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suunniteltu juuri kyseisen potilaan tarvetta varten esimerkiksi muotonsa osalta ja siind
kéytettyjen solujen tulee olla peréisin potilaasta itsestadn. Nain ollen implantti jaljittelee
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yhdistelmé&materiaalit pysyivat muodossaan tulostuksen jéalkeen ja niiden moduulia
pystyttiin kasvattamaan UV-kasittelylld. Valmiiden implanttien moduulit ovat vield
riittdmattomid polvirustoimplanteiksi, mutta niiden tulostettavuus ja saavutettu
resoluutio ovat tarvittavalla tasolla. Tulevaisuudessa lampoherkkan ristisilloittumisen
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In the future the field of medicine will be directed towards tailored treatments and per-
sonalized medicine. In personalized medicine the implant is designed for the patient’s
needs in terms of the shape of the implant and the cells encapsulated into the implant,
which are harvested from the patient itself. By these means, the produced implant is
mimicking the designated tissue and the cells are fully biocompatible with the surround-
ing tissue. By utilizing rapid prototyping in biomaterial scaffold or tissue graft produc-
tion, the patient optimized implants could be produced. One promising rapid prototyp-
ing technique is bioprinting.

The aim of this thesis was to investigate different material combinations to be used as
bioinks for cartilage production. In this thesis, three cartilage specific tandem cross-
linked hydrogel bioinks were created and analyzed. Furthermore, different constructs
and printed composite structures were created to prove the printability and resolution of
these bioinks. Materials used in this study were hyaluronic acid, chondroitin sulfate and
dextran which were grafted with methacrylate groups. These materials were mixed with
hyaluronic acid grafted with poly(N-isopropylacrylamine) (HA-PNIPAM).

The two-component hydrogels used were novel in regards to utilize HA-PNIPAM in 3D
bioprinting and in using tandem crosslinking combining thermo and photosensitive
crosslinking in the printing. By combining the two crosslinking methods we were able
to create three different bioinks mimicking the cartilage layered structures. Tandem
crosslinked bioinks kept the resolution of the printing process and they had an increased
modulus after UV curing. The implants produced had insufficient mechanical properties
compared to native cartilage, however, the printability and the resolutions were on suf-
ficient levels. Further development to control the temperature gelation is required and
the viability assays for the bioinks should be investigated.
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1. INTRODUCTION

Three dimensional tissue printing is a new and revolutionary technique towards person-
alized medicine. With 3D bioprinting, a patient specific and uniquely designed tissue
graft could be manufactured by means of magnetic resonance imaging (MRI) data.
These designed tissue grafts would not only fit to the patient’s defect but also mimic the
native articular cartilage layered structure. Articular cartilage (AC), which composes of
three different zones: superficial, intermediate and the deep, can be found in each joint
in the body. These zones vary significantly throughout the structure in terms of modu-
lus, cell concentration and water content (Blitterswijk et al. 2008). AC cells, chondro-
cytes, proliferate in an avascularized tissue under hypoxia conditions which limits their
ability to regenerate damaged cartilage. Due to this fact, an injury or development of
osteoarthritis in the articular cartilage represents a challenging clinical problem. Sports
related injuries in the knee joint including meniscus tear and articular cartilage wearing
are common within the younger patients. These patients are at higher risk in wearing of
the repaired knee or of developing osteoarthritis. Osteoarthritis (OA) affecting articular
cartilage is a major challenge especially in aging population due to decreased chondro-
cyte activity in aging and increased potential for development of an OA condition. The
chance of developing the disease increases with age and about 6% of adults aged 30
have frequent knee pain and radiographic evidence of OA. Symptomatic knee OA af-
fects 12% of people over 65 years of age (Warrell et al. 2010; Peach et al. 2005; Vin-
cent and Watt, 2010). OA is not a localized condition, but rather affecting multiple
joints simultaneously, which undermines extensive need for the cartilage regenerative
medicine. In 2007 only in US more than 400 000 cartilage related procedures were per-
formed with an estimated market value of approximately 55 million dollars. Further
estimations for the potential market for advanced cartilage therapies could reach to 500
000 procedures with a value of 1.5 billion dollars (MeNickle et al., 2008).

Cartilage tissue engineering research has expanded at a fast rate during the last decade.
As in the field of tissue engineering, the investigation of hydrogels has become promi-
nent in cartilage research (Peroglio et al., 2012, Fedorovich et al., 2007). Hydrogels
provide interesting properties for cartilage tissue engineering as they bind significant
amounts of water in their structure like in the native articular cartilage surface. Further-
more, these hydrogels properties can be tailored to mimic the natural extra cellular ma-
trix (ECM) of the implantation site to provide enhanced biocompatibility with the cells.
The hydrogel tailoring can be done by choosing glycoseaminoglycans (GAG) present in
the AC ECM such as hyaluronic acid and chondroitin sulfate (Temenoff and Mikos,



2000). Furthermore, the hydrogel properties are tailored by affecting concentrations,
grafting densities, crosslinking densities and crosslinking methods. Several different
crosslinking methods including pH, temperature, UV-light and radical crosslinking have
been investigated for the cell encapsulation and drug delivery applications (Chaterji et
al., 2007). Depending on the hydrogel materials and structures, the properties of the
hydrogels can vary significantly. Due to the complex structures of the native tissues,
such as the layered structure of the articular cartilage, defined structured hydrogels are
needed. To produce complex and precise hydrogel structures, rapid prototyping (RP)
techniques have been utilized. Hydrogels have been developed extensively for different
RP techniques for tissue engineering purposes. Various RP techniques such as 3D bi-
oprinting utilize hydrogels for cell encapsulation and drug delivery structures. (Billiet et
al., 2012, Peltola et al., 2008). Rapid prototyping techniques including laser based, noz-
zle based and printer based systems are intensively studied and developed to produce
highly sophisticated hydrogel structures for tissue engineering. However, as stated in
the review article by Fedorovich et al. the future direction of organ printing with hydro-
gels include the development of better hydrogels, with emphasis on mechanical proper-
ties and degradation rates (Fedorovich et al., 2007). Mainly due to insufficient mechani-
cal properties hydrogels have not been utilized in load bearing applications.

Bioprinting, a subgroup of rapid prototyping, requires the development of biological
inks (bioink). An optimal bioink is a balance between four requirements: handling,
printability, mechanical properties and biocompatibility. Regardless of the tissue type
these requirements stay and they are all equally important as illustrated in Figure 1.1.
The handling, printing and biocompatibility of the ink should be always kept the highest
possible regardless of the desired tissue. The mechanical properties of the ink refers to
printability, however, the mechanical properties of the hydrogel construct can be mainly
influenced by changing the ink composition rather than structure or printing parameters.
The bioink composition affects also to the crosslinking behavior and possibly even
crosslinking method. Temperature crosslinking is an effective crosslinking method in
printing techniques; due to small dispensing volumes the temperature shift is almost
immediate. However, the temperature crosslinking does not provide enough stability for
in vivo implantation since it is not covalently cross-linked, which also makes the cross-
linking reversible. Inversely, the photosensitive crosslinking is providing stabile struc-
tures with significantly higher modulus but the reaction between the photoinitiator and
the acrylic based groups is slower. This delayed crosslinking allows flow of the struc-
ture and the resolution of the printing is lost.



BIOINK

Figure 1.1. Four requirements of a bioink are illustrated.

Aim of this thesis was to investigate different material combinations to be used as bio-
inks for cartilage production. The mechanical properties of the crosslinked gels were
analyzed and compared in different biopolymer concentrations. Based on these results
as well as biocompatibility assays, the promising gel mixtures were chosen and used for
bioprinting. Furthermore, different constructs and printed composite structures were
created and analyzed. Materials used in this study were hyaluronic acid, chondroitin
sulfate and dextran which were derivatized with methacrylates, and each of the materi-
als was mixed with hyaluronic acid grafted with poly(N-isopropylacrylamine). These
two component hydrogels were novel in utilizing HA-PNIPAM in 3D bioprinting and in
combining tandem crosslinking with thermo and photosensitive crosslinking. By com-
bining the thermo and photosensitive crosslinking we were able to create three different
bioinks mimicking the cartilage layered structures. Tandem crosslinked bioinks held the
resolution of the printing and had increased modulus after UV curing.



2. RESEARCH OVERVIEW

The thesis consists of three parts: 1) preparation of hydrogels and optimization of me-
chanical properties, 2) Cell viability and differentiation studies for the encapsulated
chondrocytes, and 3) Bioprinting of the promising bioinks in articular cartilage layered
mimicking 3D structures.

2.1. Goal of the study

The main goal of this thesis was to investigate and develop functional bioinks for carti-
lage bioprinting applications. These bioinks were developed especially for cartilage
tissue engineering trying to mimic the extra cellular matrix produced by the chondro-
cytes in native articular cartilage.

2.2. Research summary

This goal was pursued starting from combining thermoreversibel HA-PNIPAM with
photosensitive polymers such as hyaluronic acid, dextran and chondroitin sulfate, all
methacrylated. In the first phase the extensive rheology testing was carried out to inves-
tigate the crosslinking kinetics of each individual polymer and their mixtures. The pol-
ymer blends proven to be tandem crosslinkable were further studied for their printabil-
ity. Furthermore, in the second phase these material blends and individual biopolymers
were mixed with bovine chondrocytes and gelled for cell encapsulation and viability
studies. In the last phase the chosen bioinks were printed individually and together to
produce different structures. Structure mimicking the three layers of cartilage was suc-
cessfully printed using the bioink materials. Future studies will consider the in vitro cell
studies for the 3D cartilage graft construct.



3. CARTILAGE

Cartilage, formed by chondrocytes, can be found in several places in the body. These
different places require optimized cartilage composition and this is why three different
cartilage types can be identified 1) hyaline cartilage from joints, rib cartilage, nose, tra-
chea and larynx; 2) elastic cartilage from ear, epiglottis and larynx and 3) fibrous carti-
lage from intervertebral discs (Blitterswijk et al. 2008). Apart from this, hyaline carti-
lage is also present in bone maturation through the process called endochondral ossifica-
tion. Figure 3.1 illustrates the structure of the hyaline articular cartilage in the adult
knee joint. The magnification of the articular cartilage reveals the layered structure
which is in average 2.4 mm thick in the loaded areas such as joints. The biggest magni-
fication illustrates the most important components present in AC. The ratio of each
component is changing throughout the layered structures so that the layers have differ-
ent properties. Cartilage consists only of 2% chondrocytes, 20-35% of other compo-
nents and 65-80% of water. The more specific ratio of polymeric component is about
60% collagen mainly type Il and X, 30% proteoglycans (Becerra et al. 2010;
Blitterswijk et al. 2008). Collagen Il is the main type of collagen (90%) encountered in
adult healthy cartilage and it is responsible for the tensile strength of the cartilaginous
surface (Figure 3.1). Cartilage integrates in its structure a great amount of proteoglycans
that consist of a core protein with many glycosaminoglycans attached to it in a brush-
like fashion. This specific structure slows down the escape of water under mechanical
loading and is responsible for the great compressive strength of the cartilage (Becerra et
al. 2010). Articular cartilage compressive strength has been studied by (Gigante et al.,
2001) and the compressive modulus of 0.79 MPa, shear modulus of 0.69 MPa and the
tensile modulus of 0.3 — 10 MPa were identified. Furthermore the bovine articular carti-
lage viscoelastic properties has been investigated by (Fulcher et al., 2009). This study
revealed the high storage modulus (G’) values 50.1 MPa + 12.5 MPa and loss modulus
(G””) values 4.8 MPa + 1.0 MPa for the articular cartilage.
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Figure 3.1. Schematic picture of hyaline articular cartilage and its composition. Magnification from the knee joint

shows the layered structure of articular cartilage and further the most important components of the cartilage ECM
Modified from (Duracon; Landinez-Parra, 2012).
Aggrecan, biglycan, decorin, fiboromodulin, the matrilins, and cartilage oligomeric ma-
trix protein (COMP) are the major proteoglycans found in cartilage (Blitterswijk et al.
2008). Aggrecan for example consists of chondroitin sulfate and keratin sulfate which
brushes out from the core proteoglycan to give aggrecan its well known shape (Fosang
et al.,, 1992). These aggrecan molecules are responsible of lubrication in the surface
(Blitterswijk et al. 2008).

Chondrocytes are the only type of cells found in articular cartilage, and are not in direct
contact with the load-bearing matrix but are protected by a microenvironment called
chondron (Ashammakhi et al. 2007; Goessler et al. 2006). Chondrocytes are nutritioned
by the blood circulation in subchondral bone and bone marrow. The synovial fluid be-
tween the cartilage surfaces in the joint is also supporting chondrocyte nutrient and
waste management (Blitterswijk et al. 2008). Self-repair possibilities of cartilage are
extremely limited after an injury due to the lack of blood supply, the low turnover rate
of chondrocytes and sparsely distribution of chondrocytes. For this reason, several strat-
egies for enhanced cartilage reparation has been developed. Table 3.1 summarizes most
of the techniques used in clinics for cartilage reparation. The most advanced one in use
being autologous chondrocyte transplantation (ACT) in which the surgeon performs a
biopsy from the intact cartilage. The biopsy sample is treated by enzymes for the chon-



drocyte harvest and further in vitro expansion. After the desired chondrocyte population
is expanded the cells are re-implantation (Ashammakhi et al. 2007; Blitterswijk et al.

2008).

Table 3.1: Current therapeutic techniques for treatment of articular cartilage damage (Ashammakhi et al. 2007).

Methods

Techniques

Disadvantage

I-Lavage and arthroscopy
Lavage

1I-Debridement

Shaving and debridement
of cartilage

Thermal chondroplasty
(laser and radiofrequency)

11I-Marrow Stimulation
Techniques

Abrasion chondroplasty
Multiple drilling (Pridie

drilling)

Microfracture

IV-Transplantation
Autologous grafting
(periosteal/perichondrial/
osteochondral plug
transfer)

Allogeneic grafting

V-Cell-based therapies
Autologous Chondrocyte
Transplantation (ACT)

Irrigation of a joint with solutions
of NaCl, Ringer or Ringer and
lactate.

Mechanical removal of diseased
chondral tissue.

Alternative debridement by heat
or radiofrequency energy.

All these techniques involve
surgical access to the
subchondral bone until bleeding
occurs inducing spontaneous
repair responses.

Replace lost cartilage with tissue
grafts from own patient.

Replace lost cartilage with tissue
grafts from different individuals.

Removal of patient own cells by
biopsy. in vitro cell culture and
implantation into defect under a
periosteal patch.

Only short term pain relief.
No solid evidences of any biological or
repair activity being investigated.

Instability of the joint.

High rate of re-injury and tissue
necrosis by thermal damage.

Repair tissue becomes
fibrocartilaginous (less durability and
strength). Restriction of mobility.

Poor fixation of graft to damage area.
Inflammatory and joint mobility
restriction.

Donor site morbidity and availability.
Immunological reaction and disease
transmission.

Limited supply of graft. Handling and
storage of frozen tissue.

Expensive treatment.

Two surgical procedures needed.
Potential damage to surrounding
cartilage. Restricted activity to allow
cell integration.

Long term degeneration.

Only animal models so far.

Another approach to heal cartilage defects is tissue engineering. This approach utilizes
biomaterials as ECM mimicking supports for the re-implanted cells. Used biomaterials
are typically biocompatible and biodegradable and they are processed to scaffolds in
which autologous cells are incorporated. Many different materials have been proposed
as scaffolds such as non-woven meshes and foams of alpha-hydroxypolyesters (Schul-
ze-Tanzil, 2009), polyglactin (Muller et al. 2008), hyaluronan alkyl esters, photocross-
linked hydrogels (Leach et al. 2002) and sponges based on different types of collagen



and glycosaminoglycans (Chaterji et al. 2007). Scaffolds filled with cells embedded in a
fibrin or alginate gel have also been proposed (Mastbergen et al. 2002; Ceresa, 2012).

Cell expansion and manipulaion

Figure 3.2. Autologous chondrocyte transplantation and tissue engineering transplantation are illustrated. Tthe
tissue engineering approach can be done without mechanical or molecular signals such as growt factors (Blitter-

wijk et al. 2008).

As shown in Figure 3.2, the development of efficent in vitro culture techniques for
chondrocyte expansion is needed. These in vitro expansions are typically done in 2D
systems in which the chondrocytes tend to lose their phenotype and dedifferentiate to-
wards fibroblast-like cells (Ashammakhi et al. 2007). These less specialized cells pro-
duce an unorganized and mechanically inferior matrix not suitable for cartilage regener-
ation treatments. Furthermore, the pericellular matrix (chondron) surrounding the chon-
drocytes in their native environment is absent and the ECM proteins produced are colla-
gen type | and Il instead of collagen type Il. Collagen type | is normally absent in na-
tive cartilage tissue. (Becerra et al. 2010) The production of large aggregating GAGs
such as aggrecan is decreased and the lower molecular weight molecules like versican
are produced (Ashammakhi et al. 2007). In monolayer cultures of chondrocytes, it has
been reported that an increased cell density as well as early passage number (P<4) were
parameters that help to maintain the phenotypic traits to some extent (Schulze-Tanzil,
2009). Also, dedifferentiated chondrocytes can regain their phenotype when cultured in
3D after expansion (Foldager et al. 2011). For these reason, it is important for the better
tissue engineering approaches to develop hydrogel based 3D cartilage repair techniques.



4. HYDROGELS IN RAPID PROTOTYPING

Hydrogel materials provide interesting properties as scaffold materials for tissue engi-
neering. Hydrogels have been studied for drug delivery applications and soft tissue im-
plants. Hydrogels can be tailored to mimic natural extra cellular matrix in implantation
site to provide better biocompatibility. Depending on the hydrogel scaffold materials
and the structure, the properties of the crosslinked hydrogel can be engineered. Different
prototyping techniques have been modified and tested for tissue engineering purposes
mainly to produce soft tissue like scaffolds for cell encapsulation and delivery. (Billiet
etal., 2012, Peltola et al., 2008)

4.1. Hydrogels

Hydrogels are polymeric materials containing vast amounts of water in their structure
having gel like appearance. Due to this feature hydrogels have unique physical proper-
ties which are different from properties of the solvent and the polymer. Hydrogels can
be engineered to resemble the extracellular matrix of various tissues which enable their
use in medical applications such as biosensors, implants, cell-delivery and drug-delivery
devices (Chaterji et al., 2007, Burdick and Prestwich, 2011). Hydrogels can be tailored
with certain chemicals to modify their physical properties for better bioactivity in the
targeted tissue. Tailoring, also known as derivatizations, can modify the hydrogel to be
stimuli responsive. These so called “smart” hydrogels can be for example temperature,
pH or UV crosslinkable thus enabling minimal invasive delivery methods or different
gelation requirements. In particular, below the body temperature forming hydrogels
have been extensively studied for drug delivery and tissue engineering purposes
(Burdick and Murphy, 2012, Kim et al., 2005, Mortisen et al., 2010).

Thermoresponsive polymers will go through a reversible sol—gel transition when the
lower critical solution temperature (LCST) is reached. In fact a small temperature
change, usually between 3-5°C, around the LCST makes the polymer chains to collapse
and aggregate or to expand and unfold responding to the changes in hydrophobicity or
hydrophilicity between the polymer chains and aqueous media. This behavior is illus-
trated in Figure 4.1 where the polymeric structure is presented under and over the
LCST. When the hydrophilic equilibrium is shifted more towards hydrophobic balance
by changing the temperature over LCST the binding affinity of the water molecules
decreases and the polymer chains are open for chemical binding and entanglements.
This property is the key feature concerning the use of the thermoresponsive polymers as
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hydrogel scaffold materials in tissue engineering. (D’este et al. 2012; Malonne et al.
2005; Mortisen et al. 2010)

o~
=g

v ¥

A

< LCST > LCST

E%Lél)'e 4.1. Schematic illustration of reversible hydrogel formation in respect of temperature changes (Yamada et al.
Photosensitive hydrogels can be crosslinked via visible light or UV light exposure in the
presence of photoinitiator molecules. Photocrosslinkable hydrogels can be for example
injected with the donor cells in vivo to the targeted tissue before crosslinking with UV
light to ensure the hydrogel formation and implant attachment. These photosensitive
hydrogels have been studied extensively due to their advantages in in vivo utilization
and in highly controlled crosslinking (Lee et al. 2007; D’ Arrigo et al. 2012; Fairbanks et
al. 2009; Li et al. 2003). The controlled crosslinking can be initiated at room tempera-
ture or at physiological condition by brief exposure to UV light that initiates free radical
polymerization. By changing the UV exposure time, photosensitive side groups or their
grafting densities the hydrogel crosslinking can be tailored to yield optimized mechani-
cal properties and degradation rates for the implant. Photosensitive side groups that
have been grafted onto polymers include methacrylate (D’Arrigo et al. 2012; Bonino et
al. 2011), acrylate (Lee et al. 2007) and vinyl groups just to name few. Photocrosslinka-
ble hydrogels require the presence of photoinitiator in their crosslinking reaction. These
initiators are toxic in high concentrations and more biocompatible are being developed.
Fairbanks et al. compared 12959 (Ircacure® and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) photoinitiators in terms of required light wave-
length in crosslinking and the cell viability after hydrogel UV exposure. They reported
cell survival of encapsulated cells with LAP initiated crosslinking to be over 95% by
UV light of 405 nm wavelength for 5 minutes (Fairbanks et al. 2009).

Functionalized polymers that react on alkaline or acidic changes by forming gel-like
network crosslinking are called pH-sensitive polymers. These polymers contain acidic
or alkaline functional groups in their polymer backbone. The pH changes close to the
pKj4 value of the functional groups will lead into an ionization of the group. This ioniza-
tion will generate electrostatic repulsive forces leading to an increase in the hydrody-
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namic volume (Chaterji et al. 2007). In hydrogels this means swelling and expanding.
For the pH-sensitive hydrogels, the mobile ion concentration is important factor deter-
mine the magnitude of the predicted change. The degree of ionization of the functional
groups acidic or alkaline will determine the swelling ratio and behavior of the hydrogel.
(Chung and Park, 2009) The inner charge of the hydrogel relative to the external solu-
tion will cause water uptake (osmotic pressure), so that changes in solvent pH drive the
volume change.

4.1.1. Hyaluronic acid poly(N-isopropylacrylamide)

Hyaluronic acid (HA), also known as hyaluronan, is a natural polysaccharide ubiquitous
in almost all connective tissue. Hyaluronic acid has been extensively used in the bio-
medical applications such as dermal fillers and lubricants (ELEVESS™, Anika,; Hy-
alose; Ortholure™, Lifecore). HA can be found in high concentration in synovial fluid
as well as in the articular cartilage structure where it functions as a lubricating sub-
stance. The structure of the HA disaccharide is illustrated in Figure 4.2. The carboxylic
group and the hydroxyl groups are the main chemical functions used for the modifica-
tion of HA. One HA disaccharide has the molecular weight (M) of 378 Da and it can
be found in the body in sizes between few disaccharides to long molecular chains up 20
MDa.(Burdic et al. 2005; Stern et al. 2006)

O OH
(o) HO o
Cho © o
OH NH ~
=
O™ cH,
n

Hyaluronic acid

Figure 4.2. Hyaluronic acid disaccharide structure is illustrated.

The extensively studied biocompatible, thermoreversibel polymer poly(N-
isopropylacrylamine) has a sharp gelation behavior below body temperature which
makes it desirable material for the tissue engineering purposes. The PNIPAM has been
grafted into several different biopolymers, natural and synthetic, to achieve biocompati-
ble smart hydrogels (Li et al., 2011, Mortisen et al., 2010). Hydrogels derivatized by
poly(N-isopropylacrylamine) (-PNIPAM) can be crosslinked by increasing temperature
over 32°C which is a LCST for PNIPAM. This reversible crosslinking is a result from
hydrophobic and hydrophilic interaction changes caused by the increased temperature.
The hydrogen bonding between the polymer and water molecules becomes unstable
when the temperature is increased. This results into bonding between the PNIPAM mol-
ecules and aggregation of the material. This transformation is making the hydrogels
appearance changing from transparent to opaque (Zhang et al. 2008). The preliminary
toxicity assessment was performed by (Malonne et al., 2005) to identify the toxic levels
for PNIPAM. The results did not show any significant difference between the treated
mice and the controls.
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Hyaluronic acid poly(N-isopropylacrylamide) is a grafted structure of HA sensitive to
temperature changes. HA-PNIPAM begins to self-aggregate after the reach of lower
critical solution temperature (LCST). This phase transition happens in narrow tempera-
ture region above approximately 32°C. The degree of derivatization has a great influ-
ence on the final hydrogel properties which makes the controlled polymerization im-
portant firstly regarding mechanical stiffness and secondly regarding cell viability.
(Seliktar, 2012)

4.1.2. Methacrylated biopolymers

Photocrosslinked HA hydrogels are typically being prepared using acrylates or methac-
rylates grafted to HA backbone that can be crosslinked via free radical polymerization.
The preparation of the methacrylated derivative of hyaluronan and the polymerization
reaction of methacrylated hyaluronic acid has been extensively investigated. (Chung,
2009; Masters et al. 2004; Burdick et al. 2005; Burdick and Prestwich, 2011) One of the
simplest and widely used reaction for HA metacrylation is the reaction illustrated in
Figure 4.3. (Smeds et al. 2001; Chung, 2009) This figure combines also the H:-NMR
spectrum from methacrylated HA to illustrate the connection between the polymer and
H-NMR spectrum. Some important peaks (a-c) have been identified from the H-NMR
spectrum. Peak a is referring to the methacrylate side chain two protons which are both
resonating at their own peaks at 5.6ppm and 6.1ppm. Peak b belongs to the methyl
group of methacrylate and the peak ¢ 1.9ppm belongs to the methyl group of HA. When
these peak integrals are then compared the grafting density can be easily calculated.
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Figure 4.3. Methacrylation reaction in schematic picture and *H-NMR spectra from MeHA. In NMR: a)
methacrylate alkane protons each own peak, b) methacrylate methyl group, and ¢) HA methyl group.
(Chung, 2009)

Methacrylated hyaluronic acid is crosslinked by exposing it to UV light. This crosslink-
ing reaction requires the use of a photoinitiator and exposure to certain wavelength of
UV light that excites the initiator. These HA hydrogels are utilized for encapsulation of
cells and drugs for use in biological therapies (Chung, 2009).

Chondroitin sulfate is composed of repeating disaccharide units of glucuronic acid and
N-acetylgalactosamine with a sulfate group and a carboxyl group on each disaccharide
(Li et al. 2003). Chondroitin sulfate is a biopolymer that is present in cartilage and it is
part of the aggrecan molecule responsible for lubrication on the surface. It binds to a
polymer chain with keratin sulfate and brushes out from the core protein to give aggre-
can its well known shape (Fosang et al., 1992). We used chondroitin sulfate to enhance
the biological nature of the bioinks because chondroitin sulfate is a major component of
the cartilage ECM. Both chondroitin sulfate and dextran can be easily methacrylated by
following similar grafting reaction illustrated in Figure 4.3. (Li et al., 2003).

4.2. Rapid prototyping techniques

Several prototyping techniques for hydrogel-based tissue engineering have been devel-
oped in past decades. Rapid prototyping consists of computer controlled material depo-
sition performed in layer-by-layer fabrication. These precise RP techniques enable de-
fined 3D implant manufacturing for tissue engineering. With these techniques 3D scaf-
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folds can be produced in complex shapes, micrometer scales and reproducible (Ferris et
al. 2013; Gauvin et al. 2012; Turunen et al. 2011). The computer interface allows prede-
termined scaffold designing which can be further connected with computed tomography
(CT) or magnetic resonance imaging scans taken from the desired implantation site
(Hollister, 2005). Thus, these techniques ensure optimal fitting for patient’s needs and
customized properties for each implant. Figure 4.4 illustrates the three main branches of
rapid prototyping. The most interesting and promising techniques are explained in this
chapter.

with biomedical applications

} , )

( Laser-based systems ) ( Nozzle-based systems ) ( Printer-based systems )

fapid Prototyping techniques)

FDM
PED
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Figure 4.4. Illustration of rapid prototyping techniques investigated in medical field (Billiet et al. 2012).

4.2.1. Laser-based systems

Stereolitography (SLA) and micro-stereolithography (u-SLA) are both employed in
hydrogel rapid prototyping. The only difference of these RP techniques is the resolution
of the technique in which the conventional SLA can reach as low as 30 um and pu-SLA
as low as 1 um. An SLA device consists of a UV-light source that can be maneuvered in
horizontal plane, a reservoir of desired material and a manufacturing stage that can be
maneuvered in vertical plane. In SLA manufacturing usually a laser light is focused on
the surface of the material reservoir and desired 2D pattern is exposed to a laser. The
working principle is that a lasers exposure excites the photoinitiator that initiates the
crosslinking reaction. Crosslinked 2D layer structures can be either lowered (bottom-up)
or lifted up (top-down) with the manufacturing platform to produce the final 3D struc-
ture (Billiet et al. 2012). When comparing these two approaches the biggest differences
are the light source positioning on top or under the material reservoir, photocrosslinking
exposure to oxygen on bottom-up and always smooth exposure surface in top-down. To
ensure the attachment of the layers the platform is moved a smaller distance than the
exposure depth of the laser. Post processing treatments are additionally required for
removing excess uncrosslinked material around the 3D structure and usually further UV
curing is needed to produce the final stiffness and uniting of the structure. Two addi-
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tional improvements have been developed for faster SLA scaffold production 1) Digital
micro-mirror device™ (DMD) and 2) Solid ground curing (SGC). The DMD is basical-
ly a set of mirrors that can be individually programmed to reflect the UV light from one
source to project the entire 2D pattern. This addition will reduce the manufacturing time
substantially and it makes bigger scaffold production feasible. The SGC technology is
also designed for reducing the scaffold production time by allowing the 2D layer struc-
tures to be exposed at once. This is done by an additional photomask created on site that
allows the UV exposure only through the transparent areas. (Billiet et al. 2012; Turunen
et al. 2011; Peltola et al. 2008; Gauvin et al. 2012)

Two photon-polymerization (2PP) is a fine laser patterning technique capable of mi-
cron scale resolution and features less than 100 nm in 3D. A 2PP technique is a pattern-
ing tool rather than large scale scaffold production technique. It can pattern the structure
into the photosensitive material itself by moving the focus point of the lasers. The work-
ing principle is that the two lasers working with near-infrared femtosecond laser pulses
of 800 nm are focused in a single point designated to be crosslinked. In the focus point,
the photoinitiator absorbs simultaneously two photons at 800 nm wavelength which
enables the photons to act as a photon of 400 nm wavelength that initiates the crosslink-
ing. (Billiet et al. 2012; Peltola et al. 2008)

Laser-based RP techniques suffer from limitations such as need for photo crosslinkable
materials, presence of cytotoxic photoinitiators and UV exposure to the cells. Further-
more, at the moment SLA techniques require a substantial reservoir of material and the
use of fast reacting photoinitiators in high concentrations. The two photon-
polymerization technique is only feasible in patterning since it would require too much
time to produce actual scaffolds. Additionally, patterning in a material requires photoin-
itiators for 2PP to be used with the initiators for the additional crosslinking if it is de-
sired. (Turunen et al. 2011; Billiet et al. 2012)

4.2.2. Nozzle-based systems

Four different nozzle types have been used in different nozzle-based RP techniques 1)
pressure-actuated, 2) solenoid-actuated, 3) piezoelectric and 4) volume-actuated noz-
zles. All the nozzle-based systems are dependent on material viscosity, patterning speed,
nozzle diameter and pressure. These parameters alternate the produced line thickness
and width. Increasing the pressure in the nozzle will increase material deposition and
line diameter. However, by increasing patterning speed or material viscosity the line
diameter can be kept the same or even decreased. All of these variants have an effect in
the final construct resolution. (Billiet et al. 2012)

Pressure-assisted microsyringe (PAM) technique consists of a 5-20 um pneumatic
glass capillary syringe dispensing material in vertical plane and a manufacturing stage
that moves in X and Y planes relative to syringe. Nozzle sizes of few micrometers can-
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not extrude particles such as cells without introducing shear stresses high enough to tear
up the cell membranes and sacrificing the integrity of the cells. (Billiet et al. 2012)

Low-temperature deposition modeling (LDM) technique requires usage of tempera-
tures below 0°C to solidify the extruded material. In this system the nozzle moves in
horizontal plane depositing material to the degraded temperature stage capable of mov-
ing in vertical axis. More advanced version of the technique is called multiple nozzle
low-temperature deposition modeling (M-LDM) which can extrude several different
materials simultaneously to cut down the production time of the scaffold. This also ena-
bles composite structures to be extruded in one session (Billiet et al.2012; Hollister,
2005).

3D-Bioplotter™ has a unique feature to pattern a viscous material into a liquid medium
with corresponding density. This feature works especially in favor for low viscosity
materials and fragile scaffold structures before curing. 3D-Bioplotter is a simple system
where the nozzle is able to move in all X, Y and Z axis while the manufacturing stage is
stationary. This property enables straight plotting into well plates or such. This plotting
technique can be used for either continuous dispensing of single lines or dispensing of
micro sized droplets. Dispensing of the plotter is based on pneumatic nozzle by apply-
ing pressurized air for wanted extrusion volume to guarantee homogeneous droplet vol-
umes. Compared to technologies using lowered or elevated temperatures this dispensing
technology enables the usage of thermosensitive materials or cells. (Billiet et al. 2012;
Peltola et al. 2008)

Robocasting technique is a common name for RP of ceramic slurry 3D structures by
using robotics. Materials deposited with this technique are ceramic slurries containing
up to 65% ceramics in powder form. Contrary to 3D-Bioplotter, the robocasting is based
on moving manufacturing stage (X, y, z) and fixed nozzle position. When the high vis-
cous slurries are dispensed on the moving stage they require some special rheological
features including shear thinning properties but also fast solidification to prevent flow
after dispensing. This RP technique is reliant of sufficient materials and it is only appli-
cable for slurries. (Billiet et al. 2012)

Direct ink writing (DIW) is a RP technique based on colloidal, high viscous, inks. This
technique is highly dependent on the inks used in the patterning process since the layers
are directly dispensed on top of the previous one. The direct ink writer consists of verti-
cally moving dispensing nozzle that can have multiple syringes attached and a horizon-
tally moved manufacturing stage. (Turunen et al. 2011; Billiet et al. 2012)

Extrusion/aspiration patterning (EASP) technique is clever RP system capable of
switching between extrusion and aspiration continuously. Actually three different phas-
es can be identified from this system: extrusion, aspiration and refilling. Extrusion is
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controlled with a closed valve that guides compressed air into the nozzle whereas by
opening the valve will guide air pressure out of the system aspirating the desired amount
of the material by Bernoulli suction. Then the valve is closed again and the empty space
is refilled. By cycling these phases the 3D object is created. (Billiet et al. 2012)

4.2.3. Printer-based systems

Printers can be divided into continuous injection or drop-on-demand techniques. In con-
tinuous injection the air pressure is used to inject droplets continuously whereas in drop
on demand technique the individual drop size and timing can be optimized. In inkjet
printers the air jet breaks the droplets into tens to hundreds of micron sizes droplets that
are guided on the substrate. This layer by layer printing will further establish the 3D
structure. (Ferris et al. 2013)

3D Printing™ technology is a solid state RP technique compatible with hydrogels. 3D
Printing consists of reservoir of material from which the new layer is added to the print-
ing chamber, the printing chamber where the actual printing takes place and an inkjet
print head. The whole printing process is divided into three steps: in the first step a
powder layer is spread over the printing stage. In the second step the printing of liquid
binder fuses the powder together and forms a 2D layer. In the third step the printing
stage is lowered one layer distance and reservoir is lifted likewise. When the cycle is
repeated the 3D structure starts to form. The liquid binder either dissolves the particles
for fusion or swells them for interpenetration. In polymer hydrogels the polymer chains
of each layer entangle and bond via inter-diffusion. Most interestingly the powders can
consist of single powder, mixed powders or even blended polymer powders. Further-
more, powder particles can be surface coated or multilayered. After the printing process
the 3D structure is reveled and purified from the excess powder. The binder is the cru-
cial component of this technique and it has to full fill several requirements such as high
concentration of binder but low viscosity for jetting, biocompatibility even in high con-
centrations and fast reaction with the powder to enable fast printing cycles. (Murphy et
al. 2013; Billiet et al. 2012)

Inkjet printing technology is a common name used from all the liquid phase inkjet
technologies. The printer itself can follow the 3D printing construct where powder res-
ervoir is just replaced with a liquid one or the direct 3D inkjet writing where the printing
creates the 3D layered structure. In inkjet printing the ink can be jetted, meaning srayed
with high pressure on the surface. (Ferris et al. 2013; Billiet et al. 2012)

4.3. Requirements for bioinks

Bioprinting, a subgroup of rapid prototyping, is a printer based technique dispensing
droplets using a magnetig microvalve. Bioprinting requires the development of speci-
fied printing materials, bioinks. The bioinks are mixtures of biocompatible materials
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from synthetic or natural sources that can be combined with the fibers, particles or even
cells. The bioink composition and properties should mimic the natural ECM in the de-
sired implantation site or tissue. By providing a natural like or superior engineered ECM
for the cells will effect significantly on the binding affinity of the cells and furthermore
on the proliferation. The optimal bioink is a balance between four requirements: han-
dling, printability, biocompatibility and mechanical properties after printing illustrated
in Figure 4.5. The handling, printing and biocompatibility of the ink should be always
kept the highest possible regardless of the desired tissue. The handling is an important
requirement for the bioink since they have to be homogeneous mixtures and easily use-
able. The inks can be mixed with the cells and biological cues such as growth factors.
Handling is also important for the transition to the clinics where the easy handling and
efficiency are respected high.(Murphy et al. 2013)

BIOINE

Figure 4.5. The four requirements from the bioink.

The printability of the ink has to be considered in order to produce scaffolds or grafts by
using the bioprinting technologies. In order to print high viscous inks, shear thinning
behavior is required to decrease the shear forces in the needle. Also the fast gelling is
required immediately after the printing to retain the printing resolution. If the printing
parameters are incorrect the resolution can be lost even if the ink would have been suit-
able for the printing. Too high pressure or feeding rate compared to dispenser speed will
increase the line dimensions and the resolution is lost. The mechanical properties of the
ink refers to printability, however, the mechanical properties of the hydrogel construct
can be significantly influenced by changing the ink composition and further enhanced
with 3D structure and printing parameters. The increase of the modulus during the tan-
dem gelation is illustrated in Figure 4.6. Mechanical properties should resemble the na-
tive cartilage in order to provide sufficient environment and support for the chondro-
genesis.
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Figure 4.6. Theoretical illustration of the desired behavior in tandem crosslinked bioinks.The line illustrates the
growth of the modulus and the star symbol (*) marks the point of UV exposure.

The bioink composition can affect both the crosslinking behavior and crosslinking
method. Temperature crosslinking is an effective gelation method in printing tech-
niques; due to small volumes the temperature shift is almost immediate. However, the
temperature crosslinking does not provide enough stability for in vivo implantation due
to lack of covalent crosslinks. Hence, the photosensitive crosslinking is providing an
increased modulus and stabile structures for the construct. (Billiet et al. 2012; Lee et al.
2007)



5.  MATERIALS AND METHODS

HA Sodium salt (HANa) from Streptococcus equi was purchased from Contipro Bio-
tech s.r.o. (Czech Republic). Two different My batches were used:

* High My fraction (HMy), with weight-average molecular weight M,, = 1506 kDa and
polydispersion index M/M, = 1.53, where M, indicates the number-average molecular
weight.

» Low My fraction (LMy), with M,, = 293 kDa and M,,/M,, = 1.86.

Amine terminated poly(N-isopropylacrylamine) (NH,-PNIPAM), synthesized in AO
Research Institute Davos, was received with number-average molecular weight M, = 24
kDa and polydispersion index My/M, = 1.7. This compound was grafted onto HM
hyaluronic acid. Methacrylated dextran (DEXMA) and methacrylated chondroitin sul-
fate (CSMA) were received from INNOVENT Technologieentwicklung Jena (Germa-
ny). DEXMA My, = 15-20 kDa and the degree of methacrylation was 0.76 (0.76 out of 4
available groups were functionalized, equals 19%). Chondroitin sulfate methacrylate
CSMA was approximately 20 kDa in My, with a degree of substitution with methacry-
lates being 0.18 (4.5%) and 0.9 (22.5%) for sulfates. Methacrylated hyaluronic acid
(HAMA) was produced in house from LMy hyaluronic acid. Table 5.1 summarizes all
the materials details.

Table 5.1 Used materials with their abbreviations, molecular weight of the polymers and the grafting densities.

Polymer -PNIPAM Methacrylation | My Grafting
density

Hyaluronic acid (HA PNIPAM) 1506 kDa, | (4.6%)

(Thermoresponsive)

Hyaluronic acid (HAMA) 293 kDa (35.5%)

Chondroitin sulfate (CSMA) 20 kDa (4.5%)

Dextran (DEXMA) 15-20 kDa | (19%)

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate was used in all the photoinitiation
reactions and it was purchased from INNOVENT Technologieentwicklung Jena (Ger-
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many). Other chemicals such as NaOH, HCI, methacrylic anhydride, acetone and etha-
nol were all of analytical grade and purchased from Sigma-Aldrich.

5.1. Materials synthesis and polymerization

Synthesized materials for the thesis were HA-PNIPAM and methacrylated HA. Both
synthesis protocols and techniques are explained further in this chapter.

5.1.1. Synthesis of HA-PNIPAM

High molecular weight HANa was transformed into its tetrabutylammonium salt (HA-
TBA) via cationic exchange according to established procedures (Bellini & Topai,
2000). At room temperature, 2.0 g of HATBA were dissolved in 200 ml of dimethyl
sulfoxide. The activation reaction to obtain the acyl-imidazole was performed by addi-
tion of methanesulfonic acid and 1.1-carbonyldiimidazole, both equimolar to the repeat-
ing unit of HA. Following 1 h of stirring, 3.7 g of amino-terminated PNIPAM were
added and stirred at room temperature. The derivatization reaction is illustrated in Fig-
ure . In the prehydrolyzed batches, 0.1% (v/v) of water was added just before the amino-
terminated polymer addition. After two days, 10% (v/v) of saturated NaBr was slowly
poured into the reaction solution and stirred 1 h before dialysis against demineralized
water using regenerated cellulose dialysis tubes with nominal My cut-off 50 kDa (Spec-
trapor no. 6, 34 mm flat width) for five days. Products were freeze-dried, desiccated
under vacuum at 42°C and stored at room temperature.
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Figure 5.1. Derivatization reaction for grafting HA-PNIPAM.

5.1.2. Synthesis of methacrylated hyaluronic acid

Low molecular weight HA was methacrylated using methacrylic anhydride and click
chemistry. This reaction chemistry is illustrated in Figure 5.2.. HA was dissolved in
deionized water to produce a 1.5 w/v % solution. This solution was stirred overnight
before adjusting the pH to 8 by adding 1N sodium hydroxide (NaOH). Then, 20 fold
excess of methacrylic anhydride was added and the reaction was allowed to proceed in
an ice bath (~0°C) for 24h. Due to methacrylic acid formation in the reaction the pH
required constant maintenance over the reaction time. First three hours of reaction the
pH was balanced at 8 by adding 5M NaOH drop wise. After 24h the methacrylate hya-
luronic acid solution was precipitated into an excess of ethanol and the precipitate was
collected by vacuum filtration. The dried precipitate was rehydrated into its original
sample volume by deionized water and dialyzed for three days against deionized water
using a dialysis membrane (Spectralpor® M,, cut off 12-14 kDa). The deionized water
was changed every 24h. Products were freeze-dried and stored at room temperature.
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Figure 5.2. Derivatization reaction for grafting methacrylated hyaluronan.

The methacrylation reaction requires basic conditions for the reaction to continue. In-
deed, due to methacrylic acid production during the reaction, the pH drops fast under
pH 8 which prevents further grafting of the methacrylate. Furthermore, when the reac-
tion pH increases over pH 10 the degradation of HA begins, degrading the My of the
final product and increasing the polydispersity.

5.2. Chondrocyte isolation and encapsulation

Chondrocytes were harvested from a fresh bovine knee joint purchased from the local
slaughter house. Using sterile techniques, the knee joint was dissected and thin slices of
articular cartilage were harvested into 50 ml of sterile isolation medium containing dul-
becco’s modified eagle medium (DMEM) (Invitrogen 32430) with Anti-Anti 1%. An
approximate amount of 3 g of cartilage was harvested from the bovine knee in each iso-
lation. Figure 5.3 illustrates the articular cartilage harvest sites and as seen only thin
slices of cartilage were harvested to prevent contaminations from blood cells and osteo-
blasts. Cartilage slices were washed twice with fresh medium before the two step diges-
tion was started. The first digestion step consists of adding sterile filtered pronase en-
zyme digestion solution, containing 4 mg/ml pronase enzyme (Sigma) in isolation me-
dium, on the cartilage isolation dish. The amount of 6ml for each gram of cartilage was
used. The digestion was carried out in an incubator (37°C) under gentle stirring for two
hours. After the first digestion step the slices were washed with fresh medium three
times. The second digestion step, collagenase digestion, was mediated with collagenase
enzyme (type Il sigma 546 U/mg) used in concentration of 0.6 mg/ml in the isolation
medium. This collagen digestion solution was added in volume of 6 ml for each gram of
cartilage and let react in an incubator (37°C) under gentle stirring for six hours. The
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digested cartilage was further filtered through a 100 um cell strainer sieve followed by
another filtration with 20-40 um cell strainer sieve. After the last filtration the solution
was centrifuged to obtain a cell pellet. The cell pellet was dissolved into cell cryostor-
age medium and aliquoted into cryotubes before freezing to -80°C at a concentration of
1.5x10° cells/ml.

Figure 5.3. Bovine lower limb after collection of articular cartilage.

UV crosslinking of methacrylated biopolymers were conducted either with an external
UV lamp, the UV source in the rheometer or the UV source in the bioprinter. LAP was
always used as photoinitiator at 0.05 w/v % which has been found to be efficient and
biocompatible (Fairbanks et al. 2009). The external UV lamp (Blak-Ray® B-100AP,
UVP LLC, USA) was performing at a 365 nm wavelength and 100 watt power. This
external UV lamp was used to produce hydrogels 10mm in diameter and 1.5mm in
height with Q-gel disc caster 1.5 (Q gel SA, Switzerland). Other UV sources were used
during the usage of the rheometer or the bioprinter. During the bioprinting the UV cur-
ing was performed with the UVPEN-365, emitting 365 nm wavelength UV light, in 150
mW power illuminating the scaffold construct stationary from the center.

Hydrogels were produced for the cell encapsulation and viability assays as follows: Bo-
vine chondrocytes (6x10°ml) were suspended in 20 ul bovine chondrocyte medium
(bCh medium). The bCh medium consisted of Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen 32430) supplemented with 10% fetal bovine serum, 1% Anti-Anti
and 50pg/mL of ascorbic acid prepared in sterile conditions. Furthermore, this bCh me-
dium was mixed with 130uL of each material combinations including 0.05% LAP and
pipetted onto Q-gel disc caster 1.5 for hydrogel disc formation. Tandem gelation was
initiated in an incubator (37°C) for 15 minutes until stabile temperature was achieved
and further crosslinked with 5 minute UV- light exposure. The final hydrogels were
transferred into 24-well plates and incubated in chondrocyte culture medium for 1 and 7
days.
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Cell encapsulation for bioprinting happened as similar as possible to the previously de-
scribed hydrogel cell encapsulation. Shortly, the bioinks were mixed with chondrocytes
(6million/mL) and 0.05% (v/v) LAP prior to printing onto a heated (37-40°C) printing
stage. The heating enabled the rapid encapsulation of the cells and stiffening of the
structure for the printing of the layered construct. After every other layer the construct
was exposed to UV for 30-40 seconds to ensure stabile hydrogel formation.

5.3. Characterization

5.3.1. NMR analysis

Nuclear magnetic resonance (*H-NMR) measurements were performed for all the syn-
thesized materials in order to determine the degree of derivatization and possible resi-
dues of toxic substances after dialysis. Samples for nuclear magnetic resonance meas-
urements were prepared from lyophilized samples. Approximately 15-20 mg of dried
sample was dissolved into approximately 1 ml of deuterium oxide (D,0). The solution
was stirred several hours before collection into NMR tubes. *H-NMR analysis was per-
formed on a Bruker Avance AV- 500 NMR spectrometer using deuterium oxide as sol-
vent without residual HOD peak suppression. Spectra were calibrated using 3- (trime-
thylsilyl)-1-propanesulfonic acid sodium salt as chemical shift internal standard, and
processed with Mestrenova software.

5.3.2. Rheology

Rheological measurements were performed to determine important material features
such as crosslinking kinetics, flow behaviors and recovery rate. Rheological measure-
ments were performed with an Anton Paar rheometer MCR 301 equipped with a peltier
element and UV curing system. Measurements were performed with a plate-cone setup
(CP50-1) with diameter of 50mm and angle of 1° for the liquid samples. For measuring
pre cross-linked gels, a plate-plate setup with a PP10 plate with diameter of 10mm was
used. The zero gap distance was calibrated before each measurement to ensure accurate
positioning of the probe. Additionally, to avoid drying of the samples, a solvent trap
was filled with a sufficient amount of Milli-Q-water. All the samples were dissolved to
the desired concentration in phosphate buffer saline (PBS) pH=7.4 to mimic physiologi-
cal conditions.

5.3.3. Cell viability

Cell viabilities inside the photoencapsulated hydrogels were assessed with two micro-
scopes: 1) transmission microscope and 2) fluorescence microscope.

The transmission microscope Zeiss, AXIO Vert. Al was used in assessing the morphol-
ogy changes of the cells and their distribution in the hydrogel. Furthermore, the hydro-
gels structures appearances were analyzed.
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The fluorescence microscope Zeiss, AXIO Observer Z1 with ApoTome.2 was used for
the cell viability assays. ApoTome camera (MRm) and XLmulti S1 temperature incuba-
tor were used in thermoresponsive hydrogel analysis during the temperature increasing.

The cell viability assays were performed with a live/dead assay kit (LIVE/DEAD® Invi-
trogen). Hydrogels were first washed with warm PBS for two times to wash away all the
excess substances that could possibly interfere with the dyes. Then for each examined
hydrogel 500 pl of live /dead dye was prepared. Dye consisted 0.5 ul of calcein AM and
2 ul of ethidium homodimer in each milliliter of PBS. Calcein AM is cleaved by ester-
ases inside the cell membrane in live cells to yield cytoplasmic green fluorescence and
cell membrane impermeable ethidium homodimer labels nucleic acids of the cell nucle-
us with red fluorescence. If the cell membrane is intact ethidium homodimer cannot
penetrate into the nucleus and the cell is emitting only 500-550 nm green wavelengths.

ZEN pro 2011 software was used in for image aquisition. Calcein AM imaging was
done with the reflector 38 HE green fluorescent protein with an excitation wavelength
450-490 nm and an emission wavelength of 500-550 nm divided by the beam splitter in
495 nm. Ethidium homodimer imaging was done with the reflector 43 HE DsRed with
an excitation wavelength 538-562 nm and an emission wavelength of 570-640 nm di-
vided by the beam splitter in 570 nm. DAPI imaging was done with a reflector 49 DAPI
with an excitation wavelength 335-383 nm and an emission wavelength 420-470 nm
divided by the beam splitter in 395 nm.

All the cell viability images were processed by using FIJI software for cell counting.
Separate live and dead images were counted and the viability was counted by using fol-
lowing equation:

Live

(1) Live + Dead

X 100% = Viability %

, Where the viability percentage represents the whole gel. For each viability determina-
tion, three identical hydrogels were produced and cultured. Each of the gels was imag-
ined in 3-5 different locations which were then counted and averaged.

5.4. Bioprinting

Bioprinting of hydrogel constructs was performed with the Bio Factory® (Regen HU
Ltd, Switzerland) shown in Figure 5.4. This 3D manufacturing instrument based on the
solenoid valve technology has eight upgradable work stations allowing bioprinting with
variable bioinks. Each bioink is loaded into individual syringes mounted onto the station
and connected to a compression air hose providing pressure. The biosafety cabinet
guarantees sterile processing conditions with HEPA H14-filtration and UVC high effi-
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ciency emitter for disinfection. An electromagnetic jet printhead CF-300N equipped
with a needle of 300um diameter was used in all the printing experiments. The UV cur-
ing was performed with the UVPEN-365, emitting UV light at a wavelength of 365 nm,
with 150 mW power.

Figure 5.4. BioFactory® bioprinter was used in all the printing experiments. The printing equipment is completely
inside the laminar flow hood enabling sterile working environment. Laser source suitable for UV crosslinking is
illustrated in the picture on the right.

Bioprinting was done by drop-on-demand printing in which the solenoid valve allows
individual droplets to be printed. The droplet size and frequency can be optimized by
simultaneously varying syringe pressure, valve opening time, closing time and frequen-
cy. The manufacturing stage was moving in the X, Y, Z — axis while the dispenser sta-
tion was changing the bioinks when required. Printing was done over dual glass plate
with a heating unit attached to enable controlled substrate temperature. UV light was
always applied at the mid position of the structure to ensure uniform exposure.

Computational designs of the structures were drawn with the BioCAD designing soft-
ware produced by Regen HU Ltd. The drawings were then translated into ISO code to
be processable by the bioprinter.
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6. RESULTS & DISCUSSION

Results and discussion will follow the predetermined idea of investigating the rheology
of the materials before moving into the biology point of view. In the biology section, the
focus is set on the cell viability and morphology. Based on the both investigations, the
optimal bioink compositions were chosen and tested for printing. The final step was to
produce a 3D scaffold that would mimic the layered structure of the native articular car-
tilage. All the concentration % values given are in w/v% in the result section.

6.1. Hydrogels optimization

6.1.1. Polymers

Hydrogen NMR was performed for the HA-PNIPAM and HAMA polymers synthesized
for this thesis. This was carried out to determinate the grafting density of the materials
and to control the process of polymerization. These results could be further compared to
the new batches produced in order to ensure uniform material properties.

H-NMR spectra from the HAMA polymer is illustrated in Figure 6.1. Two peaks on
the left at 6.1 ppm and 5.6 ppm are referring to the two protons in the methacrylate side
chain (Figure 4.3.). The wide peak section in the middle of the spectrum is referring to
the polymer backbone of HA. This wide section contains peaks from ten protons be-
tween 3.0 ppm - 4.1 ppm and due to these over lapping peaks it is not accurate to use
them the grafting density calculations. The peak at 1.9 ppm on the right refers to the
methyl group of HA which contains three protons and is used as a reference to calculate
the grafting density. The peak at 4.8 ppm is the water peak caused by the hydrogenation
of deuterium oxide used as a solvent in NMR measurement.
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Figure 6.1. H-NMR spectrum from methacrylated hyaluronic acid. Certain important integrals over the peak areas
are marked in the figure.

The grafting density of HAMA was calculated from the ratio of the relative peak inte-
grations of the methacrylate proton 5.6ppm or 6.1ppm (Figure 4.3.) to the HA methyl
group in 1.9ppm. The equation used for the calculation of the grafting density was:

[ 5.6ppm
2) |57/———/4| X 100% = Grafting
@ (1 proton/ % rafting %
, Where the integral over 5.6ppm is the area of 1.4 in Figure 6.1 and four refers to the

four hydroxyl groups in one repeating unit of hyaluronic acid.

First the integral over 5.6 ppm peak was normalized to the integral of the HA methyl
group peak at 1.9 ppm which has three protons. Without this normalization the result
would not represent the true value of grafting density. This value is then divided by one
proton in the representative peak. The quotient is further divided by four which comes
from the total value of possible grafting places in one repeating unit of HA. This result
was converted into percentages by multiplying by 100%. The grafting density in our
case gave us 35% grafting which is a relatively high value.

Figure 6.2 illustrates the H-NMR spectrum from HA-PNIPAM. When comparing the
Figure 6.1 and Figure 6.2 it is clear that the peaks referring to HA backbone (3.0 ppm -
4.1 ppm) and methyl group (1.9 ppm) are both present and at the same position in both
spectrums. Because of the complex PNIPAM side chain the grafting density calcula-
tions require more understanding of the structure.
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Figure 6.2. H-NMR spectrum from hyaluronic acid grafted with PNIPAM. Integral of HA backbone and the —
PNIPAM side chain are marked in the figure.

The grafting density of HA-PNIPAM was calculated according to a previously estab-
lished technique (D'Este et al., 2012). The density is retrieved from the ratio between
the relative peak integrations of the PNIPAM side chain protons (peak at 1.1 ppm) and
the HA backbone between 3.0 — 3.7 ppm. This wide overlapping area has nine protons
which are used for normalization. The HA methyl group peak at 1.9 ppm cannot be used

for normalization since it interferes with PNIPAM group. The equation used was:

PNIPAM chain Mw

(3) PNIPAM monomer Mw

X 6 protons = Tot.protons

1.14ppm
4y TP 00 = Grafting %
Tot.protons
, where the total protons refers to the PNIPAM side chain protons and M,, represents the

molecular weight.

First the total amount of PNIPAM protons is calculated by dividing the PNIPAM My, in
our case 24kDa, by the PNIPAM monomer M,, which is 113.16 Da. This value is equal
to the number of repeating monomers in the PNIPAM side chain and it has to be multi-
plied by the six sp>hybridized protons in the structure. These protons are the origin of
the 1.14ppm peak (D'Este et al., 2012). After the number of total protons of the
PNIPAM chain was calculated, the integral over the 1.14 ppm peak was divided by the
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number of total protons similarly as in HAMA equation. This result was translated into
percentages by multiplying the value with 100%. The grafting density calculated was
4.6% which was slightly inferior to the values achieved with the same synthesis method
(D'Este et al., 2012).

6.1.2. Thermoresponsive component

Hyaluronic acid was grafted with -PNIPAM side chains and prepared in three different
concentrations to study the kinetics of the temperature crosslinking. Figure 6.3 illus-
trates the rheology data received from these three concentrations during the temperature
increase under oscillation. The three concentrations were HA-PNIPAM 10%, 15% and
20% from which the HA-PNIPAM 15% was hypothesized to provide the best proper-
ties. The LCST was determined from the point when storage modulus G’ equals to loss
modulus G”’. In general, when the temperature was increased over the LCST the loss
modulus increased up to 5 orders of magnitude with these materials. As illustrated in
Figure 6.3 the 10 % solution has narrow crosslinking regime (2 fold increase within
5°C), similarly to 15% solution (3 fold increase within 4°C). However, the final modu-
lus of the HA-PNIPAM 10% is approximately 1.5 magnitudes lower which results in
inadequate properties for layered bioprinting. The monolayer printed from HA-
PNIPAM 10% did not give enough structural support for the next layer and the printed
construct did not grow in height. On contrary, the HA-PNIPAM 20% solution had the
highest final modulus and it gave enough structural support for the layer printing. How-
ever, the crosslinking kinetics was slowed down due to the higher polymer concentra-
tion and increased viscosity. Even the increased number of aggregating sites in the pol-
ymer backbone did not increase the crosslinking kinetics. Thus, aggregation begins at
lower temperature when the PNIPAM chains were coiling and entangling between the
HA chains. Furthermore, the initially higher polymer concentration increases the liquid
viscosity for one order of magnitude compared to the other concentrations 10% and
15%. Based on these measurements and the additional experiments the HA-PNIPAM
15% was chosen to be blended with the biopolymers.
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Figure 6.3. HA-PNIPAM was temperature cross-linked by increasing the temperature by 0.5°C/min. Closed symbols
represent the G’ and open symbols G’ (loss modulus).

HA-PNIPAM temperature crosslinking is a reversible crosslinking process which means
the modulus achieved after the gelation should return back to its original when the tem-
perature is back to its initial value. Additionally, this should happen at the same rate in
order to be considered total reversible crosslinking. As illustrated in Figure 6.4, the
thermoresponsive crosslinking did not return along the same curve and, most important-
ly, it did not return to the initial viscosity value. The crosslinking temperature was found
to be 31.1°C (LCST) when the sample was heated, but in cooling the opening of the
crosslinks happened at significantly lower temperatures. However, the exact disentan-
glement point is hard to determine. These results are contratictory to the ones previously
described in literature (D'Este et al., 2012). This difference can result from different
measuring techniques. The hermetic pan of thermal gravimetric analysis (TGA) can
prevent the water escaping more efficiently than the rheometer’s peltier element cov-
ered with an inert seal in combination with the solvent trap. However, the TGA meas-
urement is measuring total energy used in heating (heat flow) and cooling which does
not tell anything about the mechanical properties after the polymer heating. These re-
sults from HA-PNIPAM 15% solution prove the temperature crosslinking to be partially
irreversible, where some polymer entanglements exist after the cooling. These entan-
glements will increase the viscosity if material handling and storage are not performed
at temperatures below 27 °C.
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Figure 6.4. HA-PNIPAM 15% heating and cooling cycle. Red symbols represent the G’ (loss modulus) and blue
symbols the G’ (storage modulus) The arrows illustrate the direction of the temperature change. Both heating and
cooling were increased 0.5°C/min.

Recovery test for HA-PNIPAM 15% solution was done to understand the effect of
shearing the sample during the printing. The measuring cone CP50-1 was rotated at the
shear rate of 100 s™ for one second before returning to oscillation mode measuring G’
and G”’. The recovery curves were normalized for easier comparison due to high viscos-
ity differences from sol state in 4°C to gel state in 37°C. As illustrated in Figure 6.5, the
recovery rate in 4°C was 100% compared to 37°C where the recovery was neglectable.
Interestingly, already at 27°C, the recovery rate reduced to approximately 50%. These
results reveal that a controlled printing environment is necessary in order to maximize
the post-printing thermoresponsive effect of the ink. These results clarify the network-

ing crosslinking of HA-PNIPAM which cannot reorganize after the network rupture.
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Figure 6.5. Recovery test was performed for HA-PNIPAM 15% solution and the normalized results are presented.

The HA-PNIPAM 15% solution has the best properties for the different concentrations
of HA-PNIPAM for desired bioinks regarding crosslinking kinetics, initial viscosity and

reversibility. The low initial viscosity is related to PNIPAM interactions preventing the
HA chains from interacting.

6.1.3. Tandem crosslinking

Tandem crosslinking was analyzed from HA-PNIPAM 15% blended with all three bi-
opolymers in several concentrations. Rheology measurements were performed for all
the blends following the same procedure: First a five minutes waiting time ensured the
equilibrium of the measuring system with the sample. In a second step, the temperature
was increased 0.5°C/min between 4 °C and 45 °C. After, the temperature was kept con-
stant at 45 °C for five minutes. This was followed by decreasing the temperature to 37
°C before UV exposure, subsequently UV exposing the sample for 5 minutes and then

keeping the temperature at constant 37 °C without UV exposure to see the final modulus
stability.

Methacrylated chondroitin sulfate was blended with HA-PNIPAM 15% solution in con-
centrations between 3 to 10%. CSMA1% blend did not UV crosslink so the measure-
ments were started from 3% blends. As illustrated in Figure 6.6, the temperature cross-
linking region is not altered even with biopolymer blending except in CSMA 10% blend
which lacks a temperature gelation transition. This might be caused by the electrostatic
interactions with positively charged PNIPAM chains so that those cannot interact and
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entangle. Increasing the temperature decreases the viscosity until the PNIPAM starts to
coil and aggregate releasing water molecules from its structure. The modulus starts to
increase after LCST but CSMA molecules prevent the HA-PNIPAM chain entangle-
ment and PNIPAM bridging. Same interactions affects in the CSMA 3% and 5% blends
preventing high degree of temperature crosslinking. However, tandem crosslinking is
dependent on the two inversely proportional crosslinking processes. The UV crosslink-
ing is proportional to the methacrylated polymer concentration in all blends. High cross-
linking density after temperature increase would prevent methacrylated polymer and
initiator movement leaving UV crosslinking low. Due to interactions of the sulphate
groups in the CSMA with the PNIPAM chains, the UV crosslinking is the dominating
crosslinking process, enabling a high modulus of the final construct.
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Figure 6.6. Methacrylated chondroitin sulfate blends at different concentrations. Closed symbols represent the G’
and open symbols G (loss modulus). The storage moduli for the blends were for the CSMA10% 11.5 kPa, 5% 3.6
kPa and 3% 0.2 kPa. Tandem crosslinking behavior was further compared to pure HA-PNIPAM 15% crosslinking.

Tandem crosslinking of methacrylated dextran blends were performed similar to the
CSMA blends. Figure 6.7 illustrates the modulus concentration dependency of the
DEXMA blends in tandem crosslinking. Initial viscosities of the blends were at the
same level. For the dextran blends, temperature crosslinking is occurring in the same
regime as pure HA-PNIPAM 15% and the modulus increases to similar orders of mag-
nitudes. However, the dense crosslinking network disabled the UV crosslinking of
DEXMA 3% and DEXMA 5% which are not able to further crosslink the samples. Only
the DEXMA 10% blend was crosslinking due to high concentration of methacrylate

groups.
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Figure 6.7. Methacrylated dextran blends at different concentrations. Closed symbols represent the G’ and open
symbols G (loss modulus). The storage moduli for the blends were for the DEXMA10% 38.5 kPa, 5% 2.2 kPa and
3% 2.1 kPa. Tandem crosslinking behavior was further compared to pure HA-PNIPAM 15% crosslinking.
Methacrylated hyaluronic acid blends moduli were approximately two folds higher than
in the other biopolymer blends due to the My, of HA (293 kDa). Higher concentrations
than HAMA 3% were impossible to mix with the HA-PNIPAM 15% and load into the
bioprinter syringes so those were excluded from the measurements. Methacrylated HA
was blended in at the concentrations of 1% and 3% as illustrated in Figure 6.8. The
HAMA 1% blend has the lower initial viscosity so it can temperature crosslink further
than HAMA 3% blend. Although, the HAMA 1% blend’s modulus remains lower in the
end as expected due to the smaller concentration of methacrylate groups. Compared to
other analyzed polymer blends the HAMA 3% and HAMA 1% had the highest storage
modulus values 8.4 kPa and 5.5 kPa respectively.



37

—— HA-PNIPAM 15%
1000005 | LA PNIPAM 15% + HAMA 1%
11— HA-PNIPAM 15% + HAMA 2%
10000
] /’—_
1000 -
100

10 5
13
01 : M/

0.01 “—r—p—r————r—————————————
0O 10 20 30 40 50 60 70 80 90 100

Storage & Loss modulus (Pa)

Time (min)

Figure 6.8. Methacrylated hyaluronic acid blends in different concentrations. Closed symbols represent the G’ and
open symbols G’ (loss modulus). Tandem crosslinking behavior was further compared to pure HA-PNIPAM 15%
crosslinking.

Three promising bioinks were mixed with the cells and the influence of the addition of
cells to the bioinks on the tandem crosslinking process was analyzed. Figure 6.9 illus-
trates the bioink changes when 6 million bovine chondrocytes were mixed into the inks.
The temperature crosslinking region is not altered by cells, which was one critical as-
pect to study to make sure the inks are still biologically printable. However, the modu-
lus increase during the temperature gelation process was significantly decreased in all
inks due to cells preventing the entanglement of the polymer chains and PNIPAM mol-
ecules to assemble. This effect was significantly present in DEXMA based ink where
the difference was higher than two orders of magnitude. This could be explained by an
increased initial viscosity. In the other two inks the initial viscosity merely influenced
by cell mixing.

The photoinitiated UV crosslinking behavior is a rapid reaction initiated immediately
upon UV exposure. Cell mixing does not have an influence on the storage modulus after
printing in HAMA 1% and CSMA 5% solutions. Both bioinks achieved the same stor-
age and loss modulus values with or without the cells. Also the lower thermoresponsive
crosslinking with the cells did not have any effect. This inversely proportional tandem
crosslinking behavior of the bioinks can be identified easily from these gels, however,
the behavior of the dextran based solution was unexpected. It had significantly lower
storage modulus after both crosslinkings despite the complementing effect of photo-
crosslinking.
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Figure 6.9. Promising bioinks mixed with cells to study cells effects on tandem gelation. Closed symbols represent
the G’ and open symbols G’ (loss modulus).

Based on all the previous rheology measurements and analysis, three bioink composi-
tions were chosen for the 3D layered cartilage structure printing. The exact arrangement
of the thermo- and photosensitive crosslinking is illustrated in Figure 6.10. The highest
storage and loss modulus are achieved with these inks from our tested materials. How-
ever these G’ and G’ values have to be further enhanced to achieve native cartilage
properties.
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Figure 6.10. Three chosen bioink combinations and their tandem crosslinking profiles. Closed symbols represent the
G’ and open symbols G’ (loss modulus).

Rheology of the bioinks was the most intensive investigation for the desired mechanical
properties. The chosen hydrogel compositions were the toughest tested but they still
lack far behind the native cartilage storage and loss modulus 50.1 MPa * 12.5 MPa and
4.8 MPa £ 1.0 MPa respectively (Fulcher et al., 2009). This issue is the common prob-
lem for hydrogel based scaffolds which cannot be utilized into load bearing applica-
tions.

6.2. Photoencapsulation of chondrocytes in vitro study

Chondrocytes residing in the articular cartilage ECM are under hypoxia in avascularized
tissue. Chondrocytes are unable to proliferate further and their appearance is rounded
due to complete encapsulation into ECM (Temenoff and Mikos, 2000). The Figure 6.11
illustrates how the chondrocytes interact with the biological cues of the bioinks. Mor-
phologies of the chondrocytes are spread the most in images A and D and the least in
image E. This behavior could be related to the higher stiffness in the HAMA 1% gel
(Figure 6.11E) compared to other gels investigated. Rounded cells are more isolated and
native chondrocyte like, however, the production of collagen Il and other ECM mole-
cules was not investigated from these gels. Stiffer gels have the downside to have a too
dense network structure for sufficient nutrient transport which can lead to apoptosis of
the cells. Cells in softer gels had more space to interact and elongate which can further
shift the phenotype towards other cell types rather than chondrocytes.



40

Figure 6.11 Chondrocytes encapsulated in biopolymer gels after one day. Image A CSMA 3%, B CSMA 5%, C
DEXMA 3%, D DEXMA 5% and HAMA 1%.

Based on morphological differences it is impossible to say which gels provided the best
surroundings for the cultured chondrocytes. Further histological analysis should be con-
ducted to identify the produced ECM markers like collagen II and GAG’s.

6.2.1. Cell viability

Cell viability assays were conducted for biopolymer gels and bioink gels to identify the
biocompatibility with the chondrocytes. Figure 6.12 illustrates the cell viabilities im-
aged after one day and one week of culture. The softest gels, CSMA 3% and DEXMA
3%, were not able to support and encapsulate chondrocytes effectively which resulted in
leaching out of chondrocytes. Furthermore, the CSMA 3% gel degraded and ruptured
into several pieces which prevented the cell viability analysis from the gel. In both gels
the significant drop in cell viabilities were recorded. Stiffer gels CSMA 5%, DEXMA
5% and HAMA 1% had promising viability values over 80% after seven days of cultur-
ing. The stiffness of HAMA 1% was almost double compared to the other stiffer gels.
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Thus, HAMA produced the best cell viability values and it gave rounded shape for the
chondrocytes as analyzed before (Figure 6.11).
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Figure 6.12. Cell viability assay for biopolymer gels. Assays were conducted on day one and seven for three identical
gels and the results were averaged. Error bars are marked in the figure and star symbol in CSMA 3% 7 day meas-
urement that gels dissolved.

Cell viability assays from the bioink gels were analyzed but higher than 100% viabili-
ties were recorded after one day. After careful investigation the HA-PNIPAM auto-
fluorescent effect was discovered. When the HA-PNIPAM is kept colder than the
LCST, itis transparent liquid that can be imaged easily. However, when the temperature
Is increased to body temperature (> LCST), the PNIPAM aggregates start to appear in
the fluorescent image. Furthermore, these particles were auto-fluorescent in both green
and red channel which made cell viability calculations impossible from the bioinks. In
future the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) or/and
histological analysis could be conducted to these gels to compare the cell viabilities. In
MTT analyses the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
which is a yellow tetrazole, is converted into purple formazan by living cells. After dis-
solving the transformed formazan the spectrophotometer such as plate reader is used to
analyze the absorbance. Received data is not quantitative but it can be used to compare
which material had more live cells.

6.3. Bioprinting with chosen bioinks

Bioprinting was the main development point in the third stage. Bioprinter parameters
such as pressure, manufacturing stage moving speed, needle height, valve open-
ing/closing time and valve frequency were adjusted to fit in each bioink. This stage is
extremely time consuming which is one of the drawbacks in printer based rapid proto-
typing techniques. However, once the parameters have been set up for the standardized
bioink the parameters do not require further adjustments.

Storage Modulus G' (kPa)
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6.3.1. Structures and resolution

Bioprinting was conducted with the 300 um in diameter needle on a heated substrate
(39°C). The first printed bioinks were HA-PNIPAM 15% + HAMA 1% and HAMA 2%
illustrated in Figure 6.13. As shown in Figure 6.13A, the line height and thickness after
four 300 um lines are approximately 1.0mm which means the ink had some flow after
printing. This behavior is emphasized in the construct B where the line height and
thickness are 0.9 mm and 1.4 mm, respectively. The resolution could be improved by
decreasing the syringe pressure or increasing the printing speed. Furthermore, faster
crosslinking kinetics of the bioink would enable layers to be printed directly on top of
each other without flow.

Figure 6.1. 3D printed circular structures were constructed fom four individual layers. wo different ink blends
were imaged A: HA-PNIPAM 15% + HAMA 2%, B: HA-PNIPAM 15% + HAMA 1%.

Figure 6.14 illustrates the layered articular cartilage mimicking scaffold structure and
the bioinks chosen for each layer (A, B, C). Like in the native articular cartilage the
modulus increases when going deeper into the layers achieving its highest modulus on
the surface of the subchondral bone. For this reason, the bottom layer was printed from
HA-PNIPAM 15% + HAMA 2%, ink C, which was the toughest gel produced. To pro-
duce high modulus structures through the scaffold the rims of the second layers were
printed also with the ink C and the inner structure was printed full with HA-PNIPAM
15% + HAMA 1%, ink B, to increase nutrient diffusion into the middle zone. The in-
termediate layer is seamlessly bound to the bottom layer due to continuous outer rim
(ink C). This construct may be also easier to attach to the defect site in future applica-
tions due to one optimized binding method. The surface layer was printed with HA-
PNIPAM 15% + CSMA 5%, ink A, which had high modulus but due to sulfate groups it
also attracted more water into the structure. This swelling behavior could fix the scaf-
fold to the defect walls by creating mechanical seal between the scaffold and native car-
tilage surface. Furthermore, the water content in the cartilage is decreasing when going
deeper into the tissue similarly to this 3D cartilage scaffold. The swelling behavior was
evaluated from bioink 1cm diameter scaffolds by diameter change after 24 hours in
PBS. The ink A was swelling the most due to higher water affinity; however, neither
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inks B or C showed any changes in diameter. Inks B and C were also binding substan-
tial amount of water into their structures but due to long polymer chains of HA and the
dense crosslinking network the printed dimensions were not swollen. This enables accu-
rate size and shape printing and ensures conservation of the construct resolution.

} HA-PNIPAM 15% + CSMA 5% { A

/ }»HA—PN]PAM]S%+HAMA1%~{ B
X

} HA-PNIPAM 15% + HAMA 2% C

Figure 6.14. Schematic picture of 3D layered scaffold that was designed to mimic the native cartilage structure.

Figure 6.15 illustrates the printed structure of the previously discussed 3D articular car-
tilage layers mimicking scaffold. The structure was printed with bioinks incorporated
with food dyes for illustration purposes. Figure 6.15A is obtained after the deep and
intermediate layers were printed and UV-crosslinked. The construct is stable and the ink
B is clearly filling the structure; however, the resolution is about 1mm in line thickness
which is caused by the flow after printing. Figure 6.15B shows the printed and cross-
linked scaffold with all three zones A, B and C. All three layers are clearly visible but
the intermediate layers are higher from the middle compared to the sides creating bub-
ble like surface. This behavior is a consequence from the intermediate layer being print-

ed with too much material and the surface layer surface tensions before the gelling.

P

Figure 6.15. 3D printed native cartilage mimicking structure. Printing was made from three layered materials like
illustrated in Figure 6.14. Image A is taken when both layers B and C were printed. Image B is taken from the final
3D construct.

The 3D printed scaffold was produced as planned and it resembled the native cartilage
structure. This structure should be further printed with the chondrocytes to investigate
the resolution of the printing process with the cells included in the bioink and the viabil-
ity after printing. Based on other studies the chondrocytes can be expected to survive
the printing procedure (Xu et al,. 2013) although the resolution can be slightly affected
by the lower modulus after temperature crosslinking with chondrocytes.
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7. CONCLUSIONS

3D tissue printing is a new and revolutionary technique towards personalized medicine.
With 3D bioprinting, a patient specific and uniquely designed tissue graft could be
manufactured by means of MRI data. These designed tissue grafts would not only fit to
the patient’s defect but also mimic the native articular cartilage layered structure. These
layers vary significantly throughout the structure in terms of modulus, cell concentration
and water content (Blitterswijk et al. 2008).

The aim of this thesis was to investigate different material combinations to be used as
bioinks for cartilage production. The mechanical properties of the crosslinked gels were
analyzed and compared in different biopolymer concentrations. The results illustrated
that the biopolymer concentration had a significant influence on the properties of the
bioink in crosslinking and in the final product. Increased polymer concentration had
generally a limiting effect on thermoresponsive crosslinking. This was assumed to result
from the reduced free space inside the material, preventing the PNIPAM side chains
from interacting and forming the crosslinking network. Although, in HA-PNIPAM +
DEXMA materials this effect was not significant but also distinguished. In general the
HA-PNIPAM + CSMA had the lowest thermoresponsive crosslinking due to the elec-
trostatic charge of the sulfate molecule. All the mixtures that had the thermoresponsive
behaviour were crosslinked at body temperature (37°C). Furthermore, the UV crosslink-
ing was effective in all the other materials apart from HA-PNIPAM + DEXMA mix-
tures with a DEXMA content under 5%. Interestingly we could identify inversely pro-
portional crosslinking behavior in the materials. Mixtures more sensitive to temperature
increasing were crosslinking less in UV exposure despite the initiator concentration.
This result illustrates how important the polymer chain movement is. If the movement is
limited, the physical crosslinking in UV exposure cannot proceed.

Cell viability assays were showing good results in higher polymer concentrations com-
pared to the lower. This result was hypothesized could the softness of the gel be the
reason to lower viabilities. Chondrocytes are in thick ECM matrix in the native cartilage
which could explain why the viability was higher in the thicker biopolymers. Based on
these results as well as rheology analyses the promising gel mixtures were chosen and
tested for 3D bioprinting. Furthermore, different constructs and printed composite struc-
tures were created and analyzed. For each bioink the bioprinter parameters had to be
optimized. This is one of the drawbacks of this technology requiring specific parameters
to be optimized for each individual inks used. After the trials we were able to produce
3D, three layered composite scaffold by using these bioinks.
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The composite construct was stable and the bioink layers stayed separate. Individual
tandem crosslinked bioinks held the resolution of the printing and had increased modu-
lus after UV curing.

The future work with these bioinks should consider the development of the mechanical
properties of the scaffold. The rheology data illustrates over three order of magnitude
difference compared to native cartilage modulus. This significant difference could be
overtaken by introducing fiber reinforcements or particles into the matrix. The compo-
site construct reinforced with collagen fibers could stand greater compressive loading.
Furthermore, the cell viability studies should be conducted for the printed constructs to
verify the cell survival from the printing. Also the autofluorescence problem of HA-
PNIPAM in live/dead staining should be assessed. Possible solution could be the use of
the MTT assays or histological staining. The third path of investigation could study the
improvement of the resolution of the printing and the fast gelation by increasing the
temperature. Minor challenges such as drying, swelling and costs should be also as-
sessed and investigated for future materials to be more easily accepted in applications.
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APPENDIX 1: HA-PNIPAM FULL "H-NMR SPECTRA
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APPENDIX 2: HAMA FULL 'H-NMR SPECTRA
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