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ABSTRACT

TENOGENIC DIFFERENTIATION OF HUMAN ADIPOSE DERIVED
MSCS ON A NOVEL TENDON SCAFFOLD BY GDF-5
SUPPLEMENTATION

Guner, Mustafa Bahadir
MSc., Department of Biomedical Engineering
Supervisor: Prof. Dr. Dilek Keskin
Co-Supervisor: MD. Sedat Yilanci

September 2018, 84 pages

Tendon injuries are a significant part of musculoskeletal wounds. Even though
tendon wound healing mechanisms provide regeneration after injuries, reduced
function of the tendon usually occurs due to limitations of the native healing
mechanism. Tendon tissue engineering (TTE) is proposed to repair the injured
tendon by a scaffold integrated with biological factors. Therefore, aim of this thesis
was to design 3D scaffold, by combining healthy and wounded extracellular matrix
(ECM) structure of the tendon, together with stem cells and growth factor. 3D
scaffolds were produced by Wet electrospun unaligned poly-e-caprolactone (ESPCL)
or PCL-Gelatin (ESPCL-Gel) fibers to mimic wounded ECM structure of tendon
wrapped by aligned poly-e-caprolactone fibers (FSPCL) produced by Rotary jet
spinning to mimic healthy ECM structure of tendon. ESPCL or ESPCL-GeL fibers
within FSPCL fibers not only improved the mechanical properties of 3D scaffolds
but also provided better attachment and viability of fibroblasts. Furthermore, cell
alignment was observed for all groups. Moreover, ESPCL-GeL in FSPCL scaffold
showed higher fibroblast attachment and viability. Consequently, FSPCL/ESPCL-

Gel scaffold was considered as the most suitable scaffold for TTE. Then, human
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adipose derived mesenchymal stem cells (HADMSCs) on FSPCL/ESPCL-Gel
scaffold were induced with different concentration of growth differentiation factor 5
(GDF-5). The results revealed that HADMSCs with 100 ng/ mL of GDF-5 showed
better proliferation, tenogenic differentiation, hydroxyproline production. As a
conclusion, FSPCL/ESPCL-Gel 3D scaffold integrated with ADMSCs and GDF-5
showed promising results for TTE applications.

Keywords: Tendon tissue engineering, Rotary jet spinning, Growth differentiate

factor 5, Adipose derived mesenchymal stem cells
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INSAN YAG DOKUSUNDAN AYRILMIS MEZENKIMAL KOK
HUCRELERIN OZGUN HUCRE iSKELESINDE TENDON HUCRESINE
DONUSUMUNUN GDF-5 DESTEGIYLE SAGLANMASI

Guner, Mustafa Bahadir
Yuksek Lisans, Biyomedikal Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Dilek Keskin
Ortak Tez Yoneticisi: Dr. Sedat Yilanct

Eylul 2018, 84 sayfa

Tendon yaralanmalar: iskelet kas1 yaralanmalarinin ciddi bir boliimiinii olusturur.
Viicut iyilesme mekanizmalar1 tendon yaralarmmi diizeltmesine karsin  bu
mekanizmadaki eksiklikler sebebiyle tendonda islev kaybina sebep olur. Tendon
doku miihendisligi (TTE), hasarli tendonun biyolojik faktorlerle biitiiblesmis bir
hiicre tasiyicisi tarafindan onarilmasi i¢in onerilmistir. Bu nedenle, bu tezin amaci,
kok hiicreler ve biiylime faktorii ile birlikte tendonun saglikli ve yarali hiicre disi
matriks (ECM) yapisini birlestirerek 3B hiicre tasiyicilart tasarlamaktir. Tendonun
saglikli ECM yapisin1 taklit etmek i¢in Rotary jet egirme tarafindan {iretilen
hizalanmis poli-e-kaprolakton lifleri (FSPCL) tarafidan sarilmig tendonun yarali
ECM yapisini taklit etmek igin 1slak elektrospun ile hizalanmamis poli-e-kaprolakton
(ESPCL) veya PCL-Jelatin (ESPCL-Gel) lifleri kullanilarak 3B hiicre tasiyicilart
uretildi. FSPCL fiberleri igerisindeki ESPCL veya ESPCL-GeL fiberleri, sadece 3D
iskelelerin  mekanik  Ozelliklerini  iyilestirmekle kalmamis, aynm1 zamanda
fibroblastlarin daha iyi baglanmasin1 ve yasayabilmesini saglamistir. Buna ek
olarakd tiim gruplarda hiicrelerin hizalandigr gozlendi. Sonu¢ olarak, FSPCL /
ESPCL-Gel hiicre tasiyicisi, TTE uygulamalari igin en uygun hiicre tasiyicisi olarak
degerlendirildi. Sonra, FSPCL / ESPCL-Gel hiicre tastyicilarindaki insan
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adipozundan  tdretilen  mezenkimal kok hicreler (HADMSCs) farkhi
konsantrasyonlarda biiyiime farklilagma faktorii 5 (GDF-5) ile indiiklendi. Sonuglar,
100 ng / mL GDF-5 ile HADMSC'lerin daha iyi proliferasyon, tenojenik farklilasma,
hidroksiprolin iiretimi gosterdigini ortaya ¢ikardi. Sonu¢ olarak, ADMSC'ler ve
GDF-5 ile entegre FSPCL / ESPCL-Gel 3D iskele TTE uygulamalari i¢in {imit verici

sonuclar verdi.

Anahtar Kelimeler: Tendon doku miihendisligi, Merkezkag¢ kuvvetiyle egirme,

Buyime farklilagma faktorii 5, Yag kaynakli mezankimal kok hicreler
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CHAPTER 1

INTRODUCTION

1.1. Tendon

Tendon is a fibrous hierarchical connective tissue which is specialized to connect
muscle to bone with highly orientated extracellular matrix (Doroski, Brink, &
Temenoff, 2007). Tendons have a crucial role in musculoskeletal system in terms of
force transmission, load absorption, joint movement, and joint stability (Jozsa,
Kannus, Balint, & Reffy, 1991). Therefore, tendon tissues must meet specific
requirements depending on location in the body. At the kneecap; for example,
tendons should provide knee extension and knee joint stability, or tendon available at
shoulder joint must enable arm rotation (Carmeli, Patish, & Coleman, 2003;
Ricchetti, Aurora, lannotti, & Derwin, 2012). Such examples would be multiplied to

support the important role of the tendon in daily life routine.
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Figure 1. The hierarchical order of tendon tissue (Lui, Rui, Ni, & Chan, 2011).

In general, hierarchical order (Figure 1) of tendon begins with the tropocollagen
molecule. Namely, three polypeptide chains each of which is tropocollagen (Figure
2) in triple helix with a diameter around 1 nm form the tropocollagen molecule.
These molecules, in the first stage, assemble microfibrils, then turn in to crimped
shape collagen fibril in the second stage (Voleti, Buckley, & Soslowsky, 2012).
These fibrils are arranged to compose collagen fibers that aggregate fiber bundles.
The bundles are wrapped by a loose connective tissue known as the endotenon.
Endotenon together with the epitenon, which covers entire tendon, enables tendon to
the vascular, lymphatic, and nerve supply (Kannus, 2000). Since tendons experience

high mechanical stress, synovial sheets contribute tendon lubrication (Sharma &

Maffulli, 2014).




Figure 2. Tropocollagen model in water (Gautieri, Vesentini, Redaelli, & Buehler, 2012).

Tendons are mainly consisting of water (70% of total weight) (Hess, Cappiello,
Poole, & Hunter, 1989); however, dry weight of the tendons are mostly made up by
collagen type | (COL-I, 80-90%) (Lomas et al., 2015). Human tendons’ dry mass,
consisted of not only COL-I but also other types of collagens, glycosaminoglycans
(GAGs, 0.2%), elastin (1-2%), and proteoglycans (PGs, 1-5%) (Lomas et al., 2015).
Specifically, COL-I fiber type matrix accompanied by GAGs, PGs, and water fulfill
the mechanical requirements of the tendon tissue under the load (Sharma & Maffulli,
2014). Moreover, physiological processes; such as cell- cell interaction, collagen
fibrils aggregation, etc., are also related to GAGs and PGs (Derwin, Soslowsky,
Kimura, & Plaas, 2001). Thus, aging and pathophysiology of the tendon tissue are
related with other types of collagens (Wenstrup et al., 2011).
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Figure 3. Crimp formation and structure of tendon tissue (Spiesz et al., 2015)

Along with tendon structure, there are two main types of cells; 9-95% of cells in
tendon tissue are tenoblasts cells (immature tendon cells) and tenocytes cells (mature
tendon cells) (Kannus, 2000). Length and shape of the cells enable to distinguish
these two cell types; for instance, while tenoblasts cells are smaller (20-70 um) than
tenocytes (80-300 um) and have various shapes (round, polygonal, and spindle-star-
like) unlike elongated shape of tenocytes ((Chuen et al., 2004; Ippolito, Natali,
Postacchini, Accinni, & De Martino, 1980). Besides that, tendon tissue also contains
other types of cells; tendon stem cells, chondrocytes, vascular endothelial cells,
synovial cells, and smooth muscle cells (Kannus, 2000; Sharma & Maffulli, 2014).

Muscles are connected to bone by tendons and transfer mechanical force to the bone
in order to generate joint movement. Myotendinous junction refers to the part where
tendon and muscle are attached while osteotendinous or enthesis is the region where

bone and tendon connection occur (Kannus, 2000). Depending on tendon location,
4



tendons shape and size vary from each other. In general, extensor tendons tend to
have flattened shape while, flexor tendons tend to have a round or oval shape
(Benjamin, Kaiser, & Milz, 2008).

Figure 4. Anatomy of tendons in hand. The flexor tendons (a) and the extensor tendons (b)
(Benjamin et al., 2008).

Tendons can maintain structural integrity under great tension force because of its
mechanical behaviors; fibroelastic, viscoelastic, and plastic (Haut, 1986; Jarvinen,
Jarvinen, Kannus, Jozsa, & Jéarvinen, 2004). Tendon mechanical characteristics, thus,
are influenced by force direction and anatomical location (Voleti et al., 2012).
Crimped structure of the collagens which might have different patterns (i.e., planar
zig-zag connected structure, helical structure, flattened helices, or spirals) is

maintained at rest and serves as a shock absorber when the force is initiated. They
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become straightened when the load is applied (Diamant, Keller, Baer, Litt, &
Arridge, 1972; Gathercole & Keller, 1978; Jozsa et al., 1991). Stress-strain curve of
the tendon can be considered in three regions as toe region, linear region, and failure
region (Figure 5) (Roshan James, Kesturu, Balian, & Chhabra, 2008). At toe region,
the crimped pattern in the collagen fibers are straightened (Gathercole & Keller,
1978); at the linear region, the collagen fibers have a completely un-crimped pattern
(Silver, Christiansen, Snowhill, & Chen, 2001). At last, tissue rupture begins beyond
the linear region leading to tendon failure (Rigby, Hirai, Spikes, & Eyring, 1959).
Mainly, mechanical properties of tendon tissue are related with the crimp pattern, the
thickness, and collagen content (Sharma & Maffulli, 2014). Generally, 0-4% strain
range covers toe and linear regions, namely, elastic region of the tendon. Strain
exceeding 4% of tendon length causes microscopic, eventually, macroscopic (8-
10%) tears.

A Failure

....................................

Linear region
Stress g

Toe region —— ——=%

2% Strain

Figure 5. Stress-strain diagram of the tendon (Robi, Jakob, Matevz, & Matjaz, 2013)

1.1.1. Tendon Defects/ Wounds

Tendon tissue injuries are reported as musculoskeletal injuries. Achilles, patellar,

and rotator cuff tendon can be classified as most common tendon injuries (Wilson &



Best, 2005). The appearance of the wounded tendon can be easily noticed by its
disordered structure and brown color unlike tendon healthy color which is shiny
white. Tendon injuries cannot be recognized until full tendon tear, one of the most
considerable risks of tendinopathy, occurs (Sharma & Maffulli, 2014). Tendon tissue
matrix is degenerated due to intrinsic factors, extrinsic factors, or combination of the
both, resulting in the structural and functional deformation of the tendon. Overuse
and aging are mostly labeled as intrinsic factors which are in chronic nature, while
trauma and rapture are extrinsic factors in acute nature. Eventually, tendon injuries
lead loss of function, disability, long-term pain, and a decrease in life quality (Lui et
al., 2011; Sharma & Maffulli, 2014).

1.1.2. Tendon Healing

Tendon injuries are particularly problematic due to fibrotic scar tissue formation in
tendon healing since the regenerative capacity of tendon tissue is limited. This result
in a decrease of mechanical properties of the healed tendon (Lui et al., 2011).
Tendon healing process involves three stages which are initiated after acute tendon

injuries : inflammatory, repair, and remodeling stages (Figure 6) (Voleti et al., 2012).



100
27T e
_ Decreased Cellularity e
< 3: Remodelling alnreueu(ollngm Typel é.
&t Synthests of ECM =
<] - -]
3 comp«,énls )
h‘ = Fibroblast Proliferation / 5
- «Deposition of immature / S0 =
& GAGs / 2
[ *Collagen Synthesis / ’ ‘5
~Pro-inflammatory molecules 37 v
sFibroblast inward migration / o
—Anglogencsis 7 Tissue functionality 3
, =]
2 -
I - T T ¢
Hours Days Weeks Months Years
Time

Figure 6. The three phase of tendon healing (Lomas et al., 2015).

The inflammatory phase is the first response of the body to injured tendon side. The
phase is immediately initiated after the injury and continued for a few days.
Inflammatory cells such as neutrophils, monocytes, and macrophages are stimulated
by pro-inflammatory cytokines to remove necrotic cells and tissues (Sharma &
Maffulli, 2014).Additional inflammatory cells home to the wound side by the
contribution of escalated vascular permeability (Voleti et al., 2012). After that,
tendon cells start forming ECM in the wounded side, while the vascular network is
synthesized (Gelberman, Vandeberg, Manske, & Akeson, 1985; Voleti et al., 2012).

The repair stage is initiated by cell migration and proliferation, therefore this stage is
also known as “proliferative stage” (Voleti et al.,, 2012). Although the cell
proliferation and migration mechanisms after tendon wound require more
investigation, it is known that the repair stage initiates soon after the injury and
follows up to 30 days. During this stage, collagen type Ill synthesis increased
together with proteoglycans synthesis and water retention leading to a provisional



ECM (Voleti et al., 2012). Formation of collagen type Il matrix is completely
random and it is reported to increase cell proliferation rate (N. M. Lee et al., 2017).

The remodeling stage is started 6-8 weeks after an injury and required up to 2 years
depending on the tendon wound, patient age, and conditions. This phase can be
divided into two that are consolidation and maturation. In the consolidation part,
synthesis of collagen type Il is decreased along with cellularity and matrix
production. Cells metabolism, nevertheless, preserved its high activity, in other
words collagen type Il synthesis is replaced by collagen type | that leads to more
fibrous tissue and increasing in mechanical properties of healing tendon (Denitsa
Docheva, Miller, Majewski, & Evans, 2015a). Furthermore, alignment of collagen
type | is increased in stress direction (Sharma & Maffulli, 2014). Ten weeks after
tendon injury, maturation part of the remodeling stage takes place to form more
collagen fibril crosslinking and to decrease cells’ metabolism and vascularity
(Grinstein & Galloway, 2018). On the other hand, neo-tissue turns into scar type
tissue instead of healthy tissue; therefore, it cannot gain its native properties
(Roshan James et al., 2008).

1.2.Conventional treatments

Conventional therapies for tendon repair can be conservative, surgical operation, or
including both. In the conservative approach, physical therapies are applied on the
patients accompanied with, more often than not, injection of drugs, like
corticosteroids and aprotinin, and nonsteroidal anti-inflammatories (Hampson,
Forsynth, ElI Haj, & Mafulli, 2008). Furthermore, certain procedures which are
applied in physiotherapy like low-intensity pulsed ultrasound, and shockwave, are
among the most common physical therapies (Lui et al., 2011). Yet, despite effort of
conservative treatments in the course of tendon healing- even some tendon tissue
repair is achieved-, it is plausible to claim that this approach cannot provide full
regeneration of tendon injury, thus leading to the loss of its function, but increasing

duration of the treatment and chance of reinjury as well (Hampson et al., 2008).
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As mentioned, the conservative approach may not be enough to repair a tendon
injury. Tendon damage is beyond the capacity of the conservative treatment when
tissue is heavily injured. In that case surgical operation is considered as an option.
Surgical operation can be divided into parts; Surgical interventions, surgical suture,
transplants, and prostheses (Hampson et al., 2008; Jargensen, Bak, Ekstrand, &
Scavenius, 2001).

Surgical interventions involve the promotion of regeneration through the induction
of cells and location and/or removal of present fibrotic tissue (Maffulli, Longo,
Loppini, & Denaro, 2010). Considering the site of injury, one of the methods to
apply tendon surgery is the endoscopic surgery which is minimally invasive
(Mazzocca et al., 2010). Moreover, the suture can be used as a treatment to connect
the tendon tear side, if an end-to-end gap smaller than 5 mm is present (Burkhart,
Diaz Pagan, Wirth, & Athanasiou, 1997).

Tendon transplantation is required for the severely damaged tendon. Autograft in
tendon treatment, which is patient’s tendon obtained from another tendon site, is
“gold standard” for tendon repair. The significance of the autograft comes from the
absence of immunological rejection (Wu & Han, 2018). The “golden standard”,
however, is not always available because of the limited donor side. Furthermore, a
secondary surgery is required to obtain tendon tissue from a patient and it can lead
donor side morbidity. Therefore, alternative forms of tendon transplantation are
developed to overcome autograft limitations with the use of allografts, tissue taken
from cadavers, and xenograft, tissue taken from other species. Although autograft
drawbacks are eliminated, allograft or xenograft implanted patients are at risk of
disease transmission, immunological rejection, and high rerupture rate (Moshiri &
Oryan, 2012). Eventually, sterilization and decellularization of allograft or xenograft
are performed to prevent risks, with a drawback as a decrease in mechanical
properties of the implants and increase in reinjury (Marrale, Morrissey, & Haddad,
2007).

Tendon prostheses- which are produced by using synthetic materials such as

polyester, polypropylene, silicone, nylon, etc.- are commonly used from the early
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1980s to 1990s. Mechanical properties of these implants were better than transplants.
Nonetheless, these devices created trouble in terms if biocompatibility, prosthesis
degradation, and failure. They could not meet all these requirements and pulled back
from the market (Chen, Xu, Wang, & Zheng, 2009).

1.3.Tendon tissue engineering (TTE)

Since conventional treatments have the above-mentioned limitations, tissue
engineering takes place as an alternative treatment strategy for tendon injuries. The
aspect of tissue engineering (Figure 7) has a great potential paradigm for tendon
healing. Engineered tissue scaffolds integrated with biochemical and physical cues
enables to reconstruct native tissue (Thayer & Goldstein, 2016). In this point of
view, the ultimate goal of the tissue engineering is mimicking both the structure and
environment of the native tissue. Tissue engineering approach gives opportunity

either in vivo treatments or in vitro tissue growth for later transplantation.
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Figure 7. Tissue engineering approach (Ramos, Peach, Mazzocca, Yu, & Kumbar, 2015).
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1.3.1. Materials

Materials in tendon tissue engineering field can be divided into two groups as natural
materials (e.g. gelatin) and synthetic materials (e.g. PCL). Biodegradable and
biocompatible synthetic materials such as poly-e-caprolactone (PCL) (Peach et al.,
2012) are highly studied in TTE. The importance of synthetic materials is that
properties of the synthetic materials can be tailored in terms of pore size, degradation

rates, mechanical strength, shape, biological properties, etc.

Natural materials can be obtained from animal or plant sources and draw attention in
TTE applications mostly for resembling native tissue components (Ramos et al.,
2015). In contrast to synthetic materials, natural materials have good
biocompatibility and degradability to stimulate cell response (Wu & Han, 2018).
Main drawbacks of natural materials, on the other hand, can be said as inconsistency
of chemical, biological, and material properties between batches (Andrews, Scholes,
& Wiederrecht, 2010), uncontrollable degradation rate, inappropriate mechanical
properties for load bearing applications (Yamane et al., 2005), and poor processing
ability (Laurencin & Nair, 2015). In order to overcome these drawbacks, natural
materials can be combined with synthetic materials such as PCL-gelatin (Patel &
Fisher, 2008).

Gelatin which is produced from collagen denaturation is widely used in
pharmaceutical and medical fields because of its biological origin, biodegradability,
biocompatibility, and commercial availability at relatively low cost (Y. Zhang,
Ouyang, Chwee, Ramakrishna, & Huang, 2005). Gelatin can be classified by two
types; type A and B. Type A is that collagens are subjected to the acidic pretreatment
to obtain gelatin while gelatin is extracted by alkaline pretreatment from collagens.
Carboxyl acid presence in Type B is greater than Type A since glutamic and aspartic
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acid are increased by glutamine and asparagine residues due to alkaline pretreatment
(Ward & Courts, 2013).

PCL (Figure 8) is a biodegradable polyester which is produced from e-caprolactone
monomer. PCL and PCL including scaffolds are commonly used in TTE because of
biocompatibility and nontoxic degradation products as well as long degradation time
up to 2 years in vivo (Yildirimer & Seifalian, 2014). Moreover, a high degree of
crystallinity and hydrophobicity are other worth to mentioned properties of PCL
(Yildirimer & Seifalian, 2014).

Figure 8. Chemical structure of PCL.

1.3.2. Fibers

Mechanical properties and biocompatibility are important criteria in material
selection. Besides that, the surface chemistry is important for the initial and
continuous interaction between biomaterial and cell. The microstructure of a
material, on the other hand, has crucial role in tissue repair. For example, the
material should ensure proper porosity for nutrient, waste exchange, and cell
infiltration. Furthermore, high aspect ratio, surface area, and mechanical properties-
also can be tailored by morphology- must meet requirements for soft tissue
engineering (Kumbar, James, Nukavarapu, & Laurencin, 2008). Fibers, therefore, are
suitable for tendon tissue engineering, since native tendon ECM mostly consist of

collagen type I fibers that are aligned in tendon structure.

The interest of fiber networks lies in the phenomenon of contact guidance that cell

morphology, the orientation of cells, and expression of phenotypic markers can be
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modulated (Han, Zhu, Chen, Wicks, & Li, 2017). Studies state that cell morphology
is guided by fiber diameter, as well as fiber orientation (Xie et al., 2010). In addition,
Xie et al. (2010) shows that cells are elongated on aligned fibers similar to tenocytes
at healthy tendon while random oriented fibers provide rounded shape cells. In this
concept, nanofibers that are randomly oriented mimic wounded tendon that leads
tendon fibroblast cell proliferation and ECM deposition on aligned microfibers
mimic native tendon that cells preserve fibroblastic phenotypes (Erisken, Zhang,
Moffat, Levine, & Lu, 2013).

1.3.3. Scaffold Production Techniques

The goal of  the scaffold is mimicking tissue microenvironment and
microarchitecture at the site of defect or implantation (Liu Tsang & Bhatia, 2004).
Therefore, produced scaffold must meet the requirements of the mechanical and
biological function of the tissue. Since tendon structure is made of collagen fibers
(Kannus, 2000), designed tissue engineering platform also need to consist of fibers
to mimic the architecture of tendon. In addition, produced fibers should be in aligned
form for complete mimicking. Another design constraint of the scaffold is enabling
cells to migrate to the site, proliferate, initiate remodeling and maturation (Moshiri &
Oryan, 2012). In short, tissue construct must have optimal an environment for tissue

regeneration.

Electrospinning (Figure 9A) method is one of the most commonly used fiber
production processes in which high-voltage is applied to form electric field between
a nozzle and collector. This electric filed provides a thin wet polymer filament to be
expelled from syringe needle to mostly grounded collector (Huang, Zhang, Kotaki,
& Ramakrishna, 2003). Electrospinning parameters that affect fiber characteristic are
solution concentration, polymer and solvent used in solution, ejection flow rate,
intensity of the electrical field, the needle diameter, and distance between the needle
and the collector (Luo, Stoyanov, Stride, Pelan, & Edirisinghe, 2012). Main

advantages of electrospinning are simple system setup, easy to produce lab-scale
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pilot model and ability to control fiber dimensions from micron-to-nanometer sizes
(S.--E. Kim, Jordan, Korley, & Pokorski, 2017). Conventional electrospinning
method, nonetheless, cannot provide proper pore size for cellular activity due to 2D
nature of final fiber matrix (Dalton et al., 2013). Furthermore, the final structure of
the fiber matrix cannot be controlled because of electrostatic repulsion (Centola et
al., 2010). In order to overcome these limitations, wet electrospinning (Figure 9B)
method where fibers are collected in the non-solvent bath is used to produce 3D
scaffold (Luo et al., 2012). Even so, there are other electrospinning related
disadvantages such as the requirement of a high-voltage power source, solvents
within a specific range of dielectric constant, unprecise control over fiber orientation,
and low fiber yield. (McEachin & Lozano, 2012; Rogalski, Bastiaansen, & Peijs,
2017).
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Figure 9. Schematic illustration of ES (N. Zhu & Che, 2013) and wet electrospinning (Zheng
etal., 2014).

Rotary jet spinning (RJS or force spinning, Figure 10) was introduced in 2010 to

fabricate fine aligned micro and nanofibers. Fiber production is driven by a
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centrifugal force that needs to overcome surface tension forces for fibers formation
(Mohammad Reza Badrossamay, Mcllwee, Goss, & Parker, 2010). Fiber
characteristics can be designed by device dependent parameters, such as orifice
diameter, rotation speed, and collector and solution dependent parameters that are
solvent volatility and viscosity of the solution (Mohammad Reza Badrossamay et al.,
2010). Main advantages of RJS are high fiber yield, low power consumption, easy

setup, its natural process provides aligned fiber (Golecki et al., 2014).
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Figure 10. Schematic illustration of RJS (Mohammad Reza Badrossamay et al., 2010).

1.3.4. Cells

Seeding cell on the engineered scaffold is a well-known strategy in order to improve
wounded tissue healing. Moreover, studies state that cell seeding promotes treatment
of injured tissue (Y. S. Kim, Lee, Ok, Park, & Kim, 2013; Loeffler et al., 2013).
There are different cell types used in tendon tissue engineering. For example,
mesenchymal stem cells (MSCs) from different sources, tenocytes, and tendon stem
cells, have been examined to develop cell loaded constructs for tendon tissue

engineering application (Mazzocca et al., 2012).
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Although tenocytes provide great opportunity due to being derived from tendon
itself. However, being highly differentiated limits its proliferation. Moreover,
enough number of tenocytes cannot be isolated from the tendon. A sufficient number
of tendon stem cells is not available for cell isolation from tendon (Bieback, Kern,
Kocadmer, Ferlik, & Bugert, 2008). Therefore, using a different cell source for
tendon tissue engineering would be more efficient. For this purpose, MSCs could be

a better candidate.

MSCs that are derived from different sources show almost the same property
(Bieback et al., 2008). Especially, adipose-derived MSCs can be an efficient cell
source for tendon tissue engineering in terms of the number of cells and ease of
isolation (Merceron et al., 2008). One thing that should be considered when using
MSCs in tendon tissue engineering is that ectopic bone growth will be an issue due
to deficiency of oxygen since MSCs have capable of differentiating to other tissues
like bone (Pietschmann et al., 2013).

1.3.5. Growth factors

Since the natural healing process of the tendon is not enough to generate fully
restored tendon increasing research on tendon development mechanisms provides
new ideas to improve regeneration. Towards this aim, growth factors like
transforming growth factor-p (TGF-B), insulin-like growth factor-1 (IGF-1),
fibroblast growth factor (FGF), and platelet derived growth factor (PDGF), which
bind to cell surface receptor to promote specific cellular events (Nixon, Watts, &
Schnabel, 2012), are investigated in tendon tissue engineering applications (Molloy,
Wang, & Murrell, 2003).

While chemotaxis and fibroblasts proliferation are increased at first stage of tendon
healing by PDGF presence, tenomodulin expression and biomechanical properties
were not affected suggesting that PDGF fails to contribute complete tendon

regeneration (Nourissat, Berenbaum, & Duprez, 2015).
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IGF-1 is involved in first and second stages of tendon healing (Molloy et al., 2003)
by stimulating migration and proliferation of fibroblasts and inflammatory cells.
Moreover, collagen and ECM components’ synthesis is increased at third stage of
tendon healing by IGF-1 (Costa et al., 2006; Roshan James et al., 2008; Molloy et
al., 2003).

FGF is related with angiogenesis and migration of cells that increase wound closure
rate of patellar tendon by the proliferation of fibroblasts (Costa et al., 2006).
Furthermore, it was shown in an in vivo study with a chick that FGF is involved in
the first stage of tendon healing by stimulating scleraxis expression, resulting in
enhanced biomechanical properties in the healed tendon (Thomopoulos et al., 2010).
Nonetheless, FGF contributions are rejected by other observation in terms of
mechanical and functional properties of the healed tendon (Ngo, Pham, Longaker, &
Chang, 2001).

TGF-B is involved in early and mid-stages of tendon healing by stimulating cell
migration and proliferation (Roshan James et al., 2008). In addition, collagen type |
synthesis are improved by TGF-B at in vitro conditions, suggesting that tendon
healing mechanisms can be enhanced by TGF-B (Manning et al., 2011). Scar tissue
formation, on the other hand, is increased at late stage of tendon healing by a late

expression of TGF- B (Roshan James et al., 2008).

Growth Differentiation Factor-5 is a part of Transforming growth factor-p (TGF- B)
family and also can be classified as cartilage-derived morphogenetic protein-1
(CDMP-1) or bone morphogenetic protein-14 (BMP-14). TGF- B family members
signaling mechanism, in general, is induced by a ligand that constitutes tetrameric
complex with cell surface receptors type | and type Il are known as serine/threonine
receptors (Heldin, Miyazono, & Ten Dijke, 1997; Massagué, 1998). Briefly,
members of TGF- B family signal transduction is beginning to from an attachment to
type Il receptor. Following, the ligand and type Il receptor complex is identified by
type | receptor to generate the heteromeric complex. Due to final complex,
phosphorylation and activation of type | receptor is driven by type Il receptor,

revealing type | receptor activation has vital role to transduce TGF- B family
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members signals. Finally, transduced signal through type | receptor phosphorylate
receptor-regulated SMADs (R-SMADs), resulting in activation of R-SMADs to form
trimers that are consisting of two R-SMADs and SMADA4 to translocate to nucleus
and regulate gene expression (Hata & Chen, 2016). TGF- B family members
demonstrate analogy to their general signal transduction, despite the fact that each
member inducts specific signaling pathway (Macfarlane, Haupt, Dietz, & Shore,
2017). On the other hand, signaling mechanism of GDF-5 initiated tenogenic
differentiation is mainly unidentified (Y. J. Zhang et al., 2018) even though certain
studies were attempted to identify signaling pathways of GDF-5 lead to tenogenic
differentiation . Statements of these researches can be summarized as GDF-5 ligand
randomly binds to the activin type Il and I1B receptors, and the BMP type Il receptor
(Nishitoh et al., 1996). Interestingly, in vivo and in vitro studies affirmed that GDF-5
ligand almost always binds to the ALKG6 type | receptor due to single arginine438
residue in the sequence of GDF-5 (Nickel, Kotzsch, Sebald, & Mueller, 2005;
Nishitoh et al., 1996). Additionally, the heteromeric complex consist of ALK6 type |
receptor activates the SMAD 1/5/8 signaling pathways (Shen, Gelberman, Silva,
Sakiyama-Elbert, & Thomopoulos, 2013) that both in vitro and in vivo studies
informed SMADS activation triggers MSCs to tenogenic differentiation (Hoffmann
et al., 2006; Shahab-Osterloh et al., 2010).

Researches in literature were also evaluated for GDF-5 effects of tendon formation
and tenogenic differentiation. Wolfman et al reported that subcutaneous or
intramuscular implantation of GDF-5 in rats provides development of ectopic
neotendon for the first time. Furthermore, When GDF-5 was implanted with bone
morphologic factor-2 rather than being implanted alone, regenerated tissue was
composed of two distinct tissue: tendon tissue and bone tissue. It was stated that
GDF-5 maintain its tenogenic effects (Wolfman et al., 1997). More interestingly, in
another study, GDF-5 null mutation in branchypodism mice was examined as model
to evaluate the Achilles tendon. Results revealed that GDF-5 deficiency in mice
causes the compositional, mechanical, ultrastructural properties inferior to that of
mice native Achilles tendon (Mikic, Schalet, Clark, Gaschen, & Hunziker, 2001).

Following study shown that Achilles tendon healing was prolonged by deficiency of
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GDF-5 in branchypodism mice (Chhabra et al., 2003). Additionally, tenogenic
differentiation of adipose-derived mesenchymal stem cells has been shown that
tendon ECM, such as COL I, and specific tendon markers, such as, tenomodulin and
SMADS8 were promoted by GDF-5 presence in the cell culture media (Park et al.,
2010).

1.4.Aim of the study

When tendon injuries are beyond the capacity of natural healing processes and do
not respond to the conventional treatments, tendon tissue engineering (TTE)
techniques may be required. In this way, tendon repair can be achieved by using a
combination of scaffolds with growth factors and/or cells. TTE scaffolds with
fibrous microstructure can be produced by different techniques. Manufacturing
methods must provide reproducible, and industrially applicable scaffolds that were

proved to be successful with in vitro and in vivo studies.

This thesis aims to produce fabrication of 3D scaffolds supplemented with stem cells
and growth factor to mimic healthy and wounded extra cellular matrix of tendon to
increase cell adhesion, proliferation, and orientation for TTE applications. Here,
aligned 3D scaffolds of poly-g-caprolactone (PCL) and gelatin fibers which were
manufactured to mimic healthy and wounded ECM tendon structure. The scaffolds
are supplemented with human adipose derived mesenchymal stem cells (HAMSCs)

and growth differentiation factor 5 (GDF-5) in order to investigate potency as TTE
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construct for complete tendon regeneration with initial in vitro studies. 3D scaffolds
were produced with optimum properties for tissue engineering strategies. In order to
do so, aligned 2D fiber sheet was produced considering different parameters for RJS
and characterized in terms of degree of alignment and fiber diameters. Then, the
optimized sheet was combined with wet electrospun PCL and PCL/Gelatin fibers to
manufacture aligned 3D scaffolds. Morphology, degradation and water uptake, and
mechanical properties of final scaffolds were characterized to evaluate tendon tissue
regeneration related capacities. In addition, attachment and viability of the mouse
fibroblast cells(L929) were investigated with in vitro cell culture experiments. The
optimized scaffold in the first part was supplemented with HADMSCs and GDF-5 at
different concentrations to investigate the stem cell response in engineered tendon
tissue construct. The evaluation was done by the cell viability, quantitative

measurement of collagen production, and immunocytochemistry (ICC) analyses.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

For scaffolds production, Poly(e-caprolactone) (PCL; Mn, 80000), chloroform,
gelatin from porcine skin, and absolute ethanol were the products of Sigma-Aldrich
(Germany). Electrospinning solvent, 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was

purchased from Merck (Merck, Germany).

For in vitro cell culture studies, low glucose Dulbecco's Modified Eagle Medium
(DMEM) from Biowest (France), high glucose DMEM from Biowest (France),
DMEM medium without phenol red (Biochrom, Germany), fetal bovine serum
(FBS) from Biowest (France), penicillin/streptomycin from Biowest (France),
Alamar Blue® from Invitrogen (U.S.), trypsin/ EDTA from Biowest (France), growth
differentiation factor-5 from R&D Systems (U.S.A) were used. Mouse fibroblast cell
line L929 were obtained from ATCC (USA).

Human lipoaspirates were obtained from Liv Hospital (Ankara, Turkey, Ethical
committee 2018/005). For the isolation, collagenase from clostridium histolyticum,
type | A purchased from Sigma-Aldrich (Germany). Characterization of isolated
cells was performed by using CD 90 and CD11b/c from Biolegend, CD 105 from
Abcam (U.K.), CD 44, CD 45 and CD 31 from Cell Signaling Technology (U.S.A).

For quantitative total collagen measurement, Chloramine-T, L-hydroxyproline,
sodium acetate, 4-(Dimethylamino)benzaldehyde, citric acid, perchloric acid, 1-
propanol, and sodium hydroxide were purchased from Sigma-Aldrich (Germany).

Acetic acid was obtained from Merck (Germany).
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Immunofluorescence staining was performed by using collagen al type Il antibody
(Santa Cruz Biotechnology, U.S.A), collagen type | antibody (Abcam, U.K), TNMD
antibody (Biorbyt, U.K), Alexa Fluor® 488 and 532 phalloidin Cell Signaling
Technology, U.S.A, Alexa Fluor® 488, 647 (Cell Signaling Technology, U.S.A),
DRAQS5 (Cell Signaling Technology, U.S.A), and DAPI (Invitrogen, U.S.A).
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2.2.Methods

2.2.1. Production of 3D Constructs

Outer Part: Fiber Production by Rotary Jet Spinning (RJS)

Aligned PCL micro fibrous sheets were produced by custom made RJS device
(Mekoptronik, Turkey). Custom made collector which was made of a flat aluminum
sheet was placed horizontally under the spinning container. PCL solutions were
prepared in chloroform at 5%, %10, and %15 concentrations (w/v) and rotated at
different rotation per minutes (rpm), while feeding the reservoir with polymer
solution at various flow rates;1.5, 2.0, 2.5, and 3.0 mL/min. Final products of the
spinning process were collected from the collector and cut into rectangles (5x4 cm x
cm) for characterizations. RSJ products were designed to be the outer part of the
final 3D construct.

Inner Part: Fiber Production by Wet Electrospinning (WES)

PCL and PCL/Gelatin fibers which were aimed to be the inner part of the 3D
construct were electrospun by wet electrospinning system using ethanol bath onto a
rotating stand collector (Gozeler Electronic Corporation, Turkey). PCL or
PCL/Gelatin (3:1) (w/w) solutions were prepared in HFIP at a concentration of 10%
(w/v) and were pumped through NE-1000 syringe pump (New Era Pump Systems,
USA). The distance between syringe tip and collector was arranged as 12 cm. The
polymer solution was pumped at 3.5 ml/h flow rate and a voltage of 6.9 kV was
applied to syringe using Gamma High Voltage Source ES30 (Gamma High Voltage
Research, Inc., USA).
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Preparation of Combination of The Two Parts: 3D Construct

Final form of the scaffolds (Figure 11) as 3D constructs of inner and outer fibrous
parts were obtained by combining RJS and WES products after separate production.
Aligned fibrous sheets which have alignment along the long axis of the RJS. Then, a
long, WET electrospun PCL 3D cylinder which has the same length with the long
edge of rectangular sheets was placed on of the two long edges. Then a tube shape
was obtained by rolling aligned PCL fiber sheet around the electrospun PCL fibers.
In order to create the final shape of the 3 D construct, the two ends of the tube were
clamped and were horizontally rotated three times for 360°. The tightened bundle
formed a solid and stable structure that has formed the hybrid scaffold. Then
produced scaffolds were freeze at -80 °C, lyophilized (Labconco Corporation, USA)

in order to remove ethanol and form the final structure of the scaffolds.
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Figure 11. Schematic illustration of scaffolds preparation.

2.2.2. Characterization of The Scaffold

2.2.2.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to evaluate fiber morphology and

alignment. After 7 days of proliferation on scaffolds, moreover, cell attachment and

morphology on overall scaffolds were characterized. Scaffold specimens were coated

with gold and palladium with sputter coating device (Anatech Hummle VII, Istanbul,
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Turkey) to prepare for SEM analysis. After that, the specimens were observed by
micro and nano SEM devices (Stereoscan S4-10, Cambridge, UK and JSM-6400
Electron Microscope, Jeol Ltd., UK), equipped with NORAN System 6 X-ray
Microanalysis System & Semafore Digitizer (Thermo Fisher Scientific Inc., USA)
and Quanta 400F Field Emission SEM device (FEI, USA).

Fiber alignment of scaffolds were described by using SEM images for orientation
order parameter (OOP, equation 1) (Volfson, Cookson, Hasty, & Tsimring, 2008) to
measure its alignment by pixel-based image analysis using the developed
MATLAB® code.

00P = /[< cos 20 >2 + < sin 20 >2] 1)
Where;

OOP= Orientation order parameter.

@= The angle between fiber axis and the image axis.

Cell fixation was performed to assess cell attachment and morphology on scaffolds.
Grown cells on scaffolds at seventh days of incubation were fixed for SEM
visualization. Cells on scaffolds were washed twice with PBS and incubated in 4%
paraformaldehyde solution for 15 minutes. Then, scaffolds were washed again and
dehydrated by using increasing concentrations of ethanol (50, 70, 80, 90 and 100 %,
respectively). In the end, scaffolds were subjected to hexamethyldisilazane for 10
minutes and after removal of excess hexamethyldisilazane by PBS, they were dried

under hood.

2.2.2.2. Mechanical Properties

Mechanical properties of scaffolds were measured by Univert biomaterial
mechanical testing device (Cell scale, Canada). Specimens were cut to same length
and thickness (30x1, length x thickness in millimeter). Subsequently, the test was

conducted using 200N load cell and specimens were stretched 5mm for 1min and
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data was collected to a remote computer. Graphs of stress-strain curves were
prepared from the data by the software to evaluate the mechanical properties of

scaffolds.

2.2.2.3. In vitro Degradation and Water Uptake Study

In vitro degradation experiments for scaffolds were performed for 1, 4, and 7 days.
Scaffolds were placed in 10 mL PBS solution and incubated in shaking water bath at
37°C. PBS solution was replaced every other day. Weight changes of scaffolds were

measure at each time point and reported as percentages according to equation 2:

% Weight Loss = W x 100 (2)

4

where;
Wi= Weight of scaffolds before the incubation
Ws= Weight of scaffolds after the incubation

water uptake studies of scaffolds were conducted in 10 mL PBS while incubating in
shaking water bath at 37°C. At time points; 1, 3, 24, 48, 96, and 120 hours, wet
weight of the samples were measured. Prior to weight measurements, excess water
on scaffolds were soaked by filter paper. Percent water uptakes of the scaffolds were

calculated using following equation (3):

% Water Uptake = %

i

x 100 @A)

where;
Wp= Initial dry weight of the scaffolds.

W= Wet weight of the scaffolds at different time point.
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2.2.2.4. Cell Culture Studies

For in vitro cell culture studies, scaffolds were cut in cylindrical shape (20x1 mm,
length x width). Before cell seeding, scaffolds were sterilized by 2 hours of ethanol

(70%, v/v) treatment followed by 30 minutes of UV treatment.

L929 cells were incubated with high Glucose DMEM including 10% (v/v) fetal
bovine serum (FBS) and 10 U/mL penicillin/streptomycin (Pen/Strep). HADMSCs
were incubated with low Glucose DMEM including 10% (v/v) fetal bovine serum
(FBS) and 10 U/mL penicillin/streptomycin (Pen/Strep). Both cells were cultivated
in an incubator (Panasonic, MCO-18AC, Kadoma, Japan) at 37°C with 5% CO; and
95% humidity. Cells were passaged when they reached at least 80% confluency, via

0.1% Trypsin/ethylenediaminetetraacetic acid (EDTA).

2.2.2.4.1. Adipose Derived Stem Cells (ADMSCs)

2.2.2.4.1.1.1solation

Human adipose tissue was obtained from lipoaspirate surgical procedure with
approval from Liv Hospital Ethical Committee. Adipose derived mesenchymal stem
cells (ADMSCs) were isolated according to enzymatic digestion (M. Zhu,
Heydarkhan-Hagvall, Hedrick, Benhaim, & Zuk, 2013). Collected lipoaspirates were
washed by PBS until adipose tissue layer become yellow/gold color indicting
removal of blood and other contaminants. Afterward, adipose tissue was digested in
PBS with 0.1-0.075% collagenase Type | solution (Adipose tissue/enzyme solution
1:1 v/v) at 37 °C for 30 minutes. Digested sample was mixed with equal volume of
DMEM-low glucose containing 10% FBS and 1% penicillin/streptomycin and
incubated at room temperature for 5 minutes in order to inactivate the collagenase.
After that, the sample was centrifuged for 10 min at 2100 g to collect singular
vascular fraction (SVF). SVF pellet containing adipose mesenchymal stem cells

(AMSCs) was resuspended in the media. Cells in media were seeded to 25 cm?
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flasks and incubated for 3-4 days at 37 °C, 5% CO. incubator without change of
media. After 3-4 days, the flask was washed with PBS to discard non-adherent cells

and other contaminants.

2.2.2.4.1.2.Flow Cytometry Analysis

After ASCs isolation, stemness of the cells was characterized for cell surface cluster
of differentiation (CD) antigen profile by using flow cytometry. Anti-CD11, Anti-
CD31, and Anti-CD44 for negative, and Anti-CD45, Anti-CD73, Anti-CD90, and
Anti-CD105 for positive antibodies were used for the analysis. Trypsinized cells at
passage 3 were centrifuged at 2000 rpm for 5 minutes. Cell pellets were washed with
fluorescence-activated cell sorting (FACS) buffer containing PBS with 0.1% BSA
and 0.001% sodium azide and cells in solution were collected by centrifugation.
Cells were resuspended in 1 mL of 4% paraformaldehyde for fixation step during
which the suspension was agitated every 10 minutes with a vortex. Fixed cells were
washed by FACS and centrifuged at 2000 rpm for 5 minutes. Then, supernatant was
removed, and pellet was resuspending in FACS buffer based on number of sample
(100 pL/sample) and aliquots were transferred into eppendorf tubes as 100 pL/tube.
First, antibodies were added into aliquots according to manufacturer’s
recommendations, and incubated overnight at 4 °C. Then, 1 mL of FACS buffer was
added to samples to centrifuge step. Later that, secondary antibodies were added into
aliquots according to manufacturer protocols, and the aliquots were incubated for 1
hour at 37 °C. Again, 1 mL of FACS buffer was added to samples and centrifuged.
Pellets were resuspended in 100-200 uL of FACS and analyzed by flow cytometer in
Center of Excellence in Biomaterials and Tissue Engineering (BD Accuri C6 Flow
Cytometer, BD Biosciences, USA). Gating was done by the reference of unstained
ASCs, and mouse and rabbit isotype 1gG were used as control for the experimental
antibodies.
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2.2.2.4.2. Cell Viability

Alamar Blue® analyses were carried out to assess cells attachment and proliferation
on scaffolds. For L929 cell line assessment, briefly, sterilized scaffolds were placed
in 48-well plates and seeded inner side of the scaffolds with L929 cells from passage
10 at a concentration 10 000 cells/ scaffold. While tissue culture polystyrene (TCPS)
was used as control and not seeded scaffolds were used as scaffolds negative. After
cell seeding, scaffolds were incubated 7 days. L929 cell attachment was
characterized at 6 hours post seeding. Moreover, proliferation of L929 cells was
quantified at days 1, 3, 7. For Alamar Blue® assay, media of specimens were
discarded, and they were washed with PBS. After aspiration of PBS, specimens were
incubated with 500 uL of Alamar Blue® solution (10% v/v) prepared with DMEM
without phenol red in carbon dioxide incubator (Panasonic, MCO-18AC, Kadoma,
Japan) at 37°C for 6 hours in dark At the end of incubation period Alamar Blue®
solution of each well was relocated into a new 48 well plate for optical density
measurements at 570 and 600 nm wavelengths. By using spectrophotometer
(Paradigm Fluorescence Plate Reader, Molecular Devices, ABD). Calculation were
performed based on the manual.

To evaluate concentration effect of GDF-5 on the cell viability, HADMSCs were
seeded inner side of the scaffolds at density of 20 000 cells/ scaffold. After that,
samples were cultivated in culture media (DMEM-high glucose with 10% PBS and
1% penicillin/streptomycin), supplemented with different GDF-5 at concentration of
0, 10, 50, and 100 ng/mL. Tissue culture polystyrene (TCPS) was used as control
whereas not seeded scaffolds served as scaffold negatives. The medium was replaced
every two days. Alamar Blue® assay was performed and evaluated at day 4 as

described above.

To asses time dependent effect of GDF-5, HADMSCs were seeded on scaffolds as
mentioned above and incubated for 14 days in GDF-5 (100 ng/ mL and O ng/ ml)
containing culture media. Tissue culture polystyrene (TCPS) was used as control

whereas not seeded scaffolds served as scaffold negatives. The medium was replaced
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every two days. Alamar Blue® assay was performed and evaluated at days 1, 4, 7,
14 as described above.

2.2.2.4.3. Hydroxyproline Assay

Total collagen amount in cell seeded scaffolds were measured by hydroxyproline
(HYP) assay (Reddy & Enwemeka, 1996). Briefly, scaffolds were digested in 1 mL
of papain solution. Then, 2 N sodium hydroxide was added onto digested scaffolds
for hydrolyzation by autoclaving. Chloramine-T reagent (0.056 M) containing 50 %
n-propanol and acetate-citrate was mixed with the hydrolyzate. The hydrolyzate was
oxidized at room temperature for 25 minutes. After the oxidation, Ehrlich’s Reagent
was added to sample which is followed by incubation at 65°C for 20 min. Finally,
optical density measurement was carried out at 550 nm wavelength. Calibration

curve was prepared by using 4-hydroxyproline standard.

2.2.2.4.4. Confocal Analysis

Cell fixation was performed before confocal analysis of cell seeded scaffolds.
Firstly, cells on scaffolds were washed twice with PBS and incubated in 4%
paraformaldehyde solution for 15 minutes. Then, 1% Triton X-100 in PBS treatment
was applied at room temperature for 5 minutes. After that, samples were washed
twice with PBS and subjected to 1% BSA in PBS at 37°C for 30 minutes. BSA
solution (1%) was removed, and then, the samples were washed again. Then,

Prepared scaffold were examined by immunofluorescent staining.

To evaluate L929 cell morphology, Scaffolds were incubated with Alexa Fluor 488
Phalloidin at 37°C for 1 hour in order to visualize the cytoskeleton, and then, with
DRAQ5 at room temperature for 30 min to stain cell nuclei. A confocal laser
scanning microscope (CLSM) (Leica DM 2500, Germany) was used to investigate
the cell distribution and localization within scaffolds.
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To evaluate Tenogenic differentiation of HADMSCs seeded scaffolds treated with
GDF-5 at various concentration (0, 10, 50, and 100 ng/mL), tenomodulin presence in
scaffolds were visualized. Briefly, cell seeded Scaffolds (Day 4) were incubated with
mouse primary antibody against tenomodulin for 12 hours at 4 °C, Dyight 488-
labeled donkey anti-mouse for 1 hour at 37 °C in dark, Alexafluor 532-labelled
phalloidin for 1 hour at 37 °C in dark, and DRAQS5 at room temperature for 30 min
in dark. Scaffolds were washed with PBS and evaluated by CLSM (ZEISS LSM800,

Germany).

In order to visualize COL I and COL Il production on HADMSCs seeded scaffolds
treated with GDF-5 (100, 0 ng/ mL), fixed samples (Day 7) were incubated with
mouse primary antibody against COL Ill for 12 hours at 4 °C, rabbit primary
antibody against COL 1 for 12 hours at 4 °C, Alexafluor 488-labeled goat anti-mouse
for 1 hour at 37 °C in dark, Alexafluor 647-labeled goat anti-rabbit for 1 hour at 37
°C in dark, Alexafluor 532-labelled phalloidin for 1 hour at 37 °C in dark, and DAPI
at room temperature for 10 min in dark. Scaffolds were washed with PBS and
evaluated by CLSM (ZEISS LSM800, Germany).

Tenomodulin, COL I, and COL Il stained areas in the images were measured by
image segmentation using MATLAB. Note that, All sample visualizations using
CLSM were performed in Center of Excellence in Biomaterials and Tissue
Engineering

2.2.3. Statistical Analysis

Results of experiments were statistically analyzed using one-way analysis variance
(ANOVA) with Tukey’s Post-hoc test for multiple comparisons by MATLAB®. P<
0.05 was considered statistically significant. The results are stated as mean +
standard deviation (SD).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of Dual Part Scaffolds Produced for Tendon Tissue
Engineering

3.1.1. Characterizations for Optimization of RJS Parameters

First trials of fiber production with RJS started with 5% and 10% solutions showed
that fiber formation was achieved under various conditions. However, the fibers
were too delicate to collect from collector without harm. During trials, when 5%
PCL solution was spun at 30 000 RPM collection at 15 cm distance was not
repeatable. Then, the effect of feeding speed of polymer solution into RJS was
investigated to understand the possible cause of batch to batch variation. This study
showed that rapid feeding of the solution increased the distance traveled by fiber jet,
nevertheless, slow poured solution decreased the distance traveled.

According to results of these initial experiments, fiber production parameters were
decided to be fixed as; 15% PCL in chloroform 30 000 RPM. Similarly, high
polymer concentration, high rotational speed, and volatile solvent are suggested in
literature for avoiding bead formation during fiber production (Mohammad Reza
Badrossamay et al., 2010; Golecki et al., 2014). In addition, effects of various
feeding rates (1.5, 2.5, and 3.0 mL/min) on fiber morphology were examined.
Results of these processes can be seen in Figure 12, demonstrating that bead free
RJS fibers were effectively fabricated. Furthermore, it is also suggesting that bead
formation was not triggered by feeding rates. Diameter and orientation order

parameter (OOP) of fibers (Table 1), however, were affected by the infusion rate.
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Feeding rate of 2.5 mL/min showed statistically significant differences in OOP
compared to other two feeding rates. The diameter results displayed increasing trend
in fiber diameter with increasing feeding rate. Additionally, 3.0 mL/ min feeding
rates generated less homogenous fibers in terms of diameter. This outcome can be
explained by the fiber production process where jet initiation starts when centrifugal
force with hydrostatic pressure overcomes capillary force (Mohammad Reza
Badrossamay et al., 2010). In that respect, continuous infusion of the solution
maintains or increases hydrostatic pressure depending on the flow rate, thus resulting
in higher jet velocity. Consequently, higher jet velocity causes rapid solidification of
the jet before getting thinner fibers (Golecki et al., 2014). In literature, there are three
main collector types which are static vertical collector (Ren et al., 2013; Taghavi &
Larson, 2014), round bottom collector (Loordhuswamy, Krishnaswamy, Korrapati,
Thinakaran, & Rengaswami, 2014) and rotating (Gonzalez et al., 2016). In that
devices in this thesis, horizontal collector was used and placed right under the
rotating reservoir where jets cannot travel in air for enough time to complete
solidification and reach at the vertical collector surface (Golecki et al., 2014; Padron,
Fuentes, Caruntu, & Lozano, 2013), finally causing thick fibers collected at the
horizontal collector. Similar RJS setup provided smaller fibers diameter (Mohammad
R. Badrossamay et al., 2014) than those obtained in this thesis based on collector
differences that their fibers were collected from rotating collector. Consequently,

fibers, that were subjected to tension force during collection, became thinner

Table 1. Diameter and OOP results of infusion rates. (*p<0.05, n=4)

Flow Rate (mL/min) Diameter (um) OOP

15 5.235+ 1.917 0.647+ 0.075
2.5 6.710+ 0.944 0.8716+ 0.054"
3.0 10.213+ 4.092 0.709+ 0.025
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In general perspective, the RJS device was particularly selected in this study to
mimic not only a general structure of healthy tendon, but, mimicking collagen type |
thickness, and alignment for injured-healing tendon model. Considering these
results, the infusion at the rate of 2.5 mL/min was a suitable candidate for outer part

of engineered 3D scaffold.
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Figure 12. SEM image of RJS fibers flow rates at (A) 1.5 mL/min (C) 2.5 mL/min (E) 3.0
mL/min. Pixel-based alignment analysis of fibers flow rates at (B) 1.5 mL/min (D) 2.5
mL/min (F) 3.0 mL/min.
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3.1.2. Characterizations of TTE Scaffold Morphology

RJS provided 2D densely packed aligned fibers were combined with ES randomly
aligned fibers to constitute the proposed 3D scaffolds without altering initial fiber
alignment of RJS and ES fibers (Figure 13).

FSPCL/ESPCL FSPCL/ESPCL-GEL 3:1

Figure 13. Photograph of final scaffolds and groups. (A, B, C) Schematic drawing of
scaffolds and (D, E, F) images of scaffolds.
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Mean diameter of RIJS fibers in integrated 3D scaffolds was 6.73 + 1.39 um
according to measurements from a total of 114 fibers of 4 different samples’ SEM
analyses (Figure 14). Average diameters of fibers in PCL and PCL/gelatin 3:1
scaffolds which were manufactured by the electrospinning system were 5.93+3.23
um and 1.724+0.7 pm respectively. Hence, the two ES outcome were statistically
different from each other in terms of fiber diameter. Presence of gelatin in PCL
solution caused an increase in charge density of the solution in consequence of
polyelectrolyte nature of gelatin. The solution conductivity, thus, increased because
of existence of cationic - anionic polyelectrolyte (Son, Youk, Lee, & Park, 2004). As
a result, the PCL/gelatin 3:1 solution provided thinner fibers than the PCL solution at
same ES device and production parameters. Measurement of diameters of ES
scaffolds’ fibers suggested that only PCL fibers would better mimic that late stage of
tendon wound, while PCL/gelatin 3:1 fibers were an appropriate candidate to mimic
early stage of tendon wound.

Collagen arrangement has vital role in both healthy and wounded tendon. Therefore,
the scaffolds must meet constraints of the state of arrangement to achieve planned
goal. OOP results of the scaffolds were calculated as 0.96+0.022 for RJS fibers and
0.36+0.026 for ES fibers (Figure 14G-I). These results confirmed that RJS technique
successfully yields aligned fibers and ES technique provides disorganized fibers, as
expected. Note that, all characterizations were performed after designed scaffold was
constructed. During final construction step as described, scaffolds were twisted
horizontally for 360° three times, thus, that the scaffolds were subjected to tension

force towards both ends which provide fibers to be more aligned.
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Figure 14. (A, B) Scanning electron micrograph of align part of scaffolds. (C, D)
Electrospun part of the scaffolds. (C) SEM image of FSPCL/ESPCL-Gel electrospun part.
(D) SEM image of FSPCL/ESPCL electrospun part. (E, F, G) Pixel-based alignment

analysis (n=4) and its results.
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3.1.3. Characterizations of Mechanical Properties

Representative stress-strain curves of scaffold groups (Figure 15A) and mechanical
properties of proposed scaffolds (Figs 15B-D) were given in Figure 15,
FSPCL/ESPCL and FSPCL/PCL-gelatin 3:1 scaffolds had significantly higher
Young’s modulus, yield strength, and ultimate stress compared to FSPCL scaffolds.
Results showed that presence of ES PCL and PCL/gelatin fibers in RSJ PCL were
caused much stiffer and stronger scaffolds. Tissue engineered scaffolds must meet
mechanical requirements of tendon for proper replacement. Overall, ultimate stress
of proposed scaffolds in this work provided better ultimate stress than native human
tendons (Table 2). Nonetheless, Young’s modulus of the scaffolds was drastically
lower than the tendons (Table 2). In terms of TTE, implanted tendon scaffold should
be able to sustain its shape under the load until neo tendon regenerates (Chan &
Leong, 2008). Moreover, to calculate mechanical properties of material, an accurate
measurement of specimen cross-sectional area is required, especially 3D scaffold
consist fibers due to highly porous nature of fibers (Pauly et al., 2016). Therefore,
the area of the material may be overestimated, then, the mechanical properties
become less than as it should be. In this research, cross-sectional areas of scaffolds
were measured as they are. For example, scaffolds can be compressed and then the
area can be measured. This approach can be used to estimate true material cross
sectional area without pore space leading increase of mechanical properties(Pauly et
al.,, 2016). For this reason, our scaffolds mechanical properties may be

underestimated.
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Figure 15. (A) Exemplary stress-strain curve of scaffolds. Calculated (B) Young’s modulus,
(C) Yield strength, and Ultimate stress. (p<0.05, n=4).
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Table 2. Calculated material properties of tendons. (*p<0.05, n=4).

Ultimate Stress  Young’s

(MPa) Modulus
FSPCL 31.03+2" 30.8+0.35"
FSPCL/ESPCL 40.4+0.82 34.1+1.13
FSPCL/ESPCL-Gel 3:1 40.7+0.4 33.62+1
Suprasinatus tendon anterior 21.1+54 592.4+ 237.4  (Matsuhashi et al.,
subregion 2014)
Suprasinatus tendon posterior  11.6£5.3 217.7+£102.1  (Matsuhashi et al.,
subregion 2014)
Medial triceps tendon 12.3+ 5.6 10374 (Baumfeld et al.,
2010)
Central triceps tendon 16.5+7.9 108+59 (Baumfeld et al.,
2010)

3.1.4. Characterizations of TTE Scaffolds Degradation Properties

Degradation rate of scaffolds is another important property that should be
investigated as native tendon tissue should substitute the scaffold in time.
Furthermore, engineered tendon scaffold must maintain its mechanical properties
and integrity during the substitution period. In massive tendon injuries, tendon
healing requires approximately one year to generate its normal function (Denitsa
Docheva, Miiller, Majewski, & Evans, 2015b). Weight loss of engineered scaffolds
after one-week degradation experiments can be seen in Figure 16; stating that almost
no weight loss in only PCL containing scaffolds was observed, while around 5% of
PCL/gelatin scaffold’s mass was lost probably because of gelatin solubility in water.
Since final mass of PCL/gelatin scaffold consisted of 15% gelatin, it can be
presumed that 10% of gelatin was still remaining in the scaffold. Similar conclusion
was attained by Dulnik et. al. with degradation profile of PCL/gelatin electrospun
scaffold (9:1, 8:2, and 7:3) in PBS up to 90 days that overall mass of PCL/gelatin
9:1, 8:2, and 7:3 structures remained their gelatin with 8%, 12%, and 14% in a row
(Dulnik, Denis, Sajkiewicz, Kotbuk, & Choinska, 2016)
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Figure 16. Weight loss after 7 days of degradation study in PBS (pH 7.4) at 37°C. (n=4)

It is suggested that complete degradation of PCL needs around two years depending
on PCL fiber diameter. During degradation thinner fibers can degrade more easily
than thicker fibers (Raghunath et al., 2009). In addition, another study claims that
PCL scaffold immersion in PBS for 12 weeks did not show any marked changes in

terms of molecular mass (Diaz, Sandonis, & Valle, 2014).

3.1.5. Water Uptake Analysis of TTE scaffolds

Water absorption behavior of scaffolds is important factor for tissue engineering not
only to transport proteins and bodily solutes inside and outside of the scaffolds but
also provide cellular invasion (Campos, Soares, & Anselme, 2013). Nevertheless, if
scaffolds cannot preserve their dimensional stability in wet conditions or exhibit
unrestrained water absorption capacity, consequences of the scaffold would be
severe for tissue engineering. Calculated water uptake percentages can be seen in
Figure 17. There was no significant difference was observed between the groups.
70% of total weight of tendon consists of water (Hess et al., 1989) that designed
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scaffolds have similar water uptake capacity with tendon tissue. | was also observed
that dimension changes of the specimens were between 5%-10% in humid
conditions. It was noted that the groups had suitable dimensional persistence in wet
conditions. Therefore, the scaffolds are appropriate certain environment where water

content is limited.
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Figure 17. Water uptake properties of FSPCL, FSPCL/ESPCL, and FSPCL/ESPCL-Gel 3:1
scaffolds in PBS pH at 7.4. (n=4)

3.2. In Vitro Studies

3.2.1. L929 Cell Attachment and Viability

Proposed scaffolds for tendon tissue engineering are 3D cylindrical constructs which
are designed to resemble native tendon healing steps from repair stage to remodeling
stage in terms of collagen fibers deposition in the healing stages. In this point of
view, inner core of the scaffolds, that consisted of ES unaligned nano and micro

sized fibers, mimic randomly deposited collagen type Il as in repair stage of tendon
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healing to promote cell attachment and proliferation. In addition, aligned micron size
fibers that form outer section of the scaffolds serves as reorganized collagen type I in
the remodeling stage. By imitation of collagen type | and Ill structures, increasing

cell attachment and proliferation is suggested, while guiding cell growth direction

Initial atachment of L929 cells on the scaffold groups is presented in Figure 18.
FSPCL scaffold showed the lowest cell attachment compared to groups bearing an
eletrospun core. The presence of randomly distributed electrospun fibers in the core
of the scaffolds could have created a fiber net where seeded cells can be settled
easily while some of the cells seeded on FSPCL scaffold would easily be washed
away between aligned fibers. The highest cell attachment was achieved with FSPCL-
ESPCL-GEL scaffold. The presence of the natural polymer, gelatin, within ESPCL-
GEL fibers created a more suitable environment for cell atachment by introducing
hydrophilicity to PCL fibers and providing gelatin which has similar biological
properties with collagen in native ECM of tendon tissue (Zhang et al., 2005). The
presence of gelatin provides amino acids like aarginine, glycine and aspartic acid in
the fibers structures, thus, increases recognition of surface by the cells and could
have increased adhesion strength of cells (Guarino et al., 2011).
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Figure 18. Alamar Blue® test for relative (TCPS was used as control) cell attachment of
L929 cells after 6 hours (*p<0.05, n=4)

L929 cell viability on scaffold groups was studied through 7 days of incubation and
results are presented in Figure 19. After first day of incubation, higher cell viability
was observed on FSPCL/ESPCL-GEL 3:1 scaffold compared to other groups which
was in parallel with higher initial cell attachment on this scaffold type. Higher cell
viability was observed on FSPCL/ESPCL scaffolds compared to FSPCL after 7 days
of incubation probably due to presence of nano fibers in FSPCL/ESPCL core which
can provide more surface area for cell growth. This was enhanced with nano fibrous
structure of electropsun PCL fibers which is known to support cell proliferation
more, compared to micro sized fibers. Randomly oriented electrospun fibers lying on
each other are more flexible compared to oriented thick micro fibers, and cells are
able to migrate better through the pores of random electrospun fibers (W.-J. Li,
Laurencin, Caterson, Tuan, & Ko, 2002). After 3 and 7 days of incubation, higher
cell viability was observed on FSPCL/ESPCL-GEL 3:1 scaffolds than other groups.
The gelatin phase in the core electropun matrix gradually dissolved during the
incubation period, leaving micropores inbetween two electrospun meshes.

Dissolution of gelatin phase could have created more space for cell infiltration and
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proliferation. Also gelatin/PCL complex was reported to have high elongation and
deformation potential that could decrease the resistance against cell penetration (Y.
Zhang, Ouyang, Lim, Ramakrishna, & Huang, 2005). The presence of gelatin phase
in scaffolds were also reported to enhance cell adhesion and proliferation (Gautam,
Dinda, & Mishra, 2013; Meng et al., 2010; F. Zhang et al., 2011). In order to create
mechanically strong scaffolds for tendon tissue engineeering, oriented fibrous
scaffolds were prepared, aligned fibers which created a main drawback by
decreasing cell viability compared to random fibers (Jahani et al., 2012). In this
study, to overcome this effect by combining forcespinning and electrospinning
techniques to form scaffold with mechanically strong, alligned PCL fiber shell and
electrospun PCL core. Alligned fibers were also reported to improve collagen
deposition compared to random fibers (C. H. Lee et al., 2005). Cell viability was
further improved the incorporation of gelatin phase to electropun PCL core, which
initially enhanced cell attachment by increasing hydrophilicity of the structure and
later opened space for cell proliferation by sacrificially disolving. The developed
duel phased FSPCL/ESPCL-GEL 3:1 scaffold was therefore found promising

candidate to be used for tendon engineering.
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Figure 19. Alamar Blue® test for Relative (TCPS was used as control) cell viability of L929

cells (*p<0.05, n=4)
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Morphology of L929 cells on scaffolds after 14 days of incubation (Figure. 20) was
examined by SEM images. Cells adhered, spread, and proliferated on aligned fibers
surface of each scaffold. It was noted that elongation of cell and cell-cell interaction

on the surface can be clearly seen. One of the targeted aims of this work was

achieved by aligned cells along the alignment of the fibers.

Figure 20. Morphology of L929 cell on (A) FSPCL, (B) FSPCL/ESPCL, and (C)
FSPCL/ESPCL-GEL after 7 days of cell culture. Black arrows show the cells. (scale bar =
100 um)

As visualized by cytoskeleton staining using Alexa Fluor 488-phalloidin, L929 on
aligned scaffolds were almost uniformly oriented along the fiber direction and
possessed spindle-shaped morphology (Figure 21). Their nuclei also appeared to be
stretched. This is in agreement with previous studies, which have reported that

aligned fibrous scaffolds induce cell orientation (F. Li, Li, Wang, & Wang, 2008;
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Yin et al., 2010). These results indicated that aligned topographic cues are
particularly directing cell in relation to the underlying molecular adhesion

mechanisms that control cytoskeletal organization and nuclei shape.

Figure 21. Confocal laser scanning microscopy (CLSM) images showing morphology of
L929 cells on the scaffolds; (A) FSPCL, (B) FSPCL/ESPCL, and (C) FSPCL/ESPCL-Gel
3:1 after 7 days of incubation. Stains: DRAQS5 against nuclei (red), and Alexa Fluor 488-

phalloidin against cytoskeletons (green).

3.2.2 Isolation of Human Adipose Derived Stem Cells (HASCs)

Obtained human adipose tissue from lipoaspirate surgical procedure was used to
isolate ASCs. After isolation, cultivation flask surface was also occupied by blood
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cells and some tissue fragments (Figure 22A). At the third day of the cultivation of
ASCs, the flask was washed with PBS to remove the blood cells and the tissue were
floating in cell medium that could not attach on the surface of the flask. At passage
0, there were 4 different cell morphologies; small and round cells, spindle-shaped -
fibroblast like cells, large cells, and cuboidal cells as commonly observed in
literature. There were small and round shaped ones as a result of rapid proliferation
character of the cells (Zuk et al., 2001). Furthermore, small and round shaped cells
showed greater expression of stem cell markers as well as greater multipotentiality
(De Francesco et al., 2009; Haasters et al., 2009). Most of the flask surface was
covered by spindle-shaped cells assuming more ASCs morphology that arise from
these small and round shaped cells in time. Furthermore, increasing cell passages
caused more spindle-shaped cells than passage 0 (Figure 22B). In terms of cell

morphology, it can be said that ASCs were isolated for human adipose tissue. To

investigate stemness of isolated cells, flow cytometry examinations were conducted.

Figure 22. Phase contrast micrographs of (A) HADMSCs isolation after day 3. Spindle-
shape cell with red blood cell contamination were observed. (B) Spindle-shaped cells at
passage 4. Black arrows show red blood cells.
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A lipoaspirate was used to isolate stromal vascular fraction (SVF) that has adipose
mesenchymal stem, and hematopoietic origin cells (25-45% of total nucleated cells)
and endothelial cells (10-20% of total nucleated cells) as well (Bourin et al., 2013).
Thus, freshly isolated SVF are highly heterogeneous (Bourin et al., 2013). Therefore,
homogeneity level of adipose mesenchymal stem cells in the culture should be
increased (Baer, 2014). A study reported that, ADMSCs population in culture can be
increased with increasing culturing time and passage number leading to less
heterogeneous composition (Baer, 2014). Additionally, MSCs positive markers
expression was enhanced with increasing passage number. CD11 and CD45 were
selected to label hematopoietic origin cells and CD31 to identify endothelial cells
(Dominici et al., 2006). Furthermore, CD105, CD90, and CD44, which are known
main MSCs markers, were selected to detect MSCs in culture(Dominici et al., 2006).
Isolated cells were subjected to flow cytometry analysis at passage 4 that were
selected to generate HADMSCs rich culture and cell surface markers’ expression
profile was CD105 (98.4%), CD90 (93.5%), and CD44 (98.9%) indicating positive
expression and CD11 (99.9%), CD31 (97.4%), CD45 (100%) showing negative
expression (Figure 23). It is reasonable to conclude that isolated cells were
homogeneous in culture since they were found as negative for hematopoietic origin
cells and endothelial cells. Moreover, mesenchymal stem markers were highly
expressed that they were maintained their stemness at passage 4. Overall, following

experiments involving HADMSCs were performed at passage 4.
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Figure 23. Flow cytometric analysis results of isolated HADMSCs; positive for (A) CD105,
(B) CD90, and (C) CD44, - negative for (D) CD11, (E) CD31, and (F) CD45. CD, cluster of
differentiation.

54



3.2.3 The Concentration Effect of GDF-5

Previous studies stated that deficiency of GDF-5 in mice not only affected
biomechanics but also the structure of tendon (Mikic et al., 2001) in undesired way
but also delayed tendon healing (Chhabra et al., 2003). In addition, media containing
GDF-5 increased tenogenic differentiation of ADMSCs in terms of gene expression
such as, COL | and scleraxis (R. James, Kumbar, Laurencin, Balian, & Chhabra,
2011a). Therefore, it was decided to improve tenogenic differentiation of ADMSCs
on scaffolds using GDF-5 in this study. For this purpose, firstly, ADMSCs seeded to
scaffolds or tissue culture plates (TCPS) were incubated in cell culture media
containing GDF-5 at different concentrations in order to find the optimal
concentration of GDF-5 for tendon tissue engineering, (Figure 24). GDF-5
significantly increased the viability at TCPS (Figure. 24A) compared to non-treated
ADMSCs (n=4, p<0.05). Based on this result, a correlation between GDF-5
treatment and HADMSCs viability can be suggested. However, on 3D engineered
scaffolds such improvement in viability with increased GDF-5 concentration was not
observed (Figure. 24 A-B). The viability of cells on the scaffolds did not show a
recognizable change with presence of GDF-5. This result was thought to be related
with two possible explanation; (1) doubling times of the cells were stated as 55.12 h
+ 4.48 (Gruber et al., 2012), or less availability of GDF-5 due to restricted
penetration into scaffold structures in static cell culture conditions as compared with

their free availability to cells in TCPS environment.
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Further analysis was performed to assess which GDF-5 concentration would be
suitable for HADMSCs in terms of tenogenic differentiation. Hence, HADSC
carrying FSPCL/ESPCL-Gel 3:1 scaffold was examined under confocal microscopy
after four days of incubation in GDF-5 containing media (Figure 25). Confocal
images (Figure 25 A, C, E, and G) suggested that cells on this scaffold had more
elongated shape, like tenocytes at healthy tendon, and as the concentrations of GDF-

5 increased, the elongation also increased.

A major challenge in the field of tendon tissue engineering is the lack of unique
biological markers to characterize differentiation to tendon (Kuo & Tuan, 2008).
Tenomodulin (TNMD) is primarily expressed in tendons, ligaments and eyes (D.
Docheva, Hunziker, Fassler, & Brandau, 2005), and serves an important role in
tendon tissue growth (Aslan, Kimelman-Bleich, Pelled, & Gazit, 2008). An
association between tendon formation and tenomodulin expression was previously
reported (Shukunami, Takimoto, Miura, Nishizaki, & Hiraki, 2008; Shukunami,
Takimoto, Oro, & Hiraki, 2006). All articles published on Pubmed covering
tenomodulin, 94 articles using TNMD as a tendon marker (Dex, Lin, Shukunami, &
Docheva, 2016). Therefore, in this study, to compare tenogenic differentiation of
HADMSCs, confocal images were used to calculate TNMD area in images (n=4,
results were normalized by total are of each image, FIGURE 23 B, D, F, and H). As
given in Table 3, 100 ng/mL of GDF-5 treated FSPCL/ESPCL-Gel 3:1 scaffolds had
significantly higher TNMD than 50 ng/mL of GDF-5 treated at fourth days of

incubation.

Table 3. Area ratio of TNMD expressed regions to total area in confocal images (*p<0.05,
n=4) in relation to GDF-5 concentrations. Semi-quantification of TNMD stained were

normalized by total image area.

GDF-5 Concentration TNMD Area/Total Area (nm? pm?)
0 ng/mL not detected

10 ng/mL not detected

50 ng/mL 0.01 £ 0.0007

100 ng/mL 0.02 £ 0.002"
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Figure 25. Cell morphology on the scaffolds. Confocal laser scanning microscopy (CLSM)
images of HADMSCs cells on FSPCL/ESPCL-Gel 3:1 scaffolds supplemented with media
containing GDF-5 (A, B) 0 ng/mL, (C, D) 10 ng/mL, (E, F) 50 ng/mL, and (G, H) 100
ng/mL after 4-day incubation. Stains: DRAQS5 against nuclei (red), Alexa Fluor 532-
phalloidin against cytoskeletons (green), and Alexa Fluor 488 anti-rabbit against rabbit anti-
TNMD (blue).
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Collagen production of HADMSCs was investigated by measuring hydroxyproline
in scaffolds for varying GDF-5 concentrations at day 4 (Figure. 26). Obtained results
can be seen in Figure 26. 100 ng/ mL of GDF-5 treated HADMSCs on scaffolds
produced hydroxyproline significantly higher than concentration level of 0 ng/ mL.
Comparable results reported before. Tan et al. (2012) examined different GDF-5
concentration on human bone marrow mesenchymal stem cells to evaluate total
collagen production. 100 ng/ mL of GDF-5 induced cells produced more collagen
than 0, 5, and 25 ng/ mL. More importantly, total collagen production of GDF-5
(100 ng/ mL) treated cells was comparable human tenocyte collagen production (Tan
et al., 2012). Another studies revealed that, GDF-5 (100 ng/ mL) induced
HADMSCs enhanced COL Il transcription (Park et al., 2010) and COL I
transcription(Rodrigues, Reis, & Gomes, 2013). Furthermore, augmentation of COL
Il production was initiated at beginning of tendon healing to generate randomly
organize fiber type matrix (Lin, Cardenas, & Soslowsky, 2004). In this way, while
cell proliferation was increased, COL | synthesis was decreased (Voleti et al., 2012).
Since inner core of FSPCL/ESPCL-GEL 3:1 scaffold was made of randomly
organize fibers, GDF-5 treated cells might produce COL Il more than COL I.

Therefore, increase in total collagen was related with the COL II.
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Figure 26. Hydroxyproline production of cells treated with GDF-5 (0,10,50, 100 ng/ mL) on
FSPCL and FSPCL/ESPCL-GEL 3:1 scaffolds at day 4.

After examination of those experiments, 100 ng/mL was selected as the best
concentration and proceeded to perform the time kinetics studies with the fixed

concentration of GDF-5.

3.2.4. Time Effect of GDF-5

GDF-5 (100 ng/mL) supplemented HADMSCs viability on TCPS (TCPS with 0
ng/mL was used as control) and scaffolds were examined at time points: 1, 4, 7, 14
days of incubation (Figure 27). Cells that were not treated with GDF-5 was used as
control. At incubation day 1, there was no differences between the groups for cell
viabilities. After four-days incubation, GDF-5 treated FSPCL/ESPCL-Gel 3:1
showed significantly higher cell viability than TCPS. Through the incubation from 7
to 14 days, each GDF-5 treated group significantly increased cell viability compared
to without GDF-5. At the last day of incubation, FSPCL/ESPCL-Gel 3:1 scaffold
significantly greater viability than all other groups. Cell growth in FSPCL/ESPCL-
Gel 3:1 scaffold was promoted by combination of nano sized ESPCL-Gel fibers
which enhanced cell proliferation and GDF-5 supplementation. It is reasonable to
assume that both GDF-5 (100 ng/mL and inner core of the scaffold (PCL-Gel 3:1
electrospun nano fibers) has effect in positive way on HADMSCs cell viability
which was more recognizable after 4-day incubation. At day 7 and day 14, for
example, there was no significant differences between GDF-5 treated FSPCL, which
has no inner core, and GDF-5 non-treated FSPCL/ESPCL-gel 3:1 group. In
literature, cell viability of HADMSCs tested on commercial 3D PCL scaffold (3D
Biotek 3D Insert™) and TCP showed no significant difference (Su et al., 2018).
Thus, the developed tendon tissue engineering scaffold with composition; FSPCL
and FSPCL/ESPCL-Gel 3:1 in this study, can be suggested as suitable in terms of
cell viability.
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Figure 27. The time-dependent effect GDF-5 (100 ng/mL) on HADMSCs. (*p<0.05,
significant differences between groups shown by bars and arrows, #: FSPCL/ESPCL-Gel 3:1
scaffold showed significantly higher cell viability than other groups at seventh and

fourteenth day of incubation, n=4)

Hydroxyproline content of GDF (100, 0 ng/ mL) treated scaffolds is given in Figure
28. Through to incubation time, GDF-5 treated FSPCL/ESPCL-Gel :1 produced
significantly higher than non-treated scaffolds. Moreover, GDF-5 treated FSPCL
scaffolds had significantly more hydroxyproline than non-treated scaffolds at day 4.
Then, significant hydroxyproline production seen at day 14 against non-treated
FSPCL. These results revealed that GDF-5 treatment induced collagen synthesis on
the scaffolds. As mentioned above, GDF-5 (100 ng/ mL) treatment induced cells to
produce more collagen. Moreover, different studies demonstrated that GDF-5
treatment significantly increased COL | gene expression at day 12 (Park et al., 2010)
and 14 (Su et al., 2018). Furthermore, HADMSCs treated with GDF-5 on 3D
PLAGA scaffold increased not only COL | gene expression at day 7 but also
compare to the 2D PLGA film (R. James, Kumbar, Laurencin, Balian, & Chhabra,
2011Db). Therefore, total collagen increment during incubation time were related with
COL I and COL IlI.
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Figure 28. Hydroxyproline production of cells treated with or without GDF-5 (100 ng/ mL)
on FSPCL and FSPCL/ESPCL-GEL 3:1 scaffolds.

During early stage of tendon healing, particularly the repair stage, COL IlI synthesis
was increased to form endotenon and epitenon (Wang, Chen, & Piao, 2005). After
that, COL 111 synthesis slowed and eventually replaced by COL | synthesis (Sharma
& Maffulli, 2014). COL | fiber formation was regulated by COL Il1 that provides its
null structure to COL | (Liu, Wu, Byrne, Krane, & Jaenisch, 1997). In addition, Col
Il was used as indicator to evaluate differentiation of tendon (Kuo & Tuan, 2008).
Consequently, semi-quantification of COL | and IlI from confocal images were
evaluated for FSPCL/ESPCL-Gel 3:1. Table 4 showed that GDF-5 (100 ng/mL)
treated FSPCL/ESPCL-Gel 3:1 showed significantly higher COL 11l presence than
non-treated FSPCL/ESPCL-Gel 3:1 after 7-days of incubation. Similarly, COL |
expression increased in GDF-5 supplied group. Based on these results, GDF-5 (100
ng/ mL) induced COL I and Ill production. Additionally, semi-quantification of
COL I, COL Il and TNMD (at day 4, Table 3) revealed that GDF-5 (100 ng/ mL)

treated cells expressed tenogenic phenotype.

Table 4. Area ratio of COL | and 111 expressed regions to total area in confocal images (*and
$p<0.05, n=4) in relation to GDF-5 (100 ng/mL). Semi-quantification COL I and 111 stained

area were normalized by total image area.
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GDEF-5 Concentration COL | Area/Total Area COL Il Area/Total Area

(pm?*/ pm?) (pm?/ pm?)
0 ng/mL 0.005 + 0.0003 0.02 +0.005
100 ng/mL 0.07 +0.001% 0.11 +0.013"

In Figure. 29 A-E GDF-5 (100 ng/ mL) treated cells cytoskeleton, COL | and COL I
exhibited aligned and elongated shape in fiber direction. Moreover, cells morpholog
on FSPCL/ESPCL-GEL 3:1 with GDF-5 were similar to tenocytes. Since
mesenchymal stem cell elongation strongly related with tenogenic differentiation,
GDF-5 treated cells on the scaffold can be considered as tenocyte like cells. To
evaluate role of GDF-5 in tenogenic differentiation, Tan et al. compared gene
expression of bone marrow mesenchymal stem cells with GDF-5 (100 ng/ mL) and
tenocytes. Results revealed that actin cytoskeleton reorganization, collagen
fibrillogenesis, or GTPase activating protein related genes were similarly
upregulated (Tan et al., 2015). Therefore, tenogenic differentiation MSCs can be also
associated cytoskeleton reorganization (Maharam et al., 2015). In other study, bone
marrow mesenchymal stem cell were subjected to cyclic strain which were promoted
cytoskeleton reorganization and stress fiber formation during the tenogenic
differentiation (Morita, Mukai, Ju, & Watanabe, 2013). Similar stress fiber formation
was obtained GDF-5 treated ADMSCs on the scaffold can be seen in Figure. 29 B.

In conclusion, obtained results were in concordance with other studies.
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Figure 29. Immunofluorescence staining for cell morphology and ECM cell markers captured by Confocal laser scanning microscopy
(CLSM). Sequential images of HADMSC:s cells on FSPCL/ESPCL-Gel 3:1 scaffolds supplemented with media containing 100 ng/mL of
GDF-5 A) cell nucleus, B) F-actin, C) COL I, D) COL Ill, and E) merged image, and 0 ng/mL of GDF-5 F) cell nucleus, G) F-actin, H) COL
I, 1) COL Ill, and J) merged image after 7 days of incubation. Stains: DAPI against nuclei (blue), Alexa Fluor 532-phalloidin against F-actin
(yellow), Alexa Fluor 647 anti-rabbit against rabbit anti-COL | and Alexa Fluor 488 anti-mouse against mouse anti-COL 111 (green).
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Cell migration on FSPCL/ESPCL-GEL 3:1 scaffold assessed by CLSM at day 7
(Figure. 30). Both GDF-5 treated and non-treated scaffolds were investigated. Since
cells were seeded inner core of the scaffolds, flat surface of the scaffolds was
examined to visualize radial and axial migration of cells by z stack analysis.
Figure.30 A-D shows that GDF-5 treated and without GDF-5 cells migrated through
radial direction. While GDF-5 treated cells uniformly distributed in the scaffold,
cells without GDF-5 localized in inner core of the scaffold (Figure.30 F-I). Images
revealed that GDF-5 (100 ng/ mL) treatment promoted cell migration. Limitation of
this assessment was that distribution of the cells on scaffolds need to be calculated to
provide more comparable results. Despite of the unfair observation, GDF-5
inducement on human bone marrow stem cell migration was reported before. Tan et
al. (2015) combined 100 ng/ mL of GDF-5 in culture media in order to identify
tenogenic differentiation pathway of bone marrow stem cell stimulated by GDF-5.
Reorganization of Keratin filament in bone marrow stem cell cytoskeleton by GDF-5
was reported (Tan et al., 2015). While regulation of keratin filament playing major
role in cell migration, relation between keratin filament signaling and tenogenic
differentiation is still unknown (Tan et al., 2015). As seen in Figure Figure.30 F-I,
HADMSCs morphology form inner core to outer core of scaffold gradually changed.
Namely, the cells showed elongated shape in center of scaffold, while they were less
elongated at the outer core. Suggesting that cells without GDF-5 kept their viability,
and they were still in spreading in the scaffold. Overall, FSPCL/ESPCL-GEL 3:1

scaffolds allow cell spreading.

65



Figure 30. Immunofluorescence staining for cell migration and ECM cell markers captured by Confocal laser scanning microscopy (CLSM).
Sequential images of HADMSCs cells on FSPCL/ESPCL-Gel 3:1 scaffolds supplemented with media containing 100 ng/mL of GDF-5 A)
cell nucleus, B) F-actin, C) COL I, D) COL Ill, and E) merged image, and 0 ng/mL of GDF-5 F) cell nucleus, G) F-actin, H) COL I, I) COL
I11, and J) merged image after 7 days of incubation. Stains: DAPI against nuclei (blue), Alexa Fluor 532-phalloidin against F-actin (yellow),

Alexa Fluor 647 anti-rabbit against rabbit anti-COL | and Alexa Fluor 488 anti-mouse against mouse anti-COL Il (green).
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CHAPTER 4

CONCLUSION

This study proposed fabrication of 3D scaffolds supplemented with stem cells and
growth factor to mimic healthy and wounded extra cellular matrix of tendon to
increase cell adhesion, proliferation, and orientation for TTE applications. 3D
scaffolds composed of unaligned wet electrospun (ES) nanofibers in aligned rotary
jet spinning (RJS) fibers were produced for the first time. Combination of these two
fiber production techniques provide highly interconnective, mechanically strong 3D
scaffolds. Mechanical properties were enhanced by presence of unaligned PCL fibers
or PCL/GEL ES fibers. While all groups guided fibroblasts orientation, only
FSPCL/ESPCL-GEL 3:1 scaffold showed higher fibroblast attachment and viability.
Therefore, FSPCL/ESPCL-GEL 3:1 scaffold was selected to be most suitable for
TTE applications. 100 ng/ mL of GDF-5 induced HADMSCs provided better cell
viability, tenogenic differentiation, hydroxyproline production.

As conclusion, using RJS provides fast, reproducible, cost efficient, and above all
suitable for industrial scale production. Proposed design and materials can be
manipulated or replaced to address specific need. The results need to be supported
with gene expression of GDF-5 induced HADMSCs and in vivo tests
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APPENDIX A

Figure A 1. Generated feature vector from pixel-based analysis. White color indicates the
vectors.
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Figure A 2. Characterized angel between vector and x-axis.
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Figure A 3. Hydroxyproline calibration curve for hydroxyproline assay.
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