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ABSTRACT

EFFECTS OF SMALL MOLECULES ON CARTILAGE TISSUE REGENERATION

Every year millions of people suffer from cartilage defects. Although, there are some
traditional treatment strategies to heal defects, they are inadequate to repair full thickness
defects and they cannot give its native mechanical endurance and function to cartilage back.
Therefore, cartilage tissue engineering studies provide new treatment methods to overcome
limitations of traditional methods. In this study, effects of small molecules on chondrogenic
differentiation of RBMSCs were examined to evaluate their cartilage tissue regeneration
potential. Three different small molecules (KGN, ADZ and SKF) were used in chondrogenic
induction, RBMSCs were seeded into fibrous polylactic acid (PLA) scaffolds prepared with
wet spin technique. While kartogenin (KGN) is already known in literature with its
chondrogenic induction and chondroprotection properties; ADZ and SKF are recently found
molecules having proliferation enhancing feature on MSCs, but their potential effects on
chondrogenic induction has been never studied. Chondrogenic differentiation effects small
molecules of ADZ and SKF were examined on differentiated RBMSCs throughout 14 days
of incubation compared to KGN molecule via Alcian Blue-PAS staining, MTS cell
proliferation assay, RT-PCR methods. Although, ADZ had a better proliferative effects on
RBMSCs, there was reduced ECM deposition during chondrogenic differentiation.
Therefore, rest of the study was carried on with small molecule SKF and its combination
with KGN. Alcain Blue-PAS staining, MTS assay and RT-PCR assays were conducted on
stem cells. Higher amount of cartilagous ECM deposition, higher proliferation rate and
higher expression of chondrogenic marker genes were observed in groups induced with
small moleule SKF compared to controls. Results of the study showed that small molecule

SKF had chondrogenic induction potential to use in cartilage tissue engineering.
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OZET

KUCUK MOLEKULLERIN KIKIRDAK DOKU YENILENMESINE ETKISI

Her y1l milyonlarca insan eklem hasarlariin sikintisin1 gekmektedir. Hasar tedavisinde bazi
geleneksel tedavi yontemleri olmasma ragmen, bu yontemler tam kat eklem kikirdak
hasarlarinin onarilmasinda ve dogal kikirdagin mekanik dayaniklilik ve fonksiyonunu geri
kazandirilmasinda yetersiz kalmaktadir. Bu sebeple, geleneksel metotlarin kisitlamalarini
asabilmek amaciyla kikirdak doku miihendisligi yeni tedavi yontemleri sunmaktadir. Bu
caligmada, kiiciik molekiillerin (KM) sican kemik iligi mezenkimal kok hiicreleri (SKIMKH)
tizerinde kondrojenik farklilasmaya olan etkileri ve kikirdak doku yenilemesindeki
potensiyel faydalar1 arastirilmistir. Ug farklh KM (KGN, ADZ ve SKF), kondrojenik
farklilasmay1 indiiklemek icin kullanirken, SKIMKHIer 1slak egirme yontemi ile
hazirlanmig polilaktik asit (PLA) hiicre iskeleri tizerine ekilmistir. Kartogenin (KGN),
kikirdak farklilasmasi indiiksiyonu ve kikirdak koruyucu 6zelligi ile literatiirde bilinen bir
KM iken; ADZ ve SKF kii¢iik molekiilleri yakin zamanda kok hiicre ¢ogalmasini arttirict
etkileri gozlemlenmis fakat kikirdak farklilasmasina olan potensiyel etkileri aragtirllmamis
molelekiillerdir. SKIMKH iizerinde yapilan bu ¢alismada, kok hiicreler KGN, ADZ, SKF
kiigiik molekiilerinin indiiksiyonunda 14 giin boyunca kikirdaga farklilagtirildi ve alsiyan
mavisi boyamasi, MTS hiicre ¢ogalma testi ve gergek zamanli PCR yontemleri kullanilarak
karsilastirilmistir. Hiicre ¢ogalmasinda ADZ kiiglik molekiiniin daha yiiksek etki
gostermesine ragmen, kikirdak farklilagsmasi sirasinda hiicrerler arast madde (HAM)
sentezini diistirdiigii gozlemlendi. Bu yiizden ¢alisma ¢alismanin devaminda, SKF KM ve
onun KGN ile kombinasyonu kullanilmistir, PLA hiicre iskeleleri tiizerine ekilmis
SKIMKHler KMler ile kikirdak farklilasmasina indiiklenmistir. Alsiyan mavisi boyamast,
MTS hiicre gogalma testi ve gergek zamanli PCR yontemleri hiicreler {izerinde uygulandi.
Kontrol gruplarina kiyasla daha yiiksek miktarda kikirdakst HAM birikimi, daha fazla hiicre
cogalmast ve daha yiiksek kikirdak spesifik gen ifadesi SKF KM verilen gruplarda
gbzlenmistir. Bu ¢alismanin sonucunda SKF kii¢iik molekiiliiniin kondrojenik indiiksiyon
ozelligi ile kikirdak doku miihendisligi calismalarinda kullanim potensiyeli oldugu

gosterilmistir.
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1. INTRODUCTION

Every year millions of people suffer from cartilage defects. While technological
improvements increase, sedentary life style becomes increasingly common. Obesity,
absence of physical activity, ageing are the main factors of cartilage diseases [1]. Cartilage
tissue is an avascular tissue with a limited regeneration ability when deformed [2]. Although
there are traditional methods for treatment of cartilage defects, they are still unsatisfactory
in terms of fully restoration and bringing tissue function back. Cartilage tissue engineering
provides new treatment methods for regeneration of damaged cartilage via gather molecular

biology and materials engineering [3].

Cartilage tissue engineering includes cells, scaffolds and growth factors for treatment of
defects. Cell source can be autologous chondrocytes or differentiated stem cells and scaffold
iIs 3-D material supporting defect mechanically, enabling cell migration, proliferation,
differentiation and ECM organization [4]. Growth factors are inducing factors that enhance
proliferation, differentiation and ECM production in tissue engineering constructs [5]. The
goal of cartilage tissue engineering is regeneration of damaged cartilage and creation of
functionally and mechanically close tissue with native one [6]. There are numerous cartilage
tissue engineering studies that combine different cell sources, scaffolds and growth factors
to accomplish this goal, but investigations still continue to get on ideal cartilage treatment

technique.

This study aimed cartilage regeneration via small molecule induction on chondrogenically
differentiated RBMSCs. Fibrous PLA scaffolds were used as a 3-D support material for
differentiated RBMSC. Two small molecules Adezmapimod (SB203580) (ADZ) and SKF-
96395 hydrochlorine (SKF) were used as inducer and their effects on chondrogenic
differentiation were determined. In previous studies, it was proven that these two molecules
enhances proliferation of MSCs [7,8]. In this study, effect of ADZ and SKF on chondrogenic
induction was researched. Small molecules ADZ and SKF were compared with another
small molecule KGN which is known as chondrogenic inducer having chondroprotective
features on chondrocytes. Small molecules were introduced to RBMSCs seeded on PLA

scaffolds and cartilage tissue regeneration potential of the constructs were determined.



1.1. CARTILAGE

Cartilage is a component of the skeletal system and has important roles in body such as
providing flexibility, resistance to compressive forces and mechanical resilience of the bones
for the movements of the body [2]. Cartilage is an avascular tissue that has no blood or lymph
vessels for nutrient, oxygen and metabolite transfer from circulation. Cartilage takes
nutrients and growth factors from synovial fluid found between tissues by passive diffusion.
The lacking of the vascularization causes slow turnover rate in nutrients and growth factors

which leads to no damage repairing ability in cartilage tissue [9].

There are three types of cartilage found in the body as hyaline cartilage, fibrous cartilage
and elastic cartilages. Hyaline cartilage, abundant type of cartilage in the human body is
composed of proteoglycans and type Il collagen. It is found in respiratory tract, nose, and
growth plates of long bones [10]. Smooth and moist surface structure of the hyaline cartilage
gives resilience to the bones against compressive forces [11]. The second cartilage type,
fibrous cartilage is found in the tendon and ligaments and interverbal discs. It is composed
of type I collagen instead of type Il collagen, it is more rigid than hyaline cartilage and
found in areas exposed of high amount of compression and tension [12]. The thirdly, the
elastic cartilage consists of elastin fibers, proteoglycans and type 1l collagen found in ear,
larynx and esophagus and it is the most elastic cartilage type among the three cartilage types
[13].

1.1.1. ARTICULAR CARTILAGE

Articular cartilage is the special type of hyaline cartilage found in synovial joints and covers
the ends of the bones. Articular cartilage has a huge stress resistance capacity because of its
highly organized extracellular matrix (ECM) structure that gives the load bearing ability to
the joint up 20 times of body weight [14]. ECM production and organization of the cartilage
tissue are maintained by chondrocytes that is the only cell type found in the articular cartilage
[15]. Water and ECM proteins including proteoglycans, collagens and noncollagenous

proteins are main contents of the articular ECM (Figure 1.1).



Proteoglycans are large macromolecules consisting of a protein core and glycosaminoglycan
chains. Negatively charged proteoglycans provide high water retention capacity in ECM and
give resisting ability against compression forces in the cartilage tissue. There are various
types of proteoglycans including aggrecan, fibromodulin, decorin, biglycan and aggrecan is
predominant among them [16]. Beside of the water holding capacity of the proteoglycans,
they are also important in protection of the collagen networks from degradation. Aggrecan
monomers consisting of three globular domains bind to hyaluronan molecules and constitute
aggregates. The aggregates fill around of the type Il collagen networks and protect them

against proteolytic cleavage [17].

Collagens are another main protein group found in the articular cartilage ECM. While type
I, type IX and type XI are cartilage specific collagen types, type Il is found abundantly in
the cartilage tissues. Fibrils of type Il collagens attach to each other’s via type IX collagen
and form a network structure providing basic 3-D shape to ECM [18]. The collagen networks
provide mechanical integrity and protect the cartilage from tension forces. Together with
aggrecan, type Il collagen is predominant molecule in articular cartilage ECM and they are

used as a marker in cartilage tissue studies [19].

Biglycan

Decorin
Type IX collagen

Mbromodunn

Figure 1.1. Articular cartilage ECM structure [15]

Type Il collagen




Articular cartilage is found in joints of two bones and covers ends of both bones two provide
lubrication and prevent friction between bones (Figure 1.2). Articular cartilage is covered by
synovial fluid and membrane and this structure is named as articular capsule [18]. When the
articular cartilage cross section is investigated, four zone (superficial zone, middle zone,
deep zone, calcified zone) of cartilage from articular surface to bone is seen and bone next
to cartilage is called subchondral bone [19]. The chondrogenic and ECM organization
change along with cartilage zones. While chondrocyte number is higher on top layers of
cartilage tissue and decreases with down layers, ECM matrix amount increases in down

layers.

a . S'b Articular surface
Cortical bone —— R S Ce%6%0%a 00 e s Chondrocyte ] Superficial
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7
ee“eoat Tidemark ) Calcified
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—‘—‘ Subchondral bone marrow

Subchondral plate

Figure 1.2. Articular cartilage anatomy (A) illustration of joint between two bone and two

articular cartilage (B) cross section of a articular cartilage [21]

1.2. CARTILAGE TISSUE ENGINEERING

Osteoarthritis and traumas are main reasons of the cartilage defects [22]. Osteoarthritis is the
most common reason of cartilage defects. It is slowly developing disease with age, and
causes degeneration of cartilage such as knee, hips and hands. Obesity, age, physical activity,
genetic factor are risk factors on progress of osteoarthritis [1]. On the other hand, cartilage
trauma injuries are seen mostly in articular knee cartilage and resulted from load bearing

actions such as jumping down, twisting or falling on knee [23].

Drug prescriptions, microfracture surgery, prosthetic replacement, autologous chondrocyte
transplantation are traditional treatments of cartilage defects [24]. The treatment technique



Is chosen according to the thickness of defect on cartilage. Defects found in articular surface
and superficial zone and middle zone are named as partial thickness defect [25]. Defects
extended along all cartilage until subchondral bone are named as full thickness cartilage
defect. In partial thickness cartilage defects losing weight, drug prescription and
rehabilitation are chosen for treatments, while for full thickness defects, surgical treatments

such as micro fraction, mosaicplasty, autologous chondrocyte implantation are used [26].

The traditional treatment strategies generally aim relieving of symptoms. Surgical strategies
have limitations on forming mechanically functional cartilage tissue mimicking native
cartilage [24]. Donor site morbidity, dedifferentiation of autologous chondrocytes after
implantation, maintaining chondrogenic organization on implants are the main problems in
conventional treatment method [6]. Cartilage tissue engineering, multidisciplinary field, is
on intersection of biology and materials engineering and it address problems of conventional

methods.

There are three elements of cartilage tissue engineering which are cell source, scaffold and
growth factors. The autologous cell source is taken from patient, expanded to bigger amounts
in cell culture and given back to patient to restore cartilage defects [22]. The scaffold is used
for mechanical support in defected area and provides migration, proliferation, matrix
production of the cells. Growth factors are used for proliferation and chondrogenic
differentiation of the cells in both in vitro culture conditions during cell expansion and during
new tissue formation on cartilage defect of patient. In the next section, these three elements
of cartilage tissue engineering will be determined in details.

1.2.1. Cell Sources

Even though only scaffolds can be used for regeneration of cartilage defects, using the cell
sources with scaffolds makes more improved repairing results. There are various cell sources
used in cartilage tissue engineering, but ideal one is still unclear. Easiness of isolation, less
donor site morbidity, high cell density, expansion in vitro, high chondrogenic differentiation
capacity and high production of chondrogenic ECM are the requested features in choosing
of the cell source. Chondrocytes, stem cells, fibroblast are three main groups of cell sources

in cartilage tissue engineering studies [6].



According to type of donor organism, cell sources can be classified as autologous, allogenic
and xenogeneic cell sources. In autologous cell sources, both donor and recipient are the
same organism. Chondrocytes, stem cells or fibroblasts are obtained from patient, expanded
in cell culture and introduced to defected cartilage of patient for induction of cartilage
regeneration [27]. Unlike autologous cell sources, allogenic cell sources are obtained from
genetically non-identical donor but same species with the recipient. When patient has healthy
donor tissue for autologous translation, using allogenic cell sources can be advantageous.
Obtaining autologous cells is a challenge especially in patients at later ages having health
problems, and allogenic cell sources are advantageous to overcome this challenge [28]. On
the other side, use of allogenic cell sources can cause immune rejection in patient or diseases
can be transferred from donor to recipient [29]. Xenogeneic sources are an alternative to
autologous and allogenic cell sources. Donor organisms are different species from recipient
organism in xenogeneic sources. Because of ethical concerns and immunogenicity,

xenogeneic cell sources are least preferred one among the other cell sources.
1.2.1.1. Chondrocytes

Chondrocytes are the only cell type found in cartilage tissue; this makes it first cell source
to come in to mind in cartilage tissue engineering. The chondrocytes are isolated from the
cartilage of the patient at low compression bearing sites and expanded to large numbers in
vitro conditions. Then, the chondrocytes are seeded into scaffolds to create 3-D culture
environment enhancing ECM matrix production of the cells, and finally cartilage graft is
implanted to the defect side of the patient (Figure 1.3) [25]. Although, their ECM matrix
production seems like appropriate option for cartilage defects, there are numerous
disadvantageous of using chondrocytes. Donor site morbidity, invasive cell harvesting
procedure, limited cell number availability, low expansion capacity in in vitro conditions,
loss of function because of rapid dedifferentiation of chondrocytes are the main
disadvantageous. Therefore, other cell sources having high expansion capacity and lower

donor site morbidity are more attractive in cartilage tissue engineering studies [30,31].
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Figure 1.3. Implantation of autologous chondrocyte with scaffold [25]

1.2.1.2. Stem Cells

As an alternative to autologous chondrocytes, stem cells are good option as a cell source
with their high expansion rate in in vitro conditions and differentiation capacity into the
chondrocytes. Mesenchymal stem cells (MSCs) can be isolated from various tissues such as
bone marrow, adipose tissue, synovial and periosteal membranes, umbilical cord, placenta

and embryos [32].

Bone marrow derived stem cells (BMSCs) are extensively used stem cells source in tissue
engineering studies. TGF-p, a growth factor, is a necessity for chondrogenic differentiation
and it is used in media supplements in in vitro cultures. Even though only differentiated
BMSCs can be used in treatment of cartilage defects, the addition of scaffolds and inducing
the environment with the molecules enhance the renewal of cartilage (Figure 1.4.) [33].
Three-D culture environment provided by scaffold positively affects the chondrogenic
differentiation degree and ECM matrix production amount in vitro. Although BMSCs are
advantageous due to their high proliferation capacity, there are some problems in obtaining
of BMSCs from donors. Studies show that the proliferation rate of the BMSCs obtained from
patients is significantly lower than the ones coming from health donors, also chondrogenic
and adipogenic differentiation capacities of the BMSCs are reduced with diseases and older



age in donors. Therefore, age and disease of the patients are limiting factors on usage of
BMSCs in therapies [34].

MSC-based therapies

Lesion Cartilage
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Figure 1.4. MSC usage in cartilage defect therapy (A) defected cartilage area, (B) only
MSCs, (C) MSCs and inducing factor, (D) MSCs and inducing factor and scaffold
implantation together to the defected area [25]

Adipose derived stem cells (ADSCs) are another stem cell sources which are frequently used
in tissue engineering studies because of easiness during isolation than the BMSCs and
chondrocytes. While the ADSCs in a large amount can be obtained from the liposuction
surgeries, low morbidity in donor tissue is seen together with less discomfort in patient [35].
The growth factor requirements of the stem cells for chondrogenic differentiation vary
depending on the stem cell source. While BMSCs need supplementation of growth factor
TG-B, ADSCs require BMP-6 for aggrecan and collagen type 2-11 ECM production during
differentiation. The ADSCs can be expanded more extended time because of their low cell
senescence rate during cell growth, on the other hand, the ADSCs have low osteogenic and
chondrogenic differentiation capacity compared with BMSCs [31].

Embryonic stem cells (ESCs) are pluripotent stem cells having high proliferative capacity
and can be differentiated into all somatic cell types. Although, their superiority in



proliferation and differentiation, studies and clinical applications of ESCs are limited
because of ethical issues [37]. Also, antigenicity, purity and chondrogenic differentiation
differences between the ESCs line are the other problems in ESCs [38]. Induced pluripotent
stem cells are alternative to ESCs with their pluripotency and having no ethical issues, but
tumorigenicity risk limits their application [39].

1.2.1.3. Fibroblasts

Fibroblast are good alternative cell source to chondrocytes and adult stem cells to use in
cartilage tissue engineering. Relatively large number of dermal fibroblast cells in skin can
be easily isolated from patients with minimal invasion. Studies show that fibroblast can
produce chondrogenic ECM containing aggrecan and type Il collagen, and also they produce
TGF-B1 and secrete to environment which, induces the articular ECM production in defect
side [40,41].

1.2.2. Scaffolds

Scaffolds are an important elements of cartilage tissue engineering because of their 3-D
structure, which gives an appropriate environment for cartilaginous ECM production.
Biocompatibility, controlled biodegradability, mechanical resistivity, nontoxicity and
causing not immunological and inflammatory response in host organism are requested
features of scaffolds [6]. A scaffold must have proper porous size enabling to attachment
and migration of cells, diffusion of nutrients, oxygen and growth factors [42]. Scaffolds can
be classified according to their material types as natural and synthetic, and also can be
divided according to their forms as fibrous and porous scaffolds. In the next section, natural

and synthetic polymers used in scaffold preparations will be explained.
1.2.2.1. Natural Materials

Collagen is an abundant protein found in ECM (90 percent of the dry weight of the articular
cartilage) that provides mechanical strength and architectural structure to cartilage tissue
[43]. Because of its high biocompatibility, collagen is used both in vitro and in vivo cartilage
tissue engineering studies as a scaffold material. By using enzymatic degradation and salt
leaching methods, collagen is isolated from animals such as swine and bovine [44]. After

reducing immunogenicity of the collagen, it is used in scaffold preparations. Although both
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type | collagen and type 11 collagen can be used in cartilage tissue engineering, the collagen
type 1 is the most preferred type because of its capability to induce redifferentiation of
chondrocytes. A commercial type | collagen gel product Atelocollagen was examined in
vitro and increasing ECM production of chondrocytes was observed [45]. On the other hand,
in clinical trials 93 percent success rate was achieved in patients and biomechanical
similarity was seen when compared with healthy cartilage. Integration of implanted cartilage
to the host tissue is an important challenge in cartilage tissue engineering. Collagen has
overcome this challenge with its controlled delivery feature. In one of the in vivo study
including a collagen scaffold/chondrocyte implant, chondrocytes were seeded into two sides
of the collagen scaffolds, then cultured between the defected two cartilage pieces, at the end

of 40 days, integration between implanted scaffold and cartilage tissue was observed [46].

Chitosan is a polysaccharide obtained via deacetylation of chitin that is naturally found in
seashells. With linear cationic structure, chitosan is an analog of the glycosaminoglycans
found in ECM of chondrocytes [47]. Therefore, it gets attention in tissue engineering with
its biocompatibility. Chitosan hydrogels have a similar structure of hydrated collagen
network in chondrogenic ECM that allows enhanced proliferation and growth of
chondrocytes on chitosan scaffolds [48]. Also, crosslinking ability of chitosan provides
easy modification and combination with other biomaterials and inducing growth factors. In
a study, Arginylglycylaspartic acid (RGD) peptide was encapsulated with chitosan and
obtained microcarriers were given to the adipose derived stem cells within N-methacrylate
glycol chitosan hydrogel matrix. At the end of this study, enhanced chondrogenesis and

articular cartilage repair were observed [49].

Hyaluronic acid is a glycosaminoglycan that is found in articular cartilage, it has a role in
linking aggrecans and giving lubricant property to cartilage via immobilization of water
[50]. While hyaluronic acid is an important polysaccharide in maintaining of viscoelastic
features of cartilage, hyaluronic acid injections are applied in osteoarthritis treatment [51].
Like chitosan, hyaluronic acid can be chemically modified by crosslinking reactions and
hyaluronic acid containing hydrogels can be obtained from crosslinks. Hydrogels of
hyaluronic acid were used in encapsulation of chondrocytes and injected into cartilage
defects. Hyaline cartilage formation and tissue integration between the new formed cartilage
and host tissue were observed [52]. Even tough hyaluronic acid has a great biocompatibility

in cartilage treatments, its mechanic features are not enough to support chondrogenesis in
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defected area. However, usage of the hyaluronic acid together with other materials could be
the solution. In one of the study, tripolymer of hyaluronic acid, gelatin and chondroitin was
used for delivery of chondrocytes to a cartilage defect. Enhanced matrix synthesis and

successful cartilage regeneration was observed [53].

Alginate is a natural polymer obtained from brown algae. It has a linear anionic
polysaccharide structure and can be dissolved in water in the presence of calcium chelating
agents. The alginate gels are mostly used in cartilage tissue engineering for encapsulation
and injectable delivery of chondrocytes to cartilage defects. Also, alginate beads were used
for in vivo and in vitro studies for growth of BMSCs and differentiation into chondrocytes
[54,55]. On the other hand, alginate can immunogenic in vivo conditions and can induce
severe foreign body giant cell reactions, therefore, there is limited number of clinical

research on alginate based cartilage implants [56].
1.2.2.2. Synthetic Materials

Although natural materials have great a biocompatibility, integrity and nontoxicity futures
due to their chemical similarity with native articular ECM, they are mechanically weak for
cartilage tissue engineering applications. Synthetic polymers are alternative to natural
materials with slow degradation rates, easy processability and mechanical strength. There
are various FDA approved synthetic polymers for medical applications such as polyglycolic
acid (PGA), polylactic acid (PLA), polyethylene glycol (PEG), polylactic-co-glycolic acid
(PLGA), polyurethane etc. [57]

Combination of two materials, composite materials provide better mechanical properties
than their components. In scaffold prepared from polyvinyl alcohol graphene composite,
increased elastic and compression modulus, electrical conductivity and toughness of
composite material were found when compared with the single materials [58]. Also,
biocompatibility can be enhanced by combining synthetic polymers with natural ones. In
one of the study, chondrocytes were seeded into PCL/type | Collagen scaffolds and increased
hyaline like ECM production was observed in vivo study in nude mice model [59]. In
another study, PCLC (poly(L-lactide-co-e-caprolactone) was combined with chitosan and
pig articular chondrocytes were seeded and cultured on porous composite scaffolds. It was
observed that chondrocyte attachment and proliferation, type Il collagen and aggrecan

synthesis were increased with chitosan compared with only PCLC scaffolds [60].
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Polylactic acid (PLA) is a biodegradable thermoplastic mostly used in fiber, film and
nonwoven fabric production such as disposable cup, plastic bottle, teabag, diaper and
sanitary pad [22]. As seen in Figure 1.5, PLA is composed of lactic acid monomers and it is
produced from polymerization of organic lactic acid sources such as sugar cane, corn starch
etc. [61]. Because of biocompatibility, slow and controllable degradation rates of PLA, it is
widely used in medical applications. Bone and cartilage tissue engineering grafts, sutures,
prostheses, medical screws, spinal cages, drug carriers, microneedle patches are example of

PLA usage in medical product and treatments [62].
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Figure 1.5. Chemical structure of polylactic acid [61]

When PLA is degraded, L-lactic acid monomers become the hydrolysis product. The L-lactic
acid monomers are nontoxic molecules and can be easily removed out of body by kidneys
[63]. Although L-lactic acid monomers cause pH decrease in the tissue, the slow degradation
rate of PLA provides tolerable pH decrease. Slow degradation property of PLA is also
important to use it as a drug carrier. PLA is approved by FDA for delivery of numerous

drugs such as anticancer, anti-inflammatory, antipsychotics [64].

Even though, PLA is a good scaffold material with its slow degradation rate and mechanical
properties supporting tissue regeneration, its hydrophobicity and low cell attachment
properties are disadvantages in tissue engineering applications. However, PLA surface can
be modifiable by using cross-linking reactions or combined with other materials to enhance
its biocompatibility [65]. There are numerous studies with PLA scaffolds used for cartilage

tissue engineering. In these studies, proliferation and aggrecan containing ECM production
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were observed in chondrocytes seeded on scaffolds [66-68]. Histological, morphological
and biochemical integration were observed between native tissue and grafted scaffold in in
vivo study [69]. Type Il collagen synthesis and hyaline like ECM formation were observed
in PLA constructs and full thickness cartilage defect in rabbit knees was repaired and new

cartilage formation was observed.

1.2.3. Growth Factors

Third element of the cartilage tissue engineering is the growth factors used for inducing
chondrogenesis of MSCs, enhancing proliferation, cell adhesion and hyaline like ECM
formation [70]. TGF-B, IGF (insulin-like growth factor), BMP (bone morphogenic factor),
FGF (fibroblast growth factor), PDGF (platelet derived growth factor) are the growth factors
that have enhancing and inducing effect on chondrogenic differentiation and cartilage
formation [4,71]. Growth factors not only induce chondrogenesis, but also down regulate
synthesis of type | collagen that relates with hypertrophy and reduce enzymatic activity of
MMPs (matrix metalloproteinases) degrading ECM matrix proteins [20].

Growth factors can be introduced to cells directly by adding to culture medium or using
scaffold delivery systems or using nanoparticle carriers. Adding growth factors to the culture
media is the easiest way of delivery but half-life of growth factor is short and the amount of
growth factor with time is variable when compared with other delivery methods. In Park et
al. study, TGF-B was loaded into microparticles and mixed with hydrogel composites and
used for chondrogenic differentiation of MSCs [72]. Significantly increased amount of
glycosaminoglycan and type Il collagen synthesis was observed in microparticles containing
group compared with controls. This study showed that encapsulated growth factors remain
viable for a longer period in culture and increase efficiency of growth factors.

Growth factors have different effects when applied independently or combined together.
While BMP-7 induces chondrogenic differentiation, it also stops cell proliferation [73]. But,
when TGF-p is added together with BMP-7, cell proliferation continues with chondrogenic
differentiation. In another study, TGF-p and IGF combination were examined. Chondrocytes
were induced with TGF-B and IGF, increased cell proliferation, enhanced matrix synthesis

were observed compared with individual TGF-$ and IGF groups and controls [74].
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Small molecules are low molecular weight molecules (lower than 900 Daltons) used in
medical applications for treatment, diagnostic and prevention of diseases [75]. Small
molecules are predominant among pharmaceutical products for example, aspirin and
diphenhydramine are well known small molecule drugs. Unlike growth factors, small
molecules can easily pass-through the cell membrane [76]. Also, small molecules are
advantageous due to their stability and non-immunogenicity. Therefore, small molecules
recently get attention in tissue engineering researches. There are numerous studies showing
that small molecules can induce cell proliferation and chondrogenic differentiation in MSCs.
Honokiol, Rosmarinic Acid, Cycloastragenol, Kartogenin are some of these small molecules
and they were proved to promote chondrogenic differentiation of stem cells in preclinical
researches [77-80].

1.2.3.1. Kartogenin

Kartogenin (KGN) is a small molecule used in chondrogenic differentiation and
chondroprotection in cartilage regeneration Its chemical name is 2-[(4-phenylphenyl)
carbamoyl] benzoic acid (Figure 1.6). KGN has several advantageous to protein growth
factors since some growth factors like TGF-p and BMP have problems of immunogenicity,
instability and short in vivo half-life [24]. It was discovered in 2012 by Johnson et al, and
they proved chondrogenic potential of Kartogenin [81]. According to the study, KGN
interacts with core binding factor (CRFp), acting binding protein filamin A (FLNA) and
RUNX1 transcription factor that stimulates the chondrogenic differentiation of MSCs.
Increased synthesis of chondrogenic markers such as type 11 collagen, aggrecan, lubricin and
SOX9 was observed upon application of KGN on MSCs when compared to control group.
Also hypertrophy and calcification were examined on MSC and no significant difference
was observed on induced MSCs with KGN. These results showed that KGN both induces
chondrogenic differentiation of MSC and protects the cartilage ECM from degradation.
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Figure 1.6. Chemical structure of KGN [82]

There are numerous studies about cartilage regeneration effects of KGN. Combination of
KGN significantly increases synthesis of lubricin which is chondroprotective glycoprotein
and decrease in osteoarthritis [83]. Another study revealed that KGN is a chondroprotective
under pathological conditions that were simulated on cartilage explants [84]. Decreased
nitric oxide production and increased glycosaminoglycan secretion were observed on KGN
induced group. KGN also has synergistic effects when combined with other growth factors
like TGF-p and BMP-7, lubricin and glycosaminoglycan secretion amount increases on
differentiated BMSCs when compared with groups induced with only growth factors.

1.2.3.2. Adezmapimod (SB203580)

Adezmapimod (ADZ) or SB203580 is a small molecule containing two phenyl rings and an
imidazol ring as seen in Figure 1.7. Its chemical name is 4-(4-Fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole. It is selective inhibitor of p38 mitogen-
activated protein kinase (MAPK) that is responsive to stress stimulis such as heat, UV,
osmotic pressure, inflamation etc. There are four types of p38 MAPK in mammalians: p38a,
p38B, p38y and p385, that involve various pathways during cell cycles such as
differentiation, autophagy, apotosis. Therefore, there is various literature study showing the
effects of inhibiton of p38 MAPK via induction of SB203580. In one of the literature study,
SB203580 was applied on rats with middle cerebral artery occlusion and significant
reduction in infarct volume was shown in this study [85]. In another study, effects of p38

MAPK inhibition via SB203580 treatment was investigated on osteogenically differentiated
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muscle derived stem cells While cell proliferation increased in the stem cells, lower

expression osteogenic differentiation markers were observed [86].

Figure 1.7. Chemical structure of SB203580 [87]

1.2.3.3. SKF 96365

SKF 96365 (SKF) is a small molecule containing two phenyl ring and one imidazole ring
like SB203580 as seen in Figure 1.8. Its chemical name is 1-[B-(3-(4-Methoxyphenyl)
propoxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride, 1-[2-(4-Methoxyphenyl)-2-
[3-(4-methoxyphenyl) propoxy] ethyl] imidazole [88]. It is an inhibitor of transient receptor
potential channels (TRPCs) which are a receptor family found in mammalians. There are
seven different types of TRPCs in mammalians, over expression of TRPC6 is seen in
Alzheimer’s disease, TRPC1 and TRPC3 are upregulated in cardiovascular disease. In a
study, cell growth of glioblastomas (found in brain tumors) was inhibited by SKF 96365 in
vitro experiments [89]. In another study, increased apoptosis in cardiomyocytes and high
sensitivity to injuries were observed on transgenic mice that showed an overexpression on
of TRPC3 in myocardial cells, and SKF 96365 treatment resulted in enhanced viability of
cardiomyocytes [90].
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Figure 1.8. Chemical structure of SKF 96395 hydrochlorine [91]

1.3. AIM OF THE STUDY

The aim of this study was to provide cartilage tissue regeneration via small molecule induced
RBMSCs. Small molecules ADZ and SKF are known with proliferative inducers of MSCs
[8]. In this study, chondrogenic induction potential of ADZ and SKF molecules were
examined and compared with KGN small molecule which is already known as chondrogenic
differentiation and chondroprotection inducer molecule in literature [81,84,92]. PLA fibrous
scaffolds spun via wet-spin technique was used as a 3-D support material to establish
mechanical strength and articular ECM formation of differentiated RBMSCs. Cartilage
tissue constructs were prepared by seeding RBMSCs into fibrous PLA scaffolds and
differentiated into chondrocytes via using chondrogenic differentiation medium
supplemented with small molecules ADZ, SKF and KGN. In vitro evaluations of small

molecules were carried out on tissue constructs.
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2. MATERIALS

2.1. CHEMICALS AND REAGENTS

e Absolute ethanol (Isolab, Turkey)

e Absolute isopropyl alcohol (Isolab, Turkey)

e Alizarin-Red Solution (Merck-Millipore, Germany)

e Corning™ ITS Premix Universal Culture Supplement (Fisher Scientific, USA)

e Dexamethasone (Sigma-Aldrich, Germany)

e Dichloromethane (Merck Millipore, USA)

e Dimethyl Sulfoxide (DMSOQO), Sterile (Bioshop, Canada)

o Distilled water

e Dulbecco’s Phosphate Buffered Saline (PBS) (Thermo Fisher Scientific, USA)

e Dulbecco's Modified Eagle Medium (DMEM) High Glucose (4500 mg/L) Medium
(Gibco-Thermo Fisher Scientific, USA)

e Fetal Bovine Serum (FBS) (Gibco-Thermo Fisher Scientific, USA)

e Formaldehyde (Fluka, Switzerland)

e Human Transforming Growth Factor -1 (TGF B -1) (PRP100190) (Abbkine, USA)

¢ Indomethacin (Chem Cruz- Santa Cruz Biotechnology, USA)

¢ Insulin solution human (Sigma-Aldrich, Germany)

e Kartogenin (SML0370) (Sigma-Life Science, Germany)

e L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Santa Cruz
Biotechnology, USA)

e L-Proline (Sigma-Aldrich, Germany)

e MEM a, GlutaMAX™ Supplement, no nucleosides (Gibco-Thermo Fisher
Scientific, USA)

e Oil Red O (Sigma-Aldrich, USA)

e Penicillin-Streptomycin-Amphotericin ~ (PSA)  Sigma-Aldrich  Corporation,
Germany)

e Primers for COL2A1, ACAN, SOX9, RUNX1, COL1A1 (Macrogen, South Korea)

e SB203580 (ADZ) (PHZ1253) (Gibco-Thermo Fisher Scientific, USA) was kindly
donated by Yeditepe University Regenerative Biology Research Laboratory



2.2.

2.3.

19

SKF 96365 Hydrochloride (Small Molecule SKF) (1147) (Biotechne, USA) was
kindly donated by Yeditepe University Regenerative Biology Research Laboratory
Sodium azide (Sigma-Aldrich, Germany)

Trypsin-EDTA solution (Sigma-Aldrich, Germany)

Tween® 20 (AppliChem, USA)

B-Glycerophosphate disodium salt hydrate (Sigma-Aldrich, Germany)

KITS

Alcian Blue-PAS Stain Kit (Atom Scientific, UK)

iScript cDNA synthesis kit (Bio-Rad, USA)

Maxima SYBR Green, ROX gPCR Master Mix, 2X (Thermo Fisher Scientific, USA)
CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, USA)
RNA Spin Total RNA Isolation Kit (Intron Biotechnology, Korea)

INSTRUMENTS

Nanodrop Spectrophotometer (Thermo Scientific, USA)

Scanning Electron Microscope (Carl Zeiss EVO, Germany)

Laminar Flow Cabinet (ESCO Lab. Culture Class Il Biohazard Safety Cabinet 2A,
Singapore)

COz Incubator (ESCO Lab., Singapore)

Brightfield Microscope (Carl Zeiss, USA)

Centrifuge (Hettich micro 22R and Sigma 2-5 centrifuge, Germany)

pH Meter (Hanna, Germany)

ELISA Plate Reader (BioTek ELx800, USA)

CFX Touch™ Real Time PCR Detection System (Bio-Rad, USA)

Shaking Water Bath (Memmert, Germany)

Freeze Dryer (Savant Modulyo Freeze Drying Systems, Thermo Fisher Scientific,
USA)

Vortex (Biostellar, China)



Countess Cell Counter (Thermo Scientific, USA)
Inverted Microscope (Carl Zeiss, USA)
ExplorerPro Analytical Balance (Ohaus, USA)
Universal Testing Machine (3382, Instron, USA)
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3. METHODS

3.1. PREPERATION AND CHARACTERIZATION OF SCAFFOLDS

PLA (Poly Lactic Acid) was pre-dried for 6 hours at 100 °C before use in wet spinning. Then
it was dissolved in DCM at 20 percent w/v ratio and stirred on magnetic stirrer at 120 rpm
overnight. Wet spinning set up was prepared as seen in (Figure 3.1). Coagulation bath was
filled with 90 percent cold isopropanol and put onto the turntable. The blunt end 21-gauge
needle was fit onto the 10 mL syringe. The syringe was filled with dissolved PLA and placed
into the syringe pump, which was set to 50 uL/min flow rate. After wet spinning, the spun
PLA was incubated in coagulation bath at +4 °C overnight. Next day, spun PLA was washed
with dH»O several times, and frozen at -80, and freeze-dried overnight. Dried spun PLA was
cut via a steel punch with a 0.9 cm diameter. PLA fibers were cut as circles (6 mm diameter)
by using steel punches and placed into 48 well plate. The scaffolds were sterilized with 70
% ethanol solution. The plate was kept on +4 °C for 3 hours, then scaffolds were washed
three times with PBS buffer.

Figure 3.1. Wet spinning set up (A) dried fibrous PLA spun (B) and final form after cutting
with steel punch (C).
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3.1.1. Scanning Electron Microscopy

Scaffolds with 6 mm radius were cut from PLA fibers with a steel punch. These scaffolds
were attached onto glass slide by using adhesive carbon discs. The sample slide was placed
into sputter coater machine, and samples were covered with gold coating. Then, surface
characteristics of the scaffolds were determined under the scanning electron microscope.

3.1.2. Degradation Analysis

The weight of each scaffold was measured and put into 15 mL centrifuge tubes. PBS buffer
solution that contains 0.1% sodium azide was prepared and added into each of the centrifuge
tubes (5 mL). The initial pH of the PBS solution was measured as 7.39. The tubes were
placed into 37 °C shaker water bath and incubated, for 3, 5, 7, 15, 30 and 60 days. At the end
of each incubation period samples were taken from water bath, the final pH of the PBS
solution was measured to observe pH difference. Then, the scaffolds were taken from the
tubes and weighed. After freeze-drying, they were scaffolds weighed again to determine
weight loss in degraded scaffolds. Weight loss and water retention percentages were
calculated using equations 3.1 and 3.2, respectively. Wi is initial weight, Wy is wet weight,

Wyt is final weight of dried scaffolds in the following equations.

W, — W,
Percent Weight Loss = T %100 (3.1)
W,
W, — W,
Percent Water Retention = % x 100 (32)
i

3.1.3. Mechanical Analysis

Instron Universal Testing Machine was used for mechanical analysis of PLA fibers. For
tensile test, PLA fiber bundles containing 400 fibers were prepared (Figure 3.2.A). The
length and diameter of the fiber bundles was measured by using of a electronic caliper as 25
mm to 2.49 mm, respectively. The PLA bundle was placed from the two endings to the
machine (Figure 3.2.B). Then, the tensile test was carried on the Universal Testing Machine
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with a 5 mm/min displacement rate and the force was measured as Newton (Figure 3.2.C).
The test was terminated when the PLA fibers started to break off. The elastic modulus value

of PLA fibers was calculated from the data.

=i

Figure 3.2. Tensile test analysis A) PLA samples before tensile test, B) Tensile grips, C)
Tensile set up.

For compression test, PLA fibers were cut as cylinder having 5 mm diameter and 6 mm
height. Samples were placed into the cylindrical molds having 5 mm diameter (Figure
3.3.A). The mold was placed into the Universal Test Machine and the compression was
applied at 5 mm/min ratio and the force was measured (Figure 3.3.B, C). The test was
terminated when the force reached to 100 Newton and the compression modulus was

calculated from the data.
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Figure 3.3. Compression analysis (A) PLA samples before compression test, (B)

Compression grids, (C) Compression test set up.

3.1.4. Cell Proliferation on Scaffolds

After degradation and mechanical analysis of PLA fibers, their suitability for cell attachment
and growth were determined by using cell proliferation (MTS) assay. RBMSCs were
trypsinized, seeded onto the sterilized scaffolds in 20 uL growth medium (20,000 cell per
well), and incubated at 37°C, in 90 percent humidity and 5 percent CO2 on incubator. After
2 hours of cell seeding, 250 pL cell growth medium was slowly added into each well and
placed again into the cell culture incubator. The media were replaced twice a week with fresh

growth media.

After 1, 7 and 14 days of incubation, cell proliferation on the scaffolds were measured by
MTS method. Fort this, CellTiter 96® AQueous One Solution was diluted with growth
media at 1:6 ratio. The cell seeded scaffolds were put into wells of the new plate and 250 uL
MTS solution was added onto each scaffold and blank containing wells. The plate was
incubated in cell culture incubator for 2 hours. Then, the absorbance of samples was
measured at 490 nm by using ELISA plate reader and cell proliferation rate was calculated

by using MTS standard curve.
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3.2. INVITRO CELL CULTURE STUDIES

3.2.1. Isolation of Stem Cells

RBMSCs were isolated from 6-8-week-old Sprague Dawley rats. The ethical permission
was received from Yeditepe University Experimental Animals Ethical Committee. The
femoral and tibial bones were removed from sacrificed rats and put into harvest medium that
contains 10 precent (v/v) PSA (Penicillin-Streptomycin- Amphotercin) in low glucose
DMEM.

Muscles and connective tissues were cleaned from the femur and tibia via a steril gauze
under the laminar flow hood. The ends of bones were cut with bone scissors and the bone
marrow was flushed by using a 10 mL syringe and collected in a 50 mL centrifuge tube. The
extracted bone marrow was centrifuged at 2,000 rpm for 5 min. The cell pellet was
suspended in growth media (GM) (Low Glucose DMEM with 10 percent FBS, 1 percent
PSA) and seeded into T75 flasks. The flasks were incubated in CO; incubator (5 percent
CO2, 90 percent humidity and 37 °C). After 2 days incubation, culture medium was thrown
away and cells were washed with PBS and culture medium was replenished in every 3 days.
The cells were incubated until the confluency and trypsinized cells were frozen in 10 percent
DMSO containing FBS for the rest of the study.

3.2.2. Characterization of Stem Cells

Stem cell characterization studies were carried out, when the cells reached to passage 3.
Osteogenic, chondrogenic and adipogenic differentiation capacity of the stem cells were

examined by Alizarin Red, Alcian Blue PAS, Oil Red O stainings, respectively.

Osteogenic differentiation medium was prepared by supplementing the low glucose DMEM
with 10 percent FBS, 1 percent PSA, 50 pg/mL ascorbic acid and 100 nM dexamethasone.
For chondrogenic differentiation medium, high glucose DMEM was supplemented with 1
percent ITS premix, 1 percent PSA, 50 pg/mL ascorbic acid, 40 ug/mL L-proline, 10 pg/mL
sodium pyruvate, 10 ng/mL TGF-f and 100 nM dexamethasone. Adipogenic differentiation
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medium was prepared by supplementing the high glucose DMEM with 100 pM
indomethacin, 500 uM IBMX, 10 ug/mL insulin and 100 nM dexamethasone.

RBMSCS were seeded into 24 well plates at 10,000 cell per well ratio. Osteogenic,
chondrogenic and adipogenic differentiation media were added onto the related
differentiation groups and GM was added onto the control cell wells. Characterization
stainings were done at 7, 14 and 21 days of differentiation study. Before staining, cells were
washed with DPBS and fixed with 3.7 percent formaldehyde solution (v/v) in DPBS for 45
min at +4°C. Fixed cells were washed 3 times with dH2O and then stainings were conducted

on the samples.
3.2.2.1. Alizarin Red Staining

Alizarin Red staining was carried out to show osteogenic differentiation in order to observe
calcium depositions. Alizarin Red staining solution (0.5 mL) was put into the wells and
incubated at RT for 45 mins. After that samples were washed several times with dH>O and
cells were observed under the brightfield microscope and photographed with Zen software.

3.2.2.2. Alcian Blue-PAS Staining

Alcian Blue-PAS staining was conducted for chondrogenic differentiation in order to
observe extracellular matrix deposition. Alcian Blue staining solution (0.5 mL) was put into
the wells and waited for 10 min at RT. Then the wells were washed twice with dH20 and
periodic acid solution was dropped into the wells and waited for 5 mins. Wells were washed
with dH20 twice, Schiff reagent was put into the wells and incubated for 20 mins. The Schiff
reagent was thrown away and the wells were washed under running tap water. They were
stained with Haemalum Mayer for 1 min and washed several times with dH20. The samples

were observed under the brightfields microscope and photographed with Zen software.
3.2.2.3. Oil Red O Staining

Oil Red O staining stock solution was prepared by dissolving the powdered Oil Red O in
absolute isopropanol with 3ug/mL (w/v) ratio and incubated for 10 min at RT and then
filtered through a 0.45 um syringe filter. The stock solution was diluted with dH2O at 3:2
(v/v) ratio right before the staining and incubated at RT for 10 mins. The Oil Red O staining
was done for adipogenic differentiation. Fixed cells were incubated with 60 percent

isopropanol solution for 5 mins. Then the wells were stained with Oil Red O solution for 30
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min at RT then the wells were washed several times with dH2O. The cells were observed

under the brightfield microscope and photographed with Zen software.

3.2.3. Effects of Small Molecules on Chondrogenic Differentiation

3.2.3.1. Alcian Blue-PAS Staining

RBMSCs at passage 3 were seeded into 24 well plates (10,000 cell per well). After 5 days
of incubation in complete growth medium, chondrogenic differentiation media and small
molecules were added to the related groups. Growth medium and chondrogenic
differentiation medium was prepared as indicated in sections 3.2.1 and 3.2.2. There was eight
different group in this part: Control Growth Media (Control GM), Control Chondrogenic
Media (Control CM), Kartogenin containing Growth Media (KGN GM), Kartogenin
containing Chondrogenic Media (KGN CM), ADZ containing Growth Media (ADZ GM),
ADZ containing Chondrogenic Media (ADZ CM), small molecule SKF containing Growth
Media (SKF GM) and small molecule SKF containing Chondrogenic Media (SKF CM). The
medium of the cells was replaced twice a week and small molecules were introduced to the

media to related groups at 150 nM concentration.

Ondays 1, 7 and 14, cell fixation and Alcian Blue-PAS staining were carried out as indicated

in 3.2.2.2 and samples were observed and photographed under the brightfield microscope.
3.2.3.2. Cell Proliferation (MTS) Assay

The effects of small molecules on proliferation of differentiated RBMSCs was determined
by MTS cell proliferation assay. MTS assay was done on the chondrogenicly differentiated
cells after 1, 7 and 14 days of incubation. The medium of the wells was removed and 500
uL of CellTiter 96® AQueous One Solution in growth media (1:6) was added into each well.
The plate was incubated for 2 hours in cell culture incubator and the absorbance was
measured at 490 nm by using ELISA plate reader.
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3.2.4. Effects of Combination of Small Molecule SKF with KGN

In previous section, effect of ADZ and SKF on differentiated RBMSCs were compared.
Since much better results were obtained with the small molecule SKF, next coming
experiments were carried on with only this small molecule. To observe the effects of
combination of small molecule SKF with KGN, Alcian Blue-PAS staining and MTS assay
were applied onto RBMSCs. There was two control and 6 experimental group as: control
growth medium (Control GM), control chondrogenic media (Control CM), KGN in growth
medium (KGN GM), KGN chondrogenic media (KGN CM), KGN+SKF growth medium
(KGN+SKF GM), KGN+SKF chondrogenic media (KGN+SKF CM), SKF growth medium
(SKF GM) and SKF chondrogenic media (SKF CM). While the same protocol was followed
for Alcian Blue-PAS staining and MTS assay (section 3.2.3). RT-PCR was also performed

to determine the gene expression during the chondrogenic differentiation.

For the RNA isolation of control and chondrogenic differentiation groups, RBMSCs at
passage 3 were seeded onto 12 well plates (20,000 cell per well). The cells were grown in
growth media 5 days after seeding. Then, the chondrogenic media (1 mL) was added to the
Control CM, SKF CM, KGN CM and KGN+SKF CM groups while growth media (1 mL)
was given to the Control GM, SKF GM, KGN GM and KGN+SKF GM groups. At days 7,
14 and 21 RNA isolation was carried out from the cells by using RNA Spin Total RNA
Isolation Kit and its protocol. The obtained RNA was measured via nanodrop

spectrophotometer.

cDNA was synthesized from the total RNA samples using the iScript cDNA synthesis Kkit.
Variable volume of nuclease free water (NFW) and RNA template were used to obtain equal
concentration of the final cDNA of each sample. They put into nuclease free PCR tubes, then
4 uL of reaction mix and 1uL of the reverse transcriptase enzyme was added into the tubes
which were spin down for equal mixing. The reaction tubes were put into the ProFlex PCR
machine and reaction protocol was applied as priming 5 min at 25 °C, reverse transcription
for 20 min at 46°C, RT inactivation at 96°C and final hold at 4°C for 20 pL total reaction
volume. At the end of the reverse transcription, samples were diluted with 80 uLL NFW and
used following RT-PCR protocols.
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Then, RT-PCR method was performed by using SYBR Green Maxima Master Mix Kit and
primers that are listed in Table 1. For each primer a master mix was prepared by using the
components except the cDNA (Table 2). Nuclease free 96 well PCR plate was put on the ice
and 2 uL of cDNA of related group was put into each well. Then, 23 uL of master mix was
added into each well. The plate was centrifugated at 130 x g at 4°C for 1 min for spinning
down of reagents and the plate was placed on the CFX Touch™ Real Time PCR machine.
The gene amplification procedure was conducted as seen in Table 3. Gene expressions of
the experimental groups were calculated from the 244t values of the genes. p-actin gene
was used as a reference gene and the CG sample was the control sample in the fold change

calculations.

Table 3.1. Primer sequences and melting temperatures used in RT-PCR

Gene Name Primer Sequence (5’ — 3°) Product | Tm (°C)
Length
B-actin F: CCCGCGAGTACAACCTTCTT 481 bp 60°C

R: AACACAGCCTGGATGGCTAC

SOX9 F: AGTACCCGCATCTGCACAAC 358 bp 60°C

R: ACGTCTGTTTTGGGAGTGGT

COL1Al F: GATGGACTCAACGGTCTCCC 580 bp 60°C

R: CAGGATCGGAACCTTCGCTT

COL2A1 F: CACCGCTAACGTCCAGATGAC 276 bp 59°C

R: GGAAGGCGTGAGGTCTTCTGT

AGGRECAN F: CATTCGCACGGGAGCAGCCA 133 bp 61°C

R: TGGGGTCCGTGGGCTCACAA

RUNX1 F: CCAAACTCTGAAAGCGAGGC 300 bp 60°C

R: CTGGCATCTACGGGGATACG
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Table 3.2. Volumes of the reagents used in RT-PCR

Reagent Volume
SYBR Green Maxima Master Mix 12,5 uL
Nuclease Free Water 9uL

Reverse Primer (from 10uMprimer solution) 0.75 uL

Forward Primer (from 10uMprimer solution) 0.75 uL

cDNA 2 uL

Total volume 25 uL

Table 3.3. Thermal cycling conditions of the RT-PCR

Step Temperature Time N%”;Eleeg of
Pretreatment 50°C 2 min 1
Initial Denaturation 95°C 10 min 1
Denaturation 95°C 15 sec
Annealing 60°C 30 sec 95
Extension 72°C 30 secs

3.3. INVITRO CELL AND SCAFFOLD INTERACTIONS

The interactions between RBMSCs and PLA scaffolds were determined by using Alcian
Blue-PAS staining, MTS assay and RT-PCR. RBMSCs were trypsinized at passage 2 and
seeded (30,000 cell per well for Alcian Blue PAS staining and MTS assay, 50,000 cell per
well for RT-PCR) into PLA scaffolds. The cells were incubated for 5 days with complete
growth medium in cell culture incubator. Then, chondrogenic medium was introduced to the
differentiation groups and small molecules (150 nM) were added into related groups. There

were three different experimental groups as KGN Differentiation Medium (KGN CM),
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KGN+SKF Chondrogenic Differentiation Medium (KGN+SKF CM), SKF Chondrogenic
Differentiation Medium (SKF CM) and Control Chondrogenic Differentiation Medium
(Control CM). Chondrogenic differentiation was performed and different analysis methods

were carried out cell seeded scaffolds at days 7, 14, 21 and 28.

3.3.1. Alcian Blue-PAS Staining

The cell seeded scaffolds were washed twice with PBS and fixated with 3.7% formaldehyde
solution in PBS. Alcian Blue-PAS staining was applied on fixed cells by using Alcian-Blue

PAS Stain Kit and the stained scaffolds were photographed by using a camera.

3.3.2. Cell Proliferation (MTS) Assay

Cell proliferation was determined by using MTS assay. The medium was removed from the
wells and diluted CellTiter 96® AQueous One Solution in growth medium (250 puL) was
added onto the scaffolds. After 2 hours of incubation, the absorbances of media were

measured in 490 nm.

3.3.3. RT-PCR

RBMSCs (50,000 cell per well) were seeded into scaffolds after passage 2. After cell
seeding, chondrogenic differentiation was started by introducing chondrogenic media to
Control CM, KGN CM, KGN+SKF CM and SKF CM groups together with the related small
molecules. Also, there was a growth media control for gene expression calculations. At the
end of days 7, 14, 21 and 28, RNA isolation was carried out on scaffolds. The medium was
removed from wells, the scaffolds were put into 2 mL nuclease free centrifuge tubes. After
that, the cells lysed with lysis buffer (650 uL) of RNA Spin Total RNA Isolation Kit, and
other steps were followed from kit protocol. cDNA synthesis and RT-PCR were applied with

the same protocol and materials as indicated in section 3.2.4.
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3.4. STATISTICAL ANALYSIS

Statistical analysis was performed by two-way ANOVA test on experimental data via Prism

GraphPad software. Data was p < 0.05 accepted statistically significant.
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4. RESULTS AND DISCUSSION

4.1. CHARACTERIZATION OF SCAFFOLDS

Cartilage tissue engineering has three main elements: scaffold, cell source and growth
factors. Scaffolds do not only provide mechanical support to cartilage grafts during tissue
regeneration, also give 3-D architectural structure for cell proliferation, migration, ECM
matrix deposition, nutrient and growth factor diffusion between tissue implant and native
tissue [93]. Controlled biodegradability, biocompatibility, mechanical resistance, proper
porosity and nontoxicity are important parameters required for scaffolds in cartilage tissue
engineering study [70]. Therefore, prepared fibrous PLA scaffolds were characterized by

SEM, degradation, mechanical and cell proliferation analyses.

4.1.1. Scanning Electron Microscopy

Morphological and architectural features of the fibrous PLA scaffolds were determined by
SEM analysis. Disk shaped PLA fibers were cut with punch, they were attached onto glass
slide and coated with platinum. PLA scaffolds were observed with SEM at 100X and 1000X
magnification (Figure 4.1). The diameter of PLA fibers was observed between 45-110 pm
from microscopy images. Literature studies show that well defined structure of fibrous
scaffolds are desirable for cell attachment and migration [94,95]. Our PLA fibers seemed

proper for cell attachment with their continuous fibrous structure without breaks.
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Figure 4.1. SEM images of fibrous PLA scaffold at different magnifications (A) 100X (B)
1000X

4.1.2. Degradation Analysis

Degradation features of scaffolds are important, since it directly affects cell differentiation,
ECM matrix production and tissue regeneration in cartilage tissue engineering [43]. When
cartilage tissue construct is placed into cartilage defect of a patient, ECM matrix is produced
by chondrogenic cells seeded on scaffolds and tissue regeneration comes through via
replacement of ECM matrix with degraded scaffold [96]. Therefore, scaffold degradation
must be slow enough to support cartilage regeneration. Fibrous PLA scaffolds were
incubated in PBS solution at 37 °C in mechanical shaker throughout 60 days to determine
degradation properties. Weight and pH of scaffolds at day 3, 7, 15, 30 and 60 were measured

to determine weight loss, water retention capacity and pH change during incubation.

While weight loss was determined by comparing initial weights of scaffolds with final dry
weights of scaffolds, water retention capacity was calculated via measuring wet and dried
weights of scaffolds after incubation period (Figure 4.2 A, B). Although fast weight loss of
PLA (12 %) was recorded after day 7, PLA scaffolds lost their weights gradually from day
3 to day 60 and 17 % weight loss was calculated at the end of 60 days of incubation. Similar
weight loss profiles were presented in literature in a way that PLA scaffolds rapidly degrade
at first 7 days and degradation rate decreases from day 7 to 28 days [97]. On the other hand,
water retention capacity revealed fluctuation during 60 days of incubation. It increased from



35

day 3 to day 15, decreased at day 30 and then increased again at day 60. Water retention
capacity is related with hydrophilic feature of scaffold. It effects attachment of cells to
scaffold surface, therefore high water retention capacity is a desirable feature [70]. In water

retention results, increase in water retention capacity was seen during degradation.

Change of pH is another important parameter during scaffold degradation. PLA is a polymer
composed of lactic acid monomers and its degradation results in a pH decrease in an
environment due to lactic acid release from a polymer. Although lactic acid is not toxic in
human body and does not cumulate in organs, sudden pH changes in tissues may lead to
inflammation and tissue regeneration on implanted tissue constructs cannot be possible [97].
In our PLA scaffolds, pH decreased from 7.4 to 7.3 during first 30 days, then decreased to
6.81 at day 60 (Figure 4.2 C). In one of the study, PLA scaffolds caused pH change from 7.4
to 5.1 after 28 days of degradation [98]. In another study, fibrous PLA scaffolds degraded
throughout 20 days and pH was changed from 7.3 to 6.8 [99]. Degradation characteristics of
our PLA scaffolds in term of weight loss, water retention and pH change seem similar with
the studies in the literature, and the fibrous PLA scaffolds can provide proper environment

for cell growth when used as a cartilage tissue engineering construct.
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Figure 4.2. Degradation analysis of fibrous PLA scaffolds (A) % weight loss, (B) % water
retention, and (C) pH change of scaffolds throughout 60 days of incubation



37

4.1.3. Mechanical Analysis

Mechanical properties of the scaffolds should show the resemblance with the original tissue.
Therefore, mechanical resistance of scaffolds to elastic and compressive forces must be
examined. Mechanical analysis of materials is based on measuring their stress and strains
values when they expose to tension or compression forces to find out Young’s modulus of
material. During mechanical tests, dynamic force is applied on an object to achieve constant
movement of an object throughout test time. While pulling force is applied in tension test,
elastic Young’s modulus of object is determined. On the other hand, compressive force is
applied on an object in compression test and compression Young’s modulus is determined.
The Young’s modulus (E) is defined by dividing stress that is applied force (F) on an object
through cross sectional area (A) to strain that is a ratio of amount of change of material
length (AL) to initial length (L).

_ F/A (4.1)
"~ AL/L,

The PLA fibers were tested via Instron Universal Testing Machine. Tension and
compression tests were conducted on fibers. In tension test, fiber bundle was placed into
tension machine. During the test, dynamic force was applied on fiber bundle to stretch it 5
mm/sec and stress-strain curve of tension test was drawn from data (Figure 4.3 A). The
elastic modulus of the PLA fibers was calculated as 30.82 + 0.93 MPa from the curve. In
one of the biomechanics study, human knee joint tensile modulus was determined and it
was generally under 30 MPa, although it can be raised to 105 MPa in some samples [100].
Our scaffolds represented close elastic modulus to native cartilage. On the other hand,
compression test of PLA fibers was determined via using compression heading of Universal
Test Machine. PLA fibers were filled into molds and compressed with 5 mm/min movement
rate. Stress-strain curve of compression test was drawn and compression Young’s modulus
was calculated as 13.61 = 0.27 MPa from the curve (Figure 4.3 B). In literature, human
native articular cartilage compression modulus was reported as 10.60 + 3.62 MPa [101].
Both elastic and compression Young’s modulus of the PLA fibers were found close to

modulus of native human cartilage. It indicates that PLA scaffolds are strong enough for
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bearing compressive and elastic loads and are able to support human articular cartilage
defects.
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Figure 4.3. Stress-strain curves of PLA fibers (A) tensile and (B) compression tests.
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4.1.4. MTS Assay on Scaffolds

MTS cell proliferation assay is a colorimetric method used for determination of cell viability
and proliferation. MTS is a water-soluble tetrazolium salt; with a full name of (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium).

MTS is converted to formazan in metabolically active cells by NADPH-dependent
dehydrogenase enzymes found in mitochondria. Formazan has a maximum absorbance at

490 nm and it is soluble in PBS or culture medium.

RBMSCs were seeded both onto scaffolds (20,000 cell per well) and tissue culture plates
(10,000 cell per well) and cultured with growth medium throughout 14 days. MTS cell
proliferation assay was conducted on samples to determine the effects of fibrous PLA
scaffolds on cell proliferation and cell viability. MTS calibration curve of RBMSCs was
prepared to calculate cell numbers (Appendix B.1). Measured values of absorbance at 490
nm with calibration equation were used for calculation of viable cell number and cell
proliferation on the scaffolds and the culture plates are represented as only cell (Figure 4.4).
Although initial RBMSCs number was 20,000 cells per well for PLA scaffolds and 10,000
cells per well for tissue culture plate, MTS results of day 1 was found similar (10,000 per
well) for both scaffolds and only cell samples. That means, 50 percent of the seeded
RBMSCs attached onto PLA scaffolds. There are various studies examining cell attachment
on PLA fibers. Those studies are consistent with our MTS results and revealed that cell
attachment ratio on PLA fiber changes between 10 percent to 60 percent on fibrous synthetic
polymer based scaffolds [63,102,103]. At days 7 and 14, increased cell proliferation was
observed in the scaffolds like the one in only cell samples. The fibrous PLA scaffolds
allowed both RBMSCs attachment and proliferation by providing 3-D cell culture

environment.
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Figure 4.4. MTS cell proliferation assay onto RBMSCs seeded PLA scaffolds throughout
14 days of incubation. Initial cell number was 20,000 cells per well for scaffolds and

10,000 cell per well for cells seeded onto tissue culture plate (only cell).

4.2. INVITRO CELL CULTURE STUDIES

In this part, RBMSCs and fibrous PLA scaffold interaction was investigated. For that
purpose, RBMSCs were isolated from 8 weeks old rat, then evaluated in term of stem cell
multipotency and used in examination of chondrogenic induction via small molecules ADZ,
SKF and KGN.

4.2.1. Isolation of Bone Marrow Derived Stem Cells from Rats

RBMSCs were isolated from femoral and tibial bone marrow of 8 weeks old Sprague-
Dawley rats and cultured on T-75 flask with growth medium. At passage 2, RBMSCs were
observed under brightfield microscope (Figure 4.5). Fibroblastic spindle shape morphology
of RBMSCs was observed.
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Figure 4.5. RBMSC morphology under bright field microscope with 10X objective

4.2.2. Characterization of RBMSCs

RBMSCs are multipotent stem cells that can differentiate into osteogenic, chondrogenic,
adipogenic or myogenic lineages when appropriate growth conditions are provided. To
prove multipotency of isolated RBMSCs, osteogenic, chondrogenic and adipogenic media

were given and differentiated cells were compared with controls.
4.2.2.1.Alizarin Red Staining

Alizarin Red (3,4-Dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid) is a dye
used for identification of calcium depositions of osteogenic cells. It chelates with calcium
deposits in tissues and produces red colored stain. To prove osteogenic potential of
RBMSCs, they were incubated with the osteogenic differentiation medium throughout 21
days and stained with Alizarin Red and images were taken under bright field microscope at
days 7, 14 and 21 (Figure 4.6 A-F). While no staining was seen in controls, increasing
calcium deposition with time was observed as red to brown colored stainings in
differentiated RBMSCs in osteogenic medium. That means, isolated RBMSCs had
osteogenic differentiation capacity.



42

Growth Medium Osteogenic Medium

Day 7

Day 14

Day 21

Figure 4.6. Bright field microscope image of Alizarin Red staining of RBMSCs in growth
medium (A, C, E) at days 7, 14, 21 and RBMSCs in osteogenic medium (B, D, F) at days
7,14, 21 at 20X objective, scale bars: 50 pm

4.2.2.2.Alcian Blue-PAS Staining

Alcian Blue-Periodic Acid Shiff is a staining technique that includes multiple stain to
observe chondrogenic differentiation. While Alcian Blue stains acidic mucins such as
sulfated and carboxylated mucopolysaccharides and hyaluronic acid to blue, Periodic Acid
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and Shiff reagent stains neutral mucins like glycogens and neutral glycoproteins to pink.
Alcian Blue-PAS staining was applied on differentiated RBMSCs in chondrogenic medium
to prove chondrogenic potential of isolated cells and observed under brightfield microscope
at 20X objective (Figure 4.7 A-F). At day 7, blue colored acid mucins were observed in
chondrogenicly differentiated RBMSCs, purple colored both acid and basic mucins were
stained at days 14 and 21. Increasing blue-purple color formation throughout 21 days of
incubation was observed, whereas control groups were stained pale purple. Therefore,
chondrogenic differentiation capacity of RBMSCs were proven with the Alcian Blue-PAS
staining.

Growth Medium Chondrogenic Medium

Day 14

Day 21
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Figure 4.7. Bright field microscope image of Alcian Blue-PAS staining of RBMSCs in
growth medium (A, C, E) at days 7, 14, 21 and RBMSCs in chondrogenic medium (B, D,
F) at days 7, 14, 21 at 20X objective, scale bars: 50 um

4.2.2.3.0il Red O Staining

Oil Red O is a fat-soluble dye that produces bright red color with fats. It is used for staining
of lipids and neutral triglycerides to identify fat depositions of adipocytes. While RBMSCs
were grown in adipogenic differentiation medium, growth medium was used for control
groups throughout 21 days of incubation. Adipogenic differentiation capacity of RBMSCs
were determined via using Oil Red O staining at days 7, 14 and 21 and observed under bright
field microscope at 20X objective (Figure 4.8 A-F). At day 14, some fat depositions were
observed in differentiated RBMSCs. Increased amount of fat deposition was observed at day
21 whereas no staining was observed on control groups. Multipotency of isolated RBMSCs
was proved with three different staining Alizarin Red, Alcian Blue-PAS and Oil Red O
staining to demonstrate osteogenic, chondrogenic and adipogenic differentiation capacity of
the cells.
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Figure 4.8. Bright field microscope image of Oil Red O staining of RBMSCs in growth
medium (A, C, E) at days 7, 14, 21 and RBMSCs in adipogenic medium (B, D, F) at days
7, 14, 21 at 20X objective, scale bars: 50 pm

4.2.3. Effects of Small Molecules on Chondrogenic Differentiation

KGN is a commercially available small molecule known with chondrogenic induction,
chondroprotection, enhancing chondrogenic ECM matrix production features on stem cells
[24]. On the other hand, small molecules ADZ and SKF are recently produced and
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researched molecules that were shown to induce proliferation of MSCs. There is no study in
the literature about effects of small molecules ADZ and SKF on chondrogenic
differentiation. In this study, Alcian Blue-PAS staining and MTS cell proliferation assay
were done to determine the effects of small molecules KGN, ADZ and SKF on chondrogenic
differentiation, ECM matrix production and cell proliferation. RBMSCs were cultured in
chondrogenic medium for differentiation and control groups were cultured in growth
medium. Small molecules at 150 nM concentration were supplemented to these media and
the cells were incubated throughout 14 days. MTS assay and Alcian Blue-PAS staining were
conducted on RBMSCs at day 1, day 7 and day 14.

4.2.3.1.Alcian Blue-PAS Staining

Alcian Blue-PAS staining was carried out at day 1, 7 and 14 to observe ECM matrix
production on differentiated RBMSCs induced with small molecules. KGN, ADZ and SKF
were applied on both growth medium (GM) and chondrogenic medium (CM) groups
separately, and also one GM control and one CM control groups were cultured without any
small molecule treatment. At day 1, it was observed that the appearance of RBMSCs were
all the same on undifferentiated groups (Figure 4.9 A-H). Pale blue staining of the cell nuclei
and fibroblast like shape of RBMSCs were observed in both GM and CM groups.

Increased cartilaginous ECM production was observed with bright purple and blue colored
ECM depositions at day 7 (Figure 4.10 A-H) and day 14 (Figure 4.11 A-H) in all CM groups.
Pale purple color was indicating less ECM production in all GM groups, while cell number
was higher in GM groups than the ones in CM groups since cell proliferation rate decreases
with cell differentiation on RBMSCs.

When small molecules KGN, ADZ and SKF were compared with their controls at days 7
and 14, more purple and blue colored stainings of differentiated RBMSCs were seen in all
CM groups than the one in control groups. Also, in GM groups of SKF and KGN, purple
and blue stainings were seen higher than the ones in ADZ GM and control GM groups. It
may indicate that small molecule SKF had a chondrogenic induction potential even in GM
like KGN.
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Figure 4.9. Bright field microscope image of Alcain Blue-PAS staining of RBMSCs in
growth medium (A, C, E, G), and RBMSCs in chondrogenic medium (B, D, F, H) treated
in small molecule KGN (C, D), ADZ (E, F), SKF (G, H) at day 1 (20X objective, scale
bars: 50 um)
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Figure 4.10. Bright field microscope image of Alcain Blue-PAS staining of RBMSCs in
growth medium (A, C, E, G), and RBMSCs in chondrogenic medium (B, D, F, H) treated
in small molecule KGN (C, D), ADZ (E, F), SKF (G, H) at day 7 (20X objective, scale

bars: 50 um)
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Figure 4.11. Bright field microscope image of Alcain Blue-PAS staining of RBMSCs in
growth medium (A, C, E, G), and RBMSCs in chondrogenic medium (B, D, F, H) treated
in small molecule KGN (C, D), ADZ (E, F), SKF (G, H) at day 14 (20X objective, scale

bars: 50 um)
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4.2.3.2.MTS Assay

MTS is a colorimetric method used for measuring cell proliferation and cell viability. The
absorbance recorded at 490 nm is proportional to both cell proliferation activity and viable
cell number [104,105]. MTS assay was used to determine the effects of small molecules
ADZ, SKF, and KGN on chondrogenic differentiation of RBMSCs (Figure 4.12.). After day
1, lower cell numbers (around 45,000) in CM groups were observed due to cell
differentiation. However, it was around 55,000 in GM groups. Even tough, cell proliferation
in Control GM, KGN GM, ADZ GM and SKF GM groups increased from dayl to day 7,
they decreased at day 14 due to full confluency in the plates, therefore, cells were detached.
On the other hand, cell proliferation decreased in Control CM, KGN CM and SKF CM
groups throughout 14 days of chondrogenic differentiation. Only cell proliferation increase
between CM groups was seen in ADZ CM group from day 1 to day 7, however, it decreased
at day 14. Although ADZ enhanced cell proliferation of differentiated RBMSCs at day 7 and
day 14, MTS and Alcian Blue-PAS staining results must be evaluated together to find out
the effects of small molecules on chondrogenic differentiation. In Alcian Blue-PAS staining,
higher ECM deposition was observed in SKF CM and KGN CM groups when compared to
ADZ CM and Control CM groups. ADZ induced higher proliferation rates at day 7 and day
14 but this resulted with lower chondrogenic matrix production. By looking at these results,
small molecule SKF displayed similar MTS and Alcian Blue-PAS staining results to KGN
that was already proven with proliferative and chondrogenic induction ability on MSCs in
literature studies [24,81,83]. Therefore, small molecule SKF was found superior to ADZ and
the study was continued with only small molecule SKF and its chondrogenic induction

features was compared with KGN.
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Figure 4.12. MTS cell proliferation assay performed on RBMSCs treated with growth

chondrogenic medium and small molecules KGN, ADZ and SKF throughout 14 days of

incubation. Initial cell seeding number was 10,000 cells per well.

4.2.4. Effects of Combination of Small Molecule SKF with KGN

In previous section, small molecules ADZ and SKF were compared with KGN and

superiority of SKF was seen over ADZ in terms of chondrogenic induction and cell

proliferation. Therefore, rest of the experiments were conducted with small molecule SKF

and effects of combination of small molecule SKF with KGN were examined. While

RBMSCs were differentiated in CM throughout 14 days, they were compared with

undifferentiated GM groups. While small molecule SKF was introduced into SKF GM and
SKF CM groups, KGN was given to the KGN GM and KGN CM groups. Besides, both SKF
and KGN were introduced into KGN+SKF GM and KGN+SKF CM groups. All small

molecules were applied at same concentration (150 nM) and no small molecule was applied

on the control GM and control CM groups. Alcian Blue-PAS staining, MTS cell proliferation

assay and RT-PCR assay were carried out for RBMSC groups at day 1, day 7 and day 14.
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4.2.4.1.Alcian Blue-PAS Staining

After 1, 7 and 14 days of incubation, RBMSCs were stained with Alcian Blue-PAS and
observed under bright field microscope at 20X objective. Both GM and CM groups were
observed pale blue color at day 1 (Figure 4.13 A-H). There was no difference between
controls (Figure 4.13 A, B) and small molecule groups (Figure 4.13 C-H). On the other hand,
blue stained ECM with Alcian Blue was started to seen at day 7 (Figure 4.14 A-H) CM
groups and increased at day 14 (Figure 4.15 A-H) CM groups which indicates that
chondrogenic ECM production contains proteoglycans and glycoproteins during
differentiation. At day 7, there was no significant difference between small molecule groups
KGN CM, KGN+SKF CM, SKF CM and control CM group (Figure 4.14 B, D, F, H).
However, more purple color on ECM was observed in KGN+SKF CM and SKF CM groups
when compared to KGN CM and Control CM groups at day 14 (Figure 4.15 B, D, F, H).
Also, KGN GM, KGN+SKF GM and SKF GM groups showed purple blue colored ECM
deposition, indicating that small molecule SKF encouraged chondrogenic differentiation
even when it was applied alone without chondrogenic differentiation medium (Figure 4.15
A, C, E, G). Small molecule SKF had a potential to compete with KGN that induced MSCs

for production of cartilage like ECM when it was given to growth medium.
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Figure 4.13. Bright field microscope image of Alcain Blue-PAS staining of RBMSCs in
growth medium (A, C, E, G), and RBMSCs in chondrogenic medium (B, D, F, H) treated
with small molecule KGN (C, D), KGN and SKF (E, F), SKF (G, H) at day1 (20X

objective, scale bars: 50 um)
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Figure 4.14. Bright field microscope image of Alcain Blue-PAS staining of RBMSCs in
growth medium (A, C, E, G), and RBMSCs in chondrogenic medium (B, D, F, H) treated
with small molecule KGN (C, D), KGN and SKF (E, F), SKF (G, H) at day7 (20X

objective, scale bars: 50 pm)
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Figure 4.15. Bright field microscope image of Alcain Blue-PAS staining of RBMSCs in
growth medium (A, C, E, G), and RBMSCs in chondrogenic medium (B, D, F, H) treated
with small molecule KGN (C, D), KGN and SKF (E, F), SKF (G, H) at day14 (20X
objective, scale bars: 50 um)
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4.2.4.2.MTS Assay

MTS cell proliferation assay was conducted on RBMSC groups of Control CM, Control
GM, KGN CM, KGN GM, KGN+SKF GM, KGN+SKF CM, SKF GM and SKF CM at days
1, 7 and 14 (Figure 4.16). RBMSCs were was seeded into plates (10,000 cell per well) and
incubated for 5 days before the treatment. While there were 35,000-40,000 cells in Control
GM, KGN GM, KGN+SKF GM and SKF GM groups, there were 17,000-19,000 cells in
CM groups, since, chondrogenic differentiation resulted in a decrease in cell proliferation
(Figure 4.16).
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Figure 4.16. MTS cell proliferation assay performed on RBMSCs treated with
chondrogenic medium and small molecules throughout 14 days of incubation. Initial cell

seeding number was 10,000 cells per well.

4.2.4.3.Real Time Polymerase Chain Reaction (RT-PCR)

RT-PCR analysis was carried out to examine expression of SOX9, RUNX1, COL2A1,
ACAN and COL1A1 genes on RBMSCs groups. While CM was used in chondrogenic
differentiation groups Control CM, KGN CM, KGN+SKF CM and SKF CM, GM was used
in Control GM, KGN GM, KGN+SKF GM and SKF GM groups. Relevant small molecules
were introduced into experimental groups and incubated for 21 days. At days 7, 14 and 21,
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total RNA was isolated from RBMSCs and cDNA was synthesized. RT-PCR analysis was
performed on cDNA samples and gene expression fold changes were calculated with respect
to Control GM group via 2244 method (Figure 4.17 A-E).

SRY-box 9 (SOXO9) is a transcription factor that plays a key role in upregulation of
chondrocyte specific genes COL2A1 and ACAN during chondrogenic differentiation [106].
While COL2A1 gene provides type I collagen protein, ACAN gene provides production of
aggrecan protein [107]. Both type Il collagen and aggrecan are the main components of
cartilage specific ECM and give viscoelasticity, flexibility and mechanical endurance to
cartilage tissue [17]. RUNX1 (Runt- related transcription factor 1) is another transcription
factor expressed in early stage of chondrogenic differentiation. RUNX1 gene does not only
induce chondrogenic differentiation genes like SOX9, COL2A1 and ACAN, but also it
blocks the hypertrophy genes COL10A1, RUNX2 and MMP3 that causes pathologic case in
mineralization and bone formation in cartilage tissue [108]. RUNX1 gene is suppressed in
human MSCs, whereas, KGN induces chondrogenic differentiation by interacting with
RUNX1 transcription factor [81]. On the other hand, COL1AL1 produced by dedifferentiated
chondrocytes another marker is related hypertrophic cartilages, it is highly expressed in

tissues has fibrocartilage phenotype [109].

While RUNX1 gene expression increased in CM groups from day 7 to day 14, it decreased
at day 21 in all groups (Figure 4.17 B). On the other hand, SOX9 gene expression increased
at day 14 and decreased at day 21 (Figure 4.17 A). It is because RUNX1 gene induced
expression of SOX9 during chondrogenic differentiation. It is earlier marker than SOXO.
The highest fold change of SOX9 gene was observed 44.86-fold in KGN GM group at day
14, while KGN CM, SKF CM, SKF GM and KGN+SKF GM groups expressed 30.41, 32.64
and 21.56 -folds respectively. SOX9 gene expression was significantly lower in KGN+SKF
CM (21.56-folds) compared with SKF CM (32.64-folds) and KGN CM (30.41-folds)
groups. Applying separately of these two small molecules on chondrogenicly differentiated
cells can be better than introducing them together. Results showed that SOX9 expression
increased both in CM and GM groups when small molecules were introduced to RBMSCs.
Whereas, the highest fold change of RUNX1 gene (5.53-fold) is seen in SKF CM group at
day 14. While KGN CM had 4.95-fold and KGN+SKF CM had 4.43-fold and Control CM
had 3.95-fold gene expression, gene expression was found around 1 in all GM groups. This

means that gene expression of RUNX1 was increased by small molecule induction in CM
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groups and gene expression did not change in GM groups. Even though, small molecules
enhanced chondrogenic differentiation of RBMSCs, they were not enough for the induction
of differentiation when introduced in GM. COL2A1 and ACAN are related genes with ECM
deposition and their expressions were expected later than SOX9 and RUNX1 genes. It was
observed that gene expression of SKF CM 2.78-fold and KGN+SKF CM 2.89-fold
significantly increased at day 21 in COL2AL1 gene (Figure 4.17 C). Also, gene expression of
ACAN was significantly higher in SKF CM (9.94-fold) and KGN+SKF CM (3.68)
compared with control groups. Results showed that small molecule SKF induced
chondrogenic differentiation and enhanced ECM production when it was introduced to
RBMSCs within CM. COL1A1 gene is a hypertrophy marker for cartilage tissues. Its
expression decreased with time throughout 21 days of incubation except in KGN CM and
GM groups. Although COL1A1 expression increased at day 14, it decreased at day 21. KGN
GM, SKF GM and KGN+SKF GM groups had a higher gene expression COL1A1 compared
to CM groups. The lowest COL1AL1 expression was observed in Control CM (0.55-fold),
but the fold change was approximately 1 in all groups. Results showed that small molecules

had no hypertrophic effect resulting in increased COL1A1 expression on RBMSCs.
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Figure 4.17. Expressions of A) SOX9 B) RUNX1 C) COL2A1 D) ACAN E) COL1Al1
genes as fold changes with respect to Control GM groups (**** P < 0.0001, ***P <
0.0002, ** P <0.0021, * P <0.0332)
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Figure 4.17. Expressions of A) SOX9 B) RUNX1 C) COL2A1 D) ACAN E) COL1A1

genes as fold changes with respect to Control GM groups (**** P <0.0001, ***P <

0.0002, ** P <0.0021, * P < 0.0332)
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Figure 4.17. Expressions of A) SOX9 B) RUNX1 C) COL2A1 D) ACAN E) COL1A1
genes as fold changes with respect to Control GM groups (**** P <0.0001, ***P <
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4.3. INVITRO CELL AND SCAFFOLD INTERACTIONS

Scaffolds provide 3-D environment for cell proliferation and they are important elements of
cartilage tissue engineering studies. Literature shows that there are differences between
RBMSCs cultured in 2-D culture plates and 3-D scaffolds in terms of cell proliferation,
migration, chondrogenic differentiation, hyaline like ECM matrix production. Therefore,
effects of small molecules were also evaluated on RBMSCs seeded PLA scaffolds. Alcian
Blue-PAS staining, MTS cell proliferation assay and RT-PCR assay were applied on

chondrogenicly differentiated and small molecule induced RBMSCs seeded scaffolds.

4.3.1. Alcian Blue-PAS Staining

RBMSCs seeded and empty PLA scaffolds were incubated in chondrogenic medium
throughout 21 days. While KGN was given to KGN CM group, small molecule SKF was
introduced into SKF CM group and both KGN and SKF were given to KGN+SKF CM group
in chondrogenic medium. Alcian PAS staining of scaffolds were carried out at days 7, 14
and 21 (Figure 4.18).

When Alcain Blue-PAS staining protocol was applied on empty scaffolds at days 7, 14 and
21, no color formation was observed. At day 7, scaffolds of Control CM, KGN CM,
KGN+SKF CM and SKF CM were stained pale blue and pale purple color at some areas and
small purple dots were seen on the surface of PLA fibers. That means that even at day 7,
ECM deposition was visible on PLA scaffolds and chondrogenic differentiation of RBMSCs
on PLA scaffolds was observed. At day 14, staining on RBMSCs seeded PLA scaffolds was
observed as brighter blue and purple especially in SKF CM and KGN+SKF CM groups.
Also, dark purple stainings on PLA surface were clearly seen on KGN CM, SKF CM and
KGN+SKF CM groups. At day 21, increased ECM production was observed on scaffolds,
particularly on SKF CM. The dark purple colored chondrogenic cell layer covered the
surface of scaffolds was less in KGN CM, SKF CM and KGN+SKF CM groups. On the
other hand, there was a smaller purple staining in Control CM group. Significantly, the
higher amount of cartilage specific matrix production was observed in KGN CM, SKF CM
and KGN+SKF CM groups compared to Control CM group. Even though, SKF CM and
KGN+SKF CM groups stained more than KGN CM, the difference between these groups
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was not significant. In conclusion, small molecule SKF and KGN both enhanced the

chondrogenic matrix production in RBMSCs groups.
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Figure 4.18. Image of Alcian Blue-PAS staining of RBMSCs seeded of fibrous PLA
scaffolds and cultured throughout 21 days in chondrogenic differentiation medium
containing small molecules
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4.3.2. MTS Assay

To determine the effects of PLA scaffolds on cell proliferation, MTS assay was done on
RBMSCs seeded PLA scaffolds at days 7, 14, 21 and 28 (Figure 4.19). In control group,
higher cell number was observed at day 1 compared to KGN CM, KGN+SKF CM and SKF
CM, but this situation changed at day 7 in a way that in small molecule induced groups
higher cell proliferation was observed. After day 7, proliferation rate decreased in Control
CM, on the contrary of KGN CM, KGN+SKF CM and SKF CM. Although cell proliferation
increased in all groups from day 7 to day 14, there was a decrease at day 21 that could be
result of chondrogenic differentiation. In the literature, similar decline was observed at day
21[110,111]. Atday 28, cell proliferation increased again in small molecule induced groups:
KGN CM, KGN+SKF CM and SKF CM, whereas cell proliferation decrease continued in
Control CM. In conclusion, PLA scaffolds provided 3-D environment to RBMSCs and cell
proliferation continued during 28 days of chondrogenic differentiation. These results proved
the importance of 3-D scaffolds for proliferation of cells in tissue engineering studies.
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Figure 4.19. MTS cell proliferation assay performed on RBMSCs seeded fibrous PLA
scaffolds and treated with chondrogenic medium and small molecules throughout 28 days

of incubation. Initial cell seeding number was 30,000 cells per well.

4.3.3. RT-PCR

Gene expression profile of small molecule induced RBMSCs was determined via RT-PCR
analysis. To determine the effects of small molecules SKF and KGN, RBMSCs were seeded
onto PLA scaffolds and differentiated throughout 21 days with CM and small molecule SKF
was introduced to SKF CM, KGN was introduced to KGN CM, and both small molecules
were introduced to KGN+SKF CM groups. There were two different control groups; Control
CM and Control GM. At days 7, 14 and 21, RNA was isolated from scaffolds, then used for
cDNA synthesis. RT-PCR assay was performed on cDNA samples to determine fold changes
of SOX9, RUNX1, COL2A1, ACAN and COL1A1 genes.

SOX9 and RUNX1 are transcription factors expressed during chondrogenic differentiation
[106]. At day 14, Both SOX9 and RUNX1 genes were expressed in KGN+SKF CM samples
with the highest fold changes as 13.53-fold and 30.66-fold, respectively (Figure 4.20 A, B).
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Although, SOX9 gene expression increased from day 14 to day 21 in all groups, fold change
of groups at day 21 was different from each other in a way that Control CM was 4.65, KGN
CM was 7.95, SKF CM was 16.65 and KGN+SKF CM was 17.59. By looking the results, it
can be seen that both small molecule KGN and SKF increased SOX9 gene expression during
chondrogenic differentiation. Similar gene expression profile in RUNX1 was observed, but
this time the highest fold change was seen at day 14. While KGN+SKF CM has highest
expression at day 14 (30.66-fold), SKF CM expressed 10.05-fold, KGN CM expressed 4.45-
fold and Control CM expressed 5.02-fold RUNX1 with respect to Control GM. From day
14 to day 21, RUNX1 gene expression increased in KGN CM, KGN+SKF CM and SKF CM
groups to 6.02, 8.96 and 4.43-folds respectively. Gene expression decrease was only
observed in Control CM group (1.38-fold). According to the results, it was observed that
RUNX1 gene expression was increased upon induction of small molecule SKF when

compared with Control CM.

Expression of COL1A1 and ACAN, chondrogenic marker genes, reveal cartilage specific
ECM production in cells [89-90]. COL2AL1 increased in KGN CM, KGN+SKF CM and
SKF CM groups from day 7 to day 21 (Figure 4.20 C). In Control CM group, there was a
decrease from day 7 to day 14 which was followed by an increasing at day 21. The highest
fold changes of COL2A1 gene were observed in KGN+SKF CM 15.16-fold and SKF groups
14.70-fold and the lowest one in Control CM group 9.18-fold at day 21. This reveals that
chondrogenic matrix production increased when RBMSCs were induced with small
molecule SKF compared to KGN CM group. Similar gene expression profile was also
observed in ACAN in which gene expression increased during 21 days. While the highest
gene expression was seen in KGN CM 7.50 and SKF CM groups 10.47-fold at day 21, the
lowest expression was observed in Control CM group 4.40-fold. As a result, small molecule
SKF and KGN both significantly increased the gene expression of ACAN is when compared
with Control CM. However, gene expression of ACAN was significantly higher on SKF CM
(10.47-fold) compared with KGN+SKF CM (8.43-fold). COL1ALl is a hypertrophy marker
seen in fibrocartilage tissue regarding with dedifferentiated chondrocytes [109]. During 21
days, a decrease in COL1A1 expression was observed in all groups. At day 7, there was
1.89-fold COL1AL in Control CM, 1.90-fold in KGN CM and 2.15-fold SKF CM groups,
and 2.57-fold COL1A1l in KGN+SKF CM group with respect to Control GM. At days 14
and 21, COL1A1 gene expression decreased to around 1, below 1, respectively, in all
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chondrogenic differentiation groups. In both small molecules induced groups KGN CM,
SKF CM and KGN+SKF CM, and Control CM group, COL1AL1 decreased below 1-fold,
showing that small molecules did not induce hypertrophic ECM deposition in any groups.
In conclusion, increase in gene expressions of chondrogenic marker genes SOX9, RUNX1,
COL2A1 and ACAN was observed upon small molecule KGN and SKF inductions.
COL1AL1 hypertrophy marker gene expression was not changed with small molecule
induction. Small molecule SKF induced chondrogenic differentiation and ECM deposition

in RBMSCs and can compete with KGN molecule in this field.
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Figure 4.20. Expression of (A) SOXO9, (B) RUNX1, (C) COL2A1, (D) ACAN and (E)
COL1A1 genes as fold changes with respect to Control GM groups (**** P < 0.0001,
***p <0.0002, ** P <0.0021, * P <0.0332)
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Figure 4.20. Expression of (A) SOX9, (B) RUNX1, (C) COL2A1, (D) ACAN and (E)
COL1AL1 genes as fold changes with respect to Control GM groups (**** P <0.0001,
***p <0.0002, ** P <0.0021, * P <0.0332)
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Figure 4.20. Expression of (A) SOX9, (B) RUNX1, (C) COL2A1, (D) ACAN and (E)
COL1A1 genes as fold changes with respect to Control GM groups (**** P < 0.0001,
***P <0.0002, ** P <0.0021, * P <0.0332)
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5. CONCLUSION

Cartilage tissue has low a self-renewal capacity due to lack of blood vessels, and treatment
Is necessary for repairing of cartilage deformations and injuries. Although there are some
traditional treatments, they are inadequate in gaining back function and mechanical
properties of native cartilage tissue. Therefore, cartilage tissue engineering studies were
emerged as a new treatment strategy to achieve fully regenerated of defects. In this study,
effects of small molecules ADZ and SKF on chondrogenic differentiation of RBMSCs
seeded on PLA fiber scaffolds were examined and compared with KGN. Firstly, fibrous PLA
scaffolds were prepared via wet-spinning technigque and characterized by using mechanical,
degradation and SEM analyses and MTS cell proliferation assay. In terms of mechanical
strength, degradation time, water retention, pH change profile, porous PLA scaffolds was
successful and proper for cartilage regeneration studies. Then, the study was carried on in
comparison of small molecules. While RBMSCs differentiated in chondrogenic medium,
relevant study groups were supplemented with ADZ, SKF and KGN throughout 14 days.
Alcian Blue-PAS staining and MTS assay were applied on groups and it was revealed that
small molecule SKF induced high amount of ECM matrix compared to control group. On
the other hand, ADZ increased cell proliferation but it resulted in lower cartilage specific
ECM production. Therefore, the study was continued with the small molecule SKF and
KGN. Alcian Blue-PAS staining, MTS assay and RT-PCR were applied on RBMSCs
differentiated in chondrogenic medium and induced with small molecules SKF and KGN.
Increased amount of ECM deposition was observed in small molecule induced groups in
Alcian Blue-PAS staining. While increased gene expression of chondrogenic differentiation
markers SOX9, RUNX1, COL2A1, ACAN was observed, the expression of COL1AL1 gene,
marker of hypertrophy, was not increased upon small molecule induction. Then,
chondrogenic differentiation of small molecule induced RBMSCs in 3-D environment was
determined via seeding them into PLA scaffolds. RBMSCs were differentiated throughout
21 days. Alcian Blue-PAS staining, MTS assay and RT-PCR were conducted on samples at
day 7, 14 and 21. Results showed that small molecule induction increased the cartilage
specific ECM deposition and gene expressions of chondrogenic markers. In conclusion,
using PLA scaffolds were increased cell density and higher ECM deposition was observed,
while mechanical support was provided. Also, chondrogenic induction capacity of small

molecule SKF was compared with KGN and was found that small molecule SKF can
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compete with KGN in terms of chondrogenic ECM production, chondrogenic gene

expressions and cell proliferation.
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6. FUTURE PROSPECTS

In this study, in vitro chondrogenic induction effects of ADZ and SKF were determined and
compared with KGN. Chondrogenic differentiation and ECM deposition on PLA scaffolds
of small molecule induced RBMSCs were observed. In the future, chondrogenic
differentiation effects of small molecules and scaffolds must be observed in extended culture
periods to determine their long-term success. Also, in vivo experiments must be conducted
to evaluate tissue regeneration effects of small molecules on experimental models of
cartilage defects. Possible immunogenic and inflammatory responses developed in native
tissues against implanted scaffold must be determined. PLA can be blended with different
polymers to obtain better cell attachment and mechanical strength in scaffolds. For the
treatment of osteochondrogenic defects, PLA fibers can be combined with hydrogels and
biphasic scaffolds can be prepared. Small molecules can be delivered to cells by using
nanocarrier particles or hydrogel scaffolds for controlled release during differentiation.
Finally, osteogenic differentiation effects of small molecules ADZ and SKF can be studied

and compared with osteogenic inducer small molecules that are commercially available.
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APPENDIX B: MTS CALIBRATION CURVE
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Figure B.1. MTS calibration curve of RBMSCs (P3) seeded on 48 well plate
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