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ABSTRACT

EFFECTS OF DYNAMIC LOADING ON NEOCARTILAGE FORMATION

Cicek Rezaeitabar, Gilgin
Doctor of Philosophy, Biomedical Engineering
Supervisor: Prof. Dr. Aysen Tezcaner
Co-Supervisor: Prof. Dr. Korhan Altunbasg

August 2022, 141 pages

Cartilage tissue engineering has gained attention to meet the increasing demand for
articular cartilage treatment in ageing populations. In this study, a visible light
crosslinkable Methacrylated Glycol Chitosan (MeGC)-Fibrinogen (Fib) hydrogel
system which can potentially be used in cartilage tissue engineering applications was
developed. Incorporation of Fib into MeGC hydrogel structure decreased the
swelling, led to increase in stability and improved the mechanical properties of
hydrogels. Besides Fib addition enhanced proliferation of encapsulated chondrocytes
and improved cartilagenious extracellular matrix (ECM) deposition within
hydrogels. To investigate the effect of incremental dynamic compressive loading on
the development of cartilage tissue constructs, rabbit chondrocytes were entrapped
in 1 MeGC-Fib based hydrogels and cultivated in a custom-built mechanobioreactor.
Investigations revealed that, not just dynamic cultivation but applied mechanical
stimulation regime is also crucially important on viability and cartilage-specific
ECM production by chondrocytes. At the end of 21 days of cultivation, compared to
free swelling and DC-1 regime, hydrogel-entrapped chondrocytes cultivated under
incremental dynamic compressive loading regime (DC-2) increased cell

proliferation and chondrocyte functionality. To further evaluate the chondrogenic



potential of MeGC-Fib hydrogels and DC-2 regime, in-vivo studies were performed
by hydrogel implantation to chondral defect models created on New Zealand White
Rabbits. The histological and immunoflorescent examinations revealed the positive
impact both MeGC-Fib hydrogels and DC-2 regime on neocartilage formation with
a higher s-GAG, total collagen and collagen-11 content compared to other groups.
These findings demonstrate the potential of developed MeGC-Fib hydrogels and

incremental dynamic compressive loading regime to promote cartilage regeneration.

Keywords: Cartilage, Tissue Engineering, Mechanical stimulation, Dynamic culture,

Biomaterials
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NEOKIKIRDAK OLUSUMUNDA DINAMIK YUKLEMENIN ETKILERI

Cicek Rezaeitabar, Gilgin
Doktora, Biyomedikal Miihendisligi
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Prof. Dr. Korhan Altunbas

Agustos 2022, 141 sayfa

Populasyonlarin yaslanmasiyla artan artikiiler kikirdak tedavisi ihtiyacim
karsilamaya yonelik kikirdak doku miihendisligi ¢alismalar1 dikkat cekmektedir. Bu
calismada, kikirdak doku miihendisligi uygulamalarinda potansiyel olarak
kullanilabilecek yeni bir goriiniir 151k altinda fotopolimerize olabilen Glikol Kitosan
Metakrilat (MeGC)- Fibrinojen (Fib) hidrojel sistemi gelistirildi. Fibrinojenin
MeGC hidrojel yapisina girmesi hidrojel sisteminin gsismesini azaltmis, stabilitesini
artirmig mekanik 6zelliklerinde iyilesmeye yol agmistir. Fibrinojenin MeGC hidrojel
yapisina eklenmesiyle hidrojel sistemine hiicre tutunmasi iyilesmis, hiicre canlilig1
ve proliferasyonunda, sGAG ve kolajen II iceren kikirdak-spesifik ECM birikiminde
artis  saglanmistir. Artimlt  dinamik basma yiiklemesinin kikirdak doku
konstriiktlerinin gelisimi iizerindeki etkisini arastirmak i¢in, tavsan kondrositleri 1
MeGC-Fib bazli hidrojellere hapsedilmis ve 06zel olarak yapilmis bir
mekanobiyoreaktorde kiiltive edilmistir. Mekanik stimiilasyonun hiicre canlilig
iizerindeki etkisine iliskin arastirmalar, sadece dinamik kiiltivasyonun degil, ayni
zamanda uygulanan mekanik stimiilasyon rejiminin de hiicrelerin canliligi ve
kikirdaga 6zgii ECM sentezinde olduk¢a 6nemli oldugunu ortaya koymustur. 21

gunlik kaltivasyonun sonunda, statik kiltur ve DC-1 rejimine kiyasla, artan dinamik
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sikistirma yiikleme rejimiyle (DC-2) uyarilan kondrositlerin hiicre ¢gogalmasinda ve
kondrosit islevselliginde artis goriilmiistiir. MeGC-Fib hidrojellerinin ve DC-2
rejiminin kondrojenik potansiyelinin daha da arastirilmas icin, Yeni Zelanda Beyaz
Tavsanlar {lizerinde olusturulan kondral defekt modellerine hidrojel implantasyonu
gerceklestirilerek in-vivo c¢aligmalar yapilmistir. Histolojik ve imminfloresan
incelemeler, diger gruplara kiyasla daha yiiksek s-GAG, toplam kollajen ve kollajen-
IT igerigi ile hem MeGC-Fib hidrojellerinin hem de DC-2 rejiminin neo-kikirdak
olusumu tizerindeki olumlu etkisini ortaya koymustur. Elde edilen bulgular, kikirdak
rejenerasyonunu artirmak icin gelistirilen MeGC-Fib hidrojellerinin ve artimli

dinamik sikistirma yiikleme rejiminin potansiyelini gostermektedir.

Anahtar Kelimeler: Kikirdak, Doku Miihendisligi, Mekanik Uyarim, Dinamik
Kiltur, Biyomalzemeler
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CHAPTER 1

INTRODUCTION

Avrticular cartilage defects are one of the most important problems in orthopedics due
to the cartilage's limited ability to self-repair. Current treatment methods do not
provide long-term clinical solutions, and there is no successful and widely accepted
therapy for cartilage degeneration. Patients with cartilage degeneration can only be
treated symptomatically, and total joint replacement appears to be the only option
for end-stage degenerative joint pathology. Surgical treatments for articular cartilage
defects, such as osteotomy and autologous osteochondral graft transplantation, have
not been shown to be consistently effective in preventing damage recurrence [1, 2].
The development of neocartilage-based therapy methods through tissue engineering
approaches has become critical in fulfilling the demand for articular cartilage

treatment.

Tissue engineering techniques are used to develop adequate biomaterials for
cartilage regeneration, which is critical for successful autologous chondrocyte
implantation (ACI) applications. It's crucial to use a material that closely resembles
the native environment of articular cartilage, particularly the ECM structure, to make
an effective three-dimensional scaffold. Biocompatible, porous, biodegradable,
absorbable scaffolds that mimic the mechanical properties of natural tissue and act
as a guide for new tissue formation are ideal [3-5]. Furthermore, the scaffold should
allow nutrients and metabolic waste products to diffuse [6].



1.1  Stucture of Articular Cartilage

The main function of articular cartilage is to provide lubricated articular movement
on joints and to act as a shock absorber against cyclic compressive loadings
encountered during joint movement [7]. Articular cartilage is avascular, aneural and
alymphatic tissue which has only one cell type named chondrocyte. The
perichondrium which is a fibrillar and highly veinous structure surrounding the upper
layer cartilage is responsible of supplying nutrients and oxygen to chondrocytes, as
well as removing waste products [8]. The extracellular matrix (ECM) built by
chondrocytes is predominantly made of collagen type-11 (10-30%) and proteoglycans
(3-10%) of which 65-80% of the volume consists of water [7, 9]. Unfortunately,

cartilage has limited regenerative capacity when damaged [10].

Chondrocytes constitute only 1% of the tissue volume and 95% of the collagen in the
extracellular matrix is composed of collagen type Il fibrils, which contribute to the
tissue's tensile strength [8]. The high negative charge arising from
glycosaminoglycan (GAG) biomolecules present in the proteoglycan structure gives
cartilage its ability to swell and lubrication [11]. Through its depth, cartilage is
organized zonally, with a distinct arrangement of collagen type Il fibers and cells that
lead to a calcified-cartilage area and then to subchondral bone [12]. Figure 1.1

illustrates the basic structure of cartilage.
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Figure 1.1. lllustration of the cartilage structure [3]

1.2 A Brief Overview on Articular Cartilage Biomechanics

The articular cartilage is a dynamic tissue that requires mechanical stimulation to
function properly [13]. As a result of physiological loading in vivo, a variety of
mechanical stimuli, ranging from compressive and shear strains to stress, hydrostatic
pressure, and fluid flow, are generated in cartilage [14]. During loading, complex and
nonuniform patterns of fluid flow, strain, and pressure develop, which can be
attributed to the anisotropic and zonal organization of the matrix, as well as the fact
that the tissue is confined by the surrounding matrix and subchondral bone [13, 15].
Cartilage exhibits mechanical properties that are site- and depth-dependent as a result
of its highly anisotropic viscoelastic and poroelastic properties [13]. Due to the
tissue's diminishable porosity and water retention capacity, physiological loading

compacts the matrix, allowing the application of high pressures to the cartilage [16].



Articular cartilage can be subjected to stress values of 10-20 MPa and compressive
strain up to 45% during daily physiological activities [17, 18]. Average compressive
strain values of more than 13% have been measured for the articular cartilage of in
the hip and knee (the major weight-bearing joints) during daily functions [19-21].

The cartilage is subjected to dynamic loading during daily phyiological activities and
as consequence, mechanical stimuli of varying magnitudes stimulate chondrocytes
to regulate cellular activities [15, 16]. Chondrocytes' ability to sense their mechanical
environment is important for cartilage's structural and functional adaptation to
loading. Compressive forces applied to a single chondrocyte result in nuclear
deformation, which is critical for mechanotransduction and gene expression [15, 22].
Chondrocytes respond to compressive forces dosage-dependently by modulating the
gene expression of ECM proteins that have role on ECM biosynthesis [15, 23].
Leipzig et al. demonstrated that incrementing the compressive force applied to a
single chondrocyte results in a metabolic shift in mRNA levels of collagen-1la and

aggrecan [23].

Various mechanisms have been proposed for clarifying mechanical signal
transmission and resultant metabolic responses of chondrocytes. Chondocytes may
detect external stimuli via the stress—strain shift created at the cell boundary owing
to differences in the mechanical properties of the matrix and the cell [15]. A variety
of mechanisms, including integrin receptors and stretch-activated activated ion
channels, are directly influenced by cellular strains and fluid shear stress arising from
compression of the tissue [24-26]. Accompanied by primary cilia, the pericellular
matrix may also act as a signal transducer for cells [25]. On the chondrocyte surface,
the primary cilium can function such as an antenna, detecting mechanical and

biochemical signals within the tissue matrix [27, 28].



1.3 Regenerative Engineering of Cartilage

Today, the most common treatments for cartilage damage include GAG-containing
medications, hyaluronic acid injections, platelet-rich plasma (PRP), and surgical
procedures (mosaicplasty, microfracture, prosthesis, etc.) [29, 30]. Unfortunately,
none of these methods can provide a permanent solution to the problem and there is
a tremendous need for the development of alternative new therapies [29].
Consequently, biomaterials and tissue engineering approaches to stimulate
neocartilage formation have attracted a huge research interest [31, 32].

Autologous chondrocyte implantation (ACI) is a technique that involves in-vitro
expansion and following re-implantation of harvested chondrocytes [33, 34]. In the
third generation ACI applications, tissue engineering techniques were employed to
produce cartilage-like tissue within a autologous chondrocyte seeded biodegradable
scaffolds and subsequently the obtained tissue construct is transplanted to the defect
site [33, 35]. In 1998, Behrens et al. performed the first third generation ACI
implantation using a porcine collagen /111 matrix as a scaffold [36].

The development of suitable biomaterials for cartilage regeneration is critical for
successful third generation ACI applications, and it is at this point tissue engineering
techniques comes into play [34]. To be able to construct a successful three-
dimensional scaffold, using a biomaterial that closely resembles the native articular
cartilage environment, particularly the ECM structure is essential [5, 32]. The ideal
scaffold should be biocompatible, biodegradable, porous, and function as a guide for
new tissue development [5]. Additionally, the scaffold should mimic the mechanical
properties of the native cartilage and enable diffusion of nutrients and metabolic

waste producs [37].



1.4 Chitosan for Cartilage Tissue Engineering

Because of its biocompatibility and structural resemblance to glycosaminoglycan
(GAG) molecules found in the native cartilage ECM, chitosan, a naturally produced
polysaccharide, is a promising biomaterial for cartilage tissue repair [38, 39].
Because of this structural similarity, chitosan appears to stimulate the bioprocesses
observed in cartilage for GAG production, and biodegradable biodegradation
products of chitosan are thought to be involved in the synthesis of articular cartilage
components like chondroitin sulphate, hyaluronic acid, and type Il collagen [40].
Furthermore, chitosan's amino groups enable the formation of ionic complexes with

anionic polymers or chemical modification with various crosslinkable groups [41].

Chitosan has been shown to have a high potential for use in cartilage regeneration
through experimentation. Chitosan was injected intra-articularly and an increase in
epiphyseal cartilage was observed in the tibia and femoral joints, along with an
increase in chondrocyte proliferation [42, 43]. Additionally, it has been demonstrated
that chitosan scaffolds support culturing chondrocytes in vitro, maintain their
viability, and promote proliferation [44-46]. Chondrocytes cultured in vitro on
chitosan substrates preserved a round morphology and retained the ability to

synthesize cell-specific ECM molecules [47, 48].

Despite its numerous advantages, chondrocytes are not able to adhere well to chitosan
structure [49]. It is critical to incorporate bioactive materials that facilitate
chondrocyte adhesion and chondrogenesis into the chitosan network in order to
obtain effective chitosan-based hydrogels for cartilage tissue engineering
applications [38]. In a previous study, fibronectin was covalently attached to the
surface of chitosan membranes and it was demonstrated that the presence of
fibronectin stimulated cell adhesion on chitosan [50]. Correia et al. prepared freeze-
dried composite scaffolds of chitosan and hyaluronic acid (HA) at various weight

ratios and demonstrated that the addition of HA enhanced chondrocyte adhesion and



cartilage ECM production in vitro [51]. Additionally, other natural biomaterials such
as gelatin, alginate, galactose, and lactose have been used to create hybrid/complex
chitosan hydrogels/scaffolds with enhanced chondrocyte adhesion and proliferation
[48, 52-58]. Borgogna et al. prepared a polyanion-polycation based bioactive
hydrogel scaffolds which were composed of alginate and a lactose-modified chitosan
(chitlac) for potential use in cartilage reconstructive surgery applications. In the
study, porcine articular chondrocytes were entrapped in the hydrogel structure and
characterization results showed that chitosan containing polyanion-polycation
hydrogels were able to maintain chondrocyte phenotype, significantly stimulate and
promote chondrocyte growth and proliferation compared to pure alginate hydrogels
[55]. In another study, Lee et al. produced hydrogels by physically blending glycol
chitosan (GC) with gellan gum (GG) for cartilage tissue engineering (TE). Primary
articular chondrocytes isolated from New Zealand white rabbits were encapsulated
in the hydrogels and histological analysis demonstrated a high-level of GAG
synthesis and proliferation of cells [48]. In another recent study, Sahai et al. prepared
3D printed chitosan-gelatin-alginate composite hydrogel scaffolds with controlled
porosity and architectures for use in patient-specific degenerated -cartilage
regeneration therapies [58]. Human mesenchymal stem cells (hnMSC) entrapped in
3D printed scaffolds revealed a good proliferation and chondrogenic differentiation.
The study concluded that 3D printed chitosan-based hydrogel scaffolds had
chondrogenic potential and are suitable for use in hMSC-derived cartilage

regeneration therapies.

1.5 A Brief Overview on Photopolymerization of Biomaterials

Photopolymerization is a method using light to initiate and continue a polymerization
reaction which results in the formation of a linear or crosslinked polymer network.
To photocrosslink the polymers, it is required to generate free radicals in the system,
which will cause monomers and oligomers to undergo free radical chain

polymerization. Photoinitiators are very important in this mechanism, hence they are



excited by light to generate the active radicals which initiate the polymerization
process. [59, 60]. Following interaction with these active radicals, reactive groups on

the monomer or the polymer structure are created and crosslinks are formed.

The most important advantages of photopolymerization of biomaterials over
conventional polymerization methods are fast polymerization rate, ease in production
and implantation, possibility adapting complex shapes, low-degree polymerization
temperature and ability of entrapping a wide range of cells and substances [61].

As a result of UV irradiation, reactive oxygen species (ROS) and free radicals are
formed and their presence can induce and DNA damage [62]. Therefore, using
visible-region photoinitiators and hydrogel photocrosslinking under visible light
(VL) rather than using UV light is favorable for biomedical applications [63]. The
most widely employed VL photoinitiators in cell entrapment are triethanolamine,

eosin-Y, and camphorquinone [60, 63, 64].

Another important aspect in cell survival in cell-entrapped photopolymerized
hydrogel systems is the biocompatibility of the photoinitiator. Recently, Vitamin B2
(riboflavin, vit-B2) attracted attention as a VL photoinitiator due to its excellent
biocompatibility. Application of riboflavin in VL photocrosslinking enable

producing hydrogels with high cell viability and safe for human health [63, 65, 66]

In 2017 Koh et. al prepared riboflavin-initiated photocrosslinked collagen-hyaluronic
acid hydrogels and entrapped tonsil-derived mesenchymal stem cells in this hydrogel
system [67]. In vitro and in vivo results demonstrated that when supplemented with
TGF-B3, the hydrogel system had great potential for regeneration of meniscus In
2018, Lee et al. reported the crosslinking of hyaluronic acid hydrogels in the presence
of riboflavin phosphate via the thiolene reaction under visible blue light [68]. The
cytocompatibility of the hydrogels system was investigated using corneal fibroblasts,

and the resultant gel material had no negative effect on cell viability. In another study


https://www.sciencedirect.com/topics/chemistry/cell-viability

carried out in 2020, riboflavin was used to initiate the crosslinking of silk fibroin
molecules under visible light [69]. The results revealed that the crosslinked silk
fibroin based hydrogel system was a suitable bioink candidate for 3D printing. to
form an silk fibroin hydrogel through dityrosine bonding. Monfared et al developed
a dual crosslinkable hydrogel composed of poly(ethylene glycol) (PEG) star polymer
and nanocellulose fibers [70]. The network of cellulose nanofibers prepared by ionic
crosslinking with calcium ions while a PEG hydrogel network was formed via VL
crosslinking by thiol-ene photoreaction in the presence of riboflavin as a photo
initiator. The obtained hydrogel system enhanced cell viability and proliferation of
L929 fibroblasts. The developed hydrogel system had easy to tailor viscoelastic and
mechanical properties and may be used in a wide range of regenerative medicine

applications.

1.6 Photocrosslinking of Chitosan For Cartilage Tissue Engineering

The addition of photoreactive side groups to chitosan structure enables the polymer
chains to cross-link when exposed to UV or visible light. It's important note that
chitosan is insoluble in both alkaline and neutral pH values, as well as in water. By
grafting glycolic acid or methacrylate groups to the primary amine groups, chitosan
can be made water-soluble [40, 71]. As a water-soluble chitosan derivative, glycol
chitosan, have gathered considerable research interest to prepare photocrosslinkable
chitosan-based hydrogels for cartilage therapies, owing to its enhanced solubility in
physiological solvents, which enables direct cell encapsulation. Hu et al. developed
photopolymerizable methacrylated glycol chitosan (MeGC) hydrogels in 2012 using
riboflavin (RF) as a photoinitiator that enables gelation in response to visible blue
light exposure [72]. In the study, hydrogels constructed using RF with only 40 s
irradiation time supported 80-90% cell viability. In addition, increasing irradiation
time up to 300 s had no negative effect on cell viability. Besides, RF-photoinitiated
hydrogels supported proliferation of encapsulated chondrocytes and cartilafe-
specific extracellular matrix deposition. The study demonstrated that MeGC



hydrogels prepared using RF initator offer a promising hydrogel system for tissue

engineering applications.

Later, the same group created a favorable chondrogenic microenvironment which
allows chondrocytes to maintain their phenotype and enhance neocartilage formation
by incorporating extracellular matrix (ECM) components of cartilaginous tissues to
modifiy this photopolymerizable MeGC hydrogel. Park et al. (2014) developed a
MeGC-based hydrogel containing Collagen type Il and Chondroitin sulphate (CS) to
repair cartilage defects. The photopolymerized hydrogels were demonstrated to be
cytocompatible, and their incorporation into a crosslinked chitosan network
significantly increased cell proliferation and cartilage-specific ECM production by
chondrocytes entrapped in MeGC hydrogels [73]. Choi et al. incorporated collagen
type 1l and TGF-1 into MeGC via simple entrapment and affinity binding in another
study [74]. They entrapped chondrocytes and, mesenchymal stem cells (MSCs), and
synovium-derived MSCs (as promising stem cell type for cartilage tissue engineering
due to their high chondrogenic potential) in this hydrogel and loaded TGF-1 to
hydrogel structures to stimulate deposition of cartilaginous extracellular matrix and
chondrocyte differentiation. The results demonstrated that hydrogels containing
Collagen type Il enabled the controlled release of TGF-1 over time in chondrogenic
medium which further enhanced the proliferation and cartilage-specific ECM
production of encapsulated chondrocytes and MSCs. Additionally, when cell-
entrapped hydrogels were implanted subcutaneously to the mice for 3 weeks,
neocartilage formation was significantly improved in the constructs loaded with
TGF-1 compared to controls. Hayami et al developed a photopolymerizable hydrogel
system by blending N-methacrylate glycol chitosan (MGC) and O-methacrylate
chondroitin sulfate (MCS) prepolymers to enhance cartilaginous biosynthesis for
cartilage tissue engineering applications [75]. In the study primary articular
chondrocytes entrapped in MCS-MGC hydrogel system formed multicellular
aggregates which were surrounded by cartilage-specific matrix containing elevated

amounts of s-GAG and collagen 1l compared to control groups.
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There is also a large body of the literature employing other chemically modified light-
curable chitosan forms to design biomaterials with suitable physico-chemical,
mechanical and biological properties which have a great potential for cartilage
regeneration. In 2018, Chichiricco et al. developed a new photochemically cross-
linked hydrogel membrane formulation composed of silanized hydroxypropyl
methylcellulose and methacrylated carboxymethyl chitosan for guided tissue
regeneration [76]. The hydrogels were photopolymerized using riboflavin
photoinitiator under visible light during 2 min of irradiation. In order to test barrier
properties of the membranes, human primary gingival fibroblasts were seeded and
cultured on the hydrogel membranes and analyzed with confocal microscopy and
histological staining. Both confocal microscopy and hematoxylin & eosin staining
results confirmed that the cells could not infiltrate the cross-linked hydrogels. Results
of the study confirmed the suitability of the hydrogel membranes for guided tissue
regeneration applications. Zhou et al. prepared photocrosslinkable and water-soluble
maleic-functionalized chitosan (MCH) and methacrylated silk fibroin (MSF)
biopolymers [77]. Photopolymerization of the MCH-MSF interpenetrated polymer
network (IPN) hydrogel was carried out under UV light in the presence of Darocur
2959 as the photoinitiator. The IPN hydrogel composed of 6 % (w/v) MCH and 0.1
% MSF (w/v) had a compressive modulus of 0.32 MPa which is in the range of
compressive modulus of articular cartilage (0.1-2 MPa). Cytocompatibility of the
same hydrogel group was tested by culturing primary mouse articular chondrocytes
with hydrogel extraction medium and revealed good cytocompatibility (80% cell
viability of the negative control.) In 2020, Shao et al. prepared a similar
photopolymerized TGF-f loaded IPN hydrogel which consists of water-soluble
maleilated chitosan (MCH) and methacrylic esterified silk fibroin (MSF) as a drug-
carrier for cartilage tissue regeneration [78]. In cell culture studies, hydrogels showed
good cytocompatibility with human bone marrow-derived mesenchymal stem cells
and significantly enhanced cell adhesion and proliferation. In another study reported
last year, Tannic acid-containing MeGC/methacrylated silk fibroin double-network

hydrogels were prepared and photopolymerization was carried out with Lithium
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phenyl (2,4,6-trimethylbenzoyl) phosphinate photoinitiator under UV light [79].
Introduction of tannic acid to this dual reinforced the hydrogel system and
significantly decreased the photopolymerization time. The cell viability
investigations performed by seeding NIH 3T3 Fibroblasts on hydrogels revealed
good cytocompatibility and the hydrogel system was shown to be promising for

accelerating wound healing.

1.7 A Brief Overview on Fibrinogen as a Biomaterial

Fibrinogen (Fib) is a soluble plasma glycoprotein synthesized by the liver and
required for normal blood clotting, inflammation, cell-matrix interactions, wound
healing, and neoplasia [40, 80-82]. Fib is derived from blood and possesses intrinsic
characteristics that promote cellular interactions and tissue healing, making it
particularly valuable in tissue engineering, hemostasis, and wound dressing
applications [81]. Fib contains integrin binding sites such as RGD and has been
shown to bind to vascular endothelial growth factor (VEGF), fibroblast growth factor
(FGF), and various other cytokines with high affinity [82-85]. Glycoprotein-based
Fib promotes cell adhesion by binding to integrin receptors and ECM proteins [86-
88]. Furthermore, growth factors bind to Fib, which promotes cell proliferation and
differentiation [85, 89].

Fibrinogen is frequently used in hybrid fibrous tissue scaffolds, and these hybrid
scaffolds e mostly contain polymers such as poly(L-lactic acid), poly(epsilon-
caprolactone) and poly(ethylene glycol) elastomers, which have been demonstrated
to enhance cell adhesion and proliferation in vitro [81]. In 2020, Woods et.al
developed a rolled-sheet graft from polycaprolactone-reinforced porcine blood-
derived fibrinogen scaffold to be used this as tissue-engineered vascular grafts [90].
In-vitro cell culture study showed that umbilical artery-derived smooth muscle cells

seeded on the grafts resulted in neotissue formation within the scaffold. In another
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study, electrospun poly (L-lactide-co caprolactone) and porcine fibrinogen scaffolds
were used for reconstruction of abdominal wall and tested in canine hernia model
[91]. To investigate cell viability, canine superficial vein endothelial cells were
seeded on the surface of hybrid scaffolds with different ratios of poly (L-lactide-co
caprolactone) and porcine fibrinogen and cultured for 16 days. Poly (I-lactide-co
caprolactone) and porcine fibrinogen scaffolds which were prepared using a blend
ratio of 4:1(w:w) revealed almost 9 fold increase in cell proliferation compared to
negative tissue culture plate group. Resorbable poly (L-lactide-co caprolactone)-
porcine fibrinogen scaffolds were shown to be effective for restoring abdominal
skeletal muscle 36 weeks after in vivo implantation. P&P Biotech Company try to
commercialize this electrospun nanofiber-based porcine fibrinogen and poly(L-
lactide-co-caprolactone) patch for abdominal wall regeneration as class 11 medical
device [92].

Several studies have established the advantages of combining fibrinogen with other
polymers in hydrogel structures. For example, fibrinogen and gelatin hydrogels have
been demonstrated to stimulate osteogenic differentiation human adipose-derived
MSCs and improve chondrogenesis potential of bone-derived MSCs [93]. In the
study, MSC-containing cubes with the size of 1 cm?® were 3D printed and analyzed
by immunochemistry for cell survival and production of a calcified extracellular
matrix was investigated by alizarin red staining. Cell containing hydrogel cubes
(concentration of fibrin 6.66 mg/mL and gelatin 33.33 mg/mL) demonstrated good
mechanical stability and encapsulated MSCs in 3D cubes were viable (survival rates
of more than 87% compared to negative control) and able to calcify the hydrogel
after bioprinting. In another study, Almany and Seliktar developed photo crosslinked
fib-PEG hydrogel system. They synthesized a biosynthetic hybrid hydrogel network
with a fib backbone and difunctional PEG side chains [94]. They used PEG
diacrylates to modify denatured fib fragments, mixed them with a photoinitiator, and

exposed them to UV light to obtain a cell entrapped hydrogel network [94]. The
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findings indicated that amino acid domains within the fibrinogen backbone act as

adhesion motifs for endothelial and smooth muscle cells.

Today it’s well known that that fibrinogen in PEG-based Fib containing hydrogel
systems chondrogenic activity is mainly provided by Fib because bare PEG hydrogel
has poor performance in tissue regeneration due to its poor cell adhesion [94-98].
Gelrin C, a cartilage regeneration product developed by Regentis Biomaterials
(Israel) for knee cartilage treatment, consists of UV-photopolymerized hydrogel
composed of PEG diacrylate and Fib. Gelrin-C has been demonstrated to be
chondrogenic on both porcine models and clinical trials. It significantly increased
type Il collagen and proteoglycan biosynthesis [97]. Loebel et al developed a
fibrinogen containing double network hydrogel system that can be applied for the
repair of viscoelastic tissues [99]. In the study they formulated double network (DN)
hydrogels through a combination of supramolecular and covalent networks to tailor
hydrogel viscoelastic properties. The primary network was photopolymerized
fibrinogen modified with acrylated poly(ethylene)glycol while for the secondary
network, supramolecular guest-host interactions was used to build the network
through a combination of B-cyclodextrin (host) and adamantane (guest), which were
both and individually linked to hyaluronic acid. The results revealed that the
bioactivity and degradability of the fibrinogen backbone was preserved after the
double network hydrogel formation. High viability and proliferation of bovine
mesenchymal stromal cells (MSCs) that were entrapped in hydrogel network were
observed. This dual coupling of supramolecular and covalent interactions allowed
the tuning of dynamic hydrogels with tailorable characteristics for various possible

tissue repair applications.

It was reported that fibrinogen incorporation showed enhanced bone formation and
stimulated angiogenesis [100]. Peled et al. (2007) also demonstrated that PEGy-lated
fibrinogen material can promote the healing of bone defects and sustained release of

Fib fragments induce bone regeneration at the injury site [101]. Based on all the
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previous findings mentioned above, we hypothesize that incorporation of cell RGD-
rich fibrinogen to into the chitosan-based hydrogel is expected to enhance

chondrocyte specific ECM synthesis and cartilage regeneration.

1.8 Dynamic Culture and Compressive Loading in Cartilage Tissue

Engineering

Dynamic culture conditions provide a superior environment for the organization of
3D cellular networks compared to static culture conditions in which cells are
restricted to two dimensions. In vitro culture of three-dimensional cell-scaffold
constructs in bioreactors under conditions that promote efficient cell nutrition and in
combination with the mechanical stimulation to direct cellular activity and
phenotype, is a crucial step towards the production of tissue engineering constructs
that are functional [102]. Previous research well documented that, stimulation of
cartilage tissue engineering constructs with dynamic compressive loading has the
potential to modulate ECM composition and influence neocartilage properties.
Compressive loading has been shown to enhance chondrocyte viability, gene
expression, and extracellular matrix biomolecule synthesis and influence
neocartilage properties [103-105]. Previously various short- and long-term studies
have been reported applying unconfined dynamic compression with a wide range of
strains (2-23 %), frequencies (0.001 to 5.0 Hz), and stresses (0.005-2.5 MPa) on a
variety of cartilage tissue engineering systems based on hydrogels or macroporous
scaffolds [106].

Mauck et al. carried out the first long-term research on the effect of dynamic
compressive loading on the matrix properties of chondrocyte-entrapped hydrogels
[107]. Four weeks of dynamic unconfined compression ( 10 % axial strain, 1 Hz, for
three consecutive 1 h on-off cycles per day, five days per week) of chondrocyte-

seeded agarose hydrogels resulted in a twofold increase in the equilibrium aggregate
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modulus (24.5 kPa, compared to free-swelling controls) and also significantly
increased the collagen and GAG content of the constructs [107]. Another pioneer
study using chondrocyte-entrapped peptide gels demonstrated that even a very low
level of compressive stimulation were sufficient to enhance chondrogenesis on a
long-term culture [108]. Compressive loading (1 Hz, 2.5 % strain, 45 min stimulation
followed by 5.25 h of free-swelling, four times per day, one day off, one day on) on
peptide gels for 39 days resulted in an 18% increase in young modulus, a 22%
increase in GAG, and a 60% increase in dynamic compressive stiffness when
compared to non-loaded controls. The results revealed that mechanical stimulation
increased both the number of cells and the amount of GAG biosynthesis of
chondrocytes. In 2018, Sawatjui et al developed porous scaffolds composed of silk
fibroin (SF) and SF with gelatin/chondroitin sulfate/hyaluronate (SF-GCH) [109].
They seeded human chondrocytes isolated from osteoarthritic joints and investigated
chondrogenesis obtained in the tissue constructs with and without dynamic
compression. For dynamic culture studies, all scaffolds were subjected to uniaxial
dynamic compressive loading with 10% strain at 1Hz of frequency, 1 hr/day for 2
weeks. The results revealed that dynamic compression elevated chondrocyte
expression of aggrecan and collagen X (COL10A1) five times higher than free
swelling controls. Additionally, uniaxial dynamic compression significantly
enhanced chondrogenesis and anabolic activity of chondrocytes in both SF-GCH and
SF scaffolds, as evidenced by GAG, GAG/DNA and collagen type Il content of the
scaffolds. In another study published in the same year, cryogels consisting of
gelatin/chondroitin-6-sulfate/hyaluronan/chitosan (GCHC) was produced to
investigate the effects of dynamic compressive loading on chondrocyte functionality
(cartilaginous ECM production). In dynamic culture experiments, primary porcine
chondrocytes entrapped in GCHC gels were subjected to dynamic compressive
stimulation with 10% to 40% strain at 1 Hz of frequency (1 to 9 h/day duration) in a
multi-chamber mechanobioreactor for 14 days. According to gene expression results,
optimum dynamic culture condition was identified as 20% strain with 3 h/day

stimulation duration to preserve the chondrogenic phenotype. Results revealed that

16



with 20% strain and 3 h/day stimulation resulted in higher gene expression of Col I,
Col I, TGF-B1 and IGF-1 markers compared to the other groups. In addition,
biochemical analysis results demonstrated that biosynthesis of ECM molecules
(GAGs and Col Il) increased with the defined optimum stimulation regime. In 2020,
Chong et al. dynamically cultivated by applying compressive loading to human
osteoarthritic chondrocytes entrapped in agarose hydrogels at a density of 1 x 10°
cells/ml. [110]. In the study, varying dynamic compressive strains (10% and 20%
uniaxial dynamic compression) were employed for 8 days with a 1 Hz of frequency
(stimulus was applied 4 times/day for 30 min with pauses of 60 min). Results
revealed that dynamically loaded osteoarthritic chondrocytes (entrapped in agarose
hydrogels) subjected to 20% compression deposited higher amount of proteoglycan
and collagen type-Il than 10% compression and free-swelling control. The study
demonstrated that, compression regimens can be used to increase the biosynthetic
activity of human chondrocytes from osteoarthritic joints. In 2021, Fritch et al.
blended poly-D,L-lactic acid/ polyethylene glycol (PEG-PDLLA) and
polycaprolactone—poly(ethylene glycol)-polycaprolactone (PEG-PCL-DA)
polymers and developed a biodegradable visible light crosslinked hydrogel system
to be used for cartilage tissue engineering [111]. Human chondrocytes were
encapsulated in hydrogels and to investigate the effect of compressive loading on the
chondrogenesis, dynamic culture studies were carried out with 5% strain and a
frequency of 0.2 Hz ( 1 h/day for 14 days). Application of compressive loading
enhanced the production of cartilage-like matrix by increasing proteoglycan and
collagen-11 synthesis of chondrocytes in hydrogel constructs compared to statically
cultured control group. In order to investigate in vivo chondrogenesis potential,
chondrocyte-entrapped hydrogels with or without being stimulated by dynamic
compressive loading, were subcutaneously implantated into mice. The results
indicated that, chondrocyte phenotype and cartilage-specific ECM biosynthesis both

were well preserved in all samples after in-vivo implantation.

As demonstrated by previous studies, compressive stimulation has the potential to

increase the quality and function of tissue engineered cartilage constructs. However,
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each group uses different custom-built bioreactors and due to variations in
experimental designs, applied culture conditions and used analysis methods it is not
possible to directly compare their outcomes. The precise stimuli, duty cycles and
frequencies that are required to obtain an improved chondrogenesis performance are
unknown and are hydrogels/scaffold, cell type, and culture time dependent. Even
though dynamic compression at physiological levels has been shown to enhance
ECM biosynthesis in general, when and at which magnitude the load should be
applied and the optimum loading regime is still not clear. According to Khoshgoftar
et. Al’s a finite element analysis, an increase in applied load would be necessary to
maintain cellular loading at the same level as extracellular matrix deposition
increased [112]. In a recent study by Finlay et al., during 84 days, dynamic
compressive loading (Hz, 1 h per day) was applied to scaffolds seeded with bovine
synoviocytes [113]. In the study, the initial strain, which was not fully defined but in
the range of 13% -23% , was increased in an uncontrolled manner as the construct
developed and at maximum strain level (30%), a maximum load of 0.225 MPa was
applied to the constructs. By this method, the compressive modulus of the construct
reached 12 MPa, which is comparable to the value of native cartilage. Last year Kwan
et al. published a PhD thesis with the objective of examining the effect of incremental
compression on cell deformation in native and tissue engineered cartilage in order to
have a better understanding of Finlay's hypothesized mechanism for developing
tissue engineered cartilage constructs [114]. In the study, one important focus point
was to develop a new tool and technical methodology to monitor, track, image and
quantify changes in cell morphology within native or engineered cartilage constructs
under static compressive strain experiments and a novel compression device was
designed to simultaneously allow monitoring of cells within cartilage constructs
while applying static compressive strains in real time. Although the same
compressive strain values were applied as reported by Finlay, Kwan et al obtained
different results. In contrast to Finlay et al., a small quantity of cartilage-like matrix
was observed in tissue-engineered constructs which were subjected to incremental

compressive loading. The inconsistency of the result was stated as a result of the
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difference in initial scaffold porosity and mechanical properties of used constructs
highlighting the importance of microenvironment surrounding the cells and
understanding the interrelations between scaffold porosity, mechanical properties
and cells. In addition, within loaded constructions, no change in synoviocyte
morphology and no cell deformation were detected at the highest compressive strain
that was applied (28%).

Despite high number of scientific publications on investigation of the effect of
various dynamic compressive loads on development of cartilage tissue constructs, up
to today, there is not a systematic study on increasing magnitude of the applied load

in a controlled manner that would go along with neotissue formation.

1.9  Aim of The Study

Today bioreactors are started to be used in cultivation processes in commercially
available therapeutic cartilage tissue engineering products to provide a more rapid
and potentially sustained therapeutic effect [115]. The main reason of applying
dynamic culture in regenerative therapy product development processes is to
simulate the articular joint conditions in patients to increase the functionality,
maturity and ECM production yield of autologous neocartilage tisssue before
implantation [116, 117]. It is well known that the success of the applied bioprocess
regime in mimicking the native tissue development environment plays a critical role
on functionality and, cellularity and ECM yield of engineered cartilage tissue [118].
Since cartilage at the knee joint is a tissue which is continously subjected to dynamic
compressive loading during daily activities, it is important to define and include an
optimal compressive stimulation regime to neocartilage development bioprocesses
[102, 118]. However, despite the large body of literature on the effect of compressive
loading on cartilage tissue engineering applications, there is no consensus on proper

loading regime of the administered stimulus to obtain a cartilage tissue construct
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with high functionality. It is well known that, there is a strong dependency between
mechanical properties of the hydrogel/scaffold, mechanical stimulus sensed by the
cells and metabolic response and ECM biosynhesis of the cells [22, 119-121].
However, mechanical properties of the tissue construct change in time due to
increased cellularity and accumulation and maturation of extracellular matrix within
the construct [121]. Therefore we hypothesize that, during the neocartilage formation
process, the applied load should be increased by time in order to transfer adequate

compressive stimulus to the cells present within developing constructs.

First objective of the thesis study was to define a new compressive loading regime
that will be applied for engineering cartilage using a hydrogel system. Despite the
high number of studies investigating of the effect of various dynamic compressive
loads on the development of cartilage tissue constructs, up to today, there is not a
systematic study on loading regime that involves increasing the magnitude of the
applied load in a controlled manner. In this thesis, the applied load was incremented
by time with the development of the neocartilage formation. For this purpose,
chondrocyte containing hydrogel constructs was prepared and cultivated in a
custom-built mechanobioreactor. Constructs was subjected to increasing unconfined
dynamic compressive loads (7 kPa, 14 kPa, 21 kPa) for defined time periods (7 days,
each) and the effect of the incremental loading on cartilage tissue construct formation

will be investigated.

Second objective of the thesis study was to develop a new fibrinogen-chitosan
hydrogel system in which primary chondrocytes can be entrapped via a
biocompatible process, visible light crosslinking. Chitosan, a natural polymer (N-
acetylglycosamine), draws attention for cartilage regeneration applications due to its
structural similarity to natural glycosaminoglycan molecules present in natural
cartilage ECM structure, its biocompatibility and antibacterial characteristics [42].

In addition, chitosan has a stimulating effect on the bioprocesses observed for GAG
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synthesis and its degradation products of the polymer are involved in the synthesis
of articular cartilage components such as chondroitin sulfate, hyaluronic acid and
type 11 collagen [40]. Chitosan-based hydrogels are usually preferred to be prepared
with various bioactive materials which promote chondrocyte adhesion, enhance
chondrocyte proliferation and facilitate chondrogenesis. Fibrinogen, a bioactive
material with the qualities of interest, is a glycoprotein made of the polypeptide
chains and it is the precursor of fibrin [122]. Incorporation of fibrinogen into chitosan
hydrogel system will help mimicking the polysaccharide-protein content of natural
cartilage ECM, improve chondrocyte adhesion to hydrogels, enhance
chondrogenesis and improve the mechanical properties of chitosan hydrogel
scaffolds [123-125]. Biocompatibility of the photoinitiator and the usage of visible
light instead of UV during the photopolymerization are crucial factors which are
decisive on viability of cells entrapped in photopolymerized systems. In recent years,
use of riboflavin (vitamin B2) as a biocompatible photoinitiator for visible light
photopolymerization has attracted attention [126-128]. In this thesis, hydrogels that
are highly safe for chondrocyte entrapment will be produced by polymerizing
methacrylated glycol chitosan (MeGC) with riboflavin under visible light. Until
now, fibrinogen has not been used as a bioactive agent in chitosan hydrogel

structures that are formed by visible light photopolymerization.

In sum, there are two primary aims of this study:

1. To investigate the effect of incremental dynamic compressive loading on the
development of cartilage tissue constructs, up to today, there has been no systematic
study on loading regime that involves increasing the magnitude of the applied load

in a controlled manner.

2. To develop a novel fibrinogen-chitosan hydrogel system in which primary
chondrocytes can be entrapped via a biocompatible process through visible light

crosslinking.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Penicillin-streptomycin and Dulbecco's Modified Eagle Medium were purchased
from Biowest (France). Trypsin-EDTA, fetal bovine serum (FBS), L-ascorbic acid,
gentamycin, sodium pyruvate, 1,9 dimethyl methylene blue (DMMB), papain,
lysozyme, riboflavin, glycol chitosan, chondroitin-6- sulfate were obtained from
Sigma Aldrich (USA). L-cysteine, di-sodium hydrogen phosphate dehydrate, di-
potassium hydrogen phosphate anhydrous, calcium carbonate, potassium chloride,
glucose, HEPES and ethylenediaminetetraacetic acid (EDTA), sodium chloride were
purchased from Merck Millipore (Germany). For cell isolation, pronase was
obtained from Roche (France) and collagenase type Il from Worthington (USA),
respectively. Dimethyl sulfoxide (DMSO) (molecular biology grade) was the
product of AppliChem GmbH (Germany). Alamar Blue and LIVE/DEAD
Viability/Cytotoxicity kit were purchased from Invitrogen (U.S.A). Hoechst 33258
from Abcam (UK) was used for DNA quantitation studies. Chondrogenic Growth
Medium from Cell Applications Inc. (USA) were used for chondrocyte cultivation.
Total Collagen Assay Kit was the product of BioVision, Inc., USA and Type Il
Collagen Detection Kit, Multi-Species was purchased from Chondrex, USA.
Hematoxylin, eosin and Alcian blue were purchased from Applichem GmbH
(Germany). All other chemicals were of analytical grade and were utilized without
further purification. All other chemicals were of analytical grade and were utilized
without further purification.
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2.2 Glycol Chitosan Methacrylation

MeGC was synthesized by reacting glycol chitosan with glycidyl methacrylate. In
brief, glycol chitosan (GC) was dissolved in water (20 ml) to give a 2% (w/v)
solution, and pH of the solution was adjusted to 9.0 with addition of 1 M NaOH
[129]. Following this, Glycidyl methacrylate was added to GC aqueous solution with
a 1:1 M ratio to the primary amine groups of chitosan. The reaction medium was
allowed to react for 36 h with gentle shaking at room temperature and then
neutralized with 0.1 M HCI. Later on, polymer solution was placed in dialysis tubing
(MW cutoff of 12 kDa) and dialyzed against DI water for 24 h at room temperature.
The medium was refreshed at 2h time intervals. Following this, MeGC solution was

lyophilized for 36 h to obtain a white end product.

2.3 Proton Nuclear Magnetic Resonance Spectroscopy (*H-NMR) Analysis

Methacrylation of GC was examined by *H-NMR analysis. The investigations were
performed with 600 MHz high resolution digital *H-NMR spectrometer (Varian 600
MHz NMR) at TUBITAK National Metrology Institute. Samples were prepared by
adding 20 microliters of Trifluoroacetic acid at a concentration of 15 mg/mL in D,O

and after complete dissolution for 2 h samples were analyzed at 50°C.

2.4  Preparation of Photocrosslinked MeGC-Based Hydrogels

Optimization studies were conducted for preparing the chitosan hydrogels. For this
purpose, 2%, 3% and 4% (w/v) MeGC solutions containing 12 uM riboflavin were
prepared in phosphate buffer (PBS, 0.1 M, pH 7.2) and polymer solutions were
casted into a custom made teflon mold which has wells with 5 mm diameter and 3
mm height and photopolymerized for 300 s under visible blue light (400-500 nm,
500 mW / cm ) [72].
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2.5  Characterization of MeGC-Based Hydrogels

25.1 Fourier Transform Infrared Spectroscopy (FTIR) Investigations

FTIR-ATR analyzes were performed in METU Central Lab in order to examine the
chemical structures of the obtained hydrogels. FTIR analyses were performed with
the Perkin Elmer 400 series spectrophotometer (Perkin Elmer, Inc., UK). The
analysis was performed with a total of 16 scans per sample at the spectral region
400-4000 cm™* with 4 cm™ resolution.

252 Gelation Time

Gelation time of MEGC-based hydrogels prepared in PBS containing 3% (w/v)
chitosan prepared with different concentrations of riboflavin (6 uM, 12 uM and 24
MM) was determined by the vial-tilting method [130, 131]. Then, different amounts
of fibrinogen 0.25%, 0.5% and 1% (v/w) were added to these solutions. The
maximum amount of fibrinogen used was 1% (v/w) because higher than this
concentration caused solubility problems in the prepolymer solutions. The resulting
solutions were placed in glass vials which were then exposed to visible blue light to
initiate photopolymerization. Vials were bent every two s until no fluidity was
observed then the defined gelation time was recorded. Each data point is an average

of three measurements.

2.5.3 Water Uptake Capacity

The time dependent water uptake capacity of hydrogels was determined by
measuring the weight of hydrogels in the swollen state and in the dried state [132].
For this purpose, hydrogels were immersed in simulated synovial fluid (SBF) which
contains 3 mg/ml hyaluronic acid and 30 mg/ml bovine serum albumin in PBS at

37°C [133]. At certain time points, samples were taken out from SBF and after
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removing excess water from hydrogel surfaces weights of wet samples were
measured carefully and recorded. As a second step, samples were lyophilized and
weighed again to determine the dry weights. Water uptake percentage of each sample
was calculated according to the equation given below where Ww and Wd stand for
wet and dry weights of the sample, respectively. The synovial fluids used during the
experimental period were renewed every 3 days and each group was studied in four

replicates.

Swelling Ratio % = i d 100
——*
welling Ratio % W

25.4 Degradation Studies

In order to observe weight loss profile of hydrogels in PBS environment, preweighed
hydrogel (n=4) samples (with dimensions ~3 mmx5 mmx4 mm) were incubated in
5 ml PBS containing 2 mg/mL lysozyme at 37°C in a shaking water bath (Nlve Bath
NB 5, Turkey)- At different time points, samples were removed from PBS;
lyophilized and dry samples were weighed. Weight loss percentages were calculated
according to the equation given below where Wo and W1 represent initial and final
weights of the sample at the end of each incubation period, respectively [134].
Degradation media were renewed every 3 days.

Weight L % ———1 0 100
*
eig 0ss % 0

255 Mechanical Tests

Mechanical properties of the cell-free hydrogels were investigated by uniaxial

compression test. For the compression test, Univert Biomaterial Mechanical Tester
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(Cell scale, Canada) at METU Biomaten was used with 10 N load cell. The preload
value for the experiment was selected as 0.1 N and the withdrawal speed was set to
1 mm/min. Cylindrical hydrogel specimens for compression test were prepared as
diameter: 7 mm, height: 5 mm. Stress-strain graphs were drawn with the data
obtained from compression tests, and Young’s modulus values were calculated from
the linear region of the obtained tension-strain curves. Each group was studied by

using four replicates.

2.5.6 Scanning Electron Microscopy Investigations

The surface and pore morphology of the hydrogels were investigated using a
Scanning Electron Microscope (SEM - Quanta 400 FEG, Netherlands). The prepared
hydrogels were lyophilized, coated with 10 nm gold layer and then visualized via
SEM at METU Central Lab. The average diameter size of MeGC-based hydrogels
was calculated using over 50 measurements obtained from SEM images via ImageJ
software (National Institutes of Health, Bethesda, USA).

2.6 In Vitro Studies

2.6.1 Chondrocyte Isolation and Expansion

Before starting chondrocyte isolation procedure two main isolation stock solutions

were prepared as below:

Washing solution: 0.2 g/L KCI, 1.0 g/L CeH120¢H20, 0.056 g/L NaH2PO42H-0,
1.0 g/L NaHCOs, 8.0 g¢/L NaCl,10 mL/L Penicillin/Streptomycin, 3 mL/L
Gentamicin, 20 mL/L HEPES buffer 1M, 2 mL/L Phenol red sodium salt in

deionized water.
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Isolation DMEM: 13.38 g/L DMEM, , 0.11 g/L Na-pyruvate, 3.7 g/L NaHCOs3, 3
mL/L Gentamicin, 10 mL/L Penicillin/Streptomycin, 20 mL/L HEPES (1M) in

deionized water.

2.6.1.1  Chondrocyte Isolation from Bovine Joints

Joints from a 12-month-old bovine were received directly from the slaughterhouse.
The skin around the joints was still intact. The interested leg area shaved and soaped
in the first phase. After that, the leg was placed in a laminar flow cabinet to be
processed. The fetlock joint was laid loose by opening the skin (Fig. 2.1a). Articular
cartilage of the joint areas was aseptically harvested. The harvested cartilage was
then chopped into small pieces and placed in dishes with 50 mL of washing solution
(1 dish per joint) (Fig. 2.1c). Cartilage samples were taken into flasks containing 60
ml of washing solution as 1 flask per joint. Harvested cartilage pieces were pre-
digested for 105-120 min at 37°C in a carbon dioxide incubator with Pronase (7
U/mg,1 mg/mL) in DMEM (10 mL /flask) (EC 160, Nuve, Turkey). The pre-digested
cartilage was rinsed three times with 60 mL washing solution before being digested
with 600 U/mL Collagenase Il in DMEM by stirring overnight (14 h) in T-flasks (10
mL / flask) in a CO- incubator (5% CO>), at 37°C.

To dilute the isolated bovine chondrocyte cell suspension, 20 mL isolation DMEM
(containing 25% FBS) was used. Falcon tubes were used to filter the contents of the
T-flasks, which were then poured into new falcons and centrifuged for 7 min at 565
G at 4°C (M4808 PR,Electromag, Turkey). Chondrogenic Growth Medium
supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-streptomycin
were used to culture primary chondrocytes in cell culture flasks at 37°C in a 95%
humidified CO2 (5%) environment. Cells were extracted from the surface using 0.25
% trypsin-EDTA (Sigma, Germany), centrifuged, and resuspended in DMEM for
cell cultivation after confluency was reached. The chondrocytes at passage 3 were

used in all cell culture studies.
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Figure 2.1. Images of (a) bovine fetlock joint and (b) rabbit hind leg joint areas
which cartilage tissues were obtained, (c) cartilage particles obtained as a result of

the operation (bovine-derived).

2.6.1.2  Chondrocyte Isolation from Rabbit

Rabbit cartilage tissue was were collected under the guidelines approved by the Ethic
Committee of Kobay DHL A.S . (Ankara, Turkey, ethical committee approval no:
329). Primary rabbit chondrocytes were isolated from the articular cartilage of the
New Zealand rabbits by using the isolation method of Willers et al. [135]. For in-
vitro studies, 4 rabbits were sacrificed and the hindleg cartilage tissue was aseptically
stripped from the articular joint region (Fig 2.1b). For autologous chondrocyte
isolation which were used in in-vivo studies, immediately after surgery, harvested
cartilages were separately labeled, transported in serum-free DMEM—-F12 medium

(supplemented with 0.5% pen-strep) and taken inside the laminar flow cabinet.

Isolated cartilage particles were cut into approximately 1 mm?3 pieces. After washing
twice with the washing solution (0.2 g/L KCI, 1.0 g/L CeH120¢H20, 0.056 g/L
NaH2PO42H0, 1.0 g/L NaHCOs, 8.0 g/L NaCl,10 mL/L Penicillin/Streptomycin,
3 mL/L Gentamicin, 20 mL/L HEPES buffer 1M, 2 mL/L Phenol red sodium salt in
deionized water), ~2 g of cartilage pieces were predigested in 7 U/mg pronase

containing DMEM at 37°C for one h. After the first enzyme treatment, the cartilage
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samples were washed 3 times with washing solution and subsequently digested with
600 U/ml Collagenase Il in DMEM by stirring overnight (10 h) at 37°C, 5% COz in
flask (10 ml / flask). After enzymatic treatments, the supernatant containing
chondrocytes was passed through 40 um nylon filters, and after centrifugation, the
chondrocytes were stained with trypan blue and counted with a hemocytometer. The
chondrocytes obtained were seeded at a cell density of 1 x 10 cells / cm? to tissue
culture flasks (Stoddart et al., 2006).

Primary chondrocytes were cultured in cell culture flasks containing Chondrogenic
Growth Medium (Cell Applications Inc., ABD) supplemented with 10% (v / v) fetal
bovine serum (FBS, Sigma Co., Germany) and 1% penicillin-streptomycin (Sigma
Co., Germany) at 37°C in a humidified CO2 (5%) atmosphere. When confluency
was reached, the cells were passaged with 0.25% trypsin-EDTA (Sigma, Germany),
centrifuged and resuspended in medium for cell cultivation. Chondrocytes at passage

3 were used in the cell culture studies.

2.7  Preparation of Chondrocyte Encapsulated MeGC-Based Hydrogels

Isolated rabbit chondrocytes were suspended at a concentration of 2 x 10° cells/mL
in MeGC solutions with and without fibrinogen [136, 137]. Encapsulation of cells in
the hydrogels was achieved by exposing the pregels with visible blue light for 300 s.

The experimental groups studied are given in Table 3.1.

Table 2.1 List of experimental groups

Grou Concentration of Concentration of | Concentration of
P MeGC (w/v %) | Fibrinogen (w/v %) | Riboflavin (uM)
3 0 12

MeGC

0.25 MeGC-Fib 3 0.25 12
5 MeGC-Fib 3 0.5 12
1 MeGC-Fib 3 1 12
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2.8 Static Cell Culture Studies

Hydrogels were statically cultured in cell culture wells containing Chondrogenic
Growth Medium (Cell Applications Inc., ABD) supplemented with 10% (v / v) fetal
bovine serum (FBS, Sigma Co., Germany) and 1% penicillin-streptomycin (Sigma
Co., Germany) at 37°C in a humidified CO2 (95% air and 5% CO,) atmosphere. The

culture medium was refreshed once in every 3 days.

2.9  Dynamic Cell Culture Studies

Prior to beginning dynamic culture studies, to define the appropriate compressive
loads that can be applied to the hydrogels during dynamic culture studies, some
preliminary tests were performed. For this purpose, 1 MeGC- Fib hydrogels were
divided to four groups and were placed into the bioreactor culture chambers
containing chondrogenic media. The four groups of hydrogels were subjected to 1
h/day cyclic compressive loading at different loading magnitudes as 7 kPa, 14 kPa,
21 kPa and 28 kPa, with 1 Hz of frequency by the loading pistons which were placed
on top of the hydrogels for two weeks (n=3). These loads were chosen on the lineer
region of stress-strain curve of 1 MeGC-Fib hydrogels (A representative stress-strain
curve is presented in Appendix E). The culture chambers of bioreactor system were
maintained in a standard 5% CO2/95% air CO2 incubator at 37 °C during all
preliminary experiments and the medium flow rate was set at 1 mL/min. At the end
of preliminary expriments, all hydrogels were intact and in good physical condition.
However, some microcracks were observed in a sample of the group exposed to 28
kPa it was decided not to use this magnitude of loading in further experiments. As a

result, 7 kPa, 14 kPa, 21 kPa loadings were chosen for the dynamic culture studies.

Compressive loads were applied using a custom-designed mechanobioreactor
(Bimetron, Turkey) that enables cyclic uniaxial compressive loading in conjunction

with medium perfusion under controlled cultivation and stimulation conditions. The
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bioreactor system has compact, autoclavable, perfused twin culture chambers; a
peristaltic pump; a control unit; and a contactless mechanical loading device
platform equipped with a linear actuator for compressive loading (Fig. 2.2). Uniaxial
compressive loading is controlled by applied magnetic fields and in real time control
of the load was achieved by a platform load cell. Each hydrogel (5 mm in diameter
and 3 mm in height) was cultivated in a separate well of a polycarbonate 12 well
plate-like chamber. Magnetic field movement is controlled by a linear actuator, and
compressive force is applied remotely via magnetic particle-containing plungers

positioned on top of hydrogels.

Figure 2.2. Mechanical stimulation bioreactor system

After cell entrapment (2x10° rabbit chondrocytes/mL) all hydrogels were precultured
for 24 h in Chondrogenic Growth Medium supplemented with 10% (v/v) fetal bovine
serum and 1% (v/v) penicillin-streptomycin at 37°C in a 95% humidified CO2 (5%)
atmosphere (static culture conditions). Following this, two hydrogel groups were
placed into the two individual culture chambers of mechanobioreactor while one
group of gels remained under static culture conditions as the control group (free
swelling, FS). For all dynamic culture studies hydrogels were placed into the bottom
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of each well of culture chambers and loading pistons were placed on top of the
hydrogels. The culture chambers of bioreactor system were maintained in a standard
5% CO2/95% air CO; incubator at 37 °C for all experiments and the medium flow
rate was set at 1 mL/min. In bioreactor studies the same chondrogenic media
composition was used with static culture and medium was changed every 3 days. 1
h/day cyclic compressive loading with 1 Hz of frequency was applied to both groups
which were subjected to dynamic conditions during 21 days of culture [107, 113]. In
bioreactor experiments two different loading regimes as, cyclic compressive loading
with constant force and incremental cyclic compressive loading were studied. First
group of hydrogels (DC-1) was stimulated with 21 kPa of cyclic compressive loading
throughout the culture meanwhile for the second group of hydrogels (DC-2) applied
initial cyclic compressive loading (7 kPa) stepwise increased every seven days to the
values of 14 kPa and 21 kPa during the culture. At the end of the first 24 h and every
seven days of culture Alamar Blue, DMMB, Hoechst, total collagen and collagen 11
analysis were performed on cultivated hydrogels to investigate the effect of different

culturing conditions on the cartilage tissue development.

Considering theresults of previously performed investigations about the effect of
different mechanical stimulation conditions on the cartilage tissue development, DC-
2 incremental dynamic compressive loading regime was chosen to be applied for

cultivation of autologous hydrogels.

2.10 Alamar Blue Assay

Alamar Blue is a cell viability indicator dye which reduced by cellular metabolic
activity and cell proliferation [138]. The oxidized (reduced) form of redox indicator
changes color from blue to red owing to the reduction process and optical densities

of obtained solutions were measured at 570 nm and 600 nm.
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Cell viability analyses were performed on different hydrogel groups for different
times. At first, as a preliminary cell viability test, AB analysis was performed on
rabbit chondrocyte entrapped in MeGC-based hydrogels at the end of 1, 3, and 7
days of incubation. Following this step, for optimization purposes before dynamic
cell culture studies, cell viability analysis was performed on primary bovine
chondrocytes entrapped in MeGC-based hydrogels at the end of 1, 7, 14 and 21 days

of static cell culture.

For AB assay, the medium in each well was removed and the hydrogels were washed
with PBS (0.1 M, pH 7.22) twice. Working solution consisting of 10% AB solution
(10% Alamar Blue (Invitrogen, USA) & 90% DMEM-F12 (Biowest, France) was
added to each well and incubated at dark in CO2 incubator for 4 h. The optical
densities of oxidized solutions were measured at 570 nm and 600 nm via microplate
spectrophotometer (uOuant TM, Biotek Instruments Inc., USA) and calculated using

the following equation:

Percentreduced _ (eox)A2A%4 - (eox)MiAR,
= (ereo)MA - (erep)h oAy X 100

€ox: Molar extinction coefficient of AB oxidized form (BLUE),
ered: Molar extinction coefficient of AB reduced form (RED),
A: Measured absorbance of test wells,

A: Measured absorbance of negative control well,

A1: 570 nm, A2: 600 nm.

In general, cell-free hydrogels were used as blank and each data point was an average

of four measurements.
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2.11 Cytotoxicity Tests

Cytotoxic effects that may result from hydrogel preparation processes were
investigated using L929 fibroblast cell line. Cytotoxicity tests were performed with
MeGC and 1MeGC-Fib hydrogel groups. In cytotoxicity experiments, the
morphology of fibroblasts seeded on the surface of the hydrogel with a seeding
density of 10° cells / hydrogel was observed by light microscopy and cell viability
was evaluated by AB assay. Cell-free hydrogels are used as blank for AB assay. Each

group was studied by using four replicates.

2.12 Dimethylmethylene Blue Assay

In order to investigate chondrocytes' potential for cartilagenous regeneration in the
hydrogel system (in both the supernatants of cell lysates and the cell medium), the
total sulfated glycosaminoglycan (sGAG) content of chondrocyte-entrapped MEGC-
based hydrogels was quantified using the Dimethyl methylene blue (DMMB)
method [139]. To extract cell lysates, chondrocyte-containing hydrogels were placed
in eppendorf tubes and 1 mL of papain digestion solution (1 mg/mL papain in 0.1 M
PBS containing 5 mM L-Cysteine HCI and 5 mM EDTA was added to each
Eppendorf tube [140, 141]. Following this step, samples were incubated at 60°C for
15 h and then centrifuged at 15000 g for 20 min at RT to prepare cell lysate medium.

DMMB solution was prepared in Glycine/NaCl solution containing 3.04 g Glycine,
2.37 g NaCl, 95 mL 0.1 M HCI, and 905 mL deionized water at a cocentration of 16
g DMMB/mL (pH 3). In a 48-well plate, 20 uL aliquots of specimens were
introduced to 200 uL DMMB reagent and the optical densities at 525 nm were
recorded. To construct the calibration curve (0-15 ug/ml), chondroitin sulfate (ChS)
from shark cartilage was utilized as a standard. The measured s-GAG concentrations
were normalized using the dry weight and DNA content of lyophilized hydrogel

samples (n=4).
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2.13 Hoechst Assay

The concentration of DNA in cell lysates was quantified using a Modulus
Fluorometer (9200, Turner Biosytems, USA) and Hoechst 33258 dye . The Hoechst
reagent selectively binds selectively to A-T base pairs on DNA, allowing for

spectroscopic estimation of the DNA quantity following cell lysis [142].

For the studies, Hoechst 33258 stock dye (1 mg/mL) and 10 X TNE buffer stock
solution (containing Tris base [Tris hydroxymethyl aminomethane], EDTA
disodium salt dehydrate, and NaCl, at a pH of 7.4) were prepared. To dilute samples
for the tests, (1X) TNE buffer was utilized. The dye solution and diluted sample were
combined in a 1:1 ratio (10 x 10 mm) and the fluorescence of the specimens was
measured using a Modulus Fluorometer (Turner Biosystems, USA) with excitation
and emission filters set at 350 and 450 nm, respectively. Various concentrations of
calf thymus DNA ( ranging from 0-1000 ng/ml) was used to construct the calibration
curve in TNE buffer [143]. The DNA concentrations determined were normalized to
the dry weight of lyophilized gel samples. (n=4).

2.14  Live-Dead Assay

To assess the distribution of live and dead cells in hydrogels with fluorescence
microscopy, bovine chondrocyte-entrapped hydrogels were placed in a 24-well plate
at the end of 1 and 21 days of culture. Before analysis, cell culture media were
emptied from wells and samples were incubated for 60 min at 37°C in a 5% CO; and
95% humidified environment containing ethidium homodimer-1 (6 mM) and
calcein-AM (4 mM) solutions [144]. Following this, hydrogels were observed with
an inverted fluorescence microscope (Nikon ECLIPSE, TS 100 / TS 100-F, Japan)

and images were captured using the microscope's camera (Nikon, Japan).
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2.15 Quantitative Analysis of Total Collagen and Collagen |1

The amount of collagen and collagen Il in cultivated hydrogels and the collected
culture media and were measured using a Total Collagen Assay Kit (BioVision, Inc.,
USA) and Type Il Collagen Detection Kit, Multi-Species (Chondrex, USA).
Collagen concentrations was calculated in all samples according to the
manufacturers’ procedures. The absorbances was measured with a Multiscan™
microplate photometer (Radwag, China). The obtained amounts of collagens were
normalized to the dry weight of the lyophilized hydrogel samples (n=4).

2.6 In Vivo Studies

This study was performed at Kobay Deney Hayvanlart Lab. San. ve Tic. A.S.,
Ankara, Turkey under the guidelines for animal experiments with the approval of the
Local Ethical Committee (Approval no: 329). A total of 28 mature male New
Zealand white rabbits age of 8 months were used in the study and two surgical
procedures were performed on animals. In both operations, the rabbits were
anesthetized with an intramuscular injection of 25 mg/kg ketamin hydrochloride and
5 mg/kg xylasin hydrochloride (Bayer, Turkey). The first operation was performed
on the knee joint of the right hind leg to obtain articular cartilage biopsy from a non-
weight bearing area of the medial femur condyle. After anesthesia, the operative right
hind knees were freed of hair and sterilized and prepared for surgery. Following
medial parapatellar incision femoral condyles were exposed and lateral patellar
dislocation carried out. Subsequently, the harvested cartilage tissues were taken in
individual falcons washed with sterile PBS and transported in serum-free DMEM-
F12 medium (supplemented with 0.5 % penicillin—streptomycin) for further cell
isolation studies. Then, each joint was washed of debris, the articular capsule and
skin were closed. After wound closure, buprenorphine HCI (narcotic analgesic) were
subcutaneously administered to the rabbits. After sterilizing and bandaging operated

knees securely, rabbits were returned to their cages.
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The isolated autologous chondrocytes were expanded until passage 3 and then were
entrapped into the hydrogels at a concentration of 2 million cells/mL. The in-vitro
culture of cells in the hydrogels was continued for 21 days in static or DC-2 dynamic
culture conditions. After completion of cultivation time, the second operation was
performed for implantation of autologous or cell-free hydrogels using the same
clinical procedure as the first operation. For this purpose, 28 rabbits were randomly

and equally divided into four experimental groups as follow;

Cell-free hydrogel group: The defects were filled with chondrocyte-free 1IMeGC-Fib
hydrogels; statically cultured autologous chondrocyte containing hydrogel group:
The defects were filled with autologous chondrocyte containing 1 MeGC-Fib
hydrogels that were cultured under static conditions. Dynamically cultured
autologous chondrocyte containing hydrogel group: The defects were filled with
autologous chondrocyte containing 1 MeGC-Fib hydrogels that were cultured under
dynamic conditions. Dynamically cultured hydrogels were subjected to incremental
cyclic compressive loading (DC-2 regime) in mechanobioreactor. Control group:

Spontaneous repair group, created defects left empty.

In the second operation, the femoral condyles were reached by medial parapatellar
incision. Osteochondral defects of 3.5 mm diameter and 3 mm deep were created in
the central load-bearing region of the right hind leg medial condyle by using a depth
gauge and stainless-steel punch and the hydrogels were implanted to the defect site
(Fig. 2.3) [135, 145-148]. 4 months after the operation, all animals were sacrificed
by administration of a high dose of anesthetic and operated cartilage samples
collected. All attached soft tissue was removed and the distal femoral component

was excised and placed into 10% paraformaldehyde fixative.
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Figure 2.3. Macro images of surgical operations performed on New Zealand white
rabbits. (a) Hydrogel application to the defect site (b) Closure of the operation area

with sutures stimulation bioreactor system

2.6.1 Histological and Immunofluorescence Analyses

Explanted tissue samples were fixed in 10% paraformaldehyde for 24 h. and the
distal femora were decalcified with 10% Ethylenediaminetetraacetic acid (EDTA)
for 21 days. Following this step, all samples were dehydrated by a graded series of
alcohol and xylene washes, paraffin embedded and sectioned at 5 pum. For
Hematoxylin-Eosin Staining, deparaffinized sections in Harris’ Hematoxylin
solution for 1 min and the excess dye was washed under top water [149]. Following
this step, sections were stained with alkaline Eosin solution for 1 min and incubated
in 96 % ((v/v) 2X) and in absolute ethanol (1X) for 3 min. As a next step,
proteoglycan content of hydrogels was analyzed with Alcian Blue staining [150]. For
this purpose, deparaffinized sections stained by incubating in Alcian Blue solution
(1 % (wi/v) Alcian Blue in 3% acetic acid solution (v/v), pH 2.5) for 15 min. Slides
were then washed twice in the distilled water and rinsed in the top water. Cell nuclei
were stained with Harris” Hematoxylin for 1 min and the dye was washed under top
water for 1 min. Sections were dehydrated in the alcohol by incubating in ethanol
with increasing ethanol concentration (70 %, 80 %, 90 %, 100 %, each for 30 s. All

slides were cleared in the xylene and mounted with entellan. (The examination of
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samples was performed by light microscopy by using Olympus BX50 advanced
inverted phase contrast microscope (USA) and photographed with a Olympus DP

camera.

Total collagen content of hydrogels was examined by Sirius Red staining [151]. First
sections were deparaffinized and stained with Weigert’s Hematoxyline for 8 min.
Slides were then washed twice under top water for 10 min and then stained with
Picrosirius Red solution (0.1 % (w/v) in saturated aqueous solution of picric acid)
for 45 min. Following this step, sections were washed in two changes of acidified
water (0.5 % (v/v) acetic acid solution) and dehydrated in three changes of 100 %
ethanol. Slides were cleared in xylene and mounted with entellan then examined
using a fluorescent microscope (Zeiss Axio observer Z1 microcope (Germany)) by
using a Texas red filter [151]. Images were photographed with an Axiocam 506

mono camera (Germany).

For investigation of collagen Il expression, sections were deparaffinized with xylene,
rehydrated with decreasing ethanol solutions, and rinsed for 10 min in distilled water.
Sections were washed with PBS for 5 min then incubated in 0.05 % (v/v) trypsin
solution for 10 min at 37°C for antigen retrieval. Sections were washed 3 times for 5
min with PBS and incubated in 0.1 % Triton X solution for 10 min. Nonspecific
antigens were blocked by rinsing sections in 10 % goat serum for 30 min, before
incubation for 24 h at 4°C with primary anti- collagen type Il (1:100, Abcam,
AB185430). After washing three times for 5 min in PBS, sections were incubated
with the goat anti-mouse Alexa Fluor 488 (1:250) secondary antibody for 1 h. in the
dark. Following another washing step with PBS, one drop of 4', 6-diamidino-2-
phenylindole (DAPI) (Abcam, Ab104139) was added to the sections and the cell
nuclei were stained. Negative control staining experiments have been performed by

application of only the secondary antibody on healthy cartilage tissue explants and
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chondrocyte entrapped hydrogels. The examination of samples was performed by

using Zeiss Axio observer Z1 fluoresan microcope (Germany) with Zen-2 software.

2.7  Statistical Analysis

Statistical analysis of the data was done with one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test for multiple comparisons using SPSS-22
Software (SPSS Inc., USA). Differences were considered significant at p <0.05. The
results are presented as meant standard deviation. All tests conducted were
performed at least in triplicates.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Chemical Characterizations

!H-NMR spectra of glycol chitosan (GC) and methacrylated glycol chitosan (MeGC)
are provided in Fig. 3.1. Methacrylation is achieved, as evidenced by peaks arising
at 5.85 ppm and 6.30 ppm due to protons on the vinyl carbon and a peak at 2.10 ppm
due to the methyl group on the methacrylate [129]. In addition, the appearance of a
new peak at 5.1 ppm corresponding to H-1 for the N-methacrylated residue proved

that methacrylation of glycol chitosan was successful [129].
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Figure 3.1. 'H-NMR spectra of glycol chitosan and methacrylated glycol chitosan
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FTIR analysis (Fig. 3.2) of glycol chitosan, MeGC, Fib, and hydrogels was
performed to characterize the chemical composition of the hydrogel samples and
compare the chemical structure of Glycol Chitosan before and after functionalization
with MA.

Amide I 1 MeGC-Fib Hydrogel
C-0-C v I
Q Y I
AmideII | |
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Figure 3.2. FTIR spectra of glycol chitosan, glycol chitosan methacrylate (MeGC),
fibrinogen (Fib), glycol chitosan methacrylate hydrogel (MeGC hydrogel) and
glycol chitosan methacrylate-fibrinogen (1MeGC-Fib hydrogel) hydrogels.

In the FTIR spectrum of glycol chitosan, C = O stretch band (amide 1) at 1652 cm™™,
NH bending band (amide 11) (1578 cm ) and CO stretch vibration bands at 1048 cm
"L are characteristic peaks of chitosan structure [152, 153]. The large band at 3277
cm? was attributed to the —OH stretch in the glycol chitosan structure [154].
Transmission bands similar to chitosan are also observed in the spectrum of-glycol

chitosan methacrylate. In the FTIR spectrum of fibrinogen, while C = O stretch
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vibration of amide | band peptide bonds were observed at 1631 cm™, the transmission
peak of amide 1l band appeared at 1523 cm™ which arise from in-plane stretch
vibrations of N-H, C-N and C-C bonds [155]. Compared to the FTIR spectrum of
MeGC hydrogel, the intensity of amide I in 1 MeGC-Fib hydrogel was enhanced at
1626 cm™ after incorporation of Fib. Amide 1 band is known as the major spectral
feature in native fibrinogen and the increase in the intensity of this band reveals the
successful incorporation of fibrinogen into the MeGC-based hydrogel structure
[153].

3.2 Morphological Investigations

SEM images obtained from different hydrogels are given in Fig. 3.3. SEM
examinations showed that MeGC- based hydrogels had open porous structure both
on the surface and in the cross-section. The micro images demonstrated that all
hydrogel groups had pore sizes generally lay between 100 and 300 pum which is
suitable for cell penetration [156] Thus, obtained hydrogel structures were suitable
for neocartilage formation owing to its pronounced porosity at surface and cross-

section.

The average pore diameter of MeGC, 0.25 MeGC-Fib, 0.5 MeGC-Fib and 1 MeGC-
Fib groups were determined via ImageJ software as 248 um + 49, 214 um £ 53, 171
+ 42 um and 145 pum + 35, respectively. SEM examinations of the hydrogels revealed
that as the amount of fibrinogen in the hydrogel structure increased, a tighter network
was formed. This might be either due to interpenetrating network formation or an
increased cross-linking density in hydrogel structure caused byfibrinogen addition

to polymer network [137].
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Figure 3.3. Scanning electron microscopy images of the hydrogels. (a) Surface
images of MeGC hydrogel; (b,c) cross-sectional image of MeGC hydrogel; (d)
surface images of 0.25 MeGC-Fib hydrogel, (e,f) cross-sectional image of 0.25
MeGC-Fib hydrogel, (g) surface images of 0.5 MeGC-Fib hydrogel, (h,i) cross-
sectional image of 0.5 MeGC-Fib hydrogel, (j) surface images of 1 MeGC-Fib
hydrogel, (k,I) cross-sectional image of 1 MeGC-Fib hydrogel.
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3.3 Gelation Time

In this study gelation time of MeGC based hydrogels was determined using vial-
tilting method [130, 131]. MeGc-Fib prepolymer solutions with different Fib and
photoinitiator concentrations were successfully crosslinked to prepare the hydrogels

after exposure to visible blue light.

The effect of different photoinitiator concentration on gelation time of MeGC
solutions was investigated. It was found that increasing the amount of riboflavin up
to 12 uM accelerated the gelation but increasing the amount of photoinitiator to 24
MM had no significant effect on the gelation time (Table 3.1). Similarly, it was
observed that the addition of fibrinogen to the prepolymer solution shortened the
gelation time and that the gelation time of fibrinogen-free prepolymer (50.67 s)
solution was remarkebly shortened to 32.66 s for 1 % fibrinogen containing 1 MeGC-
Fib group. Acceleration of gelation time with the addition of Fib and increase in
riboflavin concentration can be attributed to increased amount of free radical
formation produced by riboflavin. Riboflavin, as a type Il photoinitiator, requires an
electron donor when exposed to light radiation and the amine groups are one of the
most commonly used electron donor [157]. Together with riboflavin, functional
amine groups acts as co-initiators and, this synergistic effect increases the rate of
polymerization reaction [157, 158]. It is possible that fibrinogen, as an amine-rich
glycoprotein with high lysine content, plays an active role in cross-linking during
photopolymerization carried out with riboflavin photoinitiator, which leads to faster
gelation [159].

47



Table 3.1 Gelation time of MeGC based hydrogels (n=3)

DETERMINATION OF GELATION TIME

Concentration of

Riboflavin (uM) 6 12 24 12 12 12
Concentration of

Fibrinogen (w/v %) 0 0 0 0.25 0.5 1
Gelation Time (sec) 6133 | 52 | 50.67 | 4333 | 32.66 | 32.66

Optimization of gelation time is an important step on designing cell entrapped
hydrogel systems [160]. Ideally, gelation should occur fast enough to prevent cellular
sedimentation but there must be enough time for operator to handle and work on the
prepolymer solution throughout the polymerization process [64]. In addition, short
gelation times are necessary to achieve encapsulation of viable cells [64]. It is
important to keep photopolymerization times as short as possible to minimize cell
death and maintain overall cellular activity [161]. It is well known that free radicals
which are formed during photopolymerization processes can damage cells,

particularly sensitive primary cell types [162].

Our riboflavin-visible blue light-initiated MeGC hydrogel system demonstrated
relatively faster sol-gel transition compared to other MEGC, PEG and poly(vinyl
alcohol) based hydrogels formed by UV/lithium acylphosphinate or Irgacure 2959
initiators which requires an irradiation time above 180 s [72, 163-165]. Gelation time
of photopolymerizable MeGC-based hydrogel systems under visible blue light has
previously been investigated. Similar to our findings, addition of biomolecules such
as Col Il and chondroitin sulphate to MeGC based prepolymer solution was shown
to have an accelerating effect on sol-gel phase transition [74, 152]. Addition of both

Collagen I1 (0.4 % w/v) and chondroitin sulphate (1 % wi/v) was shown to decrease
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the gelation time of MeGC solution (2% wi/v) with 3 uM of riboflavin from 80 s to
24 s and 29 s, respectively.

3.4 Mechanical Investigations

Mechanical properties of hydrogels were investigated by uniaxial compression test.
Young modulus and ultimate compressive strength results of the hydrogels are given
in Table 3. In order to carry out preliminary observations, a series of glycol chitosan
solutions were prepared (2%, 3% and 4% (w/v)) in 12 uM riboflavin containing PBS
and mechanical investigations were performed. Since the mechanical strength of the
obtained 2% (w/v) MeGC hydrogel was very low, mechanical testing with this group
could not be performed. The mechanical strength of the hydrogel containing 4%
(w/iv) MeGC (e=24.12 kPa) was significantly lower than that of the hydrogel
containing 3% (w/v) MeGC (e=32.81 kPa) which was thought to be due to solubility
problems. Decreased transparency at 4% MeGC concentration was observed
revealing the solubility problem. Experiments were continued with the hydrogels
containing 3 % (w/v) MeGC based on their higher mechanical properties and no
solubility problem.

Table 3.2 Compression test results of hydrogels (n=4)

Groups Elastic Modulus Ultimate Compressive
(kPa) Strength (kPa)

MeGC (4 %w/v) 2412+18 12.18 £ 2.72%
MeGC (3 %w/v) 32.81+ 2.62 19.37 £3.51*
0.25 MeGC-Fib 4458 £ 321 20.54 +4.63 **
0.5 MeGC-Fib 52.94 +2.01 26.12 2.4
1 MeGC-Fib 62.65 +3.42 37.15 £4.14 *- **_#

For elastic modulus values: All groups are significantly different from eachother, (p
< 0.05). For ultimate compressive strength values: *,** and # denote statistical
significant difference between the groups (p < 0.05).
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Combination of chitosan with blood proteins to develop scaffolds for tissue
regeneration is a relatively new area of research. Among proteins added to chitosan,
fibrinogen (or fibrin) deserves special attention as a coagulation protein [166].
Introducing fibrinogen to the MeGC hydrogel network obviously increased the
mechanical properties. Elastic moduli of fibrinogen-free MeGC hydrogels were
32.81 % 2.62 kPa while the elastic moduli of 0.25 %, 0.5% and 1 % (w/v) fibrinogen
containing MeGC groups were 44.58 + 3.21 kPa, 52.94 + 2.01 kPa, 62,65 + 3.42
kPa, respectively. Besides, the results showed that the addition of fibrinogen to the
MeGC network significantly increased the ultimate compressive strength of
hydrogels. This reinforcement effect of fibrinogen on hydrogel structure might be
attributed to two reasons. The first reason is enhancement of mechanical strength of
cross-linked MeGC structure by interpenetrating network (IPN) formation by
fibrinogen. It was previously demonstrated that, 0.4 % collagen Il addition into
photopolymerized MeGC hydrogel led to 1.5 fold increase in compressive modulus
[73]. In the study, the suggested reason behind this strengthening effect was IPN
formation by collagen Il in MeGC-based network. The second possible reason is
active participation of fibrinogen to cross-linking via its functional thiol groups . It
is also known that, radical polymerization can cause cross-linking of thiol moieties
in proteins such as cysteine amino acids and, fibrinogen has cysteine residues in its
structure [158, 167]. Previously, Huang et. al (2017) prepared knob-grafted
hyaluronic acid-based hydrogel by crosslinking knob peptides (GPRPAAC, a mimic
peptide of fibrin knob A) with methacrylated hyaluronic acid [168]. Knob-g-HA was
synthesized between the methacrylate groups of hyaluronic acid and the thiol groups
of knob peptide via Michae-type addition reaction. In another study, Pradhan et. al
(2020) prepared poly(ethylene glycol)-fibrinogen hydrogel by covalently coupling
fibrinogen to poly(ethylene glycol) diacrylate via thiol groups on fibrinogen cyteins
[169]. The hydrogel was formed under visible light by using Eosin Y as
photoinitiator.
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There are also other literature findings pointing out strenghening effect of fibrinogen
addition into chitosan-based biomaterials. A study of Kim et al. (2014) In the study,
UV mediated photocrosslinked chitosan-lactide and chitosan-lactide-fibrinogen
hydrogels were prepared and the addition of fibrinogen to the photopolymerization
system increased the compressive modulus of the hydrogels [153] In another study
carried out in 2018 by Laidmae et al. a fibrous scaffold made of fibrinogen and
chitosan was produced by electrospinning, and it was observed that addition of
fibrinogen to chitosan fiber structure increased the shear modulus of samples
subjected to uniaxial compression, a feature that is characteristic of many normal
soft tissues [124].

Ideally, a scaffold should be able to withstand the normal loads and stresses of native
cartilage, especially in the initial stages, before the cells begin producing their own
functional ECM. However, mechanical properties of hydrogel systems that are used
in cartilage tissue engineering are considerably lower than that of native cartilage
(where Young’s modulus ranges from 500 to 1000 kPa) [73, 74, 132, 170, 171]. For
example, a fibrin glue which is one of the most commonly used gel to deliver cells
to cartilage defects in clinic has a Young’s modulus of 30 kPa [172]. A homogeneous
GAG distribution and cartilage-like ECM formation were shown in loosely
crosslinked PEG gels with a modulus of 30 kPa [40] Photopolymerized Dextran MA-
GelMA copolymer hydrogels had elastic modulus of 23.72 kPa [173]. The most
commonly used photopolymerized GelMA hydrogel (10 w/v%) had a compression
modulus of 26 kPa, elongation at break of 34% and swelling ratio ~800% [134].
Taking into account all of these, mechanical properties of our composite hydrogel

system seemed to be sufficient for cartilage tissue engineering applications.
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3.5 Water Uptake Properties

For tissue engineering and biomedicine applications, hydrogels are desired to
maintain their defined structure while retaining sufficient amounts of water [174].
To determine the effect of Fib content on the water uptake capacity of MeGC-based
hydrogels, swelling tests were carried out in PBS at 37°C.The obtained results are

presented in Fig. 3.4.
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Figure 3.4 Time dependent water uptake (%) values of MeGC based hydrogels in
SBF.a,p,0,u,®,#,m and « denotes statistical significance (p < 0.05, n=4).

The initial water uptake of MeGC-based hydrogels was shown to be dependent on
concentration of Fib in hydrogel structure. As the Fib concentration was increased
from 0.25 wt% to 1 wt%, the initial water uptake significantly decreased from 960.50
+ 45.36 % to 613.92 = 36.19 %. These results demonstrated that it is possible to
adjust initial hydrogel swelling characteristics of MeGC-based hydrogels by varying
the Fib content of MeGC prepolymer solution.
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The water uptake capacity of MeGC hydrogels on day 1 (1325.73 + 73.87%)
remained almost unchanged with a value of 1350.18 + 25.84 % at the end of 21 days
of incubation. In contrast, swelling values of MeGC-Fib hydrogels obviously
changed by time. The water uptake capacity of 0.25 MeGC, 0.5 MeGC, 1 MeGC
hydrogels were 960.5 + 45.36, 825.13 + 48.35, 613.92 + 36.19 on day 1; respectively
and increased to values of 1250.14 + 28.36, 1121 +44.16, + 1163 + 49.72,
respectively on day 21. The results revealed that, the water uptake of Fib-containing
hydrogels increased with time and reached to a similar water retention capacity with
Fib-free hydrogels due to loss of water-soluble fibrinogen from hydrogel structure,

consequent loosening hydrogel network and increased porosity [175].

According to swelling experiment results, the swelling ratio of Fib containing
hydrogels was lower than Fib-free MeGC hydrogels. In general, water uptake
(swelling) properties of hydrogel systems are known to vary remarkably with respect
to density of crosslinking and a tighter hydrogel network formation [176]. Lower
swelling characteristics of Fib containing hydrogels indicate their higher
crosslinking density and lower porosity which leads to minimal water uptake into the
hydrogel structure [177].

Obtained MeGC-based hydrogels had higher water uptake capacity compared to
simple methacrylated chitosan hydrogels which had fairly low swelling degrees in
the range of 40-400% in aqueous solutions [178]. Ordinary chitosan-based
hydrogels consists of both water absorbing hydrophilic parts and hydrophobic parts
which contact with water and prevent the stretching of the network. As a result of
introduction of glycol groups into the chitosan structure, the hydrophilicity and water

uptake (swelling) capacity of chitosan macromolecules increased [174, 179].
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In addition to water uptake behaviour, to characterize the stability of hydrogels
during incubation, weight loss of MeGC based hydrogels in SBF swelling medium
was investigated over time (Fig.3.5). The initial weight loss of all groups was most
likely due to the leaching of uncrosslinked macromers. After this point, the dry
weight of the gel did not change much which indicates simulated body-fluid or cell
culture medium stability of obtained hydrogel system. A similar time-dependent
weight-stability profile of photo-cross-linked MeGC based hydrogel in lysozyme-
free PBS medium was demonstrated by Choi et. al [73]. In the mentioned study,
incorporation of Col Il or chondroitin sulphate did not significantly change the
degradation behavior of hydrogels which showed a degradation behavior similar to
unmodified MeGC. In the first four days, 3.2% and 6.4% of the loaded Col-II or
chondroitin sulphate was released from the hydrogel network. No remarkable change
in weight was observed for the hydrogels in PBS for up to 42 days, which indicates
that the rest of incorporated ECM molecules remained in the hydrogel structure
throughout the incubation period. Another similar result was reported by Wang et.
al who observed a significant initial weight loss on photopolymerized acrylated
poly(ethylene glycol)-co-poly(xylitol sebacate) hydrogels incubated at 37°C in
enzyme-free PBS [180]. The results showed that prepared hydrogels lost more than
15% of their initial weight with a faster degradation rate during the first 7 days of
incubation. This was attributed to the leaching out of uncrosslinked monomers and
copolymers from hydrogel network. Later on, no significant hydrogel degradation

was detected for the rest of the 28 days incubation period.
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Figure 3.5 Time dependent remaining dry weight (%) values of MeGC based
hydrogels incubated in SBF at 37°C (n=4).

3.6 Degradation Properties

Although it is well known that chitosan is completely resorbed in in vivo, it is
important to characterize the degradation behavior of photocrosslinked chitosan
hydrogels. An optimal tissue engineering scaffold is required to degrade gradually
at a suitable rate to ensure sufficient cell ingrowth. Following that, cells are expected
to build their own extracellular matrix, which will eventually replace the
biodegradable hydrogel scaffold [181].

Chitosan is degraded by lysozyme, an enzyme present in a variety of tissues and

body fluids including cartilage, through hydrolysis of acetylated residues [10, 11,
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182, 183]. The degradation of MeGC hydrogels was evaluated as a function of time
by incubating hydrogels in PBS containing 2 mg/mL lysozyme solution at 37°C for
up to 21 days (Fig. 3.6). Lysozyme was used at a concentration of 2 mg/ml in PBS
to mimic the physiological conditions in cartilage (lysozyme concentration in human
cartilage can increase to levels up to 1000-fold greater than in serum (0.95-2.45 ug
/ml) [27].
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Figure 3.6 Time dependent enzymatic degradation profiles of MeGC based

hydrogels in PBS containing 2 mg/mL lysozyme solution (n=4).

The MEGC-based hydrogels had a fast degradation at early stages of incubation, but
afterwards the degradation progressed at a significantly slower rate. Approximately
16% mass loss was observed in MeGC-based hydrogels during the first day in the

presence of lysozyme, with a cumulative mass loss of 34 % at the end of 21 days of
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incubation. The initial mass observed loss was likely due to the degradation of

loosely crosslinked chitosan macromolecules from the hydrogel structure [184].

It is also observed that the degradation rate of the MeGC-based hydrogels decreased
as the with Fib content of the hydrogels was increased at the early stages of
incubation. On the first day, observed mass loss values of MeGC, 0.5 MeGC-Fib and
1 MEGC-Fib groups were 16.74%, 12.52 % and 11.65 %, respectively. The addition
of Fib to the MeGC hydrogels slightly slowed down the weight loss rate. Fibrinogen
in the hydrogel network formed a tighter network which resulted in lower penetration
and accessibility of the lysozyme into the hydrogel, and subsequently slowed initial
weight loss. However, the addition of Fib to the MeGC hydrogels did not
significantly affect their time-dependent degradation behavior in the long term. After
21 days, the cumulative mass losses of MeGC, 0.25 MeGC-Fib, 0.5 MeGC-Fib and
1 MeGC-Fib hydrogels were 66.58%, 6.24% and 69.36 %, respectively. The
obtained results were similar with the enzymatic degradation profile of
MeGC/Collagen-I1 d hydrogels in PBS [152]. The MeGC hydrogel containing 0.4 %
(w/v) collagen Il lost approximately 30% of its initial weight after 21 days.
Considering the fact that a commercially available hyluronan-based cartilage
hydrogel scaffold which is used in clinical practice, Hyalograft C, is fully degraded
in 3 months after implantation, the slow degradation rate of our MeGC-based
hydrogel system seems to be suitable to support new tissue formation during
cartilogenesis [185]. The results indicated that 1 MeGC-Fib hydrogel obtained is a
suitable candidate to be used in clinical applications.

3.6 Observations on Primary Bovine and Rabbit Chondrocytes

Phase contrast microcopy images of primary bovine and rabbit chondrocytes isolated
and cultivated for different time intervals can be seen in Fig. 3.7. Primary articular
cartilage chondrocytes were seeded in culture flasks at a density of 1 x 10* cells /
cm?. Microscopy images taken from seeded rabbit and bovine chondrocytes after 1

day of incubation are given in Fig. 3.7a and Fig. 3.7b, respectively. Following the
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attachment to culture flasks, all the isolated chondrocytes retained cubic-prismatic
cell morphology specific to chondrocytes during culture [186].

The growth rate of rabbit articular cartilage chondrocytes during cultivation was
found to be slower than the chondrocytes isolated from bovine articular cartilage.
Bovine derived chondrocytes reached confluency in approximately 10 days (Fig.
3.7f), while rabbit articular cartilage cells reached confluency in approximately 20
days (Fig. 3.7c) of culture. Primary rabbit chondrocytes’ culture time until
confluency required a longer time than initially predicted. This unexpected time loss
during the cell proliferation process postponed our original in-vitro experiment plan.
In order to save time against the delay, bovine primary chondrocytes were used in

hydrogel optimization studies.

Figure 3.7 Light microscopy images of primary rabbit chondrocytes isolated after
(@) 1 day, (b) 3 days, and (c) 10 days of incubation. Light microscopy images of
primary bovine chondrocytes isolated after (d) 1 day, (e) 10 days, and (f) 20 days of

incubation.
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3.7 Static Cell Culture Studies for MeGC-Based Hydrogels

3.8.1 Cell Viability Investigations

Isolated rabbit chondrocytes were suspended in fibrinogen-containing and
fibrinogen-free MeGC based prepolymer solutions at a concentration of 2x10°
cells/ml, and prepolymer suspensions were photopolymerized with visible blue light
for 300 s [72]. Cell viability in the hydrogels was measured by the Alamar Blue
viability test (Fig. 3.8). On day 1, cell viability in Fib-free hydrogel group was lower
than Fib containing hydrogel groups. As expected, addition of integrin-binding cite
rich protein fibrinogen to the hydrogel system improved chondrocyte attachment to
the newtwork of the hydrogels [187]. However, there was an unexpected decrease in
Alamar Blue Reduction levels of the cells from the first day and the cells lost their
viability to a great extent on the seventh day. The cause of this situation was
investigated, and it was understood that during the cell encapsulation process 10-fold
riboflavin concentration was used instead of 12 uM. Later, the unexpected cell death
was found to be consequent of this mistake. It is known that riboflavin has a cytotoxic
effect at high concentrations [188].
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Figure 3.8. Alamar Blue cell viability test results of rabbit chondrocytes that were
encapsulated in MeGC based hydrogels and incubated in chondrocyte growth media

for different periods of time (n=4).

3.7.2 Cytotoxicity Test

Cytotoxicity of MeGC based hydrogels was investigated by seeding L929 fibroblasts
on top of hydrogels and evaluating viability of cells with Alamar Blue assay for one
week (Fig. 3.9). Cell viability on MeGC-Fib hydrogels was statistically higher than
observed on MeGC on days 3 and 7. Viability of fibroblast on 1 MeGC group almost
doubled in seven days showing that fibroblast proliferated on the hydrogels whereas
cell viability in MeGC group slightly increased. Results revealed that fibrinogen-

free and 1 MeGC hydrogels were cytocompatible.
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Figure 3.9. Cell viability results of L929 cells cultivated on hydrogels for 7 days
(n=4). * denotes statistical significance (p < 0.05).

The effect of MeGC based hydrogels on fibroblast morphology was examined by
light microscopy (Fig. 3.10). The microscopy images demonstrated that cells on
fibrinogen-free MeGC hydrogel surface exhibited spherical morphology at low cell
density. This result was in line with the literature, Silva et. al (2011) observed that
fibroblasts seeded on chitosan membranes exhibited round morphology, low cell
adherence and proliferation [189]. In contrast, Fib containing hydrogels served as a
good substrate for the cells to attach, cells on the 1 MeGC-Fib hydrogel were spread
on the surface with a remarkably higher cell density. It is well known that when cells
adhere poorly to hydrogels they develop a round morphology, whereas, they spread
on the surface when they adhere well [49]. Fibrinogen molecules contains RGD
sequences which are recognition motifs for cell adhesion. On the other hand, chitosan
is highly bioinert and lacks such binding sites so it has a limited cell adhesion
compared to fibrinogen [190, 191]. In sum results revealed that, incorporation of Fib

into MeGC-based hydrogel system improved cell adhesion to hydrogels.
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Figure 3.10. Light microscopy images from L929 cells seeded on the obtained (a)
MeGC hydrogel surface and (b) 1 MeGC-Fib hydrogel surface.

3.7.3 Cell Viability in MeGC-based Hydrogels

solated bovine chondrocytes were suspended in fibrinogen-containing and
fibrinogen-free MeGC based prepolymer solutions at a concentration of 2x10°
cells/ml and chondrocytes were entrapped in the hydrogel structure as a result of
photopolymerization of the prepared prepolymer suspensions under visible blue light
for 300 s [72]. Cell viability within the MeGC based hydrogels was measured via
Alamar Blue viability assay. The results are given in Fig. 3.11. After first 24 h of
incubation, there was no significant difference among the groups. It is known that
the main limitation of chitosan hydrogels in tissue regeneration applications is low
cell adhesion to chitosan matrix alone [192]. As expected no significant increase in
cell viability was observed in Fib-free MeGC hydrogels during 21 days of culture.
Similar to cytotoxicity test results, addition of integrin-binding site rich protein Fib
seems to provide cell adhesion motifs for chondrocytes and enhanced cell-chitosan
based hydrogel network interaction. Introducing fibrinogen to the MeGC hydrogel
network led to a time-dependent increase on the reduction levels which also revealed
higher proliferation of chondrocytes. The highest cell viability was observed in 0.5
MeGC and 1 MeGC hydrogel groups resulting from increased number of adhesive
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ligands for cell surface integrins in the hydrogel network.. For Fib containing 0.25
MeGC-Fib and 0.5 MeGC-Fib hydrogel groups, proliferation of chondrocytes
continued until day 14 days of incubation and then the proliferation rate of cells
decreased due to increased number of cells in hydrogel matrix. For 1 Fib- MeGC
group, high proliferation profile continued during 21 days of culture. The obtained
reduction percentage results of Alamar Blue showed that viability of chondrocytes

in the hydrogels was maintained during the 21 days of culture for all hydrogel

groups.
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Figure 3.11. Alamar Blue test results of bovine chondrocytes in MeGC hydrogels
after incubation in Chondrogenic Growth Medium at 37°C for different periods of

time (n=4). * denotes statistical significant difference between the groups (p < 0.05).

Fib containing groups 0.5 MeGC-Fib and 1 MeGC-Fib and had significantly higher
cell viability on both 14 and 21 days of incubation than that of Fib free MeGC group

which was a sign of the positive impact of Fib incorporation into MeGC hydrogel
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structure on cell growth. To overcome limited cell attachment problem of chitosan,
combination of chitosan with highly cell-adhesive proteins and peptides have been
investigated. In 2007, Mochizuki et al. conjugated twelve integrin-binding peptides
derived from ECM proteins onto chitosan membranes and examined the biological
activity [192]. The results revealed that peptide-chitosan constructs can regulate
specific integrin-mediated cell responses and are useful constructs as ECM mimetics.
In another study, addition of Collagen Il was shown to stimulate chondrocyte
attachment in chitosan hydrogels [73]. Among proteins combined with chitosan, Fib
deserves special attention as an integrin binding site rich blood protein [166].
Likewise chitosan, Polyethylene glycol is a bioinert material and must be modified
to allow cell attachment and proliferation on its surface [193]. For this purpose,
Fibrinogen was combined with PEG in a previous study; Dikovski et al. (2006)
prepared a biosynthetic 3D hybrid scaffold made of synthetic polyethylene glycol
(PEG) and Fib molecules [194]. PEGylated Fib was photo cross-linked by Irgacure
under UV light in the presence of smooth muscle cells to form a dense cellularized
hydrogel network. Similar to our findings, the results revealed that Fib provides
additional biofunctional domains to bioinert PEG due to intergrin-mediated cell
adhesion sites on Fib backbone and obtained Fib-containing hydrogel increased cell
adhesion to PEG-based matrix [194].

Among Fib containing groups, the highest cell proliferation was observed for 1
MeGC-Fib hydrogels as the group with the highest Fib content at the end of 21 days
of incubation. This might be attributed to the fact that when there are more RGD
containig protein (Fib) in the hydrogel environment cells could find more sites in the
hydrogel structure to adhere and grow. Accordingly, the lowest level of cell
proliferation was observed for hydrogels with the lowest amount of Fib, 0.25 MeGC-
Fib (among Fib containing groups). Additionally, there was no significant difference
between Fib-free MeGC and 0.25 MeGC-Fib groups during the first 14 days of

incubation.

64



3.74 DNA Quantification of Hydrogels

DNA contents of MeGC based hydrogels that were incubated for different time
periods in chondrogenic growth medium were analyzed using Hoechst dye (Fig.
3.12). No difference in DNA contents was observed among the groups after 24 h of
incubation. However, at the end of 14" day DNA content of Fib-free hydrogel group
was significantly lower than DNA contents of the other groups. This time-dependent
dramatic increase in DNA contents of Fib containing hydrogels was correlated with
the trend observed in cell viability results (Fig. 3.11). This can be due to positive
effect of Fib on chondrocyte adhesion, migration, and viability of cells in the
hydrogels. However, from 14" day to 21% day cell number did not remarkably
increase, and cell proliferation rate decreased. This could be caused by the limitation
of the transport of nutrients and oxygen to the core of the hydrogels due to the
increased cell number and ECM deposited by the cells [195, 196].

Fib-containing groups 0.5 MeGC-Fib and 1 MeGC-Fib had significantly higher
DNA content after 14 and 21 days of incubation than Fib-free MeGC group,
indicating that Fib incorporation into MeGC hydrogel structure had a favorable
impact on cell proliferation. As a result, the hydrogels with the lowest amount of Fib,
0.25 MeGC-Fib, had the lowest level of cell growth together with Fib-free MeGC
hydrogels. Similar to viability results, no statistically significant difference exists
between the Fib-free MeGC and the 0.25 MeGC-Fib groups throughout the entire

culture time.
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Figure 3.12. DNA amounts in bovine chondrocytes entrapped MeGC based
hydrogels after incubation in chondrogenic growth medium containing 10% FBS at
37°C in a carbon dioxide incubator for different periods of time (n=4). * denote

significant difference between the groups (p < 0.05).

3.75 Live/Dead Assay of MeGC-Based Hydrogels

For microscopic investigation of live / dead cell distribution in hydrogels live/dead
test was carried out on chondrocytes entrapped constructs at the end of 1% and 21°
days of incubation. Since living cells have intracellular esterase activity, Calcein-
AM dye that enters the living cell creates a green fluorescent image after its
enzymatic transformation [197]. The ethidium homodimer-1, which is used to mark
dead cells, can only enter dead cells and binds to nucleic acids in dead cells,
producing a red fluorescent signal [197]. Images taken after live / dead cell
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fluorescence staining from chondrocyte trapped hydrogels are given in Fig. 3.13.
Live-dead assay images indicates that more than 90% of chondrocytes were alive on
day 1 for all hydrogel groups. This high cell viability was preserved for 21 days of
incubation and a very low number of red stained dead cells was observed in
microscope images at the end of 21% day. Consistent with the previously reported
findings, MeGC was observed to be nontoxic and, the initiator molecule and free
radicals produced during photopolymerization did not cause any noteworthy toxicity
[72, 129, 198] Others also reported more than 90% cell viability for visible light-
riboflavin initiated MEGC-based hydrogels [72, 152]. In this study, the applied
riboflavin dose and light inducing time-dependent cell viability results were similar
to previously published viability findings for collagen gels [199]. Similar to Alamar
Blue assay and DNA determination results, the highest viable cell number was
observed in 0.5 MeGC-Fib and 1 MEGC-Fib groups after 21 days of cultivation.
Obtained results indicates the safety of both the visible light and riboflavin-initiated
cell entrapment method and the biocompatibility of the biomaterials selected for the
design of the MeGC based hydrogel system.
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Figure 3.13. Fluorescent microscopy images of Live/Dead assay of primary bovine
chondrocytes entrapped in MeGC based hydrogels at 1% (a, ¢, e, g) and 21% (b, d, f,
h) days of incubation. (a-b) MeGC hydrogels, (c-d) 0.25 MeGC-Fib hydrogels, (e-
f) 0.5 MeGC-Fib hydrogels, (g-h) 1 MeGC-Fib hydrogels. Green stained cells are
live cells, red stained cells are dead cells. Dead cells are shown by red arrows.
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3.7.6 Total Sulfated Glucosaminoglycan Content Synthesized by
Chondrocytes in MeGC-based Hydrogels

Previous studies have reported that Fib can induce tissue regeneration as a
biomaterial. Santos et al. revealed pro-inflammatory and pro-healing roles of
fibrinogen in chitosan scaffoldsCumulative GAG concentrations in the culture media
collected and the amount of SGAG in the structure of the newly formed extracellular
matrix in the cell-entrapped hydrogels were quantitatively determined using the
DMMB assay. To rule out the effect of sample size and mass variations, the results
were normalized to the dry weights of hydrogels. Time-dependent s-GAG content
results are given in Fig. 3.14.The graph shows that GAG content of all hydrogel
groups increased during 21 days of incubation. For the Fib-free MeGC group sGAG
production increased from 1.69+0.18 (ug/mg) for the 1% day to the 8.70+1.17
(ug/mg) for the 21% day. For the 0.25 MeGC-Fib group increase in sSGAG production
was similar, it increased from day 1 (1.78+0.32 (ug/mg)) to day 21 (11.23+£2.26
(ng/mg)). 0.5 MeGC-Fib group showed a significant increase in production of SGAG
from 1.95 + 0.43 (ug/mg) at 1% day to 27.72 £1.85 (ug/mg) at the end of 21% day of
cultivation. At the end of 21 days, GAG content of 1 MeGC-Fib hydrogels was also
as high as 0.5 MeGC- Fib group (31.31 + 2.60 (ug/mg)). Results revealed that at the
end of 14 and 21 days of culture, SGAG content of hydrogel groups containing more
than 0.25 % (w/v) fibrinogen was significantly higher than fibrinogen-free
hydrogels. Results indicated the positive effect of fibrinogen on sGAG production

and therefore, better cartilage specific ECM deposition.

It is well known that material composition of scaffolds has a direct influence on
proteoglycan metabolism and GAG production of chondrocytes and accordingly the
quality of tissue engineered cartilage [103]. Previously, similar positive effects on s-
GAG synthesis of chondrocytes (derived from New Zealand white rabbits) were

observed in MeGC-based hydrogels supplemented with Col 11 [152]. According to
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the study, after six weeks in culture, MeGC/Col Il hydrogels produced much more
s-GAG than MeGC hydrogels (4.6-fold higher compared to MeGC).

40
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Figure 3.14. Cumulative total GAG amounts synthesized by chondrocytes (in both

the supernatants of cell lysates and the cell medium deposited by bovine
chondrocytes) after incubation in chondrogenic growth medium containing 10%
FBS at 37°C for different periods of time (n=4). *, #, o, B denote significant
difference between the groups (p < 0.05).

The sGAG/DNA ratios representing s-GAG synthesis capacity of a single
chondrocyte in MeGC based hydrogels is given in Figure 3.15.At the end of 21 days
of incubation, the levels of s-GAG/ hydrogel dry weight for the groups 0.5 MeGC-
Fib and 1 MeGC-Fib were remarkably higher compared to the other groups (Figure
3.14). However, when s-GAG values were normalized to the amount of DNA, the

calculated difference got smaller due to the higher number of cells in those hydrogels
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(Fig. 3.15). The obtained results indicated that, the level of GAG syntesized per cell
was in a similar range for all hydrogel groups. Similar findings were also previously
reported for chondrocytes entrapped other hydrogel blends such as alginate-
chondroitin sulfate, collagen type I-chitosan, and thiol modified gelatin-hyaluronic
acid [200-202].

Although being non-significant at some points, s-GAG/DNA ratio increased with
time for all individual hydrogel groups. At the end of 21 days of culture, SGAG/DNA
values of MeGC (39.56£5.31) and 0.25 MeGC-Fib (41.24+8.30) hydrogels were
almost at the same levels. S-GAG/ DNA ratio of chondrocytes entrapped in 1MeGC-
Fib based hydrogels (53.98+4.47) found to be significantly higher than the other
groups at the end of the cultivation. The results indicated that 1 MeGC-Fib hydrogel
composition could promote the production of cartilaginous matrices more than the

other hydrogel groups.
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Figure 3.15. Cumulative s-GAG/DNA amounts produced by bovine chondrocytes

which were entrapped in MeGC based hydrogels after incubation for different
periods of time in chondrogenic growth medium containing 10% FBS at 37°C (n=4).
(GAG amounts used in calculations were previously determined in both the
supernatants of cell lysates and the cell medium.) *, #, a, B, ¢ denote significant

difference between the groups (p < 0.05).

Fibrin, the polymer form of fibrinogen macromolecules, have been used hydrogel
scaffolds for cartilage tissue regeneration [203]. Although, platelet rich fibrin (PRF,
a naturally derived fibrin scaffold that is easily obtained from peripheral blood) has
been applied for clinical procedures such as repair of articular joints and
osteoarthritis therapy more than 15 years, there is still very limited number of
research on fibrinogen/fibrin containing hydrogels/scaffolds developed for cartilage
regeneration [203, 204]. Previously it was shown that MSCs entrapped in fibrin
hydrogels differentiated into chondrocytes and produced significantly more

cartilaginous ECM with a higher total GAG content compared to fibrin-alginate
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hydrogels.[205]. In another study, MSCs encapsulated in fibrin glue demonstrated
superior chondrogenic differentiation and superior aggrecan expression compared to
control group (ADMSCs without scaffold) [206]. Deepthi et. Al (2016) entrapped
hMSCs into a chitosan-fibrin-alginate hydrogel and chondrogenic potential of this
hydrogel system was investigated. The results indicated that hMSCs produced a
higher level of s-GAG when compared to control group [207].

3.7.7 Total Collagen and Collagen Type-11 Contents in MeGC -Based
Hydrogels

The amounts of collagen and collagen 1l in hydrogels cultured under static conditions
were measured and calculated using a Total Collagen Assay Kit (BioVision, Inc.,
USA) and Type- Il Collagen Detection Kit (Chondrex, USA), respectively [208,
209]. To eliminate the effect of possible sample size variations, the measured data

were normalized to hydrogel dry weights.

Chondrocytes cultured in 1 MeGC hydrogels showed the highest expression level of
total collagen and collagen type-11 after 21 days of culture indicating that
chondrocytes cultured in 1 MeGC hydrogels had the best maintenance capacity of
chondrogenic phenotype (Fig. 3.16 and Fig. 3.17). Total collagen and Type I
collagen contents were significantly lower in MeGC and 0.25-MeGC based
hydrogels than the other two groups. The results revealed that expression of collagen
becoming more prominent for fibrinogen amounts more than 0.25 % (w/v) in MeGC
hydrogel content.
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Figure 3.16. Cumulative total collagen amounts produced by bovine chondrocytes
entrapped in MeGC based hydrogels which were incubated in chondrogenic growth
medium containing 10% FBS at 37°C in a carbon dioxide incubator for different
periods of time (n=4). *, #, a. denote significant difference between the groups (p <

0.05).

Chondrocytes cultured in 1 MeGC hydrogels showed the highest amount of total
collagen and collagen type-1l after 21 days of culture indicating that these
chondrocytes maintained their chondrogenic phenotype and biosynthesis
functionality (Fig. 3.16 and Fig. 3.17). Total Collagen and collagen type- Il content
of 1 MeGC hydrogel significantly increased during 21 days of incubation and
reached values of 0.67 pg/mg and 11.2 pg/mg respectively. On the other hand,
collagen contents of MeGC and 0.25 MeGC hydrogel groups did not change

significantly throughout the culture period. Total collagen and Type Il collagen
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contents of MeGC and 0.25-MeGC based hydrogels were significantly lower than
the other two groups. When the concentration of Fib was increased above 0.25 (%

w/v) a more prominent total collagen and collagen type- Il expression was observed.
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Figure 3.17. Cumulative collagen type Il amounts produced by bovine chondrocytes
entrapped in MeGC based hydrogels which were incubated in Chondrogenic Growth
Medium containing 10 % FBS at 37°C in a carbon dioxide incubator for different
periods of time (n=4). *, #, a, B, ¢ denote significant difference between the groups

(p <0.05).

Based on our findings, 1-MeGC-Fib hydrogels appears to be the most promising
chondrogenic matrix which is favourable for chondrogenesis and chondrogenic
functionality. The elevated total collagen production in 1-MeGC-Fib hydrogels
could be a result of the increased amount of the biologic recognition sites , such as

RGD sequences, in hydrogel structure due to elevated amount of fibrinogen. Since,
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when there are more RGD-containing proteins (Fib) in the hydrogel environment,
cells may find more places to adhere which enhances cell adhesion, proliferation and
ECM synthesis[190]. At the end of 21 days of culture collagen Il level of 1-MeGC-
Fib group was 4.5 fold higher compared to MeGC group. Previously collagen-II
secretion was shown to increase 3.5 fold for MeGC-Col Il hydrogel system, which

is lower than our findings for the same culture period [152].

3.8 Dynamic Cell Culture Studies in Mechanobioreactor

Considering the results of previously performed optimization investigations,

hydrogels 1 MeGC-Fib hydrogels were chosen to be used in dynamic culture studies.

3.8.1 Cell Viability Profiles and DNA Content of Hydrogels

In this study, viability of the chondrocytes in the hydrogels which were dynamically
and statically cultured were measured using Alamar Blue assay (Fig. 3.18a). First
group of hydrogels (DC-1) was stimulated with 21 kPa of cyclic compressive loading
throughout the culture meanwhile for the second hydrogel group (DC-2) applied
initial cyclic compressive loading (7 kPa) stepwise increased every seven days to the
values of 14 kPa and 21 kPa during the culture. And the third hydrogel group (FS)

was statically cultured.

Culturing hydrogels under DC-2 dynamic mechanical compression regime
significantly enhanced the number of cells within the scaffolds when compared to
unloaded FS constructs. It is known that in static cultures, chondrocytes in the inner
region of AC constructs have limited access to signals and nutrients causing them to
lose function and their typical chondrocyte phenotype [210]. As a general approach,
higher chondrocyte viability in dynamic cultures is attributed to higher nutrient
accessibility and increased diffusion towards the core of tissue constructs compared
to passively stimulated or static cultures [210]. However, the lowest cell growth

profile was observed for the other mechanically stimulated DC1 group.
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It was observed that for most of the MEGC- based hydrogel constructs, cellular
metabolic activity increased until Day 14, and subsequently decreased. In general,
an increased cell metabolic activity indicates the proliferation of cells, because it is
well known that metabolic activity and cell number are correlated. Therefore, the
detected decrease on cell viability pointing out a decrease on cell proliferation rate

after Day 14, at this point instead of proliferation, cells tend to produce ECM.

Obtained results on the effect of mechanical stimulation on cell viability indicated
that, not just dynamic cultivation but applied mechanical stimulation regime is also
crucially important on viability of cells [111, 211-213]. At the end of 21 days of
mechanical stimulation, when hydrogels were dynamically cultured under the DC-2
mechanical simulation regime almost fivefold increase was observed in viability of
rabbit chondrocytes in the hydrogels. But interestingly, chondrocyte proliferation
was hampered by DC-1 stimulation compared to free swelling hydrogels. Based on
our Alamar Blue test results, it is suggested that starting from a lower-range load at
the beginning and application of an incremental compressive loading regime
enhances cell growth while instantaneous application of higher magnitude (21 kPa)
of loading has a negative effect on the cell proliferation. Although the large body of
literature reporting a positive impact of dynamic compressive loading on cell
proliferation with chondrocyte entrapped hydrogels, there are some studies
demonstrating a decrease in cell number within hydrogels such as agarose, fibrin
and collagen [212, 214-216]. Unfortunately comparison of outcomes among these
studies is challenging and inconclusive due to lack of standardization on applied
dynamic compression protocols (frequencies around 1 Hz, mechanical loading
amplitudes within the frame of 5-20%, daily compression periods of 1-4 h/day and
loading durations of at least 7 days) and there is almost no data for the magnitude of
applied stress on hydrogels. In addition, used cell sources, culture conditions,

bioactive molecules and type of hydrogel vary between studies [213, 217]
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Differences in the DNA contents were also noted between the different cultivation
treatment groups (Fig. 3.19b). After 21 days of culture, the highest DNA content was
observed for DC-2 hydrogel group which subjected to incremental loading regime
and for this group a fourfold increase in the amount of DNA was observed. Similar
to viability results, the DNA content of DC-1 hydrogels which are instantaneously
subjected to 21 kPa 1 Hz cyclic compressive loading was significantly lower than
the DNA content of hydrogel group which were dynamically cultivated under DC-2
mechanical simulation regime. In addition, no time-dependent decrease was

observed on DNA contents of unloaded FS (free swelling) constructs.

Similar to our DC-1 dynamic loading findings, Hunter et. al demonstrated that,
dynamic compressive loading has no significant effect on viability and DNA content
of bovine chondrocytes entrapped in a fibrin-based hydrogel in comparison with FS
or statically compressed control groups [214]. In another previous study, similar to
DC-2 protocol, incremental dynamic compressive loading (the magnitude of the load
increased in an uncontrolled manner) was applied on bovine synoviocytes seeded on
polyethylene terephthalate fiber scaffolds. Results revealed an increased DNA
content for dynamically loaded constructs compared to free swelling samples which

support the findings of the current study [113].
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Figure 3.18. (a) Viability and (b) DNA contents of rabbit chondrocytes entrapped
in the hydrogels with a density of 2 x 10° cells/mL. Hydrogels were cultivated under
static and dynamically loaded culture conditions as DC-1; 21 kPa of cyclic
compressive loading, DC-2; Initial cyclic compressive loading of 7 kPa stepwise
increased every seven days to the values of 14 kPa and 21 kPa during the culture
and, FS; Free Swelling *, #, a, 3, p and, ¢, denote significant difference between the
groups (p < 0.05). (n=4).
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In our findings, the detected dramatic differences in chondrocyte proliferation
response to different compressive loading regimes highlights the importance of
magnitude of loading applied in early culture periods for cartilage tissue engineering.
The reason why 7 kPa stimulation increased DNA content and the cell viability while
a direct application of 21 kPa led to a minimal difference compared to free swelling
at the end of 7 days of culture is not clear. We suggest that in the early periods of
cultivation, due to low level of synthesized ECM, the cells are hypersensitive to
mechanostimulation and a higher level of force applied on cells may induce catabolic
responses and hamper proliferative activities in chondrocytes. It is known that
mechanical loading can induce anabolic behaviors while being subjected to
supraphysiological high magnitude forces can drive catabolic responses on
chondrocytes [218, 219].

Acrticular cartilage is routinely exposed to diverse mechanical stimuli, and encounter
forces of several times greater the body weight during joint loading by normal
physical activity [220]. The unique anisotropic structure of native articular cartilage
tissue (depth-dependent variation in alignment of collagen fibrils and confinement
of hydrated proteoglycan) allows these forces to be dissipated so that the magnitude
of cellular stress experienced by chondrocytes is actually much lower [221, 222].
However, due to the difficulty in replicating the native cartilage’s complex
architecture in lab environment and lack of highly organized stiff ECM surrounding,
chondrocytes entrapped in hydrogels experience much more harsh conditions when
subjected to in-vitro dynamic loading. Dynamic loading produces a complex
environment involving both cell deformation and fluid flow, which will influence
cell response within the hydrogels [223]. The degree of cell deformation and induced
fluid flow through the hydrogels is likely to be dependent on applied strain and the
correspondence stress on hydrogels [114, 223]. It is possible that at early periods of
the culture, due to lack of cell-surrounding and force-dissipating ECM in hydrogels,
a direct 21 kPa loading led to high level of fluid flow end cell deformations which
resulted in a catabolic shift on chondrocyte metabolism and reduced cell proliferation
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rate with DC-1 loading. On the contrary, cells entrapped in the statically cultured FS
hydrogel group were not subjected to any dentrimental loading, they continued to
significantly proliferate for the first 14 days of culture and after the first day the cell
viablity values of FS group was higher than DC-1 group of hydrogels.

3.8.2 Total Sulfated Glucosaminoglycan and Collagen Contents of
Hydrogels

Total sSGAG amount produced by chondrocytes entrapped in the hydrogels (amount
of GAG deposited in hydrogel plus amount released into the culture media) over 21

days of culture was quantitively determined via DMMB assay (Fig. 3.20).

At the end of the first week, there was no statistical difference in s-GAG biosynthesis
between the groups except for the hydrogels subjected to DC-2 regime. A
statistically significant increase on GAG syntesis of all groups was observed on day
14. At the end of 21 days of culture, s-GAG production of hydrogel-entrapped
chondrocytes subjected to DC-1 compressive loading regime was significantly lower
than other two groups. This result was parallel with the viability examinations which
proved the DC-1 regime was not favoirable for cellular methabolic activity.
Compared to other groups, hydrogel-entrapped chondrocytes subjected to
incremental dynamic compressive loading (DC-2 regime) showed a significant
increase in s-GAG content from day 14, indicating the stimulatory effects of

incremental compressive loading regime (DC-2) on s-GAG synthesis.
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Figure 3.19. Total GAG amounts produced by the rabbit chondrocytes entrapped in
the hydrogels with a density of 2 x 10° cells/mL (amount of GAG deposited into the
gel plus released into medium). Hydrogels were cultivated under static and
dynamically loaded culture conditions as DC-1; 21 kPa of cyclic compressive
loading, DC-2; Initial cyclic compressive loading of 7 kPa stepwise increased every
seven days to the values of 14 kPa and 21 kPa during the culture and, FS; Free
Swelling. *, #, a, 6 B, @ denote significant difference between the groups (p < 0.05,
n=4).

As a major component of the extracellular matrix, the quantity of GAG secreted by
chondrocytes can reflect the functional status of the cells. According to Fig. 3.21, it
was found that cells responded similarly in all groups on day 1 and the proportions
of GAG to DNA in both experimental groups increased with the culture time. Rabbit
chondrocytes in DC-2 group, secreted significantly more GAG than the other groups
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after the first week. . The highest increase on GAG synthesis per cell of all groups
was observed at day 14. Both at the end of 14 and 21 days of culture, s-GAG/DNA
level of hydrogel-entrapped chondrocytes subjected to DC-1 compressive loading
regime was significantly lower than other two groups which was another sign of the
negative impact of DC-1 mechanical stimulation regime on GAG biosynthesis.
GAG/DNA values of hydrogels in DC-2 group were significantly higher than
hydrogels in FS group, from 1.40-fold, to 1.48-fold on day 14 and 21, respectively.
In other words, when GAG content of DC-2 group was measured relative to DNA
content at day 21, it was determined that 48% more GAG was produced per
chondrocyte compared to chondrocytes cultured in free swelling conditions. The
obtained result indicated that incremental loadeded chondrocytes synthesized more
GAG of cartilage specific tissue ECM. DC-1 group chondrocytes which were
directly subjected to 21 kPa cyclic compressive load during dynamic cultivation
secreted less GAG from chondrocytes which are statically cultured (FS group) GAG
at day 14 and day 21 probably due to dentrimental effect of DC-1 regime on cellular
metabolic activities.

For the first 14 days of culture, chondrocytes in all groups continued to produce
collagen with a significant increase on collagen levels, except for DC-1. For DC-1
group cells responded differently and no significant change was observed on amount
of collagen probably due to negative effect on DC-1 stimulation regime on cellular
metabolic activities. During 21 days of culture, total collagen amounts produced by
rabbit chondrocytes which were subjected to incremental compression (DC-2) was
significantly higher than free swelling hydrogels and DC-1 group (Fig. 3.22). There
was no significant difference in the amount of total collagen between free swelling
group of hydrogels and hydrogels DC-1 hydrogels which were subjected to the same

value of cyclic loading for entire culture time.
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Figure 3.20. Total s-GAG/DNA values produced by the rabbit chondrocytes
entrapped in the hydrogels with a density of 2 x 10° cells/mL (amount of GAG in the
hydrogel deposited plus amount released into the media were normalized to DNA
content in the hydrogels). Chondocytes entrapped in the hydrogels were cultivated
under static and dynamically loaded culture conditions as DC-1; 21 kPa of cyclic
compressive loading, DC-2; Initial cyclic compressive loading of 7 kPa stepwise
increased every seven days to the values of 14 kPa and 21 kPa during the culture,
FS; Free swelling *, #, a, 6 B, ¢ denote significant difference between the groups (p
< 0.05, n=4).

Col I, the most abundant collagen in our bodies, is a fibrocartilage marker and is
highly expressed by immature cartilage which is later be replaced by Col Il [224].
Therefore, an increase in Collagen Il level is regarded as an evidence to healthy
neocartilage formation in tissue engineering studies. Results revealed that the
synthesis and accumulation of collagen Il, was remarkably enhanced by the

application of incremental compressive loading regime (Fig. 3.23). The highest
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cumulative Collagen 11 synthesis (19.33 pg/mg) was observed in DC-2 group during
21 days of culture period. Although there were no significant difference in GAG and
total collagen content between free swelling hydrogels and hydrogels cyclically
compressed with the same magnitude of load, collagen 11 content of DC-1 group was
significantly lower than collagen Il content of FS group. Even though being non-
significant at some points, the culture duration also resulted in an increase in the type

Il collagen content in all groups.
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Figure 3.21. Total collagen amounts produced by the rabbit chondrocytes entrapped
in the hydrogels with a density of 2 x 10° cells/mL (amount of collagen deposited

into the gel plus released into medium). Chondocytes entrapped in the hydrogels
were cultivated under static and dynamically loaded culture conditions as DC-1; 21
kPa of cyclic compressive loading, DC-2; Initial cyclic compressive loading of 7 kPa
stepwise increased every seven days to the values of 14 kPa and 21 kPa during the
culture, FS; Free swelling. #, o, o B, ¢ denote significant difference between the

groups (p < 0.05,n=4).
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Figure 3.22. Total collagen Il amounts produced by the rabbit chondrocytes
entrapped in the hydrogels with a density of 2 x 10° cells/mL Chondocytes entrapped
in the hydrogels were cultivated under static and dynamically loaded culture
conditions as DC-1; 21 kPa of cyclic compressive loading, DC-2; Initial cyclic
compressive loading of 7 kPa stepwise increased every seven days to the values of
14 kPa and 21 kPa during the culture, FS; Free swelling. . *, #, a, 6 B, ¢ denote

significant difference between the groups (p < 0.05, n=4).

The findings of the current study indicate that an optimal strategy using well-
characterized conditions for the functional tissue engineering of articular cartilage,
particularly to induce GAG and collagen Il synthesis, may incorporate stepwise
application of increasing magnitudes of dynamic compressive loading. The reason
why 7 kPa stimulation elevated GAG and collagen Il levels while a direct application

of 21 kPa load led to a reduction in cartilage specific ECM synthesis compared to
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free swelling at the end of 21 days of culture is not clear. In the previous literature,
different dynamic compressive loading regimes appears to result in a wide range of
chondrogenic outcomes and the reasons of this variations are not fully understood
yet. The results obtained for DC-2 regime is in line with the results of previous
studies reporting a promoting effect of dynamic mechanical compression on
deposition of cartilage-specific ECM synthesis. For instance, Mauck et al. applied a
dynamic compressive stimulation regime (10% strain, at a frequency of 1 Hz, 3 x (1
h on, 1 h off)/day, 5 days/week) to chondrocyte entrapped agarose gels for 4 weeks.
The results indicated that long-term (~28 day) dynamic compression of chondrocyte
entrapped agarose gels induced cartilagenious matrix synthesis with an increase in
both GAG and total collagen contents in hydrogels [225]. In another study, Wang et
al. (2013) reported that mechanical loading (dynamic sinusoidal oscillation loading,
0.4 £ 0.2 mm (5% to 15% of scaffold height) at 1 Hz, surface shear at +25° for 1 h
twice a day, with 8 h rest in between loadings, on every second day) for four week
promoted GAG and collagen type-Il synthesis, and improve ECM accumulation in
primary chondrocyte seeded on polyurethane scaffolds [226]. In another study,
Nebelung et al. investigated the effect of long-term continuous dynamic compression
on primary human chondrocytes entrapped in type -1 collagen hydrogels (0.3 Hz
frequency, 10% amplitude and 28 days of culture time) and immunohistochemistry
results revealed that dynamic compression led to a remarkable increase in collagen
Il biosynthesis of chondrocytes.[227]. In a recent study, Xie et al. applied dynamic
compressive loading on homan chondrocyte entrapped poly-D,L-lactic
acid/polyethylene glycol and polycaprolactone(PEG-PDLLA- PCL) hydrogels and
demonstrated that dynamic compressive loading (%5 strain, 0.2 Hz, 1 h/day)
stimulated the production of cartilage matrix with an increase in GAG and collagen-
Il synthesis compared to statically cultured hydrogels at the end of 28 days [111].
However, even though in most of the previous studies dynamic compressive
stimulation was found to promote biosynthesis of proteoglycans and collagen type-
Il in chondrocytes, there are some other studies reporting a contrary effect which is

similar to our results for DC-1 stimulation regime. Villanueva et. al showed that
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dynamic compressive loading (0.3 Hz, 15% amplitude strains, 6 h) of chondrocyte-
entrapped PEG-chondroitin sulfate hydrogels led to a decrease in collagen
production by 52% compared to free swelling controls [107]. In another study, Lima
et. al demonstrated that dynamic compressive loading (1Hz, 3hrs/day, 10%
unconfined compression) which applied immediately following cell entrapment
caused a remarkable decrease in GAG and collagen-11 synthesis after 32 and 51 days
of loading when compared to statically cultured control group [228]. When initiation
of loading was delayed by 14 days, there was no difference in s-GAG or collagen-1I

production in comparison with free swelling controls.

In this study, for DC-1 dynamic compressive stimulation, a direct application of 21
kPa dynamic compression may disrupt the accumulation of proteoglycan and
collagen Il by disrupting newly synthesized matrix at early stages of culture [229,
230]. It is well known that, chondrocytes perceive and respond to the mechanical
loading via integrin mediated mechanotransduction [25, 231] External mechanical
loads (like tissue compression) are known to alter the metabolic activity of articular
chondrocytes and are conveyed through, or imposed on ECM molecules, matrix
receptors and intracellular sites through cell-matrix interaction [25, 232]. For tissue
engineered cartilage application optimal mechanical loading is essential to deliver
appropriate signals to cells to maintain chondrocyte functionality and deposition of
a cartilage-specific ECM while a high-magnitude of stress can induce catabolic
activity on chondrocytes [218, 233]. For DC-1 mechanical stimulation regime,
instantaneously being subjected to a high magnitude dynamic compressive loading
may also induce matrix metalloproteinase synthesis which results in increased matrix
breakdown [234, 235]. The findings of this study indicate that coordination of the
timing and magnitude of compressive mechanical loading according to estimated
stage of tissue development may be a good a strategy to optimize production of

functional tissue engineered cartilage.
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3.9  Histological and Immunofluorescence Analyses of In Vitro Cultured

Hydrogels

In order to identify matrix components and provide a visual impression of cellular
and matrix distribution within the constructs, histological and immunohistochemical
staining were carried out. It is well known that detection of the presence of Collagen
Type Il and high levels of SGAG, classical markers for cartilage tissue, indicates the
deposition of cartilage-like matrix in tissue engineering studies [236]. A histological
staining combination of Alcian Blue/Sirius Red was used to visualize sGAG and
collagen content, respectively, and immunohistochemistry was used to identify

collagen Type II.

At the end of the 1% and 21% days of culture histological and immunofluorescence
analyses were performed on the hydrogels to investigate the effect of different

culturing conditions on cartilage tissue development.

Hematoxylin & Eosin staining is one of the most abundant method in histological
analysis. Hematoxylin is blue purple in color and stains nucleic acids. Eosin, on the
other hand, stains proteins and appears in pink tones. In a normal healthy tissue, the
nucleus is blue-black and the cytoplasm of the cells and ECM are stained pink [237].
Hematoxylin & Eosin-stained light microscopy images of 1 MeGC-Fib hydrogels
containing primary chondrocytes subjected to static, DC-1 and DC-2 dynamic
cultivation conditions on days 1 and 21 of culture are presented in Fig. 3.24. The
presence of chondrocytes and ECM was clearly seen in all three groups. Cell nuclei
are dark purple stained. Isogenous chondrocyte groups specific to cartilage were
clearly observed in the sections taken from the hydrogels at the end of 21 days of
culture, especially in the hydrogels subjected to DC-2 dynamic mechanical

stimulation regime. In addition, results revealed that for hydrogels subjected to DC-
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2 mechanical stimulation cells proliferated more than the other two group of

hydrogels.

One of the most important cartilage-specific markers, the glycosaminoglycan (GAG)
content, is examined by Alcian Blue staining. Sections from the hydrogel samples
taken on the 1% and 21 days of culture were stained with Alcian Blue and examined
under a light microscope (Fig. 3.24 - a, c, €, g, i, k). Nonspecific blue staining of the
hydrogels was observed in all groups. The cytoplasm of cells was stained in lighter
blue compared to staining of the hydrogel. During 21 days of culture for all hydrogel
groups, the intense blue color due to GAG biosynthesis reveals that chondrocyte
functionality was preserved. After 21 days of culture, more SGAG expression was
observed in the cells inside the hydrogels subjected to DC-2 mechanical stimulation
compared to other groups. On the 21st day images of the DK-2 group (Fig 3.24.k),
both the intensity of blue and cell density increased significantly, and the cells begun
to form their own cartilage-like matrix. In this group, chondrocytes appeared round
within lacunae-like structure and started to form isogeneic groups in ground
substance (territorial matrix-like) structures which is a distinct structural and

morphological characteristics specific to cartilage.

90



Figure 3.23. Light microscopy images of (a, c, €, g, i, k) Alcian Blue and (b, d, f, h,
j, ) Hematoxylin & Eosin staining results of primary rabbit chondrocyte entrapped
hydrogels cultured under different conditions. Images were taken at (a, b, e, f, i, j)
1%and (c, d, g, h, k, 1) 21 days of cell culture. (a-d) Hydrogels cultivated under static
conditions. (e-h) Hydrogels dynamically cultivated under DC-1 mechanical
simulation regime. (i-1) Hydrogels dynamically cultivated under DC-2 mechanical
simulation regime. Chondrocytes are shown by white arrow, Cartilage-specific
isogenic groups are shown by black arrow.

Picrosirius Red staining was performed to investigate the total collagen content in
the hydrogels cultured under different conditions for 21 days (Fig. 3.25). Following
the first staining with Picro Sirius Red and the distribution of total collagen was

visualized under a fluorescent microscope. In this method, areas with collagen



accumulation appear intense bright red. In the given microscopy images, the
hydrogel was also slightly stained but the distinct bright red collagen staining around
the spherical chondrocytes and the stained cytoplasm are clearly visible. At the end
of 21 days of culture the results revealed that, the cells were synthesizing collagen
and significant amount of collagen was present in the cytoplasm and in the vicinity

of the cells which could be interpreted as ECM deposition by the cells.

Figure 3.24. Picrosirius Red staining results of primary rabbit chondrocyte-

entrapped hydrogels cultured under different conditions. (a-b) Fluorescent
microscopy images were taken at (a, ¢, €) 1%tand (b, d ,f) 21% days of cell culture.
Hydrogels cultivated under static conditions. (c-d) Hydrogels dynamically cultivated
under DC-1 mechanical simulation regime. (e-f) Hydrogels dynamically cultivated
under DC-2 mechanical simulation regime. Collagen-expressed chondrocytes are
shown by white arrow, cartilage-specific isogenic groups consist of collagen

expressing chondrocytes are shown by white arrowhead.
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Type Il collagen is another major component of the cartilage-specific extracellular
matrix and it is used as an important marker of chondrocyte phenotype for cells
cultured in vitro [238]. Collagen 1l immunofluorescence staining was applied to the
hydrogel samples on the 1% and 21% days of culture to examine the cartilage
development. In the resulting images which are presented in Fig. 3.26, areas of high
collagen Il deposition appear bright green and DAPI stained cell nuclei appear blue.
Immunfloresan staining conforms the findings of total collagen expression detected
by Picrosirius Red staining in terms of expression of collagen — Il. At the end of 21
days of culture, the intense green color due to collagen Il biosynthesis in the cells
and surrounding the cells reveals that chondrocyte functionality was preserved and
neocartilage formation was observed for all hydrogel groups. The cytoplasm and
surroundings of cells, which are spherical in structure, were also stained with an
intense bright green color. The results revealed that the amount of collagen 11 for
hydrogels subjected to DC-2 mechanical stimulation regime was higher than the

other two groups.
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Figure 3.25. Fluorescent microscopy images of immunofluorescence-stained
collagen Il molecules in primary rabbit chondrocyte-entrapped hydrogels cultured
under different conditions. Images were taken at (a, c, €) 1%tand (b ,d ,f) 21° days of
culture. (a-b) Hydrogels cultivated under static conditions. (c-d) Hydrogels
dynamically cultivated under DC-1 mechanical simulation regime. (e-f) Hydrogels
dynamically cultivated under DC-2 mechanical simulation regime. The nuclei were
stained blue with DAPI. Collagen Il molecules were stained with bright green.
Collagen I1-expressing cartilage-specific isogenic chondrocyte groups are shown by

white arrows.

In native cartilage tissue, chondrocytes are responsible for the synthesis and
maintenance of ECM which is mainly composed of proteoglycans and collagen 11
[106, 239]. Previous studies revealed that dynamic mechanical loading regulate the
biosynthetic response of chondrocytes in vitro, and in vivo, establishing the
importance of dynamic mechanical loading on cartilage homeostasis and

chondrocyte functionality [107, 240-242]. The histology and immunohistochemical
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results of the present study confirmed the previous findings. Although at the end of
the 21% day of cell culture there was an increased level of Alcian Blue and collagen
type Il staining throughout all hydrogel groups compared with day 0, the highest
amount cartilage-specific ECM deposition was observed for DC-2 hydrogel group
which were subjected to incremental compressive loading regime during dynamic
cell culture. Previously, a similar method developed by Finlay et al. used incremental
dynamic compressive loading to engineer functional cartilage constructs in vitro but,
in the study the magnitude of the load increased in an uncontrolled manner [113]. In
the mentioned research, bovine synoviocytes were seeded polyethylene teraphalate
fiber scaffolds. During dynamic culture the applied initial strain, which is not fully
defined but in the range of 13%-23%, was increased as the construct developed to a
maximum strain level (30%) and consequently, the applied load to the constructs
was incremented by time. Like our results, histological findings demonstrated a more
intense Alcian Blue staining and higher amount of type Il collagen immuno-positive
staining for the loaded constructs than nonloaded controls. However, in the study, a
comparison carried out only between statically and dynamically cultured constructs
and no groups of a constant loading throughout the dynamic culture were reported
to compare direct effect of the incremental mechanical loading regime to engineer

cartilage.

Recently, Kwan et. al investigated effects of incremental tissue compression on cell
morphology and deformation in tissue engineered cartilage [114]. In the study, the
incremental compressive loading method developed by Finlay et al was used on
similar synoviocyte/PET scaffold constructs. The applied minimum initial strain,
which is in the range of 13%-23%, was increased as the construct developed to a
maximum strain level of 28%. In an attempt to explore Finlay’s hypothesised
mechanism in developing cartilage-like constructs and to address the relationship
between applied tissue strain and cellular strain, the researchers developed and used
a new confocal-microscopy based methodology to visualize and quantify live cell

morphology in tissue constructs which were under static incremental compressive
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strain. No significant change was reported in synoviocyte morphology within loaded
constructs under the estimated strain experienced by the construct during mechanical
loading. However, because of the restricted laser penetration into the cartilage
constructs (images were captured from the surface to a depth of approximately 40/50
pum)., this study was limited to the morphometric appearance and distribution of
synoviocytes at the periphery of the constructs and it was not possible to visualize
synoviocytes in regions near the core. Similar to our findings, in histological
investigations, a higher level of collagen type Il and s-GAG accumulation was

observed within the constructs the loaded constructs compared to unloaded samples.

In parallel to the results obtained from biochemical analyses of hydrogel constructs,
the results obtained from histological investigations indicated that starting from a
lower-range load at the beginning and application of an incremental dynamic
compressive loading regime (from 7 kPa to 21 kPa) enhances chondrocyte
functionality and cartilage-specific ECM synthesis while instantaneous application
of higher magnitude (21 kPa) of dynamic loading has a similar chondrogenic
outcome to statically cultured hydrogels.

3.10 Histology and Immunoflorescent Analysis of In Vivo Studies

The qualitative analysis of physiological structure of the regenerated cartilage was
carried out by histological staining investigations. The histological study focus on
detailed evaluation of effect of MEGC-based hydrogels for cartilage regeneration in
vivo in critical size defects in rabbit knee joints. All animals continued to exhibit
normal movements during the 16 week period. Gross signs of inflammation such as
swelling, reddening of the joint or infection were not evident upon visual inspection
of the joint surface at the time of joint retrieval. The synovial fluid had a normal

color.
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Crossman’s trichrome and Alcian Blue staining results of defect site tissues
explanted from New Zealand white rabbits sacrificed 4 months after surgical
operations are presented in Fig. 3.27 and Fig. 3.28, respectively. For the empty-defect
control group, the defect areas showed very low level of repair, mainly expressed as
the slight Crossman’s trichrome (Fig. 3.27 a, b), and Alcian Blue staining (Fig 3.28
a, b) and irregular, indistint and very thin layer of fibrous connective tissue formation
on the subchondral bone with lack of tissue integration was observed. Very little
fibrous connective tissue formation with incomplate or almost complete subchondral
bone and no cartilage formation was observed in the healing area (Fig. 3.27 a, b).
Alcian blue staining showed that the glycosaminoglycans cantaining was very low

because of fibrous connective tissue and no cartilage staining (Fig 3.28 a, b).

To see body response to the hydrogel and to investigate the effect of hydrogels on
cartilage repair cell-free hydrogels implanted to the defect site. For this group,
subchondral bone tissue healing was almost completed but the majority of the
healing area was composed of fibrous connective tissue (Fig. 3.27 c, d). A little
fibrous cartilage formation progressing bilaterally from the intact cartilage area to
the defect area was also observed. The defect area (Fig 3.27d) was smaller than that
of control group (Fig 3.27 b), intact cartilage on both sides of the healing area
contained more glycosaminoglycans, while less glycosaminoglycans was seen due
to the fibrous connective tissue in the center of the healing area. (Fig 3.28d). This
result is very important since it indicates the positive impact of hydrogel on cartilage
regeneration even without presence of cells inside it. Previously a similar enhancing

effect was reported from in-vivo studies of different hydrogel systems [243-245].
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Figure 3.26. Crossman’s trichrome staining results of defect site tissue sections
obtained from New Zealand white rabbits. (a) Control group. (b) Cell-free hydrogel
group. (c) Statically cultured autologous chondrocyte containing hydrogel group (d)

Dynamically cultured autologous chondrocyte containing hydrogel group.

In animals that received cells along with the hydrogels a mixture of fibrous tissue
and cartilage regeneration was observed in the defect area (Fig 3.27 e, f and Fig 3.28
e, f). For statically cultured autologous chondrocyte containing hydrogel group,

subchondral bone formation that is a almost completion with little cartilage callus
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was observed in the defect site (Fig 3.27 e, f). Bilateral cartilage formation was
detected from the intact cartilage tissue towards the defect area, fibrous cartilage
consisting of cells of a rounded was seen on both side of healing area, while mixture
of fibrous cartilage and connective tissue on the center of healing area (Fig 3.27 e,
f). The cartilage tissue was stained more darker blue than fibrous connective tissue

in healing zone with alcian blue (Fig 3.28 e, f).

The knees with dynamically cultured autologous chondrocyte containing hydrogel
group, the cartilage repair was overall superior than other experimental groups (Fig
3.27 g, h and Fig 3.28 g, h). The defect had high amount of cartilaginous tissue that
was well stained with Crossman’s Trichrome and Alcian Blue. For this group,
subchondral tissue formation was completed (Fig 3.27 g, h). A progressing bilateral
cartilage formation was detected from the intact cartilage tissue towards the defect
area and neocartilage tissue was almost identical to the surrounding native cartilage

tissue with indistinct margins (Fig 3.27 g, h and Fig 3.28 g, h).
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Figure 3.27. Alcian Blue staining results of defect site tissue sections obtained from
New Zealand white rabbits. (a,b) Control group, (¢,d) cell-free hydrogel group, (e,f)
Statically cultured autologous chondrocyte containing hydrogel group, (g,h)

Dynamically cultured autologous chondrocyte containing hydrogel group.

Immunofluorescent staining was performed on the tissue sections to analyse collagen
Il contents (Fig. 3.30). Healthy cartilage tissue (Fig. 3.29a) and chondrocyte
entrapped hydrogels stained without the inclusion of Collagen type Il primary
antibodies (Fig. 3.29b) were used as a negative control for secondary antibody and
no false-positive labeling was observed. In microscopy images, fluorescent labeled
bright green areas indicates collagen 1l accumulation and cell nuclei were stained
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blue with DAPI (Fig 3.29 and Fig. 3.30). Immunohistochemical analysis of untreated
defects revealed negligible type 11 collagen presence in the defect site after 16 weeks
postoperatively (Fig. 3.30a). Results revelaed that for hydrogel-implanted groups,
cells produced regenerative cartilage matrix which is positive for type 11 collagen in
defect regions (Fig. 3.30 b-d). Especially for autologous chondrocyte entrapped DC-

2 hydrogel group (Fig. 3.30d), collagen Il synthesis and neocartilage formation was

remarkably higher than all other groups.

Figure 3.28. Negative controls for immunoflorescent staining. Histological
appearance of sections from (a) healthy cartilage tissue explants and (b) chondrocyte
entrapped hydrogels stained without the inclusion of Collagen type II primary

antibodies.
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Figure 3.29. Immunofluorescent staining of collagen II on the tissue sections
obtained from New Zealand white rabbits. (a) Control group, (b) Cell-free hydrogel
group, (c) Statically cultured autologous chondrocyte containing hydrogel group, (d)
Dynamically cultured autologous chondrocyte containing hydrogel group. Collagen
[I-expressing chondrocytes are shown by white arrow. (c1, d1, el): The nuclei were
stained blue with DAPI. (b, c¢2, d2, e2) Collagen II molecules were stained with
bright green. (¢3, d3, e3): merged images.

Together, the present findings indicated that cell-free 1 MeGC-Fib hydrogel system
could enhance the neocartilage formation in the in vivo rabbit articular cartilage
defect model. Dynamic stimulation of the cell-entrapped hydrogel more significantly

supported both tissue ingrowth and chondrogenesis compared to other three groups.
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For the dynamically cultured group at week 16, along with the higher amount of
cartilage callus and progressing cartilage formation, a more intense cartilage specific
ECM formation was detected in the defect site. The obtained results indicating that
DC-2 dynamic culture regime can help engineered cartilage maintain better
chondrogenic phenotype during cartilage repair in vivo. Based on the present
findings, it is possible that greater cartilage production will be achieved in longer

implantation periods.
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CHAPTER 4

CONCLUSION

In this thesis we developed a new photopolymerizable MeGC-Fib hydrogel that gels
under visible blue light irradiation with riboflavin as a photoinitiator. Introduction of
fibrinogen to hydrogel structure decreased the swelling, led to increase in stability
and improved the mechanical properties of MeGC-based hydrogels. The properties
of the MeGC-based hydrogels, such as swellability, stiffness, and pore size, can be
readily adjusted by changing Fib content in MeGC prepolymer solution. The
photopolymerized hydrogels were shown to be cytocompatible. Incorporation of 1%
(w/v) Fib in the hydrogel network improved cell adhesion and significantly increased
cell proliferation, sGAG, and total collagen and collagen Il synthesis and
cartilagenous ECM deposition within hydrogels in vitro. In order to investigate the
effect of incremental dynamic compressive loading on the development of cartilage
tissue constructs, rabbit chondrocytes were entrapped in 1 MeGC-Fib based
hydrogels and cultivated in a custom-built mechanobioreactor. Investigations about
the effect of mechanical stimulation on cell viability revealed that, not just dynamic
cultivation but applied mechanical stimulation regime is also crucially important on
viability of cells. At the end of 21 days of cultivation, incremental cyclic compressive
stimulation (DC-2) regime increased chondrocyte viability almost five-folds while
chondrocyte proliferation was hampered by constant 21 kPa cyclic compressive
loading throughout cultivation (DC-1). Compared to free swelling and DC-1 group,
hydrogel-entrapped chondrocytes cultivated under incremental dynamic
compressive loading regime showed a remarkable increase in DNA, s-GAG, total
collagen and collagen type Il content, indicating the stimulatory effects of
incremental compressive loading regime on neocartilage formation. In vivo
investigations performed by implantation of the hydrogels to critically sized rabbit
hindleg articular chondral defects demonstrated that both MeGC-Fib hydrogels and
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DC-2 regime enhanced neo-cartilogenesis and, accelerated healing of the cartilage
defect with a higher s-GAG, total collagen and collagen-11 content compared to other
groups. In conclusion, these findings reveals the high potential of the developed
MeGC-Fib hydrogels and applied incremental dynamic compressive loading (DC-2)

regime to promote cartilage regeneration for the treatment of cartilage damage.
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APPENDICES

APPENDIX A

STANDART CURVE FOR GAG QUANTIFICATION
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Figure A.1 A representative standart curve for s-GAG quantification using DMMB
assay
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APPENDIX B

STANDART CURVE FOR TOTAL COLLAGEN QUANTIFICATION
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Figure B.1 A representative standart curve for collagen quantification using Total
Collagen Assay Kit (Biovision Inc., USA)

136



APPENDIX C

STANDART CURVE FOR COLLAGEN TYPE Il QUANTIFICATION
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Figure C.1 A representative standart curve for collagen type Il determination using
Type Il Collagen Detection Kit, Multi-Species (Chondrex, USA).
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APPENDIX D

REPRESENTATIVE IMAGES FOR AVERAGE PORE SIZE
MEASUREMENT

Figure D.1 Representative images for the average pore size diameter measurements
on cross-sectional SEM images of (a) MeGC, (b) 0.25 MeGC-Fib, (c) 0.5 MeGC-
Fib, (d) 1 MeGC-Fib hydrogels. Average pore sizes were calculated using over 50

measurements obtained from SEM images via ImageJ software (National Institutes
of Health, Bethesda, USA).
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APPENDIX E

REPRESENTATIVE STRESS-STRAIN CURVE FOR 1 MEGC-FIB
HYDROGELS
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Figure E.1 A representative stress-strain graph for 1 MeGC-Fib hydrogels.
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