A THREE-DIMENSIONAL PRINTED,
POLYCAPROLACTONEHYDROGEL BASED, TISSUE ENGINEERED
MENISCUS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OMATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

G¥KHAN BAHCBCKOJ

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OFDOCTOR OF PHILOSOPHY
IN
BIOTECHNOLOGY

FEBRUARY 2018






Approval of the thesis:

A THREE -DIMENSIONAL PRINTED,

POLYCAPROLACTONE /HYDROGEL BASED, TISSUE ENGINEERED

MENISCUS

submitted byG¥ KHA N B A H ¢ ElWCiKKm@dial fulfillment of the requirements
for the degree dDoctor of Philosophy in Biotechnology DepartmentMiddle

East Technical Universityby,

Prof. Dr. Guilbin Dural Unver
Dean Graduate School dMatural and Applied Sciences

Assoc Prof.Dr. Can Ozen
Head of DepartmenBiotechnology, METU

Prof. Dr. Vaséf Haseérce
SupervisorPept. of Biological SciencesMETU

Prof. DrNesrin Hasérceé
Co-supervisorDept. of Chemistry, METU

Examining Committee Members:

Prof . Dr . Nuhan Pural e
Dept.of Biophysics, Hacettepe University

Prof . Dr. Vaséf Hasérceée
Dept.of Biological Sciences, METU

Prof. Dr. DilekKeskink e n d i |
Dept. ofEngineering Sciences, METU

Prof. Dr. Aykut Ozkul
Dept.of Virology, Fac. of Veterinary Med., Ankara University

Assoc Prof. Dr.Can Ozen
Dept.of Biotechnology METU

Date: 02.02018



| hereby declare that all information in this document has been obtained and
presented inaccordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced
all material and results that are not original to this work.

Name, Last Name5°® k han Blah- eci o]

Signature



ABSTRACT

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

B a h - ducGokhan
Ph.D, Department oBiotechnology
Supervisor: Prof . Dr. Vaseéf
Co-SupervisorProf. Dr.NesrinHa s é r c €
February 2018164 pages

Three dimensional (3D) printing has recently been in the spotlight of tissue
engineering field, because it enables production aépegpecific tissue engineered
scaffolds withdesiredshapes, 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. Thigoktanvolves 3D printed
polycaprolactone (PCL}ptructureembeded in different hydroges; the hydrogel
used at the inner region induaglgcosaminoglycan (GAG) producticmilar to the
cartilagelike tissues, andthe hydrogel used at theuter region iducescollagen
production similar tdfibrocartilagelike tissue.Various hydrogels such as agarose
(Ag), methacrylated gelatin (GelMA), methacrylated hyaluronic acid (MeHA) and
GelMA-MeHA wereprepared and their effect on cell activities were studied ingus
two different cellsporcine fibrochondrocytendhuman fibrochondrocytes

Constructs were testeth vitro using prcine fibrochondrocytesn order to
investigate their performance before any animal experimentation. Different
hydrogels(Ag, GelMA, MeHA and GelMAMeHA) were seeded witthe cellsand
tested under static (no load) or dynamic (compressieh5% strain) culture
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conditions.Ag (which promoted GAG production) ardelMA (which promotel
collagenproductior) were selected to embed the 3D pthPCL scaffolds. fer 56
days of culturePCL scaffoldsembeddedn Ag resulted in Zold higher collagen
and 3fold higher GAG productionand the onesngbededin GelMA resulted in a
10-fold higher collagen production compared tmtreated PCL. Mechanical
propertiesof the PCL did not change after embedding Ag or GelMA. PCL
scaffoldswith meniscusshaps were 3D printed andmbedded i\g and GelMA at
the inner and outer regions, respectivdlge inner region of the constructs that was
embeddd in Ag produced lgh amounts ofGAG, andthe outer region that was
embedded in GelMAroduced lgh amounts otollagenafter 56 days of incubation
Thus, themeniscusshaped construgtmimicking the biochemical content of the

meniscal tissuevere produced

In order to investigate the performance of the constlinctiro before any clinical
applications human fibrochondrocyteswere usedo engineer the meniscu$o this
end, gjuare prisrrshapedPCL scaffolds having different designs were printeth
various interior (with or without shifting of the consecutive layers) and exterior (with
or without circumferential strandgrchitectures, and studied for their suitability as
human meniscus substituteShifting of the strands led to lower mechanical
propeties while introduction of the circumferential stranéshancedmechanical
propertiesin all combinationsThe compressive modulus of the scaffoldsen the
scaffolds were produced in shifted architecture and with circumferential strands
(~0.4 MPa) was dse to that of the human meniscus {B.B1Pa),while the tensile
modulus (18 MPa) was lower than that of the meniscud 8B0OMPa).

The 3D printed PCLscaffolds were produced in shifted architecture and with
circumferential strandsembedded in the humafbrochondrocytecarrying Ag,
GelMA or GelMA-Ag, and incubated for 42 days under static culture conditicmes.
order ofcollagen depositionn the hydrogeembedded scaffolds from the highest to
the lowest wasselMA > GelMA-Ag > Ag. When the meniscushaped constructs
with the circumferential strandsere embedded in GelMAg at the inner region
instead of agarose alone, collagen deposition waagd. At the end, a zonal

difference in the biochemical content of the construleigh COL | at the outer
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region and high COL llat the inner regionwas createdmimicking 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, GelMA
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UC BOYUTLUBASIM VE DOKU M! HE NYONSEMLERK Y L E
| RETKLRMRKKKAPROL AKKRKIDRIOJTEAAMEL LK YAPAY
MENKSK! S

B a h - ducGokhan
Doktora BiyoteknolojiBoluimu

Tez Y°neticisi: Prof . Dr . Vaséf

Ortak Tez Yoneticisi: Prof. DNesr i n Hasér cé
k u b281B, 164 sayfa

- boyutlu (3B) btaskEmedhhebialyar °egekil kogf*

boyutuna sahip doku m¢ghendisliji takéyéc:

zamanl arda doku m¢ghendi sl i Ji al adokun é nd a
m¢éhendi sl i Ji y a k | neriskin elokusanyun yerieed gedelaleceki K
i K| dovigelt akéeyeécleakgeeyl@Bdet h asnemt y? nt emi yl e

n

uretlenve i - ve dék keéeseéml ar dpolikdpelkiok(PGL) hi dr o

temel | i bir yapé&eéé&eger dsraakiegibiegmkozaminadtikars mé

(GAG) ¢retimini uyarda bibr &k @ihdakigbdle, ddk

kollajen dretimini uyaranb i r hi dr oj e.l Bunureigid agarozl (Ag),k t i r
metakrile jelatin (GelMA), metakrile hiyalironik asit (MeHA) &elMA-MeHA

gi bi bir-ok hidroj el hazérl anméck vV e bu
h¢crelerinin aktivitelerine etkileri i Nnc
Her hangi bir hayvan deneyinde Kkunlvtreanél ma.
kokull arda domuzxlfi breck orediri d gnii tkite r . Bunu

(Ag, GelMA, MeHA ve GelMAMeHA) hiicre ekilip statik (yuksiz) ya da dinamik

(basma, %8 5 geril me il e) kel ter ortamenda
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takéyécelaréné kapl amakvegzlolel &GAGN g red ti imminn i
Gel MA se-il miktir. EI | i alteé genl ¢k kel t or
hidroj el emdiril memi k PCL6be g°re 2 kat daha
crettiji, Gel MA6ya emdiril mi kK nPCGLroeitnt i i $ e 1
gor ¢l megkt ¢or . PCL takeéyeéecélarén mekani k ©°zel
g°stermemi Ktir. Meni sk¢s kKeklindeki PCL t ack:¢
keséemda Agbda, décxk keéeseéemda Gel MA6ya emdiril
sonnda garoza emdirilmik i- késémda y¢ksek ot
kesemda y¢ksek oranda kollagen ¢reti mi ger ¢l
bi yoki myasal i -erijine benzer takéyeécelar el

(]

Takéyéecélarén klinumtokkodehéwnlréemdeaki °peef or man
et mek i -1 n, yapay dokul ar i nsan fibrokondr
ama-1 a, deji ki k tasarémlarda ve -exitl:@ -

ve de

~

(-evresel f inpmimarilere sahip; dkdoggenpyizana da i - er m
ekl inde PCL takéyécelar cretilmik ve bu t

ul | ané

™
3
@

K
k uygunl uju araktereéel mexkteéer . Kat man|l
dé¢Kmesi ne, -evresel fi bzellleirkInereikn eaamtema s @ rsa
ol muktur . Takéyéecélar hem kaydérmal é kat manl
varl eéjéenda ¢retil diJO3RdwrPa)y anled@n skbas maemedl,eér
(~0.4 MPa)ve meniskusunkindei70-130 MPa)d aha d¢kK ¢k -(kme mody¢ |

MPa)dej erl eri g°stermicktir.

Sonu-ta, 3B baséel mék PCL takéyeéeceéelar kaydeéer
fiberler ekl ener ek ¢r Ag GdMAiya daGelMAsAgn h ¢ cr esi
hidrojellerine emdiril mik vee setdaitlinki Kk glrtdd m .
Hidrojellere emdiril miKk tkaskeékyteecne | aenénd ¢ epj ey¢gdojru
uretimleri GelMA > GelMA-Ag >Ags ér al amasénda ol muktur. Me n
cretilen ve -evresel fiberler | -Agileen takeéyec
kaplandéejénda kollajen ¢retiminde bir arteéecx

benzer bir Kekil degebsieylo kd enjyiakskad n | ai -ké dga®ns the°rle n
yé¢ksek COL |, dék késéemda da y¢ksek COL 1



zamanda menisk¢s dokusunun yapésal organ

takl it edi |l mi ktir.

Anahtar kelimeler: meniskis doku niihendislij i, 3B bagn, PCL, agaroz, GelMA
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CHAPTER 1

INTRODUCTION

1.1. Rationale

Meniscal tears among the most commonlgxperiencedknee injuries, are mostly
encounteredduring harsh sports activities olue toageing that results itissue
degenerationSwelling, 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 expensesas well aslabor andproductivity. More than 80,000 people

suffer from meniscaproblemseach year in Europe (MedTedthsight WebPage),

and more than 1 million in the USA (American Academy of Ortopaedic Surgeons
Web Pagg Majority of the patients (more than 1.5 millioper yea)y are going

through meniscal surgefpzellon Cell Theapeutics Web Page).

The meniscushas a low regenerative pateal due to its limitedvasculature and
needs to be treated surgicalfyinjured seriously(Arnoczky and Warren, 1983).
Repair of the meniscus using sutures, staples, and glues leads te §baouwhich

in turn results in alteration of the knee biomechanics. Meniscectibmpartial or

total removal of the meniscusas been applied to reduce paut results in
osteoarthritisn the long term(Lohmandetet al, 2007). Therefore, a tissue substitute

is required to prevent the degeneration of the hyaline cartilage underlying the
meniscus. Transplantatias one approach to replace the meniscus, but there is a
shortage ofdonor tissueand therisks of rejection and disease transmission (Kuhn
and Woijtys, 1996)In addition transplants do not prevent osteoarthritis in the long
term (Van den Straeteet al, 2016).Prostheseson the other handail after some

time and some may lead to osteophyte formation and syn{Migissner, 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 acrescerdike fibrocartilage located between the femur atitke tibia
(Fig. L1A). Thetissue has many roles includitgad bearing and transmissionthe

knee shock absorptiorgndjoint stability and lubrication (Fithiaat al, 1990).
1.2.1. Anatomy of the Meniscus

The meniscusesembles an amphitheater coliseum) it is semilunarwhen viewed

from the top, and wedgghapedat the cross sectiofFig. 1.1). The topdquperioj
surface is concave enabliagit with thefemoral condylesand he bottom (nferior)
surface isrelatively flat andsits onthe tibial plateauThere are twamenisci 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 attachebeqdint capsule (Arnoczky,
1992.

1.2.2. Biology and Structure of the Meniscus

Seventy percent of theaemiscus is waterandmost of its dry weight is composed of
collagen (8595%), while the remaining contains proteoglycans (glycosaminoglycans
(GAGs) that arebound by a protein core) and roallagenous proteins like elastin
(Fithianet al, 199Q Eyre andWu, 1983; McDevitt and Weber, 1990 he collagen

in the meniscus is mainly type | (75%), and therease type II, Ill, V, and VI
collagens (Eyre and Wu, 1983; Herweq al, 1984).The tissue exhibits fibrous
characteristicsat the outerperipheryand 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 ) (80%), while that in the inner region is
mainly type Il (COL II) (60% COL lland 40% COL I) (Cheung, 1987). GAGs are
also more abundant in the inner region of the meniscd84dPthan the outer region
(1%) (Herwiget al, 1984; SancheaAdamset al, 2013).
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Figure 1.1. Schematicillustration of the meniscus.(A) Lateral, and (B) top view

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

over view.asp

Aligned collagen COL | and COL II) triple helices (diameter: 1.5 nnkength: 300
nm) organize into microfibrils (diameter: 20~500 nm), which atsganize into
fibrils (diameter<10 pum) (Birk et al, 1991). The collagen fibré are organized
randomly at the surface, aradigned circumferentiallyat the center with fewie
fibers binding these fibrils radiallf{Ghadially et al, 198; Petersen and Tillman,
1998) (Fig. 1.2) This organization of the collagen fibrils is what makes the tissue
strong against tensile load (Rdah 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; Meyatral, 1988; Adamsand Huking

1992. The main types of GAGs present in the human meniscus are chondroitin
sulfate, dermatan sulfate, and keratin sulfate (Heetvay., 1984).


http://www.leadingmd.com/patiented/meniscus/%20over%20view.asp
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Figure 1.2. Collagen organization in the meniscug1l) Superficial layer: with
randomly oriented collagen fios, (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 zonestarms of presence of blood vessels,
although thee regions do not have defined borders andbtbed supply changes
gradually from the outer to the inner region. The outer regiofB(20 of the tissue
at the peripheryis called the reded zone and corites blood vessels (Drengk al,
2008). The inner region is called the whithite zone and lacks blood supply. The
middle region is called redthite zone and has some blood vesdails,in limited
abundancéDrengket al, 2008).

1.2.4. Cell Types in the Menigus

Threecell 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 residehayoare

cells of different origisis not known.

One cell type is the rourshapedor polygonal cell which igpresentin the inner
region and expresses chondrocytic phenoffellio Le Graverancet al, 2001)
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Another cell type is the branched cell with long mesesandexpresses fibroblastic
phenotypeandis located in the outer region of the tissdde last cell type is the
spindlelike cell which resides in the superficial layer and expresses fibroblastic
behavior (Hellio Le Graveran@t al, 2001). These cells are suggested to be
progenitor cells, which could aid in regeneration of the meniscus (Van der Btacht
al., 2007). In fact, they have been shown to exhibit potency; they can be
differentiated towards adipogenic, chondrogenic andog&nic lineages (Mauait

al., 2007). These cells are called fibrochondrocytes due to their fibrocytic and

chondrocytic pheotypes.
1.3. Meniscus Biomechanics

A load up to 5 times the body weight is exerted on the knee gbiphysiological
conditions (Paul, 1976), anilde meniscus can carry up to 75% of this load (Shetve

al., 1978). The tissue can withstand various stresses including shear, tension and
compression owing to its biochemical composition and structural iaegeom
(Makris et al, 2011). In fact, during the early developmental stages, the meniscus is
exposed to mechanical load, leading to maturation of the tissue (Se#tigrii999).

The main component of the meniscal tissue is the collagen, which isdiligriorm

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 (McDeetnatt

2008).

The composition ah organization of the meniscus arery important in providing
resistance against the stresseeered on it, and thugplay critical role in its
functionality. The human menisculas anaggregate (or equilibrium) modulus 4-
220kPa(Joshiet al 1995;Sweigartet al 2004 Chia and Hull, 2008 acompressive
modulusof 0.3-1 MPa (Chia and Hull, 2008), ardensile modulu®f 4-20 MPa in
radial direction and 230 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,
andalso during intense physical activity and traumatic inju(@eeis et al. 2002).

Torn meniscus leads to highedicalexpenses 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 teafseimnherregioncannot hal
without medichintervention(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 Sgeons Web Page). However, these are only useful when the

symptoms are mildand do not work in the treatment of severe meniscal injuries.

When e meniscus is severely injuradda complex meniscal teaccurs it should
be treated surgically. Tears cdlde repaired or replaced with prostheses, transplants

or implants.
1.4.2.1. Meniscal Repair

Surgical interventiongerformed to facilitate reniscal repairinclude the use of
hydrogel materials such as gelat®&z6moret al, 200§, fibrin glue and suture
(Arnockzy et al, 1988; Noyest 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, requsgieort time, and have reduced risks and high
success rate (Baket 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 (Nemanet al, 1989). These methods are usedcessfullyn treatment of

simple tearshutwhen it comes tcomplex tearshey are not as useful
1.4.2.2. Meniscal Substitutes

In some cases when the tears aoenglex the repair methods cannot be used.
Instead, tk torn portion of the meniscus (partial meniscectomy) or the whole tissue
(total meniscectomy) is removelleniscectomymay lead to degeneration of the
underlying cartilage and eventually tosteoarthritis (OA) in the long term
(Lohmanderet 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 (Gaa al, 1998; Rathet al, 2001; Dienstet 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 noteffiiciant
method to prevent OAn the long term (Gaet al, 1998 Van der Straeteet al,

2016.

Another approachto replace the resected meniscus is teeetularizedtissue
substituts. 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{(Basr

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 (Betiras, 1998; Stonet al, 1998;

Walsh et d., 1999; Cooket al, 1999 Maier et al, 2007; Stapletoret al, 2008;
Stabileet al, 2010; Stapletost al, 2011; Gacet al, 201§. The main disadvantages

of the decellularized tissues are their low mechanical properties and the problem of
calcificaion post implantation (Kohet al, 1992; Brunset al, 2000). In addition,

the decellularized tissue substitutes limit the infiltration of the surrounding tissue and
thus the regeneration of the meniscdse to their limited porosityJohnson 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 materigiacluding natural and synthetmolymess, can be

processed into a meniscal shape and intpthim the knee as prostheses

The only natural polymer used to produce prostheses is coll@yenof the most
promising prosthetic device is the Collagen Meniscus Implant (CMI, Regen
Menaflex®), a commercial im@ant made of collagen and GAGs. Although CMI has
good clinical outcomes for the chronic meniscus injuries (Sebrad, 1990; 1992;
1997; Steadman and Rodkey, 2005; Rod&ewl, 2008), it is not as successful in
treatment of the acute injuries (Rodkey al., 2008). Another problem is the
deterioration of the implant and significant reduction of its size after implantation
(Muelleret al, 1999; Zaffagninet al, 2011; Efeet al., 2012).

The synthetic polymerased to produce prosthesa® polycaprol&tone (PCL) and
polylactic acid (PLA) (Chiaret al, 2006; Konet al,, 2008;2012), polyvinyl alcohol
(PVA) (Kobayashet al, 2003;2005; Kellyet al, 2007;Holloway et al., 2010),PCL

and polyurethane (PU) (Actifit®) (de Groot, 2010; Tiememl, 2006;Welsinget al,

2008; Maheret al, 2010; Brophyet al, 2010; Verdonket al, 2012), Teflon
(poly(tetrafluoroethylene), PTFE), and Dacron (poly(ethylene terephthalate), PET))
(Veth et al, 1986; Stoneet al, 1990; Sommerlatiet al, 1992 Messnerand
Gillquist, 1993; Messner, 1994)polycarbonate urethane (PCU) (Vranckeinal,
2015),polyethylene (PE) anBCU (NUsurface®) (Elsneet al, 2010; LinderGare et

al., 2010; Zuret al, 2013, and poly (desaminotyrosyyrosine dodecyl ester
dodecanoate) (pDTDDD) (Patet 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 fix (Kon et al, 2012), degeneration of

the underlying cartilage (Kellyt al, 2007 Vranckenet al, 2015, having no
advantage over theuntreatedcontrol group(Zur et al, 201), and low mechanical
propertieqVerdonket al, 2012).



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

methods iessential
1.4.3. Tissue Engineeringof the Meniscus

Tissue engineering is a viable alternative to the conventional treatment methods for
serious meniscal injuries (Harstehal, 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 thertssue
part of itthat has lost its functions, and restores the functionality of that tissue. Tissue
engineeng consists of three element{d) the cells that produce the tiss(2) the
biochemical and mechanical stimthiat induce cell proliferation, differentiation and
ECM production, and (3) thédiodegradablescaffolds that guide the cells by
presenting mechanical cues and previde mechanical support until the tissue is

regenerated.
1.4.3.1. Cells

The cellis the main componenbf tissue engineering; they builidhe tisue by
depositingeCM. The cell types used to engineer the meniscutaoehondrocytes
(Vanderploeget al, 2004; Mandaét al, 2011a; Ballyns and Bonassa011;Ndreu

Halili et al, 2014 Bahceciogluet al, 2014; Puetzeet al, 2015; McCorryet al,
2016 Bahceciogluet al, 201§ mesenchymal stem cel(®#SCs) (Mandal et al,
2011b; Leeet al,, 2014; McCorryet al, 2016; Zhanget al, 2017), fibroblasts (Gunja
and Athnasiou, 2009; Mandat al, 201l1a Bahceciogluet al, 201§, and
chondrocytes (Marsaret al, 2006a; Koret al, 2008; Kalpakcet al, 2011; Mandal

et al, 2011a). Chondrocytes are hard to culture and expancefldb, 2009), and
fibroblasts do not produce fibrocartilaginous tissue, preventing these cells to be the
preferred cell typesiISCsaregood candidates for use in meniscal tissue engineering
applicationsbecause they have a great differentiation potentialcandoe harvested
easily, but they require a proper differentiation step, which otherwise can leeldl to

lineages other than fibrochondrocytes. Meniscal fibrochondrocytes, on the other



hand, are already mature, adult cells which can be isolated easiltfeodamaged

tissue, and thuarepreferredn the current study
1.4.3.2. Biochemical and MechanicalStimuli

The biochemical and mechanical signals guilde cells to producthe proper ECM
components. Thbeiochemicalsignalsinclude thegrowth factorsand themechanical

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

Growth factors are commonly used to direct cell behavior. Basiobiast growth
factor (FGMb), plateletderived growth factor AB (PDGRB), bone norphogenetic
protein 2 (BMPR2), and hepatocyte growth factor (HGiFve been used to enhance
cell proliferation, insulin-like growth factor 1 (IGFL), epidermal growth factor
(EGF), BMR2, PDGFAB, and HGFto promote cell migration, andonnective
tissue growth factofCTGF), transforming growth facteb 1 (-G I3Rd TGF b 3
to enhanceeECM production (Webbeet al, 1985; Bhargavat al, 1999; Collier and
Ghosh, 1995; Tanaket al, 1999; Gunjeet al, 2009 Ballyns and Bonassar, 2011;
Kalpakci et al, 2011; Leeet al, 2014; McCorryet al, 201§. In order to induce

meniscal ECM production, TGB1 i s applied in the current st
1.4.3.2.2. Mechanical Stimuli

During the early developmental stages, the meniscus is exposed to mechanical load,
leading to maturation of the tissuSeftonet al, 1999). To this end, gnamic
compression and tension have bappliedin vitro in tissue engineeringpplications

in order to mechanicallystimulate the cells to produce cartilaginous and
fibrocartilaginous tissues (Imler, 2005; Mauek al, 2007; Bakeret al, 2011
Ballyns and Bonassar, 201Ruetzeret al, 2015. Dynamic compression Bdeen

shown to enhance GAG and collagen production (Kisetagl., 2004; Aufderheide

and Athanasiou, 2006; Kisidat al, 2009; Ballyns and Bonassafl12; Puetzeet

al., 2012), while dynamic tension émhance collagen producti@Bakeret al., 2011,
Puetzeet al, 2015).
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Most of the studies employing dynamic compressiovolire the application of
compressive strain in the range of@%, at frequenc ranges of 0.8 Hz, and
duration of 30120 minutes a dayK(siday et al, 2004; Aufderheide and Athanasiou,
2006;Waldmannet al, 2007; Mauclet al, 2007;Kisiday et al, 2009;Babalolaand
Bonassar 2009; Bianet al, 2010; Ballyns and Bonassar; 2011; Huey and
Athanasiou, 2011; Puetzet al, 2012; Petret al, 2013.

Dynamic compression on meniscal explantfuces ECM production when applied
at 10% strain, whilgesults in breakdown of the ECM components wher2(®%
(Zielinskaet al, 2011). The meniscus ®ibjectto average strain of 12% (ranging
between 515%) under physiologically relevant loading environment (Freettell,
2014). Therefore, in the current study a dynamic compress$i®s% strain and 1 Hz

is applied on the constructsr 1 h a day.
1.4.3.3. Scaffolds

Thescaffoldsare thesubstrate 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 atrdcture.Thus, they should provide a space for

the cells to migrate and produce the new tissue, and for the nutrients, oxygen, and
waste prodats to be transportgdkim 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 theissue untilthe new tissue forms arttley are degraded in the body
(Hutmacher, 2000).

The choice of the scaffold material is very important in determining the fate of the
tissuethat isto be engineered. The material is selected depending on the appjicat
material properties should match those ofttrgettissue.Scaffoldmaterialscan be

of natural or synthetiorigin. Naturalpolymess that have been used for engineering
of fibrocartilaginous tissues includegarosealginate,cellulose,chitosan, ollagen,
fibrin gels, gelatin,hyaluronic acid,and silk (Aufderheide and Athanasiou, 2005;
Martinek et al, 2006;Mauck et al, 2007 Angeleet al, 2008; Grubeet al, 2008;
Gunjaet al, 2009;Wilson et al, 2009; Chunget al, 2009; Ballyns and Bonaams
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2011;Mandalet al, 2011;Petriet al, 2012; Puetzeet al, 2012; Sarenet al., 2013,
Groganet al, 2013;NdreuHalili et al, 2014 Bahceciogluet al, 2014; Puetzeet
al., 2015; McCorryet al, 2016; Pfeiferet al, 2016 Donnely et al, 2017
Bahcecioglwet al, 2018).

Gelatin and collagen are of particular importance in tissue engineering applications
because they present biologic recognition sites, including argghycee-aspartic

acid (RGD) sequences that could indue#t adhesion (Livet al, 2010),andtarget
sequences for matrix metalloproteinases (MMPs) that allow for ECM remodeling
(Van den Steeret al, 2002). However, these materials have poor mechanical
strength (Lynnet al, 2004), and may invoke inflammatory or immune reactions
(Furhtmayr, 1976).The disadvantage of gelatin over collagen its poorer
mechanicalstrengthdue to loss of its tertiary structurand the advantages are its
high solubility and lower antigenigit(Maurer, 1954; Gorgieva and Kokol, 2011).
Methacrylated gelatin (GelMA), a photoactive polymer, has recently been used in
engineering of the cartilaginous tissues (Grogamal, 2013; Puetzeet al, 2015;
Levettet al, 2014a: Levetet al, 2014b; Viseret al, 2015 Daly et al, 201§. 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 demdBe et al, 2000; Yue

et al, 2015).

Synthetic polymersare also used to produce tissue engineering scaffolds. The
advantage of these polymers are reproducibility and high mechanical properties
(Buma, 2004; Atala, 2009), and thiisadvantage is the imafilnmatory reaction
against their degradation products (Bostman, 199¢htheticpolymerss that have
been used irartilaginoustissue engineerinmclude PCL, RA, poly(glycolic acid)
(PGA), poly(lactideco-glycolide) PLGA), PU, polyestersPVA, and combinations

of these Keijkantset al, 2004;Gunja and Athanasiou, 2009; Hollowayal, 2010;
Nerurkaret al, 2011; Bakeet al, 2011, Bahcecioglet al, 2014 Leeet al, 2014;
Baeket al, 2015; Brungeet al, 2014; Haye®t al, 2016; Cengizt al, 2016;Daly

et al, 2016;Stoccoet al, 2017; Moradet al, 2017;Murakamiet al, 2017; lhanget

al., 2017 Bahcecioglwet al, 2018).
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All these materials have their advantages and disadvantages. The choice of the
materials should be done depderg on theproperties of theissue to be engineered
the application and the processing techniquagpropriate for production athe

construct
1.4.3.3.1. Scaffold Processing Techniques

The processing technique used to produce a scaffold is as importantnasteial
itself. The choice of the processing technique is dictated by the matseland the
target application For example, some techniques require heat, which is not
appropriate dr most of the natural polymers, whilerse othes enable the use ob#

materias only.

The processing techniques include freeze drying, solvent dastitigulate leaching
gas foamingelectrospinning, wet spinningthography,and three dimensionéBD)

printing (additive manufacturing).
1.4.3.3.1.1. Freeze Drying(L yophilization)

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 vacu(idasirciet al, 2016). At the enda porous

foam or sponge is formedlmost all the polymeric materials can be geesedising

this technique. Freeze drying has commonly been used in meniscus tissue
engineering applications (Heijkares al, 2004; Mandaét al, 2011a; Mandatt al,

2011b; NdreuHalili et al, 2014; Bahcecioglet al, 2014; Heoet al, 2016
Bahcecioglwet 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 $&d 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 sohaffis obtained (Le&B et al, 2005). This

technigue was used to produce scaffolds for meniscus tissue engineering applications
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(de Grootet al, 1990; Mandakt al, 2011a; Mandagt al, 2011b; Yaret al, 2012;
Moradiet al,, 2017).

1.4.3.3.1.3. Gas Foaming

Gas famingis similar to particulate leaching method, yet uses gas bubbles as a
porogen (Nanet 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 polyme (Hasirciet al, 2016). Gas foaming has been used in combination
with other techniques for meniscus tissue engineering applications (Sgtaahs
2000; LeeYH et al, 2005; Joshet al, 2015).

1.4.3.3.1.4. Electrospinning

In electrospinning, an electric field 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 towarthe collector, on which the polymer filaments are
collected (Visvanathanret al, 2006). During this process, the solvent is evaporated
with the help of the high voltage applidmbfore it reaches the collectoand a
polymer mat builds up at the collectades. This technique has recently been used in
meniscus applicationd.¢e YH et al, 2005;Bakeret al, 2011; NdretHalili et al,

2014; Gacet 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 (Etcal,

2013). The spinneret is moved during spinning process to produce a 3D scaffold.

This tedinique has not been used in meniscus applications.
1.4.3.3.1.6. Lithography

Lithography is the production of scaffolds in the desired shape with the help of a
mold or a mask (Hasircet al, 2016) (Fig. 1.3). In soft lithography, molds of
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polydimethylsiloxane (PDMS) ah poly(methyl methacrylate) (PMMA) are used
(Hasturk et al, 2016; Ermiset al, 2016), due to their hydrophobic surface that
allows for easy removal of the scaffolds (Selimoviet al, 2012). In
photolithography, light is used to photopolymerize the scaffold material, and a
patterned mask is used to allow light penetrateat some regions on the scaffold
while preventing light from access to other regions (Koete., 2016). Thussome
regions on the scaffold are crosslinked, while cttaee not. After washing of the
uncrosslinked regions a pattern is formed on the surface of the scaftbtayraphy

has been widely used to create molds into which meniscus tissue engineering
scafblds are cast (Koat al, 2008; Koret al, 2012; Watayat 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 layday-layer deposition of a material thrgh a nozzle with
computer controlled devices (Chan al, 2010). It allows for rapid production of
spatially controlled, patiergpecific 3D scaffolds using the computer aided design
(CAD) data that can be modeled or generated using the magnetic resonagmng

(MRI) or computed tomography (CT) scans (Hasétcal, 2016).

Mask

uv [ PDMS
I . S ., B
. substrate master —
photoresist [ o
it et on’on it on
PDMS template

cure
il
Micro- and

nanopatterned substrate 7 2
polymer solution

Figure 1.3.Diagram showing the soft lithography technique (adapted from Hasirci

al., 2016).
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There arevarious different3D printing approachesincluding stereolithography
(SLA), two photon polymerization (2PPinkjet 3D printing (I3P), selective laser
sintering (SLS), particle binding (PBJirectink writing (DIW), melt electrospinning
writing (MEW), and fused deposition modeling (FDNBig. 1.4)(Guvendireret al.,
2016)

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

Stereolithography (SLAIs based on exposure of a reservoir of photoactive polymer
to ultraviolet UV), infrared(IR) or visible light at a specific focal pihe to form a

cured polymer layer (Hasir@t al, 2016 Janget al, 2018 (Fig. 1.4A) Successive
layers are builtup on the first layerby repeating this process after lowering the
reservoir stage. Despite its high resolut{below 25 pum) SLA requires extensive
postprocessing and washing steps, and the use of this technique is limited to
photoactive polymers (Guvendiret al, 2016).SLA has been used in production of
scaffolds for meniscus regeneration, but with poor mechanical properties (@&togan
al., 2013; Van Bochovet al, 2016).

Two photon polymerization (2PP) follows the same principle as SLA, buttwses
photons ofinfraredlight instead of UV, which ardirected on one focal point instead

of a focal plangto excite and polymerize tiplymer(Hasirciet al., 2016).
1.4.3.3.1.7.2. Inkjet 3D Printing (I3P)

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) oof a the nozzle (Tasoglu and Demirci, 201Big.

1.4B). This technique is used to dispense droplets oflagdn polymer solutions,

and has a venhigh accuracy (10 um) and high speed (Seas,al, 2016;
Guvendireret al, 2016). This technique hasdmeused to produce tissue engineering
construcs for cartilageapplications, but with poor mechanical proper{i¥s 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 Guvendirenal., 2016).
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1.4.3.3.1.7.3. Selective Laser Sintering (SLS)Selectve 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 adjaceparticles Yanget 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 (Guvendiremn al, 2016).SLS is used for sintering metal or
ceramic particles, and is not stita for use in meniscal applications. SLM, on the
other hand, is used with polymers, but has not found use in cartilaginous tissue
engineering applicationdarticle binding (PB) works with the same principle as
SLM, but uses a binder solutionfissethe 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 (Ghaalg 2011)

(Fig. 1.4D) The presgre is controlled with computalriven actuators and the nozzle
moves at X, y, and z directions. The advantage of this technique is that it allows for
bioprinting Extrusion of cel or bioactive moleculdaden polymer solutionsf used

with aqueous polyer solutions (Annabket al, 2014)

This technique has been used to produce meniscal tissue engineering sdaditolds
with poor mechanical properti€€ohenet al, 2006; Ballynset al, 20L0; Rheeet
al., 2016;Yanget al,, 2017).

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

Melt electrospinningwriting (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 requingsingof toxic solvents, while the disadvantage is the
thermal instability of the polymers (Hutmacher and Dalton, 2011; Bretval,
2016). The absence of solventaMEW allows for printing straight lines, because of

the very low conductivity of the polymer tiewhich prevents whippingBrown 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 regeneratio2@14).
1.4.3.3.1.7.6. Fused Deposition Modeling (FDM)

Fused deposition modelj (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 (Seatal, 2016)(Fig. 1.4E) The nozzle follows a computer
controlled path as the extrusion process continues, resultiagarby-layerbuildup

of the 3D scaffold(Guvendirenet al, 2016).FDM is the most widely used 3D
printing technique because it is a simple method and tultsen formation of
scaffolds of high mechanical strength (Tureeral, 2014). PCL is widely used in
FDM-based 3D printing, due to its biocompatibility, low melting temperaturdCj60
and good viscoelastic properties (leteaal, 2014; Boeret al,, 2014).

FDM has beerrommonlyused for printing of meniscus tissue engineering scaffolds
(Moroni et al, 2007; Leeet al, 2014; Dalyet al, 2016; Cengizt al, 2016 Szojka

et al, 2017; Zhanget al, 2017) or molds to cast the scaffold materials on {Ball
and Bonassar, 2011; Watagtal, 2012; Puetzest al, 2012; Puetzest al, 2015).

Cengizet al, produced PClbased, anatomically shaped meniscal constructs with O
45°-90° and G90° strand orientations (20).6They demonstrated higher mechanical
properties with the scaffolds havingd0® orientation (Cengiet al, 2016.

Moroni et al produced poly(ethylene oxiderephthalatefo-poly(butylene
terephtalate) (PEOT/PB¥ased, anatomically shaped meniscal constructs with
hollow strands in ordeto obtain compressive modulus closer to that of the native
meniscus (2007). However, the strands had traditios>®0° orientation, which

did not fully mimic the collagen lfier orientation in the meniscuadthe interaction

of cells with these scaffds was not tested.

Szojkaet al produced PCilbased, anatomically shaped meniscal constructs with
circumferentially oriented strandthat mimic the collagen organization in the
meniscusand suture tabs (extensions at the hotha} allow for fixation of the

constructs to tibia (2017). They also showfedt they could control the compressive
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properties of the scaffolddy changing the distance between the strands and
introducing strand shifts (offsets) at eacyelathat builds on the previoudowever,
they obtained very high compressive modulus values, and they did not test their

constructs in presence of calsvitro or in vivo (Szojkaet al, 2017).

Zhanget al produced PClbasedmeniscal constructs with circumferential strands,
and implanted themto New Zealand Wwite rabbits (2017). They tested the
performance of the MSGeeded and celtee constructs 12 and 24 month after
implantation. They showed higher proteoglycan, COL I, COL Il, and COL Il
deposition on the ceieeded constructs (Zhaatgl., 2017).

Daly et al, produced PClhydrogel based, rectangular prisshaped constructs and
seeded them with bone marrddSCs (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 toa higher production of COL I. They suggested these scaffolds for
use incartilage and fibrocartilage regeneratidout they had not produceithese
scaffolds in meiscus shapealy et al, 2016).

The only study thatnimickedthe structural organizatioand biochemical conteoff

the meniscus was done by Leteal (2014). They produced PEhased, anatomically
shaped meniscal constructs with circumferential stramadsl seeded them with
MSCs. They used microspheres containing CTGF in the outer region of the scaffolds
and TGFR3 in thenner region, in order to direct the MSCs to fibrogenic and
chondrogenic differentiation, respectively. This study achieved to fuihgienthe
structure of the native meniscus; however, the scaffold resulted in degeneration of
the underlying cartilage (Lest al, 2014). Moreover, the use of growth factors in the
body may pose possible risks (Witssthal.,, 2010).

1.5. Design of theConstruct

The aim of the current study is to design a novel scaffold for meniscus tissue
engineering which woul@nimic the structuralorganization of the native tissue and
thushave appropriatenechanical (both comessive and tensile) properties. this

end production of a PClbased scaffold witltircumferentialstrands is proposed,
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which would beembede@din hydrogels inducing chondrogenic behavior in the inner

region and fibrous behavior in the outer region.

PCL is printed using the FDM technique tooguce a porous scaffold with high
mechanical properties matching those of the native meniscus. Conventionally, FDM
printed scaffolds have-85° or 0-90° strand orientation (Fig..3A). In this study,
circumferential strands are introduced in order to minthhe 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 scaffaddireembededin cell-laden agarosatthe inner region

to induce chondrogenic phenotype, ancell-laden GelMAat the outer region to
induce fibrous phenotype. The purpose of this is to mimic the biochemical and
histological catent of the native meniscus, which is cartikdige in the inner region

and fibrous in the outer regioMloreover presence of hydrogels is expected to
reduce the friction between the PCL scaffold and the hyaline cartilage after
implantation into the kneeAfter incubation fora predetermined duratiprthe
scaffold is cut into two halves to obtain tfieal 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. Designof the Study

This study is conducted using two fibrochondrocyte sources: porcine and human
cells. Porcine fibrochondrocytes are used to evalimatéro meniscal regeneration
before these constructs are testedvivo in a porcine model, and a high molecular
weight PCL (80 kDa) is used toatch the scaffold mechanical propertiesh® high
mechanical properties of the porcine meniscus (equilibrium modulus ar60+iQ

kPa (Abdeged et al, 2015), compressive modulus ranging betweeh MPa
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(Yasuraet al, 2007) and tensile modulus around@050 MPa) Abdelgaiedet al,
20195.

Human fibrochondrocytes are used to evaluratétro meniscal regeneratioon the
constructsbeforeuse 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 modulus8®DkPa Sweigartet al, 2004;Chia

and Hull, 2008), compresgvmodulus 0.2 MPa (Chia and Hull, 2008; Fischenich

et al, 2017), and tensile modulus-180 MPa (Tissahkt and Ahmed, 1995).

The studies are divided into three parts. In the first part, the effect of hydrogel
materiab on thedegradation, mechanical grerties, cell viability andn vitro ECM
production is evaluated and the hydrogels that support meniscal regeneration are
selected. In the second and third parts, square praml meniscushaped
PCL/hydrogel composite constructs apeoduced andevaluated for scaffold

integrity, cell viability, andin vitro meniscal regeneration.

A
—

Figure 1.5.The design of the proposed 3D printed PCL scaffold. Strand are printed
in (A) 0-9C°, and (B) G90°-circumferential orientation. (C) The colisetshaped,

and (D) the final meniscushaped scaffolds.

22



This study is unique in exploiting the potential of agarose and GelMA hydrogels to
induce chondrogenic and fibrous ECM production, for use in the inneoaied
regions of 3D printed PCGbased meniscal constructs, respectiv@lre zonal
differencein the inner (cartilaginous) and outer (fibrous) regionshef meniscuss
mimicked forthe firsttime using two differenhydrogels 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 replacemgnt
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

P o | -gaprdlactone) (PCL) (M 80 kDa), agarose (type VI, low gelling
temperature), porcingelatin (from porcine skin, 300 Bloom) arimbvine gelatin
(from bovine skin, 225 Bloom), methacrylic anhydritigaluronic acid (HA, from
streptococcus equiMw: 0.61.1 MDa), Irgacure 2959, TrypsinrEDTA (0.25%),
amphotericinB (0.25 pg.mLt), pen/strep (100 units/mL/100 pg/mL)ovine serum
albumin (BSA),papain, Triton-X 100, type Il collagenase (from Chistolyticun),
glutaraldehyde, paraformaldehyde, sodium cacodylate trihydrate, -lBbERd
phal | oi-dlamuiino2-phénylitdole dihydrochloride (DAPI), hyaluronidase,
mouse primary antibody against COL SafraninrO, Fast Green, mouse primary
antibody against paxillighondroitin sulfate (from bovine tracheajd CC/Mount®
mounting solutiorwere purchased from Sigafddrich (USA and Germany).

Dul beccods Modi fied Eagl e Medi ume ( DME]
(DMEM/F12), DMEM-F12 colorless, fetal bovine serum (FBS3JS+ Premix,
trypsinEDTA (0.25 %), SnakeSkin pleated dialysis tubing, AlamarBlue® cell
viability assay kit, LIVE/DEADM cell viability/cytotoxicity kit for mammalian cells,

Quanti TE Pi c o GDNAauadhificationassay kit, pepsin, mouse primary
antibodies against COL Il, Alexafluor 53&belled phalloidinand Alexafluor 488

labelled goat animouse IgG secondary antibodyere purchased from Thermo

Fischer Scientific (USA).

PCL (Mw: 50 kD3 was bought from Polysciences Inc. (USAQnd botinylated
horse antimouse IgGand horse radish peroxidaseskitom Vector Laboratories
(USA). Alexafluor 488labelled donkey antnouse secondary antibodyas from
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Abcam (USA), DRAQ5, mouse antibody again€iOL | and rabbit antibody against
COL I, Alexafluor 488labelled goat antiabbit IgG and Alexafluor 53fabelled

goat antimouse IgG, and T®RO™M-3 lodidewasfrom Cell SignalingTechnology
(USA). Sodium phosphate monobasic and dibasic, ethanol, acetic acid (HAc), and
sodium chloridevere purchased from Merd¥illipore (Germany).SpragueDawley

rat tails were kindly provided by GATA Animal Experiments Laboratory (Turkey).

2.2. Methods
2.2.1. Isolation of Meniscus CellgFibrochondrocytes)

Meniscus cellqfibrochondrocytesjrom two different sourceshuman and porcine,
were isolated. The isolation procedure was performed accordamealification of
apreviously described proceduiéeberet al, 1985)

For porcinefibrochondrocytdsolation,medial meniscof two postmortem Yorkshire
pigs (female, 2 months oldyere harvestedccording to the Lifespan Institutional
Animal Care and Use Committee (IACUC) Policy for the Responsible Conduct of
Animal Reseaic and Use of Central Research Facilities (US#)ich requires no
review. Menisci weresliced and digested overnight at 3Z in type Il collagenase
(0.15%, w/v)(Fig. 2.1) Digests were incubated growth media DPMEM-F12 (1:1)
supplemented witll0% FBS,pen/strep (100 units/mL/100 pg/mland 1 pg/mL

amphotericin Bontainingl% ITS+ Premixat 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 DepartmeRiribiopedics at Hacettepe
University (Turkey) with her written conseridreuHalili 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 7 for 24 h. After washingvith 10% FBS, the

cells were suspended in DMEM/F12 (1:1) medium supplemented with 10% FBS and
pen/strep (100 units/mL/100 pg/mLand incubated in a humidified G@ncubator

(Heal Force, China) for expansion.
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Figure 2.1 Isolation offibrochondrocytes from thenedial porcinemeniscus. The
meniscugissue wagA) harvested from medial menis¢B) sliced into small pieces,

and(C) incubatedovernightin collagenasand in growth media for cell expansion

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

P o | -gaprdlactone) (PCL) with two different molecular weights were used for 3D
printing: PCL 80 (M: 80 kDa, Mw: ~150kDa) and PCL 50 (Mw: 5(Da). PCL 80
was used in experiment®nducted with porcine fibchondrocytes and PCL 50 was
used in experiments conducted with human fibrochondrocytes.

For 3D printing, irst, the 3D modek of the scaffolds wereesigned using the 3D
modeling software SketchUfsoogle Inc, USA)andloadedto the computerided
manufacturing (CAM) software (Pri€@AM, Einsiedeln, Switzerland) ofhe 3D
printer (Bioscaffolder SYSENG, SalzgitteiBad, Germany). The the polymer
meltedin the cartridge of the 3D printevasextrudedat 1 mmstrand distance).14
mm layer thicknessandin 0-9(° strandorientation Scaffolds were producedith or
without shiftingof the strands ahe consecutivéayers (shifting distance: 0.5 mm)

and with or without contout0.1 mm from the outer bordeig. 2.2.
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Figure 2.2. Schematic representation of tki@ferent settings of th&D printing
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processPCL wasextrudedat strand distance 1 mm and layer thickness 0.14 mm.
Strands were produced withr without shifting at consecutive laygshift distance:

0.5 mm),and with or without contours.

2.2.2.1.1. Optimization of the 3D Printing Process

In order to optimizehe 3D printingprocessiwo parametersvere changed and PCL
was dispensedtemperature (T) of the cartridge, and the movensgeted of the
nozzleat xy direction (Fxy). The optimal conditiors were thoseunder whity PCL
strands were straigheandthe pores and thecaffoldedges werén the desired shape
PCL with no shifting or contour settinggere 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 Bloompawide
gelatin (225 Bloom). &rcine gelatin was used when human fibrochondrocytes we
employed, and bovine gelatirvas used when porcine fibrochondrocytesre

employed.
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In order to prepare GelMA,gocine and bovine gelatisolutiors (10% w/v, in PBS,
pH 7.2)) were mixed withmethacrylic anhydride (MA) (SigmaAldrich, USA) at
volume ratios of4:1 and 7:1 (Gelatin ®lution:MA), respectively.Solutions were
incubated at 50C for 1.5 h tosynthesizéselMA (Nichol et al., 2010)(Fig. 2.3A)

Hyaluronic acid (HA)solution (0.5% w/v, in distilled water:dimethylformami¢g2,
viv)) and MA were mixed at a volume ratio of 99:1 (HA:MAahd incubated
overnight at #C tosynthesizeMeHA (Hachetet al, 2012)(Fig. 2.3B)

A Methacrylic
Anhydride 0
0 0 )_(
NH2 NH
0
>
50°C
HaN HN
} (e]
Gelatin GelVA
B Methacrylic
Anhydride 0
0 0 ).(
OH 7/( jk( 0
0
N
L4l
0°C
HO 0
} Q
Hyaluronic Acid MeHA

Figure 2.3. Methacrylation of gelatin anldyaluronic acid Synthesis of (A) GelMA
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 sokitiatly, the
solution was frozen a0 °C and lyophilized to obtain the polymer pellethe

resulting polymers were sterilized with ethylene oxide and stor&D &t until use.
2.2.2.2.2. Preparation of the Hydrogels

2.2.2.2.2.1. Optimization of the Crosslinking Process ofthe Methacrylated

Polymers

The methacrylated polymers are crosslinked by applying UV in the presence of a
photoinitiator, Irgacure2959 (Fig. 2.4Jrosslinking of the methacrylated polymers

was optimized by changing the polymer and photoinitiator concentrations, and UV
exposure timeFor thispurpose porcine GelMA (5 and 8%, w/viand MeHA (0.5

and 1%, w/v)solutiors were prepareth PBS The photoiitiator was addet two
concentrations, 1 an2?6 (w/v), andthe solutionsvereexposed to UV& : 365 nm
for 1-30 min at0.120J/mm.The minimum timeaequired for gelation of the solutions

was determined

NH : NH HN &
uv \rlas' S
— 0 3 Q
Irgacure2959 )—(
HN N HN NH
N N
% o

GelMA Crosslinked GelMA
~
o]
0 uv YL‘(rO 3
Irgacure2959 © o 0)__(
0 0 >
& S 0
W, ,
MeHA Crosslinked MeHA

Figure 2.4. Crosslinking of GelMA and MeHAby 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 FibrochondrocyteHydrogel Constructs

Porcine fibrochondrocytes weseispendedt a cell density of - x 1& cells/mLin
ethylene oxidesterilized GelMA(bovine, 6.4%, w/v) oMeHA (0.8%, w/v)or blend

of GelMA (3.2%, w/v) and MeHA (0.4%, w/v) (GelMMeHA) solutions in growth
media containingthe photoinitiator Irgacure295@.%, w/v). The cell suspensions
were cast betwan two parallel glass plates 1.5 mm apart to obtain gels of uniform
thickness (Fig. 2.5A)The system wagxposed 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 heaterilized agarose (Ag) solution (2% in DMERM.2 media)
maintained at 43C. Cellagarose mixture was immediately cast between the glass
platesand left to cobdown 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 ofL.5 x 10 cells/scaffold (Fig. 2.5A). Celree 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 changeof media every 2 days (Fig.3), 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/miadcorbic acid 2
phosphate). Dexamethasone (100 nM) and -IX&F(10 ng/mL) were freshly
prepared ath addedat media changbetween Days-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/day5 days/week, in a hormaade bioreactor with a polysulfone
based platen that fits in 24ell culture plates (Fig. 2.5C) (Bilgeet al, 2013).
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Constructs were removed from culture media on Days 1 and 35 and prepared for

analysig(Section 2.2.3).
2.2.2.2.2.2.2. Preparation of Human FibrochondrocyteHydrogel Constructs

After optimization, filter sterilized GelMAolution(5%, w/vin culture mediuhwas
prepared and Irgacure2959 was added atl% (w/v) concentrationAgarose(Ag)
solution (2%, w/v in DMEMF12 medium) was ngpared by heating in microwave
for 2 min with stirring. GelMAAg solutions were prepared by mixing the GelMA
andAg solutions (1:1 volume ratio or 5:2 weight ratio).

Human fibrochondrocytes were suspended in GelMA (58g)(2%), and GelMA

Ag (5:2 wiw GelMAAg) (3.5% w/v) solutions at a cell density of 3%£10
cells/construct. The suspensions were placed in cyhsig@ped molds (d= 7mm, h=

2 mm) and crosslinked. Agaresell suspension was left to cool. GelMntaining

cell suspensionsvereexposed to UV for3 min to obtainthe hydrogels.Cells were
seeded on the&D 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&yd. 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 FibrochondrocyteBased 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 cont@s described in Section 2.2.2.1 (Fig. 2.2)
Samples were cut using a scalpel ismoaller 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 prismsf@0 mm x 10 mm x 3 mm for use in tensile testing.
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Figure 2.5. Scaffold preparation anculture conditions. (A) Preparation of the gels.
(i) Cell suspensions were prepared in agarose, GelMA, MeHA, and GMBAA
solutions. (ii) CeHpolymer suspensions were cast between two parallel plates. (iii)
Agarose was cooled and other polymers wererbldfated 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 growtmedia, and four weeks in
fibrochondrogenic media under static or dynamic conditions. Dynaamgpression
(oscillating between strain levels 0f15%) was applied after Day 7, for 4 weeks, 1

h/day, 5 days/week at 1 Hz frequency in a (C) cusiwede bioreactor.
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Figure 2.6 Preparation of the 3D printed P&lydrogel constructsThe 3D PCL

was seeded with porcine fibrochondrocytes and incubated for 14 dayvith
media. On Day 14the preseeded PCL was embedded in -t&tlen agarose or
GelMA, which werecrosslinked (cooled for PCAg, and UV irradiated for PGL
GelMA). Construts 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, trypsisizspended in
growth media, and seeded onto sterile PCL 80 scaffolds at a cell density 0f°1.3x10
cells/scaffold The constructs were cultured for 2 weeks in growth media containing
ITS+ Premixat 37°C in a CQ incubator with changes of media every 2 débjig.

2.6). On Day 14, porcine cells were suspended in agarose (2% w/v in ERMEM
media, at 43C) or GelMA (6.4% w/v in DMEM containing 1% (v/v) photoinitiator)
solutions and the preeeded PCL (final cell density in the hydrogels was 2% 10
cells/scafbld) was embeddedhithese suspensiorn(ig. 2.7). PCEAg was left to
cool for gelation to take place, and PGelMA was exposed to UV for 5 min. PCL
alone wasused ascontrol. Three different constructs were produced after Day 14
PCL, PCIL-Ag, and PCLGeIMA (Fig. 2.7).

(TIIITIIIY
LLSILLITLS >
LLLLLTLTIT,

PCL

Agarose-Cell
Suspension

/ @
w2y E 4
T GelMA-Cell PCL-GelMA

PCL Suspension

Figure 2.7. Preparation of the square prism shaped PCL/hydrogel constructs. PCL
Ag, and PCEGelMA were produced on Day 14, and PGtaffold was used as

control.
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After Day 14, the constructs were transferred into fibrochondrogenic medialRTGF

(10 ng/mL) was added for 4 weeks between Days 14 and 42 (Fig. 2.8A). S#arting
Day 28, constructs were exposed to dynamic compression (at 10% strain, oscillating
between &% basal strain and a 15% peak strain) at 1 Hz, for 1 h/day, 5 days/week,
for 4 weeks between Days 28 and(b&s. 2.6 and 2.8, arrowheagds) a bioreactor

that allows the use of 24ell plates (Fig. 2.8B)Constructs were removed from
culture media oays 1, 14, 28, 42, and 56 and analy¢eektion 2.2.3).

A R | .
Mechanical ; ! !
Stimulation : S AANANAARARAANARAAAARAAAR, Dy namic

Growth 1+ Fibrochondrogenic 1
Medium | A Medium ;
) : +TGFRL BGERIS,
iseslia : +TGFR1 -TGFRL !
0 14 28 42 56

Time (Days)

=i === /

Culture Plate

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 inthe bioreactorsystem Arrowhead start of dynamic compressionGF31.:

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 shaf@mm x 10 mm x 3 mijrfor use in cell
culture experiments and compressive mechanical testing, and in rectangular prism
shapeq30 mm x 10 mm x 3 minfor use in tensile testing. Scaffolds were printed
with or without shifting (shift distance: 0.5 mm), and with or without conias
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 i3
cells/scaffolds. The constructs were cultured Zoveeks ingrowth media. On Day

14, human cells were suspended in agaf@%ew/v in DMEM at 43°C) or GelMA
(porcine, 5% w/v in DMEM containing 1% (v/v) photoinitiatan) GelMA-Ag (1:1,

viv of the GelMA and agaroesolutions (final cell densities were3 x 10
cells/scaffold) The preseeded PClwas embededed in these cell suspensibits

2.7). Unembedded®CL was kept as a control. After gelation, the constructs were
incubated ingrowth mediafor additional28 days until Day 42 with no addition of
growth factorsConstructs were removed from culturediaon Days 14 and 42 and

analyzed
2.2.2.3.2. Preparation of the MeniscusShaped PCL/Hydrogel Constructs
2.2.2.3.2.1. Preparation of Porcine Fibrochondrocyte-BasedConstructs

PCL 80 was printed igoliseumshaps (Fig. 2.9A), with no shifting of the strands
and with no contour as described in Section 2.2.2.1 (Fig. 2. coliseurdike
structure hadn outer diameter & mm inner diameter 00 mm,and a height of 5

mm at the outer edge

Porcine fibrochondrocyteswere expanded (passage 3, P3), trypsinized, and
suspended to a final cell density dfx 10’ cells/mL. Cells were seeded onto
coliseum shapedCL scaffolds at a cell density @5 x 1@ cells/scaffolds and
culturedat 37 °C for 2 weeksin growth mediacontaining ITS+ Premixin Petri

disheswith changes of media every 2 days (RA@B).
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On Day 14, porcine fibrochondrocytes were suspended in agarose (2% w/v in
DMEM-F12 media, 43C) or GelMA (6.4% w/v in DMEM containing 1% (v/v)
photoinitiator) solutionsThe in the inner portion of the construetes embedded in
agarosecell suspension (final cell density in agarose: 2 &cHlis/scaffold), andhe

outer portiorwas embedded i@elMA-cell suspension (final cell density in GelMA:

4 x 10 cells/scaffold) (Fig. 2.9B). As a control, a set of the constructsewdeded

in agarose on the inner portion attnd outer portiorwasleft unembedéd. Agarose

was left to cool for gelation t@ke place, and GelMA was exposed to UV for 5 min.
At the end of Day 14, two types of constructs were obtained:/&R§;land PCEAQ-
GelMA.

After Day 14, the constructs were incubated 6 weeks in fibrochondrogenic media
with addition of TGFb 1 ( 1 0 n geh Duys) 14 déne 42wsedescribed in Section
2.2.2.3.1 (Fig. 2.8A). Starting from day 28, constructs were subjected to dynamic
compression for 4 weekafter 56 days of culture, samples were removed from the
culture and cut into two halves to obtain the meumssshaped constructs (Fig. 2.9B).

A compression head that would fit on the upper surface of the colisleeim
constructs was designed (Fig. 2.10A), so that the dynamic compression applied was
uniform throughout the scaffold surface. When compression twase 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). Sammes w
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% onhie 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 fronulture media on Day 56 and analyzéBection
2.2.3).
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Figure 2.9. Design of thecoliseumshapedstructure that is cut into two halves to
obtain the meniscus shaped construatslits preparation andulture. (A)Design of

the coliseumshapedonstruct.
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Figure 2.9 (Continued) (B) Preparationand culture of the constructs.PCL
constructs were seeded witbrcine fibrochondrocytes and incubated for 14 days in
growth media. On Day 14the inner and outer portions of the ys@eded PClwere
embedded in celadenagarose or GelMA, respectively, and crosslinked (cooled for
PCL-Ag, and UV irradiated for PGIGelMA). As a control the outer portios of a
group of constructs weneot unembedded in a hydrog&onstructs were incubated

in fibrochondrogenic mediantil Day 28, when dynamic compression veiared.
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-BasedConstructs

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 thae meniscus. The coliseuhke structure

hadan 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 seeRICL 50 scaffolds at a cell density of 1 ¥ 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 GelMAAg (1:1, v/v of the GelMA and agaro§2%, w/v)

at 43°C) solutions (final cell densities wefiex 10 cells/scaffold). The preseeded

PCL scaffoldsvere embedded in these cell suspensigifter gelation (with cooling

for agarose and 5 min UV irradiationrfGelMA), the constructs were incubated in
growth mediauntil Day 42 with no addition of growth factor€onstructs were
removed from culture media on Day 42, cut into two meniscus shaped constructs,

and prepred for analyse
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Figure 2.1Q0 Designs of the compression head and the constrats depiction of
the dynamic compression applied on the constructs A(/&pmpression head was
modelled and produced. The compression headdesgned such that it would fit
on the construct to enabdgplication of dynamicompresion. (B) The compression
head wa placed on the constructs and the system placed in a bior8dwample
was normally at position (0) under static culture. Dynamic compesse applied
such that compression head cydlesn position (1) (basal compression: 50 fnom
position (0) to position (2) (peak compression: 150 fmom position (0) at 1 Hz
frequency, 1 h/day, 5aygweek.
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Figure 2.10. (Continued).(C) Sample preparation for analys8amples 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 sampleauaisircumferentially 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 GelMA and MeHA

2.2.3.1.1. FTIR Characterization

GelMA andMeHA 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

cmt were determined.
2.2.3.1.2. Proton NMR SpectroscopicCharacterization

Gelatinand GelMApolymers(50 mg/mL)from two different sources (bovine and
porcine) and MeHA(1 mg/mL)were dissolved in deuterium oxi@e 35°C and the
solutions were characterized wigmoton {H) NMR spectrometergruker DPX 400
operating at 8H resonance frequency of 400 MHz.
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Degree of methacrylation (DM) was calculatedeach polymerFor GelMA, DM is
defined aghe ratio of the methacrylategroups on GelMA to lysyl amine groups
(Hochet d., 2012) Thus,DM was calculated frornthe peakintegration(area)of the
protons of the lysymethylenegroups peak at 2.0 ppm) in GelMA relativeto that

in unmodified gelatin using the NMR spectrum analysis software (MestreNova,
Spain). Thepeakintegratiors were normalized to the phenylalanine (the aromatic
group which does not shoashiftin NMR spectrum (peak at7.2 ppm)to eliminate
the change in signal intensities arising from concentration differeldswas
calculated according to theuiion:
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The DM for MeHA is defined as the ratio of methacrylate groups e
disaccharide repeat unit of MeHA to hydroxyl grouBsricherifet al, 2008. Thus,
DM was calculated from the ratio of the relative peak integrations gfrtitens of
the methacrylategroups in MeHA(peakat 1.85 ppm)to methyl protongpeak atl.9
ppm).DM was calculated according tioe equation:
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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 micrometefwith a sensitivity of 1 pum)and the volumevas calculated.
Samples were weighed (wet weight, WW), frozer2&t°C, lyophilized for 24 h, and
weighed again (dry weight, DW).

2.2.3.3. Microscopic Characterization
2.2.3.3.1. Stereomicroscopic Characterization

Theconstrucs wereexamired under a stereomicroscofdikon SMZ 1500, USA)to

examine the surface tog@aphy
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2.2.3.3.2. SEM Characterization

For examination ofcaffold microarchitecturgcell-free sampleswvere washed with
cacodylate buffer, incubated in glutaraldehydeé%)for 2 h frozen at-80 °C, and
lyophilized for 3 h. The samples weresputtercoated with golepalladium, and
examired under ascanning 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 tcstressrelaxation test under
unconfined compression usingstron (ElectroPuls E1000, USA&juipped with 10
N-load cell Stresgelaxation test wasperformed by applyingcompressn to
samplesand keepinghem underconstantstrain (10%) for 30 min(relaxdion) until
equilibrium isreaclked (Fig. 2.11A) Equilibrium (or aggregatenodulus(Ha) was
calculated fromhestress aequilibriumandthe strainapplied

Cell-free square prisashapedPCL/Hydrogel constructs(n=5) were incubated in
phosphate buffered saline (PBS) for 24id thensubjected to compressiand
tensile testing using CellScale (Univert, Canada) equipped with 10o&d cell.
Compressiondstswereperformed on square prism shaped samples at a displacement
rale of 1 mm.min', and the compressive modulus (E*) of the constructs was
calculated from the stresgrain curve (Harlegt al, 2007)(Fig. 2.11B)

Uniaxial tensile tests were performed on rectangular prism shaped samples at a
displacement rate of 1 mmimt and with a gauge length of 10 mm according to
ASTM D8820 0 , and Young6s mod trdmutle stiegsdhainwa s
curve(Fig. 2.11C)
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Figure 2.11.Representative graphs showing the calculations of the modulus values.
(A) Equilibrium (or aggegate) modulus (Ha) at 10% strain (B) compressive
modulus(E*), and (C) tensile modulyg).

2.2.3.5. Cell Viability Analysis

Viability of cells in the constructs was assessed usihg live/dead cell
viability/cytotoxicity assay. Samples were incubatedisolution of CalceirAM (2
UM in PBS) (for live cells, green) anethidium homodimer (EthD} (4 puM) (for
dead cells, red) for 30 min., and visualized using confocal laser scanning microscope
(CLSM) (Nikon Eclipse TE2000E, Japan). CLSM images P wereanalyzed using
ImageJ softwareNational Institutes of Health, USAo0 assess cell viability. First,
images were split into channels (converted 4oitdmages) and the number of cells
in each channel was estimated using the software. The following fowaslased to
calculate cell viability.
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2.2.3.6. Cell Metabolic Activity

Cell numberswere determined by Alam&lue® cell viability assay. Celseeded
construcs ( n O Wwederemoved from culturenediaon Days 1, 7, 14, 21, 28, and 35
washed with colorlesBMEM-F12 mediumand incubatedt 37°C in AlamaBlue®
solution (10%, v/vin growth media After 1 hincubation the supernatantsvere
transferred into 96vell plates, and absorbances at 570 and 59%varadetermined.
Cell metabolic activity wagalculated apercent reduction of the Alamar Blue dye,
asdescribed by the manufacturéppendix A). All experiments wre performed in

triplicatesfor each sample
2.2.3.7. Cell Morphology

Cell morphology wasexamired by SEM. Samples were removed from culture
media, washed with.1 M cacodylate buffe(pH 7.2) fixed in glutaraldehyde (2.5%
in cacodylate buffer)frozen at-80 °C andlyophilized for 3 h. The samples were
sputtercoated with golepalladium and visualized using SEM (FEI, Quanta 400 F,
USA) under high vacuum.

Cell-seededonstrucs were washed with PBS, fixedth 4% paraformaldehydfor

15 min at room temperature, amtubaed in Triton X-100 (0.1% v/v in 10 mM
Tris-HCI buffer) for 5 min at room temperatur@ndin BSA (1% w/v in PBS) at 37

°C for 30 min to block nonspecific bindingsampleswere then incubaed in
Alexafluor 488Phalloidinat 37°C for 1 h to staimactin and in DRAQ5at room
temperature for 10 min to stain the nuclei. After washing with PBS, the constructs
were examinedinder aCLSM (Leica DM 2500, Germany).

2.2.3.8. Cell-Material Interactions

For evaluation ofcell-material interactions, hydrogels were stained for paxillin.-Cell
seededydroges were incubated in 0.1% Tritot+100for 5 min andn 1% BSA for

30 minto block nonspecific binding. Samples were then incubated in mouse primary
antibody against paxiti (dilution 1:100) for 1 h followed by Alexafluor 48@belled

goat antimouse IgG secondary antibody (dilution 1:400) for 1 h &C37n order to

stain theactin and nuclei, samples were incubated Afexafluor 532labelled
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phalloidin (dilution 1:400)for 1 handin DRAQS5 (dilution 1:200)at 37°C for 30
min. Cover slips were used as controls. Samples were visualized using Ce&isl
DM 2500, Germany).

2.2.3.9. Biochemical Analysis

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

2.2.3.9.1. DNA Contents

DNA contents were measured using the Qu&EMA! PicoGreen® dsDNA
quantification assayAliquots (100 puL) of the DNA standards andpgaindigested
sampleswere placed in 96-well darkbottom plates and PicoGreen dyE)Q pL,

dilutionl1: 100) was added. The fl uokrRwBid&8nce me
nm adisdon F0 Nm) using a spectrophateter (Molecular Devices, USA), and

the DNA contents were calculated according tstamdardcurve constructediusing

the DNA standards (Appelix B, Fig. B1).

2.2.3.9.2. Sulfated GAG Contents

Sulfated GAG contents were determinging the dimethylmethylendue (DMMB)

assay. Aliquots (20 pL) of the chondroitin sulfate standards and the pdigasted
samples wer@laced in 96well plates, and 200 uL of the DMMB dye (46 um 41,9
dimethylmethylene blue, 40 mM NaCl, and 40 mM glygiteH 3) was added. The
absorbance measurements were done at 535 nm immediately after additien of
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. CollagenContents

Collagen contents were determined using tin#hchydroxyprdine (OHP) assay.
Papaindigestedsampleswere digesed in concentrated hydrochloric acid solution
(overnight at 110C) and heat driedovernightat 60C). The samples werdissolved
in OHP assay buffef25 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 plat&hloramine T solutiorwas
addedon to the sampleand the platesere incubated in dark for 20 min, and then,
p-dimethylaminobenzaldehyde (pDAB) solutiowas added The plates were
incubated at 6T in dark for 15 minand he absorbanceasdetermined at 540 nm.
OHP contents werealculated according to a standard curve constructed using OHP
standards (Appendix ,DFig. D.1), andOHP contents wereonverted to collagen
contents by applying a conversion factor, 7 \Which is the collagen tO&HP weight

ratio (Hollanderet al, 1994).

2.2.3.10Histology and Immunohistochemistry

Sampleswere removed from culture medidixed in acetone/methanol (1:1, v/v),
embedded in paraffinsectioned (6 um thickand fixed on slidesFor histology,

sections were deparaffinized, stained with Safr@ito visualize the GAGs, and
counterstained with Fast Green to visualize the other comfmoimetuding cells and

proteins.

Immunohistochemisgr was carried out using Vectastain ABC kit. Firsections

were deparaffinizedtreated withpepsin for 30 min toretrieve antigens, with
hydrogen peroxide to eliminate the endogenous peroxidases, iimdolacking
solution to prevent nonspecific binding. Sections were then incubated overnight at 4
°C in mouse primary antibodies agairtgpe | (dilution 1:100) or type li(dilution

1:100) collagen, and then in biotidabelled horse antimouse IgG at room
temperature for 1 hThe sections were then incubatedawmidin-biotin complexfor

30 min andin 3,3-diaminobenzidine (DAB) chromogemhich forms a brown color
Sections were counterstained with hematoxylin and imaggagua brighifield

microscope.

Semiquantitative image analysis (n0O2 images
the intensity of staining (ImageJ). Briefly, micrographs were converted-biv 8
images, and the integrated density calculated after background subtraction. For each

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

Samples were removed from culturmedia washed with PBS, fixed in
paraformaldehyde (4%), treated with Tritor1RO (0.1%)to permeabilize the cell

membraneand incubated in serum solution to blexanspecific binding

For immunostaining of the porcine fibrochondroeyeeded constructs, samples
were incubatedor 1 hin rhodamindabelled phalladin, for 10 min in DAPI, and
overnight at £C in mouse primary antibodies against typ@ilution 1:1) or type

Il (dilution 1:100) collagenSamples were thancubatedn Alexafluor 488labelled
donkey antimouse secondary antibo@gilution 1:400)for 1 h at room temperature
and visualized under CLSKNikon Eclipse TE2000E, Japan)

For double immunostaining of the human fibrochondrocgeeded constructs,
sampleswere incubatedor 1 h in mouse primary antibody against typeollagen
(dilution 1:1000), and for another 1 h in rabpiimary antibody against collagen
type Il (dilution 1:1000). 8mples were then incubated in a mixture of Alexafluor
488 labelled antirabbit IgG and Alexafluor 53Rabelled antimouse IgG&(dilutions:
1:1000)for 1 h at room temperature. Finally, samples were incubated {*RQO
dye (dilution 1:1000) for 30 min at roo temperatur@and visualized under CLSM
(Leica DM 2500, Germany).

2.2.4. Statistical Analysis

Statistical analyses were performed using SPSS 23 (IBM, USAjw@geANOVA
was performed, followed by Tukdyr a mer (equal vari ance)
(unequal variance) posibc tests depending on whether samples had equal variance.

Data are presented a®th mean N st andard deviation. Si
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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 donorswere characterizedpreviously using flow
cytometry(NdreuHalili et al, 2014) Cellswere reported to hav&/ % viability after
isolation and theywere positive forCD44 (99%) and CD105 (93%), amegative

for CD14 (0.37%), CD15 (1.33%), CD31 (0.72%), CD34 (0.93%), CD45 (0.59%)
(NdreuHalili et al, 2014) These results are similar to those reported by others
stating that bman fibrochondrocyte were positive for CD44 and CD105, and
negative for many other differentiation markers (Verdenkl, 2005. Thus, it was
concluded that majority of the celisolated in this studyvere fibrochondrocytes
with high cellviability. As there are blood vessels and nerves in the meniscus, it is
quite expected that some of the cells extracted from the tissue ales®spnooth

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

Phase contrast micrograple$ the human and porcineells used in this study
revealedpresence othreetypes ofcells when cultured on TCPREhondrocytdike
cells (round or polgonal in shape), fibrobladike cells (with long cell processes),
and spindleshapedcells for both human and porcine ce(Big. 3. 1). These results
are in parallel withother reports stating thatells obtained from human meniscus
consisedof these thee types of cellé/NVebberet al, 1985).
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3.2. Optimization of the 3D Printing ProcessUsing PCL

For optimizationof 3D printing processa square prism shap&® model (20 mm x
20 mm x 3 mm) was used with PCL 80 being the polyner to be dispensed.
Temperature (Tdf the cartridgeand speedf the nozzlenovementin x-y direction
(Fxy) were the parameters changétie temperatures used wetB0, 160, and 170

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

It was observedhat PCL strandsbecamesmoother, thinner, and straighter as the
temperature was lowered or the nozzle movement speed was increased (Fig. 3.2).
lower speesd, the PCL strand becamethicker andwavy, and everiusad with each
other, leading toproducts withsmaller poresAt 200 mm/min and 170C, no pores
remained The polymer tended tget darkerat high temperature levels (17Q),
indicatingoxidation The optimal parameter settings for PCL 80 westablished 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 fibrochondrocy@zles: spindle
shaped cellgjottedcircles: chondrocytdike cells, anddashedircles: fibroblastlike

cells. Scale bar 100 pum.
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Figure 3.2 Optimization of the 3D printing oPCL 80. Two parameters were
changedTemperatureleft pane] 150 °C; middle panel160°C; and right panell70
°C. Movement speed of the nozzenged from 200 (tgpto 700 mm/min (bottom)

Scale bar: 4 mm.

Similar characterization wasonductedwith PCL 50, a lower molecular weight

polymer. Optimaprinting parameteraeredetermined a&20°C and500 mm/min.

In the following experiments, PCL 80 wasinted at150°C and 700 mm/min, and
PCL 50 was printed at 12€ and 500 mm/min.
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3.3. Characterization of GelMA and MeHA Polymers
3.3.1. Optimization of Hydrogel Photocrosslinking Process

For optimization of the hydrogel photocrosslinking, fir&elMA (from porcine
gelatin) 6 and 8% w/v) andMeHA (0.5 and1%, w/v) solutions were prepared and
the photoinitiator Irgacure 2959(1 and 26, w/v) was addedThe solutions were
exposed taJV light for up to2 min, and he minimumtime required for the gelation

was determined

Gelation time generally decreased as the polymer and photoinitiator tatioss
increasedTable 3.1) Since gelation time did not vary much with thieotoinitiator
concentration, and the photoinitiaierknown to becytotoxic, a low concentration
(1%) was chosen for use during crosslinking procelse minimum time required

for gelation of GelMA andMeHA were45 and 30 s, respectively

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

Table 3.1 Minimum time of UV exposure required for gelation of &\ (porcine)
andMeHA.

Polymer Photoinitiator Minimum Time

Concentration (%) Concentration (%) 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 optimatonditionsfor each polymer.

54



3.3.2. Proton NMR Spectroscopic Characterization

In order to calculate thelegrees ofmethacrylation of GelMA and MeHA, the
unmethacrylated (native) anchethacrylated forms ofjelatin and hyaluronic acid
were analyed with proton NMR spectroscopyh@&results are shown in Figure 3.3
The degree of methacrylation (DM) of GelMA was calculated fromdiereasen
theintensity of the peak corresponding teyyamine group (highlighted as orange)
upon methacrylan of gelatin after the intensity of the aromatic phenylalanine
groups (asterishk of gelatin and GelMA were normaliz€éig. 3.3A). The DM of
MeHA was calculated fronmthe peak integration of the mwcrylate protons
(highlighted as blue)elative to that of methyl protons after methacrylatifi o
hyaluronic acid (HA) (Fig. 3B).

The DMs of porcine and bovine GelMA were around 64 and 52%, respeciivedy.
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), respectivelthe DM of MeHA was aroun@5%,

again due to theow concentration of MA used during the synthesis of MefiAese

are similar to the results reportguieviously in our group(60-65% for porcine
GelMA and 25% for MeHA)Ekeet al, 2017; KilicBektas 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 ATRFTIR spectrophotometrwasperformedbefore and aftecrosslinking
as a result oV exposurgFig. 3.9.

Results showed that UV treatmetdcreasdthe absorbance of thmlymersat 1640
cm! (Fig. 3.4. This peakcorresponds tearborcarbon double bonds (C=CJhese
bondsbelong tothe methacrylate groups in GelIMA and MeH&nd are used up
during crosslinking as a result bfV exposure (Section 2.2.2.2.3.1, Fig. 2.4)isTh

explainsthedecrease iabsorbance intensity of the bamwbrresponding t&€=C.
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Figure 3.3 Proton NMR spectroscopy ofelatin, GelMA and MeHA. (A)
Representativepectra ofporcinegelatin, andGelMA. Peak integration of the lysyl
amine (highlighted in orange) was normalized to that of phenylalaasterisk, and

the degree of integration (DM) was calculated fromdbereasen the intensity of
lysyl amine group. (B) NMR Spectra of MeHA. DM was calculated by the ratio of
the integration of metf protons(highlighted as blue) to that of mettrylateprotons
(highlighted as green).
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Figure 3.4 ATR-FTIR absorbance intensity of the untreated and-tiddted
polymers. The peak at 1640 ¢raorresponds to carbararbon double bonds (C=C).

Similar observation was reported in another stsitlywing a decrease in the intensity
of the peaks at 1640 chwith the increasing duration of UV exposure (Sktral,
2012). The decrease in absorbance intensity of Gk€ bondsindicated that
crosslinking of the methacrylated polymers was achieved, tAod hydrogel

formationwas successful.
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3.4. Porcine Fibrochondrocyte-Based Studies

The current thesis was divided into two parts: porcine fibrochondrbaged
studies and human fibrochondrocytased studies. Here, the porcine -telsed

studies are q@sented.
3.4.1. Hydrogel Constructs

Disk-shaped hydrogels wermvestigatedfor their potential to inducemeniscal
regenerationThe gels wergeeded with porcine fibrochondrocytes amclbated for
35 days. The samples wetestedfor weight loss,contraction, microarchitecture,
mechanical properties, cell viability, cell morphology, &WG and collagertype |
and II) production.The square prismshaped 3D printed PCL 80 was usedttzs

controlgroup
3.4.1.1. Change inPhysical Propertiesof the Constructs

The photographs of théydrogels and th&8D printedPCL weretaken every week
until Day 35,in orderto follow the changes in size of the constructs (Fig. &5)ss
examination revealed thahe size of thecell-free constructs generally remained
unchangedthroughout the35-day culture period The size of the ceBeeded
constructs also did not changexcept for GelMAMeHA which significantly
decreaed in size The size othe cellseededigarose did not change much over time,
and those of GelMArad MeHA cecreasd to some extent. The size of PCL, on the
other hand,remained the same throughout the culture perredardliess otell

presence
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Agarose GelMA MeHA GelMA-MeHA PCL

Seeded

Unseeded

Figure 3.5. The change in size ofe cell-seeded and celtee samplesover 35 days

of culture Dottedlines encircle the constructs. Scale bars: 5 mm.

The thicknessand diameterof the hydroges were measured usirggmicrometer

(with a sensitivity of 1 pm)and the volumesvere calculated.n general, when the

gels wereunseededthe thickness diameter,and volumeof the gels remained
unchanged, while dry weight (DW) decreased especially for Getbiftaining gels

(Fig. 3.6 left). When cells were present, thickness, diameter, and DW of the gels
generally decreased, with a few exceptions (Fig, Bgbt). Thickness of the cell
seeded agarose and GelMA, and DW of agarose increased compared to the gels on
Day 1 andalso comparetb the unseeded gels on Day 35. On the other hand, DW of
GelMA increasedafter introduction otells.

Dynamic compression did haesult in a significant change in the physical
properties of the gels, except it decreased the DW of thesemtled GelMA
(p<0.05).
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Figure 3.6.(Continued).Physical properties of the hydrogela ®ay 35 relative to

Day 1 Relative thickness, diametervolume and dry weights (DWs) of the
constructs showing the change in phyalcproperties of the hydrogels/er time
Thickness and diameter were measured with a micrometer, and DW was weighed
usingan analytical balanc&aded lines show Day 1 resuliSata ae presented as

the mean * SD¥Significant difference between results compared to Day 1 results of
the same materiaincubated under the same conditiotsignificant difference
between the unseeded and seeded grougisecdame material incubated under the

same condition.

Possible reasons for amcrease in hydrogel voluragre theswelling of the gelsver
the 35 days ofincubationin the culture medidue to hydrationor thickening due to
ECM production.Possible reasons fax decrease irthe volumes could be ceH
mediated gel contractioas a result othe traction forces exertetly cellson the
material (Ghassemiet al, 2012), or due to degradation becauwdethe matrix
metalloproteinase (MMpPactivity in thecells (Nagviet al, 2005. A decrease in DW

could be due to gel degradation, amdncrease could be due to ECM deposition.

In the current study, alls reducedthe diameter and increasetthe thicknessof
agarose and GelMAwhich indicatesthat these gels went through eelediated
contraction The increasen DW of the hydrogelsindicatedthat ECM was produced
by the cells. Diameter, thicknessvolume, and DWof MeHA and GelMAMeHA
were reduced in the presence of cells (p<0.05), whicicatetl that cells facilitated

degradation of these gedsd this process was dominant over ECM production

Agarose resisted cethediated contractiobecause it iighly hydrophilic which
prevented cells from attaching, spreading, and forming stress fiand thus traction
forces). It also resistedegradation 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 went throughboth hydrolyticand enzym@c degradation.

Gelatin andhyaluronic acidhave target sequences for MMR&n den Steeet al,

2002) andthusare prone to enzymatic degradation, which explains the rapid weight
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loss in GelMA and MeHA in the presence of cell<GeIMA-MeHA gel lost a
significantly higheramount ofits weight than GelMA or MeHAalone, probably
becausethe integration ofGelMA MeHA was not sufficiently strong. This was
probably due to thaighly hydrophilic nature of MeHANecaset al, 2008) which
absorbsa considerable amount of water that preverpedper interactionswith
GelMA. Thus the level of crosslinking betwe&elMA and MeHA polymergould
be solow that the two materials coulibt crosslink with eaclother toform a stable
gel. When cells we pesent, the weakondsbetween GelMA and MeHA could

break easilydue to contraction or MMP activity

Similar observations have been reported. Scafi@d constructs containing
chondrocytes and fibrochondrocytes in 1:1 ratio were reported to shrink or contract
after stimulation with TGH31 (Huey and Athanasiou, 2011). Fibrochondrocyte
seeded agarose gelere also shown to contract in diameter and lose weigbhin

the presence of GF31 or FBS (Kalpakciet al, 2011). In contrast, no contraction
andweightloss werereportedin the chondrocytseeded construc{&alpakciet al,
2011) This shows thaffibrochondrocytes have a relatively high MMP activity
compared to chondrocytedhis is in parallel with our results which showed
contraction in the TGRI1-treated agarose geldowever, we foundan increase in

dry weight of garoseover time which may bea result of the contribution of @M
production. This shows thagarose gels did not degrade in the presence of cells, but

rather went through cethediated gel contraction.

Degradation and cethediated gel contraction in gelatin and collagen gels were also
reported in the literature. Saresh al (2013) showed that gelatin gels losbst of

their weight after 75 days of incubation in PBS in the absence of ¢@fiemically
crosslinked collagen gelwere reported to contract and lose significant amount of
their weight after seedingith fiborochondrocytes (Puetzet al, 2015).Similarly,

the uncrosslinked collagen gels wereportedto lose weight andcontract by over
than 406 in diametein 4 h, while crosslinked gels contracted by 1id266h (Heoet

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 dhe cell-free constructancubated 35 days in culture media
wasexamired using SEMAgaroseand MeHAwereboth nonporouswhile GelMA-
containing gelswere porous(Fig. 3.7). Pre size of GelMA and GelMAMeHA

were around 50 and 30 um, respectivdlgese 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 g& solutions prior to freeze
drying. The strand distance IRCL was alreadgesigred to beBOO pum and this was

the case in our constructs (Fig.)3.7

Our results are in parallel witihe other reports. Pure agarasas reported to have
smaller pores thacollagen andtrace amounts ofgarose in collageagarose gels
was shown to reduce the pore size compared to pure collagen gels @tlach
2010; Lakeand Barokas, 2011; Branco da @an2014).

Figure 3.7 Microarchitecture of the ceffee constructs after 35 days of incubation in
culture media. SEM of the constructs at low (upper pastelle bars: 200 prand
high (lower panelscale bars: 10 pmmagnificatons
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3.4.1.3. CompressiveMechanical Properties of the Constructs

After 35 days ofincubation inculture media, onstructs were subjected $tress
relaxation tegtunder compressioand the equilibrium moduli were determined. The
reaults are presented in Figure 3Fr the unseeded hydrogetgjuilibrium modulus
of agarose da. 16 kP3 was the highest of all (p<0.01) (Fi§.8A). Modulus of
unseededselMA (ca. 7 kPa) was the lowessignificantly lowerthan MeHA and
GelMA-MeHA (botharoundl11 kPa)(p<0.05) The equilibrium modulus of the cell
free 3D printed PCl(ca.2.3 MP3g wasmuch hgher than those of the hydrogels

For the cellseeded sampleshe highestequilibrium moduluswas obtained with
agarose ¢a. 13 kPa) (p<0.05)the second wa&elMA (ca.9 kPg, and he lowest
was MeHA (ca.3 kPg (p<0.01)(Fig. 3.8). Modulus of GeIMA-MeHA could not
be tested due tas extremely small siz&ipon incubation in the culture media
Presence of cells significantly decreased the modulugawvbae (p<0.05) and MeHA
(p<0.001), andslightly increasedthat of GelMA (p>0.05) Finally, dynarmic
compression did not have any effect on the equilibrium modulus of the gels.

Higher equilibrium moduliwere obtained with thecell-free agarosg2%, w/v) and
MeHA (0.8 %, w/v)than GelMA (5%, w/v), although the concentration of GelMA
was higher than thirmer two. The reason for this could be thg&roseand MeHA
are high molecular weight polymers and exhéionporous structurender SEM
while GelMA is a relatively lower molecular weight polymer and exhibitsorous
structure (pore size around 50um) (Section 3.4.1.2, Figure 3.7Equilibrium
modulusof GelMA increasedupon additiorof cells(from 7 kPa to 9)probably due
to the high level of ECM produed on this gel. The decrease in the modulus of
MeHA (from 12 to 3 kPa) could be result oflow level of ECMproductionon, and
rapid degradation otthese gels (Section 3.4.1.1Figure 3.¢. Modulus of agarose
also decreasedgpon introduction of cellalthough its DW increased, probably due to
dissolution of agarosia the presence of cell®ther esearchers have also reported a
decrease in the modulus of agarose and HA gels upon cell s€Bdickjey et al,
2009; Levetet al, 2014)
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Figure 3.8 Compressive mechanical propertigsthe constructs after 35 days of
culture. Equilibrium modulus of the (A) celree (unseeded), and (B) cekeded
hydrogels.Dataare presented as the mean + SD. For statistical significance: p<0.05.
Significant difference between hydrogels in the samaply when no letters in
common.*Significant difference between unseeded and seeded groups of the same

material.

The nmodulusvaluesobtained in this study amnsistent with those reportédother
studies An equilibrium modulus of 102 kPa were reported for 2% agarose
(Buckley et al, 2009) a modulus of 1214 kPa for 15% GelMA(Groganet al,

2013) anda modulus of 8.6 kPa for 2.5% hyaluronic ac{@®onnely et al, 2017)

These values are an order of magnitude lower than equilibrium modulus of the native
porcinemeniscus (1020 kPa) (Abdelgiedet al, 2015).

The compressive properties of hydrogels used in this stadid be increased by
changingthe polymeror photoinitiatorconcentratios, andtime of UV exposure for
photoactive gels to improve the degree of crosslinking. However, doisguld also
harm the cellsand lead to poor cell-material interactionsdue to reduction of
functional groups on the polymer chainBCL has good mechanical properties
compared to hydrogels. Tiegore, reinforcemenbdf the hydrogels withPCL is

importantin 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 wasevalwatedby determiring the DNA contentsn Days 1 and 35The
initial DNA contents of the hydrogels measured on Dagnged between 0.85629
g DNA/sample (Fig3.9A, left). The highest initiaDNA contentswere on GelMA
andPCL (around 1.2 pdPNA/sampl¢, which were significantly higher thahat of
the MeHA-containing gels (around 0.9 IRNA/samplg (p<0.05) The DNA content
of agarose was 1 pg DNA/sample.

On Day 35,the highest DNA content wasgain on PCL (around 1.3 ug
DNA/samplg, significantly higher than the DNA contentf the hydrogels (Fig.
3.9A, right). Among thehydrogels, the highest DNA content svan GelMA (0.8 ug

DNA/samplg. The DNA contentswere 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. 3@4).05).

Relative DNA content results showed that DNA contents of the hydrogeibated
under static conditionslecreased by 40% for agarose, 20% for GelMA, 60% for
MeHA, and 90% for GelMAMeHA over 35 days of culture, while that of PCL
increased by 5% (Fig. 3.9BThe 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 ceBeeded 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; Puetzt al, 2012).
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Figure 3.9 DNA contentsof the construcs. (A) DNA contents of the constructs on
Day 1 (left) and Day 35 (rightB) Relative DNA content$%) of the constructs
(DNA content on Day 3%n= 3-6) relative tothat onDay 1 (n= 3)). Results are
presented as the mean * SBor statistical significance p<0.055ignificant
difference between constructs in the same graph when no letters in common.

#Significant difference between Day 1 and Day 35 results.

In order toassess cell proliferation using a method based on cell metabolic activity,
AlamarBlue cell viability assayvas performedCell metabolic activity increased
until Day 14, and then decreased in most of the constructs (E@). Gell metabolic
activity coul reflect the proliferation of cells, becausesigenerally accepd that
metabolic activitycell numberare proportionalThis indicatedthat cellproliferation
decreased after Day 14, probably becausedhs tended to prodecECM instead of
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proliferating,andbr becaussome ofthe hydrogels started to degrade leadmtpss

of material and cells.
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Figure 3.10 Cell metabolic activity in the constructs. Percent reduction of the
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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 bsis 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 adtivttye constructs
could bethe formation of a cell layer on the surface of the constriaslimited the
transport of oxygen and nutrients to the core of the gels (Mugplay, 2010),the
degradation of the constructs which led to loss of materiataltsl (Section 3.4.1.1,

Fig. 3.6), and the tendency of cells to produce ECM rather than proliferate after Day
14 (Zorlutunaet al, 2009; Ballyns and Bonassar, 2011; Bahceciaglal, 2014).

The high cell viability and metabolic activity on PCL, on the other hand, was
probably due tahe 2D microenvironment on the PCL surface which allowed for
spreading of the cells, théigh stiffness of PCL which could increase the
proliferation rae (Section 3.4.1.3and the large pores (Section 3.4.1.2, Figure 3.7)

that albw for easytransport of oxygen and nutriergad larger space for the cells

Agarose GelMA-MeHA

Static

Dynamic

Figure 3.11. Live/dead cell viability assay resultd the constructs orbay 35.
CLSM images 6 the samples cultured under static (top) and dynamic (bottom)
conditions. Green: calceidM (live cells); red: ethidium homodimelr (dead cells).

Scale bars: 1 mm.
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Since GelMAMeHA constructs were too small to handle, tkeyldnot beanalyzed

further, and excluded from the following sectians
3.4.1.5. Collagen Contens of the Constructs

Collagen contens of the cell seeded constructwere calculated from the
hydroxyprolineamouns in the constructs (assuming a collagen:hydrogifpe ratio

of 7.64), which wereassessedusing the orthohydroxyprolie (OHP) assay
(Hollanderet al, 1994) In order to eliminate the size differences in the samples and
also the effect of degradation, the results were normalized to dry wei¢fits.
3.12A). In order to eliminate the dzkground signal resulting from the scaffold
materials (speciallygelatin)and compare the constructle results were presented

as the change in collagen contehétween Bys 1 and 3%Fig. 3.12B)

The highest collagen content was observed on Ge(Migs. 3.12A and 3.12B.
Collagen content of GelMA treased significantly over time (p<0.05) (Fig. 3.12A
andthe net increase in collagen content of GelMA wasl8% of the sample DW
(Fig. 3.12B). On the other hand, collagen contents of agarose, MetdA?@L did

not change significantly ovehe culture period Collagen contents of the inner and
outer regions of th@ative meniscus were 85 and 96% of their DWSs, respectively
(Fig. 3.12Q.

When cultured under dynamic compression, the net collagen piaductGelMA

was around 18% of its DW (235 pg collagen/ug DNA), aboui283®% of the
collagenpresentin 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 ChanPark, 2010), whiclenhancesell adhesion, proliferation and ECM
production. In some other studies, 2 ug collagen/ug DNA (McCetrgl, 2016), or
10-20% of the native meniscus (Puetzet al, 2015) were reported in
fibrochondrocyteseeded collage 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) (AdL2Q was in accordance with the
results reported in the literature (82%its DW in the inner region and 90% in the

outer region) (Sanchexdamset al, 2011).

70



Agarose, MeHA, and PCL all exhibited low amounts of collagen in our study.
Similar results were reportday others folfibrochondrocyteseeded agarose (Wilson

et al, 2009) and PCL (Leet al,, 2014).
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Figure 3.12 Collagen contents of the constructs and the native merdetesnined

with orthohydroxyproline (OHP) assayA) Collagen contenhormalized to DWs

(%) of the constructgB) Net dhange in collagen contents thie constructs between
Days 1 (n=3) and 3540 5 ) ) Col{ag&n content of the native meniscosg). Data

are presented as the mean = SD. NS: not significant. Statistical significance:

*p<0.05, **p<0.01.Significant differencavhen 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 | (COL 1) and type Il (COL Il) collagen

production on the constructs, immamstochemistry was performed.

Immunohistochemistry supported the biochemical assay results (Fig 3.13A). The
highest level of COL | and COL Il production was observed on GelMA. Images of
the cross and horizontal sections revealed that collagen was Iptestared
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 thdiet collagen deposited on agarose and MeHA was globular
in shape, and that deposited on GelMAs dendriticand continuous especially on
the surface (Fig. 3.13A)

ImageJ analysis revealed that COLpk@.001) and COL Il (p&.05) staining were

the highest on GelMA (Fig 3.13B). The unseeded constexigited 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 Iqgwér05) 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 resull§g. 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 | stathang COL llon
GelMA, and higher COL Il staining than COL | on agar@@16).However, unlike

the results in th 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-Bld higher than COL II, similar to the result in

the outer region of the meniscus. In fact, CQulak reported to constitute 90% of the
outer region of theative meniscus and 40% of the inner regmhile COL I was

repoted to constitut€0% of theinner region(Cheung, 1987).
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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 materials (especially gelatin) and compare the constructs,
the results were presented as the changollagen contents betweemay3 1 and 35

(Fig. 3.14B).

The results showed that SGAG content of agarose increased significantly after 35
days of culture (p<0.001), and dynamic compressiothdéurincreased the sGAG
content(p<0.05 compared to static group) (Fig. 3.14A). Similarly, sG#a@tents of
GelMA (p<0.01)and MeHA (p>0.0%increased over time. The sGAG content of
PCL, however, did not change over time and was very low compared to hydrogels
(Fig. 3.14B).

The net sGAG production in agarose after 35 days of incubatiorsigmasicantly
higher than that on the other construgys<0.05) (Fig. 3.14B), and lower than
(p<0.05)but comparable tthe results for the menisc(sig. 3.14C).

The GAG results obtained in agarose in this study (0.7% DW or 0.07% WW or 12
Hg GAG/ug DNA) were higher than thoseeported in another study when
fibrochondrocyteseeded agarose was used (8 ug GAG/ug DNA), but lower when
chondrocytes were used (Wilsehal, 2009). Dalyet al also reported higher GAG
content results with bone marrow M3$#&tien agarose gels (0.8% oWy (2016).

GAG content of GelMA gels obtained in this study (0.25% of DW or 0.025% of WW
or 3.2 ug GAG/ug DNA) were similar to that reported by Visseal (0.02% WW)
(2015) and by Krouwel®t al (2-5 ug GAG/ug DNA) (2017)
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Figure 3.14 Sulfated glycosaminoglycan (sGAG) contents of the constructs and the
native meniscus. (A) Dry weigimormalized sGAG contents Days 1 1(=3) and 35
(n=6). (B) Net change in SGAG contents of the constrbetsveenDays 1 and35.

(C) sGAGcontent of he native meniscu£6). Data are presented as the mean *
SD. NS: not significant. Statistical significancep<0.05, **p<0.01, ** *p<0.001.

abcggnificant difference when no letters in common.

For the unseeded constructsstblogy revealed no or little background Safra@in
(SafO) staining on agarose and GelMBut intense staining on MeHA gels (Fig.
3.15). Thisis probably due to the hyaluronic acid backbone of the gel material.
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Upon cell seedinggarose and GelMA exhiled weak SaD staining butstill more
intense than the unseeded contr@s.the other hand, the intensdf/the stainingon
MeHA decreasediponaddition of cells The reason for the decreasethie staining
of MeHA could be the degradation ttfis gelin the presence dfells. Therefore, it
was concluded thatells depositedGAG on agarose and GelMAjowever the

deposition on MeHA could not be detected.

GAG staining wadow on the inne region of the native meniscus ahidh on the
hyaline cartilage (i|§. 3.15). Considering that the GAG staining on the inner portion
of the meniscus was low compared to the hyaline cartilagdpthastaining on the
constructs wa quite expected, because porcine fibrochondrocytes do not produce
GAGs as much as chondrocyteo.

3.4.1.7. Cell Morphology

The morphology of the fibrochondrocytese shown in Figure 3.16. Histology
sections revealed that the morphology of the cells differed femoh other
depending on thgel type (Fig. 3.16A). Cells were mainly round in agarose, MeHA,
and at the center (C) of GelMA, while spread and dendritic on the surface (S) of
GelMA. Cellsat the inner region of the native meniscus were mainly round, while
thoseatthe outer region wermainly dendritic and/or elongated (Fig. 3.16A).

Agarose GelMA MeHA Positive Controls
Cross Horizontal Cross Horizontal Cross Horizontal Hyaline
3 & Meniscus  Cartilage

e sy "

il . Ie.
N &

Unseeded Dynamic Static

Figure 3.15.Histology showing sulfated GAG deposition on the constructs after 35
days of culture. Cross and horizontal sections were staimedGAGs. Stain:
SafraninO (red) andcounterstain: Fast Gree(green). Positive controls: the inner

portion of the native meniscus, and the hyaline cartilage. Scale bars: 500 pm.
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Figure 3.16.Representative images showing the cell morphologies cell adhesion on

the hydrogels. (A) Brightield microscopy images of the cells in the gels (Day 35).
Staining: SafranitfO (red), counterstaining: Fast Green (green). Insets: high
magnifications. C: center; S: surface. Scale bars: 200 um. (B) SEM images of cells
on the surface of hydrogels (Day 2Bcale bars: 20 um. (C, D) Cell adhesion on
hydrogels after 21 days of culture. CLSM images of the gels stained for paxillin
(PXN, red), nuclei (NUC, blue), and actin (ACT, green). (C) Paxillin, and (D) merge

images. Scale bars: 25 um. Arrowheads: rowil$.c



SEM examination also confirmed that cells on the surface of agarose and MeHA
were round and aggregatedhile on the surface of GelMAhey were mainly
dendritic (Fig. 3.16B).

3.4.1.8. Cell-Material Interactions

Different morphologies of the cells on diffategels could be a result of ceflaterial
interactions or due tencapsulang of the cells in the gels which restricted their
spreading behavior. In order to investigate the-material interactions on the
hydrogels, constructs were stained for paxjlla factor involved in cell adhesion
signaling pathway. Paxillin staining was strong on GelMA both with the round
(arrows) and with the spread cells (Fig. 3.16C), indicating strong cell adhesion on
this gel. Paxillin staining on agarose and MeHA was weaadicating weak cell
adhesion on these gels. Strong paxillin was observed on the cover glass which was

used as a control.

Cells on GelMA were spread with clear actin fibers, the same with the cells on the
cover glass (Fig. 3.16D). On the other hand, agll@garose and MeHA were round

with no actin fibers.

Weak cell adhesion on the gels could lead to round cell morphology, whereas strong
binding could lead to spread cell morphology (Ahearne, 2014). Gelatin presents
biologic recognition sites and allovisr cell adhesion through RGD sequences (Lui
and CharPark, 2010), whereas agarose and MeHA (Netasd., 2008) are highly
hydrophilic and lack such binding sites, which limit cell adhesion. Nevertheless, cells
on agarose and MeHA were stained positivéhwpaxillin probably due to the
pericellular matrix produced by the cells, which could serve as a substrate for the
cells to bind on (Stewatret al, 2013).

When cells arencapsulad in the hydrogels they tend to be round (Stevedral.,

2013). Cells in the center of agarose, MeHA, and GelMA were mainly round because
their mobility and spreading was probably limited due to the stiff polymer mesh
surrounding them (Lake and Barocas, 2011; Ulethl, 2010).
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The morphology of chondrotgs was shown to meain round in agarose gels even
after modification of agarose with RGD or arginglgcine-glutamic acid (RGE)
sequences (Schubt al, 2012). When chondrocytes weemncapsulad in soft
agarose gels, they spread significantly more thancellsencapsulad in rigid gels
(Karim and Hall, 2016). This shows that the rigid mesh structure of the gels restrict
cell spreading. This also explains the round cell morphology in the center of GelMA

in the current study, despite strong cell adhesio this gel.

Cell morphology could influence the ECM production on the scaffolds. More GAGs
were produced in agarose and MeHA, where cells were round, and more collagen
was produced on the surface of GelMA where the cells were mainly spread and
dendritc. This is similar to the round fibrochondrocytes in the inner region of the
meniscus where the tissue is more abundant in GAGs and COL Il, and the spread and
dendritic cells in the outer region where COL | is more abundant (SaAdzurset

al., 2011). Wien chondrocytes were forced to get a round morphology in collagen
gels, the level of aggrecan, GAGs and COL Il producti@s reported tancrease
(McCorry et al, 2016). Nucleus pulposus cells treated with focal adhesion kinase
inhibitors (FAKIi) were show to assume a round cell morphology in GelMA gels
and produce more GAGs than the untreated gels (Krouetedd, 2017). These
findings indicate that cell morphology could influence the level and nature of the
ECM produced.

Finally, soft substratehiave leenreportedto induce chondrogenic gene expressi
(GlennonrAlty et al, 2013); however, this was not the case in the current study.
GAG production was higher on agarose and Mewhich were stiff than GelMA
whichwas soft.

The findings in this part of the study are summarized in Figure 3.17. Hydrogels
present a 3D microenvironment to the cells that induces ECM production by cells,
while PCL provides a 2D microenvironment that induces cell proliferation but not
ECM production Agarose and MeHA are nonporous (or slightly porous), stiff, and

nonbioactive, which result in round cell morphology and promotes the production of
GAGs, while GelMA is porous, soft, and bioactive, which result in spread and
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dendritic cells morphology @anhpromotes collagen production. PCL is very stiff and

results in elongated cell morphology.

In conclusion, although its difficult to compare the DWiormalized collagen
contents of the constructs due to different densities of the materials, it could be
concluded that hydrogels induce meniscal ECM produatione than PCLdoes
Among the various hydrogels tested, agarose and GelMA were chosen to be used in
the following studies. Since agarose induced production of GAGs (the cartilaginous
ECM component irthe meniscus), it could be ustm producethe inner portion of

the meniscal constructs. GelMA, on the other hand, could be used in the outer region,

because it induced production of egen, the fiborous ECM componefitherefore,

in the next section, th8D printed PCL scaffoldsvere embedded in cdkden

agarose and GelMA to test tivgegity and meniscal regeneration capacifythese

composite constructs.
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3.4.2. Square PrismShaped PCL/Hydrogel CompositeConstructs

After selection of the hydrogels that induce production of meniscal BG#M3D
printed square prisashapedPCL scaffolds were embedded these hydrogels
(agarose and GelMApnd tested fostructuralintegity, mechanical properties, cell

viability, andmenisalECM production capacity.
3.4.2.1. Microscopic Evaluation

The microarchiteture of the constructshdy were studied microscopically (Fig.
3.18). Sereomicroscopyeveakd thatPCL was printed in weltlefined shapes, with
straight strands, anaghiform strand thickness and pore size (top view) (Fig. 3.18A).
Crosssectiors showed that the pores were interconnectet only in depth (at z-
direction) but alsolaterally (at xy directon). The distancebetween strandsvas

smallerat zdirection (around 150 pnthan that at xydirection (800 um).

Similar observations wermadce for PCl-Ag and PCLGelMA (Fig. 3.18A). PCL
strands were straight and the thickness was uniform. The pores were also well
defined. Agarose and GelMA filled the pores of PCL, leaving no or little space
between the strands. In P@\g, all the space betweehe strands was occupied
(filled in) by agarose, while in PCGelMA there were some f€ithed pores. The
reason for this may be the low viscosity of GelMA at °87 which resulted in
leakage of the polymer solution through the pores of PCL before it was UV
crosslinked. More GelMA polymer could be seen at the bottom of the scaffolds
(cross sections) than on the top (Fig. 3.18A). Agarose, on the other hand, solidified
rapidly below 40°C after being poured on the colder PCL scaffolds, andftthesl

all the pres on PCL.

SEM analysis showed that PGhias successfullyembedded inagarose, with no
phase separation at the boundaries (Fig. 3.18B). GelMA, on the other hand, did not
stick well on the surface of PCL, which resulted in phase separation at the besindari

(cross sections).
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Figure 3.18.Microscopy of thedry, cell-free constructs. (A) Stereomicroscopy and
(B) SEM images of the constructs viewed from the top and at the sectisrs.

Scale bars: 1 mm.

3.4.2.2. Mechanical Properties

Cell-free constructs were incubated in PBS for 24 h, #dmeh exposed to
compression and tension tests. Compressive mofiall theconstructs weraround

10 MPa, and tensile modwerearound 30 MPa (Fig. 3.19). PCL exhibited a similar
modulus to those of PGAg and PCLGelMA, which indicated that hydrogel
incorporationdid not contribute to the mechanical properties of the construct
Compressive modubf our constructs wrehigher than thatof porcinemeniscug1-5
MPa) (Yasureet al, 2007).This shows that ts® constructs couldupport the knee
against the load exerted during walking and runnaugivities. However, one
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problem with theigid scaffolds could bevear, which couldresult in degeneration of

the underlying cartilagerhen the constructs are implanted in the knee

On the other hand, tensile modwali the constructs are lower thanthat of the
porcine meniscu§l10-140 MPa) (Abdelgaieét al, 2015).The cell-free @nstructs
proposed in the current stuayxhibited mechanical properties similar to birgher
than most of thePCL-basedconstructs prduced usingechniquesother than 3D
printing. Brungeret al reported an equilibmm modulus of 240 kPa with theoven
PCL scaffolds after 28 days of culture (2014#yhich was lower than that of
constructs obtained in this studySC-seeded electrospun PCL was reported to have
a compressive modulus of 12.B& and densile modulus of 35 Ma after 120 days
of incubation (Nerurkaret al, 2011) very similar tensile properties with the
constructs produced in the current study, but with lower compressive progddies
et al reported an increase in thensile modula (from 10 MPa to 25 MPa) after
seeding their electrospun PCL constructs with MCSs (2046)ch were slightly
lower than resultshe current studySimilarly, a tensile modulus as high as 35 MPa
was reported in a study employing electrospun PCL, aftelicagipn of cyclic
tensile loadingor 10 weekgBakeret al, 2011) which was similar to the unseeded

constructs in this study
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Figure 3.19.Elastic modulus of the constructs under compressive and tensile load.

Data are presented as the mean £ SD.
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On the other hand, theesults obtained in this studyere comparable to the
mechanical properties reported by other researchers using 3D printeARPRISC-
seeded 3D printed PCL was reported to have a compressive modulus of 2 MPa, and a
tensile modulus oéround 80 MPa after implantation in a sheep model 2oweeks
(Leeet al, 2014).Their results were lower under compressive load than the current
study, but higher under tensile load. They reported degeneration of the cartilage after
implantation to thesheep modeln another study, a 3D printed PCL with two strand
orientations (B and 045-90°) werereported to have compressive modulus of 54
and 30 MPa, respectively (Cengz al, 2016). This value is even larger than that
obtained in our study, and could lead to extensive degeneration of the cartilage after
implantation in the kneeA 3D printed meniscus with circumferential strand
orientation was reported to have an aggregabelutus of 30 kPa, and a tensile
modulus of 40 MPa after implantation into a rabbit mddelanget al, 2017) which

are much higher than our results and could lead to degeneration of the cartilage
Another construct was shown to have an equilibrium modofld€-30 MPa at 10%

strain depending on the design of the scaffold (Szeikal, 2017) similar to the
modulus of the construts obtained in this stuetyuilibrium moduli obtained in these
studies were very high compared to equilibrium modulus ofptimeine (100-120

kPa) (Abdelgaiecet al, 2015)and humammenisci (106220 kPa) (Joshet al., 1995;
Sweigartet al, 2004).Compressive modulus results were also much higher than the
native human meniscus (623MPa)(Chia and Hull, 2008; Fischeniet al, 2017)

In the currentstudy, mechanical properties of the dedle constructsverereported
Tensilepropertiescould increaseonsiderablyupon cell seeding ahal implantation

in an animal mode(Bakeret al, 2011;Han et al, 2016;Zhanget al, 2017) The
tensileproperties of the 3D printed construotstained in the current stuadyuld be
increased by reducing the distance between the strands and/or increasing the
diameterof the nozzleorifice.
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3.4.2.3. Cell Viability on Constructs

PicoGreen assayas performedo monitor the change inDNA contens (and thus
cell numberspf the constructsver time.DNA content of PCL was very low on Day
1, but increased flds by the end of Day 1&ig. 3.20A) DNA content of PCL
GelMA was significantly lower thnthe urembedéd PCL and PCELAg on Day 14,
but it increased significantlyntil the end oDay 56.NeverthelessDNA content of
PCL-GelMA wassignificantly lower than the other construds the end of 5@lay
cultureperiod(p<0.01). Dynamic compressioad toa decrease ithe DNA content
of unembed@dPCL (p<0.05) andn increase ithatof PCL-Ag (p<0.01).

The low DNAcontent of PCEGelMA on Day 14could beexplained with leaking of
GelMA solution through the pores of PChefore the crosslinking process.This
resulted in cell and material losdowever, this does not explain the lower DNA
content of PCEGelMA thanthe urembed@d PCL constructs, since the cé#lden
GelMA should haventroduced more cells to the construddNA contents on Day

14 were assessadimediately after gelation of GelMA and agarose. Therefore, all
the cells in the constructs, whether dead or alive, contributed tDNi#e content
results because they were entrapped in the hydrogels. Heaoeason for the lower
DNA content of PCL-GelMA group on Day 14€ompared to PCigroupcouldnot be

the toxicity of GelMA. Instead)NA on PCL strands of th&CL-GelMA constructs
was probably lowbefore it wasembedded inGelMA. The variations in DNA
contents of PClin different construcgroups could be the low seeding efficiency on
PCL (10%) because of the large pores that lead to loss of cells during seeding
processAnother reason for the low DNA content on GelM#nbeded PCL could

be the lowercell viability after application of UV. Extended exposure of -tatlen
hydrogels to UV (from 1 min to 5 min) was shown to reduce cell viability in collagen
gels (Hecet al, 2016).
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Figure 3.20.DNA contents and cell viabilitpn the square prism shegh constructs
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In order to test the viability of the cells on the constructs, live/dead assay was
performedLive/dead assay revealed high cell viability in the constructs after 42 days
of culture (Fig. 3.20B). ImageJ analysis of the CLSM images revealed similar cell
viability on all construct types (#80%) (Table 3.2).

Dynamic compression slightly reduced cell viability on P&d. constructs, but this
difference was not significant (f205). One observation was that cells were
elongated on PCL, round on agarose, and dendritic on GelMA (Fig. 3.20B). There
was a low number of cells (and a high proportion of the cells were deaitheon
strands of the PGIGelMA constructs, supporting the BNcontent results on Day

14 (Fig. 3.20B).

Others also reported around 80% cell viability on FDM printed (Babl, 2016) or
melt electrospun PCL (Vissat al, 2015), which are in parallel with the results

obtained in the current study.

Dynamic compession was also reported to decrease cell viability or DNA content,
when a strain of 10% (Huey and Athanasiou, 2011) or 15% (Ballyns and Bonassar,

2011) was applied.

Table 3.2.Porcine fibrochondrocyte viability on square pristraped PCL-based

construetson Day 42 as determined with live/dead assay

Constructs Viability (%)

Static Dynamic
PCL 8+7 78+5
PCL-Ag 82+3 75+ 7
PCL-GelMA 75+2 74+ 2
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3.4.2.4. GAG Contents

One of the most important components of meniscashe GAGs, which are found
abundantly in the inner cartilaginous portiond® of the dry weight in the inner
region compared to 0.9% in the outer region) (Sané&uamset al, 2011). It is

essential that the engineered tissue corgamnsiderable amotiiof GAGs.

DMMB assay results are presented in Figure 8.23ulfated GAG content of PCL
was very low on Day 1, and it increased significantly in 14 dpy8.05) After Day

14, however, PCL constructs did not exhibit a significant increase in GAG content
(Fig. 3.21A)

PCL-Ag exhibited the highest GAG content throughout the culture period (Fig.
3.21). GAG content of PGKAg increased significantly over time (akio3-fold
increase in 4 weeks, p<0.01), ligtcreased slightlgfter Day 42

GAG content of PCiGelMA on Day 14was significantly lower than the other
constructs (Fig. 3.21), probably due to the low cell number on these constructs
(Section 3.4.2.3, Fig. 3.20). Howevaetr,increased significantly over time -{dld)

and exceeded tH@AG content of PCL by Day 5@-ig. 3.21).

Dynamic compression led to a reduced GAG contents of the constructs in the first
two weeks of application (Days 28 to 42), but then GAG contents increased to the
same level with the constructs incubated under statnditons by Day 56The
reason for this could be that when dynamic compression was applied, the GAGs in
the constructs were pumped out or released to the culture media. The GAGs in the
constructs, therefore, was lower than the static samples which dmsaadts GAGs.

In fact, it was reported that GAGs were lost to the culture mesia after 4 weeks of

dynamic compression (Ballyns and Bonassar, 2011).

In brief, the highest GAG content was obtained with FGL and dynamic
compression had no effect on the GA&ontents after 4 weeks of application. These
findings were consistent with the previous results in which the highest GAG

production was observed on Agarose gels (Section 3.4.1.6, Fig. 3.14).
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Figure 3.21.The sulfated GAG and collagen contents of siq@are prism shaped
constructs. Dry weightormalized (A) sGAG contents and (B) collagen contents of
the constructs. *Significant difference compared to Day 14 results of a particular
construct.*Significant dfference compared to static samples of PCL at a particular

time point.

These results are in parallel with the results reported in previous sections (Section

3.4.1.6, Fig. 14), and with the results reported by Daly and colleagues who obtained

higher production of GAGs in agarose gels than GelMA (2016). Vieseal

reported asimilar GAG content in chondrocyteeeded PCIGelMA (2015) with

those obtained in PCGGelMA constructs in this studygut lower than the results

obtained with the PGIAg constructs. The results obtained in the current study were
89

































































































































































































































