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ABSTRACT

A THREE-DIMENSIONAL PRINTED,
POLYCAPROLACTONE/HYDROGEL BASED, TISSUE ENGINEERED
MENISCUS

Bahgecioglu, Gokhan
Ph.D., Department of Biotechnology
Supervisor: Prof. Dr. Vasif Hasirci
Co-Supervisor: Prof. Dr. Nesrin Hasirci
February 2018, 164 pages

Three dimensional (3D) printing has recently been in the spotlight of tissue
engineering field, because it enables production of patient-specific tissue engineered
scaffolds with desired shapes, porosities and pore sizes. In the current study, the aim
was to develop a meniscal construct via tissue engineering that would serve as a
functional replacement for the damaged tissues. The scaffold involves 3D printed
polycaprolactone (PCL) structure embedded in different hydrogels; the hydrogel
used at the inner region induces glycosaminoglycan (GAG) production similar to the
cartilage-like tissues, and the hydrogel used at the outer region induces collagen
production similar to fibrocartilage-like tissue. Various hydrogels such as agarose
(Ag), methacrylated gelatin (GelMA), methacrylated hyaluronic acid (MeHA) and
GelMA-MeHA were prepared and their effect on cell activities were studied by using
two different cells, porcine fibrochondrocytes and human fibrochondrocytes.

Constructs were tested in vitro using porcine fibrochondrocytes in order to
investigate their performance before any animal experimentation. Different
hydrogels (Ag, GeIMA, MeHA and GelMA-MeHA) were seeded with the cells and

tested under static (no load) or dynamic (compression, 5-15% strain) culture
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conditions. Ag (which promoted GAG production) and GelMA (which promoted
collagen production) were selected to embed the 3D printed PCL scaffolds. After 56
days of culture, PCL scaffolds embedded in Ag resulted in 2-fold higher collagen
and 3-fold higher GAG production, and the ones embedded in GelMA resulted in a
10-fold higher collagen production compared to untreated PCL. Mechanical
properties of the PCL did not change after embedding in Ag or GelMA. PCL
scaffolds with meniscus-shapes were 3D printed and embedded in Ag and GelMA at
the inner and outer regions, respectively. The inner region of the constructs that was
embedded in Ag produced high amounts of GAG, and the outer region that was
embedded in GelMA produced high amounts of collagen after 56 days of incubation.
Thus, the meniscus-shaped constructs mimicking the biochemical content of the

meniscal tissue were produced.

In order to investigate the performance of the constructs in vitro before any clinical
applications, human fibrochondrocytes were used to engineer the meniscus. To this
end, square prism-shaped PCL scaffolds having different designs were printed with
various interior (with or without shifting of the consecutive layers) and exterior (with
or without circumferential strands) architectures, and studied for their suitability as
human meniscus substitutes. Shifting of the strands led to lower mechanical
properties while introduction of the circumferential strands enhanced mechanical
properties in all combinations. The compressive modulus of the scaffolds when the
scaffolds were produced in shifted architecture and with circumferential strands
(~0.4 MPa) was close to that of the human meniscus (0.3-2 MPa), while the tensile
modulus (18 MPa) was lower than that of the meniscus (70-130 MPa).

The 3D printed PCL scaffolds were produced in shifted architecture and with
circumferential strands, embedded in the human fibrochondrocyte-carrying Ag,
GelMA or GelMA-Ag, and incubated for 42 days under static culture conditions. The
order of collagen deposition on the hydrogel-embedded scaffolds from the highest to
the lowest was GelMA > GelMA-Ag > Ag. When the meniscus-shaped constructs
with the circumferential strands were embedded in GeIMA-Ag at the inner region
instead of agarose alone, collagen deposition was increased. At the end, a zonal

difference in the biochemical content of the constructs, high COL I at the outer
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region and high COL Il at the inner region, was created, mimicking the native
meniscus. The structural organization of the meniscus was also mimicked with

introducing circumferential strands to the engineered constructs.

Keywords: meniscus, tissue engineering, 3D printing, PCL, agarose, GelIMA
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0z

UC BOYUTLU BASIM VE DOKU MUHENDISLiGi YONTEMLERIYLE
URETILMIS POLIKAPROLAKTON/HIDROJEL TEMELLI YAPAY
MENISKUS

Bahgecioglu, Gokhan
Doktora, Biyoteknoloji Bolimdi
Tez Yoneticisi: Prof. Dr. Vasif Hasirci
Ortak Tez Yoneticisi: Prof. Dr. Nesrin Hasirci
Subat 2018, 164 sayfa

Ug boyutlu (3B) basim, hastaya 6zel, kontrol edilebilir sekil, gozeneklilik ve gdzenek
boyutuna sahip doku miihendisligi tagiyicilarinin iiretimine olanak sagladigi i¢in, son
zamanlarda doku miihendisligi alanininda ¢ok revagtadir. Bu ¢alismada amag doku
miihendisligi yaklasimiyla, zedelenmis meniskis dokusunun yerine gecebilecek
islevsel bir tastyict gelistirmektir. Tastyici, 3B basim yontemiyle meniskiis seklinde
uretilen ve i¢ ve dis kisimlarda degisik hidrojellere emdirilmis polikaprolakton (PCL)
temelli bir yapidir; yapinin i¢ kismu kikirdak dokusundaki gibi glukozaminaglikan
(GAGQG) tiretimini uyaran bir hidrojele, dis kism1 da fibrokikirdak dokusundaki gibi
kollajen dretimini uyaran bir hidrojele emdirilmistir. Bunun icin agaroz (Ag),
metakrile jelatin (GelMA), metakrile hiyalironik asit (MeHA) ve GelMA-MeHA
gibi bircok hidrojel hazirlanmis ve bunlarin domuz ve insan fibrokondrosit

hiicrelerinin aktivitelerine etkileri incelenmistir.

Herhangi bir hayvan deneyinde kullanilmadan 6nce, yapilarin performanslari in vitro
kosullarda domuz fibrokondrositleriyle test edilmistir. Bunun i¢in ¢esitli hidrojellere
(Ag, GelMA, MeHA ve GelMA-MeHA) hiicre ekilip statik (yiksiiz) ya da dinamik
(basma, %5-15 gerilme ile) kiiltir ortaminda denenmistir. 3B basilmis PCL
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tastyicilarini kaplamak tizere GAG {iretimini artiran Ag ve kollajen tiretimini artiran
GelMA secilmistir. Elli altt giinliik kiiltiir sonundadé Ag’a emdirilmis PCL’nin
hidrojel emdirilmemis PCL’e gore 2 kat daha fazla kollajen ve 3 kat daha fazla GAG
trettigi, GelMA’ya emdirilmis PCL’in ise 10 kat daha fazla kollajen tirettigi
goriilmiistiir. PCL tastyicilarin mekanik 6zellikleri hidrojellerin varliginda degisim
gostermemistir. Meniskiis seklindeki PCL tasiyicilar 3B basimla elde edilmis ve i¢
kisimda Ag’a, dis kisimda GelMA’ya emdirilmistir. Elli alti giinliik kiiltiiriin
sonunda garoza emdirilmis i¢ kisimda yiiksek oranda GAG, GelMA’ya emdirilmis i¢
kisimda yiiksek oranda kollagen tiretimi goriilmiistiir. Boylece meniskiis dokusunun

biyokimyasal i¢erigine benzer tastyicilar elde edilmistir.

Tasiyicilarin klinik deneylerden once in vitro kosullarindaki performanslarini test
etmek icin, yapay dokular insan fibrokondrositleri kullanilarak iiretilmistir. Bu
amagla, degisik tasarimlarda ve cesitli i¢ (katmanlar1 kaydirmadan ya da kaydirarak)
ve dis (cevresel fiberler igeren ya da icermeyen) mimarilere sahip, dikdortgen prizma
seklinde PCL tasiyicilar iretilmis ve bu tasiyicilarin meniskiis implant1 olarak
kullanima uygunlugu arastirilmistir. Katmanlarin kaydirilmasi1 mekanik 6zelliklerin
diismesine, ¢evresel fiberlerin eklenmesi ise mekanik 6zelliklerin artmasina neden
olmustur. Tastyicilar hem kaydirmali katmanlar seklinde hem de ¢evresel fiberlerin
varhiginda tiretildiginde, meniskiis degerlerine (0.3-2 MPa) yakin basma modiilii
(~0.4 MPa) ve meniskistnkinden (70-130 MPa) daha diisik ¢ekme modiilii (18
MPa) degerleri gostermistir.

Sonugta, 3B basilmig PCL tasiyicilar kaydirmali katmanlar seklinde ve g¢evresel
fiberler eklenerek tiretilmis, insan hiicresi tasiyan Ag, GelMA ya da GelMA-Ag
hidrojellerine emdirilmis ve statik kiiltiir ortaminda 42 giin inkiibe edilmislerdir.
Hidrojellere emdirilmis tasiyicilarin en yiiksekten en diisiige dogru kollajen
uretimleri GeIMA > GelMA-Ag > Ag siralamasinda olmustur. Meniskiis seklinde
tiretilen ve gevresel fiberler igeren tasiyicilarin i¢ kisimlari Ag yerine GelMA-Ag ile
kaplandiginda kollajen iiretiminde bir artis gozlenmistir. Sonugta meniskiis dokusuna
benzer bir sekilde biyokimyasal agidan bolgesel degiskenlik gosteren (dis kisimda
yiksek COL I, dis kisstmda da yiiksek COL II) tasiyicilar elde edilmistir. Ayn



zamanda meniskiis dokusunun yapisal organizasyonu da ¢evresel fiberler eklenerek

taklit edilmistir.

Anahtar kelimeler: meniskis doku mihendisligi, 3B basim, PCL, agaroz, GeIMA
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CHAPTER 1

INTRODUCTION

1.1. Rationale

Meniscal tears, among the most commonly experienced knee injuries, are mostly
encountered during harsh sports activities or due to ageing that results in tissue
degeneration. Swelling, locking of the knee joint, and pain are some of the symptoms
related to meniscal tears. In addition to health problems, they lead to considerable
financial expenses, as well as labor and productivity. More than 800,000 people
suffer from meniscal problems each year in Europe (MedTech Insight Web Page),
and more than 1 million in the USA (American Academy of Ortopaedic Surgeons
Web Page). Majority of the patients (more than 1.5 million per year) are going
through meniscal surgery (Azellon Cell Therapeutics Web Page).

The meniscus has a low regenerative potential due to its limited vasculature, and
needs to be treated surgically if injured seriously (Arnoczky and Warren, 1983).
Repair of the meniscus using sutures, staples, and glues leads to fibrous scar, which
in turn results in alteration of the knee biomechanics. Meniscectomy, the partial or
total removal of the meniscus, has been applied to reduce pain, but results in
osteoarthritis in the long term (Lohmander et al., 2007). Therefore, a tissue substitute
Is required to prevent the degeneration of the hyaline cartilage underlying the
meniscus. Transplantation is one approach to replace the meniscus, but there is a
shortage of donor tissue, and the risks of rejection and disease transmission (Kuhn
and Wojtys, 1996). In addition, transplants do not prevent osteoarthritis in the long
term (Van den Straeten et al., 2016). Prostheses, on the other hand, fail after some
time and some may lead to osteophyte formation and synovitis (Messner, 1994). All
these urge the necessity of an alternative treatment method that would be an efficient

solution to serious meniscal tears.



1.2. The Knee Meniscus

Meniscus is a crescent-like fibrocartilage located between the femur and the tibia
(Fig. 1.1A). The tissue has many roles including load bearing and transmission in the
knee, shock absorption, and joint stability and lubrication (Fithian et al., 1990).

1.2.1. Anatomy of the Meniscus

The meniscus resembles an amphitheater (or coliseum); it is semilunar when viewed
from the top, and wedge-shaped at the cross section (Fig. 1.1). The top (superior)
surface is concave enabling a fit with the femoral condyles, and the bottom (inferior)
surface is relatively flat and sits on the tibial plateau. There are two menisci in a
knee: lateral and medial, which are attached to the tibia through their horns (Fig.
1.1B). The peripheral portion of the tissue is attached to the joint capsule (Arnoczky,
1992).

1.2.2. Biology and Structure of the Meniscus

Seventy percent of the meniscus is water, and most of its dry weight is composed of
collagen (85-95%), while the remaining contains proteoglycans (glycosaminoglycans
(GAGsS) that are bound by a protein core) and non-collagenous proteins like elastin
(Fithian et al., 1990; Eyre and Wu, 1983; McDevitt and Weber, 1990). The collagen
in the meniscus is mainly type | (75%), and there are also type II, I1l, V, and VI
collagens (Eyre and Wu, 1983; Herwig et al., 1984). The tissue exhibits fibrous
characteristics at the outer periphery and cartilaginous characteristics in the inner
region, although there is no defined borders separating the two regions. The collagen
in the outer region is mainly type | (COL I) (80%), while that in the inner region is
mainly type 1l (COL Il) (60% COL II, and 40% COL I) (Cheung, 1987). GAGs are
also more abundant in the inner region of the meniscus (2-4%) than the outer region
(1%) (Herwig et al., 1984; Sanchez-Adams et al., 2013).
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Figure 1.1. Schematic illustration of the meniscus. (A) Lateral, and (B) top view

of the knee menisci (adapted from http://www.leadingmd.com/patiented/meniscus/

over view.asp).

Aligned collagen (COL I and COL II) triple helices (diameter: 1.5 nm, length: 300
nm) organize into microfibrils (diameter: 20~500 nm), which also organize into
fibrils (diameter <10 pm) (Birk et al., 1991). The collagen fibrils are organized
randomly at the surface, and aligned circumferentially at the center with few tie
fibers binding these fibrils radially (Ghadially et al., 1983; Petersen and Tillman,
1998) (Fig. 1.2). This organization of the collagen fibrils is what makes the tissue
strong against tensile load (Fithian et al., 1990).

Glycosaminoglycans (GAGs), the negatively charged polysaccharides, bind a
considerable amount of water and help in building hydrostatic pressure against
compressive load (Adams and Muir, 1981; Meyers et al., 1988; Adams and Hukins,
1992). The main types of GAGs present in the human meniscus are chondroitin
sulfate, dermatan sulfate, and keratin sulfate (Herwig et al., 1984).
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Figure 1.2. Collagen organization in the meniscus. (1) Superficial layer: with
randomly oriented collagen fibers, (2) lamellar layer: with randomly and radially
oriented thick collagen bundles, and (3) deep layer: with circumferentially oriented
collagen fibrils. (Adapted from Petersen and Tillman, 1998).

1.2.3. Blood Supply

The meniscus is divided into three zones in terms of presence of blood vessels,
although these regions do not have defined borders and the blood supply changes
gradually from the outer to the inner region. The outer region (10-30% of the tissue
at the periphery) is called the red-red zone and contains blood vessels (Drengk et al.,
2008). The inner region is called the white-white zone and lacks blood supply. The
middle region is called red-white zone and has some blood vessels, but in limited
abundance (Drengk et al., 2008).

1.2.4. Cell Types in the Meniscus

Three cell types have been reported in the meniscus, each residing in different parts
of the tissue (Ghadially et al., 1978). Whether they are cells of the same origin
assuming different morphologies depending on the region they reside in or they are

cells of different origins is not known.

One cell type is the round-shaped or polygonal cell which is present in the inner
region and expresses chondrocytic phenotype (Hellio Le Graverand et al., 2001).
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Another cell type is the branched cell with long processes and expresses fibroblastic
phenotype, and is located in the outer region of the tissue. The last cell type is the
spindle-like cell which resides in the superficial layer and expresses fibroblastic
behavior (Hellio Le Graverand et al., 2001). These cells are suggested to be
progenitor cells, which could aid in regeneration of the meniscus (Van der Bracht et
al., 2007). In fact, they have been shown to exhibit potency; they can be
differentiated towards adipogenic, chondrogenic and osteogenic lineages (Mauck et
al., 2007). These cells are called fibrochondrocytes due to their fibrocytic and

chondrocytic phenotypes.
1.3. Meniscus Biomechanics

A load up to 5 times the body weight is exerted on the knee joint at physiological
conditions (Paul, 1976), and the meniscus can carry up to 75% of this load (Shrive et
al., 1978). The tissue can withstand various stresses including shear, tension and
compression owing to its biochemical composition and structural organization
(Makris et al., 2011). In fact, during the early developmental stages, the meniscus is
exposed to mechanical load, leading to maturation of the tissue (Setton et al., 1999).

The main component of the meniscal tissue is the collagen, which is aligned to form
the circumferential fibers and thus increases the tensile properties of the tissue
(Fithian et al., 1990). On the other hand, GAGs bind considerable amounts of water,
and presence of this bound water in the tissue contributes to the viscoelastic
properties (compressive and equilibrium modulus) of the tissue (McDermott et al.,
2008).

The composition and organization of the meniscus are very important in providing
resistance against the stresses exerted on it, and thus play critical role in its
functionality. The human meniscus has an aggregate (or equilibrium) modulus of 40-
220 kPa (Joshi et al. 1995; Sweigart et al. 2004; Chia and Hull, 2008), a compressive
modulus of 0.3-1 MPa (Chia and Hull, 2008), and a tensile modulus of 4-20 MPa in
radial direction and 70-130 MPa in circumferential direction (Tissakht and Ahmed,
1995).



1.4. Meniscal Injury and Its Treatment
1.4.1. Meniscal Injury

Meniscal tears generally occur as a result of ageing and degeneration of the tissue,
and also during intense physical activity and traumatic injuries (Greis et al. 2002).
Torn meniscus leads to high medical expenses and loss of labor, in addition to severe
pain, restricted flexion and extension of the knee, stiffness and swelling, and

difficulty in movement (American Academy of Orthopaedic Surgeons Web Page).

Meniscal tears in the outer periphery can heal due to presence of blood vessels that
confer the tissue a regenerative capacity, while tears in the inner region cannot heal
without medical intervention (Arnoczky and Warren, 1983).

1.4.2. Conventional Treatment Methods

There are many treatment methods to reduce the symptoms of mild meniscal injury,
including ice treatment, compression, and elevation of the knee (American Academy
of Ortopaedic Surgeons Web Page). However, these are only useful when the

symptoms are mild, and do not work in the treatment of severe meniscal injuries.

When the meniscus is severely injured and a complex meniscal tear occurs, it should
be treated surgically. Tears could be repaired or replaced with prostheses, transplants

or implants.
1.4.2.1. Meniscal Repair

Surgical interventions performed to facilitate meniscal repair include the use of
hydrogel materials such as gelatin (Szomor et al., 2008), fibrin glue and suture
(Arnockzy et al., 1988; Noyes et al., 2002) to seal the torn meniscus, and rasping
(Uchio et al., 2003) to facilitate the access of blood to the site of injury. These
methods are easy to apply, require short time, and have reduced risks and high
success rate (Baker et al., 2011; Makris et al., 2011). However, these methods may
lead to fibrous scar formation or disruption of the extracellular matrix (ECM)

organization, and eventually to limited movement due to disrupted biomechanics of



the knee (Newman et al., 1989). These methods are used successfully in treatment of

simple tears, but when it comes to complex tears they are not as useful.
1.4.2.2. Meniscal Substitutes

In some cases when the tears are complex, the repair methods cannot be used.
Instead, the torn portion of the meniscus (partial meniscectomy) or the whole tissue
(total meniscectomy) is removed. Meniscectomy may lead to degeneration of the
underlying cartilage and eventually to osteoarthritis (OA) in the long term
(Lohmander et al., 2007). In order to prevent the degeneration of the underlying

cartilage, tissue substitutes can be used after meniscectomy.

Transplantation is a common method used to replace the meniscectomized tissue
with autografts and allografts (Gao et al., 1998; Rath et al., 2001; Dienst et al.,
2007). However, this method bears the risks of disease transmission and tissue
rejection, and the drawbacks of donor tissue shortage (Kuhn and Woijtys, 1996; Gao
et al., 1998; Becker and Jakse, 2007). Besides, transplants may not be an efficient
method to prevent OA in the long term (Gao et al., 1998; Van der Straeten et al.,
2016).

Another approach to replace the resected meniscus is the decellularized tissue
substitutes. Decellularization is the removal of the cell components in the tissue by
exposing it to various detergents and enzymes, in order to reduce the antigen content
and the risk of immune reaction, and increase the shelf life of the tissue (Farr et al.,
2011; Demange and Gomoll, 2012). Many decellularized tissues can be used to
replace the meniscus, including the meniscus itself, small intestinal submucosa (SIS),
tendon, and periosteal or perichondral tissues (Bruns et al., 1998; Stone et al., 1998;
Walsh et al., 1999; Cook et al., 1999; Maier et al., 2007; Stapleton et al., 2008;
Stabile et al., 2010; Stapleton et al., 2011; Gao et al., 2016). The main disadvantages
of the decellularized tissues are their low mechanical properties and the problem of
calcification post implantation (Kohn et al., 1992; Bruns et al., 2000). In addition,
the decellularized tissue substitutes limit the infiltration of the surrounding tissue and
thus the regeneration of the meniscus, due to their limited porosity (Johnson and
Feagin, 2000).



One other method to replace the resected meniscus is the use of prostheses.
Prostheses are designed to stay for a long time in the body and replace the function
of the meniscus. Many materials, including natural and synthetic polymers, can be

processed into a meniscal shape and implanted in the knee as prostheses.

The only natural polymer used to produce prostheses is collagen. One of the most
promising prosthetic device is the Collagen Meniscus Implant (CMI, Regen
Menaflex®), a commercial implant made of collagen and GAGs. Although CMI has
good clinical outcomes for the chronic meniscus injuries (Stone et al., 1990; 1992;
1997; Steadman and Rodkey, 2005; Rodkey et al., 2008), it is not as successful in
treatment of the acute injuries (Rodkey et al., 2008). Another problem is the
deterioration of the implant and significant reduction of its size after implantation
(Mueller et al., 1999; Zaffagnini et al., 2011; Efe et al., 2012).

The synthetic polymers used to produce prostheses are polycaprolactone (PCL) and
polylactic acid (PLA) (Chiari et al, 2006; Kon et al., 2008; 2012), polyvinyl alcohol
(PVA) (Kobayashi et al., 2003; 2005; Kelly et al., 2007; Holloway et al., 2010), PCL
and polyurethane (PU) (Actifit®) (de Groot, 2010; Tienen et al, 2006; Welsing et al.,
2008; Maher et al., 2010; Brophy et al., 2010; Verdonk et al., 2012), Teflon
(poly(tetrafluoroethylene), PTFE), and Dacron (poly(ethylene terephthalate), PET))
(Veth et al., 1986; Stone et al., 1990; Sommerlath et al., 1992; Messner and
Gillquist, 1993; Messner, 1994), polycarbonate urethane (PCU) (Vrancken et al.,
2015), polyethylene (PE) and PCU (NUsurface®) (Elsner et al, 2010; Linder-Ganz et
al., 2010; Zur et al., 2011), and poly (desaminotyrosyl-tyrosine dodecyl ester
dodecanoate) (pDTDDD) (Patel et al., 2016). All these prostheses show good results
when implanted; however, they also have some drawbacks including extrusion or
dislocation of the implants due to poor fixation (Kon et al., 2012), degeneration of
the underlying cartilage (Kelly et al, 2007; Vrancken et al., 2015), having no
advantages over the untreated control group (Zur et al., 2011), and low mechanical
properties (Verdonk et al., 2012).



Transplantation remains to be the best treatment option after meniscectomy, despite
its risks. This indicates that an efficient treatment method alternative to all these

methods is essential.
1.4.3. Tissue Engineering of the Meniscus

Tissue engineering is a viable alternative to the conventional treatment methods for
serious meniscal injuries (Harston et al., 2012). Tissue engineering is a regenerative
approach aiming to repair, augment, and replace the functions of a damaged tissue
(Langer and Vacanti, 1993). The tissue engineered construct replaces the tissue or a
part of it that has lost its functions, and restores the functionality of that tissue. Tissue
engineering consists of three elements: (1) the cells that produce the tissue, (2) the
biochemical and mechanical stimuli that induce cell proliferation, differentiation and
ECM production, and (3) the biodegradable scaffolds that guide the cells by
presenting mechanical cues and provide the mechanical support until the tissue is

regenerated.
1.43.1. Cells

The cell is the main component of tissue engineering; they build the tissue by
depositing ECM. The cell types used to engineer the meniscus are fibrochondrocytes
(Vanderploeg et al., 2004; Mandal et al., 2011a; Ballyns and Bonassar, 2011; Ndreu-
Halili et al., 2014; Bahcecioglu et al., 2014; Puetzer et al., 2015; McCorry et al.,
2016; Bahcecioglu et al., 2018) mesenchymal stem cells (MSCs) (Mandal et al.,
2011b; Lee et al., 2014; McCorry et al., 2016; Zhang et al., 2017), fibroblasts (Gunja
and Athnasiou, 2009; Mandal et al., 201la; Bahcecioglu et al., 2018), and
chondrocytes (Marsano et al., 2006a; Kon et al., 2008; Kalpakci et al., 2011; Mandal
et al., 2011a). Chondrocytes are hard to culture and expand (Ho et al., 2009), and
fibroblasts do not produce fibrocartilaginous tissue, preventing these cells to be the
preferred cell types. MSCs are good candidates for use in meniscal tissue engineering
applications because they have a great differentiation potential and can be harvested
easily, but they require a proper differentiation step, which otherwise can lead to cell

lineages other than fibrochondrocytes. Meniscal fibrochondrocytes, on the other



hand, are already mature, adult cells which can be isolated easily from the damaged

tissue, and thus are preferred in the current study.
1.4.3.2. Biochemical and Mechanical Stimuli

The biochemical and mechanical signals guide the cells to produce the proper ECM
components. The biochemical signals include the growth factors, and the mechanical

signals include static or dynamic compression, tension, and shear.
1.43.2.1. Growth Factors

Growth factors are commonly used to direct cell behavior. Basic fibroblast growth
factor (FGFb), platelet-derived growth factor AB (PDGF-AB), bone morphogenetic
protein 2 (BMP-2), and hepatocyte growth factor (HGF) have been used to enhance
cell proliferation, insulin-like growth factor 1 (IGF-1), epidermal growth factor
(EGF), BMP-2, PDGF-AB, and HGF to promote cell migration, and connective
tissue growth factor (CTGF), transforming growth factor-p1 (TGF-1) and TGF- 3
to enhance ECM production (Webber et al., 1985; Bhargava et al., 1999; Collier and
Ghosh, 1995; Tanaka et al., 1999; Gunja et al., 2009; Ballyns and Bonassar, 2011;
Kalpakci et al., 2011; Lee et al., 2014; McCorry et al., 2016). In order to induce
meniscal ECM production, TGF-1 is applied in the current study.

1.4.3.2.2. Mechanical Stimuli

During the early developmental stages, the meniscus is exposed to mechanical load,
leading to maturation of the tissue (Setton et al., 1999). To this end, dynamic
compression and tension have been applied in vitro in tissue engineering applications
in order to mechanically stimulate the cells to produce cartilaginous and
fibrocartilaginous tissues (Imler, 2005; Mauck et al., 2007; Baker et al., 2011;
Ballyns and Bonassar, 2011; Puetzer et al., 2015). Dynamic compression has been
shown to enhance GAG and collagen production (Kisiday et al., 2004; Aufderheide
and Athanasiou, 2006; Kisiday et al., 2009; Ballyns and Bonassar, 2011; Puetzer et
al., 2012), while dynamic tension to enhance collagen production (Baker et al., 2011;
Puetzer et al., 2015).
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Most of the studies employing dynamic compression involve the application of
compressive strain in the range of 3-20%, at frequency ranges of 0.3-3 Hz, and
duration of 30-120 minutes a day (Kisiday et al., 2004; Aufderheide and Athanasiou,
2006; Waldmann et al., 2007; Mauck et al., 2007; Kisiday et al., 2009; Babalola and
Bonassar, 2009; Bian et al., 2010; Ballyns and Bonassar; 2011; Huey and
Athanasiou, 2011; Puetzer et al., 2012; Petri et al., 2012).

Dynamic compression on meniscal explants induces ECM production when applied
at 10% strain, while results in breakdown of the ECM components when at 20%
(Zielinska et al., 2011). The meniscus is subject to average strain of 12% (ranging
between 5-15%) under physiologically relevant loading environment (Freutel et al.,
2014). Therefore, in the current study a dynamic compression at 15% strain and 1 Hz

is applied on the constructs for 1 h a day.
1.4.3.3. Scaffolds

The scaffolds are the substrates on which the cells attach, proliferate, and produce the
new tissue. Scaffolds are biocompatible materials that guide the cells to produce the
new tissue in the desired shape and structure. Thus, they should provide a space for
the cells to migrate and produce the new tissue, and for the nutrients, oxygen, and
waste products to be transported (Kim and Mooney, 1998). Therefore, they should be
porous and biodegradable to allow for the new tissue to be deposited. In addition to
that, scaffolds should provide the necessary mechanical strength to carry the loads
exerted on the tissue until the new tissue forms and they are degraded in the body
(Hutmacher, 2000).

The choice of the scaffold material is very important in determining the fate of the
tissue that is to be engineered. The material is selected depending on the application;
material properties should match those of the target tissue. Scaffold materials can be
of natural or synthetic origin. Natural polymers that have been used for engineering
of fibrocartilaginous tissues include agarose, alginate, cellulose, chitosan, collagen,
fibrin gels, gelatin, hyaluronic acid, and silk (Aufderheide and Athanasiou, 2005;
Martinek et al., 2006; Mauck et al., 2007; Angele et al., 2008; Gruber et al., 2008;
Gunja et al., 2009; Wilson et al., 2009; Chung et al., 2009; Ballyns and Bonassar,
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2011; Mandal et al., 2011; Petri et al., 2012; Puetzer et al., 2012; Sarem et al., 2013;
Grogan et al., 2013; Ndreu-Halili et al., 2014; Bahcecioglu et al., 2014; Puetzer et
al., 2015; McCorry et al., 2016; Pfeifer et al., 2016; Donnelly et al., 2017;
Bahcecioglu et al., 2018).

Gelatin and collagen are of particular importance in tissue engineering applications
because they present biologic recognition sites, including arginine-glycine-aspartic
acid (RGD) sequences that could induce cell adhesion (Liu et al., 2010), and target
sequences for matrix metalloproteinases (MMPs) that allow for ECM remodeling
(Van den Steen et al., 2002). However, these materials have poor mechanical
strength (Lynn et al., 2004), and may invoke inflammatory or immune reactions
(Furhtmayr, 1976). The disadvantage of gelatin over collagen is its poorer
mechanical strength due to loss of its tertiary structure, and the advantages are its
high solubility and lower antigenicity (Maurer, 1954; Gorgieva and Kokol, 2011).
Methacrylated gelatin (GelMA), a photoactive polymer, has recently been used in
engineering of the cartilaginous tissues (Grogan et al., 2013; Puetzer et al., 2015;
Levett et al., 2014a: Levett et al., 2014b; Visser et al., 2015; Daly et al., 2016). Less
than 5% of the amino acids in these photoactive hydrogels are occupied due to
modification with methacrylic anhydride (MA), which means that most of the
bioactive motifs remain intact after modification (Van den Bulcke et al., 2000; Yue
etal., 2015).

Synthetic polymers are also used to produce tissue engineering scaffolds. The
advantage of these polymers are reproducibility and high mechanical properties
(Buma, 2004; Atala, 2009), and the disadvantage is the inflammatory reaction
against their degradation products (Bostman, 1991). Synthetic polymers that have
been used in cartilaginous tissue engineering include PCL, PLA, poly(glycolic acid)
(PGA), poly(lactide-co-glycolide) (PLGA), PU, polyesters, PVA, and combinations
of these (Heijkants et al., 2004; Gunja and Athanasiou, 2009; Holloway et al., 2010;
Nerurkar et al., 2011; Baker et al., 2011, Bahcecioglu et al., 2014; Lee et al., 2014;
Baek et al, 2015; Brunger et al., 2014; Hayes et al., 2016; Cengiz et al., 2016; Daly
et al., 2016; Stocco et al., 2017; Moradi et al., 2017; Murakami et al., 2017; Zhang et
al., 2017; Bahcecioglu et al., 2018).
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All these materials have their advantages and disadvantages. The choice of the
materials should be done depending on the properties of the tissue to be engineered,
the application, and the processing techniques appropriate for production of the

construct.
1.4.3.3.1. Scaffold Processing Techniques

The processing technique used to produce a scaffold is as important as the material
itself. The choice of the processing technique is dictated by the material used and the
target application. For example, some techniques require heat, which is not
appropriate for most of the natural polymers, while some others enable the use of soft

materials only.

The processing techniques include freeze drying, solvent casting/particulate leaching,
gas foaming, electrospinning, wet spinning, lithography, and three dimensional (3D)

printing (additive manufacturing).
1.43.3.1.1. Freeze Drying (Lyophilization)

Freeze drying or lyophilization is based on freezing of a polymer solution to create a
phase separation between the solvent and the polymer, and sublimation of the solvent
under low temperature and high vacuum (Hasirci et al., 2016). At the end, a porous
foam or sponge is formed. Almost all the polymeric materials can be processed using
this technique. Freeze drying has commonly been used in meniscus tissue
engineering applications (Heijkants et al., 2004; Mandal et al., 2011a; Mandal et al.,
2011b; Ndreu-Halili et al., 2014; Bahcecioglu et al., 2014; Heo et al., 2016;
Bahcecioglu et al., 2018).

1.4.3.3.1.2. Solvent Casting/Particulate Leaching

Solvent casting and particulate leaching are used together to form tissue engineering
scaffolds. This technique is based on casting a polymer solution in a mold full of
particulates (salt or porogen), solidifying the polymer, and removal of the
particulates using a liquid that dissolves the particulate but not the polymer. After
removal of the particulates a porous scaffold is obtained (Lee SB et al., 2005). This

technique was used to produce scaffolds for meniscus tissue engineering applications
13



(de Groot et al., 1990; Mandal et al., 2011a; Mandal et al., 2011b; Yan et al., 2012;
Moradi et al., 2017).

1.43.3.1.3. Gas Foaming

Gas foaming is similar to particulate leaching method, yet uses gas bubbles as a
porogen (Nam et al., 2000). The gas is usually carbon dioxide, and is formed by a
chemical reaction of an acid with sodium carbonate during the polymerization of the
scaffold polymer (Hasirci et al., 2016). Gas foaming has been used in combination
with other techniques for meniscus tissue engineering applications (Spaans et al.,
2000; Lee YH et al., 2005; Joshi et al., 2015).

1.4.3.3.1.4. Electrospinning

In electrospinning, an electric field is generated between the needle of a syringe full
of a polymer solution and a grounded collector placed at a certain distance from the
syringe (Ndreu, 2007). With the help of the electric field, a polymer jet is formed and
ejected from the needle tip towards the collector, on which the polymer filaments are
collected (Viswanathan et al., 2006). During this process, the solvent is evaporated
with the help of the high voltage applied before it reaches the collector, and a
polymer mat builds up at the collector side. This technique has recently been used in
meniscus applications (Lee YH et al., 2005; Baker et al., 2011; Ndreu-Halili et al.,
2014; Gao et al., 2017).

1.4.3.3.1.5. Wet Spinning

Wet spinning is based on extrusion of a polymer solution through a spinneret into a
non-solvent that is miscible with the solvent of the polymer, resulting in extraction of
the solvent and precipitation of the polymer a continuous filament (Ucar et al.,
2013). The spinneret is moved during spinning process to produce a 3D scaffold.

This technique has not been used in meniscus applications.
1.43.3.1.6. Lithography

Lithography is the production of scaffolds in the desired shape with the help of a
mold or a mask (Hasirci et al., 2016) (Fig. 1.3). In soft lithography, molds of
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polydimethylsiloxane (PDMS) and poly(methyl methacrylate) (PMMA) are used
(Hasturk et al., 2016; Ermis et al., 2016), due to their hydrophobic surface that
allows for easy removal of the scaffolds (Selimovic et al., 2012). In
photolithography, light is used to photopolymerize the scaffold material, and a
patterned mask is used to allow light to penetrate at some regions on the scaffold
while preventing light from access to other regions (Komez et al., 2016). Thus, some
regions on the scaffold are crosslinked, while others are not. After washing of the
uncrosslinked regions a pattern is formed on the surface of the scaffold. Lithography
has been widely used to create molds into which meniscus tissue engineering
scaffolds are cast (Kon et al., 2008; Kon et al., 2012; Wataya et al, 2012).

1.4.3.3.1.7. Three Dimensional (3D) Printing

Three dimensional printing or additive manufacturing is based on the construction of
complex structures by layer-by-layer deposition of a material through a nozzle with
computer controlled devices (Chan et al., 2010). It allows for rapid production of
spatially controlled, patient-specific 3D scaffolds using the computer aided design
(CAD) data that can be modeled or generated using the magnetic resonance imaging

(MRI) or computed tomography (CT) scans (Hasirci et al., 2016).
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Figure 1.3. Diagram showing the soft lithography technique (adapted from Hasirci et

al., 2016).
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There are various different 3D printing approaches, including stereolithography
(SLA), two photon polymerization (2PP), inkjet 3D printing (I3P), selective laser
sintering (SLS), particle binding (PB), direct ink writing (DIW), melt electrospinning
writing (MEW), and fused deposition modeling (FDM) (Fig. 1.4) (Guvendiren et al.,
2016).

1.4.3.3.1.7.1. Stereolithography (SLA) and Two Photon Polymerization (2PP)

Stereolithography (SLA) is based on exposure of a reservoir of photoactive polymer
to ultraviolet (UV), infrared (IR) or visible light at a specific focal plane to form a
cured polymer layer (Hasirci et al., 2016; Jang et al., 2018) (Fig. 1.4A). Successive
layers are built up on the first layer, by repeating this process after lowering the
reservoir stage. Despite its high resolution (below 25 pum), SLA requires extensive
postprocessing and washing steps, and the use of this technique is limited to
photoactive polymers (Guvendiren et al., 2016). SLA has been used in production of
scaffolds for meniscus regeneration, but with poor mechanical properties (Grogan et
al., 2013; Van Bochove et al., 2016).

Two photon polymerization (2PP) follows the same principle as SLA, but uses two
photons of infrared light instead of UV, which are directed on one focal point instead

of a focal plane, to excite and polymerize the polymer (Hasirci et al., 2016).
1.4.3.3.1.7.2. Inkjet 3D Printing (13P)

In inkjet systems, pressure pulses are applied through an orifice, by the use of a gas
bubble or a piezoelectric actuator, to force a very small sample of the polymer
solution (less than 100 pL) out of a the nozzle (Tasoglu and Demirci, 2013) (Fig.
1.4B). This technique is used to dispense droplets of cell-laden polymer solutions,
and has a very high accuracy (10 pm) and high speed (Sears, et al., 2016;
Guvendiren et al., 2016). This technique has been used to produce tissue engineering
constructs for cartilage applications, but with poor mechanical properties (Xu et al.,
2013).
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Figure 1.4. Three dimensional printing techniques. (A) Stereolithography, (B) inkjet
printing, (C) selective laser sintering, (D) direct ink writing, and (E) fused deposition
modeling (adapted from Guvendiren et al., 2016).
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1.4.3.3.1.7.3. Selective Laser Sintering (SLS), Selective Laser Melting (SLM),
and Particle Binding (PB)

Selective laser sintering (SLS) and melting (SLM) are based on application of laser
beam on a powdered material to raise its surface temperature above its melting point,
enabling fusion of the adjacent particles (Yang et al., 2002) (Fig. 1.4C). As in SLA,
the laser beam is controlled by a computerized system to produce consecutive layers
on top of each other (Guvendiren et al., 2016). SLS is used for sintering metal or
ceramic particles, and is not suitable for use in meniscal applications. SLM, on the
other hand, is used with polymers, but has not found use in cartilaginous tissue
engineering applications. Particle binding (PB) works with the same principle as
SLM, but uses a binder solution to fuse the polymer particles, instead of laser beam.

1.4.3.3.1.7.4. Direct Ink Writing (DIW)

Direct ink writing (DIW) is based on application of air or mechanical pressure to
extrude the polymer solution as dots or lines through a nozzle (Chang et al., 2011)
(Fig. 1.4D). The pressure is controlled with computer-driven actuators and the nozzle
moves at X, y, and z directions. The advantage of this technique is that it allows for
bioprinting (extrusion of cell- or bioactive molecule-laden polymer solutions) if used

with aqueous polymer solutions (Annabi et al., 2014).

This technique has been used to produce meniscal tissue engineering scaffolds, but
with poor mechanical properties (Cohen et al., 2006; Ballyns et al., 2010; Rhee et
al., 2016; Yang et al., 2017).

1.4.3.3.1.7.5. Melt Electrospinning Writing (MEW) or Electrohydrodynamic
(EHD) Jet Printing

Melt electrospinning writing (MEW) or electrohydrodynamic jet printing is the
electrospinning of the polymer melts instead of polymer solutions. The advantage of
MEW is that it does not require using of toxic solvents, while the disadvantage is the
thermal instability of the polymers (Hutmacher and Dalton, 2011; Brown et al.,
2016). The absence of solvents in MEW allows for printing straight lines, because of

the very low conductivity of the polymer melts which prevents whipping (Brown et
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al., 2016). This technology has recently started to be applied in the tissue engineering

field, and has only one application in meniscal regeneration (Li, 2014).
1.4.3.3.1.7.6. Fused Deposition Modeling (FDM)

Fused deposition modeling (FDM) involves melting of a thermoplastic polymer in a
cartridge and extrusion of this polymer melt through a nozzle to form scaffolds with
predefined shapes (Sears et al., 2016) (Fig. 1.4E). The nozzle follows a computer
controlled path as the extrusion process continues, resulting in layer-by-layer buildup
of the 3D scaffold (Guvendiren et al., 2016). FDM is the most widely used 3D
printing technique because it is a simple method and it results in formation of
scaffolds of high mechanical strength (Turner et al., 2014). PCL is widely used in
FDM-based 3D printing, due to its biocompatibility, low melting temperature (60°C),
and good viscoelastic properties (Lee et al., 2014; Boere et al., 2014).

FDM has been commonly used for printing of meniscus tissue engineering scaffolds
(Moroni et al., 2007; Lee et al., 2014; Daly et al., 2016; Cengiz et al., 2016; Szojka
et al., 2017; Zhang et al., 2017) or molds to cast the scaffold materials on (Ballyns
and Bonassar, 2011; Wataya et al., 2012; Puetzer et al., 2012; Puetzer et al., 2015).

Cengiz et al., produced PCL-based, anatomically shaped meniscal constructs with 0-
45°-90° and 0-90° strand orientations (2016). They demonstrated higher mechanical
properties with the scaffolds having 0-90° orientation (Cengiz et al., 2016).

Moroni et al. produced poly(ethylene oxide-terephthalate)-co-poly(butylene
terephtalate) (PEOT/PBT)-based, anatomically shaped meniscal constructs with
hollow strands in order to obtain compressive modulus closer to that of the native
meniscus (2007). However, the strands had traditional 0-45°-90° orientation, which
did not fully mimic the collagen fiber orientation in the meniscus, and the interaction
of cells with these scaffolds was not tested.

Szojka et al. produced PCL-based, anatomically shaped meniscal constructs with
circumferentially oriented strands that mimic the collagen organization in the
meniscus and suture tabs (extensions at the horns) that allow for fixation of the

constructs to tibia (2017). They also showed that they could control the compressive

19



properties of the scaffolds by changing the distance between the strands and
introducing strand shifts (offsets) at each layer that builds on the previous. However,
they obtained very high compressive modulus values, and they did not test their

constructs in presence of cells in vitro or in vivo (Szojka et al., 2017).

Zhang et al. produced PCL-based meniscal constructs with circumferential strands,
and implanted them to New Zealand white rabbits (2017). They tested the
performance of the MSC-seeded and cell-free constructs 12 and 24 month after
implantation. They showed higher proteoglycan, COL I, COL Il, and COL IlI

deposition on the cell-seeded constructs (Zhang et al., 2017).

Daly et al., produced PCL-hydrogel based, rectangular prism-shaped constructs and
seeded them with bone marrow-MSCs (2016). They used many hydrogels to test
their effects on ECM production, and showed that alginate and agarose led to higher
production of COL Il and GAGs, while polyethylene glycol methacrylate (PEGMA)
and GelMA led to a higher production of COL I. They suggested these scaffolds for
use in cartilage and fibrocartilage regeneration, but they had not produced these
scaffolds in meniscus shapes (Daly et al., 2016).

The only study that mimicked the structural organization and biochemical content of
the meniscus was done by Lee et al. (2014). They produced PCL-based, anatomically
shaped meniscal constructs with circumferential strands, and seeded them with
MSCs. They used microspheres containing CTGF in the outer region of the scaffolds
and TGFR3 in the inner region, in order to direct the MSCs to fibrogenic and
chondrogenic differentiation, respectively. This study achieved to fully mimic the
structure of the native meniscus; however, the scaffold resulted in degeneration of
the underlying cartilage (Lee et al., 2014). Moreover, the use of growth factors in the
body may pose possible risks (Witsch et al., 2010).

1.5. Design of the Construct

The aim of the current study is to design a novel scaffold for meniscus tissue
engineering which would mimic the structural organization of the native tissue and
thus have appropriate mechanical (both compressive and tensile) properties. To this

end, production of a PCL-based scaffold with circumferential strands is proposed,
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which would be embedded in hydrogels inducing chondrogenic behavior in the inner

region and fibrous behavior in the outer region.

PCL is printed using the FDM technique to produce a porous scaffold with high
mechanical properties matching those of the native meniscus. Conventionally, FDM-
printed scaffolds have 0-45° or 0-90° strand orientation (Fig. 1.5A). In this study,
circumferential strands are introduced in order to mimic the collagen fiber
organization in the native tissue (Fig. 1.5B). The construct is printed in an
amphitheater shape (like the coliseum) (Fig. 1.5C), and seeded with the
fibrochondrocytes and incubated for some time to allow for cells to attach and
proliferate. Then, the scaffolds are embedded in cell-laden agarose at the inner region
to induce chondrogenic phenotype, and in cell-laden GelMA at the outer region to
induce fibrous phenotype. The purpose of this is to mimic the biochemical and
histological content of the native meniscus, which is cartilage-like in the inner region
and fibrous in the outer region. Moreover presence of hydrogels is expected to
reduce the friction between the PCL scaffold and the hyaline cartilage after
implantation into the knee. After incubation for a predetermined duration, the
scaffold is cut into two halves to obtain the final meniscus shaped constructs (Fig.
1.5D).

With this design, we aim to fully mimic the structure of the native meniscus, without
using any growth factors that may have possible risks and supposedly with reduced
friction due to presence of the hydrogels. We account for the zonal difference by

simply using different hydrogels in different regions of the constructs.
1.6. Design of the Study

This study is conducted using two fibrochondrocyte sources: porcine and human
cells. Porcine fibrochondrocytes are used to evaluate in vitro meniscal regeneration
before these constructs are tested in vivo in a porcine model, and a high molecular
weight PCL (80 kDa) is used to match the scaffold mechanical properties to the high
mechanical properties of the porcine meniscus (equilibrium modulus around 100-120

kPa (Abdegaied et al., 2015), compressive modulus ranging between 1-5 MPa
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(Yasura et al., 2007), and tensile modulus around 100-150 MPa) (Abdelgaied et al.,
2015).

Human fibrochondrocytes are used to evaluate in vitro meniscal regeneration on the
constructs before use in clinical trials, and a lower molecular weight (50 kPa) PCL
(PCL 50) is used to match the mechanical properties of the constructs with those of
the human meniscus (equilibrium modulus 40-80 kPa (Sweigart et al., 2004; Chia
and Hull, 2008), compressive modulus 0.3-2 MPa (Chia and Hull, 2008; Fischenich
et al., 2017), and tensile modulus 70-130 MPa (Tissakht and Ahmed, 1995).

The studies are divided into three parts. In the first part, the effect of hydrogel
materials on the degradation, mechanical properties, cell viability and in vitro ECM
production is evaluated and the hydrogels that support meniscal regeneration are
selected. In the second and third parts, square prism- and meniscus-shaped
PCL/hydrogel composite constructs are produced and evaluated for scaffold

integrity, cell viability, and in vitro meniscal regeneration.

é,,//

Figure 1.5. The design of the proposed 3D printed PCL scaffold. Strand are printed
in (A) 0-90°, and (B) 0-90°-circumferential orientation. (C) The coliseum-shaped,

and (D) the final meniscus-shaped scaffolds.
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This study is unique in exploiting the potential of agarose and GelMA hydrogels to
induce chondrogenic and fibrous ECM production, for use in the inner and outer
regions of 3D printed PCL-based meniscal constructs, respectively. The zonal
difference in the inner (cartilaginous) and outer (fibrous) regions of the meniscus is
mimicked for the first time using two different hydrogels. This study is significant
for its potential to produce biologically and mechanically functional meniscus tissue
engineering constructs, which have the potential to go into animal and clinical trials

for partial or total meniscal replacements.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Poly(e-caprolactone) (PCL) (Mn: 80 kDa), agarose (type VII, low gelling
temperature), porcine gelatin (from porcine skin, 300 Bloom) and bovine gelatin
(from bovine skin, 225 Bloom), methacrylic anhydride, hyaluronic acid (HA, from
streptococcus equi, Mw: 0.6-1.1 MDa), Irgacure 2959, Trypsin-EDTA (0.25%),
amphotericin-B (0.25 pg.mL™), pen/strep (100 units/mL/100 pg/mL), bovine serum
albumin (BSA), papain, Triton-X 100, type Il collagenase (from C. histolyticum),
glutaraldehyde, paraformaldehyde, sodium cacodylate trihydrate, FITC-labeled
phalloidin, 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), hyaluronidase,
mouse primary antibody against COL |, Safranin-O, Fast Green, mouse primary
antibody against paxillin, chondroitin sulfate (from bovine trachea), and CC/Mount®
mounting solution were purchased from Sigma-Aldrich (USA and Germany).

Dulbecco’s Modified Eagle Medium (DMEM):Ham’s FI12 (1:1) mixture
(DMEM/F12), DMEM-F12 colorless, fetal bovine serum (FBS), ITS+ Premix,
trypsin-EDTA (0.25 %), SnakeSkin pleated dialysis tubing, AlamarBlue® cell
viability assay kit, LIVE/DEAD™ cell viability/cytotoxicity kit for mammalian cells,
Quant-iT™ PicoGreen™ dsDNA quantification assay kit, pepsin, mouse primary
antibodies against COL Il, Alexafluor 532-labelled phalloidin, and Alexafluor 488-
labelled goat anti-mouse IgG secondary antibody were purchased from Thermo
Fischer Scientific (USA).

PCL (Mw: 50 kDa) was bought from Polysciences Inc. (USA), and biotinylated
horse anti-mouse IgG and horse radish peroxidase kits from Vector Laboratories
(USA). Alexafluor 488-labelled donkey anti-mouse secondary antibody was from
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Abcam (USA), DRAQS5, mouse antibody against COL | and rabbit antibody against
COL I, Alexafluor 488-labelled goat anti-rabbit 1gG and Alexafluor 532-labelled
goat anti-mouse 1gG, and TO-PRO™.-3 lodide was from Cell Signaling Technology
(USA). Sodium phosphate monobasic and dibasic, ethanol, acetic acid (HAc), and
sodium chloride were purchased from Merck Millipore (Germany). Sprague-Dawley

rat tails were kindly provided by GATA Animal Experiments Laboratory (Turkey).
2.2. Methods
2.2.1. lsolation of Meniscus Cells (Fibrochondrocytes)

Meniscus cells (fibrochondrocytes) from two different sources, human and porcine,
were isolated. The isolation procedure was performed according to a modification of

a previously described procedure (Weber et al., 1985).

For porcine fibrochondrocyte isolation, medial menisci of two postmortem Yorkshire
pigs (female, 2 months old) were harvested according to the Lifespan Institutional
Animal Care and Use Committee (IACUC) Policy for the Responsible Conduct of
Animal Research and Use of Central Research Facilities (USA), which requires no
review. Menisci were sliced and digested overnight at 37 °C in type Il collagenase
(0.15%, wiv) (Fig. 2.1). Digests were incubated in growth media (DMEM-F12 (1:1)
supplemented with 10% FBS, pen/strep (100 units/mL/100 pg/mL) and 1 pg/mL

amphotericin B) containing 1% ITS+ Premix at 37 °C for cell expansion.

For human fibrochondrocyte isolation, a biopsy sample of the medial meniscus of a
56 year old patient was harvested at the Department of Orthopedics at Hacettepe
University (Turkey) with her written consent (Ndreu-Halili et al., 2014; Bahcecioglu
et al., 2014). Briefly, the meniscus sample was sliced and incubated in type Il
collagenase solution (0.3%, w/v) at 37 °C for 24 h. After washing with 10% FBS, the
cells were suspended in DMEM/F12 (1:1) medium supplemented with 10% FBS and
pen/strep (100 units/mL/100 pg/mL), and incubated in a humidified CO; incubator

(Heal Force, China) for expansion.
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Figure 2.1. Isolation of fibrochondrocytes from the medial porcine meniscus. The
meniscus tissue was (A) harvested from medial menisci, (B) sliced into small pieces,

and (C) incubated overnight in collagenase and in growth media for cell expansion.

2.2.2. Preparation of the Constructs
2.2.2.1. Three Dimensional Printing of the PCL Scaffolds

Poly(e-caprolactone) (PCL) with two different molecular weights were used for 3D
printing: PCL 80 (Mn: 80 kDa, Myw: ~150 kDa) and PCL 50 (Mw: 50 kDa). PCL 80
was used in experiments conducted with porcine fibrochondrocytes and PCL 50 was
used in experiments conducted with human fibrochondrocytes.

For 3D printing, first, the 3D models of the scaffolds were designed using the 3D
modeling software SketchUp (Google Inc, USA) and loaded to the computer-aided
manufacturing (CAM) software (Prim-CAM, Einsiedeln, Switzerland) of the 3D
printer (Bioscaffolder, SYS-ENG, Salzgitter-Bad, Germany). Then, the polymer
melted in the cartridge of the 3D printer was extruded at 1 mm strand distance, 0.14
mm layer thickness, and in 0-90° strand orientation. Scaffolds were produced with or
without shifting of the strands at the consecutive layers (shifting distance: 0.5 mm),

and with or without contour (0.1 mm from the outer border) (Fig. 2.2).
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process. PCL was extruded at strand distance 1 mm and layer thickness 0.14 mm.
Strands were produced with or without shifting at consecutive layers (shift distance:

0.5 mm), and with or without contours.

2.2.2.1.1. Optimization of the 3D Printing Process

In order to optimize the 3D printing process, two parameters were changed and PCL
was dispensed: temperature (T) of the cartridge, and the movement speed of the
nozzle at x-y direction (Fxy). The optimal conditions were those under which PCL
strands were straight, and the pores and the scaffold edges were in the desired shape.
PCL with no shifting or contour settings were used in the following experiments

unless stated otherwise.
2.2.2.2. Preparation of the Hydrogel Constructs
2.2.2.2.1. Methacrylation of Gelatin and Hyaluronic acid

Two different gelatin sources were used: porcine gelatin (300 Bloom) and bovine
gelatin (225 Bloom). Porcine gelatin was used when human fibrochondrocytes were
employed, and bovine gelatin was used when porcine fibrochondrocytes were

employed.
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In order to prepare GelMA, porcine and bovine gelatin solutions (10% w/v, in PBS,
pH 7.2)) were mixed with methacrylic anhydride (MA) (Sigma-Aldrich, USA) at
volume ratios of 4:1 and 7:1 (Gelatin solution:MA), respectively. Solutions were

incubated at 50 °C for 1.5 h to synthesize GelMA (Nichol et al., 2010) (Fig. 2.3A).

Hyaluronic acid (HA) solution (0.5% w/v, in distilled water:dimethylformamide (3:2,
v/v)) and MA were mixed at a volume ratio of 99:1 (HA:MA) and incubated
overnight at 4 °C to synthesize MeHA (Hachet et al., 2012) (Fig. 2.3B).
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Hyaluronic Acid MeHA

Figure 2.3. Methacrylation of gelatin and hyaluronic acid. Synthesis of (A) GeIMA
and (B) MeHA.
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The resulting polymer solutions were placed in dialysis tubing and dialyzed against
phosphate buffer (pH 7.2) for 3 days, with refreshing the buffer two times a day to
remove the photoinitiators and crosslinkers that remained in the solution. Finally, the
solution was frozen at -80 °C and lyophilized to obtain the polymer pellets. The

resulting polymers were sterilized with ethylene oxide and stored at -20 °C until use.
2.2.2.2.2. Preparation of the Hydrogels

2.2.2.2.2.1. Optimization of the Crosslinking Process of the Methacrylated

Polymers

The methacrylated polymers are crosslinked by applying UV in the presence of a
photoinitiator, Irgacure2959 (Fig. 2.4). Crosslinking of the methacrylated polymers
was optimized by changing the polymer and photoinitiator concentrations, and UV
exposure time. For this purpose, porcine GelIMA (5 and 8%, w/v) and MeHA (0.5
and 1%, wi/v) solutions were prepared in PBS. The photoinitiator was added at two
concentrations, 1 and 2% (w/v), and the solutions were exposed to UV (A: 365 nm)
for 1-30 min at 0.120 JJmm. The minimum time required for gelation of the solutions

was determined.
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Figure 2.4. Crosslinking of GelMA and MeHA by UV radiation. Photoinitiator:
Irgacure 2959.
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2.2.2.2.2.2. Preparation of the Cell-Hydrogel Constructs
2.2.2.2.2.2.1. Preparation of Porcine Fibrochondrocyte-Hydrogel Constructs

Porcine fibrochondrocytes were suspended at a cell density of 6-7 x 108 cells/mL in
ethylene oxide-sterilized GelMA (bovine, 6.4%, w/v) or MeHA (0.8%, w/v) or blend
of GelMA (3.2%, w/v) and MeHA (0.4%, w/v) (GelMA-MeHA) solutions in growth
media containing the photoinitiator Irgacure2959 (1%, w/v). The cell suspensions
were cast between two parallel glass plates 1.5 mm apart to obtain gels of uniform
thickness (Fig. 2.5A). The system was exposed to UV for 5 min to crosslink the
polymers. The glass plates were removed and gel disks of 5 mm diameter were

obtained using tissue punches.

Cell-agarose constructs were prepared similarly. Porcine fibrochondrocytes were
suspended in heat-sterilized agarose (Ag) solution (2% in DMEM-F12 media)
maintained at 43 °C. Cell-agarose mixture was immediately cast between the glass
plates and left to cool down below 35 °C to solidify (Fig. 2.5A). When gelation was
complete, the glass plates were removed and disks of gels (5 mm diameter) were

obtained using tissue punches.

Ethanol sterilized PCL was used as a control. Cells were seeded on PCL scaffolds at
a cell density of 1.5 x 10° cells/scaffold (Fig. 2.5A). Cell-free hydrogel and PCL

constructs were used as controls.

The constructs were cultured for a week in growth media containing ITS+ Premix at
37 °C with changes of media every 2 days (Fig. 2.5), followed by four weeks in
fibrochondrogenic media (growth media containing 1% ITS+ Premix, 40 mM L-
proline, 1 mM nonessential amino acids NEAA, 50 pg/mL L-ascorbic acid 2-
phosphate). Dexamethasone (100 nM) and TGF-B1 (10 ng/mL) were freshly
prepared and added at media changes between Days 7-28. Constructs were incubated
under static or dynamic culture conditions. Dynamic compression was applied at
10% strain (starting from a 5% basal strain to a 15% peak strain), 1 Hz frequency, for
four weeks, 1 h/day, 5 days/week, in a home-made bioreactor with a polysulfone-
based platen that fits in 24-well culture plates (Fig. 2.5C) (Bilgen et al., 2013).
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Constructs were removed from culture media on Days 1 and 35 and prepared for

analysis (Section 2.2.3).
2.2.2.2.2.2.2. Preparation of Human Fibrochondrocyte-Hydrogel Constructs

After optimization, filter sterilized GelMA solution (5%, w/v in culture medium) was
prepared, and Irgacure2959 was added at a 1% (w/v) concentration. Agarose (Ag)
solution (2%, w/v in DMEM-F12 medium) was prepared by heating in microwave
for 2 min with stirring. GelMA-Ag solutions were prepared by mixing the GelIMA
and Ag solutions (1:1 volume ratio or 5:2 weight ratio).

Human fibrochondrocytes were suspended in GelMA (5%), Ag (2%), and GelMA-
Ag (5:2 ww GelMA:Ag) (3.5% wi/v) solutions at a cell density of 3x10*
cells/construct. The suspensions were placed in cylinder-shaped molds (d= 7mm, h=
2 mm) and crosslinked. Agarose-cell suspension was left to cool. GeIMA-containing
cell suspensions were exposed to UV for 3 min to obtain the hydrogels. Cells were
seeded on the 3D printed PCL 50 (as a control) at a cell density of 3x10*
cells/scaffold. The cell seeded constructs were then incubated in the growth media
for 7 days with change of media every 2 days. Cell attachment and spreading on the

scaffolds were analyzed to evaluate the behavior of cells on the constructs.

2.2.2.3. Preparation of the 3D Printed PCL/Hydrogel Composite Constructs
2.2.2.3.1. Preparation of the Square Prism Shaped PCL/Hydrogel Constructs
2.2.2.3.1.1. Preparation of Porcine Fibrochondrocyte-Based Constructs

PCL 80 was printed in square prism shapes of 20 mm x 20 mm x 3 mm, with no
shifting of the strands and with no contour as described in Section 2.2.2.1 (Fig. 2.2).
Samples were cut using a scalpel into smaller square prisms of 5 mm x 5 mm x 3 mm
for use in the cell culture experiments and compressive mechanical testing, and into

rectangular prisms of 20 mm x 10 mm x 3 mm for use in tensile testing.
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Figure 2.5. Scaffold preparation and culture conditions. (A) Preparation of the gels.
(i) Cell suspensions were prepared in agarose, GeIMA, MeHA, and GeIMA-MeHA
solutions. (ii) Cell-polymer suspensions were cast between two parallel plates. (iii)
Agarose was cooled and other polymers were UV radiated for gelation to take place.
(iv) Disks of gels were obtained using a tissue punch. (B) Culture conditions.
Constructs were cultured for a week in growth media, and four weeks in
fibrochondrogenic media under static or dynamic conditions. Dynamic compression
(oscillating between strain levels of 5-15%) was applied after Day 7, for 4 weeks, 1

h/day, 5 days/week at 1 Hz frequency in a (C) custom-made bioreactor.
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Figure 2.6. Preparation of the 3D printed PCL-Hydrogel constructs. The 3D PCL
was seeded with porcine fibrochondrocytes and incubated for 14 days in growth
media. On Day 14, the pre-seeded PCL was embedded in cell-laden agarose or
GelMA, which were crosslinked (cooled for PCL-Ag, and UV irradiated for PCL-
GelMA). Constructs were incubated until Day 28, when dynamic compression was
applied. Constructs were incubated under static or dynamic conditions until Day 56.

Arrowhead: start of dynamic culture.
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Porcine fibrochondrocytes (passage 3) were expanded, trypsinized, suspended in
growth media, and seeded onto sterile PCL 80 scaffolds at a cell density of 1.3x10°
cells/scaffold. The constructs were cultured for 2 weeks in growth media containing
ITS+ Premix at 37 °C in a CO; incubator with changes of media every 2 days (Fig.
2.6). On Day 14, porcine cells were suspended in agarose (2% w/v in DMEM-F12
media, at 43 °C) or GelMA (6.4% w/v in DMEM containing 1% (v/v) photoinitiator)
solutions and the pre-seeded PCL (final cell density in the hydrogels was 2 x 10°
cells/scaffold) was embedded in these suspensions (Fig. 2.7). PCL-Ag was left to
cool for gelation to take place, and PCL-GelMA was exposed to UV for 5 min. PCL
alone was used as control. Three different constructs were produced after Day 14:
PCL, PCL-Ag, and PCL-GelMA (Fig. 2.7).
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Figure 2.7. Preparation of the square prism shaped PCL/hydrogel constructs. PCL-
Ag, and PCL-GelMA were produced on Day 14, and PCL scaffold was used as

control.
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After Day 14, the constructs were transferred into fibrochondrogenic media. TGF-31
(10 ng/mL) was added for 4 weeks between Days 14 and 42 (Fig. 2.8A). Starting at
Day 28, constructs were exposed to dynamic compression (at 10% strain, oscillating
between a 5% basal strain and a 15% peak strain) at 1 Hz, for 1 h/day, 5 days/week,
for 4 weeks between Days 28 and 56 (Figs. 2.6 and 2.8, arrowheads), in a bioreactor
that allows the use of 24-well plates (Fig. 2.8B). Constructs were removed from
culture media on Days 1, 14, 28, 42, and 56 and analyzed (Section 2.2.3).
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Compression
Platen

Culture Plate

Bioreactor System

Figure 2.8. PCL/hydrogel constructs were incubated under static or dynamic culture
conditions. (A) Culture conditions. (B) Dynamic compression was applied starting at
Day 28 in the bioreactor system. Arrowhead: start of dynamic compression. TGFR1:

transforming growth factor 31.
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2.2.2.3.1.2. Preparation of Human Fibrochondrocyte-Based Constructs

PCL 50 was printed in square prism shapes (10 mm x 10 mm x 3 mm) for use in cell
culture experiments and compressive mechanical testing, and in rectangular prism
shapes (30 mm x 10 mm x 3 mm) for use in tensile testing. Scaffolds were printed
with or without shifting (shift distance: 0.5 mm), and with or without contour as
described in Section 2.2.2.1 (Fig. 2.2).

Human fibrochondrocytes (passage 3) were expanded, trypsinized, suspended in
growth media, and seeded onto sterile PCL 50 scaffolds at a cell density of 3 x 10*
cells/scaffolds. The constructs were cultured for 2 weeks in growth media. On Day
14, human cells were suspended in agarose (2% w/v in DMEM at 43 °C) or GeIMA
(porcine, 5% w/v in DMEM containing 1% (v/v) photoinitiator) or GeIMA-Ag (1:1,
viv of the GelMA and agarose) solutions (final cell densities were 3 x 10*
cells/scaffold). The pre-seeded PCL was embededed in these cell suspensions (Fig.
2.7). Unembedded PCL was kept as a control. After gelation, the constructs were
incubated in growth media for additional 28 days until Day 42 with no addition of
growth factors. Constructs were removed from culture media on Days 14 and 42 and

analyzed.
2.2.2.3.2. Preparation of the Meniscus Shaped PCL/Hydrogel Constructs
2.2.2.3.2.1. Preparation of Porcine Fibrochondrocyte-Based Constructs

PCL 80 was printed in coliseum shapes (Fig. 2.9A), with no shifting of the strands
and with no contour as described in Section 2.2.2.1 (Fig. 2.2). The coliseum-like
structure had an outer diameter of 30 mm, inner diameter of 10 mm, and a height of 5

mm at the outer edge.

Porcine fibrochondrocytes were expanded (passage 3, P3), trypsinized, and
suspended to a final cell density of 1 x 10 cells/mL. Cells were seeded onto
coliseum shaped PCL scaffolds at a cell density of 2.5 x 10° cells/scaffolds and
cultured at 37 °C for 2 weeks in growth media containing ITS+ Premix in Petri

dishes, with changes of media every 2 days (Fig. 2.9B).
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On Day 14, porcine fibrochondrocytes were suspended in agarose (2% wi/v in
DMEM-F12 media, 43 °C) or GelMA (6.4% w/v in DMEM containing 1% (v/v)
photoinitiator) solutions. The in the inner portion of the constructs was embedded in
agarose-cell suspension (final cell density in agarose: 2 x 10° cells/scaffold), and the
outer portion was embedded in GelMA-cell suspension (final cell density in GelMA:
4 x 10° cells/scaffold) (Fig. 2.9B). As a control, a set of the constructs was embedded
in agarose on the inner portion and the outer portion was left unembedded. Agarose
was left to cool for gelation to take place, and GelMA was exposed to UV for 5 min.
At the end of Day 14, two types of constructs were obtained: PCL-Ag, and PCL-Ag-
GelMA.

After Day 14, the constructs were incubated 6 weeks in fibrochondrogenic media
with addition of TGF-B1 (10 ng/mL) between Days 14 and 42 as described in Section
2.2.2.3.1 (Fig. 2.8A). Starting from day 28, constructs were subjected to dynamic
compression for 4 weeks. After 56 days of culture, samples were removed from the
culture and cut into two halves to obtain the meniscus shaped constructs (Fig. 2.9B).

A compression head that would fit on the upper surface of the coliseum-like
constructs was designed (Fig. 2.10A), so that the dynamic compression applied was
uniform throughout the scaffold surface. When compression was to be applied,
constructs were removed from incubators where they were under static conditions (at
position (0)) (Fig. 2.10B), the compression head was placed on the samples, and the
system was fit under the platen of the bioreactor (Fig. 2.10A). Samples were
subjected to dynamic compression starting from a basal load at position (1)
(constructs were compressed 50 um) to a peak load at position (2) (constructs were
compressed 150 pum) (Fig. 2.10B). The corresponding strain levels were between 5%
and 15% on the innermost portion of the construct where construct height was 1 mm,
and between 1% and 3% on the outer portion where height was 5 mm (Fig. 2.10B).

The dynamic compression was applied at 1 Hz, for 1 h/day, and 5 days/week.

Constructs were removed from culture media on Day 56 and analyzed (Section
2.2.3).
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Figure 2.9. Design of the coliseum shaped structure that is cut into two halves to
obtain the meniscus shaped constructs, and its preparation and culture. (A) Design of

the coliseum shaped construct.
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Figure 2.9. (Continued). (B) Preparation and culture of the constructs. PCL
constructs were seeded with porcine fibrochondrocytes and incubated for 14 days in
growth media. On Day 14, the inner and outer portions of the pre-seeded PCL were
embedded in cell-laden agarose or GelMA, respectively, and crosslinked (cooled for
PCL-Ag, and UV irradiated for PCL-GelMA). As a control, the outer portions of a
group of constructs were not unembedded in a hydrogel. Constructs were incubated
in fibrochondrogenic media until Day 28, when dynamic compression was started.
Constructs were incubated under static or dynamic conditions until Day 56.

Arrowhead: start of dynamic culture.

2.2.2.3.2.2. Preparation of Human Fibrochondrocyte-Based Constructs

PCL 50 was printed in coliseum shape, with and without shifting of the strands (shift
distance: 0.5 mm), and with contour as described in Section 2.2.2.1 (Fig. 2.2) to
mimic the circumferential fibers in the native meniscus. The coliseum-like structure
had an outer diameter of 24 mm, inner diameter of 12 mm, and a height of 4.5 mm at

the outer edge.

Human fibrochondrocytes (passage 3) were expanded, trypsinized, suspended in
growth media, and seeded onto sterile PCL 50 scaffolds at a cell density of 1 x 10°
cells/scaffolds. The constructs were cultured for 2 weeks in growth media. On Day
14, human cells were suspended in GelMA (porcine, 5% w/v in DMEM containing
1% (v/v) photoinitiator) or GelMA-Ag (1:1, v/v of the GeIMA and agarose (2%, w/v)
at 43 °C) solutions (final cell densities were 6 x 10* cells/scaffold). The pre-seeded
PCL scaffolds were embedded in these cell suspensions. After gelation (with cooling
for agarose and 5 min UV irradiation for GelIMA), the constructs were incubated in
growth media until Day 42 with no addition of growth factors. Constructs were
removed from culture media on Day 42, cut into two meniscus shaped constructs,

and prepared for analyses.
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Figure 2.10. Designs of the compression head and the constructs, and depiction of
the dynamic compression applied on the constructs. (A) A compression head was
modelled and produced. The compression head was designed such that it would fit
on the construct to enable application of dynamic compression. (B) The compression
head was placed on the constructs and the system placed in a bioreactor. The sample
was normally at position (0) under static culture. Dynamic compression was applied
such that compression head cycles from position (1) (basal compression: 50 pm from
position (0)) to position (2) (peak compression: 150 um from position (0)) at 1 Hz
frequency, 1 h/day, 5 days/week.
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Figure 2.10. (Continued). (C) Sample preparation for analysis. Samples were cut
radially into four pieces, and each piece was cut circumferentially at the gel

boundaries.

In order to prepare samples for analyses, the meniscus shaped constructs were cut
radially into four samples, and then each sample was cut circumferentially to obtain

an inner and an outer portion of the samples (Fig. 2.10C).
2.2.3. Characterization of the Constructs

2.2.3.1. Characterization of GeIMA and MeHA
2.2.3.1.1. FTIR Characterization

GelMA and MeHA were analyzed with Attenuated Total Reflectance (ATR) unit of
the Fourier Transform Infrared (FTIR) spectrophotometry before or after UV
crosslinking, and the absorbance values at wavenumbers ranging from 4000 to 400

cm* were determined.
2.2.3.1.2. Proton NMR Spectroscopic Characterization

Gelatin and GelMA polymers (50 mg/mL) from two different sources (bovine and
porcine), and MeHA (1 mg/mL) were dissolved in deuterium oxide at 35 °C and the
solutions were characterized with Proton (*H) NMR spectrometer (Bruker DPX 400)
operating at a *H resonance frequency of 400 MHz.
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Degree of methacrylation (DM) was calculated for each polymer. For GelMA, DM is
defined as the ratio of the methacrylated groups on GelMA to lysyl amine groups
(Hoch et al., 2012). Thus, DM was calculated from the peak integration (area) of the
protons of the lysyl methylene groups (peak at 2.90 ppm) in GelMA relative to that
in unmodified gelatin, using the NMR spectrum analysis software (MestreNova,
Spain). The peak integrations were normalized to the phenylalanine (the aromatic
group which does not show a shift in NMR spectrum) (peak at 7.2 ppm) to eliminate
the change in signal intensities arising from concentration differences. DM was

calculated according to the equation:

Peak integration of lylyl methylene in GelMA ) 100
*
Peak integration of lysyl methylene in gelatin

DM (%) = <1 - (
The DM for MeHA is defined as the ratio of methacrylate groups on one
disaccharide repeat unit of MeHA to hydroxyl groups (Bencherif et al., 2008). Thus,
DM was calculated from the ratio of the relative peak integrations of the protons of
the methacrylate groups in MeHA (peak at 1.85 ppm) to methyl protons (peak at 1.9
ppm). DM was calculated according to the equation:

Peak integration of methacylate protons

DM (%) = 100

Total peak integrations of methacylate and methyl protons i

2.2.3.2.  Macroscopic Characterization

Hydrogel samples were examined macroscopically every week during the culture
period. The thickness and diameter of the samples were measured on Days 1 and 35
using a micrometer (with a sensitivity of 1 um), and the volume was calculated.
Samples were weighed (wet weight, WW), frozen at -20 °C, lyophilized for 24 h, and
weighed again (dry weight, DW).

2.2.3.3.  Microscopic Characterization
2.2.3.3.1. Stereomicroscopic Characterization

The constructs were examined under a stereomicroscope (Nikon SMZ 1500, USA) to

examine the surface topography.
43



2.2.3.3.2. SEM Characterization

For examination of scaffold microarchitecture, cell-free samples were washed with
cacodylate buffer, incubated in glutaraldehyde (2.5%) for 2 h, frozen at -80 °C, and
lyophilized for 3 h. The samples were sputter-coated with gold-palladium, and
examined under a scanning electron microscope (SEM) (FEI, Quanta 400 F, USA)

under high vacuum.
2.2.3.4. Mechanical Characterization

The PCL and hydrogels (n=6) were subjected to stress-relaxation test under
unconfined compression using Instron (ElectroPuls E1000, USA) equipped with 10
N-load cell. Stress-relaxation test was performed by applying compression to
samples and keeping them under constant strain (10%) for 30 min (relaxation) until
equilibrium is reached (Fig. 2.11A). Equilibrium (or aggregate) modulus (Ha) was

calculated from the stress at equilibrium and the strain applied.

Cell-free, square prism-shaped PCL/Hydrogel constructs (n=5) were incubated in
phosphate buffered saline (PBS) for 24 h and then subjected to compression and
tensile testing using CellScale (Univert, Canada) equipped with 10 N-load cell.
Compression tests were performed on square prism shaped samples at a displacement
rate of 1 mm.min?, and the compressive modulus (E*) of the constructs was

calculated from the stress-strain curve (Harley et al., 2007) (Fig. 2.11B).

Uniaxial tensile tests were performed on rectangular prism shaped samples at a
displacement rate of 1 mm.min™ and with a gauge length of 10 mm according to
ASTM D882-00, and Young’s modulus (E) was calculated from the stress-strain
curve (Fig. 2.11C).
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Figure 2.11. Representative graphs showing the calculations of the modulus values.
(A) Equilibrium (or aggregate) modulus (Ha) at 10% strain, (B) compressive
modulus (E*), and (C) tensile modulus (E).

2.2.3.5. Cell Viability Analysis

Viability of cells in the constructs was assessed using the live/dead cell
viability/cytotoxicity assay. Samples were incubated in a solution of Calcein-AM (2
MM in PBS) (for live cells, green) and ethidium homodimer (EthD)-1 (4 pM) (for
dead cells, red) for 30 min., and visualized using confocal laser scanning microscope
(CLSM) (Nikon Eclipse TE2000E, Japan). CLSM images (n>2) were analyzed using
ImageJ software (National Institutes of Health, USA) to assess cell viability. First,
images were split into channels (converted to 8-bit images) and the number of cells
in each channel was estimated using the software. The following formula was used to

calculate cell viability.

Number of live cells (green)

Cell viability (%) = 100

Number of total cells (green and red) i
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2.2.3.6. Cell Metabolic Activity

Cell numbers were determined by AlamarBlue® cell viability assay. Cell-seeded
constructs (n>10) were removed from culture media on Days 1, 7, 14, 21, 28, and 35
washed with colorless DMEM-F12 medium, and incubated at 37 °C in AlamarBlue®
solution (10%, v/v in growth media). After 1 h incubation, the supernatants were
transferred into 96-well plates, and absorbances at 570 and 595 nm were determined.
Cell metabolic activity was calculated as percent reduction of the Alamar Blue dye,
as described by the manufacturer (Appendix A). All experiments were performed in

triplicates for each sample.
2.2.3.7. Cell Morphology

Cell morphology was examined by SEM. Samples were removed from culture
media, washed with 0.1 M cacodylate buffer (pH 7.2), fixed in glutaraldehyde (2.5%
in cacodylate buffer), frozen at -80 °C and lyophilized for 3 h. The samples were
sputter-coated with gold-palladium and visualized using SEM (FEI, Quanta 400 F,
USA) under high vacuum.

Cell-seeded constructs were washed with PBS, fixed with 4% paraformaldehyde for
15 min at room temperature, and incubated in Triton X-100 (0.1% v/v in 10 mM
Tris-HCI buffer) for 5 min at room temperature, and in BSA (1% w/v in PBS) at 37
°C for 30 min to block nonspecific binding. Samples were then incubated in
Alexafluor 488-Phalloidin at 37 °C for 1 h to stain actin, and in DRAQ5 at room
temperature for 10 min to stain the nuclei. After washing with PBS, the constructs

were examined under a CLSM (Leica DM 2500, Germany).
2.2.3.8. Cell-Material Interactions

For evaluation of cell-material interactions, hydrogels were stained for paxillin. Cell-
seeded hydrogels were incubated in 0.1% Triton X-100 for 5 min and in 1% BSA for
30 min to block nonspecific binding. Samples were then incubated in mouse primary
antibody against paxillin (dilution 1:100) for 1 h followed by Alexafluor 488-labelled
goat anti-mouse 1gG secondary antibody (dilution 1:400) for 1 h at 37 °C. In order to

stain the actin and nuclei, samples were incubated in Alexafluor 532-labelled
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phalloidin (dilution 1:400) for 1 h and in DRAQ5 (dilution 1:200) at 37 °C for 30
min. Cover slips were used as controls. Samples were visualized using CLSM (Leica
DM 2500, Germany).

2.2.3.9. Biochemical Analysis

Samples were removed from culture media, lyophilized for 16 h, and digested
overnight at 60 °C in papain solution (125 U/mL). The DNA, sulfated
glycosaminoglycan (SGAG), and collagen contents of the samples were determined.

2.2.3.9.1. DNA Contents

DNA contents were measured using the Quant-iT™ PicoGreen® dsDNA
quantification assay. Aliquots (100 pL) of the DNA standards and papain-digested
samples were placed in 96-well dark-bottom plates and PicoGreen dye (100 pL,
dilution 1:100) was added. The fluorescence measurements were done (Aexcitation: 480
nm and Aemission: 520 NmM) using a spectrophotometer (Molecular Devices, USA), and
the DNA contents were calculated according to a standard curve constructed using
the DNA standards (Appendix B, Fig. B.1).

2.2.3.9.2. Sulfated GAG Contents

Sulfated GAG contents were determined using the dimethylmethylene blue (DMMB)
assay. Aliquots (20 pL) of the chondroitin sulfate standards and the papain-digested
samples were placed in 96-well plates, and 200 uL of the DMMB dye (46 pum 1,9-
dimethylmethylene blue, 40 mM NaCl, and 40 mM glycine) (pH 3) was added. The
absorbance measurements were done at 535 nm immediately after addition of the
dye. The sGAG contents were calculated according to a standard curve constructed

using the chondroitin sulfate standards (Appendix C, Fig. C.1).
2.2.3.9.3. Collagen Contents

Collagen contents were determined using the orthohydroxyproline (OHP) assay.
Papain-digested samples were digested in concentrated hydrochloric acid solution
(overnight at 110 °C) and heat dried (overnight at 60°C). The samples were dissolved
in OHP assay buffer (25 mM citric acid, 85 mM sodium hydroxide and 0.12% (v/v)
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acetic acid) (pH 6), and transferred into 96 well plates. Chloramine T solution was
added on to the samples and the plates were incubated in dark for 20 min, and then,
p-dimethylaminobenzaldehyde (pDAB) solution was added. The plates were
incubated at 60°C in dark for 15 min, and the absorbance was determined at 540 nm.
OHP contents were calculated according to a standard curve constructed using OHP
standards (Appendix D, Fig. D.1), and OHP contents were converted to collagen
contents by applying a conversion factor, 7.64, which is the collagen to OHP weight
ratio (Hollander et al., 1994).

2.2.3.10. Histology and Immunohistochemistry

Samples were removed from culture media, fixed in acetone/methanol (1:1, v/v),
embedded in paraffin, sectioned (6 pm thick) and fixed on slides. For histology,
sections were deparaffinized, stained with Safranin-O to visualize the GAGs, and
counterstained with Fast Green to visualize the other components including cells and

proteins.

Immunohistochemistry was carried out using Vectastain ABC kit. First, sections
were deparaffinized, treated with pepsin for 30 min to retrieve antigens, with
hydrogen peroxide to eliminate the endogenous peroxidases, and with blocking
solution to prevent nonspecific binding. Sections were then incubated overnight at 4
°C in mouse primary antibodies against type | (dilution 1:100) or type Il (dilution
1:100) collagen, and then in biotin-labelled horse anti-mouse IgG at room
temperature for 1 h. The sections were then incubated in avidin-biotin complex for
30 min, and in 3,3-diaminobenzidine (DAB) chromogen which forms a brown color.
Sections were counterstained with hematoxylin and imaged using a bright-field

microscope.

Semi-quantitative image analysis (n>2 images per sample) was performed to assess
the intensity of staining (Imagel). Briefly, micrographs were converted to 8-bit
images, and the integrated density calculated after background subtraction. For each

construct, 2-9 images per sample were used.
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2.2.3.11. Immunofluorescence

Samples were removed from culture media, washed with PBS, fixed in
paraformaldehyde (4%), treated with Triton X-100 (0.1%) to permeabilize the cell

membrane, and incubated in serum solution to block nonspecific binding.

For immunostaining of the porcine fibrochondrocyte-seeded constructs, samples
were incubated for 1 h in rhodamine-labelled phalloidin, for 10 min in DAPI, and
overnight at 4 °C in mouse primary antibodies against type | (dilution 1:100) or type
Il (dilution 1:100) collagen. Samples were then incubated in Alexafluor 488-labelled
donkey anti-mouse secondary antibody (dilution 1:400) for 1 h at room temperature,
and visualized under CLSM (Nikon Eclipse TE2000E, Japan).

For double immunostaining of the human fibrochondrocyte-seeded constructs,
samples were incubated for 1 h in mouse primary antibody against type | collagen
(dilution 1:1000), and for another 1 h in rabbit primary antibody against collagen
type Il (dilution 1:1000). Samples were then incubated in a mixture of Alexafluor
488-labelled anti-rabbit 1gG and Alexafluor 532-labelled anti-mouse 1gG (dilutions:
1:1000) for 1 h at room temperature. Finally, samples were incubated in TO-PRO
dye (dilution 1:1000) for 30 min at room temperature and visualized under CLSM
(Leica DM 2500, Germany).

2.2.4. Statistical Analysis

Statistical analyses were performed using SPSS 23 (IBM, USA). One-way ANOVA
was performed, followed by Tukey-Kramer (equal variance) or Dunnett’s T3
(unequal variance) post-hoc tests depending on whether samples had equal variance.

Data are presented as the mean + standard deviation. Significance level was <0.05.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of the Cells Isolated from Menisci
3.1.1. Flow Cytometry

Cells isolated from human donors were characterized previously using flow
cytometry (Ndreu-Halili et al., 2014). Cells were reported to have 97% viability after
isolation, and they were positive for CD44 (99%) and CD105 (93%), and negative
for CD14 (0.37%), CD15 (1.33%), CD31 (0.72%), CD34 (0.93%), CD45 (0.59%)
(Ndreu-Halili et al., 2014). These results are similar to those reported by others
stating that human fibrochondrocytes were positive for CD44 and CD105, and
negative for many other differentiation markers (Verdonk et al., 2005). Thus, it was
concluded that majority of the cells isolated in this study were fibrochondrocytes
with high cell viability. As there are blood vessels and nerves in the meniscus, it is
quite expected that some of the cells extracted from the tissue also express smooth

muscle cell, endothelial cell and nerve cell markers.
3.1.2. Microscopy

Phase contrast micrographs of the human and porcine cells used in this study
revealed presence of three types of cells when cultured on TCPS: chondrocyte-like
cells (round or polygonal in shape), fibroblast-like cells (with long cell processes),
and spindle-shaped cells for both human and porcine cells (Fig. 3. 1). These results
are in parallel with other reports stating that cells obtained from human meniscus

consisted of these three types of cells (Webber et al., 1985).
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3.2. Optimization of the 3D Printing Process Using PCL

For optimization of 3D printing process, a square prism shaped 3D model (20 mm x
20 mm x 3 mm) was used, with PCL 80 being the polymer to be dispensed.
Temperature (T) of the cartridge, and speed of the nozzle movement in x-y direction
(Fxy) were the parameters changed. The temperatures used were 150, 160, and 170

°C, and the movement speeds were 200, 400, 600, and 700 mm/min.

It was observed that PCL strands became smoother, thinner, and straighter as the
temperature was lowered or the nozzle movement speed was increased (Fig. 3.2). At
lower speeds, the PCL strands became thicker and wavy, and even fused with each
other, leading to products with smaller pores. At 200 mm/min and 170 °C, no pores
remained. The polymer tended to get darker at high temperature levels (170 °C),
indicating oxidation. The optimal parameter settings for PCL 80 were established as
150 °C and 700 mm/min.

Figure 3.1. Phase contrast micrograph of the fibrochondrocytes cultured on TCPS.
(A) Human fibrochondrocytes, and (B) porcine fibrochondrocytes. Circles: spindle-
shaped cells, dotted circles: chondrocyte-like cells, and dashed circles: fibroblast-like
cells. Scale bars: 100 pum.
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Figure 3.2. Optimization of the 3D printing of PCL 80. Two parameters were
changed. Temperature: left panel, 150 °C; middle panel, 160 °C; and right panel, 170
°C. Movement speed of the nozzle ranged from 200 (top) to 700 mm/min (bottom).

Scale bar: 4 mm.

Similar characterization was conducted with PCL 50, a lower molecular weight

polymer. Optimal printing parameters were determined as 120 °C and 500 mm/min.

In the following experiments, PCL 80 was printed at 150 °C and 700 mm/min, and
PCL 50 was printed at 120 °C and 500 mm/min.
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3.3. Characterization of GeIMA and MeHA Polymers
3.3.1. Optimization of Hydrogel Photocrosslinking Process

For optimization of the hydrogel photocrosslinking, first, GelMA (from porcine
gelatin) (5 and 8%, w/v) and MeHA (0.5 and 1%, w/v) solutions were prepared and
the photoinitiator, Irgacure 2959, (1 and 2%, w/v) was added. The solutions were
exposed to UV light for up to 2 min, and the minimum time required for the gelation

was determined.

Gelation time generally decreased as the polymer and photoinitiator concentrations
increased (Table 3.1). Since gelation time did not vary much with the photoinitiator
concentration, and the photoinitiator is known to be cytotoxic, a low concentration
(1%) was chosen for use during crosslinking process. The minimum times required

for gelation of GeIMA and MeHA were 45 and 30 s, respectively.

For GelMA, 5% (w/v) was chosen, since stable GelMA gels were produced at this
polymer concentration. For MeHA, 1% (w/v) was chosen, because it resulted in
stable hydrogels.

Table 3.1. Minimum time of UV exposure required for gelation of GeIMA (porcine)
and MeHA.

Polymer Photoinitiator Minimum Time

Concentration (%) Concentration (%o) Required (s)
Gel-MA * 5 1 90
5 2 60
8 1 60
8 2 45
MeHA 0.5 1 60
0.5 2 60
* 1 1 45
1 2 30

*Rows indicate the optimal conditions for each polymer.
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3.3.2. Proton NMR Spectroscopic Characterization

In order to calculate the degrees of methacrylation of GelMA and MeHA, the
unmethacrylated (native) and methacrylated forms of gelatin and hyaluronic acid
were analyzed with proton NMR spectroscopy. The results are shown in Figure 3.3.
The degree of methacrylation (DM) of GelMA was calculated from the decrease in
the intensity of the peak corresponding to lysyl amine group (highlighted as orange)
upon methacrylation of gelatin, after the intensity of the aromatic phenylalanine
groups (asterisk) of gelatin and GelIMA were normalized (Fig. 3.3A). The DM of
MeHA was calculated from the peak integration of the methacrylate protons
(highlighted as blue) relative to that of methyl protons after methacrylatin of
hyaluronic acid (HA) (Fig. 3.3B).

The DM s of porcine and bovine GelMA were around 64 and 52%, respectively. This
difference was the result of the methacrylic anhydride (MA) concentration used
during the synthesis of each. The MA concentrations used for porcine and bovine
GelMA were 20 and 12.5% (v/v), respectively. The DM of MeHA was around 25%,
again due to the low concentration of MA used during the synthesis of MeHA. These
are similar to the results reported previously in our group (60-65% for porcine
GelMA and 25% for MeHA) (Eke et al., 2017; Kilic-Bektas and Hasirci, 2017).

3.3.3. ATR-FTIR Characterization

Solutions of GelMA and MeHA were prepared according to Table 3.1 in Section
3.3.1 and ATR-FTIR spectrophotometry was performed before and after crosslinking
as a result of UV exposure (Fig. 3.4).

Results showed that UV treatment decreased the absorbance of the polymers at 1640
cmt (Fig. 3.4). This peak corresponds to carbon-carbon double bonds (C=C). These
bonds belong to the methacrylate groups in GeIMA and MeHA, and are used up
during crosslinking as a result of UV exposure (Section 2.2.2.2.3.1, Fig. 2.4). This

explains the decrease in absorbance intensity of the bands corresponding to C=C.
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Figure 3.4. ATR-FTIR absorbance intensity of the untreated and UV-treated
polymers. The peak at 1640 cm™ corresponds to carbon-carbon double bonds (C=C).

Similar observation was reported in another study showing a decrease in the intensity
of the peaks at 1640 cm™ with the increasing duration of UV exposure (Shin et al.,
2012). The decrease in absorbance intensity of the C=C bonds indicated that
crosslinking of the methacrylated polymers was achieved, and thus hydrogel

formation was successful.
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3.4. Porcine Fibrochondrocyte-Based Studies

The current thesis was divided into two parts: porcine fibrochondrocyte-based
studies and human fibrochondrocyte-based studies. Here, the porcine cell-based

studies are presented.
3.4.1. Hydrogel Constructs

Disk-shaped hydrogels were investigated for their potential to induce meniscal
regeneration. The gels were seeded with porcine fibrochondrocytes and incubated for
35 days. The samples were tested for weight loss, contraction, microarchitecture,
mechanical properties, cell viability, cell morphology, and GAG and collagen (type |
and I1) production. The square prism-shaped 3D printed PCL 80 was used as the

control group.
3.4.1.1. Change in Physical Properties of the Constructs

The photographs of the hydrogels and the 3D printed PCL were taken every week
until Day 35, in order to follow the changes in size of the constructs (Fig. 3.5). Gross
examination revealed that the size of the cell-free constructs generally remained
unchanged throughout the 35-day culture period. The size of the cell-seeded
constructs also did not change, except for GeIMA-MeHA which significantly
decreased in size. The size of the cell-seeded agarose did not change much over time,
and those of GeIMA and MeHA decreased to some extent. The size of PCL, on the
other hand, remained the same throughout the culture period, regardless of cell

presence.
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Seeded

Unseeded

Figure 3.5. The change in size of the cell-seeded and cell-free samples over 35 days

of culture. Dotted lines encircle the constructs. Scale bars: 5 mm.

The thickness and diameter of the hydrogels were measured using a micrometer
(with a sensitivity of 1 um), and the volumes were calculated. In general, when the
gels were unseeded, the thickness, diameter, and volume of the gels remained
unchanged, while dry weight (DW) decreased especially for GelMA-containing gels
(Fig. 3.6, left). When cells were present, thickness, diameter, and DW of the gels
generally decreased, with a few exceptions (Fig. 3.6, right). Thickness of the cell-
seeded agarose and GelMA, and DW of agarose increased compared to the gels on
Day 1 and also compared to the unseeded gels on Day 35. On the other hand, DW of
GelMA increased after introduction of cells.

Dynamic compression did not result in a significant change in the physical
properties of the gels, except it decreased the DW of the cell-seeded GelMA
(p<0.05).
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Figure 3.6. (Continued). Physical properties of the hydrogels on Day 35 relative to
Day 1. Relative thickness, diameter, volume, and dry weights (DWSs) of the
constructs, showing the change in physical properties of the hydrogels over time.
Thickness and diameter were measured with a micrometer, and DW was weighed
using an analytical balance. Dashed lines show Day 1 results. Data are presented as
the mean + SD. *Significant difference between results compared to Day 1 results of
the same material incubated under the same condition. *Significant difference
between the unseeded and seeded groups of the same material incubated under the

same condition.

Possible reasons for an increase in hydrogel volume are the swelling of the gels over
the 35 days of incubation in the culture media due to hydration, or thickening due to
ECM production. Possible reasons for a decrease in the volumes could be cell-
mediated gel contraction as a result of the traction forces exerted by cells on the
material (Ghassemi et al., 2012), or due to degradation because of the matrix
metalloproteinase (MMP) activity in the cells (Naqvi et al., 2005). A decrease in DW

could be due to gel degradation, and an increase could be due to ECM deposition.

In the current study, cells reduced the diameter and increased the thickness of
agarose and GelMA, which indicates that these gels went through cell-mediated
contraction. The increase in DW of the hydrogels, indicated that ECM was produced
by the cells. Diameter, thickness, volume, and DW of MeHA and GelMA-MeHA
were reduced in the presence of cells (p<0.05), which indicated that cells facilitated

degradation of these gels and this process was dominant over ECM production.

Agarose resisted cell-mediated contraction because it is highly hydrophilic, which
prevented cells from attaching, spreading, and forming stress fibers (and thus traction
forces). It also resisted degradation because it lacks target sequences for MMPs.
GelMA lost most of its weight over the culture period in the presence or absence of

cells, which showed that it went through both hydrolytic and enzymatic degradation.

Gelatin and hyaluronic acid have target sequences for MMPs (Van den Steen et al.,

2002), and thus are prone to enzymatic degradation, which explains the rapid weight
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loss in GelMA and MeHA in the presence of cells. GelMA-MeHA gel lost a
significantly higher amount of its weight than GeIMA or MeHA alone, probably
because the integration of GelMA MeHA was not sufficiently strong. This was
probably due to the highly hydrophilic nature of MeHA (Necas et al., 2008), which
absorbs a considerable amount of water that prevented proper interactions with
GelMA. Thus, the level of crosslinking between GelMA and MeHA polymers could
be so low that the two materials could not crosslink with each other to form a stable
gel. When cells were present, the weak bonds between GelMA and MeHA could

break easily due to contraction or MMP activity.

Similar observations have been reported. Scaffold-free constructs containing
chondrocytes and fibrochondrocytes in 1:1 ratio were reported to shrink or contract
after stimulation with TGF-81 (Huey and Athanasiou, 2011). Fibrochondrocyte-
seeded agarose gels were also shown to contract in diameter and lose weight when in
the presence of TGF-R1 or FBS (Kalpakci et al., 2011). In contrast, no contraction
and weight loss were reported in the chondrocyte-seeded constructs (Kalpakci et al.,
2011). This shows that fibrochondrocytes have a relatively high MMP activity
compared to chondrocytes. This is in parallel with our results which showed
contraction in the TGF-R1-treated agarose gels. However, we found an increase in
dry weight of agarose over time, which may be a result of the contribution of ECM
production. This shows that agarose gels did not degrade in the presence of cells, but

rather went through cell-mediated gel contraction.

Degradation and cell-mediated gel contraction in gelatin and collagen gels were also
reported in the literature. Sarem et al. (2013) showed that gelatin gels lost most of
their weight after 75 days of incubation in PBS in the absence of cells. Chemically
crosslinked collagen gels were reported to contract and lose significant amount of
their weight after seeding with fibrochondrocytes (Puetzer et al., 2015). Similarly,
the uncrosslinked collagen gels were reported to lose weight and contract by over
than 40% in diameter in 4 h, while crosslinked gels contracted by 10% in 66h (Heo et
al., 2016). All these studies showed that gelatin and/or collagen are prone to

hydrolytic and enzymatic degradation.
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3.4.1.2. Microarchitecture of the Constructs

The microarchitecture of the cell-free constructs incubated 35 days in culture media
was examined using SEM. Agarose and MeHA were both nonporous, while GelMA-
containing gels were porous (Fig. 3.7). Pore sizes of GeIMA and GelMA-MeHA
were around 50 and 30 pum, respectively. These observations were made under SEM
at dry conditions after freeze drying of the gels, and do not reflect the porosity and
pore size of the gels in the aqueous environment. However, they still give
information about the density of polymer struts in the gel solutions prior to freeze
drying. The strand distance in PCL was already designed to be 800 um, and this was

the case in our constructs (Fig. 3.7).

Our results are in parallel with the other reports. Pure agarose was reported to have
smaller pores than collagen, and trace amounts of agarose in collagen-agarose gels
was shown to reduce the pore size compared to pure collagen gels (Ulrich et al.,
2010; Lake and Barokas, 2011; Branco da Cunha, 2014).

Figure 3.7 Microarchitecture of the cell-free constructs after 35 days of incubation in
culture media. SEM of the constructs at low (upper panel, scale bars: 200 um) and

high (lower panel, scale bars: 10 um) magnifications.
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3.4.1.3. Compressive Mechanical Properties of the Constructs

After 35 days of incubation in culture media, constructs were subjected to stress-
relaxation tests under compression and the equilibrium moduli were determined. The
results are presented in Figure 3.8. For the unseeded hydrogels, equilibrium modulus
of agarose (ca. 16 kPa) was the highest of all (p<0.01) (Fig. 3.8A). Modulus of
unseeded GelMA (ca. 7 kPa) was the lowest; significantly lower than MeHA and
GelMA-MeHA (both around 11 kPa) (p<0.05). The equilibrium modulus of the cell-
free 3D printed PCL (ca. 2.3 MPa) was much higher than those of the hydrogels.

For the cell-seeded samples, the highest equilibrium modulus was obtained with
agarose (ca. 13 kPa) (p<0.05), the second was GelMA (ca. 9 kPa), and the lowest
was MeHA (ca. 3 kPa) (p<0.01) (Fig. 3.8B). Modulus of GeIMA-MeHA could not
be tested due to its extremely small size upon incubation in the culture media.
Presence of cells significantly decreased the modulus of agarose (p<0.05) and MeHA
(p<0.001), and slightly increased that of GelMA (p>0.05). Finally, dynamic
compression did not have any effect on the equilibrium modulus of the gels.

Higher equilibrium moduli were obtained with the cell-free agarose (2%, w/v) and
MeHA (0.8 %, w/v) than GelMA (5%, w/v), although the concentration of GeIMA
was higher than the former two. The reason for this could be that agarose and MeHA
are high molecular weight polymers and exhibit a nonporous structure under SEM,
while GelMA is a relatively lower molecular weight polymer and exhibits a porous
structure (pore size around 50 pm) (Section 3.4.1.2, Figure 3.7). Equilibrium
modulus of GelMA increased upon addition of cells (from 7 kPa to 9), probably due
to the high level of ECM produced on this gel. The decrease in the modulus of
MeHA (from 12 to 3 kPa) could be a result of low level of ECM production on, and
rapid degradation of, these gels (Section 3.4.1.1, Figure 3.6). Modulus of agarose
also decreased upon introduction of cells although its DW increased, probably due to
dissolution of agarose in the presence of cells. Other researchers have also reported a
decrease in the modulus of agarose and HA gels upon cell seeding (Buckley et al.,
2009; Levett et al., 2014).
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Figure 3.8. Compressive mechanical properties of the constructs after 35 days of
culture. Equilibrium modulus of the (A) cell-free (unseeded), and (B) cell-seeded
hydrogels. Data are presented as the mean + SD. For statistical significance: p<0.05.
Significant difference between hydrogels in the same graph when no letters in
common. *Significant difference between unseeded and seeded groups of the same

material.

The modulus values obtained in this study are consistent with those reported in other
studies. An equilibrium modulus of 10-12 kPa were reported for 2% agarose
(Buckley et al., 2009), a modulus of 12-14 kPa for 15% GelMA (Grogan et al.,
2013), and a modulus of 5-16 kPa for 2.5% hyaluronic acid (Donnelly et al., 2017).
These values are an order of magnitude lower than equilibrium modulus of the native
porcine meniscus (100-120 kPa) (Abdelgaied et al., 2015).

The compressive properties of hydrogels used in this study could be increased by
changing the polymer or photoinitiator concentrations, and time of UV exposure for
photoactive gels to improve the degree of crosslinking. However, doing so could also
harm the cells and lead to poor cell-material interactions due to reduction of
functional groups on the polymer chains. PCL has good mechanical properties
compared to hydrogels. Therefore, reinforcement of the hydrogels with PCL is

important in order to produce a meniscal construct with good mechanical properties.
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3.4.1.4. Cell Viability and Cell Metabolic Activity

Cell viability was evaluated by determining the DNA contents on Days 1 and 35. The
initial DNA contents of the hydrogels measured on Day 1 ranged between 0.85-1.29
g DNA/sample (Fig 3.9A, left). The highest initial DNA contents were on GelMA
and PCL (around 1.2 pg DNA/sample), which were significantly higher than that of
the MeHA-containing gels (around 0.9 ug DNA/sample) (p<0.05). The DNA content
of agarose was 1 pg DNA/sample.

On Day 35, the highest DNA content was again on PCL (around 1.3 pg
DNA/sample), significantly higher than the DNA contents of the hydrogels (Fig.
3.9A, right). Among the hydrogels, the highest DNA content was on GelMA (0.8 ug
DNA/sample). The DNA contents were GelMA > agarose > MeHA > GelMA-
MeHA in a descending order.

The only sample that responded to dynamic compression was GelMA, which
exhibited a significant decrease in DNA content (ca. 30%) (p<0.05).

Relative DNA content results showed that DNA contents of the hydrogels incubated
under static conditions decreased by 40% for agarose, 20% for GelMA, 60% for
MeHA, and 90% for GelMA-MeHA over 35 days of culture, while that of PCL
increased by 5% (Fig. 3.9B). The highest relative DNA content was obtained with
PCL and the static samples of GelMA.

Dynamic compression did not have a significant effect on DNA contents, except for
GelMA, which decreased significantly (p<0.05). This could be due to the increased
thickness of the cell-seeded GelMA over 35 days of incubation in culture media
(Section 3.4.1.1, Fig. 3.6). Similar observation was reported with agarose and
collagen gels incubated under dynamic compression at 15% strain (Ballyns and
Bonassar, 2011; Puetzer et al., 2012).
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Figure 3.9. DNA contents of the constructs. (A) DNA contents of the constructs on
Day 1 (left) and Day 35 (right). (B) Relative DNA contents (%) of the constructs
(DNA content on Day 35 (n= 3-6) relative to that on Day 1 (n= 3)). Results are
presented as the mean + SD. For statistical significance p<0.05. Significant
difference between constructs in the same graph when no letters in common.

#Significant difference between Day 1 and Day 35 results.

In order to assess cell proliferation using a method based on cell metabolic activity,

AlamarBlue cell viability assay was performed. Cell metabolic activity increased

until Day 14, and then decreased in most of the constructs (Fig. 3.10). Cell metabolic

activity could reflect the proliferation of cells, because it is generally accepted that

metabolic activity cell number are proportional. This indicated that cell proliferation

decreased after Day 14, probably because the cells tended to produce ECM instead of
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proliferating, and/or because some of the hydrogels started to degrade leading to loss

of material and cells.
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Live/dead cell viability assay results of the constructs on Day 35 also indicated that
cell viability (green cells) was high on GelMA and PCL, and low on MeHA-
containing gels (Fig. 3.11). ImageJ analysis of the images showed around 80% cell
viability in agarose, GelMA, and PCL, and around 60% viability in MeHA and
GelMA-MeHA. Cell viability did not change upon dynamic compression.

The reasons for the decrease in cell viability and metabolic activity in the constructs
could be the formation of a cell layer on the surface of the constructs that limited the
transport of oxygen and nutrients to the core of the gels (Murphy et al., 2010), the
degradation of the constructs which led to loss of material and cells (Section 3.4.1.1,
Fig. 3.6), and the tendency of cells to produce ECM rather than proliferate after Day
14 (Zorlutuna et al., 2009; Ballyns and Bonassar, 2011; Bahcecioglu et al., 2014).
The high cell viability and metabolic activity on PCL, on the other hand, was
probably due to the 2D microenvironment on the PCL surface which allowed for
spreading of the cells, the high stiffness of PCL which could increase the
proliferation rate (Section 3.4.1.3), and the large pores (Section 3.4.1.2, Figure 3.7)

that allow for easy transport of oxygen and nutrients and larger space for the cells.

Agarose GelMA MeHA GelMA-MeHA PCL

Static

Dynamic

Figure 3.11. Live/dead cell viability assay results of the constructs on Day 35.
CLSM images of the samples cultured under static (top) and dynamic (bottom)
conditions. Green: calcein-AM (live cells); red: ethidium homodimer-1 (dead cells).

Scale bars: 1 mm.
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Since GelMA-MeHA constructs were too small to handle, they could not be analyzed

further, and excluded from the following sections.
3.4.1.5. Collagen Contents of the Constructs

Collagen contents of the cell seeded constructs were calculated from the
hydroxyproline amounts in the constructs (assuming a collagen:hydroxyproline ratio
of 7.64), which were assessed using the orthohydroxyproline (OHP) assay
(Hollander et al., 1994). In order to eliminate the size differences in the samples and
also the effects of degradation, the results were normalized to dry weights (Fig.
3.12A). In order to eliminate the background signal resulting from the scaffold
materials (especially gelatin) and compare the constructs, the results were presented

as the change in collagen contents between Days 1 and 35 (Fig. 3.12B).

The highest collagen content was observed on GelMA (Figs. 3.12A and 3.12B).
Collagen content of GelMA increased significantly over time (p<0.05) (Fig. 3.12A),
and the net increase in collagen content of GelMA was 14-18% of the sample DW
(Fig. 3.12B). On the other hand, collagen contents of agarose, MeHA, and PCL did
not change significantly over the culture period. Collagen contents of the inner and
outer regions of the native meniscus were 85 and 96% of their DWSs, respectively
(Fig. 3.12C).

When cultured under dynamic compression, the net collagen production in GelMA
was around 18% of its DW (235 ug collagen/ug DNA), about 20-25% of the
collagen present in the native meniscus. The high collagen production in GelMA
could be a result of the biologic recognition sites on gelatin, such as RGD sequences
(Liu and Chan-Park, 2010), which enhances cell adhesion, proliferation and ECM
production. In some other studies, 2 ug collagen/ug DNA (McCorry et al., 2016), or
10-20% of the native meniscus (Puetzer et al., 2015) were reported in
fibrochondrocyte-seeded collagen gels, both of which were lower than our results.
The collagen content of the meniscus obtained in this study (85% of its DW in the
inner region and 96% in the outer region) (Fig. 3.12C) was in accordance with the
results reported in the literature (82% of its DW in the inner region and 90% in the

outer region) (Sanchez-Adams et al., 2011).
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Agarose, MeHA, and PCL all exhibited low amounts of collagen in our study.
Similar results were reported by others for fibrochondrocyte-seeded agarose (Wilson

et al., 2009) and PCL (Lee et al., 2014).
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Figure 3.12. Collagen contents of the constructs and the native meniscus determined
with orthohydroxyproline (OHP) assay. (A) Collagen content normalized to DWs
(%) of the constructs. (B) Net change in collagen contents of the constructs between
Days 1 (n=3) and 35 (n>5). (C) Collagen content of the native meniscus (n=6). Data
are presented as the mean = SD. NS: not significant. Statistical significance:

*p<0.05, **p<0.01. Significant difference when no letters in common.
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Biochemical assay does not distinguish between the types of collagen deposited on
the constructs. In order to assess type I (COL I) and type Il (COL II) collagen

production on the constructs, immunohistochemistry was performed.

Immunohistochemistry supported the biochemical assay results (Fig 3.13A). The
highest level of COL | and COL Il production was observed on GelIMA. Images of
the cross and horizontal sections revealed that collagen was intensely stained
throughout the gels. Collagen staining on agarose and MeHA was weak, indicating
low collagen production on these gels. Intense staining of COL | and COL Il was

observed in the meniscus, which was the positive control.

One observation was that the collagen deposited on agarose and MeHA was globular
in shape, and that deposited on GelMA was dendritic and continuous especially on
the surface (Fig. 3.13A).

ImageJ analysis revealed that COL | (p<0.001) and COL Il (p<0.05) staining were
the highest on GelMA (Fig 3.13B). The unseeded constructs exhibited background
staining of COL | and COL Il. Thus, the net COL | and COL Il intensities corrected
for the background were 18 and 7 A.U, respectively, which were lower (p<0.05) than
the native meniscus results (around 40 A.U for COL | and COL Il in the inner region
of the meniscus, and 55 A.U for COL | and 35 A.U for COL Il in the outer region).
In parallel with the biochemical assay results (Fig. 3.12), agarose and MeHA
exhibited low COL | and COL Il production. Similar to the results obtained in the
current study, Daly and colleagues reported higher COL I staining than COL Il on
GelMA, and higher COL Il staining than COL | on agarose (2016). However, unlike
the results in the current study, they reported higher deposition of COL Il on agarose
than on GelMA.

In agarose and MeHA, COL | and COL Il were produced at the same levels, a result
similar to that in the inner region of the native meniscus (Fig. 3.13B). However, in
GelMA, the intensity of COL | was 2-fold higher than COL 1, similar to the result in
the outer region of the meniscus. In fact, COL | was reported to constitute 90% of the
outer region of the native meniscus and 40% of the inner region, while COL Il was

reported to constitute 60% of the inner region (Cheung, 1987).
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Fig 3.13. Immunohistochemistry of the hydrogels incubated for 35 days in culture.

(A) Representative images showing COL | and COL Il immunostaining of the cross

and horizontal sections of the gels. For the native meniscus, left: inner region, and

right: outer region. Chromogen: DAB (brown), and counterstain: hematoxylin (dark

blue). Scale bars: 500 um. (B) Intensity of collagen staining on gels (n=3) measured

with ImageJ software (n=2-9 images/sample). A.U: arbitrary units. Significant

difference between hydrogels when no letters in common. Comparison between

samples stained for ¢ 4COL | and - °>¢>9COL Il. *significant difference between

COL I and COL Il results of the same material at a particular loading regimen.

73



3.4.1.6. Sulfated GAG Contents of the Constructs

Sulfated GAG contents were calculated using the DMMB assay. In order to eliminate
the size differences in the samples and also the effect of degradation, the results were
normalized to dry weights (Fig. 3.14A). In order to eliminate the background signal
resulting from the scaffold