight in the state of knowledge relating to this
thesis. First, applications and general principles of biofabrication are introduced. Afterwards,
this chapter focuses on the specific 3D fabrication techniques for hydrogels, the
requirements for the used materials and processing techniques for hydrogels. In the end,
both used biopolymers (HA and gelatin) are introduced in their chemical constitution,
crosslinking mechanism for hydrogel formation and the challenges while working with these

biopolymers are described.

The aim of chapter 3 was to establish an alternative synthesis pathway for oxidized HA
besides the very common oxidation reaction using sodium periodate (NalOs). Here, the
oxidation with TEMPO/TCC as oxidation reagents and the investigation of the resulting
oxidized HA is described. Hydrogel formation was performed using adipic acid dihydrazide
(ADH) and the hydrogels were examined with respect to their material properties,

biocompatibility and chondrogenic potential using mesenchymal stem cells (MSCs).

Chapter 4 deals with a novel synthesis pathway of ene-functionalized gelatin derivative for a
subsequent thiol-ene crosslinking reaction. The substitution with pentenoic acid (PA) via its
N-hydroxy succinimide (NHS) ester resulting in pentanoate functionalized gelatin (GelPA) is
investigated systematically with respect to reaction conditions and reproducibility. Material
properties of GelPA were investigated and the hydrogel formation was accomplished using
thiolated 4-arm-star-PEG (sPEG) using tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate
(Ru) and sodium persulfate (SPS) as visible light initiator system. The influence of irradiation

time on mechanical properties was examined. 3D printing was performed using an extrusion-
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based 3D printer and adaptation of the printing temperature to enable 3D biofabrication

with three different hydrogel concentrations.

In chapter 5, further investigations with the hydrogel system developed in chapter 4 were
performed depending on the concentration of the used initiator system. Additionally,
chondrogenesis was studied using a GelPA-sPEG hydrogel system and 3D printing with three
different concentrations of MSCs was accomplished to examine the influence of cell

concentration on the cell viability in the different bioinks.

Chapter 6 describes the results of chapter 3, 4 and 5 in an interrelated concluding discussion,

giving insight of possible future perspectives.

The summary of this thesis is written in Chapter 7 in English and German language.






Chapter 2

THEORETICAL BACKGROUND AND STATE OF KNOWLEDGE






Chapter 2

2.1 Biofabrication and tissue engineering: Principles and

applications

The term “biofabrication” has been used in many scientific fields to describe completely
different processes and circumstances [11,12]. For TE and RM applications, Groll et al.
defined biofabrication as “the automated generation of biologically functional products with
structural organization from living cells, bioactive molecules, biomaterials, cell aggregates
such as micro-tissues, or hybrid cell-material constructs, through Bioprinting or Bioassembly
and subsequent tissue maturation processes” [10]. They described also for TE and RM,

biofabrication can be divided into two approaches, which is bioprinting and bioassembly

(Figure 1).
Biofabrication in TE and RM TE and RM
Biofabrication Bioprinting Bioassembly il Uz In situ TE
. - Cells and factors )
direct spatial automated Implantation  cell
are seeded on .
arrangement of  assembly of cell - of tissue  therapy
. ) - matrices . .
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- Biotechnology ~ 5 ival
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Figure 1: Interrelation between biofabrication and TE and RM. Natural processes, e.g.

biomineralization or technological processes in various disciplines, e.g. in catalysis, biotechnology and
others, are described with the term biofabrication, whereas TE and RM describes the use of living
cells with various approaches for regeneration processes. Biofabrication with applications within TE
and RM combines both disciplines and can be divided into two specifications as bioprinting and
bioassembly. Redrawn and information added from reference [10].

Bioprinting as one biofabrication technique enables the fabrication of 3D tissue constructs
with desired structures and shapes using additive manufacturing technologies [13,14]. These
constructs contain biomaterials with or without living cells, whereas biomaterials printed
without cells with subsequent cell seeding are defined as biomaterial inks and biomaterials
containing cells during printing process are defined as bioinks [15]. Bioprinting with respect
to its application in TE and RM ultimately aims to generate implantable tissues and organs

and thereby reduce the need of organ transplantation based on organ donations [16].
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However, the bioprinting of whole organs is still a vision and needs to face many challenges.
From the material and biological point of view, the right choice of materials, cell types,
growth and differentiation factors are crucial to achieve proper tissue mimicking properties.
From the technical aspect, the printing methods must also provide proper resolution and cell
viability [14,16,17]. All mentioned issues must be considered during design of a new printable
biomaterial ink or especially bioink since cell survival during the printing process is crucial for

the application as bioink.

Even 3D bioprinting is still only on laboratory level and was not used for implantations in
humans yet, it offers many possibilities for tissue and organ fabrication [18]. Therefore,
various tissue models, such as bone [19], heart [20], cartilage [21] and other organ tissues
[22-25] have been 3D printed in combination with synthetic polymers or biopolymers. One
main issue in all 3D bioprinting approaches is still the vascularization of the printed constructs
[26,27], even if vascular tissues have already been fabricated by extrusion [28,29], inkjet
[30,31] and laser-based bioprinting [32]. In 2019, Noor et al. successfully printed vascularized
cardiac patches by using personalized hydrogels with patients own cells and 3D printing into
a supporting medium [33]. However, they stated that the printing of blood vessels is still

limited.
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2.2 Hydrogels as biomaterials for 3D cell culture

2.2.1 Requirements for suitable hydrogels / bioinks

Hydrogels, whether formed with synthetic or natural polymers, are formed in order to mimic
extra cellular matrices by providing a biocompatible 3D cell environment for TE [34].
Therefore, many criteria must be considered for a successful design of new hydrogels for

application as bioinks [6,35].

Physical Parameters Biological Performance
e.g. degradation and Parameters
mechanics e.g. cell adhesion

Design Parameters
for Hydrogelsin TE
and Biofabrication

Chemical Parameters Parameters for 3D
e.g. mechanism of Bioprinting
gelling e.g. rheology

Figure 2: Design parameters for hydrogels with application in TE and biofabrication. Information
added from reference [6,35].

Four design parameters are crucial for a convenient and working hydrogel with application
in TE and biofabrication (Figure 2). The single parameters are explicated in detail in the

following chapters.

2.2.2 Biocompatibility

Cell culture in simple 2D environments differs tremendously from cell culture in 3D, such as
the native ECM or alternative 3D constructs [34]. Since many different hydrogels can be used
to imitate ECM, their biocompatibility is highly important to enable their application in TE or
other biomedical approaches [6,36]. The native ECM as a non-cellular component of tissues
provides structural support for cells [37,38] and facilitates many cellular processes such as
growth, migration, differentiation and morphogenesis [39,40]. Main components of the ECM
are, water [41], carbohydrate polymers like proteoglycans and hyaluronic acid [42,43], and
proteins such as collagen, elastin, fibronectin and laminin [44-47]. These components all have
their own task in the ECM, e.g. proteoglycans are responsible for buffering, hydration,

binding and force-resistant properties of the ECM, whereas collagen and fibronectin are
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important for tensile strength, regulation of cell adhesion, they support chemotaxis and
thereby a directed cell migration and accordingly the tissue development [38,48]. Still, the
composition of ECM depends on the functional requirements of the tissues [41]. All in all,
ECM is highly complex concerning its structure, its components (Figure 3) in proper

distributions and resulting functionality.

. . . . . . . . . . . . Epithelial cells
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Figure 3: Structure of ECM with main components proteoglycans, hyaluronic acid, collagen,
fibronectin, laminin and elastin. Fibroblasts, as presentable example of cells, secret ECM precursors
and reorganize the ECM. Redrawn and simplified from reference [38].

The design challenge for an artificial ECM is to fulfill, at least, some of the properties of the
natural ECM. The most crucial parameter for synthetic hydrogels with application as
factitious ECM is the essential biocompatibility, which should guarantee no rejection reaction,
e.g. caused by an inflammatory response or fibrous encapsulation [6]. The used polymers for
hydrogel formation can be of synthetic or natural origin [6,49] with the characteristic of an
excellent water absorption due to the formation of a stable 3D hydrophilic polymer network
[49]. Synthetic polymers offer a wide range of tunable properties, but they have many
disadvantages, such as the lack of intrinsic biological activity or adverse effects caused by
degradation products [50], which eliminate the biocompatibility of these materials. The
absence of active binding sites, for example in polyethylene glycol hydrogels, only provides
an inert an unphysiological environment for cells [51,52]. In contrast, biopolymers from
natural origin already have, with a few exceptions, biocompatible and biodegradable
properties [50]. Common biopolymers used as starting materials for hydrogel formation are
proteinogenic biopolymers, like collagen and gelatin [53-55], and/or polysaccharides, such

as hyaluronic acid, alginate and chitosan [56-58]. In general, only hydrogels with proper
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biological parameters, such as non-toxicity, are suitable to mimic natural ECM for

applications in TE and RM.

2.2.3 Mechanical properties

Natural ECM also provides mechanical and structural support for cells in tissues [59].
Different tissues have different demands on the structure, composition and mechanical
properties of the ECM [60]. For example, Young’s modulus of around 0.14 MPa, measured
with tensile extension, was reported for human pancreas [61], whereas for human brain 0.1-
1 kPa was referred [62]. For cartilage, compressive Young’s modulus was determined
between 0.24-0.85 MPa [63]. Thus, the natural mechanical strength should be considered
during the design of new hydrogel systems for the application in ECM-mimicking of specific
tissues. Especially for the chondrogenic differentiation towards cartilage regeneration, it is
desirable to develop hydrogels, which show similar mechanical properties than the natural

tissue [64].

For the fabrication of more complex shapes of hydrogels, the mechanical properties of the
used hydrogels are also important to obtain for example a shape fidelity after the fabrication
process [52]. Depending on the fabrication technique and hydrogel material used, hydrogels
undergo shear forces and achieve their final mechanical stability after the fabrication process
via post crosslinking or a secondary polymerization mechanism [65,66]. Until the material
reaches its final mechanical and structural strength, it must be able to keep its shape by
cooling for thermo responsive hydrogels [54], pre-crosslinking via enzymes or physical
crosslinking [66,67] or using a sufficiently high polymer content for the formation of stable

entangled physical hydrogels [52].

2.2.4 Rheological features

The viscosity of a bioink is not only important to avoid cell sedimentation and resulting cell
aggregation during printing, but also for proper printability [68]. Additionally, a high shear
stress can reduce cell viability of 3D printed cells [69,70]. To investigate the viscosity of a

material, its rheological properties need to be determined.

13



Chapter 2

There are two classifications of fluids: Newtonian or non-Newtonian liquids [68]. For
Newtonian liquids, shear rate and shear stress are linear related to each other. Polymer
solutions can either be shear thickening, for example aqueous corn starch solution [71], or
shear thinning (Figure 4A), for example a hyaluronic acid solution [72]. Shear thickening
behavior leads to increase of viscosity by increasing shear rate due to coalescence of colloids
[68] and this can lead to blockage of the needle during 3D printing. However, shear thinning
materials show the opposite behavior compared to shear thickening materials. Before
reaching a critical shear rate, the viscosity does not change considerably (first Newtonian
plateau, Figure 4B). When reaching the critical shear rate, the viscosity decreases
substantially due disentanglement and elongation of the polymer chains. Finally, the viscosity
attains the second Newtonian plateau, where all polymer chains are disentangled and
elongated (Figure 4B). Since the extrusion through a needle causes high shear rates and shear
stress especially at the edge of the needle and can lead to cell death [73,74]. Thus, shear
thinning behavior is desirable for materials used for 3D printing to minimize high shear stress

during extrusion process through needles.

Whereas the shear thinning behavior of a material is time independent, thixotropy is the
reversible decrease of viscosity over time induced by a constant shear rate or shear stress
[54,68,75]. If the shear rate or shear stress suddenly stops, the material should, especially
when used as bioink, achieve a rapid recovery of the entangled polymer network to ensure
shape fidelity after printing (Figure 4C) [68,75]. Thus, thixotropic materials with long recovery
time are limited for the application as bioink, particularly when multi-layered constructs are

aimed [68].
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Figure 4: Rheological properties depending on shear rate. (A) Flow curves of Newtonian and non-Newtonian
liquids with either shear thickening or shear thinning behaviors. (B) Shear thinning profile of a non-Newtonian
fluid with the first and second Newtonian plateau. (C) Change of viscosity of an ideal thixotropic material over
time. (D) Viscosity of high and low concentrated polymer solutions in dependency of shear rate. (A), (B) and (D)

are redrawn from and partially simplified from reference [68].

The viscosity and the shear thinning behavior of a polymer solution is also dependent from
the polymer concentration in the solution (Figure 4D). By increasing the polymer
concentration, the zero-shear rate viscosity also increases, whereas the critical shear rate
which initiate the shear thinning is reduced [76]. Still, it is known that high polymer
concentration in hydrogels can limit cell growth, migration and differentiation by reducing

diffusion of nutrients into the hydrogel network [51,52,77].

Hence, the challenge during design of a new hydrogel system is to ensure all three
requirements of biocompatibility, mechanical stability, and printability, which is certainly

depending on the subsequent application of the hydrogel. However, various other
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fabrication techniques have also been developed to process hydrogels, which are not
printable due to their unsuited material properties. Accordingly, the next chapter will

concentrate on the basic fabrication techniques for 3D processing of hydrogels.
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2.3 3D Fabrication of hydrogels

2.3.1 Processing of hydrogels

If the main chemical, physical and biological requirements for an artificial ECM are fulfilled,
the hydrogels can be processed to different 3D shapes which is preferential for the
subsequent application. Depending on the achieved mechanical and rheological properties
of the material, there are various fabrication possibilities for 3D hydrogels (Figure 5) or even
the usage for other applications such as injectable biomaterials for the delivery of cells or
drugs [78,79]. For 3D printable materials, methods such as inkjet, micro extrusion or laser-
assisted bioprinting can be used to generate hierarchical 3D structures [16,80]. Other much
simpler fabrication methods are film casting, which has been used with an alginate hydrogel
system [81]. The state of the art in this work will focus on the casting of hydrogels in
predefined molds, extrusion-based 3D printing and microgel fabrication to name fabrication
techniques which were used for the materials developed in this thesis and to propose an
alternative route how to generate 3D moldable hydrogels, which do not show proper

rheological properties.

Fabrication Techniques of Hydrogels

Casting Extrusion-based 3D Microgel Fabrication
Printing
High mechanical Shear thinning High mechanical
Y stiffness stiffness
—_— 9’;_41 Viscosity
g Q gJD High polymer Two component
B = E concentration Thixotropy hydrogel systems
c ¥ o
E T Very fast (withing Fast gelation after Fast gelation time
o seconds) to moderate printing

(~5 min) gelation time

Figure 5: Three main fabrication techniques of hydrogels with relevant material properties.
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2.3.2 Casting of hydrogels

Hydrogels with high mechanical stiffness, which can also be achieved by very fast gelation
time, need high printing pressure to be processed [82-84]. The increase of mechanical
strength often relates to increased polymer concentrations and thus an increase of viscosity
[85], which causes rise of the shear stress and consequently to more cell damage during
extrusion bioprinting. For these hydrogels, which show difficulties in printability or

maintenance of cell viability, the fabrication technique of casting is an applicable method.

With casting, special forms can be produced and the method can also be used for commercial
production. A very common product generated by a casting method called spin casting are
soft contact lenses [86]. Here, the shape of the contact lenses is formed by spinning of the
concave mold during polymerization of a silicon hydrogel mixture inside of the mold. Another
casting method to produce contact lenses is cast-molding, where the polymer mixture is
clamped between two molds during polymerization. Depending on the casting method,
Guryca et al. found differences between the surface morphology of the lenses by using
atomic force microscopy and cryo-scanning electron microscopy [86]. Casting of hydrogel
films is often a pre-stage to generate matrices for regeneration of tissues by subsequent
drying methods [87,88]. One technique is to cast hydrogel films in petri dishes and let them
air dry to receive a thin film. This technique has been used for chitosan-based hydrogels as
wound dressing matrix or silk fibroin-graphene oxide hydrogels with potential application in
TE [87,89]. Another technique for film casting is to cast the hydrogels into petri dishes
followed by treatment with other substance solutions to make the hydrogel insoluble, as
performed by Motta et al with fibroin hydrogels [88]. Before usage for cell culture, the films
were conditioned in PBS for 1 h at room temperature. Film casting of fast gelling HA
hydrogels was investigated by Luo et al. [90]. Therefore, they functionalized HA with adipic
acid dihydrazide to crosslink the product with PEG dialdehyde to load the hydrogel with drugs
before film casting. Other possibility for the fabrication of more complex structures is the
direct casting of hydrogels. Here, sacrificial templates are needed to specify the desired
structure. Zadeh et al. therefore used wax templates to receive complex geometries out of
cellulose hydrogels, where the wax template was removed by subsequent immersion of the
hydrogel-wax construct into a warm water bath to induce the melting of the wax [91]. For
the formation of a vascular network, Justin et al. used a multi casting approach in cellularized

hydrogels [92]. In the first step, the computer aided design (CAD) model vasculature was
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produced using thermoplastic models in support wax. After removing of the wax, the
vascular model was placed into a silicon chamber and then encapsulated with calcium
alginate hydrogels. After gelation of alginate, the model was removed by placing the silicon
chamber into hot water and washing of the channels with acetone afterwards. To enhance
the formation of alginate channels, a calcium chloride solution was injected into the vascular
network. After filling of the channels with gelatin, the alginate hydrogel was removed by
chelation of the crosslinking calcium ions to achieve the gelatin template which could be then
cast in a collagen hydrogel with or without cells. Especially the last two examples of hydrogel
casting show that complex structures can be generated by using a very simple stepwise
fabrication techniques without using expensive bioprinters or other sophisticated fabrication
setups. Regarding the material properties, the casting methods for hydrogels do not impose
high demands on the crosslinking time, physical or chemical crosslinking as well as
rheological requirements, which makes casting applicable to a wide variety of hydrogel

forming polymers.

2.3.3 Extrusion-based 3D printing

When a hydrogel fulfills the rheological requirements, such as proper viscosity and/or shear
thinning behavior, extrusion-based 3D printing can be used to fabricate 3D structures with
much higher complexity. During extrusion-based 3D bioprinting, hydrogel systems are
extruded through a nozzle by using pneumatic pressure or a piston driven system, first to an
almost planar 2D structure, which can be turned into sophisticated 3D structures by stacking
additional 2D layers on top of each other [14,80,93]. The design of these structures can be
realized by CAD techniques and slicing of the 3D structure in several printable layers [94].
The achievable resolution of the printed geometries is mainly limited by the nozzle diameter
and other printing parameters, such as the printing pressure and printing speed, and is highly
dependent on the used hydrogel properties, such as its viscosity and shear recovery [95-97].
Additionally, the possibility to print multi-material architectures by using multiple nozzles
can further enhance complexity of printed constructs [98]. A broad range of hydrogels as
bioinks is already used for this approach [8,13,85,93,99]. Still, the best suited hydrogels are
those with shear thinning and fast thixotropic behavior or thermo-responsive properties to

maintain good printability and shape fidelity after printing, which is achieved by a secondary
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post-crosslinking in most cases [68,93,99]. Concurrently, when the technique is used for
bioprinting, cell viability depends on the necessary printing pressure, since high shear stress
during the extrusion causes cell damage [70,94], and the applied post printing crosslinking

mechanism can furthermore be detrimental to cell survival.

pneumatic

~n
¢
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1

Figure 6: Two common mechanical systems for extrusion-based 3D printing: pneumatic (left) and
piston driven (right). Redrawn and simplified from reference [14].

For bioinks, synthetic and natural based polymers, or the combination of both, have been
used. Miller et al. synthesized diacrylated Pluronic as material for hydrogels which were
used for successful extrusion-based 3D printing of bovine chondrocytes [100]. The
combination of synthetic and natural polymers as bioinks was demonstrated by Stichler et al.
[101]. Unmodified high molecular weight hyaluronic acid was added to a precursor solution
with allyl and thiol functionalized poly(glycidol) to increase the viscosity but still maintain
shear thinning behavior during printing. The encapsulation of human bone marrow-derived
mesenchymal stem cells (hBMSC) showed cell viability around 79 %. Most common materials
used as bioinks are biopolymers, such as polysaccharides (alginate, hyaluronic acid, chitosan)
[65,102,103], proteinogenic polymers (collagen, gelatin and silk fibroin) [104-106] or the
combination of at least two biopolymers [107-109]. The importance of biopolymers for the

application as bioinks will be discussed later in the material part of state of the art.

2.3.4 Microgel fabrication

Hydrogels with fast gelation and high mechanical strength after gelation are not suitable for

extrusion-based 3D printing [110]. These are normally cast as bulk hydrogels as already
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mentioned in chapter 2.3.2. Additionally, hydrogels with precursor solutions of low viscosity
also impede 3D printing [111]. However, fabrication of microgels offers an opportunity to
improve the injectability and printability of those hydrogels [112]. Microfluidics, for example,
is an emerging method for microgel fabrication. Here, droplets of the aqueous hydrogel
precursor solutions are formed within a continuous oil phase in a microfluidic chamber
(Figure 7) [112]. The polymer containing droplets are crosslinked during their fabrication
process and washed afterwards to receive microgels in size range of 5-1000 um [112-114].
This method is suitable for 2 component hydrogels, which can be mixed within the
microfluidic chamber with fast gelation time. Another method for hydrogels with a fast
gelation time is extrusion fragmentation, since crosslinked bulk hydrogels are “subsequently
partitioned into microscale components using mechanical force”, resulting in irregular
shaped particles from micrometers to millimeters [115]. The hydrogel microparticles (HMPs)
with particle sizes between 1-1000 um can be formed via other methods, such as batch
emulsion, emulsion, lithography or electrohydrodynamic spraying methods. With these
techniques, formation of droplets (emulsion and spraying techniques), spatial control of
HMPs with light from precursor solution (lithography) or the disruption of bulk hydrogels

(mechanical or extrusion fragmentation) are possible [112].
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Figure 7: Microfluidic (left) and Extrusion Fragmentation (right) for fabrication of microgels for
hydrogel systems with UV crosslinking mechanism. Reproduced and simplified from reference [115]
with permission from ACS Publications.

There are few advantages of HMPs. First of all, their size, which fits through thin needles,
allows a better shear thinning behavior between the particles due to the granular system and
thus enables minimally invasive intervention for cell or drug delivery [112,116]. Second, by
combining HMPs made from different hydrogels, cell types or other compositions, bioinks
with multiple components can be created [112]. A third advantage is the intentional

formation of a microporous structure (void spaces) which can improve and support cell
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proliferation and migration [117]. In summary, fabrication of HMPs can not only enable
printability of hardly printable materials, but also might increase better cell activity.

Therefore, HMP fabrication techniques should be kept in mind for the design of novel bioinks.
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2.4 Biopolymer-based hydrogels for tissue engineering applications

As already mentioned, biopolymers have, in comparison to synthetic polymers, many
advantages from the biological point of view, since most of them are biocompatible with
mammalian cells and furthermore biodegradable [8,118]. Biopolymers can be divided in four
classes (Figure 8): polysaccharides from various sources (e. g. alginate or starch from plants,
hyaluronic acid from animals), proteins (collagen/gelatin, elastin), polyesters (polylactid acid),
and specialty polymers (shellac, natural rubber) [119]. They can be all extracted from natural
origins and are formed under biological conditions by complex metabolic processes in
different organisms [8,120]. Thus, the sources for extraction of biopolymers are generally

renewable and sustainable [8,118].
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Figure 8: Classes of biopolymers: polysaccharides, proteins, polyesters and specialty polymers.
Information added from references [45,119,121-128]

Besides the well-known bioactivity of many biopolymers, most of them only show limited
mechanical stability as hydrogels as they are denatured during extraction [129-131].
Therefore, crosslinking of the biopolymers with themselves, other molecules or ions (e.g.
alginate) can again increase mechanical strength and improve the hydrogel stability [57,132-
134]. Fortunately, biopolymers generally contain various functional groups, which can be
easily chemically modified for subsequent physical or chemical crosslinking reactions to

compensate the poor mechanical properties and low structural stability in aqueous solutions
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[135]. For this work, hyaluronic acid (HA) and gelatin were chosen for functionalization
reactions, since both biopolymers are quite promising candidates for an application as

artificial ECM for TE or as bioinks [49,136].

2.4.1 Hyaluronic acid

Hyaluronic acid (HA) is a linear anionic polysaccharide, which can be found in all living
organisms as part of the connective tissue or in the vitreous humor and synovial fluid [137],
and was discovered in 1934 by Karl Meyer and John Palmer [138]. It can be extracted from
animal sources, such as rooster combs, or produced by different Streptococcus bacterium
species [139]. The structure of HA contains repeating disaccharide units of 8-1,4-D-glucuronic
acid-8-1,3-D-N-acetylglucosamine (Figure 9) [140-142] and can reach a molecular weight of
more than 10 MDa [143]. Depending on the molecular weight of HA, shorter chains in
aqueous solutions are extended, whereas high molecular weight HA chains are coiled [144].
Interactions between the HA chains occur already at low concentrations via hydrogen bonds
[144]. At higher concentrations, HA solutions are highly viscous but also shear thinning due
to dynamic breakage and formation of hydrogen bonds [144,145]. Still, even at high
concentration, HA solutions do not provide proper mechanical stability to mimic ECM
sufficiently [146]. Thus, HA generally needs crosslinking reactions to achieve sufficient
mechanical strength [146]. Fortunately, HA offers primary and secondary alcohols and acidic
group for substitution reactions (Figure 9) [141]. Even the N-acetyl group of the glucosamine
can be used for functionalization after previous deacetylation, but this can result in massive
degradation of HA via B-elimination of the glucosamine unit [147,148]. The functional groups
in HA are not only important for substitution reactions, but also function as binding sites for
HA-binding proteins, such as versican or CD44 [149-151]. As a biopolymer, natural
degradation of HA is processed enzymatically by hyaluronidase, B-D-glucuronidase and B-D-
N-acetylhexaminidase [140,152,153]. Chemically, HA can be degraded by pH mediated

hydrolysis or free-radical oxidation [154-156].
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Figure 9: Chemical structure of hyaluronic acid (left), containing acidic group (blue), primary (yellow)
and secondary (green) alcohol and n-acetyl (purple) groups, and the corresponding HA salt, sodium
hyaluronate (right). The repeating dimer unit consist of glucuronic acid and N-acetylglucosamine.
Information added from reference [140].

Due to its excellent biocompatibility and biodegradability, HA and its derivatives have been
used for cosmetical or medical approaches [157-159]. For cosmetic use, HA is applied in facial
creams or subcutaneous injections for wrinkle reduction [157,160]. Pavicic et al. showed that
wrinkle reduction efficacy of HA creams is dependent on its molecular weight and that low
molecular weight HA achieved much better results due to the still possible percutaneous
absorption [161,162]. The reduction of wrinkles can be further improved by direct injection
of HA based fillers and when complication appears during or after the treatment, it can be

easily corrected via injection of hyaluronidase [157,163].

In the human body, HA additionally plays a very important role as lubricant and “shock
absorber” to prevent mechanical damage in joints [164]. When arthritis of joints occurs, the
overall viscosity of HA solutions in the joints is decreased by reduction of molecular weight
as well as concentration of endogenously produced HA [165]. Thus, the injection of
exogenous HA to increase the viscosity and HA concentration in the synovial fluid can relieve
the symptoms of some patients [158]. Still, recent experiments, summarized by Litwiniuk et
al., also indicate that low molecular weight HA from 6 up to 20 kDa is pro-inflammatory,
whereas high molecular weight HA shows anti-inflammatory and immunosuppressive
behavior [166,167]. Hence, depending on the application, it should be considered whether
to use high or low molecular weight HA. As part of the cartilage, HA binds aggrecan as a
backbone and forms as HA-aggrecan complex the ECM with type Il collagen fibers and
regulates the synthesis of proteoglycans during maturation of articular cartilage
[158,168,169]. Additionally, HA shows chondroprotective effects in vitro and in vivo and
stimulates chondrocyte proliferation and ECM production in low concentrations [140,170].

Thus, HA is a favored biopolymer for hydrogel formation and has been extensively studied
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for its application in cartilage repair [171-174]. Due to its poor mechanical properties, HA still
needs to be enhanced in its mechanical stability by crosslinking reactions as already
mentioned. Since many crosslinking reactions for HA hydrogels are also compatible with

other biopolymers, the derivatives of HA and their crosslinking methods are introduced later.

2.4.2 Gelatin

Another common and well-known biopolymer is gelatin, especially with use in food and
pharmaceutical industry [175,176]. As denatured form of collagen and proteinogenic
polymer, it can be extracted from various animal sources, such as fish or mammalian animals
[177]. Depending on the method, whether gelatin is extracted under acidic or alkaline
condition, type A (acidic) or type B (alkaline) is obtained [177]. The main differences between
these two gelatin types is their viscosity (type A gelatin less viscous) and their isoelectric point
(type A 7-9.4 and type B 4.5-5.3) [178]. A characteristic parameter of gelatin is the bloom
strength, which describes the rigidity of gelatin gels of a certain concentration, but does not
provide any information about the average molecular weight of the hydrolysate [175].
Gelatin of both types with similar bloom numbers show different average molecular weights,
whereas gelatin type B shows smaller low molecular weight fraction than type A gelatin. The
exact amino acid composition of gelatin is not defined, since it may vary depending on the
source the gelatin was extracted from [175]. Nevertheless, it is proven that gelatin does
generally not contain any cysteine, which is important for the cross-linking steps performed

in this work [179].

For the interaction with cells, gelatin provides arginine, glycine and aspartic acid (RGD)
sequences as cell binding site for excellent modulation of cell adhesion [180,181]. In solutions,
gelatin chains form triple helices as secondary structure, containing single chains with double
loops, single chains with one loop and a non-looped chain or three non-looped chains,
depending on the solution concentration and cooling temperature (Figure 10) [182]. The
disintegration and formation of the triple helix due to hydrogen and van der Waals bonds is
responsible for the thermo-reversibility of gelatin [183]. In aqueous solutions, gelatin is
soluble at least at 35 °C [176]. The gelation rate of gelatin solutions depends, as the formation

of triple helices, on concentration, temperature, and molecular weight [184-186].

26



Chapter 2

Figure 10: Secondary structure of gelatin, responsible for thermo-reversibility: triple helices
containing one double-looped (A), one single-looped and one non-looped (B), and three non-looped
gelatin chains (C). Redrawn and simplified from reference [182].

In view of its easy handling, broad range of functional groups due to the contained different
amino acids for chemical modifications and an outstanding biocompatibility, gelatin has been
widely used as an ingredient for the food industry and as starting materials for many
differently modified derivatives in the field of drug delivery and TE [181,187,188]. Gelatin
itself without modifications is used as crosslinking partner in hybrid hydrogels, especially
using Schiff Base chemistry, with other biopolymers or as stabilizer for 3D printing [189-193].
Still, the physical hydrogel of pure gelatin formed by cooling is not stable for usage under
physiological conditions at body temperature [194]. Thus, gelatin needs chemical
crosslinking to form stable hydrogels to be used under cell culture conditions thereafter [194].
The most popular gelatin modification is with methacrylate (GelMA), resulting in a photo-
crosslinkable hydrogel system [195]. GelMA or hybrid hydrogels have been used for cartilage
tissue engineering [196-198], engineering of cardiac constructs [199] or have been studied
for development of cardiovascular-like tissues [200,201]. Additionally, GeIMA could be
already fabricated with various methods, such as microfluidics, photopatterning,

micromolding and bioprinting [136].

2.4.3 Crosslinking mechanisms for stable hydrogel formation

As already mentioned, both hyaluronic acid and gelatin need additional physical or chemical
crosslinking to form stable hydrogels for use under physiological conditions. For hydrogel
formation, two different strategies were developed over the years (Figure 11). For physical
crosslinking, ionic interaction, hydrogen bonds, polymeric entanglements and m-it stacking
are often used as strategies [202], without additional chemical crosslinking agents resulting
in better biocompatibility [203]. Simultaneously, reversible physical crosslinking mechanisms
have been explored, which improves the shear thinning behavior and additionally can

provide self-healing properties [204,205]. Hoverver most of these physical crosslinking
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mechanisms show poor mechanical properties and often an early dissolution of the
hydrogels due to reversible character of the physical interactions [206,207]. Chemically
crosslinked hydrogels are instead generated by the formation of irreversible covalent bonds
[202]. Therefore, various chemical reactions, including radical polymerization or enzyme
induced reactions [208,209], click-chemistry [210], Schiff base formation [211],
(thiol-)Michael addition [212,213], can be used for hydrogel formation. The limitation for
chemical crosslinked hydrogels is to choose non-toxic and biocompatible crosslinking or
initiator reagents. To compensate the poor mechanical and long-term stability of physically
crosslinked hydrogels, a secondary crosslinking mechanism via chemical reactions is often
used [67,205]. Hydrogels generated as combination of both crosslinking strategies are
accordingly also called hybrid hydrogels. This fusion can be used to tune material properties
of hydrogels, such as deformation by extreme resilience with following recovery to its original
form [214,215] or excellent rheological properties for the 3D printing step and subsequently

a mechanical stability after post-printing crosslinking [67,205].

Crosslinking strategies for
hydrogel formation

— T~

Physical crosslinking

- lonic/electrostatic interaction . ..
/ Chemical crosslinking

- Hydrogen bonds
- Polymeric entanglements . - Radical polymerization-induced
= rt—rtystacking ; Hybrid hydrogels - Enzyme-induced
- Hydrophobic/hydrophilic interactions - Combination of physical and - “Click” reaction (Diels-Alder)
- Crystallization/stereocomplex chemical crosslinking - Schiff base formation
formation - Michael type addition
- Metal ion coordination v" Tunable mechanical properties
(increased stretchability or v' Enhanced stability under
v" No additional reagents toughness) physiological conditions
v Better biocompatibility v Recovery of the original form v Excellent mechanical properties
X Poor mechanical properties % Need of non toxic reagents

X Dissolution due to reversible physical
interactions

Figure 11: Crosslinking strategies for hydrogel formation can be divided into two parts, physical and
chemical crosslinking. Hydrogels formed using both crosslinking methods are called hybrid hydrogels
and offer special mechanical properties. Information added from references [202,214,215].

Main topic of this thesis is the controlled modification of two different biopolymers to
achieve stably crosslinked hydrogel networks. On the one hand, this work focuses on the
synthesis of a hyaluronic acid hydrogel system with reversible chemical crosslinking using
Schiff base chemistry. On the other hand, a gelatin-based hydrogel which initially uses the
thermo reversible crosslinking properties of gelatin for printing and subsequent chemical

crosslinking via thiol-ene reaction is investigated. In the following, both these reactions are
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described with a deeper insight to their chemistry and their advantages and disadvantages

are discussed.

2.4.3.1 Schiff Base chemistry

Schiff base is named after Hugo Schiff, who first reported the reaction of amines with
aldehydes forming imines (Scheme 1A) in 1866 [216]. Under neutral reaction conditions, the
first step of the mechanism is the formation of a carbinolamine after internal proton transfer
from the nitrogen to the oxygen [217]. Afterwards, the hydroxyl group of carbinolamine is
directly protonated and by elimination of water, the reaction results in an iminium ion with
a hydroxyl ion as counterion [217]. In the equilibrium state, the iminium ion can be
deprotonated by the hydroxyl ion and the imine is formed (Scheme 1B). As a pH dependent
reaction, the Schiff base formation is most favored at neutral pH [217,218]. The reverse
reaction, which is the imine hydrolysis, only occurs with the protonated iminium species
[217]. Due to its reversibility, Schiff base chemistry is counted among the dynamic covalent
bonds which exhibit self-healing properties of hydrogels for biomedical applications [219].
However, the reversibility of this reaction can also cause a dissolution of the hydrogel when
used in amine containing solvents, such as cell media containing amino acids, which
consequently will compete with the reversible formation of the imine [84]. Yet, the use of
special amine derivatives can further influence the stability of the formed Schiff base, for
example by using hydrazide or oxyamines instead of the common primary amines (Scheme
1C). The hydrolytic stability of the resulting products hydrazones and oximes compared to
imines has been investigated by Kalia et al., showing best hydrolysis stability for oximes,

followed by hydrazones [220].
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Scheme 1: Schiff base formation with aldehyde and amine (A); the reaction mechanism of imine
formation under neutral conditions (B) via carbinolamine and iminium ion; Schiff base and its
derivatives, depending on the amine derivative used for Schiff base formation (C).

For a hydrogel formation, the aldehyde functionalization needs to be introduced into the
biopolymers, since they do not possess these naturally. The most popular method to
generate aldehyde groups is the oxidation of polysaccharides with periodate [221]. The
oxidation results in 1,2-glycol scission by formation of a dialdehyde and works very well for
carbohydrates due to their poly hydroxylic structure [222]. Many polysaccharides have been
oxidized with periodate, e.g. alginate [223], chitosan [224], hyaluronic acid [225] and
cellulose [226]. For hydrogel formation, at least difunctional amine derivatives are necessary
for crosslinking. Gelatin for example is a potential crosslinker as a multifunctional
macromolecule and has been used for crosslinking with aldehyde containing alginate [227].
Adipic acid dihydrazide is a common low molecular weight bifunctional crosslinker, which is
often used to generate acylhydrazones with aldehyde functionalized polysaccharides, such
as poly(guluronate) [228], alginate [229] and hyaluronic acid [230], to form hydrogels for TE,
injection or 3D printing. As a small molecule, it can even be functionalized via 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide activation of the acidic group of hyaluronic acid to
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transform this biopolymer into a multi-functional crosslinker carrying multiple hydrazide
functions [231]. This enables pure hyaluronic acid hydrogels when crosslinked with oxidized
hyaluronic acid [67]. Whereas the reversibility can be used for self-healing properties, most
Schiff base crosslinked hydrogels need an additional crosslinking mechanism to ensure long
time stability, e.g. in cell culture media as discussed above. Therefore, alginate hydrogels
were post-crosslinked with calcium ions [227] and hyaluronic acid hydrogels were

strengthened by a secondary stable chemical network [67].

2.4.3.2 Thiol-ene reaction

The coupling reaction of mercaptans with olefins was first reported in 1905 by Posner [232].
Yielding the anti-Markovnikov product, which is the linear addition of a thiol to the alkene,
two mechanisms, depending on the structure of the olefin, are possible [233]. One
mechanism is the free radical reaction, which is mostly photo-induced or metal catalyzed. In
the first step, a thiyl radical is generated, followed by its addition to the double bond
(propagation 1, Scheme 2A). Subsequently, a rapid hydrogen-abstraction of a thiol hydrogen
from the carbon-centered radical occurs with the formation of a new thiyl radical
(propagation 2, Scheme 2A) [234]. However, extremely rapid termination reactions by
radical-radical coupling with 10 or even 100 times faster reaction rate can interrupt the main
intended thiol-ene reaction [235]. These termination reactions occur when two thiyl radicals
form a disulfide bond, one thiyl radical reacts with the carbon-centered radical, or two
carbon-centered radical reacts with each other (Scheme 2B) [234]. Still, the kinetic of the
thiol-ene reaction depends on the chemical environment of the ene structure and has been
investigated extensively by Morgan et al. [236] and nicely summarized by Hoyle et al. [234].
According to Hoyle et al., the conversion rate of the thiol-ene reaction is directly correlated
with the electron density of the ene, where electron-rich enes react much faster than
electron-poor enes due to better stability of the formed carbon-centered allylic radical with
highly conjugated double bonds in the neighborhood. Following this, it is possible to predict

the ene-derivatives to their degree of reactivity with thiols:

Norbonene > Vinyl silane > Allyl ether 2> vinyl ether > fumarate > propene > maleimide >

methacrylate > crotonate > styrene > acrylonitrile > butadiene [237].
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Scheme 2: Mechanism of thiol-ene reaction, depending on the reaction conditions. For reaction with
photoinitiator or metal catalyst, the reaction follows a free radical mechanism (A), which can be
interrupted by termination reactions (B); without photoinitiator, but under catalytic alkaline
conditions, the reaction follows Michael addition like nucleophilic mechanism (C). When the electron
withdrawing group (EWG) is an ester or acidic group, the reaction follows exactly a Michael addition.
Redrawn from the references [233,234].

Another possible mechanism is the alkaline catalyzed nucleophilic addition, so called termed
thiol Michael addition or conjugate addition reaction [233,238]. The mechanism follows the
deprotonation of the thiol, e.g. with triethyl amine or phosphines [239], resulting in the

thiolate anion and the corresponding ammonium cation. This anion subsequently reacts as
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Michael donor and adds to the via electron withdrawing group (EWG) activated ene-bond to
form the electrophilic carbon-centered intermediate anion or an enolate anion, in case of an
ester or acidic group as EWG. In the last step, this strong basic carbon-centered or enolate
anion abstracts a proton from a new thiol group or the ammonium cation (Scheme 2C) [233].
For the reaction kinetic, pK, of the used thiol, pKj of the base for deprotonation and the EWG
of the vinyl play important roles and impact the reaction rate of the thiol Michael addition

[240].

Due to its high yields, stereo specificity, inoffensive byproducts, and mild reaction conditions
such as benign solvents (water), which are characteristics for “click” reactions, thiol-ene
reactions with both mechanisms are mentioned in many publications as thiol-ene “click”
reactions [238,241-243]. Especially photoinitiated thiol-ene reactions possess the advantage,
that the reaction can be activated at specific times and locations [238]. The formed thioether
products show robust stability in a broad range of chemical environments, such as strong
acidic or alkaline media, as well as oxidizing or reducing conditions [244]. The resulting
polymer networks are also known to be highly uniform [234]. For photoinitiation, various
light sources, depending on the initiator system, can be used. Most common UV-initiator is
2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone, also known as Irgacure
2959 (12959), which can be initiated by UV-light between 320-365 nm [245-247]. Still, UV-
light can cause genomic instability and damage DNA directly [248]. Therefore, other light
initiators which can activated by visible light (Vis) are desirable. Here, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [249], riboflavin [250] and the initiator system containing
tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate (Ru) and sodium persulfate (SPS) [251]

have been used (Scheme 3).
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Scheme 3: Common UV initiators or initiator systems. (A) 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-
2-methyl-1-propanone (12959); (B) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP); (C)
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Initiator system tris(2,2-bipyridyl)dichloro-ruthenium(ll) hexahydrate (Ru) and sodium persulfate
(SPS).

Thiol-ene reactions, both free radical induced and thiol Michael addition, have been used in
biomedical applications or regenerative medicine for hydrogel formation. Biopolymers which
already contain thiol groups have been crosslinked with ene-functionalized polymers, for
example silk fibroin [252]. Otherwise, thiol free biopolymers can be functionalized with thiol
groups. Here, just to mention a few examples, hyaluronic acid using ethyldimethyl-
aminopropylcarbodiimide and N-hydroxy-succinimide (EDC/NHS) chemistry for activation of
the acidic group and 1,4-dithiothreitol (DTT) [253], collagen or gelatin using 2-iminothiolane
to functionalize the lysin residues [254] or amine functionalized acidic groups [255] have
been successfully thiol modified and crosslinked with other ene containing polymers. Since
biopolymers do not provide ene functions naturally, there are also possibilities to modify
biopolymers with ene functions, e.g. norbonene functionalized carboxymethyl cellulose
using carbic anhydride or alginate using EDC/NHS chemistry and norbonene-2-methylamine
[256,257] and allyl glycidyl ether modified gelatin [54]. Hydrogels containing only one
biopolymer, which is both functionalized with thiol and ene functions, have also been

investigated, for example using starch [258] or gelatin [259].

2.4.4 Challenges during modification reactions

Although biopolymers offer plenty of functionalization possibilities, there are a few
challenges to be considered. To get biopolymers in solution, the most common solvent is
water. Otherwise, the biopolymer requires additional treatment, such as ion exchange for
hyaluronic acid or chondroitin sulfate, to become better soluble in organic solvents [107,260],
or a mixture of water and a miscible organic solvent can be used to improve the solubility of
other reagents [261,262]. Many functionalization reactions are performed in organic
solvents to provide optimum reaction conditions. For example, pentenoic anhydride or
norbornene anhydride are not well soluble or completely insoluble in water and need to be
dissolved in organic solvents [263,264]. Furthermore, many chlorides or anhydrides will
undergo immediate hydrolysis, partially with high exothermic reactions, in water [265] and

are inactivated for a substitution reactions afterwards.
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Another challenge for substitution reactions are the reaction conditions and their impact on
the modified biopolymer. For hyaluronic acid, a strong hydrolytic degradation occurs under
acidic or alkaline conditions on glucuronic acid and N-acetylglucosamine moieties via random
chain scission. Degradation was also detected at higher temperatures [154]. Even during
freeze drying, degradation was observed, especially for the sodium free hyaluronic acid due
to presence of free radicals [155]. For gelatin, heating up to 50 °C for 24 h and treatments
under strong alkaline conditions cause partial degradation [266,267]. Due to these
knowledge, hyaluronic acid and gelatin should only be substituted under mild conditions,
such as room temperature, non-radical reactions, or neutral pH to maintain their natural

properties. Yet, not all substitution reactions can be performed under mild conditions.

In some cases, reproducibility of a substitution reaction is also an issue. Depending on the
source or the provider, there are already enormous batch differences between the raw
materials. Additionally, a batch-to-batch variation during synthesis is also known, e.g. GelMA,
which is even reported in an article by Zhu et al. [268]. During this work, an inconsistency of
the periodate oxidation of hyaluronic acid in literature was noticed (Table 1). Whether the
raw materials were purchased from different providers and the methods of determination
of the degree of oxidation were disparate, the degree of oxidation should be in similar ranges
when the same ratio of oxidation reagent was used. Since the degree of oxidation is
fluctuating between 16 to 70 % when comparing the results from the articles, it can be

assumed that the periodate oxidation is not very consistent.

When substitution reactions are performed with reagents, which can react with themselves,
e.g. allyl glycidyl ether in a polymerization reaction [269], the determination of the degree of
substitution can be quite problematic. Additionally, the batch-to-batch variation of the
biopolymers also causes problems when the composition of the raw material is different
depending on the sources it was extracted from, which occurs when using proteinogenic

biopolymers such as gelatin [178].

All in all, working with biopolymers holds many challenges, which must be faced. Still, the
profit they offer to tissue engineering and regenerative medicine is worthwhile to develop
new biopolymer-based biomaterials and to investigate their advantages which should be

considered for their use as tissue substitutes. For this reason, this work introduces the results
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of novel synthesis paths for hyaluronic acid and gelatin derivatives and their usage in the field

of chondrogenic tissue engineering.
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Table 1: Comparison of results of periodate oxidation from four different research articles. HA was purchased from various providers and have different mass
average molar mass (Mw), as well as sodium periodate (NalO4) was from different sources. Even with same equivalents of NalO4 used, the degree of oxidation
(DO) varies massively between 20 and 70 %. Still, determination methods were different. For blue stained line, the reaction was performed for 24 h at RT, whereas
the other articles only let the reaction stirring for 2 h. Information added from references [67,84,270,271].

Equivalents of

Year Author HA provider :)a‘:g:r H AM:Iaw) NalQOg4, related to D;:e:::a";?t;i?dra:?;:?g;c;f DO [%]
P ! 1 HA dimer g
i 1 70
2004 Jia etal. Genzyme Corp., _ Aldrich 1.3 MDa TBC/NaBHsCN, NMR
Cambridge MA (Milwaukee, WI) 0.24 16
RDH Chemical
TBNS-A Absorb
2010 Suetal. Q.P.Corporation,lJapan Co., Spring Valley 320 kDa 1 . Sl p (IOHRIREIS 44
(microplate reader)
CA
2018 WANBEL | itforce, Chaska MmN S BMA-Aldrich (St 0y 1 TBC, Absorbance 20
al. Louis, MO) (microplate reader)
Thermo Fisher
Weis et Dagmar Kohler- Scientific, 1.3 Mba 0.50r2 MBTH-Assay, Absorbance >orl6
2018 al BaccaraRose, Alpen Waltham. MA (UV-Vis)
' Germany USA, ’ 50 kDa 01.-1 1.4-8
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TEMPO/TCC AS CHEMO SELECTIVE ALTERNATIVE FOR THE
OXIDATION OF HYALURONIC ACID

Parts of this chapter are already published (Junwen Shan*, Thomas Bock*, Thorsten Keller,
Leonard Forster, Torsten Blunk, Jiirgen Groll, Jorg TeBmar, TEMPO/TCC as chemo selective

alternative for the oxidation hyaluronic acid).

The content of this article is based on the work of the author of this thesis Junwen Shan, who
performed all chemical and material scientifical experiments, data evaluation and

composition on the chemical and material scientifical parts of the manuscript.
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Chapter 3

3.1 Abstract

Hyaluronic acid based hydrogels are very commonly applied as cell carriers for different
approaches in regenerative medicine. Hyaluronic acid itself is a well-studied biomolecule
originating from the physiological extracellular matrix of mammalians and due to its acidic
polysaccharide structure offers many different possibilities for suitable chemical
modifications, which are necessary to decrease its excellent water solubility and allow the

formation of dissolution stable hydrogel networks.

Most of these chemical modifications are performed using the free acid function of the
polymer and additionally lead to an undesirable breakdown of the biopolymers backbone.
An alternative modification of the vicinal diol of the glucuronic acid is the oxidation with
sodium periodate to generate dialdehydes via a ring opening mechanism, which can then be
further modified or crosslinked via Schiff Base chemistry. Since this oxidation causes a
structural destruction of the polysaccharide backbone, it was our intention to study a novel
synthesis protocol frequently applied to selectively oxidize the C6 hydroxyl group of
saccharides. Based on this TEMPO/TCC oxidation this study aimed to develop an alternative
hydrogel platform based on oxidized hyaluronic acid crosslinked using adipic acid dihydrazide

as crosslinker.
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3.2 Introduction

Modified biopolymers offer a broad spectrum of hydrogel forming materials, which have
become increasingly important in the field of drug delivery, tissue engineering and
regenerative medicine in recent years [54,272,273]. As materials from natural origin, they
are found in many different extra cellular matrices as hyaluronic acid (HA) or as collagen,
respectively the derived and due to processing slightly degraded gelatin [274,275]. Especially
the biotechnologically produced HA and its derivatives are already in clinical use for many
specific applications due to their excellent biocompatibility and availability in high purity
[276]. For a chemical modification hyaluronic acid offers several functional groups available
for different modification schemes, additionally the polymer is also known to bind to CD44
receptors [141,277,278] and to enhance the chondrogenic differentiation of mesenchymal

stem cells in general [279,280].

Especially in the field of tissue engineering, the dissolution stability and mechanical strength
of applied biopolymers-based hydrogels is crucial for the culture and tissue development
under physiological conditions, without a stable crosslinking the water soluble polymers will
dissolve slowly and disappear from the application site [129]. Natural HA hydrogels
themselves possess only very low mechanical properties as physically crosslinked hydrogels
and are thereby limited in their applications for tissue engineering approaches [6]. To achieve
a proper dissolution and mechanical stability, HA needs to be functionalized and
subsequently chemically crosslinked with other non-detrimental molecules to form long
term stable hydrogel networks [281]. For these applications the carboxyl group of HA can be
modified with e.g. thiol, tyramine, or dihydrazide, whereas the primary 6-hydroxy groups can
be alternatively functionalized with methacrylate and bromoacetate for various chemical or
enzymatic crosslinking reactions such as thiol-ene, peroxidase or photo-crosslinking
reactions. These already applied modifications of HA are summarized in a review article by
Burdick et al. [141]. Besides the frequently applied chemical networks, there are alternative
more stable physical, chemically reversible or irreversible crosslinking mechanisms used for
hydrogel formation. For example, physically crosslinked HA hydrogels via a more stable
guest-host interaction were introduced by Highley et al. by esterification of the primary
alcohol with adamantane acetic acid as guest and amidation of the carboxylate with S-

cyclodextrin as host. For the later application in cell culture, they still needed a secondary
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and irreversible chemical crosslinking by applying radical polymerization of methacrylate,
which they attached to non-modified primary alcohols for enhanced mechanical
stability [204]. Wang et al. in a similar fashion introduced HA hydrogels containing adipic acid
dihydrazide modified HA as well as periodate oxidized HA. This dynamic covalent system,
based on the reversible Schiff Base chemistry, additionally needed chemical fixation by a
thiol-ene crosslinked secondary network with norbornene modified HA and a tetrathiol

crosslinker to allow long term tissue culture [67].

Many of the physical or dynamically crosslinked hydrogels can also be successfully applied
for 3D bioprinting approaches due to their excellent shear thinning properties, but as stated
above those systems require a secondary crosslinking to achieve sufficient mechanical
strength and long-term stability for subsequent cell culture. Therefore, other common
crosslinking mechanisms, which can also lead to hydrogels without any pre-crosslinking
systems, were used to generate irreversible covalent bonds via UV crosslinking, e.g. via thiol-
ene reaction [253,282] or radical polymerization [283]. However, the here used UV light can
harm cells by direct DNA damage and should therefore be avoided or at least applied with
the necessary care [284,285]. In general, it is thus desirable to apply mechanisms without
any UV crosslinking to provide good cell viability during covalent hydrogel formation. One
alternative crosslinking reaction already described for HA hydrogels is based on Schiff Base
chemistry, which has already been reported for pre-crosslinking [67,84,270], including

different reactive and stable amine derivatives, like imines, hydrazones or oximes [286].

For the necessary aldehyde functionalization, one commonly applied method is the oxidation
of HA using sodium periodate to generate a dialdehyde in a ring opening reaction of the
glucuronic acid unit, which results in a massive alteration of the HA backbone structure.
Linkers containing amine, dihydrazide or aminooxy groups can subsequently be used as
crosslinkers [84,270,286,287]. Weis et al. showed, that hydrogels formed using these
materials are not stable for longer than six days in PBS and even less stable in the amino acid
containing cell culture medium. At the same time, the degree of oxidation (DO) varies even
with same molar stoichiometry and is normally quite moderate, most likely due to numerous
side reactions of the periodate [67,84,270]. Accordingly, hydrogels based on Schiff Base
chemistry using low molecular weight crosslinkers always need a secondary networking, e. g.

UV crosslinking, to achieve sufficient mechanical and long-term stability.
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A promising alternative way to modify HA with aldehyde functionalities is the selective
oxidation of the primary alcohol of the N-Acetylglucosamine unit with (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO)/trichloroisocyanuric acid (TCC) as described for the
selective oxidation of glycosides. To enable this reaction of HA in DMF, the solubility of HA
needs to be enhanced by exchanging the sodium ion of hyaluronan for a
tetrabutylammonium ion (Scheme 4). Angelin et al. proved the selectivity of the oxidation to
primary alcohols with unprotected monoglycosides with high yields already after at least
7 h [288]. For this approach, anhydrous DMF was used as solvent to avoid overoxidation of
the primary alcohol to the carboxylic acid and sodium bicarbonate was shown to be most
efficient to generate the required alkaline conditions. Buffa et al. performed this oxidation in
a mixture of water (H,0) and dimethylformamide (DMF) to generate degrees of oxidation
between 5 and 15 %. Additionally, they also tested various secondary oxidation reagent such
as sodium hypochlorite (NaClO) or sodium hypobromite (NaBrO). However, a maximum DO

of only 18 % was obtained in their studies [289].
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Scheme 4: Synthesis of hyaluronic acid with oxidized primary alcohol (proxHA).

In this study, the aim was to oxidize the primary alcohol of HA selectively by using
TEMPO/TCC oxidation in anhydrous DMF. A preservation of the HA backbone without ring-
opening and possibly higher DO was expected. It can also be assumed, that due to the intact
polymer backbone and higher DO, more stable hydrogels can be prepared even in cell culture
medium without any secondary crosslinking systems to achieve higher mechanical and
potentially long-term stability. Furthermore, the chondrogenic differentiation potential of
human mesenchymal stromal cells (hMSCs) within these hydrogels was analyzed additionally
in the research article mentioned above. Since it is known that modifications of the HA

backbone can affect the binding affinity to CD44 receptors [290], the binding properties of
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the primary oxidized HA were studied and compared to periodate oxidized and native HA

using surface plasmon resonance (SPR) affinity measurements.
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3.3 Materials and methods

3.3.1 Materials

HA (1.0-2.0 MDa, 80-100 kDa), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS) were purchased from Carbosynth Limited, Berkshire, UK. Adipic
acid dihydrazide (ADH), anhydrous dimethylformamide (DMF), dimethylhydrazine, DOWEX"®
50WX8-400 ion exchanger, Dulbecco’s Phosphate Buffered Saline (DPBS), ethidium
homodimer-I (EthD-I), sodium azide, sodium chloride, sodium cyanoborohydride, sodium
periodate, tert-butylhydrazine hydrochloride (TBH), tetrabutylammonium (TBA) hydroxide
solution (~40 % in water), trichloroisocyanuric acid (TCC) were purchased from Sigma Aldrich,
St. Louis, MO, USA. 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) was acquired from Alfa
Aesar, Karlsruhe, Germany. Human CD44 Fc Chimera Recombinant Protein was obtained
from R&D Systems, Minneapolis, MN, USA. Acetic acid, ethylene glycol, potassium chloride,
sodium nitrate were purchased from Merck KGaA, Darmstadt, Germany. Proteinkinase K was
purchased from Merck Millipore (Burlington, MA, USA). Calcein acetoxymethyl ester
(Calcein-AM), Dulbecco’s Modified Eagle’s Medium (DMEM), 0.25 % trypsin-EDTA, HEPES 1M,
penicllin-streptomycin, Quant-iT™PicoGreen® dsDNA Reagent and Kit, sodium
hydrogencarbonate was acquired from Thermo Fisher Scientific, Waltham, MA, USA.
ROTI®Histofix 4.5 %, ZelluTrans/Roth dialysis tubing (regenerated cellulose, MWCO 3,500 Da)

were purchased from Carl Roth GmbH and Co. KG, Karlsruhe, Germany.

3.3.2 Syntheses of tetrabutylammonium hyaluronate

The transformation of sodium hyaluronate into tetrabutylammonium hyaluronate (TBA-HA)
was performed according to Oudshoorn et al. with slight modifications [291]. The exchange
of the sodium counterions was performed with 50 g DOWEX® 50WX8-400. The resin was
washed three times with 1 L Millipore H,0 and afterwards suspended in 98 mL TBA hydroxide
solution, stirred for two hours at RT and then separated from the solution by filtration. For
the preparation of TBA-HA, 5 g HA was dissolved in 600 mL Millipore water overnight at room
temperature (RT) and then suspended with 50 g resin. The suspension was shaken for 3 h
and the resin was removed by centrifugation. TBA-HA was obtained by lyophilization (Epsilon

2-4 LSCplus, Martin Christ Gefriertrocknungsanlage GmbH, Osterode, Germany).
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3.3.3 Syntheses of primary oxidized hyaluronic acid

All subsequently used equivalents were calculated corresponding to one repeating unit of
the TBA-HA (M = 621.79 g/mol). TBA-HA was dissolved overnight at room temperature (RT)
in anhydrous DMF (0.5 % w/v) under inert gas. TEMPO (0.0513 eq., catalytical amount) and
excess of solid NaHCOs (30 eq.) was added. The suspension was then cooled down to 4 °C
and different amounts of TCC (0.76, 0.5, 0.25 and 0.1 eq.) were added. The reaction was
subsequently stirred for 4 h and then slowly warmed up to RT. Afterwards, an excess of
ethylene glycol (30 mL for 750 mg TBA-HA and 0.25 eq. of TCC) was added to quench the
reaction and remaining oxidative potential. The obtained reaction mixture was then dialyzed
against 150 mM NaCl for 2d and then against Millipore H,O for another 2d
(MWCO 3,500 Da). The final modified polymer was obtained after lyophilization as a white
solid foam. For cell studies and mechanical testing, several batches obtained with 0.25 eq. of
TCC were consolidated to receive one larger blend batch to achieve sufficient reproducibility

of subsequent experiments and to investigate the influence of batch-to-batch variations.

3.3.4 Syntheses of hyaluronic acid dialdehyde

The synthesis was performed according to Jia et al. with slight modifications [270]. HA was
dissolved in Millipore H,0 overnight. A 0.4 M sodium periodate solution was added dropwise
under exclusion of light with following equivalents: 0.76, 0.5, 0.25 and 0.1. The reaction was
stirred for two hours at RT and quenched by adding 30 mL ethylene glycol. The oxidized
hyaluronic acid was obtained after dialysis (MWCO 3,500 Da) against ddH.O and

lyophilization as a white solid foam.

3.3.5 Determination of the degree of oxidation

Aldehyde containing HA was dissolved in acetate buffer (pH 5.2) overnight at RT. Stock
solutions of tert-butylhydrazine hydrochloride and sodium cyanoborohydride (0.5 m) were
added. The mixtures were shaken at RT for 24 h at 850 rpm. The solutions were then dialyzed
against Millipore H,0 (MWCO 3,500) and lyophilized. *H-NMR spectra of the products were
measured with 300 MHz NMR (Bruker NMR Fourier 300). The acetyl group of HA (2.05 ppm)
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was calibrated as 3 protons. The tert-butyl signal (1.40 ppm) of each sample was accordingly

divided by 9 protons to estimate the achieved degree of oxidation (DO).

. t
DO [%] = w- 100 (equation 1)

3.3.6 Gel permeation chromatography (GPC)

Weight and number average molecular weights (Mw and M,) of proxHA, oxHA were
determined by using a GPC system from Malvern (Herrenberg, Germany). The system
consisted of a Viscotek GPCmax (in-line degasser, 2-piston-pump and autosampler), a column
oven (35 °C) refractive index (RI) detector (Viscotek VE3580), multiple angle light scattering
detector (Viscotek SEC-MALS 20, laser wavelength 660 nm) and two Viscotek A-columns
(A6000M, length =300 mm, width =8 mm, porous poly(methyl methacrylate), particle size
13 um). An aqueous solution of Millipore H,0 with 8.5 g/L NaNOs and 0.2 g/L NaN3 was used
as eluent and solvent for the polymers. The samples were dissolved with a concentration of
0.5 mg/ml overnight at RT and filtered with a 0.45 um regenerated cellulose membrane. The
measurements were performed with 100 ul injection volume with an elution rate of
0.7 ml/min. The molecular weights of the HA derivatives were calculated using a MALS

calibration performed with a narrow-distributed PEG standard of My = 45,000.

3.3.7 SPR measurements for binding affinity of HA derivatives

Interactions between the differently modified HA and the corresponding HA receptor CD44
(R&D Systems, Inc., Minneapolis, MN, USA) were measured by SPR using a Reichert® 4SPR
system (Reichert Technologies, Unterschleissheim, Germany). For immobilization of the
CDA44 receptor on the sensor surface, the carboxylate groups of a carboxymethyldextran
hydrogel coated sensor chip (XanTec bioanalytics GmbH, Disseldorf, Germany) were
activated first by perfusing a 1:1 mixture of NHS and EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide) according to the manufacturer’s recommendation. Then, CD44 (10 pg/mL in
10 mM NaOAc, pH 4.5) was injected onto the activated sensor for 8 min at a flow rate of 10
ul/min to cause CD44 coating to a final density of 2000 resonance units. Unreacted activated

carboxylate groups were quenched by injecting 1 mol/L ethanolamine (pH 8.5) for 300
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seconds. Afterwards, measurements were performed at 25°C using HBS150T [10 mM HEPES
(pH 7.4), 150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) Tween 20] as running buffer. Native HA
or oxidized HA derivatives were used as analyte at four different concentrations, ranging
from 32.7 to 2.7 uM. The flowrate for the acquisition of interaction data was set to 25 pL/min
in all experiments. Association was measured for 120 s then dissociation was initiated by
perfusing running buffer, and the dissociation phase was monitored for 300 seconds.
Regeneration of the chip surface was performed by injecting of two 60-second pulses of 100
mM glycine (pH 2.5) at a flow rate of 100 uL/min. Interaction data were analyzed using the
software TraceDrawer version 1.8.1 (Ridgeview Instruments AB, Uppsala, Sweden), applying
a simple Langmuir-type 1:1 interaction model and using global fitting for the rate constants.
Association rate constant kon values and dissociation rates constant koffvalues were obtained
by fitting data of individual experiments. Equilibrium binding Kp values were deduced using
the equation

K
K, = %’Z (equation 2).

All SPR experiments were performed in at least three independent experiments.

3.3.8 Hydrogel preparation

Hydrogels were generally prepared in PBS with final polymer contents of 2, 3, 4 and
5 wt% for proxHA. The polymers were dissolved for 3 h at 37 °C and the 1 or 2 wt% ADH in
PBS was also prepared fresh for every experiment. For all hydrogels, equimolar ratios of
aldehyde to hydrazide were used. The ADH solution was added to the polymer solution,
thoroughly mixed with the pipette and then the solution was immediately transferred to
appropriate cylindrical molds. The gels were allowed to cross-link in petri dishes with added
wet tissues to avoid drying out, the 3, 4 and 5 wt% hydrogels for 1 h and the 2 wt% hydrogels
for 2 h to achieve sufficient cross-linking before adding them into the incubation media. All

volumes and masses used for hydrogel preparation are shown in Table 2.
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Table 2: Volumes and masses used for hydrogels for mechanical tests and investigation of wet
behavior.

wt% DO [%] m(proxHA) [mg] V(PBS) V(ADH 2 wt%)

49.5 385.3 74.7

55 377 83

3 57.2 14.2 373.7 86.3
73.7 348.8 111.2

53.5 (Blend) 379.6 80.4

2 Blend 107

53.5 (Blend) 9.3 353 (ADH 1 wt%)

4 53.5 (Blend) 19.2 350.5 109.5
5 53.5 (Blend) 24.2 321.4 138.6

3.3.9 Mechanical testing

For mechanical testing as well as the swelling/degradation behavior hydrogels were
prepared in PBS as described in 3.3.8 using cylindrical molds (4 mm diameter, 4 mm height).
The linear compression tests were performed with a mechanical test instrument
(ElectroForce 5500, TA Instruments, Eden Prairie, MN, USA) with a load cell of 250 g and a
rate of 0.005 mm/s. The height and diameter of each sample were measured with a sliding
caliper before each mechanical testing. The strain y was calculated by dividing displacement

(disp) of the measurement by the height hg as shown equation 3:

__displ

(equation 3).
ho

True stress was calculated as follows:

True stress = load (N) =22

sample

(equation 4).

By plotting strain versus true stress and using the linear fit from the strain ranges showing in
the Young’s modulus was obtained from the slope of the linear fit. Based on the incubation
period of the hydrogels the compression depth and the strain range for the calculation of the
Young’s modulus were adjusted due to the contraction of the hydrogels (0 and 1h: =1 mm,

strain 10 to 20%, all other time points: | = 0.5 mm, strain 2.5 to 12.5%).
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3.3.10 Swelling and degradation behavior

To observe the swelling or degradation behavior of the hydrogels after incubation in PBS, the
hydrogels were taken out of the solution after 1 h, 24 h, 7 d, 14 d and 21 d, blotted dry using
analytical tissues, weighed and compared to initial hydrogels at time 0 h. The ratios of the
weight of incubated hydrogels (ws) and weight of non-incubated hydrogels (w) were

calculated using the following equation:

WB = % (equation 5).

3.3.11 Cell culture

Human bone marrow-derived mesenchymal stromal cells (hMSC) were used for biological
evaluation of the obtained hydrogels. hMSC were isolated from the cancellous bone of
patients undergoing hip replacement (as approved by the Local Ethics Committee of the
University of Wuerzburg (186/18) with the written informed consent of each donor patient.)
The hMSC were extracted by extensively washing of the bone fragments and bone marrow
with PBS. Following this, the cell containing suspension was centrifuged and the obtained cell
pellet was resuspended in proliferation medium (DMEM/F12, supplemented with 10 % FCS,
1 % PS, 50 pg/mL L-ascorbic acid, 2-phosphate sesquimagnesium salt hydrate and 5 ng/mL
bFGF (BioLegend, London, UK)) and seeded into T175 cm? flasks (Greiner Bio-One, Fricken-
hausen, Germany). After several days the non-adherent cells were removed by washing
carefully with PBS and adherent cells were cultured to a sub-confluent level at 37 °C and
5 % CO; in proliferation medium. Finally, MSCs were detached with 0.25 % trypsin-EDTA and

seeded at a density of 3-5x10% cells mL* into T175 cm? flasks.

3.3.12 MSC encapsulation in blend hydrogels

Blend hydrogels were prepared as described in section 3.3.8 for encapsulation of MSCs.
Briefly, proxHA was sterilized using germicidal UV light at 254 nm for 20 min (UVL hand lamp
with filter, A. Hartenstein, Wuerzburg, Germany). Afterwards, the proxHA was dissolved in
PBS to achieve a final hydrogel content of 3, 4 and 5% (Table 3). The ADH solution was sterile-

filtered through a 0.2 um syringe-filter.
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Initially, MSCs at passage 4 were resuspended in the corresponding blend proxHA solutions.
Then, the cell-laden proxHA solution was mixed with the ADH solution separately for each
individual hydrogel and immediately transferred into a silicon mold with 6 mm diameter and
2 mm height (60 pL). The hydrogel precursor solutions were allowed to gel for 30 min at 37 °C
and 5 % CO; in humidified environment. Following that, the hydrogels were transferred into
cell culture medium using a spatula and were cultivated in vitro for 21 days either in
proliferation medium or in chondrogenic medium (Dulbecco’s Modified Eagle’s Medium high
glucose 4.5 g/L (DMEM) supplemented with 1 % ITS+ Premix (Corning, NY, USA), 40 ug/mL L-
proline, 50 ug/mL L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate, 0.1 uM
dexamethasone, 1 mM sodium pyruvate, 1% PS, and 10 ng/mL transforming growth factor-

B1 (TGF-B1, BioLegend, London, UK).

Table 3: Volumina and masses used for hydrogels for cell culture experiments.

W% DO [%] m(T:;]HA) V(PBS) V(ADH 2 wt%)
3 73.7 232 568.7 181.3
53.5 (Blend) 232 617.8 132.2
4 53.5 (Blend) 313 572.0 178.0
5 53.5 (Blend) 39.5 525.1 225

3.3.13 Cell viability assay

The viability of encapsulated MSCs cultivated in proliferation medium was analyzed on d1,
d7 and d21 using calcein acetoxymethyl ester (Calcein-AM) to detect viable cells and
ethidium homodimer-I (EthD-I) for the detection of dead cells. Therefore, the cell containing
hydrogels were washed two times with PBS and were subsequently incubated for 45 min at
RT in the staining solution (1 uM EthD-I, 2 uM Calcein-AM). Following that, constructs were
washed with PBS and top view images were taken using a fluorescence microscope (Axio
Observer.Z1, equipped with epifluorescence optics and a MRm camera, Carl Zeiss, Jena,
Germany). The ratio of viable and dead cells was determined for three samples per condition,
counting at least at eight different locations within each sample using “Find Maxima”
(settings for “live” and “dead” channel: prominence=75, strict, exclude edge maxima,

output=Count) with Fiji [292].
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3.3.14 Histology and Immunohistochemistry

The hydrogel constructs undergoing chondrogenic differentiation were harvested on d21
and fixed in ROTI®Histofix 4 % for 60 min, washed afterwards in PBS and incubated in Tissue
Tek® O.C.T. (Sakura Finetek, Torrance, USA) overnight at 4 °C. The next day, the constructs
were transferred into fresh O.C.T., shock frozen in liquid nitrogen and stored at —20 °C until
cryosectioning. Longitudinal sections of 8 um thickness were prepared and collected on

Super Frost® plus glass slides (R. Langenbrinck, Emmendingen, Germany).

For histology, the samples were stained with Weigert’s hematoxylin, fast green and
safranin O to analyze the distribution of glycosaminoglycans (GAG) [293], and with Weigert’s

hematoxylin and picrosirius red to stain for collagen distribution [294].

For immunohistochemistry, the sections were washed in ddH,0, and antigen retrieval was
performed using Proteinase K for 5 min at RT. The blocking was performed with 1% bovine
serum albumin (BSA) in PBS for 30 min and primary antibodies were diluted in 1% BSA in PBS
and incubated overnight in a humidified chamber at RT. Antibodies against collagen type |l
(l1-4C11, 1:100, Sigma Aldrich, St. Louis, MO, USA) and aggrecan (969D4D11, 1:300, Thermo
Fisher Scientific, Waltham, MA, USA) were used. Sections were washed three times in PBS,
and secondary antibodies were diluted in 1% BSA in PBS and applied in the dark for 1 h. A
goat anti-mouse (Alexa Fluor 488, 1:100, (115-545-068; Jackson ImmunoResearch; Dianova,
Hamburg, Germany)) secondary antibody was used. Finally, the slides were washed three
times in PBS and mounted with DAPI mounting medium ImmunoSelect®. Images were taken
with a fluorescence microscope (Axio Observer.Z1, equipped with epifluorescence optics, a

MRm camera and an Apotome; Carl Zeiss, Jena, Germany).

3.3.15 Biochemical Analyses

For analysis of DNA, GAG and collagen content the constructs were digested in 0.5 mL of a
papain solution (3 U/mL) for 16 h at 60 °C. Prior to digestion the constructs were

homogenized at 25 Hz for 5 min using a TissueLyser LT (Qiagen, Hilden, Germany).

The DNA content of the hydrogels was determined employing Quant-iT™PicoGreen® dsDNA
Reagent and Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the

manufacturer’s manual. The DNA quantification was carried out fluorometrically at
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Aex = 485 nm and Aem = 538 nm, using a microplate reader (Spark 20M, Tecan, Maennedorf,
Switzerland) and a Lambda DNA standard. The amount of produced GAG was measured using
the DMMB assay. The GAG amount was determined with a spectrophotometer at 525 nm,
using bovine chondroitin sulfate as standard [295]. The content of hydroxyproline was
measured, after acid hydrolysis and reaction with DAB and chloramine T. The quantification
was carried out with a spectrophotometer at 570 nm, using L-hydroxyproline as standard

[296,297].

3.3.16 Statistics

Sigma Plot 12.5 (Systat Software GmbH, Erkrath, Germany) was used for statistical analysis
and Origin 2018b (OriginLab Corp., Northampton, MA, USA) for graphical plots. Data are
reported as the mean and standard deviation from at least three replicates if not stated
otherwise. For GAG and collagen production, multiple groups were compared using one-way
ANOVA with Tukey’s post hoc test. Two-way ANOVA with Tukey’s post hoc test was used
with time (day 1 and 7) and blend hydrogel contents (3 %, 4 % and 5 %) for cell viability.
Significant differences are marked as follows: *(p<0.05), **(p<0.01) and ***(p<0.001).
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3.4 Results

3.4.1 Syntheses and characterization

The syntheses were processed several times (n = 2) for each equivalent of TCC used. To
guantify the overall amount of generated aldehyde functions, the aldehyde groups were
stably substituted via reductive amination. For this approach, amine derivatives which
contain defined number of protons as a tert-butyl group were used and NMR spectra of the
substituted products were measured. The acetyl group of the HA dimer unit was calibrated
as three protons and the integral of tert-butyl group was divided by the number of the tert-
butyl protons. Consequently, the calculated degree of oxidation refers to the overall amount
of oxidized HA dimer units. TCC equivalents of 0.76 and 0.5 led to almost same DO of 72.7 %
in average (Figure 12A). The reactions applying 0.25 eq. oxidation reagent led to strong
variations of the obtained DOs between 49.5 and 73.7 % (Table 4). Compared to the NalO4
oxidation (DO between 4.1 - 11.7 %), generally a much higher DO was achieved with TEMPO
catalyzed oxidation with lower amounts of secondary oxidation reagents and even the lowest
amount of 0.1 eq. TCC achieved a DO of around 22.2 % (Figure 12A). In general, TEMPO/TCC
oxidation achieves a 3 to 12-fold higher DO than NalO4 oxidation depending on equivalents

TCC used.

Degradation of HA chains during oxidation was investigated by parallel GPC measurements.
In comparison with the NalO4 oxidation, where a weight average molecular weight (M) of
101 -435 kDa was obtained for the different equivalents of periodate, a pronounced
degradation occurs during TEMPO/TCC oxidation with achieved molecular weights of
Mw 11 — 302 kDa (Figure 12B). In both cases, increasing molecular weights My, with
decreasing amounts of oxidation reagent were observed, which can be attributed to a
smaller polymer destruction by the lower amounts of oxidation reagents. Since the DOs for
the TEMPO/TCC oxidation were at least 3 to 12 times higher, it was decided to investigate
the influence of obtained individual oxidation degrees on hydrogel stiffness and incubation

stability.
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Figure 12: Comparison of TEMPO/TCC and NalO4 oxidation in (A) degree of oxidation in % for different
equivalents of oxidation agents and (B) weight average molecular weight in kDa for the differently
oxidized polymers.

Table 4: DO in % and weight and number average molecular weights (My and M, in kDa) of native HA,
oxHA and various batches of proxHA synthesized with 0.25 eq. of TCC; grey marked batches were
combined to one blend.

DO [%] M. [kDa] M, [kDa] Sample Name
Native HA 0 61 24 HA
73.7 95 27 DO 73.7%
63.2 36 11 DO 63.2%
proxHA 57.2 96 44 DO57.2%
55 75 33 DO 55.0 %
49.5 144 45 DO 49.5 %
Blend 53.3 87 34 Blend
oxHA 11.7 260 121 oxHA
3.4.2 Hydrogel formation

To investigate the influence of oxidation degree on hydrogel formation, different batches
with the DOs of 73.7.57.2, 55.0 and 49.5 % were used. Additionally, batches with similar DOs
of 57.2, 55.0 and 49.5 % were combined to a mixed blend and the hydrogels, which were
made from the blend and the single batches, were compared at a final content of 3 wt% for
their hydrogel formation. Analyses were also performed to investigate the effect of
increasing content on the mechanical properties of the hydrogels generated with the blend

by using final contents of 2, 3, 4 and 5 wt%.
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3.4.2.1 Compression tests for Young’s modulus

Right after preparation, the batch with the lowest DO also showed the weakest mechanical
properties as indicated by the measured stiffness (2.4 £ 0.04 kPa), whereas the batches with
DO 55.0 % (33.2 £ 0.7 kPa) and 57.2 % (40.9 + 3.9 kPa) showed significantly higher Young’s
moduli (Figure 13A). After 14 days of incubation, the DO 49.5 % hydrogels were already
completely swollen and dissolved. The batch with highest investigated DO 73.7 % first
showed similar Young’s moduli as the hydrogels with DO 49.5 % (2.5 + 0.7 kPa on day 1), but
the stiffness of these hydrogels increased very rapidly compared to the other batches due to
significant contraction and finally achieved the highest mechanical strength after 7 d with
222.9 £ 58.3 kPa. The hydrogels of the other batches with DO 55.0 % with 193.3 + 26.3 kPa
and 57.2 % with 191.03 + 27.46 kPa also achieved their maximum Young’s modulus after 7 d.
This effect of increasing Young’s modulus during long term storage in PBS could be observed
for all single batches as well as the mixed blend. After 7 d, almost all hydrogel formulations

lost the mechanical strength and became weaker again.

Hydrogels made from the blend in different contents proved that the Young’s modulus could
be further increased with higher polymer content (Figure 13B). Overall, the 2 wt% hydrogels
showed 6 times lower Young’s modulus than the 5 wt% hydrogels on day seven and even 31
times lower on day one. The 3 wt% hydrogels of the blend appeared at least almost 2 times
less stiff compared to the hydrogels of the single batches DO 55.0 % and DO 57.2 % on day
one, which can be attributed to the content of lower oxidized HA. At the maximum of
mechanical strength on day seven, the 3 wt% blend hydrogels showed with 76.1 + 8.6 kPa a
2.5 times smaller Young’s modulus than the hydrogels made from the batches with DO 55.0 %
and 57.2 %. All hydrogels achieved their maximum stiffness at day seven and lost mechanical

strength afterwards.
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Figure 13: Young’s moduli of (A) various batches with DO 49.5 %, 55.0 %, 57.2 %, 73.7% and a
polymer content of 3 wt% and of (B) the mixed polymer blend (DO 53.3 %).

3.4.2.2 Swelling and degradation behavior

Besides the mechanical properties weight changes of the hydrogels during storage in 1x PBS
were also investigated. Here, a shrinkage of all hydrogels based on polymers with a higher
DO then 50 % (Figure 14A) and 3 wt% polymer content was observed. After 21 d, the
hydrogels shrank to about 55.1 + 0.2 % of their initial weight for DO 55.0 %, 64.0 + 1.1 % for
DO 57.3 % and even to less than the half of the initial weight (39.3 + 1.4 %) for DO 73.7 %.
For the lower oxidation (49.5 %), the hydrogels initially swelled to 143.4 + 2.6 % of the
starting weight, shrank after 1d to 119.2 £+ 0.9 % and swelled afterwards until complete
dissolution. The blend hydrogels didn’t shrink after 1 h but swelled all over 100 % (Figure
14B), the resulting shrinkage then was quite moderate compared to the single batches and

stopped between 68.3 £ 2.3 % (5 wt%) and 94.6 + 1.3 % (4 wt%).
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Figure 14: Behavior of hydrogels after storage in 1 ml 1 x PBS: (A) various batches with DO 49.5 %,
55.0%, 57.2 %, 73.7 % with a content of 3 wt%, (B) blend (DO 53.3 %) with various contents.

3.4.3 SPR analysis for determination of binding affinity of proxHA

Since chemical modifications of HA can strongly influence its binding properties to the CD44
receptor on cell surfaces [290], their binding to surface immobilized CD44 receptors were
studied via SPR measurements. The CD44 binding affinity of following HA derivatives were
detected and compared: unmodified HA (HA, M, = 24 kDa), the NalOs oxidized HA (oxHA,
M, =121 kDa, DO 11.7 %) as well as the primary oxidized HA (proxHA, M, = 11 kDa,
DO 63.2 %) oxidized with the same equivalents of the respective oxidation agents. Despite
the fact that proxHA has an almost 6-fold higher DO than oxHA, and a 10 fold lower molecular
weight both Kp values were still in a similar range, which can be attributed to the intact
backbone structure of the proxHA favoring the interaction with the CD44 receptors and the
retention of the polymer on the SPR chip (Table 5). However, both the oxidation of the
primary alcohol to an aldehyde function and the formation of the dialdehyde seemed to have
a major effect on the binding ability compared to the native HA of a comparable molecular

weight (Figure 15).
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Figure 15: SPR analysis of unmodified HA (black) NalO4 oxidized (oxHA, red), and TEMPO/TCC
oxidized (proxHA, blue) at the highest investigated concentration of 32.7 uM.

Table 5: Values of dissociation constant of unmodified HA, NalO4 oxidized (oxHA) and TEMPO/TCC
oxidized HA (proxHA) with different degrees of oxidation (DO).

Sample M. [kDa] M, [kDa] DO [%] Ko [nM]
HA 61 24 0 533+ 87
oxHA 260 121 11.7 3546 + 1052
proxHA 36 11 63.2 3330+911

3.4.4 Cell viability of hMSCs

To evaluate the in vitro cytocompatibility of the obtained hydrogels, hMSCs were embedded
in hydrogels formed out of the polymer blend to investigate the effect of polymer contents
(3, 4 or 5wt%) on cell survival and differentiation in proliferation medium as well as in
chondrogenic differentiation medium for 21 days. Depending on the chosen culture medium
there was a quite remarkable difference in hydrogel stability. In proliferation medium the
hydrogels with 3 and 4 wt% polymer both dissolved between day 7 and day 21, whereas the
5 wt% blend hydrogels did not disintegrate but became slightly larger during in vitro culture.
Additional cell-containing hydrogels (3 wt%) based on polymers with a DO of 73.7 % retained
their size in cell culture and remained stable even after day 21 (Figure 16A). In contrast to
that, all hydrogels that were cultured in chondrogenic differentiation medium did not
dissolve at all but decreased in size, with 5 wt% hydrogels showing the strongest shrinkage

of all studied formulations (Figure 16B).
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Figure 16: (A) Cell viability of in vitro cultured hMSCs in 3 wt% hydrogels (DO 73.7 %) after day 1, 7
and 21, shown by live/dead staining. Viable cells were labeled green with calcein-AM and dead cells
with EthD-I. (B) Proportion of the hydrogels (3, 4, and 5 wt%) with proliferated cells over 3 weeks in
comparison of hydrogels with chondrogenic differentiated cells (3, 4 and 5 wt%).
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Live/dead assays were performed for all polymer contents of blend hydrogels and showed
excellent biocompatibility (> 85 %) of all investigated hydrogels at day one (Figure 17A, B).
On day 7, only a slight decrease in cell viability was observed for 3 wt% and 4 wt% hydrogels
(77.2+£13.5 and 74.8+9.5%, respectively), whereas significantly less viable cells
(61.9 + 8.3 %) were detected for 5 wt% gels (Figure 17B).
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Figure 17: Cell viability in blend hydrogels. (A) Cell viability of in vitro cultured hMSCs in 3, 4 and 5 wt%
blend hydrogels (DO 53.3 %) after day 1, 7 and 21 in proliferation medium, shown by live/dead
staining. Viable cells were labeled green with calcein-AM and dead cells with EthD-I. Scale bars
represent 100 um. (B) Quantification of viable cells, after day 1 and 7 of in vitro culture in proliferation
medium. Data are presented as means + standard deviation (n =3 per condition and time point,
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counting at least eight locations each sample). Significant differences between groups at day 7 are
marked with *** (p < 0.001), labels above bars of groups at day 7 show significant differences
compared to day 1, “~” (p < 0.01) and “#” (p < 0.001).

3.4.5 Chondrogenic differentiation of hMSCs

After culture of hMSCs in chondrogenic differentiation medium, the deposition of
cartilaginous extracellular matrix (ECM) within the hydrogels was assessed. Quantitative
biochemical analysis of GAG production showed that hMSCs encapsulated in the lowest
concentrated hydrogels (3 wt%) produced distinctly higher amounts of GAG/DNA compared
to 5 wt% hydrogels (15.9 + 4.1 pg/ug) (Figure 18A). This could also be demonstrated by
histological staining with safranin O for GAG and immunohistochemical staining for aggrecan,
where the 5 wt% hydrogels exhibited the weakest signals for these cartilage specific ECM
molecules (Figure 18C). The staining for collagens with picrosirius red and collagen Il on the
other hand did not show differences in collagen production between the different hydrogel
formulations (Figure 18C). These findings were furthermore reflected by the determination
of the total collagen/DNA ratio, with only slightly, but not significantly lower values for 5 wt%
compared to 3 wt% (Figure 18B). Altogether the assays confirmed that considerable ECM
production during chondrogenic differentiation was achieved in all tested hydrogels and that
the lowest concentrated 3 wt% hydrogels showed higher GAG production compared to the

highest concentrated hydrogels.
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Figure 18: (A) GAG and (B) total collagen production of in vitro cultured hMSCs in 3, 4 and 5 wt%
blend hydrogels (DO 53.3 %) after 21 days of chondrogenic differentiation, normalized to DNA. Data
are presented as means * standard deviation (n = 3). Significant differences between groups are
marked with ** (p < 0.01), (C) Histological and immunohistochemical staining for deposited ECM
components in 3, 4 and 5wt% blend hydrogels (DO 53.3 %) after 21 days of chondrogenic
differentiation. Longitudinal sections were stained for deposition of GAG and collagen with safranin
O and picrosirius red, respectively. Immunohistochemical staining for aggrecan (green) and collagen
type Il (green), nuclei were counterstained with DAPI (blue). Scale bars represent 100 um
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3.5 Discussion

This study established a new synthesis path of a primary oxidized HA for the formation of
dynamic chemically crosslinked hydrogels with a high mechanical strength and long-term
stability for cell culture. Additionally, the determination method for the aldehyde content of
oxidized HA and other comparable biopolymers was optimized. In literature, tert-butyl
carbazate, a BOC-protected hydrazine, is often used for the quantitative analysis [270], but
it is also known that the BOC protection group can already be cleaved under the mild acidic
conditions during the modification [298]. Since the reductive amination is performed in
acetate buffer with pH 5.2, the use of tert-butyl carbazate can deceive the obtained DO. With
tert-butyl hydrazine, the cleavage of the tert-butyl group used for quantification is avoided

and stable results are obtained.

During the characterization of proxHA using TBH, it was observed that both higher TCC
equivalents of 0.76 and 0.5 led to a similar DO over 70 %. The oxidation of the primary alcohol
of HA is performed by TEMPO which is acting as catalyst and needs activation and
regeneration by a secondary oxidation reagent. For this, TCC is used both to activate and
regenerate TEMPO in a two steps oxidation [288]. Since all three chlorine atoms are active,
TCC can function three times as oxidation reagent and finally convert to cyanuric acid with
an aromatic ring, which is also the driving force for the reaction [299] (Scheme 5).
Additionally, the reaction must be performed under strictly anhydrous conditions to avoid
subsequent oxidation to carboxylic acid functions [288]. For this reason, 0.5 and
0.76 equivalents TCC should be able to convert nearly all primary alcohol groups of N-acetyl-
D-glucosamine during the reaction. Still, no complete conversion of all HA dimer units was
achieved, wherefore it can be assumed that the oxidation limit is capped at a certain degree
of oxidation due to steric effects, since the obtained degrees of oxidations for the higher
amounts of TCC were quite similar (Figure 12A). Taking the three active chlorine species into
account, it was expected to achieve a DO of over 70 % already with 0.25 eq. of TCC, which
occurred only once with DO 73.7 % due to excellent reaction conditions. Since HA is a very
sensitive and eventually also hygroscopic biomacromolecule, reproducibility of the reactions
with HA is often hard to accomplish. Under best conditions, a DO of around 60 % was
achieved in average and this is nonetheless 2.4 times higher than the equivalents of added

TCC. A similar effect was observed for the reactions with only 0.1 equivalents of TCC,
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indicating the multiple step oxidation of the secondary oxidation reagent. Compared to the
oxidation with NalQOg, at least 3 — 12 times higher DOs were obtained depending on the used
equivalents of TCC. Unfortunately, the GPC measurements nevertheless showed a massive
degradation of the HA chains also after TEMPO/TCC oxidation. However, it is well-known that
degradation of HA chains can occur under oxidative stress (e.g. caused by free radicals) or
under non physiological pH-conditions both during chemical reactions as well as in biological
systems [156,300-302].

Trichloroisocyanuric acid
0 (TCC)
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(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl : cl
TEMPO
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CI\N N/CI
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Scheme 5: Mechanism of oxidation of primary alcohol with TEMPO/TCC.

When using the polymers for the formulation of hydrogel, a very fast gelation with adipic
acid dihydrazide appeared within 10 seconds or even faster, especially with higher polymer
contents and oxidation degrees. Due to the immediate gelation, the obtained hydrogels were
quite stiff and brittle, this is why it can be assumed that these hydrogel systems cannot be
used for extrusion-based 3D bioprinting. Since higher DO leads to more crosslinking and
consequently higher network density, it is expected that the higher DO also results in higher
Young’s moduli. Upon incubation in PBS, an increase of the Young’s moduli was noticed for
almost all hydrogels except the hydrogels with DO 49.5 %, which even dissolved completely
between day 14 and 21. One possible explanation for this increase of Young’s moduli is the

dynamic reversible bond of the Schiff Base chemistry, which can be re-arranged due to the
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reversibility until the most stable thermodynamic state and consequently highest mechanical
stability is reached. Additionally, the occurring shrinkage of the hydrogels after storage in
PBS can also be related to this re-arrangement of the network. The higher hydrogel network
density caused by syneresis again explains the occurring increase of the mechanical strength
at the later timepoints. A similar effect of higher network density can also be achieved by
increasing the content of the hydrogel forming polymer solutions, which is demonstrated
with the blend hydrogels formed by different polymer contents (Figure 13B). Compared to
the individual polymer batches the blend hydrogels showed a reduced mechanical strength
and rather moderate swelling behavior, which can be attributed to the overall mixed
behavior of the differently oxidized polymer batches. Accordingly, the behavior of the
hydrogels can be tuned by the oxidation degree of the used polymers. In general, the formed
hydrogels with an average oxidation degree above 50 % proved to be stable for extended
time even without cells (over 3 weeks), which was never achieved with hydrogels based on
NalO4 oxidized HA and the low molecular weight crosslinker ADH [84]. When compared with
other HA hydrogels crosslinked only via reversible Schiff Base, e.g. the hydrazine modified
HA crosslinked with NalO4 oxidized HA [67], our proxHA hydrogels are also mechanically
much stiffer. It can be presumed that this is mainly induced by the high degree of oxidation

and eventually also the preservation of the HA backbone structure.

Since only the primary alcohol of HA is modified without changing the backbone structure
excessively, it was interesting to investigate the receptor binding affinity of this HA derivative
in comparison to the commonly performed HA oxidation using periodate. Bhattacharya et al.
summarized the interactions between the functional groups of HA and the CD44 receptor,
showing that hydrogen bonds between the charged glucuronic acid and the amino acids
predominate the hydrogen bonds and hydrophobic interaction of the N-acetylglucose-
amine [151,290]. Oxidation with NalO4 obviously leads to an opening of saccharide rings,
which causes an extreme interference with the retention of HA backbone structure. It can be
assumed that this interference by ring opening and oxidation has a much higher influence on
the CD44 receptor binding properties of HA than the oxidation of the primary alcohol group
to an aldehyde function. However, both binding affinities of the differently oxidized HA
derivatives were significantly lower than the native HA, which demonstrates the specificity
of CD44 for the preserved structure of HA. Even though NalO4 oxidized HA only had an almost

6-fold lower DO and a 10-fold higher molecular weight than proxHA, the Kp values of both
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oxidized HA were in a similar range. This demonstrates that even with preservation of the
backbone the high DO negatively affects the binding affinity of the HA derivative (Table 5).
However, given the fact that the CD44 receptor needs at least four intact HA repeating units
for binding [278], which is achievable by oxHA with an DO of 11.7 % (every 10" repeating
unit is oxidized), it is impossible to find as much unchanged repeating units in the proxHA,
where six out of ten repeating units are already oxidized. Accordingly, it can be supposed
that the NalO4 oxidation massively destroys the backbone structure and thereby interferes
with the receptor interaction leading to the weak binding affinity even with lower oxidation
degree. The exchange of the primary alcohol to an aldehyde function accordingly seems to

have a minor effect on binding ability (Figure 15) in this study.

Further striking differences were observed during the in vitro cell culture in the formed
hydrogels. Here, it was observed that the hydrogels formed out of 3 and 4 wt% polymer
dissolved completely during in vitro culture in proliferation medium, which was most likely
caused by the reversible dynamic Schiff Base system where the formed hydrazones undergo
hydrolysis [220]. Additionally, the dissolution of the hydrogels was possibly enhanced by the
presence of amino acids in cell culture medium, which can obviously replace ADH as a
bifunctional crosslinker. In strong contrast, all hydrogels which underwent differentiation
retained their stability in cell culture, which can be attributed to the newly formed ECM by
the hMSCs, which was most likely integrated in the reversible hydrogel network.
Nevertheless, a higher DO could still be employed to improve stability due to more
crosslinking possibilities for ADH and thereby allow longer culture also for non-differentiated
cells (Figure 16A). In general, all hMSCs (non-differentiated and differentiated) within the
hydrogels initially showed an excellent cell viability with over 85 % after encapsulation. The
viability of cells decreased after 7 days, especially for the higher polymer containing 5 wt%
hydrogels (Figure 17B), which was also observed in other HA-based hydrogels and could
probably be caused by limitations of nutrient and waste diffusion due to the denser polymer

network [303-305].

Furthermore, the deposition of GAG and collagen throughout the hydrogel matrix proved the
formation of cartilage specific ECM [306]. The significant reduction of the GAG to DNA ratio
in 5 wt% hydrogels when compared to lower concentrated hydrogels, i.e. 3 wt% (Figure 18A),
is in line with reports for other HA hydrogels which showed that higher polymer content can

reduce GAG production of encapsulated cells [307-309]. Besides that, the total collagen
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content did not indicate significant differences between the different contents (Figure 18B).
The considerable shrinkage of hydrogels cultured under chondrogenic conditions after 21
days (Figure 16A), especially for high concentrated gels with less ECM production, could also
be explained with the dynamic bonds of the Schiff Base chemistry, which allow a steady
replacement of the ADH crosslinker by the ECM produced by the cells and thereby a further
contraction or condensation of the hydrogel. Here, the reversible Schiff Base chemistry also
enables a continuous remodeling of the hydrogels without any necessary cleavable
crosslinkers. Additional histological and IHC staining accordingly showed an aggregation of
cells and homogeneous distribution of cartilaginous matrix components such as GAG,
aggrecan and collagen Il, especially throughout the lower concentrated hydrogels providing
more space for the formed ECM components (Figure 18C). The deposition of cellular ECM in
these reversibly crosslinked hydrogels appears more even, when compared to other HA
hydrogel systems [253,307,308]. Taken together, the here presented hydrogel system based
on highly oxidized hyaluronic acid seems to be well suited for the culture of ECM forming

cells, especially hMSCs undergoing chondrogenesis in this pilot experiment.
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3.6 Conclusion

In this work, a novel synthesis path was developed for a new hyaluronic acid (HA) based
material which can be used for the in situ formation of biocompatible hydrogels. The study
demonstrated that the degree of oxidation by the TEMPO/TCC oxidation can be further
increased by using anhydrous DMF as solvent to avoid overoxidation of the primary alcohol
group to carboxylic acid functions. With the higher DO, it was able to generate long-term and
mechanical stable hydrogels without the need for secondary crosslinking, even in cell culture
medium. By using the reversible Schiff Base crosslinking, UV exposure in cell culture was
avoided and good cell viability was achieved. The formed hydrogels were successfully applied
for the chondrogenic differentiation of h(MSC, where the newly formed ECM was essential to
retain the hydrogel structure during the long-term culture. Due to the very fast gelation and
high mechanical stiffness, this still reversible hydrogel is not immediately suitable for
extrusion 3D printing, where a gelation on a longer time scale would be desired. Nevertheless,
casting of this fast crosslinking hydrogel in more complex prefabricated shapes could be
applied to encapsulate cells also in different geometries. Additionally, this system may be
used for the formation of microgels using microfluidic two component mixers with the

encapsulation of cells.
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PENTENOIC ACID MODIFIED GELATIN FOR APPLICATION AS
BIOINK WITH LIGHT CONTROLLABLE MECHANICS
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4.1 Abstract

3D printing of hydrogels as bioinks has gained attention in recent decades. Inherent in this,
gelatin hydrogels which have been used for drug delivery systems or injectable hydrogels,
have found application as bioinks as well. Well-known gelatin-based hydrogel systems are
methacryloyl gelatin (GelMA) and allyl glycidyl ether substituted gelatin (GelAGE). Both
systems are crosslinked in a photoinitiated polymerization or thiol-ene reaction via UV light
and have been investigated in their application as bioinks. In this study, pentanoate
functionalized gelatin (GelPA) hydrogels are established as a potential bioink with light
tunable mechanical properties, using thiol-ene reaction with thiolated 4-arm polyethylene
glycol (sPEG) and the visible light initiator system tris(2,2-bipyridyl)dichloro-ruthenium(ll)
hexahydrate (Ru) and sodium persulfate (SPS). For synthesis of GelPA, a selective reaction to
substitute the amines of gelatin with ene-functions using N-hydroxysuccinimide (NHS) ester
of pentenoic acid under mild conditions was provided to preserve thermo responsive

properties of the material.
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4.2 Introduction

In recent years, biofabrication of biopolymer-based hydrogels has experienced a very fast
development, especially as bioinks in the field of 3D printing [192,310,311]. During printing
process, the biomaterial must provide proper viscosity, shape fidelity after printing and cell
friendly environment to serve as a cell delivery medium [14,312]. Viscosity and mechanical
stability of a biomaterial-based hydrogel is strongly depending on the chain length of the
used biopolymer [313,314]. Mechanical and viscous properties decrease with decreasing
molecular weight. To enhance mechanical stability, higher polymer concentrations must be
used especially when the biopolymers have lower molecular weights [315]. However, it is
known that high polymer concentrations are not beneficial for cell viability [316,317]. Thus,
it is desirable to use low concentrated hydrogels to obtain good cell viability. For 3D printing,
the challenge here is to simultaneously preserve proper material properties such as

convenient viscosity and form stability after printing.

Therefore, gelatin is a promising material for the application as bioink. As a water-soluble
proteinaceous biopolymer, it contains Arg-Gly-Asp (RGD) sequence which modulates cell
adhesion [181,251] and is less antigenic than collagen since its denatured [181,187]. Due to
its thermo responsive behavior, the triple helical state of gelatin chains converts into
disordered coils in aqueous solution above the helix melting point around 32 °C [318]. But
for cell culture, which is normally performed at 37 °C, this property is not accessible and must
be avoided by chemical crosslinking. Still, the thermal response can be used to achieve the
desired viscosity for 3D printing and the mechanical stability can be accomplished by
subsequent crosslinking after the printing process. Therefore, a commonly used and 3D
printed gelatin hydrogel is methacroyl gelatin (GelMA) [136,319]. The crosslinking is
performed via photoinitiated chain growth polymerization under UV light exposure with
Irgacure 2959 (12959) as initiator and no additional crosslinker. Bertassoni et al. investigated
the printable concentrations of GelMA and reported printability in a range between 7 and
15% [320]. Another printable gelatin based hydrogel system is allyl glycidyl ether
functionalized gelatin (GelAGE) using thiol-ene chemistry as crosslinking mechanism, where
a thiol functionalization is coupled with a double bond (“ene”) via light-mediated radical
reaction [238]. Therefore, Bertlein et al. modified gelatin with allyl glycidyl ether (GelAGE)

under harsh conditions of pH between 8 — 13 and a temperature of 65 °C, despite the fact
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that gelatin is heavily degraded by pH and temperature increase [267]. This synthesis
conditions resulted in massive degradation of gelatin chains, but still led to feasible 3D
printing at low temperatures between 4-10 °C and very high polymer concentrations up to
30 wt%. Since it is known that UV irradiation can damage cell DNA [284], they used a visible-
light photo initiating system based on tris(2,2-bipyridyl)dichloro-ruthenium(ll) hexahydrate
(Ru) and sodium persulfate (SPS) and compared it with 12959. An alternative gelatin based
hydrogel system which is not investigated precisely yet was developed by Russo et al. using
thiol-ene chemistry. Therefore, they modified gelatin with pentenoic anhydride and
y-thiobutyrolactone [259]. Anhydride species can react with alcohol and amines when they
are turned into nucleophils by deprotonation [321]. Thus, it is unclear whether penteonic
anhydride reacts with alcohol groups, such as serine (Ser) or hydroxylysine (Hyl), and amine
group of lysine (Lys) in gelatin simultaneously. To achieve selectivity, N-hydroxysuccinimide
esters (NHS-ester) of acids are known to be attacked by amines particularly, even in presence
of alcohols [322,323]. The synthesis of NHS-ester of acids is normally performed via 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry [324] by activating the acid
functionalization (Scheme 6, top). Additionally, it is desirable to use milder conditions than
for GelAGE synthesis (Scheme 6, bottom) to prevent chain degradation of gelatin to preserve
this biopolymer in its structure as far as possible. Still, the substitution reaction needs amine
groups to react as nucleophils [325,326] and therefore slightly alkaline conditions necessary

to deprotonate amines.
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Scheme 6: Synthesis of NHS-pentenoic acid ester (top) and GelPA (bottom).
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This study contains a novel synthesis path of pentenoate functionalized gelatin and the
influences of reaction time and amount of substitution reagent on the degree of substitution.
Additionally, hydrogels formed with GelPA and thiolated 4-arm-star-PEG with a molecular
weight of 5 kDa as crosslinker via thiol-ene reaction are investigated on their properties in
mechanical strength and swelling behavior. The biological part with human breast cancer cell

line MDA-MB-231 is not shown in this thesis.
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4.3 Materials and methods

4.3.1 Materials and reagents

Gelatin, pentenoic acid (PA), dimethylsulfoxide (DMSO), gelatin (gel strength 300, Type A),
magnesium sulfate (MgS0a4), sodium nitrate (NaNO3s), sodium persulfate, tris(2,2'-bipyridyl)-
dichlororuthenium(ll) hexahydrate were purchased from Sigma Aldrich, St. Louis, USA. 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS) were
obtained from Carbosynth Limited, Berkshire, UK. Sodium azide (NaN3) was purchased from
Merck KGaA, Darmstadt, Germany. Dichloromethane was obtained from Fisher Scientific,
Schwerte, Germany. 4-Arm-star-PEG Thiol (5 kDa, sPEG) was obtained from JenKem
Technology USA, Plano, TX, USA.

The used materials for gel electrophoresis were purchased from Bio-Rad, Munich, Germany,
if not declared otherwise. Urea was purchased from Merck, Darmstadt, Germany. Sodium
dodecyl sulfate (SDS), Ampholine pH 2-11 were obtained from SERVA Electrophoresis GmbH,
Heidelberg, Germany. Nonidet® P40 was purchased from AppliChem GmbH, Darmstadt,

Germany.

4.3.2 Synthesis of pentenoic N-hydroxysuccinimide ester (PA-NHS)

EDC (23.0 g, 120.0 mmol, 1.2 eq.) was dissolved in 150 m| DCM. NHS (18.4 g, 160.0 mmol,
1.6 eq.) was added and the mixture was diluted with another 150 mL of DCM. Then,
pentenoic acid (10.2 mL, 100.0 mmol) was added, the round bottom flask was flushed with
inert gas and the reaction was stirred over night at room temperature (RT). The solvent was
removed under vacuum and the residue was dissolved in 150 mL diethyl ether and the
organic phase was washed with 80 mL H,O for six times. The organic phase was dried with
MgS0O4 and the solvent was removed under vacuum. The product was obtained as a beige
solid (yield). Nuclear magnetic resonance spectroscopy was used to confirm successful
synthesis. *H-NMR (300 MHz, CDCls3): & [ppm] =5.91-5.78 (m, 1H, -CH,-CH=CH,); 5.16-
5.06 (m, 2H, -CH,-CH=CH>); 2.83 (s, 4H, H-NHS); 2.73 (t, 3/ = 7.35 2H, NHS-CH>-CH,-); 2.52-
4.45 (dd, 2H, 2J = 13.94 Hz, 3J = 7.32 Hz, NHS-CH,-CH>-)).
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4.3.3 Synthesis of pentenoyl modified gelatin (GelPA)

Gelatin (1 g) was dissolved in water (10 %, w/v) at 40 °C for 2 h. Afterwards, pH is adjusted
to 8-9 with 0.1 mol/L NaOH. Then, PA-NHS (0.1 g (0.51 mmol) 0.25g (1.27 mmol), 0.5 g
(2.54 mmol), 1 g (5.07 mmol) or 2 g (10.14 mmol) per gram gelatin) was dissolved in DMSO
to achieve a final H,0:DMSO ratio of 3:2 and added to the gelatin solution. The reaction was
stirred for 2 h at 40 °C, dialyzed (MWCO 1 kDa) against distilled H,O at 40 °C for 3 days. After
freeze drying, Gel-PA was obtained as a white solid foam. NMR (NMR Fourier 300, Bruker
Corporation, Billerica, MA, USA) was measured at 40 °C to hold the NMR sample liquid. 'H-
NMR (300 MHz, D,0, 40 °C): 6 [ppm] = 7.52-7.45 (m, 5H, Phenyl protons of gelatin); 6.07-
5.99 (m, 1H, -CH,-CH=CH); 5.29-5.20 (m, 2H, -CH;-CH=CH,); 4.59-1.11 (gelatin backbone and
remaining protons from PA). Degree of substitution (DS) was determined as mmol of PA per
gram of gelatin. Therefore, the proton integral of the double bond in PA was compared to
the phenylalanine (Phe) signals in gelatin. The molecular weight (M) of Phe is the M of the

amino acid minus M of H,O, since Phe is bonded in gelatin:
Mphe in getatin = 165.19# - 18.01% = 147.18% (equation 6).

Due to Gelatin Handbook from Gelatin Manufacturers Institute of America [327], 1 g gelatin

contains 21 mg (m) Phe. Thus, the amount of substance of Phe in 1 g gelatin is:

0.021-2

Mphe in gelatin __ 1mol

Nphe in gelatin —

= 7= = 0.143 mmol (equation 7).
Mphe in gelatin 14717~

From 'H-NMR, the integral of 1 Phe ring (5H) is compared to the integral of the single proton
of the double bond (DB), which is representative for the number of PA substituted to gelatin

compared to Phe. The DS’s (mmol/ggelatin) Were calculated as follows:

Npgin gelatin = NPhe in gelatin f Proton of DB

= 0.143 mmol - fProton of DB (equation 8)
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4.3.4 Kinetic studies

Kinetic studies were performed with the synthesis of GelPA described as above. After every
15 min 250 uL were withdrawn for dialysis at 40 °C. This procedure was repeated up to 4 h.

The samples were freeze dried and characterized by *H-NMR and GPC.

4.3.5 Gel permeation chromatography (GPC)

Mass average molar mass My, of gelatin and GelPA was determined by using a GPC system
from Malvern (Herrenberg, Germany). The system consisted of a Viscotek GPCmax (in-line
degasser, 2-piston-pump and autosampler), a column oven (35 °C), refractive index (RI)
detector (Viscotek VE3580) and Viscotek A-columns (A2000/3000, length =300 mm,
width = 8 mm, porous poly(methyl methacrylate), particle size 13 um). An aqueous solution
of Millipore water with 8.5 g/L NaNOs and 0.2 g/L NaN3 was used as eluent and solvent. The
samples were dissolved with a concentration of 3.0 mg/mL overnight at RT and filtered with
a 0.45 um regenerated cellulose membrane. The measurements were performed with 100 pl
of injected volume with an elution rate of 0.7 mL/min. The molecular weights of the gelatin

and GelPA were calculated using conventional calibration with PEG standards.

4.3.6 2D gel electrophoresis
4.3.6.1 Isoelectric focusing dimension

Isoelectric focusing (IEF) was performed via nonequilibrium pH gel electrophoresis (NEPHGE)
according to Gravel with modifications [328]. For NEPHGE, stock solutions were prepared as

shown in Table 6.
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Table 6: Contents for the stock solutions used for 2D gel electrophoresis.

Solution No. Content

9.5 mol/L Urea
0.5 (w/v) SDS
5 % (v/v) B-mercaptoethanol
2 % (w/v) Ampholine pH 2-11
9.5 mol/L Urea
5 wt% Nonidet® P40
5 % (v/v) B-mercaptoethanol
2 % (w/v) Ampholine pH 2-11
6 mol/L Urea
2 % (w/v) Ampholine pH 2-11

iv 30 % acrylamide/bis solution

v 10 % (v/v) Nonidet P40

vi anodic buffer with 10 mM H3PO4
vii cathodic buffer with 20 mM NaOH

Glass capillary (length =12 cm, @ =3 mm) tubes were silanized before use. For the gel
precursor solution 5.5 g urea, 2 mL of v, 2 mL of ddH,0 and 1.33 mL of iv were mixed to a
homogeneous solution under heating. Afterwards, 0.5 mL ampholine, 30 uL APS and 20 plL
TEMED were added. The gel solution was filled into the silanized glass capillary tubes, which
were capped with parafilm at one end, to a height of 11 cm and covered with ddH,0 until
gelation. Gelatin, GelPA and cytochrom C were dissolved in 250 yL i at 37 °C and after
dissolution 250 pL of ii was added to achieve a final concentration of 0.6 mg/uL for gelatin
and GelPA and 1.2 mg/uL for cytochrome C as reference. After gelation of the precursor
solutions in the tubes, parafilm was replaced by a thin mesh and the tubes were transferred
into the tube holder of the tube cell model of the electrophoresis device. Empty slots of the
holder were sealed with plugs. Every sample (20 uL) was pipetted into the remaining 1 cm of
one tube each and covered thoroughly with iii (20 uL) and then H3POs solutions (vi) to the
upper edge of the tube. The top chamber was completely filled with H3POs and the lower
chamber was filled with NaOH solution (vii) until the tubes were soaked within the solution
for around 2 cm. The top chamber was connected to the anode, whereas the lower chamber

was connected to the cathode. Electrical conditions were 200 V for 15 min, 300 V for 30 min
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and 400 V afterwards until the cytochrome C reached the end of the tube. After IEF, the gels
were forced out thoroughly from the glass tubes with a water filled syringe and stored at -
20 °C until use for the SDS-PAGE. The reference gel with cytochrome C was cut into 0.5 mm

pieces which were stored in ddH;0 at 4 °C over night for pH determination on the next day.

4.3.6.2 Second dimension electrophoresis using SDS-PAGE

A 12 % polyacrylamid gel using the standard protocol of Bio-Rad Laboratories was prepared
for the second dimension electrophoresis. After transfer of the gel precursor solution into
the chamber, the solution was covered with ddH,0 until gelation. The ddH;0 was removed
and the collection gel was filled up to the frame of the chamber. Afterwards, the stored IEF
gel was laid on top of the SDS-PAGE, sealed with 1 % agarose, whereas two tiny agarose gels
loaded with Precisions Plus Protein™ Western C™ Blotting Standards were placed to the
ends of the IEF gel. The SDS-PAGE was performed over night with 30 mA and stained with

Coomassie® Brilliant Blue (SERVA and Electrophoresis GmbH).

4.3.7 Hydrogel formation

For hydrogel formation, GelPA and sPEG were dissolved in PBS at 37 °C for at least 2 h with
final polymer concentrations of 3, 5 and 7 wt%. Molar ratios of 1:1, 2:1 and 3:1 were set as
thiol:ene ratios. Stock solutions of Ru (10 mM) and SPS (100 mM) were used to achieve a
final concentration of 0.1/1 mM of Ru/SPS in the hydrogel. The precursor solution was
transferred into relevant transparent PDMS silicon molds and exposed to visible light
(JOBMATE, 220-240V, 50 Hz, 20 W LED, Steelfort, Palmerston North, New Zealand) for
30 and 60 s.

4.3.8 Mechanical testing

For mechanical testing, the hydrogel precursor solution was transferred into transparent
PDMS molds with 4 mm height and diameter. All hydrogels were exposed to light for 30 s
and 60 s. The linear compression testing was performed with a mechanical test instrument

(ElectroForce 5500, TA Instruments, Eden Prairie, MN, USA) using a load cell of 250 g directly

81



Chapter 4

after preparation, 1h, 24 h, 7d, 14d and 21 d. Before each measurement, height and
diameter of each specimen were measured with a sliding calliper. The Young’s modulus was
calculated as described in chapter 3.3.9. The strain y was calculated by dividing displacement
(disp) of the measurement by the height ho as shown equation 3. True stress was calculated
as described in equation 4. The Young’s modulus was received by plotting strain against true
stress and applied by using linear fit to the strain-true stress curve. The slope was used for

determination of the Young’s modulus.

4.3.9 Wet weight change

For observation of the behaviour of the hydrogels after storage in 1 mL PBS, the hydrogels
were taken out of the solution after 1 h, 24 h, 7d, 14 d and 21 d, wiped dry, weighed, and
compared to hydrogels after crosslinking. The hydrogels were covered with fresh PBS after
each weighing. The ratio of the weight of stored hydrogels (ws) and weight of non-stored

hydrogels (w) were calculated with equation 5 as described in chapter 3.3.10.

4.3.10 Rheological analysis

Rheological measurements were performed with a rheometer from Anton Paar (plate plate
setting). The precursor solutions containing GelPA/sPEG (5 and 7 wt%, with all thiol:ene
ratios) without initiator system were investigated on their thermo responsible properties.
First, the samples were allowed to stabilize at 37 °C for 15 min. Then, amplitude sweep with
strain from y = 0.001 - 100 %, an angular frequency of w = 10 rad/s run at 37 °C. Afterwards,
the sample was allowed to stabilize again at 37 °C for 5 min, followed by a frequency sweep
(y=0.1%, w =100 bis 0.1 rad/s) at 37 °C. The temperature sweep was performed after the
frequency sweep with y = 0.1 %, w = 10 rad/s and a cooling rate of 2 °C/min from 37 to 4 °C.
The sample was allowed to stabilize at 4 °C for 5 min. Amplitude, stabilization and frequency
sweep were repeated at 4 °C and temperature sweep was then performed with same

adjustments as before from 4 to 37 °C.
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4.3.11 3D (bio)printing

The 3D printed constructs were fabricated using a 3D Discovery robotic dispensing system
(RegenHU, Villaz-St-Pierre, Switzerland). A PH2 print head (pneumatic driven print head,
DD135N) was tempered to 21 °Cor 12 °C to print the GelPA hydrogel precursor solution with
a needle diameter of 0.33 um (Nordson EFD, East Providence, Rhode Island, USA). The
collector plate was cooled to 10 °C. The precursor solutions with thiol:ene ratio 1:1 were
prepared as described above and transferred into 5 ml syringe barrel and cooled in the dark
for 15 (3 %), 7 (5 %) and 5 min (7 %) at 4 °C. The constructs were printed in 4 layers and
exposed to visible light (JOBMATE, 220-240 V, 50 Hz, 20 W LED, Steelfort, Palmerston North,
New Zealand) for 60 s.

For 3D bioprinting, GelPA was weighed in a small glass vessel and sPEG in a 2 mL Eppendorf
cup and the components were exposed to 254 nm UV light for at least 20 min for sterilization.
Afterwards, GelPA was transferred into the 2 mL Eppendorf cup with sPEG and the polymers
were dissolved in sterile PBS for at least 2 h and not longer than 4 h at 37 °C with 1000 rpm
in the dark. The initiator solutions were filtered through a 0.2 um membrane and kept at 4 °C
in the dark until use. The MDA cells were suspended in the polymer solution with a
concentration of 40k and 200k cells per mL by pipetting. Afterwards, the initiator solutions
were added and the cell suspension thoroughly mixed. The printing was performed as
describe above under sterile conditions. The printed constructs were cultivated in well plates

with medium change on each second day.

4.3.12 Statistical Analysis

If not stated otherwise, mean and standard deviation and error of the mean (SEM) were
calculated for Young’s Modulus, migration speed and invasion distance using OriginPro
2018b. Statistical testing was done with Sigma Plot 12.5 by using two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Differences between mean values are considered

statistically significant at p<0.05 (*), p<0.01 (**) and p<0.001 (***).
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4.4. Results

4.4.1 Synthesis of PA-NHS and GelPA

The successful synthesis of PA-NHS and GelPA was approved by NMR spectroscopy (Figure
19A) with the signals of the double bond from 6.084-5.206 ppm. For the kinetic study, control
of the DS and the My, after each 15 min for 4 h was performed in total. It could be shown that
gelatin does not degrade massively at 40 °C for over 4 h (Figure 19B) and that the mild
reaction conditions with 40 °C and pH between 8-9 prevent chain degradation of gelatin. The
substitution is already finished after 15 min. The DS was about 0.36 mmol per gram gelatin

and did not change much after 4 h (Figure 19C).

A & o & : o e .
HO SSSak RAQ Gelatin Backbone
~r~r- DD WD W) ) uwy l
% N 1
| i Iy
| VA
oPon NH ) b‘| ( . 'ATY
Phe I .} {
a § | r
o |
y il a 1 . |
b / II| ] f \
1 J P
| Ii.] | I;‘\:‘ I.' / \.,.\‘ll \.f ,\f
. R i N
Ny U S W & PRSP S WO \““'-m«m.-
I I I 1 I I 1 I 1 ] ] 1 ] ] I 1 I I I I 1
95 9.0 8.5 80 75 7.0 65 6.0 55 50 45 4.0 35 3.0 2.5 2.0 1.5 1.0 ppm
¢ .-
w o~ w
B =0- C
M, over4 h 0.44 | |[DSoverdh
e RV 7 |—a— Kinetic No. 1
+— Kinetic No.1 Inetc No.

—e— Kinetic No. 2
—+— Kinetic No. 3

704 |—e— Kinetic No.2
654 |—*— Kinetic No.3

0.42 4

B i )
- ffhlﬁiﬁiﬁ#l @M{‘*Ijj | i

0.32 4
25 4

20 e ——— — 0.30 4+—r——r——r—— ———————

T . T
00 05 10 15 20 25 30 35 40 45
Timeinh Timeinh

(=1
-
R
-

Figure 19: (A) NMR spectrum of GelPA with double bond signals between 6.084 and 5.206 ppm; (B)
change of mass average molar mass Mw of GelPA over 4 h; (C) change of degree of substitution (DS)

over 4 h.

The influence of different amounts of PA-NHS on the DS used for the reaction was also

investigated. Therefore, different amounts of PA-NHS per gram gelatin (Table 7) were used.
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A slight decrease of DS was observed with the lowest amount of PA-NHS (Figure 20A),

whereas the DS did not increase with higher amount of substitution reagent.

A 0.40 4 B
10 Gelatin
- GelPA
2 033
(=]
: [ 1 W y
c 036 _—1 1 .
c h=
2 s
2 034 5 061
2 £
3 o
D 9321 / Z 04
o
@«
2
o> 0.30 4 0.2 1
]
0.28 4
T T T T 0.0 T — s
0.0 0.5 1.0 15 2.0 8 10 16
NHS-PA in g/g Gelatin Retention Volume (mL}) in ml

Figure 20: (A) Change of degree of substitution when using various amounts of substitution reagent
PA-NHS, where lowest substitution degree was observed with 0.1 g PA-NHS per gram gelatin; (B) Gel

permeation chromatography elugrams of GelPA compared to gelatin.

Table 7: Nomination of samples due to amounts of PA-NHS used for per gram gelatin.

Amount of PA-NHS used for per Degree of Substitution (DO)
Sample name .
gram gelatin [g] [mmol/g]
GelPAo.1 0.1 0.310£0.0251
GelPAo.25 0.25 0.334+0.0110
GelPAos 0.5 0.358+0.0210
GelPA; 1 0.36710.00753
GelPA; 2 0.367%£0.0153

4.4.2 Change of the isoelectric point of GelPA

Coincidentally, it was observed that GelPA is less soluble in water compared to gelatin, but
completely solvable in PBS. It is suspected that the selective functionalization of lysine and
hydroxylysine residues changes the isoelectric point, which results in less solubility of GelPA
in water. After 2D electrophoresis with isoelectric focusing and SDS-PAGE, it was proven that
the functionalization of amine containing residues changes the isoelectric point. Whereas
gelatin (type A) has an IEP between 7-8, the IEP of GelPA shifts to an acidic pH range of around

4.8 (Figure 21B, unmodified and modified gelatin are highlighted with red boxes). The smears
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on both gels are caused by ampholine, since it has the properties of small proteins and occurs

as intensely stained material at the dye front [329].

Figure 21: SDS-page of gelatin (A) and GelPA (B). Red boxes highlight the stained spots of gelatin and
GelPA at the pH gradients, which are the values for the isoelectrical point (IEP). For gelatin, IEP is
between 7-8, for GelPA around 4.8.

4.4.3 Hydrogel formation

The formation of the hydrogels with Ru/SPS (0.1/1 mM) and 30 s light exposure worked
nicely. The precursor solution was mixed in the dark to avoid premature crosslinking by
daylight. For hydrogels with 3 wt% and thiol:ene ratio of 1:1, a Young’s modulus of
1.62+0.21 kPa was achieved directly after preparation (Figure 22A) and did not change
significantly after 21 days (1.33+0.05 kPa). Due to the assumption that the crosslinking
reaction was not completed with 30 s of light exposure and the mechanical properties can
be increased by longer light exposure, the exposure time was extended to 60 s. The Young’s
modulus of same hydrogel compositions but longer exposure times is almost 1.1-2 times
higher with 1.99+0.29 kPa for day 1 and 2.30+0.0.61 kPa for day 21. The effect of longer
exposure time is more significant for hydrogels with higher polymer concentration. For 5 wt%,
the Young’s modulus increased around 1.3-1.6 times with 5.91+0.83 kPa for 30s light
exposure to 9.00+0.77 kPa for 60 s on day 21 (Figure 22C). For 7 wt%, up to 3.3 times higher
Young’s modulus (22.7914.5 kPa) was achieved with 60 s light exposure on day 21 (Figure
22E). Consequently, increasing Young’s modulus was observed with increasing polymer
concentrations and there is no significant change after day 21. For all hydrogel concentration

with 1:1 thiol:ene ratio, the Young’s moduli did not change substantially over the 21 days.
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Figure 22: Young‘s Moduli (A, C, E) and weight change (B, D, F) of formed hydrogels with thiol:ene

ratio of 1:1, directly after preparation and storage in 1 mL 1x PBS over 21 d. In general, longer

exposure time to light led to higher Young’s moduli. Young’s modulus also increased with increasing

polymer concentration of the hydrogels and did not change significantly over 21 d. Syneresis was

observed for all hydrogels over 21 d.
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Figure 23: Young‘s Moduli (A, C, E) and weight change (B, D, F) of formed hydrogels with thiol:ene

ratio of 2:1, directly after preparation and storage in 1 mL 1x PBS over 21 d. Highest Young’s moduli

were achieved with highest polymer concentration in the hydrogels. For all polymer concentrations,

an increase over 21 d was observed. All hydrogels showed syneresis over 21 d.
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Figure 24: Young‘s Moduli (A, C, E) and weight change (B, D, F) of formed hydrogels with thiol:ene
ratio of 3:1, directly after preparation and storage in 1 mL 1x PBS over 21 d. Highest polymer
concentration of 7 wt% showed highest Young’s modulus. An increase of Young’s modulus over 21 d
was observed for all three polymer concentrations which were used for hydrogel preparation. An
initial swelling was also observed after 3 h, followed by syneresis of the hydrogels.

The influence of increasing thiol:ene ratio up to 3:1 (Figure 23 and Figure 24) was also

investigated. Here, it could be observed that the lowest polymer concentration of 3 wt% with
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lower amount of GelPA, the hydrogels showed less Young’s modulus compared to hydrogels
with higher GelPA concentrations (Figure 23 and Figure 24), especially at the beginning of
the observed time period. For example, for 3 wt% and 60 s light exposure the values from
day 1 with thiol:ene ratio of 1:1 (1.99+0.29 kPa) is 1.9-fold higher than a ratio of 3:1
(1.04+0.50 kPa) (Figure 22A and Figure 24A). Additionally, an increase of Young’s modulus
was determined over the measured time for hydrogels with thiol excess. This effect is
obvious for the highest thiol excess with a thiol:ene ratio of 3:1 (Figure 24C and E). For this
ratio and 3 wt%, a more than three times higher modulus on day 21 was observed for 60 s

light exposure (3.53+0.92 kPa) than on day 1 (1.04+0.50 kPa) (Figure 24A).

During storage of the hydrogels in PBS, no swelling was observed for hydrogels with thiol:ene
ratio of 1:1 and 2:1 (Figure 22and Figure 23B, D and F). After 21 days, the weight of the
hydrogels rather decreased to around 80 % of the initial mass directly after preparation for
hydrogel with 3 wt% polymer content and 60 s light exposure. The weight loss for hydrogels
crosslinked for 30 s was around 87 % (Figure 22B). Interestingly, the weight after storage in
PBS also changed with higher amount of sPEG. Whereas lower sPEG concentration showed
syneresis in most hydrogel compositions directly after 3 h in PBS, the gels with highest thiol
excess (thiol:ene 3:1) and consequently highest sSPEG amount kept or even gained their
weights in the first 3 h and lost some mass after 24 h (Figure 24B, D and F). E.g., for 3 wt%
hydrogels with thiol:ene ratio of 3:1 and 30 s crosslinking time, the weight increased to
106.40+2.32 % in the first 3 h, decreased after 24 h to 96.19+3.15 % to reach the minimum

of weight on day 21 with less than 50 % of the initial weight.

4.4.4 Rheology of precursor solutions

The thermo responsive behavior of the GelPA/sPEG precursor solutions is important for 3D
printing. Thus, precursor solutions with 5 and 7 wt% and all thiol:ene ratios were investigated
by rheological measurements regards their temperature response. To avoid pre-crosslinking,
the initiator system was left out and the measurements were performed in the dark. A
temperature range from 4 to 37 °C was chosen for cooling down and heating up

measurements to determine the melting and gel point of the precursor solutions.

When plotting the storage (G’) and loss (G”’) moduli of the single measurements, a shift of

the gelation point (intersection of G’ and G”’) to lower temperature was observed (Figure
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25A and B). The decrease is influenced by decreasing polymer content and the reduction of
GelPA concentration, but independent whether cooling or heating was applied. The
difference between cooling and heating is the temperature range of the gel point when
cooling and melting point when heating. When the precursor solutions were cooled, the gel
points were measured between 12.9 and 19.6 °C depending on composition of the solution,
and the melting points were measured between 26.7 and 29.0 °C (Figure 25C and Table 8).
In general, a decrease of melting and gelation temperature was observed when the thiol:ene
ratio increased, which means a decrease of GelPA concentration. When comparing the
GelPA/sPEG precursor solution with gelatin/sPEG solution with non-modified gelatin (Figure
25D), a shift of the gelation point was also observed. Interestingly, when cooling the solutions,
a shift to higher temperature was observed to transfer GelPA/sPEG into gel state, whereas
for heating, higher temperature was needed to liquify gelatin/sPEG mixture. Additionally,
similar storage and loss modulus were observed during heating up process for both
gelatin/sPEG and GelPA/sPEG, whereas during cool down, GelPA/sPEG mixture showed

around 10 times higher storage and loss modulus.

Table 8: Melting and gelation temperature of precursor solutions with thiol:ene ratio 1:1, 2:1 and 3:1.

Thiol:Ene ratio
/ Polymer 7 wt% 5 wt%
concentration

Melting T [°C] Gelation T [°C] Melting T [°C] Gelation T [°C]
1:1 29.0+04 19.6 £1.1 28.4+0.0 15.5+0.2
2:1 28.3+0.1 16.8 £0.0 28.5+0.6 16.0+1.1
3:1 27.8+0.1 16.1£0.0 26.7+0.9 129+04
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Figure 25: Rheological measurements of GelPA/sPEG precursor solutions without initiator system.
Concentrations of 5 and 7 wt% with thiol:ene ratio of 1:1, 2:1 and 3:1 were investigated on their
rheological behavior during cooling (A) and heating (B). The points of intersection were declared as
gelation and melting point of the solutions and are summarized in (C). The comparison of unmodified
gelatin and GelPA in precursor solutions of 7 wt% and 1:1 theoretical thiol:ene ratio is shown in (D).

4.4.5 3D printing and 3D bioprinting

All hydrogel concentrations could be printed (Figure 26). For 7 wt%, the hydrogel solution at
around 37 °C needed to be cooled at 4 °C for 5 min to be printed afterwards at 21 °C with a
pressure between 0.1 and 0.6 bar. The printing conditions for 5 wt% were similar to 7 wt%,
except the cooling duration was increased slightly to 7 min. For 3 wt%, the cooling time
needed to be extended to 15 min and the printing was processed at 12 °C. During printing,
the collector plate was tempered at 10 °C to avoid diffluence of the printed constructs before
crosslinking. The printed grids were crosslinked with visible light for 60 s. Bioprinted scaffolds

containing human breast cancer cell line MDA-MB-231 are not shown in this work.
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Figure 26: Printed scaffolds using GelPA-sPEG bioink with 3, 5 and 7 wt%. Each scaffold contains 4
layers of material.

93



Chapter 4

4.5 Discussion

4.5.1 Material properties

In this work, a new specific synthesis path for ene-functionalized gelatin has been developed.
With this, lysins of gelatin were functionalized selectively via NHS activated ester of
pentenoic acid [330]. Since the reaction was performed in an aqueous/DMSO mixture, NHS
activated esters can undergo hydrolysis and lose the activity to react with amine
functions [331]. Therefore, NHS-PA in different amounts was tested. The difference of DS is
not immense, starting from using 0.5 g or more NHS-PA per gram gelatin. With lessthan 0.5 g
of NHS-PA, the DS decreased slightly. Under the mild conditions with 40 °C and pH values
between 8-9, chain degradation of gelatin was avoided successfully, and the thermo-
responsive properties of gelatin were retained. Since longer reaction time has no effect on
gelatin chain length and the lower amount of PA-NHS might decrease the DS, 2 hand 0.5 g
NHS-PA per gram gelatin were chosen as reaction conditions to guarantee the complete
reactions of amino groups in gelatin and the NHS-ester of PA. The shift of the IEP in GelPA is
caused by substitution of amin containing amino acid residues via NHS-PA. The IEP of gelatin
of Type A can vary between 7.5 and 9 [332]. With the 2D electrophoreses, an IEP between 7
and 8 was determined, which means that gelatin is uncharged in the statistical mean so the
number of negatively and positively charged amino acid residues are the same. For GelPA,
the IEP shifted to more acidic pH value of 4.8 and this implies that more acidic residues need
to be protonated to achieve the uncharged state of the molecule. This state can only be
obtained by decreasing the pH. For solubility, the usually positively charged lysine and
hydroxylysine are substituted in GelPA, so the total number of charges is reduced.
Additionally, pentenoate increases the hydrophobicity of GelPA. These facts probably cause

the reduced solubility of GelPA in water.

It could be proven that GelPA hydrogels with Ru/SPS as initiator system can be controlled by
light exposure time. By increasing the time from 30 s to 60 s, higher Young’s moduli of the
hydrogels were obtained. With the highest polymer concentration of 7 wt%, this effect was
more apparent compared to the lower concentrated hydrogels with 3 wt% since the density
of a network with higher polymer content can be more enhanced by longer crosslinking time.
Compared to other thiol:ene systems with gelatin, such as GelAGE, the polymer

concentration could be decreased down to 3 wt% without using a higher thiol:ene ratio [54].

94



Chapter 4

An excess of thiol groups can be harmful for cells via autooxidation [333] and synthetic
polymers, in our case 4-arm-SH-sPEG as crosslinker, do not provide inherent bioactive
properties such as proteinic biopolymers, like gelatin [50]. Additionally, it was demonstrated
that thiol excess leads to change of mechanical properties, probably by belated crosslinking
via disulfide formation of the unreacted sPEG thiols [334]. Thiol excess also led to initial
swelling of the hydrogels, which is not desirable if the material is intended for biomedical
applications [335]. With a thiol:ene ratio of 1:1, these aspects could be avoided in our
hydrogel system. The weight loss after storage in PBS is probably caused by diffusion of
unbound crosslinker or GelPA chains. For 60 s crosslinked 3 wt% hydrogel, the network is
denser and induces syneresis with water displacement as additionally appearing effect. Both
effects together make the weight loss more apparent. For 5 and 7 wt%, the effect of syneresis
probably dominates, since the polymer content is higher, and the crosslinking efficiency is
increased due to spatial proximity and forms denser networks without remarkable polymer
loss. Still, with highest sPEG content, an initial swelling of the hydrogels could be observed
(Figure 22). This is probably caused by less crosslinking density due to reduced ene functions,
so the hydrogel network can still absorb further PBS. Based on the hypothesis that thiol
excess leads to belated crosslinking, the absorbed water can be displaced after longer time
due to delayed crosslinking, resulting in increase of network density. Comparison of the three
tested polymer concentrations show, that the highest concentration with 7 wt% resulted in
highest Young’s moduli for all incubation times due to higher network density (Figure 27A).
These hydrogels also show less weight loss during 21 d incubation time (Figure 27B), whereas

hydrogels with lowest polymer concentration lost more than 20 % of their initial weight.
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Figure 27: Young’s moduli (A) and weight change (B) of 3, 5 and 7 wt% hydrogels with thiol:ene ratio
of 1:1 and light exposure time of 60 s.

Rheology measurements proved the thermo responsive behavior of the precursor solutions.
The gelation point during cooling, which has been proposed as the intersection of G’ and G”
(G’=G"”) with dependence on frequency [336,337], was determined. Cooling gelatin solutions
to temperatures below the sol-gel transition temperature leads to a formation of triple
helices by coiling of different gelatin chains [183]. The less a solution contains gelatin chains,
the less helices are formed at same temperature or the solution needs longer time and lower
temperature to achieve a similar helix concentration compared to more concentrated gelatin
solutions [338]. With GelPA, when cooling the precursor solutions with same temperature
rate and time but less GelPA concentration, the shift to lower temperatures to achieve the
gel point was observed and can be explained with the lower concentration of formed helices.
The increasing content of sSPEG when higher thiol:ene ratio was investigated, might also
hinder the helix formation of GelPA due to entanglement of the sPEG chains with GelPA
chains. During heating of the solutions, energy in form of heat is needed to destroy the
formed triple helices and transform the gel into a fluid state. The lower the present GelPA
concentration the lower temperature is needed to liquify the gelled precursor solution.
When comparing GelPA/spEG and gelatin/sPEG solutions, the influence of the lysin
modifications were obvious. Higher temperature was needed to liquify the gelatin/sPEG
solution, since unmodified lysin residues can still contribute, probably via hydrogen bonds,
to the helix formation and more energy is needed to break these bonds during transition
from gel to liquid state. These bonds cannot be formed when lysin is modified with

pentenoate. When cooling, the formation of van-der-Waals interactions between the
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pentenoate residues probably also influences the gel formation by increasing the gelation
temperature in comparison with unmodified gelatin. The difference of storage and loss
modulus between gelatin/sPEG and GelPA/sPEG precursor solutions at 4 °C in the cool down
phase is not obviously explainable. Since the temperature sweeps were always performed
with the selfsame solution, similar values for both solutions were expected, such as during
the heating up process. This observation could result from a measurement error and should

be repeated in the future.

4.5.2 3D printing

For 3D printing, the handling and conditions before and during printing were adjusted for
each concentration, since the polymer content strongly influences the thermal response of
the precursor solution. Unmodified gelatin shows gelation behavior at critical concentrations
of 0.4-1.0 % on cooling [339]. The GelPA concentration in each hydrogel used for printing is
shown in Table 9 and was always above the critical concentrations for gelation behavior of
gelatin. Since liquid solutions or completely solid hydrogels are not suitable for 3D printing,
the GelPA precursor solutions needed to be cooled to achieve a proper printing viscosity. To
accelerate the cooling process for better cell viability, the precursor solutions were stored at
4 °C for several minutes, whereas the lowest concentration needed the longest time to
accomplish the suitable printing texture. Additionally, the collector plate had to be cooled to
preserve the printed constructs before crosslinking, since the lowest concentration liquifies
at room temperature. During printing, the printing pressure needed to be adjusted to higher
values constantly. This is caused by decomposition of persulfate to sulfate free radicals in
aqueous solutions [340] and these free radicals can already initiate thiol-ene reactions
without light sources. The effect of this primary crosslinking without light combined with
increasing viscosity was also observed by Soliman et al. with GelAGE and thiolated
crosslinkers [341]. Also, for every second layer, the printing speed needed to be decreased

to avoid filament breakage due to higher cross section points.
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Table 9: Printing conditions for the precursor solutions with 3, 5 and 7 wt% polymer content and
information of the used GelPA amounts.

Polymer concentration GelPA content Cooling time at 4 °C Printing
[wt%] [wt%] [min] temperature [°C]
3 2.1 15 12
5 3.5 7 21
7 5 5 21

It is supposed that all the adjustments during printing process is due to the cooling of the
bioink to achieve proper printing properties. This induced a definite rigidity of the hydrogel
precursor solution. When pushing through the printing nozzle, the rigid hydrogel was
destroyed by shear forces and the gel changed its nanostructure from homogeneous to an

inhomogeneous hydrogel with nano fractures.

4.6 Conclusion

In this study, a new path for reproducible syntheses of an ene-containing gelatin derivative
was established. For this, mild conditions were used to avoid chain degradation and to obtain
stable substitution degrees. With Ru/SPS as the initiator system for thiol-ene reaction, it
could be demonstrated that the hydrogel system with GelPA and 4-arm-SH-sPEG is light
controllable in its mechanical strength with minor weight change under physiological
conditions. Additionally, thermal controllable 3D printing is also performable due to thermo-
responsive property of GelPA. Biocompatibility, cell morphology and cell migration were
investigated with MDAs and the hydrogel system is proved to be cell friendly and suitable for
biological or biomedical applications (data not shown in this thesis). To optimize the printing
properties of GelPA, tuning the temperature or using other biopolymers as thickener during
printing process might improve homogeneity after printing by avoiding over-gelation caused
by cooling. In summary, it was able to introduce a new gelatin-based material for 3D
bioprinting, which convinces with its reproducible synthesis, stable material properties and

biocompatibility.
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3D PRINTING OF VARIOUS CELL CONCENTRATIONS FOR
INVESTIGATION OF SCAFFOLD STABILITY USING PENTENOYL
MODIFIED GELATIN AND MESENCHYMAL STEM CELLS

Parts of this chapter are intended to be published in the future (Junwen Shan, Julia
Hauptstein, Theresa Zorn, Andrea Ewald, Ann-Christin P6ppler, Torsten Blunk, Jérg TeBmar,

Jurgen Groll).

The content of this chapter is based on the work of the author of this thesis Junwen Shan,
who performed all chemical, material scientifical and cell biological experiments, data
evaluation and composition on the chemical, material scientifical and cell biological parts of

the manuscript.
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5.1 Abstract

The use of gelatin based hydrogels as bioinks is very popular in the field of biofabrication.
Due to its thermo responsive property, the printing behavior can easily be tuned by
temperature control. For the application as bioink, gelatin needs modifications beforehand
for crosslinking reactions to achieve form stability under cell culture conditions. After
crosslinking, the hydrogel network density is crucial for cell viability and can be regulated by
polymer concentration, light exposure time and initiator concentration used for crosslinking.
Still, the cell density used can also affect the cell behavior, especially when cells pass through
the whole 3D printing process. This includes shear forces through needles with small

diameters and printing conditions.

Since GelPA has recently been introduced as bioink for3D printing, it is desirable to
investigate its printability with mesenchymal stem cells since they can differentiate into
various cell types. For future use of GelPA as bioink for tissue engineering applications, it is
also interesting to examine the suitable cell concentrations, which should be used for 3D

printing to achieve high cell viability.
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5.2 Introduction

The idea of 3D bioprinted organs pushes the research of biofabricated hydrogels forward for
applications in tissue engineering and regenerative medicine. Therefore, polymers from
natural origin are highly relevant since they already provide good biocompatibility,
biodegradability and in most cases also bioactivity compared to most synthetic polymers
[8,129,137]. Still, biopolymers without any chemical modifications or chemical crosslinking
often do not contribute the right mechanical properties for form stability, which is crucial
when they are used for hydrogel formation, e.g. hyaluronic acid or collagen [8,14]. Acommon
biopolymer which shows good bioactivity but poor mechanical stability under cell culture
conditions is gelatin due to its excellent solubility at 37 °C [342]. As a product of denatured
collagen, gelatin shows non-immunogenic behavior in comparison to collagen [343]. For
more mechanical stability, the conventional modification of gelatin is performed with
methacrylate to obtain GelMA. GelMA is commercially available and usually photo-
crosslinked with water soluble initiators via UV-light with Irgacure 2959 or visible light with
LAP or Ru/SPS via radical chain polymerization with no necessary additional crosslinkers
[251,344,345]. Another established gelatin based hydrogel system is GelAGE with thiol
crosslinkers [54], which also needs UV or visible light crosslinking by using the thiol-ene
reaction as chemical crosslinking step. Both systems have been 3D printed with extrusion-
based techniques [54,111,346]. For GelAGE with thiolated 8-arm-starPEG, shape fidelity was
achieved using excess of thiol crosslinker and 30 wt% GelAGE content whereas the total
polymer concentration is higher [111]. With GelMA, 3 wt% hydrogels were printed with
cooled collector plate since otherwise the printed hydrogel is not form stable [346]. In
Chapter 4, pentenoyl functionalized gelatin was successfully tested for 3D bioprinting with
cancer cells using thiolated 4-arm-starPEG as crosslinker and Ru/SPS as initiator system. The
concentration of the initiator system was kept low (01./1 mM Ru/SPS) since other ruthenium
complexes are known to show anti-tumor activities without being toxic to normal cells [347].
However, this low initiator concentration effected the stability of printed constructs since

the crosslinking efficiency is reduced.

For the printing process, hydrogels with application as bioinks are loaded with cells [15].
Ideally, the bioink fulfills following properties: mimicking of specific extracellular matrices

(ECM) in their physical and chemical properties [348]; appropriate viscoelastic behavior for
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printability and shape fidelity after printing and simultaneously proper fluidity for cell
protection during printing through a nozzle [349]; preservation of cell viability during and
after printing, especially until regeneration and remodeling post-printing [350]. The cells
undergo a shear stress depending on printing pressure, hydrogel viscosity and nozzle size and
these factors also have influence on the long-term alteration and proliferation activity of the
cells [73,351,352]. Still, shape fidelity, printability and printing resolution also relate to these
factors [73]. One additional aspect with high influence on cell viability after 3D bioprinting is
the cell concentration used in the bioink. Increasing cell concentrations induce higher cell-
to-cell interaction and this limits proliferation and viability by physical stress enforced by
neighboring cells [350]. Concurrently, cell density can also influence the stability of printed

scaffolds [353].

From the biological and medical aspect, the migration of tumor cells in an extracellular matrix
mimicking environment is highly interesting to understand the spreading and growth of
carcinoma. For tissue engineering, the investigation of the behavior of mammalian cells in
3D printable hydrogels is also very attractive to promote the idea of 3D printed organs.
Human mesenchymal stem cells can undergo myogenesis, adipogenesis, osteogenesis and
chondrogenesis [354]. Since cell viability in GelPA was only investigated with tumor cells and
until now, human bone marrow-derived stromal cells (hMSC), which can form various tissue

types, are promising cells to look at if GelPA is intended to be used for tissue engineering.

This study aims to investigate the influence of initiator concentration on mechanical strength
of GelPA hydrogels. Chondrogenesis with hMSCs is performed to determine cell viability with
highest concentration of initiator. The impact of cell concentration on printability and cell

survival after printing is examined by using high, medium and low cell density.
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5.3 Materials and methods

As not stated otherwise, materials and methods for syntheses and characterization of GelPA

and GelPA hydrogels are described in Chapter 4.3 or purchased from Sigma Aldrich.

5.3.1 Hydrogel formation with various initiator concentrations

The hydrogels were formed as described in chapter 4.3.7. Initiator concentrations of 0.3/3,
0.4/4 and 0.5/5 mM Ru/SPS were used additionally to investigate the influence of various

initiator concentrations on hydrogel formation.

5.3.2 Determination of crosslinking degree with NMR

All NMR experiments with hydrogels were performed at a Bruker Avance Ill HD 600
spectrometer (Bruker, Karslruhe, Germany) operating at 600.4 MHz with a BBFO 5 mm probe
head. The samples were prepared as described in 4.3.7 with 0.1/1, 0.2/2, 0.3/3, 0.4/4 and
0.5/5 mM Ru/SPS and the gelation was performed in NMR tubes. Afterwards, a coaxial insert
with a TMS standard was imbedded into the hydrogel without air bubbles. H-NMR
experiments were then acquired at 37 °C with a 30° flip angle, 32 scans, recycle delay for
15.57 s and no sample spinning. All collected spectra were processed with the TopSpin 3.6.2
software, an exponential line broadening window function of 0.1 Hz, baseline correction

confined to the regions of 10 to 5.5 ppm and 0.5 to -2.9 ppm and manual phasing.

5.3.3 Cell culture

Human mesenchymal stromal cells (hMSCs) were used for biological assessment of the GelPA
hydrogels. The cell extraction was performed as described in 3.3.11. In short: hMSC were
extracted from the cancellous bone of patients undergoing hip replacement (as approved by
the Local Ethics Committee of the University of Wuerzburg (186/18) with the written
informed consent of each donor patient). The hMSCs were isolated by extensively washing
of the bone marrow and the bone fragments with PBS. Afterwards, the cell suspension was

centrifuged and the received cell pellet was resuspended in proliferation medium
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(DMEM/F12, complemented with 10 % FCS, 1 % PS, 50 pug/mL L-ascorbic acid, 2-phosphate
sesquimagnesium salt hydrate and 5 ng/mL bFGF (BioLegend, London, UK)) and seeded into
T175 cm? flasks (Greiner Bio-One, Frickenhausen, Germany). After several days, the non-
attached cells were removed by washing thoroughly with PBS and adherent cells were
cultured to a sub-confluent level at 37 °C and 5 % CO; in proliferation medium. Finally, the
MSCs were detached with 0.25 % trypsin-EDTA and seeded at a density of 3-5x10% cells mL?
in to T175 flasks.

5.3.4 hMSC encapsulation in GelPA hydrogels

hMSCs were encapsulated in 3, 5 and 7 wt% GelPA hydrogels. Therefore, GelPA and sPEG
were sterilized separately using germicidal UV light at 254 nm (UVL hand lamp with filter, A.
Hartenstein, Wuerzburg, Germany) for at least 20 min. GelPA is then combined with sPEG
and dissolved in PBS at 37 °C under shaking in the dark. After 2 h, the solution was kept at
37 °C until use. Ru and SPS stock solutions were prepared fresh, filtered through a 0.2 um
syringe filter and kept at 4 °C until use. hMSCs at passage 4 were resuspended in the
corresponding GelPA-sPEG solution. Afterwards, the initiator solutions were added with a
concentration of 0.5/5 mM whereas Ru solution was added first, followed by SPS solution
immediately. The cell containing precursor solution was pipetted into PDMS molds with
6 mm diameter and 2 mm height (60 pL). The hydrogels were crosslinked with visible light
(JOBMATE, 220-240V, 50 Hz, 20 W LED, Steelfort, Palmerston North, New Zealand) for 60 s.
The cell-laden hydrogels were transferred into cell culture medium using a spatula and
cultivated in vitro for 21 days either in proliferation medium or chondrogenic medium
(Dulbecco’s Modified Eagle’s Medium high glucose 4.5 g/L, DMEM) supplemented with 1 %
ITS+ Premix (Corning, NY, USA), 40 ug/mL L-proline, 50 pg/mL L-ascorbic acid 2-phosphate
sesquimagnesium salt hydrate, 0.1 uM dexamethasone, 1 mM sodium pyruvate, 1% PS, and

10 ng/mL transforming growth factor-B1 (TGF-B1, BioLegend, London, UK)).

5.3.5 Cell viability assay

The cell viability of proliferated and differentiated MSCs was analyzed on day 1 and 21.

Therefore, the cell-laden hydrogels were stained using calcein acetoxymethyl ester (Calcein-
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AM ) to detect viable cells and ethidium homodimer-I (EthD-I) for the detection of dead cells.
The hydrogels were washed two times with PBS and subsequently incubated for 45 min at
37 °Cin the staining solution containing 1 uM EthD-I (2 mM in DMSO) and 2 uM Calcein-AM
(1 mg/mL in DMSO, Invitrogen, Carlsbad, CA, USA). Afterwards, the constructs were kept in
PBS until top view imaging with a fluorescence microscope (Axio Observer.Z1, equipped with
epifluorescence optics and a MRm camera, Carl Zeiss, Jena, Germany). The ratio of live and
dead cells in hydrogels cultivated in proliferation medium was determined by using live/dead
guantification via NIH Imagel Fiji software (version 1.53c), counting at least at three different
locations within each sample, whereas three samples per condition was used for counting.
For live/dead quantification of chondrogenic differentiated cells, same software as for
proliferation was used, except counting was performed at least at three different locations

using two samples per condition.

5.3.6 Histology and immunohistochemistry

On day 1 and 21, MSC-laden hydrogels were harvested for histological,
immunohistochemical and biochemical analyses, which are described in Hauptstein et al.
[355]. Therefore, the hydrogels were fixed in 3.7 % PBS buffered formaldehyde at 4 °C over
night. The constructs were then transferred to Tissue Tek O.C.T. (Sakura Finetek, Torrance,
USA) and incubated at room temperature in a wet chamber over night. Afterwards, the
samples were shock frozen in liquid nitrogen and stored at -20 °C. For histology and
immunochemistry, the frozen hydrogels were sliced (8 um per longitudinal section) using a
cryostat (CM 3050S, Leica, Wetzlar, Germany) and fixed on SuperFrost plus glass slides (R.
Langenbrick, Emmendingen, Germany). For staining of glycosaminoglycans (GAG) 0.1 %
safranin O was utilized and cells were counterstained with 0.02 % fast green for histological
analysis [293]. For immunohistochemical analysis, proteinase K was digested for 10 min at
room temperature for antigen retrieval. The sections were washed in PBS and blocked with
1 % BSA in PBS for 1 h at room temperature. Afterwards, antibody staining (anti-aggrecan
969D4D11, 1:300; anti-collagen | ab34710, 1:500; anti-collagen 11 11-4C11, 1:500in 1 % BSA in
PBS) was performed at room temperature over night. After three times washing in PBS, the
sections were incubated with secondary antibody (goat-anti-mouse Alexa488 115-545-146,

1:400; goat-anti-rabbit Alexa488 111-545-003, 1:400 in 1 % BSA in PBS) for 1 h at room

106



Chapter 5

temperature in the dark. Afterwards, the sections were washed with PBS and fixed with DAPI
mounting medium ImmunoSelect. Fluorescence microscopy (Olympus BX51/DP71, Olympus,

Hamburg, Germany) was used to visualize the stained ECM deposition.

5.3.7 Biochemical analysis

To quantify the DNA contents and GAG deposition, biochemical assays were performed with
the hydrogels harvested on day 1 and 21. The constructs were washed with PBS and
homogenized with a TissuelLyser (Quiagen, Hilden, Germany) for 5 min at 25 Hz. The
suspension was then digested with papain (3UmL?) over night at 60°C. A
spectrofluorometer (Infinite M200 Pro, Tecan, Crailsheim, Germany) and salmon sperm DNA
as defined DNA standard was used to quantify DNA with fluorescent DNA intercalating agent
Hoechst 33258 at 340 nm and 465 nm [356]. Dimethylmethylene blue was used to bind to
sulphated GAG to shift the absorption maximum. With this, GAG could be quantified at

525 nm using the spectrofluorometer and bovine chondroitin sulfate as standard.

5.3.8 3D bioprinting with different hMSC concentrations

3D bioprinting was performed as described in chapter 4.3.11 by using MSCs instead of MDAs.
MSCs were printed with 0.2x10°, 1x10°® and 10x108 cells mL™. The printed constructs were

cultured for 7 days. Cell viability was determined on day 1 and 7.

5.3.9 Statistical analysis

SigmaPlot 12.5 (Systat Software GmbH, Erkrath, Germany) was used for statistical analyses.
Data are reported as the mean and standard deviation from at least three replicates if not
stated otherwise. Two-way ANOVA with Tukey’s post hoc test was used as followed: for
Young’s modulus with time (all measured time points) and initiator concentrations (0.1/1,
0.3/3, 0.4/4 and 0.5/5 mM); for cell viability with time (day 1, 7 and 21) with hydrogel
contents (3, 5 and 7 wt%). Significant differences are marked as follows: *(p<0.05), **(p<0.01)

and ***(p<0.001).
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5.4 Results

5.4.1 Influence of initiator concentration on hydrogel formation
5.4.1.1 Compression tests for Young’s modulus and swelling behavior

Since printed scaffolds with 0.1/1 mM Ru/SPS concentration were not stable for longer than
one day, it was suspected that the crosslinking density was too low to keep the scaffolds
durable. Therefore, hydrogels with 7 wt%), thiol:ene ratio of 1:1 and higher concentrations
of the initiator system were tested for their mechanical strength and wet behavior, using
0.3/3 mM, 0.4/4 mM and 0.5/5 mM Ru/SPS and compared with 0.1/1 mM (Figure 28A).
Measurements of the Young’s modulus showed increasing values with increasing initiator
concentrations significantly, especially between 0.1/1 mM and all other concentrations
(p<0.001). After 24 h, the hydrogels with 0.4/4 mM and 0.5/5 mM also showed differences
(p<0.05) at each time point and on day 21, 0.3/3 mM and 0.4/4 mM showed significant
differences (p<0.001) additionally. Highest Young’s modulus was achieved with 0.4/4 mM
Ru/SPS concentration with the highest value on day 7 (48.0 + 5.5 kPa), which is 2.3-fold
higher than with 0.1/1 mM, whereas lowest Young’s modulus was reached with 0.5/5 mM
with 35.3 £ 5.7 kPa on day 14, which is still 1.6 times higher than for the lowest initiator
concentration. Since three different hydrogel concentrations were tested in former studies,
these were also investigated here with 0.5/5 mM Ru/SPS. Compared to 4.4.3 the increase of
Young’s modulus with higher polymer concentration was observed within this study as well
(Figure 28C). In general, there were no significant changes in Young’s modulus for all
hydrogel compositions. The weight changes during the 21 days were also moderate for all
compositions (Figure 28B and D). Fewest changes were observed with 7 % polymer content
and 0.5/5 mM Ru/SPS with around 90 % of the initial weight for almost all time points (Figure
28D).
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Figure 28: Young’s moduli and swelling behavior of the hydrogels over 21 days with various
concentration of the initiator system (A-B). Additionally, different hydrogel concentrations were
investigated with an initiator concentration of 0.5/5 mM Ru/SPS on Young’s modulus and swelling

behavior over 21 days (C-D).

5.4.1.2 NMR measurements for determination of reacted ene-functions

To investigate how many ene-functions were consumed during crosslinking reaction, solid-
state NMR measurements with the crosslinked hydrogels were performed and compared
with a polymer sample without crosslinking. Surprisingly, none of the initiator concentrations
led to a complete consumption of the ene-functions. The highest conversion of the ene-
functions in thiol-ene reactions was achieved with 0.4/4 mM Ru/SPS concentration with
56.2 % of consumed ene-functions (Figure 29). This result fits within the values of the

mechanical testing since the same composition has the highest Young’s modulus.
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Figure 29: Consumed amount of ene-functions using various amounts of initiator system, measured
with solid state NMR spectroscopy. An indicated plateau is observed beginning from 0.2/2 mM of
Ru/SPS.

5.4.2 Cell viability of hMSCs

To investigate the biocompatibility, hydrogels with 3, 5 and 7 wt% polymer concentration
and 1x107 hMSC mL? were cultivated for 21 days. Cell viability was determined on day 1, 7
and 21 by live dead staining (Figure 30A and B). At the same time, chondrogenically
differentiated hMSCs were cultivated simultaneously, looking at the cell viability on day 1
and 21. The experiments showed very good cell viability both for proliferation and
differentiation. For proliferation, significant differences were only determined for 3 wt%
hydrogels compared to other concentrations on day 1 and 7. Over 21 days, 3 % hydrogels
showed cell viabilities from 92.4+6.8 % to 98.3+1.0 %. Highest cell viability was achieved by
hydrogels with 7 % with 98.9+0.4 % on day 21 Figure 30C). Still, live dead staining pictures
also demonstrated cell spreading for 3 % hydrogels, starting already on day 7. On day 21,
almost all live detected cells were spread, which indicates cell attachment to the hydrogel
matrix [357]. For chondrogenic differentiated cells, 82.1+16.5 % for day 1 and 87.4113.7 %
viable cells were determined for 3 % hydrogels (Figure 30D). Highest viability of 99.1+0.3 %
was reached on day 21 with 5 % hydrogels. Here, cell spreading was observed on day 21 for

3 %, whereas single cells are spread in 5 % or remained roundish in 7 %.
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Figure 30: Live-dead staining of MSC’s cultivated in cast hydrogels with various concentrations of
polymers and an initiator concentration of 0.5/5 mM Ru/SPS. Viable cells were labeled with calcein-
AM and dead cells with EthD-I (A-B). Scale bars are 100 um. Quantification of live-dead staining for
proliferated cells was performed with n = 3 per condition and time point, counting at least 9 locations
each hydrogel (C). For differentiated hydrogels (D), quantification of live-dead staining was

performed with n = 3 per condition and time point, counting at least 6 locations each hydrogel.

5.4.3 Chondrogenic differentiation of hMSCs in GelPA

Evaluation of deposition of extra cellular matrix (ECM) during chondrogenic differentiation
of hMSCs in GelPA was performed with histological, immunohistochemical and biochemical
analyses. Therefore, the hydrogels were harvested on day 1 and 21. Quantification of
glycosaminoglycan with biochemical analysis showed almost no GAG/DNA production on
day 1 (Figure 31A) but increased on day 21 to 32.32+4.16 pg/ug for 3 %, 43.4+3.0 pg/ug for
5 % and 33.5+2.6 pg/ug for 7 % (Figure 31B and C). However, the safranin O, aggrecan and
collagen Il staining of the hydrogels with different concentrations showed on day 21, that
ECM production increased with decreasing polymer concentration in hydrogels (Figure 31B).

The results of the staining confirmed the comparison of day 1 and 21 and approved the
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deposition of ECM during chondrogenic differentiation. However, collagen/DNA ratio could
not be performed since GelPA is synthesized from gelatin, which is denatured collagen and

consequently interferes with determination of collagen/DNA ratio.
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Figure 31: Safranin O, aggrecan and collagen Il staining of differentiated hydrogels after 1 day (A) and
21 days (B). Immunohistochemical staining for aggrecan (green) and collagen type Il (green), with
nuclei stained with DAPI (blue). Scale bars are 100 um. Quantification of the GAG production shows
very high values after 21 days compared to 1 day. Data are presented as means + standard deviation

(n=3).

5.4.4 Scaffold stability with various cell numbers

Printing with various different cell concentration was performed to analyze the scaffold
stability depending on cell density. Therefore, cell concentrations of 10x10°, 1x10° and
0.2x10° were printed with hydrogels with 5 % polymer content. It could be observed that
with highest cell concentration of 10x10°, some areas of the construct already started to

breakdown on day 1, especially the strands in between the points of intersection (Figure
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32A). After day 7, this effect was still existing, and cells were released out of the scaffold and
spread on the coverslips which were used for 3D printing. Additionally, the high density of
cells led to very intensive and overlapping fluorescence signal of the printed constructs. With
lower cell concentrations, the breakdown of the construct was not observed even after day
7 under culture conditions. This could be found already with 10 times less cell concentration
of 1x108 cells mL1. The quantification of live/dead staining showed that high cell density
causes less viable cells (45.78+1.51 % for 10x10° cells mL! on day 7, Figure 32B). Best cell
viability was achieved by printing 0.2x10° cells mL! with 85.00+0.78 % after day 1, which
dropped significantly to 77.74+£1.62 % after day 7. Altogether, a significant decrease of cell

viability was observed for all cell concentrations from day 1 to day 7.

113



Chapter 5

A 1 x 107 cells/mL 1 x 108 cells/mL 2 x 103 cells/mL

B 120 -

100

80

60

Viable Cells in %

40

20

Timeind

Figure 32: Live-dead staining of MSC’s after printing and day 1 and 7 (A). Living cells were labeled
with calcein-AM and dead cells with EthD-I. Quantification of live-dead staining for printed cells was
performed with n = 3 per condition and time point, counting at least 9 locations each hydrogel (B).
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5.5 Discussion

The determination of Young’s modulus showed that the mechanical strength of the
hydrogels can be tuned by using higher concentrations of initiators. The used Ru complex is
known to absorb visible light in aqueous solutions [358]. With increasing concentration of Ru,
more visible light can be absorbed and this can improve the radical formation of Ru?* to the
excited state which induces decomposition of persulfate to sulfate radicals [359], resulting
in better crosslinking efficiency of the thiol-ene reaction. For other materials, e.g. GelMA, the
concentration of Ru/SPS with 0.2/2 mM was already sufficient to complete the crosslinking
of the GelMA macromers, whereas for GelAGE, highest Young’s modulus was achieved by
using 1/10 mM Ru/SPS [54,359]. In the study with GelPA, the highest Young’s modulus was
not achieved by highest concentration of 0.5/5 mM, but with 0.4/4 mM of Ru/SPS. The NMR
measurements also indicate the consumed amount of ene-functions increased with
ascending Ru/SPS concentration with maximum at 0.4/4 mM. The differences of the
concentrations of Ru/SPS used to achieve highest Young’s modulus is probably caused by the
usage of different light sources. Since the properties of the materials and the crosslinking
mechanism are also diverse, the most efficient concentration of Ru/SPS need probably to be
detected for each system. Still, with 0.5/5 mM the swelling behavior was most moderate
compared to other initiator concentrations. For this reason, this concentration was used for
all follow-up cell experiments since a change of the dimension of the hydrogels by swelling
is not desirable for tissue engineering applications due to loss of mechanical performance

and deformation [360].

In the experiments with hMSCs, GelPA showed excellent biocompatibility due to high cell
viability with all polymer concentrations. Even cell spreading was affected by decrease of the
polymer content. Compared to other hydrogels systems, only a cell viability of over 80 % was
observed with GelMA [136], whereas in most cases with GelPA, cell viability of over 90 % was
obtained. With GelAGE, cell viability around 90 % could also be achieved with 20 % hydrogels,
but a spreading of cells was not observed [54]. During chondrogenic differentiation, the
production of ECM was also influenced by the concentration of the hydrogels and increased
with decreasing polymer content. Still, the GAG production is lower compared to hyaluronic
acid hydrogels or GelMA hydrogels, which were enhanced with inner meniscus or outer

meniscus ECM [355,361]. Nevertheless, the staining pictures show an equal distribution of
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the newly formed ECM by the differentiated MSCs, especially for the lowest hydrogel concen-
tration of 3 % although the lowest GAG production was detected for these hydrogels. This is
probably caused by the low polymer concentration, so the disposed ECM can diffuse more

easily through looser network density into the cell medium [355].

For bioprinting, three different cell concentrations were used to investigate the cell density
on printability, stability of printed constructs and cell viability after printing. Therefore,
10x106, 1x108 and 0.2x10%" cells mL?* suspended in precursor solution were used. All three
cell-polymer solutions could be printed with low pressure (< 0.5 bar). The constructs with
highest cell concentration lost the stability and the printed strands dissolved partially. Since
these strands are filled with cells, polymer relaxation occurs [350] and consequently results
in spatial separation of the reactive groups for the thiol-ene crosslinking reaction. The
constructs with both lower concentrations remained stable even after day 7 and the
phenomenon of dissolving strands could not be observed. Cell viability after printing was also
investigated after day 1 and 7. Highest cell density also led to immense cell death of over 50 %
dead cells after day 7 and already over 40 % for day 1. High cell density can cause cell damage
by hypoxia, saturation and disruptive cell-cell interaction and due to polymer relaxation, the
cells in higher concentration loose their protection by encapsulation in the material. With
this, it is necessary to select proper cell concentration for bioprinting, since a too low cell
density can also cause reduced cell growth [350]. However, better cell viability with lower
cell density during printing could be demonstrated with cell concentrations of 1x10°® and

0.2x10° cells mL™.
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5.6 Conclusion

The experiments of Chapter 5 engrossed the investigation of GelPA properties as material
itself and for the use as bioink with hMSCs. The mechanical characteristics cannot only be
tuned by exposure time of the precursor solutions to light or polymer concentration, but also
with the initiator concentration. The use of GelPA as a material for chondrogenic
differentiation is highly promising with nice cell viability and ECM production. It was
demonstrated that cell printing is decidedly dependent on cell density of the used bioink for
cell viability since the ink material plays a protective role during the whole printing process.
Additionally, the stability of printed constructs is also dependent on the cell concentration.
The chondrogenic differentiation with printed cells should be performed in the future to

investigate whether the cells behave differently compared to casted hydrogels.
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CONCLUDING DISCUSSION AND OUTLOOK
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In this doctoral thesis, the performed chemical investigations were focused on the synthesis
of two different biopolymer derivatives, a) based on oxidation of hyaluronic acid and b) a

specific functionalization of the lysin residues of gelatin.

For the modification of hyaluronic acid, the oxidation of the primary alcohol enabled a
minimal alteration of the polymer chains by only converting the primary alcohol into an
aldehyde function. With this modification no additional ring-opening occurs and a major
intervention into the chain structure is avoided. Additionally, the carboxylic acid function of
the group of the glucuronic acid is retained, which is known to interact with CD44 receptors
due to its negative charge in neutral pH [290]. The oxidation with TEMPO/TCC however
caused a massive degradation of the hyaluronic acid chain, which was not surprising since
degradation of hyaluronic acid also occurs under oxidative conditions [156,301,302]. The
additional alkaline ion exchange procedure with tert-butylammonium hydroxide might also
be additionally responsible for this observation, since strong pH values also degrade
hyaluronic acid chains. Still, very high degrees of oxidation could be achieved, and this
strongly influenced the mechanical and long-term stability of the resulting hydrogels, despite
the reversible nature of the crosslinking via Schiff Base chemistry. The batch-to-batch
variation between identical modification reactions was still an observed problem, therefore
blending of multiple products was performed to yield a more uniform product from the
various syntheses. So far the modification of hyaluronic acid was only possible in small batch
size due to the huge effort of working under inert gas and the need for water free solvents.
An up-scaling of the reaction would be desirable in the future, especially if demands for larger

batches are coming up.

For the additional functionalization of gelatin with pentenoate, the synthesis was much less
complex compared to the TEMPO/TCC oxidation of hyaluronic acid. The only additionally
established step is the synthesis of the educt, the NHS-ester of pentenoic acid using EDC
chemistry, which was a quite simple procedure without laborious purification of the product.
Due to the mild reaction conditions applied during the GelPA synthesis, no degradation of
gelatin chain occurred and its thermo-responsive behavior was retained and only slightly
changed due to the modification. Additionally, the achieved reproducibility of the products
was very acceptable, as far as the consistency of the used biological starting material was

given. The syntheses were already performed with batches of 10 g gelatin, so a subsequent
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up-scaling of the reaction is much easier to implement and thereby favorable for the

development of a bioink.

Both modified biopolymers could be easily transformed in consistent and stable hydrogels,
which additionally offered to control mechanical strength and degradability. The obvious
differences of both hydrogel formulations are the used type of crosslinker and the type of
crosslinking reaction. Whereas a low molecular weight crosslinker (adipic acid dihydrazide)
was used for the Schiff Base formation with aldehyde containing hyaluronic acid, a polymeric
crosslinker with 5 kDa molecular weight (thiolated 4-arm-star-PEG) was used for thiol-ene
reaction with the ene containing gelatin. Schiff Base formation occurred very fast within
seconds without the addition of any initiators or reaction triggers. Accordingly, the reaction
was not temporally controllable after adding the crosslinker to the HA solution. The resulting
hydrogels were mechanically strong, but stiff and brittle, which impeded an application as
bioink since the gels could only be extruded with destruction of the gel structure and this
additionally led to a necessary adjustment of the penetration depth for mechanical testing
as the gels still increased in strength. For the GelPA-sPEG hydrogels, the penetration depth
could be kept constant for all time points which indicates no further solidification due to the
formation of new crosslinks. The Young’s moduli for the gelatin-based hydrogels were in
general lesser than HA hydrogels (except 2 wt%), even with the highest polymer
concentration of 7 wt% and longest irradiation time of 60 s. During the storage in PBS GelPA
hydrogels also did not shrink compared to the reversibly crosslinked hyaluronic acid
hydrogels. This leads to the conclusion that the highest network density was achieved after
re-arrangement of the Schiff Base bonds, whereas the network structure in GelPA hydrogels
did not change massively after storage in PBS. The gelatin hydrogels accordingly showed a
better elastic behavior than the hyaluronic acid hydrogels and were less brittle. Still, the
irreversible bond formed by the thiol-ene reaction resulted in stable hydrogels over three
weeks also in cell culture media, whereas hydrogels based on Schiff Base chemistry dissolved
completely under the cell culture conditions. A possible other application of the HA based
hydrogels is based on their time dependent dissolution in cell culture media founded in the
reversible binding of the network. This property was already used in an article published by
Blum et al., where the HA hydrogels were used as sacrificial coating material to protect
modified PCL scaffolds from an enzymatic attack by neutrophiles [362]. One additional aspect

for the developed GelPA hydrogels is the choice of the initiator system for light induced
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crosslinking. In this thesis, the investigation was focused on the Ru/SPS system. Yet, the
initiator system containing ruthenium complexes might not fit to all cell types, since
ruthenium containing agents have shown a specific potential antitumor activity [347,363].
Other initiators using visible light, such as LAP or riboflavin [249,250], could be investigated

in the future to broaden the applicability of GelPA as bioink.

The differences of the two hydrogels are most likely caused by various factors:
1.) size of the crosslinker (small bifunctional molecule versus polymeric 4 arm crosslinker);
2.) crosslinking mechanism (reversible versus irreversible bond formation);

3.) type of biopolymer (polysaccharide vs. polypeptide).

Therefore, hydrogel systems containing both types of biopolymers could be interesting for
future investigations. Additionally, a systematic variation of the crosslinker size or the

combination of both crosslinking mechanisms might be appealing for further research.

Due to the fast gelation and the stiffness of HA based hydrogels, it was not able to use the
system as a bioink. However, these hydrogels can be eventually printed by using extrusion
fragmentation, where the bulk hydrogel is fragmented into microgels using mechanic force
[115]. The subsequent addition of multifunctional crosslinkers then might stabilies the strand
of fractured microgels. To use the HA hydrogel system as bioink, future experiments should
focus on a controlled process of microgel fabrication and subsequent fixation of the particles.
For GelPA, a printability is already given by the retention of the thermo responsive properties
of the native gelatin. However, further improvements are also needed for this bioink, since
printing of the lower hydrogel concentrations led to significantly different optical properties
than for the casted bulk hydrogels due to occurring micro fissures and fractures, which were
caused by the printing of the cooled and partially already gelated precursor solution. In
general, the influence of the printing process on hydrogel property should be investigated in

more detail to efficiently develop bioinks suitable also for imaging applications.

From the biological point of view, both hydrogel systems were investigated on their impact
on chondrogenic differentiation using hMSCs. First, cell viability was investigated and both
hydrogels were proven to be cell friendly and biocompatible. For chondrogenesis, both
systems were suitable and best results for GAG and collagen production were generally
achieved for lower polymer concentrations in the hydrogels. For GelPA, cells however also

produced lower amounts of ECM in the 3 wt% compared to the 5 wt% hydrogels, which can
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be explained by a significant lower network density und resulting loss of produced GAG and
collagen out of the much wider hydrogel network. This should be examined in future by also
guantifying the released GAG and collagen in the used cell media [355]. During handling, an
increase of rigidity was observed for both chondrogenically differentiated hydrogels, which
indicates a successful deposition of cartilage ECM. Thus, both systems can be used for further

in vitro investigations and should be considered as potential new ECM mimetic hydrogels.

For the GelPA system, cell viability was also investigated after printing for different applied
cell concentrations. Here, it was further proven that printing at high cell density harms the
cells and that the cell concentration of a bioink should be chosen carefully to accomplish the

tasks of the ink with the appropriate amount of cells.
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Chapter 7
7.1 Summary

The focus of this thesis was to investigate novel synthesis paths for hyaluronic acid (HA) and
gelatin derivatives, and study their reproducibility and consistency for the application as
biomaterial. The resulting materials were examined regarding their material properties,
chemically and physically, pure and as hydrogels in combination with suitable crosslinkers.
Biocompatibility and the supportive role of the hydrogels in chondrogenic differentiation
were investigated using human mesenchymal stromal cells. Also, gelatin hydrogels were
used to observe migration behavior of malignant tumor cells in bulk and printed hydrogels

in a side project performed by collaboration partners within the TRR225.

The investigation of the selective oxidation of the primary alcohol group in HA with
TEMPO/TCC was described in chapter 3. Here, the aim was to establish a reaction to
functionalize HA with aldehyde groups without massive alterations for the backbone
structure. Even though massive chain degradation occurred during the oxidation reaction, it
was possible to increase the degree of oxidation to generate more aldehyde functions for
Schiff base crosslinking. The intended higher degree of oxidation resulted in hydrogels which
were longer stable in cell culture medium than hydrogels containing the NalO4 oxidized HA
with dialdehyde functionalization, generated together with a ring-opening of the respective
saccharide. Thus, the reproducibility of the oxidation was still problematic and needed
further improvements in the reaction steps. The influence of the batch-to-batch variation on
hydrogel property was investigated using three batches and one blend batch of all three. In
cell culture, the hydrogels with TEMPO/TCC oxidized HA showed good cell compatibility and
were supportive for hMSCs during chondrogenesis. Due to the possibility of a time
dependent dissolution by cause of the reversible Schiff base chemistry, this hydrogel system
can be further used as sacrificial material for temporary coatings. Here, the influencing
factors on dissolution, e.g. the pH variation or use of hypotonic aqueous solutions should be
focus of further investigations. The last possibility of using the hydrogel as sacrificial material
by storage in hypotonic buffers has already been investigated in some initial experiments by

Carina Blum and the results were published in a research article [362].

After using a polysaccharide as starting biomaterial, gelatin was chosen as an alternative
proteinogenic biopolymer. The results of functionalization of gelatin with pentenoate

specifically to lysin residues were presented in chapter 4. Here, the successful two steps
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synthesis of pentenoate modified gelatin (GelPA) was shown with very good reproducibility
and in a large scale. The kinetic of the reaction of gelatin with the NHS-ester of pentenoic
acid was investigated with regard to the influence of reaction time and amount of
modification reagents. Additionally, since mainly the lysin residues of the protein were
functionalized, the isoelectrical point of the modified gelatin (GelPA) was determined and
compared to the native gelatin. The resulting polymers could be crosslinked with thiol
functionalized 4-arm-star-PEG (sPEG) via thiol-ene reaction using a visible light initiator
system and the resulting hydrogels were tested on their mechanical properties depending
on polymer amounts and irradiation times. Due to the thermo responsive nature of GelPA,
the hydrogel precursor solutions with various polymer concentrations were well suited for
the application as bioink. For this, the thermal response was investigated with temperature
sweeps using rheological measurements. All three concentrations of the precursor solution
containing GelPA and sPEG were printed using an extrusion based bioprinter. With the initial
printing experiments, the printability of the GelPA/sPEG system was proven, but there is still
some room for improvement. Cell viability and migration behavior before and after printing
were investigated using human breast cancer cells and the results are not presented in this

work.

In order to compare the support of the chondrogenic differentiation of hMSCs between
polysaccharide based and proteinogenic biopolymers, GelPA hydrogels were also cultivated
with hMSCs and differentiated chondrogenically. Both HA and gelatin-based hydrogels
showed excellent support of chondrogenesis, especially when the polymer concentration in
the hydrogels was kept quite low. In the future, the hydrogels should be compared directly
with each other in cell culture experiments. Additionally, cell viability of hMSCs after printing
with 3 different cell concentrations in the GelPA/sPEG bioink was investigated and the results
are presented in chapter 5. The successful 3D bioprinting with hMSCs and the influence of

cell density on cell viability was demonstrated.
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7.2 Zusammenfassung

Der Fokus dieser Doktorarbeit lag auf der Untersuchung neuer Synthesewege fiir
Hyaluronsdure- und Gelatinederivate sowie die Untersuchung derer Reproduzierbarkeit und
Bestandigkeit fir die Anwendung als Biomaterial. Die daraus resultierten Materialien wurden
auf ihre Materialeigenschaften, sowohl chemisch als auch physikalisch, als Rohmaterial und
als Hydrogele in Kombination mit Vernetzern untersucht. Die Biokompatibilitat und
unterstltzende Rolle der Hydrogele wahrend der chondrogenen Differenzierung wurde mit
menschlichen mesenchymale Stromazellen (hMSCs) untersucht. Gelatine basierte Hydrogele
wurden in einem Nebenprojekt in Zusammenarbeit mit Kooperationspartnern von TRR225
auch zur Beobachtung von Migrationsverhalten von bosartigen Tumorzellen in

Bulkhydrogele und als gedruckte Hydrogele eingesetzt.

Die Untersuchung der selektiven Oxidation der primaren Alkoholgruppe in Hyaluronsaure
mit TEMPO/TCC wurde in Kapitel 3 beschrieben. Das Ziel dabei war eine Reaktion
einzufihren, die die Hyaluronsdure mit Aldehydgruppen funktionalisiert, ohne massive
Anderung der Hauptstrangstruktur. Auch wenn starken Kettenabbau wéhrend der
Oxidationsreaktion stattfand, war es moglich den Oxidationsgrad zu erhdéhen, sodass mehr
Aldehydfunktionen fiir die Vernetzung liber Schiffsche Base generiert wurde. Die Erhohung
des Oxidationsgrades resultierte in Hydrogele, die langer in Zellkulturmedium stabil waren
als Hydrogele, die NalOs-oxidierte Hyaluronsaure mit einer Dialdehydfunktionalisierung
enthielten, die Gber eine Ringdffnung der betroffenen Saccharideinheit entstanden sind.
Dennoch war die Reproduzierbarkeit der Oxidation immer noch problematisch und hier
bedarf es in Zukunft noch Verbesserung der Reaktionsschritte. Der Einfluss dieser Anderung
zwischen den einzelnen Chargen auf die Hydrogeleigenschaften wurde untersucht, indem
drei verschiedenen Chargen einzeln und vermengt untersucht wurden. In der Zellkultur
zeigten die TEMPO/TCC oxidierten Hyaluronsaure gute Zellkompatibilitat und unterstiitzten
die hMSCs wahrend der Chondrogenese. Aufgrund der Moglichkeit, dass die Hydrogele sich
in Abhangigkeit von der Zeit auflésen konnen wegen der Reversibilitdt der Schiffschen Base,
konnte dieses Hydrogelsystem als Opfermaterial flir tempordre Beschichtung genutzt
werden. Hier sollten in weiterflihrenden Untersuchungen die Faktoren, die die Auflésung
beeinflussen kdnnen, untersucht werden, wie zum Beispiel die pH-Wertanderung oder der

Einsatz von hypotonen wassrigen Losungen. Die zuletzt genannte Moglichkeit, das Hydrogel
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als Opfermaterial zu nutzen, indem es in hypotonen Pufferlésungen gelagert wird, wurde
bereits in einigen anfanglichen Experimenten von Carina Blum untersucht und die Ergebnisse

in einem wissenschaftlichen Artikel veroffentlicht.

Nachdem ein Polysaccharid als Ausgangmaterial genutzt wurde, wurde Gelatine als
alternatives proteinogenes Biopolymere ausgewadhlt. Die Ergebnisse der spezifischen
Funktionalisierung von Gelatine mit Pentenoat an Lysinreste sind in Kapitel 4 dargestellt.
Darin wurde die erfolgreiche Synthese von Pentenoat-modifizierte Gelatine (GelPA) in zwei
Schritten mit sehr guter Reproduzierbarkeit und in groRem Malstab gezeigt. Die Kinetik der
Reaktion von Gelatine mit NHS-Ester der Pentensdaure wurde auf den Einfluss durch die
Reaktionszeit und der Menge des eingesetzten Modifikationsreagenzes untersucht. Da
hauptsachlich die Lysinreste der Gelatine funktionalisiert wurden, wurde zusatzlich der
isoelektrische Punkt der modifizierten Gelatine (GelPA) bestimmt und mit dem der nativen
Gelatine verglichen. Fiir Hydrogele wurde GelPA mit Thiol-funktionalisiertem 4-Arm-Stern-
PEG (sPEG) liber Thiol-En-Reaktion mit Hilfe eines Initiatorsystems, das liber sichtbares Licht
aktiviert wird, vernetzt. Die Hydrogele wurden auf ihre mechanischen Eigenschaften in
Abhangigkeit vom Polymergehalt und von der Belichtungszeit untersucht. Aufgrund der
thermoresponsiven Eigenschaft von GelPA waren die Prakursorldsungen mit
unterschiedlichen Polymerkonzentrationen fir die Anwendung als Biotinte gut geeignet.
Dafiir wurde die Thermoresponsibilitdit durch Temperatur-Sweeps mit Hilfe von
rheologischen Messungen untersucht. Alle drei getesteten Konzentrationen der
Prakursorlosung mit GelPA und sPEG wurden mit einem Extrusionsbiodrucker gedruckt. Mit
den ersten Druckexperimenten konnte die Druckbarkeit von GelPA /sPEG-System gezeigt
werden, jedoch ist diese noch verbesserungsfahig. Die Viabilitat und das Migrationsverhalten
von Zellen vor und nach dem Druck wurden mit Hilfe von menschlichen Brustkrebszellen

untersucht.

Um einen Vergleich zwischen Polysaccharid- und proteinogen basierte Polymere in deren
unterstitzenden Funktion wahrend der chondrogenen Differenzierung zu bekommen,
wurden GelPA-Hydrogele auch mit hMSCs kultiviert und zuséatzlich chondrogen differenziert.
Sowohl Hyaluronsaure- also auch Gelatine-basierte Hydrogele zeigten hervorragende
unterstitzende Eigenschaften fiur die Chondrogenese, insbesondere wenn die
Polymerkonzentration in den Hydrogelen niedrig gehalten wurde. In Zukunft sollten beide

Hydrogel in Zellversuche direkt miteinander verglichen werden. Zusatzlich wurde auch die
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Zellviabilitdt mit drei unterschiedlichen Zellkonzentrationen in der GelPA/sPEG Biotinte
nachdem Drucken untersucht und die Ergebnisse wurden in Kapitel 5 vorgestellt. Der
erfolgreiche 3D-Biodruck mit hMSCs und der Einfluss der Zelldichte auf die Zellviabilitat

konnten gezeigt werden.
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