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ABSTRACT

IN VITRO TOOTH SHAPED SCAFFOLD CONSTRUCTION BY MIMICKING
LATE BELL STAGE

A key experimental trial in the regeneration of large oral and craniofacial defects is the
neogenesis of osseous and ligamentous interfacial structures. Currently, oral regenerative
medicine strategies are unpredictable for repair of tooth supporting tissues destroyed as a
consequence of trauma, chronic infection or surgical resection. Here, this study shows
mimicking immature tooth at the late bell stage design and construction of Hyroxy Apatite
(HA) scaffolds for cell transplantation of human Adipose Stem Cells (hASCs), human Bone
Marrow Stem Cells (nBMSCs) and Gingival Epitelial cells for the formation of human tooth
dentin-pulp-enamel complexes in vitro. HA is the main factor that exist in tooth and it’s in
harmony with structural, biological, and mechanical characteristics. Scaffold characteriztion
was demonstrated by SEM, FTIR and pore size and density mesurements. The biological
contraction of dental tissues against each other was demonstrated by mRNA gene
expressions, histopatologic observations and protein release profile by ELISA tecnique. The
newly formed tissue like structures that grow and integrade within the HA designed
constructs forming tooth cementum like tissue, pulp and bone structures. This method
suggests potential for the clinical application of personalized tooth constructs that may allow
regeneration of multi tissue lines essential for oral, dental and craniofacial engineering

applications.



OZET

DiSIN GELISIMINI TAKLIT EDEREK Di$ BiICIMLI HIDROKSI APATIT
ICEREN GREFT YAPIMI

Agiz ve ¢ene kemigi hasarlarinin onarilmasina dair en énemli etkenlerden biri kemik, dis,
ligament doku ve pulpa arasindaki yapilarin olusturulabilmesidir. Son zamanlarda dis doku
miihendisliginde kullanilan stratejiler, travmaya bagli olarak zarar goéren dokunun
onarilmasi, desteklenmesi ve sterile edilmesine dayaniyor. Bu calismada disi olusturan en
onemli yapilardan olan dentin, pulpa, ligament ve enameli olusturmak amaciyla gelisen bir
disi taklit ederek igerisinde insan Adipoz Kok Hiicresi (IAKH), insan Kemik iligi Kok
Hiicresi (iKIKH) ve diseti epitel hiicresi bulunan Hidroksi Apatit (HA) kaynakl dis seklinde
bir greft insa edilmistir. Ozellikle HA disin yapisinda bolca bulunan ve disin yapisal,
biyolojik ve mekanik i¢erigini destekleyen bir molekiildiir. Olusturulan dis seklindeki greftin
karakterizasyonu SEM, FTIR analizleri ve por biiyiiklik ve yogunlugunun Ol¢iilmesiyle
yapilmistir. Hiicrelerin birbirleriyle olan etkilesimlerini belirleyebilmek icin mRNA
seviyelerinin belirlenmesi, salgilanan proteinlerin ELISA yontemiyle oOlgiilmesi ve
histopatolojik olarak degerlendirilmesiyle belirlenmistir. 8 hafta sonunda olusan doku
benzeri yap1 HA greftle birlesip sementum, pulpa ve dentin benzeri yapilar gézlemlenmistir.
Klinik uygulamalarda, bu kisiye 6zel dis greftleri tasarlama, ¢oklu doku olusturma ve agizi

dis ve ¢ene kemigi miihendisliginde kullanilabilirligini saglayabilir.
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1. INTRODUCTION

1.1. STEM CELLS

The self renewal and multilinage differentiation ability of Stem Cells (SCs) makes them
favorable agent for regeneration and tissue reorganization studies. They can obtained from
almost every type of tissue and they defined by their sources such as Embryonic Stem Cells
(ESCs) have potential to form whole organism, mesenchymal derived stem cells have multi-

and pluripotency that ability of differentiate many type of cell.

SCs are individuated from other cell types by these several important characteristics:

e SCs are undifferentiated cells, capable of regenerating themselves during cell split,

e Thay can be harvested by a minimal invasive procedure

e They can used transplanted studies without any immunologic reaction, its providing
safe and effective usage for living organism,

e They can found in abundant quantities (depends on their source)

e Under optimal environments, they can be turn into tissue- or organ-specific cells.

SCs can be obtained from two main source; embryonic blastocyte and adult tissue.
Embryonic stem cells are derived from the early mammalian embryonic blastocyte and they

can give whole organism [1].

ESCs obtained from the inner cell mass of blastocysts have the potential to become a
multiplicity of dedicated cell types [2]. ESCs have regenerative potential and pluripotency,

they can differentiate into ~220 kinds of cell types found in the organisms.

Adult stem cells are taken from different tissues of the developed organisms. Adult
organisms remain this undifferentiated, or unspecialized, state. These adult stem cells can be

turned into many type of cell. Recently these cells can be used as main implantation factor.



1.1.1. Mesenchymal Stem Cells and Their Properties

Mesenchymal Stem Cells (MSCs) can be found almost from every type of tissue such as
bone marrow, lung, adipose tissue, dental tissues, cord blood and various fetal tissues [3].
MSCs are post-embryonic adult stem cells and they can turn into many cell types in the body,
including osteocyte, odontocyte, chondrocyte, myocyte, and adipocyte when optimal
conditions are provided. For instance for odontogenic differentiation the cells must be treated
with inductive chemicals, cytokines and growth factors [4]. Recently, scientists interested in

tissue engineering studies, for bone, tooth, skin and cartilage repair [5, 6].
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Figure 1.1. Proliferation and differetion of Mesenchymal Stem [7].

The first successful mesenchymal stem cell isolation is the fibroblast like colonies from the
bone marrow, reported by Friedenstein [8]. The isolation technique was based on the
attached marrow-derived cells which fibroblast like cells adhere to a plastic surface of the



cell culture plate, with a concomitant lack of attachment shown by the marrow derived

hematopoietic cells [9, 10].

According to the criteria of The International Society for Cellular Therapy, MSCs are
characterized by their surface markers which should be negative for the hematopoietic cells
surface markers such as CD14, CD34, CD45 [11-13] and be positive for the MSCs surface
markers such as CD105, CD73, and CD90 [3]. The phenotypic characteristics of MSCs are
not specific, these features are shared between multiple cell lineages, including the
mesenchymal, hematopoietic, endothelial, epithelial, and muscle cells [14, 15]. In addition
to these characteristics, MSCs have show a multiple of phenotypic features [12]. In the tissue
engineering studies, they can be cultured with other cell types and implanted to variety of
organisms but these applications may alert immune system of host organism. To prevent
host defense system, immunosuppressive capacities of MSCs have been studies in
experimental autoimmune models [16]. Zappia and colleagues [17] were the first to report
the therapeutic efficacy of MSCs in the experimental autoimmune murine model of the
multiple sclerosis (MS).

1.2. ADIPOSE DERIVED STEM CELLS (ADSCS)

MSCs obtained from the bone marrow stroma have been proposed as an ideal source. They
are famed as a main source of osteogenic stem cells. MSCs differentiate into adipocytes,
chondrocytes, osteoblasts, and myoblasts in vitro [18, 19] [20] and in vivo [21, 22], these
features making them hopeful candidates for tissue engineering applications. Nevertheless,
the clinical usages of MSCs have showed some problems, such as pain, morbidity, and low
cell number leading harvest. To achive this problems, scientists had to investigate alternative
MSCs sources.

As an alternative source, fate tissue is obtained from the mesenchymal part of the tissue and
it contains a supportive stroma. The main features of stromal cells are consisting of the
capacity to attachto plastic surface to form fibroblastic-like morphology, the ability to
express stem cell surface antigens, and the ability to differentiate into several mesodermal

cells, including bone, cartilage, muscle, epithelium, fat and neural progenitors. Because of



these characteristics, adipose derived stem cells (ADSCs) have potential to be useful in the
field of regenerative medicine studies. The advantages of adipose tissue are cheaper than
bone marrow, with less complicate operation and obtainable in greater quantities. ADSCs,
extracted from isolated adipose tissue, shows higher stem cell proliferation rate than BMSCs.
Hence, adipose tissue represents a plentiful, useful, and attractive source of donor tissue for
autologous cell implantation studies. The successful application of ADSCs on regeneration

therapy can be achieved just after; extensive characteristics are learned in details.

ADSCs have multifaceted signal flow of transcriptional and non-transcriptional movements
that occurs all over the body. Differentiation of adipogenic cells is a complex process
complemented by synchronized deviations in cell morphology, hormone sensitivity and gene
expression that have been studied mostly in murine pre-adipocytes. While historically in the
literature, ADSCs have been defined as a “‘pre-adipocytes”, there is a rising admiration that
they have multipotency, with chondrogenic, neurogenic and osteogenic capability.
Additionally, recent studies have shown that adipocytes differentiate from the neural crest
in vivo and in vitro, thus providing important approaching into the developmental origin of

the adipocyte lineage. This opens new opportunities to study tissue engineering applications.

1.3. TOOTH

In vertebrates tooth organ growth, from the initiation to terminal differentiation, depends
leading inductive cell to cell interactions typically between epithelium and dental

mesenchyme [23, 24].

These inductive cell to cell interactions consist of two main factors:

e atissue be able of producing the inductive signals and

e atissue be able of receiving and responding to it.

These interactions include variety signaling networks composed of different signaling
molecules, their receptors, and the expressional control systems. Most of these signaling

molecules known as a growth factors and some are Bone Morphogenetic Proteins (BMPs),



Fibroblast Growth Factors (FGFs), Wnt, and Hedgehog (Hh) families. These molecules have
function to organize and guide tissues and organs during development. Transcription factors
in a tissue layer trigger the expression of these growth factors in response to the expression

from the adjacent tissue, forming a signaling set-up that controls organogenesis [25].

Tooth growth shares many similarities with other embryonic organs. The murine tooth has
big potential that serve as a model tissue for studying essential questions of developmental
cell to cell interactions such as epithelial-mesenchymal relation, differentiation, and
formation. In the fiels of clinical applications, tooth allo-, autotransplantations, and dental
implants have been usually used as general procedures for tooth replacement method for
many years. Even though damaged dental tissues are not critical effects the quality of
human’s life. MSCs mediated tissue engineering methodologies to replace organ and tissue

for the clinical application become very hopeful [26].

1.3.1. Mammalian Tooth Development

In mammalian sequential and reciprocal connections between the neural crest derived
mesenchymal cells and the stomadial epithelium control tooth morphogenesis and
differentiation [27]. Stages of tooth development: initiation, bud formation, cap formation,
bell formation, apposition, maturation, root formation and eruption. In murine, the forming
of tooth sites and shape happens around embryonic day 10.5. At embryonic day 11.5, the
first morphological mark of molar tooth shows up as an initiation stage. At this stage, the
presumptive dental epithelial cells extend along their apical-basal axis, change cell shape
from cuboidal to columnar. At the embryonic day 12.5 and embryonic day 13.5 bud stage,
the condensed dental epithelium cells proliferate and immigrate into the subjacent
mesenchyme to shape the epithelial tooth bud.
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Figure 1.2. Schematic presentation of the developed tooth [28].

At the embryonic day 14.5 cap stage, proliferation of the dental lamina into a small, rounded
structure overlying on area of condensing connective tissue, the epithelial part shows specific
folding, which is accompanied by the configuration of the enamel knot. The enamel knot
working as a signaling center, it is express set of signals, including Shh, BMP 2, BMP 4,
BMP 7, FGF 4, and FGF 9 [28]. During the bell stage, further growth of the bud that becomes
indented and covers the dental papilla; the epithelial derived ameloblast and mesenchymal
derived odontoblast cells of the cap are differentiated. During apposition stage, formation of
the crown by dentinogenesis and amelogenesis with the deposition of dentin protein
(collagen) and enamel protein (amelogenin) and the beginning of calcification are started,;
preamelobasts, from the inner enamel epithelium, induce adjacent cells of the dental papilla
to become odontoblast that then produce the dentin matrix which in turn induces the
preameloblasts to become ameloblasts that produce enamel matrix. Tooth maturation include
the completion of the crown by further deposition of the enamel and completion of
calcification; at the cervical area is an extension of the inner and outer enamel epithelium
forming a bilayered root sheath that will induce the formation of the root. The root forms as
the tooth erupts; the epithelial root sheath induces odontoblasts to form root and then it
disintegrates allowing cells from the dental sac to become cementoblasts, aligning next to
the producing cementum matrix that will calcify into cementum; cells from the dental sac

also can tribute to formation of the periodontal ligament.



1.3.2. The Role of Epithelium in Odontogenesis

To understand the effective role of epithelium on tooth formation, scientists focused on
investigation the interaction between epithelium and ectornesenchyme, in tooth
morphogenesis and importance of enamel knot. The interaction between homeobox genes in
patterning, transcription factors that control the activity of other genes and the various
families of cytokines are reveal importance of epithelium. Main transcription factors are
expressed in dental epithelium, and these genes in the ectomesenchyme which expresses
further intercellular modulatory molecules and other homeobox genes essential for tooth
development [24]. The role of epithelium in the initiation of odontogenesis at the tooth
development cannot be ignored.

1.3.3. Growth Factors Mediate Inductive Interactions During Odontogenesis

Recent studies have shown the significance of cell to cell interactions between dental
epithelium and dental mesenchyme during tooth development. Parts of embryonic mouse
tooth germs, epithelium or mesenchyme are unsuccessful to differentiate, and the epithelium
dies after isolation [29]. On the other hand, physical separation with filter epithelium and
dental mesenchyme starts to form enamel organ and papilla with the deposition of matrix
proteins. These studies showed that the cell to cell interactions between these two parts are
needed for their differentiation or survival, and the interactions are regulated by simulative

signaling molecules. It is clear that these simulative signaling molecules are growth factors.
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Figure 1.3. Morphological changes in tooth development and the expression and use of
transcription and growth factors [30].

1.3.3.1. BMPs

Recent studies have shown that BMPs are important for mammalian tooth organ generation,
even the expression of many BMP genes in tooth development has been reported in many
studies, and for example, Bmp 4 plays a critical role during tooth development [28]. During
the cap stage, epithelial cells expressed Bmp4 and Fgf8 restrict Pax9 expression to the future
dental mesenchyme [31-33] and the expression of Pitx2 to epithelium [34]. To example of
regulatory roles of Bmp 4, that is expressed in the distal site of mandible, is restriction of
transcription factor Barx 1 expression to future molar [32, 35] and induction of Islet 1

expressed from the future incisor mesenchyme [36].

During the initiation stage many growth factors are expressed from the condensed
epithelium. Some of these are Fgf 8, Fgf 9, Bmp 2, Bmp 4, Bmp 7, Shh, Wnt10a, and Wnt10b
[37-41]. These expressed growth factors regulate and stimulate gene expression in the
adjacent dental mesenchyme, including Msx 1, Msx 2, Lef 1, DIx 1, DIx 2, Patched (Ptc),
Gli 1, and Syndecan 1 [41-44].



At the bud stage, these inductive molecules stimulate gene expression in the dental
mesenchyme, including Bmp 4, Fgf 3, activin-BA, and Wnt5a [37, 45-47]. At this stage these

inductive growth factors provide odontogenic characteristic to dental mesenchyme.

During the cap stage of developed tooth, a series of specific molecules started to express
including Bmp 2, Bmp 4, and Bmp 7 are from the enamel knot which plays role as signaling
center. Recent studies were shown effective role of Bmp 4, it was given to dental
mesenchyme this lead to morphogenic changes and inducing expression of transcription
factors, including Msx1, Msx2, Lefl, and Egrl in the dental mesenchyme [37, 42].
Additionally, it was shown that mesenchymally expressed Bmp4 responsible for the
induction and maintenance of gene expression, such as Shh and p21, in dental epithelium
[48, 49].

Bmp 2, Bmp 4 and Bmp 7 expressed from enamel knot, may be cause for apoptosis in the
knot cells . BMPs have two type receptor, one of them is type BMPRL1 including BMPR1A
and BMPR1B and the other one is type Il BMPR2 [50]. Firstly, BMPs bind to their receptors;
activated BMPR2 phosphorylates the BMPR1 which in turn phosphorylates the
DNADbinding proteins Smads and enter to nucleus site to modulate the gene activation [51].
Both type | BMPRL1 receptors are expressed in early developing tooth germ [52]. Studies
were shown that BMPR1A deficient mice die before tooth formation [53], but BMPR1B
deficient mice do not reveal any defect in teeth form [54, 55]. These studies implying that
BMP signaling is necessary for the growth of tooth from the initiation to the eruption stage
[42].

1.3.3.2. FGFs

FGF family that play important role on odontogenesis from initiation stage to the formation
of the bell stage, are expressed in the early forming tooth germ [30]. Expression of Fgf 8 and
Fgf 9 were shown in the dental epithelium, expression start to tooth initiation stage to early
bud stage.
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FGF signaling participates in restricting tooth forming sites by inducing the expression of
[31, 33, 34]. Fgf 8 is responsible for the restriction gene expression in the tooth forming sites
such as Pax 9, Pitx 1, and Pitx 2 and induction of Barx 1, Lhx 6 and Lhx 7 in the molar
mesenchyme to the initiation and rest of the stages. Fgf 9 was stimulating the enamel knot
and the Fgf 4 was activated by Whnt signaling, at the late bud stage and the early cap stage
and they induce cell proliferation of both epithelium and dental mesenchyme [40, 56, 57].
In addition Fgf 8 may play role for the stimulation of Fgf 3 expression in the dental
mesenchyme. Fgf 3 and Fgf 10 expressed from dental mesenchyme at the bud stage. While
Fgf 3 can stimulate cell proliferation in isolated mesenchyme [47]. Some studies showed
that Fgf 3 and Fgf 10 deficient mice didn’t exhibit important tooth defects [58-60].

1.3.3.3. Shh

Sonic hedgehog (Shh), a member of the vertebrate Hh family, encodes a secreted signaling
peptide and it is the only Hh family ligand to be expressed during the tooth development.
When Shh receptor activated by the ligand, cell started to response by activating secondary
protein that is Smoothened (Smo). Activation of secondary protein Smo leads expression of
Ptc 1 and Gli 1, by activating transcription. Even though single knockout of the three Gli

genes did not show obvious tooth defects.

Double mutants of Gli 2 and Gli 3 coused abnormal growth at the bud stage [39]. Thus Shh
signal interactions are required for early tooth growth. Shh signaling molecules are found in
the epithelium at the dental lamina stage until cells start to differentiation [38] [61, 62] [63].
Shh expression is controlled by enamel knot [61] [39].

During the cap stage Shh signals including Ptc 1, Gli 1 and Smo are expressed from dental
epithelium, and regulate initiation stage and bud formation by inducing epithelial cell
proliferation [39, 64].

At the end of the bud stage Shh expressed not only in the enamel knot also spreads to the
inner enamel epithelium and the stratum intermedium cells during the tooth development

stages [61, 62, 65]. Smo deficient mice studies demonstrate that lack of Smo causes
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abnormally fusion of the first and second molars in both the maxilla and mandible, the same

results observed in Shh knockout mice [66].

1.3.3.4. Wnts

Thickening

Wnt-3

Early bell

Figure 1.4. Wnt pathway at different stages of tooth development. Black; epithelium. Red,;

mesenchyme [46].
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Whnt family has wide and diverse kind of signaling molecules responsible for morphology,
proliferation and differentiation of a many of tissue and organs [67]. One of the Wnt signal
family member is related to Frizzled receptor family [68-70]. Other member of Wnt family
is related to the low density lipoprotein (LDL) receptors and defined as a LRP5/6 [71, 72].
Whnt signal molecules can bind to both LRP5/6 and Frizzled to activate the canonical Wnt/a-
catenin and planar cell polarity pathway [73]. WNT antagonists play important role on
regulation of these signals. These antagonists Frizzled related protein (sFrp) family have
functioned as soluble regulators of Wnt signaling [74-76]. Another one is Dickkopf (DkKk)
family; they are acting as inhibitory ligands of LRP5/6 co-receptors. Dkk molecules bind to
LRP5/6 receptors and block the cell response, but the Wnt-Frizzled complex can be still
active. Therefore, Dkk can block the canonical pathway but it cannot be inhibit planar

polarity pathway.

Most of Wnt signaling molecules are expressed in the dental epithelium, but few expressed
in the dental mesenchyme in developing tooth. Wnt7b is expressed in dental epithelium and
ectopic expression of Wnt7b causes inhibition of expression of Shh signal molecules and
afterward inhibits tooth formation, but not vice versa. Also, Wnt7b effects interaction of
ectodermal margins between oral and dental ectoderm, by inhibiting Shh signaling [77].

Whntl0a and Wntl10b are expressed in dental epithelium it starts at the initiation stage and
remain until eruption [78]. At the cap stage, both Wnt10a and Wnt10b genes are expressed

from the enamel knot.

Wnt 4 and Wnt 6 were expressed in the dental epithelium too; on the contrary, sFrp 2, sFrp
3 and Wnt 5a, are expressed in the dental mesenchyme [46]. The first study about role of
Whnt signaling in tooth growth was demonstrated that Lefl knockout mice cannot develop
fully grown teeth [43, 57, 79]. sSFRP 3 treatment to the cultured molar region showed
abnormal tooth bud formation after the in vivo transplantation [80]. Another study showed
that over-expression of Wnt3 in the epithelium did not effect of tooth morphology [81]. But
knockout mice for many Wnt genes, including Wnt 1, Wnt 2, Wnt 3, Wnt 3a, Wnt 4, and
Whntba, were died too early for morphological tooth analysis or do not showed any kind of
tooth phenotyping [67, 82, 83].
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1.3.3.5. TNFs

As a signaling center enamel knot effect directly tooth phenotype and growth [30]. This
supported by the proofs obtained from the Tumor Necrosis Factors (TNF) signal pathway
studies. Several mutant studies exhibit some facts related tooth development, some of them
Tabby, Downless and Crinkled [84-87]. Tabby is defined as Ectodysplasin A1 (EdaAl) and
expressed from outer enamel epithelium. Downless and Crinkled are defined as TNF
receptor EDAR and EDAR death domain adaptor (EDARADD) [85, 88, 89] and expressed
from enamel knot [90-92]. All three mutants showed abnormal tooth formation [85, 88, 90].
Furthermore, addition of EDA protein to pregnant Tabby mice shows renormalization tooth
structure [93], but over-expression of EDAR in the epithelium leads to abnormal tooth
structure [94]. These findings demonstrated that molar structure is modulated by the EDA
signaling [95]. Also, EDA signaling pathway involves a kinase cascade leading to activation
of nuclear factor kappa B (NF-xB) [96-98]. Active form of NF-«xB is regulated by inhibitor
of kB (IKB) that is regulated by IKB kinase (IKK). IKK have one modulatory IKKg, and
two activator IKKa and IKKP subunits. The expression of NF-xB, IkB and Ikky are
expressed from the enamel knot, at the cap stage. Ikka knockout mice show the same results
with the Eda, Edar, and Edaradd mutant mice studies [99]. TNF receptor-associated factor 6
(TRAF6) mediate to activated NF-xB by the EDA signaling [100]. Many Trafs is expressed
by dental epithelium [101] and its absence lead more abnormal structure than knockout
Eda/Edar/Edaradd studies [100]. These findings show the importance of the TNF signaling
pathway in forming of molar morphology.

1.3.4. Role of Transcription Factors in Tooth Development

1.3.4.1. The homeobox-containing genes

Mouse studies shown that physiological form of tooth development depends on special
expression pattern of a number of homeobox genes, such as Pax 9, Msx 1, Msx 2, DIx 3, DIx
5, DIx 6, DIx 7, Barx 1, Pitx 2, Lhx 6, Lhx 7 [102, 103]. Barx1l expressed from molar
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mesenchyme at the tooth formation and it has role on determination of molar tooth type [35].
Its expression regulated by BMP 4 and FGF 8 [32]. Barx1knock down mice studies showed

Barx1 has importance role on the development of molar tooth germ.

The expression of Msx 1 and Msx 2 is detected in the developing tooth germ in patterns that
correlate with morphogenetic steps in tooth development [104]. Msx 1 and Msx 2 are
expressed from the dental mesenchyme at the initiation, bud, cap and bell stages of tooth
development. Component of Msx 2 also expressed to the dental epithelium and enamel knot.
Knockout Msx 1 studies demonstrated that Msx1 is necessary for tooth viability, but Msx2
knockout mice exhibit structural abnormalities [105, 106]. Lack of Msx1 in Msx1 knockout
mice showed down regulation of some genes, including Bmp 4, Fgf 3 and Lef 1 [41, 42, 44].
BMP4 treatment to the knockout Msx1 mice somewhat rescued Msx 1 mutant tooth
phenotype [42, 49, 107].

Pax 9 is a member of paired domain family genes and it is expressed in the dental
mesenchyme. Active BMP and FGF regulate expression of Pax 9 in the dental mesenchyme
[31]. Also, Pax 9 deficiency leads down regulation of variety genes such as Bmp4, Msx1,
and Lefl in the dental mesenchyme [108]. Pax 9 and Msx 1 control BMP 4.

FGF 8 up regulates the Pitx 2 expression, while BMP 4 down regulates, in the dental
epithelium [34, 109]. Additionally, Pitx 2 deficiency leads down regulation of Fgf 8 in the
dental epithelium [110], showing that expression of Pitx 2 and Fgf8 are affecting each other
positively. Studies show that amount of Pitx 2 effect tooth growth. Besides, Pitx 2 also

regulate of tooth orientation [111].

1.3.4.2. Other transcription factors

One of the HMG box family members that Lef 1 is a mediator of Wnt signaling pathway and
it is expression starts at the initiation stage trough the end of the bell stage [112]. BMP4
regulate the expression of Lef 1 from the dental mesenchyme and again Lefl regulate Fgf4

expression from enamel knot, which needed to Wnt signal to activation [42, 43]. Knockout



15

Lef 1 mice cannot develop teeth [79], but treatment of FGFs rescue the Lefl mutant teeth
[57].

The Cbfa 1/Runx 2 transcription factors are a responsible of the osteogenic differentiation
[112]. Mouse studies demonstrated that, expression of Cbfa 1/Runx 2 mRNA begins from
the tooth mesenchyme at the early bud stage through the end of the cap stage. Cbfal/Runx2
deficiency shows lack of teeth [113]. FGFs can induce Cbfa 1/Runx 2 expression in dental
mesenchyme, but FGFs treatment cannot rescue the tooth of knockout Cbfa 1/Runx 2. Msx1
regulates the expression of Cbfal/Runx2 [114, 115], while Msx1 also regulates Fgf3
expression from the dental mesenchyme [44]. So Msx 1 regulates Cbhfa 1/Runx 2 expression
controlling FGF 3 expression. All these transcription factors regulate the expression of
growth factors that responsible for activation and regulation of other signaling molecules, in

the developing tooth.

1.4. TISSUE ENGINEERING

Damaged tooth or loss of tooth is a common incident that effect human daily life. Traditional
treatments for tooth repair may bring out material dependent problems that immune response
by the patient system. Stem cell based tooth regeneration using tissue engineering tecniques
is a promising biological approach that aims to regenerate complete/tissue formation terms
of histology, morphology and function [116]. Teeth organ development depens interaction
between two main factors that dental epithelium and neural crest derived mesenchyme cells
[24, 117]. Dental germ, pulp and deciduous teeth derived stem cells showed odontogenic
ability in basic studies [118].

BMSCs are not ideal for implantation to old patients because these cells extremely lose their
puripotency with increasing age [119]. However, studies with ASCs showed high rate of
pluripotency with increasing age [120], and other different advantages over BMSCs. The
main problem in tooth regeneration is to find appropriate scaffold and cell that can be
compatible with body. Tooth organ engineering is complicated process; tooth stages needed
to be defined and cell types must be well chosen. BMSCs and ASCs have multipotency that
they can differentiate many of cells types especially osteocytes. Because of this ability they

have under investigation in field of hard tissue engineering. But some difficulties of BMSCs
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such as decreasing of multipotency by increasing donor age [120]. That’s why; BMSCs
cannot be appropriate for application of tooth engineering in the old humans. ASCs can
maintain their multipotency with aging [121], which provide the high potential of treating
damaged tooth via ASCs for hard tissue engineering [119]. ASCs have several advantages,
thay can differentiate into mesodermal origin cell types and also differentiate into
nonmesodermal origin cell types including neurons, endocrine pancreatic cells, hepatocytes,
endothelial cells, and cardiomyocytes [122]. Indicated that ASCs can effect repair of
damaged organs, especially tooth. To form functional organ, scientists have proposed ‘the
functional tissue engineering’ guidelines [123]. The following rules should be well designed
and should be well evaluated for ASC application in the tissue engineering:

e Characterize functional achievements of the engineered tissue.

e Define in vivo biomechanical features of the tissue and determine biomechanical and
metabolic requirements of the tissue to be replaced.

e Determine the bio- mechanical and physical features of the biomaterial scaffolds that
can be used for tissue engineering.

e Designe well-matched engineered constructs of the biophysical microenvironment
of the cells.

e Choose optimal inducers to regulate cell differentiation and tissue metabolism in

vitro and in vivo.

Recent studies demonstrated that MSCs derived from in rats, dogs, and humans, have been
transported to defective bone to repair sites in calcium phosphate porous ceramic scaffolds
to form morphologically and biomechanically functional bone [124]. Likewise, MSCs used
within hyaluronan and polymeric scaffolds for cartilage repair [125]. Another study showed
MSCs have been seeded into the scaffolds in vitro and, implanted to host organisim [126,
127]. Or this cell-scaffold composite was induced with differentiation medium to activate

differentiation process into a specific lineage; after the induction structure was implanted
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[128]. Other one, scaffolds are implanted to host and showed its effect without in vitro cell
seeding but in vivo interaction [129]. All these techniques show well designed and

characterized applications in the field of hard tissue engineering [130].

1.4.1. Scaffolds That Used in Hard Tissue Engineering

Extra Cellular Matrix (ECM) has great importance to tissue engineering field. However,
variety of functions, complex structure and the dynamicity of ECM in native tissues make it
hard to mimic. Hence, current modeling of scaffolding in tissue engineering should mimic
the functions of native ECM. The main importance that played by scaffolds in engineered
tissues are analogous to the functions of ECM in native tissues and are related with their

structural, biological, and mechanical characteristics (Table 1.1).

Table 1.1 Main features of scaffold that used in tissue engineering [131].

Features of ECM in native tissue

Provides structural support for cells to reside

Contributes to the mechanical properties of tissues

Provides bioactive cues for cells to respond to their micro-environment

Acts as the reservoirs of growth factors and potentiates their actions

Provides a flexible physical environment to allow remodeling in tissue dynamic

1.4.1.1. Biodegradable Polymer Matrices

There are two types of biodegradable polymers:

e The natural materials

¢ The synthetic biodegradable polymers
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The natural materials include polysaccharides (starch, alginate, chitin/chitosan, hyaluronic

acid derivatives) or proteins (soy, collagen, fibrin gels, silk).

Synthetic polymers can be produced under controlled conditions and their features can be
adjustible such as tensile strength, elastic modulus and degradation rate. This gives big
advantage for producing step. These syntetic polymers have simple and well known

structure. That’s why, the possible toxicity, immunogenicity and favoring of infections are

lower [132-135].

1.4.1.2. Saturated Aliphatic Polyesters

Saturated aliphatic polyesters are most prefeerd biodegradable polymers for 3D scaffolds.
They are saturated poly-a-hydroxy esters, including poly lactic acid (PLA) and poly glycolic
acid (PGA) and poly lactic-coglycolide (PLGA) copolymers [136]. PLA can be forms: L-
PLA (PLLA), D-PLA (PDLA), and DL-PLA (PDLLA).

Because of the chemical properties of these polymers, they can be go through the hydrolytic
degradation by deesterification. PGA can be degraded to metabolites or eliminated by other
mechanisms. Even though, PLA and PGA can be degraded easily, degradation products can
cause an inflammatory response [137, 138]. Degradation rates of these polymers decrease in
the following order: PGA>PDLLA>PLLA>PCL. Different factors may affect degradation
of these polymers including; hydrophilicity, chemical compounds and structure, processing
steps, molar mass, environmental conditions, crystallinity, porosity, distribution of
chemically reactive compounds within the matrix [139, 140]. PLGA degradation rate was
determined by composition of chains. Because of the abcence of crystalline regions, PDLLA
degrades faster. PGA gains hydrophobicity because of the methyl groups and this leads
stronger acidity than PLA. Overall the initial degree of crystallinity of polymers affects the
hydrolytic degradation [141].

To stabilize the pH and polymer degradation, several groups can incorporate with basic
compounds, such as: bioactive glasses and calcium phosphates [139-141]. In other word,
acidic compounds affect degredetion rate. Recent studies have shown that, because of the
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high mechanical stability, low molucuar weigth, biocompatibility and osteo sitimulative
features, PDLLA has gain great interest as a drug carrier and scaffold material in tissue
engineering field [142, 143]. Also, PCL was used as drug carrier for antibiotics, tissue

engineering for bone growth and regeneration [144].

Table 1.2. Physical properties of synthetic, biocompatible, and biodegradable polymers

used as scaffold materials [145].

Melting Point | Glass Transition | Biodegredation

Polymer Tm (°C) Point Tm (°C) Time (mounts)
Bulk degradable polymers
PDLLA Amorphous 55-60 12-16
PLLA 173-178 60-65 >24
PGA 225-230 35-40 6-12
PLGA Amorphous 45-55 Adjustable 1-12
PPF Bulk
PCL 58.00 minus 72 >24
PHA 120-177 minus 2 to 4 Bulk

Surface erodative

polymers
Poly anhydrides 150-200 Surface
Poly ortho-esters 30-100 Surface
Poly phospfazene minus 60 to 55 242.00 Surface

1.4.1.3. Polypropylene Fumarate (PPF)

PPF is unsaturated linear polyester and it is biocompatible that readily removed from the
body by degredation. Degredation rate and time depends on molecular weigth of PPF [135].
PPF was used in field of development of composite materials that combining with

hydroxyapatite (HA) or bioactive glasses [146].
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1.4.1.4. Poly-Hydroxy-Alkanoates (PHB, PHBV, P4HB, PHBHHx, PHO)

Poly-hydroxy-alkanoates (PHA) are aliphatic polyesters as well, but produced by
microorganisms under unbalanced growth conditions [147, 148]. Semi-biodegradable
features are making them usable as biomaterials. Last decade, poly-3-hydroxybutyrate
(PHB), copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV), were shown to be
usible for tissue engineering [132]. PHA polymers can be mixes with different polymers,
enzymes or inorganic materials to arrange their biocompatibility and other features [132]. It
was demonstrated that PHB can be used for bone tissue application [149]. Even though they
are effective for hard tissue engineering, their restricted accessibility and the difficult and

time consuming extraction procedure cause unwanted problems [150].

1.4.1.5. Surface Bioeroding Polymers

These polymers are poly-anhydrides, poly-ortho-esters and polyphosphazene. These
polymers have been used in field of tisuue engineering and drug-delivery. The surface

bioeroding features provide several advantages over bulk degradation:

e Preservation of mechanical components wihich is mass to volume ratio, over the
degradation process.
o Lower solubility leads minimal toxicity.

¢ Higher sitimulative effect on bone growth into the porous scaffolds [151].



1.4.2. Bioactive Ceramics

Table 1.3. Mechanical features of bioactive ceramics [145]
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Compressive

Tensile Strength

Elastic Modulus

Ceramics Strength (MPa) (MPa) (GPa)
Hydroxy Apatite >400 ~40 100
45S5 Bioglass ~500 42 35
Glass-Ceramic A/W 1080 215 118
Porous bioactive glass
70S30C 82 % 2.25
Porous Bioglass
derived glass ceramic
>90 % 0.2-0.4
Porous Hydroxy
Apatite 82-86 % 0.21-0.41 0.83-1.6x10°
Cortical Bone 130-180 50-151 12~18
Cancellous Bone 4~12 0.1-0.5

1.4.2.1. Bioactive Glasses and Glass-Ceramics

Scientist demonstrated that some glass compositions showed great biocompatibility at in

vivo bone regeneration [152]. Bioactive glasses chemically bind to host bone and this is

known as bioactivity that interaction with carbonated hydroxyapatite (HCA) sheet on the

glass surface when implanted [152-154]. Studies with HA and calcium phosphates show an

excellent ability to interact with bone. Addition to this, in tissue engineering, bioactive

glasses can sitimutale enzyme activity, vascularization, foster osteoblast adhesion, growth,

differentiation; and induce the differentiation of mesenchymal cells into osteoblasts [155-

160].
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Recent studies proved that 45S5 Bioglasss composition, upregulate the gene expression that
control osteogenesis and the production of growth factors [161]. Also, combination with HA
and 45S5 Bioglasss leads bone growth and it has higher osteo inductivity than pure HA
[162]. That’s why; 4S5S Bioglass was preferred as scaffold material in tooth and bone
regeneration [152].

1.4.2.2. HA and Calcium Phosphates

Around 60 wt% of bone and enamel are made of HA whish is intensively investigated as the
main part of scaffold materials for hard tissue engineering [163]. Due to their similar
chemical and crystal structure with tooth and bone minerals, calcium phosphates have a great
biocompatibility [164]. In vivo and in vitro studies were prooved that, all forms and phases
of calcium phosphate induce the attachment, differentiation, and proliferation of stem cells,

and HA is the most effective one among them.

Mechanical properties of tooth change, because of its crystallinity, porosity, and
composition, at the development of body. These mechanical properties of synthetic HA and
developing tooth have shown significant similarities. HA is representing great inductive
material for hard tissue engineering. Hence, calcium phosphates alone cannot be used for

scaffolds material even though its biocompatibility and osteoconductivity.
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2. AIM OF THE STUDY

Hard tissue scaffolding with certain cell types for mimicking immature tooth at the late bell
stage can be difficuld to obtain all necessary structures include dentin, ligament, enamel,
pulp and cementum. Even though mechanical and biological effects of HA for the body was
known, harmony of BMSCs, neural crest derivative ADSCs and ectoderm derivative
epithelium in HA were unidentified. Previous studies have shown that, forming functional
tooth; enamel, dentin and pulp compenents must be molded to obtain fully grown tooth.
Meanwhile, developmental stages of tooth should be created via creating dentin, ligament,
enamel, pulp and cementum. This study aimed to regenerate functional tooth by mimicking

late bell stage in in vitro conditions, with qualitative and quantitavive examinations.

o Epithelium was seeded in collagen coated porous tooth shaped HA scaffold,

o Differentiated neural crest derivative ADSCs were mixed with Matrigel and seeded
in HA scaffold,

e Last structure was coated with BMSCs.

Figure 2.1. In vitro tooth shaped construct demonstration.
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3. METHOD

3.1. SCAFFOLD CHARACTERIZATION

3.1.1. Preparation of Tooth-shaped Scaffolds and Cell Ceeding

The scaffolds were prepared using Agarose with HA. It is a new method that integrates the
gel-casting and salt dissolving methods. 7% (w/v) Agarose in dH20 and 40% (w/v) HA were
boiled. Before the polymerization by cooling, 50% (w/v) ~300um NaCl was added and
mixed with HA slurry. After the polymerization the NaCl in the construct was dissolving in
dH20 for 24 hours. After the dissolving process, the constructs were dried in air for 24 h.
Constructs were prepared in the shape of human molars at late bell stage. Tooth shaped
scaffolds were coated with collagen overnight at 4°C, washed in DMEM, and seeded with 2
x 108 cells in DMEM for 1 hour at 4°C.

7% Agarose T 40% HA Powder

Boiling

~300pm NaCl =+

Dissolving

\

Lyophilization

\

Collagen Coating

Figure 3.1. A flow chart of process steps for scaffold fabrication using combined Agarose
and NaCl methods.
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3.1.2. SEM

SEM analysis was used to determine the porosity and interconnectivity of the HA scaffolds
with and with out human ADSCs. The cell seeded on scaffold and treated with proper
fixative including; 3% glutaraldehyde, 0.1 M sodium cacodylate and 0.1 M sucrose for 1
hour, and dehydrated with alcohol dilutions. Scaffolds were placed into holders and covered
with coated gold with sputter coater (BAL-TEC SCD 005, Switzerland). SEM images were
evaluated by using SEM Zeiss EVO 40 (Jena, Germany).

3.1.3. Porosity and Density Measurements

A liquid replacement tecnique was used to evaluate the porosity and density of HA scaffolds.
The density measurements obtained data about pore size and distribution, permeability, and
presence of physical abnormalities in HA hybrid scaffold. A scaffold of weight (W) was
immersed in a graduated cylinder containing a certain volume (V1) of ethanol (EtOH). The
cylinder was placed in vacuum to force the EtOH into the pores of the scaffold until no air
bubble exit from the scaffold. The total amount of the EtOH and HA scaffold was then
mesured as V2: The volume difference (V2 _ V1) was the volume of the skeleton of the HA
scaffold. The scaffold was removed from the EtOH and the residual EtOH volume was
measured as V3: The total amount of the scaffold, V; was then
V=V2-V3.
The mesured density of the scaffold, p was calculated as
P=WI/(V2-V3)
The porosity of the open pores in the scaffold, m was mesures as
e =(V1-V3)/(V2-V3)

3.1.4. IR Spectroscopy

IR was used to characterize HA powder before and after scaffolding proccess. Polarized
fourier transformed infrared (FTIR) spectra of ATR with a depth of penetration of over 2
microns at 1000 cm™ were obtained using a Thermo Scientific Nicolet™ iS™ 10 FTIR
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spectrometer with a Attenuated Total Reflectance (ATR) sampling accessory and a solid
transmission sample compartment. Spectrum analyses were performed using standard
Nicolet iZ10 and Omnic software. FTIR spectra were taken on both HA nano powder and
HA scaffold.

3.2. CELL CHARACTERIZATION AND SEEDING

3.2.1. Isolation and Characterization of hBMSCs, hASCs and Epitelial Cells

Minced Adipose tissue was digested in 3% Collagenase Il for 30 minutes at room
temperature. After the digestion process santrifugation was performed at 500 g for 10
minutes. Pellet was seeded on tissue culture flasks (BIOFIL, TCP, Switzerland) and when
cells cover the 80 % of flask in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10 % (v/v) fetal bovine serum (FBS) and 1% (v/v) PSA (10.000 units/mL
penicillin, 10.000 pg/mL streptomycin, 25 pg/mL amphotericin B) (Invitrogen, Gibco, UK)
[165].

Human bone marrow and gingival epithelium were collected from the mandibular bone and
gingival tissues around 3rd molar tooth. The collected bone marrow from jaw bone was

harvested and characterized for the MSCs surface markers by flow cytometry.

Bone marrow was collected from the mandibular bone, following Yeditepe University
Ethical Commitee approval. The collected bone marrow from jaw bone was harvested. The
bone marrow tissue was plated in six well plates (BIOFIL, TCP, Switzerland) and grown to
confluency in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) PSA (10.000
units/mL penicillin, 10.000 pg/mL streptomycin, 25 pg/mL amphotericin B) (Invitrogen,
Gibco, UK). The harvested cells expanded and started to appear after 3-4 days, and covered
the surface after 8 days. Thereafter, the cells were trypsinized using 0.25% (v/v)
trypsin/EDTA (Invitrogen, Gibco, UK). Medium was added to detached cells to inhibit the
activity of trypsin. After the cells were centrifuged at 300 x g for 5 minutes at room

temperature, the pellet was dissolved in fresh medium and seeded on a T-75 flask (Zelkultur
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Flaschen, Switzerland). The cells were maintained at 37°C and 5% CO2 in a humidified

incubator. Cells from passages 3~4 were used in all experiments.

ASCs and BMSCs were characterized by using antibodies against CD29, CD14, CD31,
CD34, CD44, CD45, CD90, CD105, CD73 and Integrin.

Human epitelial tissues were digested by incubating tooth roots at 37°C for 1 hr in 50 mL
with PBS containing 0.67 mg/mL of collagenase type Il and 0.3 mg/mL of dispase. Second
digestion was performed with 2.0 mg/mL collagenase type I, and 0.25% trypsin for 1.5
hourrs at 37°C in DMEM. After the digestions steps, cells were filtered through a 40 um cell

strainer re-suspended in DMEM including FBS and PSA and placed in culture conditions.

3.2.2. In Vitro Odontogenic Induction

Odontogenic differentiation medium was prepared by conditioning the culture medium with
50 pg/mL ascorbic acid, 50 nM B-glycerol phosphate, and 1078 M dexamethasone (DXM),
cells were treated with this medium on every other day for 14 days. Control groups; one of
them was treated with odontogenic medium only as a positive control, other one was added

nothing as a negative control.

3.2.2.1. Alkaline Phosphatase Activity (ALP)

After the process of odontogenic induction, ALP activity of the cells was determined.
Medium was removed from the wells, and 0.2% (w/v) Triton-X-100 was added to cells for
lysis. Cells were harvested from 6 well plates and mixed by vortexing for 20 minutes at room
temperature. 10 ul of lysate was added to each well of 96 well plates, and then 90 ul of ALP
solution was added to lysates by multichannel pipette. Absorbance was measured by ELISA

plate reader to determine ALP activity.
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3.2.2.2. Alizarin Red Staining

Alizarin Red assay is based on evaluation of the free calcium or calcium deposites. Cells
were seeded on 6 well plates at a concentration of 50.000 cells/well. Cells were fixed by 500
ul of paraformaldehyde for 20 minutes and rinsed with PBS for 3 times. After addition of
3% (wi/v) silver nitrate, the cells were incubated under UV light for 1 hour at room
temperature. Cells were rinsed with PBS for 3 times and 5% (w/v) sodium thiosulfate was
added into each wells following an incubation for 2 minutes at room temperature. Cells were

observed under the light microscope.

3.2.2.3. Quantitative Real Time Polymerase Chain Reaction

Total RNA isolation was completed using the High Pure RNA isolation kit according to the
manufacturer’s instructions. RNA samples were translated into cDNAs with High Fidelity
cDNA synthesis kit. Gene levels were evaluated by Real Time PCR using Maxima SYBR
Green kit. cDNA synthesized were used as a template for gene level analysis.
Ododntogenesis Related Genes: BMP4, COL1A, DSPP and as a housekeeping gene GAPDH

was used.

Table 3.1. RT-PCR reagents

Sybr Green 2X 10pL
Forward Primer luL
Reverse Primer lulL
dH?0 AuL
Template

(100ng/pL) 4ul
Total Volume 20pL
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Table 3.2. RT-PCR conditions

Cycle | Repeat | Step | Dwell Time Set Point
1 1 1 5 minutes 95°C
2 40 1 30 seconds 95°C
- - 2 40 seconds 58°C
- - 3 50 seconds 72°C
3 1 1 10 minutes 72°C
4 110 1 12 seconds 40°C
5 1 1 - 4°C

3.2.3. ELISA

Levels of FGF 3, FGF 10 and BMP 4 were measured by enzyme-linked immunoassays
(OptEIA ELISA, BD Biosciences, Lille, France for HGF) in supernatants of cell seeded on

tooth shaped scaffold culture.

3.2.4. Histolopatology

After 8 weeks, developing tooth scaffolds were excised, fixed in 4% formalin, embedded in
paraffin and thin-sectioned. 0™, 4™ and 8" week samples were collected and stained.
Analyses included: Hematoxylin and Eosin Y (H&E) and Tricrome Masson stainings.
Tricrome Masson staining was performed with following procedure; Sections were
deparaffinized with incubation at 65°C and they were treated with xylene and EtOH dilutions
to bring water. Sections were rinsed with distiled H.O and placed into solution A (Acid
Fucsin, dH20 and Glacial Acetic Acid) for 10 minutes and rinsed with tap water. Sections
were placed into solution B (Phosphomolybdic Acid and dH20) for 5 minutes and rinsed
with tap water. Sections were placed into solution C (Methyl Blue, Glacial Acetic Acid and
dH20) for 10 minutes and rinsed well with dH>O. Dehydration proccessed with EtOH and
cleared with xylene. H&E staining was performed with following procedure; Sections were
deparaffinized with incubation at 65°C and they were treated with xylene and EtOH dilutions

to bring water. Sections were rinsed with dH20 and placed into solution Hematoxylen for
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3,5 minutes and rinsed twise with water. Sections were placed into solution 1 % of Acid
Alcohol for 1 minute and rinsed with water. Sections were placed into ammoniac solution
for 0,1 second and rinsed with water. Sections were placed into 96 % EtOH solution for 30
seconds and placed into Eosin Y solution for 6 minutes. Dehydration proccessed with
increased EtOH dilutions and cleared with xylene.

3.2.5. Immuno-histochemical Analysis

Immunohistochemical analysis was performed to determine cell morphologies and immature
tooth at the late bell stage with bone mophogenic protein 2, 4, 7 (BMP 2, 4, 7), amelogenin,
collagen type 1 (COL1A), dentin matrix protein 1 (DMP 1), dentin sialo phosphoprotein
(DSPP), wvascular endothelial growth factor (VEGF), CD 31 and Msx 1.
Immunohistochemical staining to tooth shaped scaffold at the 0" 4" and 8" weeks were

performed on paraffin sections.

3.2.6. Statistical Analysis

All graphics were prepared using the Microsoft Office Excel and GraphPad Prism5
softwares. Standard errors and t-test values were calculated using GraphPad Prism5
software. For statistical analysis student t test was used in the GraphPad prism5 programs. P

value less than 0.05 was considered as statistically significant.
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4. RESULTS

4.1. CELL ISOLATION AND CHARACTERIZATION

4.1.1. Isolation and Characterization of Gingival Epithelial Cells (GECs)

b. Positive Control Negative Control

EpCAM

Epithelial
Antigen

Figure 4.1. a.Primary gingival epithelial cell light microscope images (5x, 20x). b.
Epithelial cell specific antibody staining (EpCAM, Epithelial Antigen) (5x).

Gingival tissue was collected from the gingiva and third molar tooth germ, following
Yeditepe University Etik Kurulu approval. Briefly, gingival tissue was obtained from a
healthy gingival tissue. Following rinsing in Ca-Mg free Phosphate Buffered Saline (PBS)
containing 1 % of Streptomycin, Penicillin and Amphotherisin, tissue were incubated
overnight in 0.4 % dispase at 4°C. Epithelial layers were then mechanically disattached and
trypsinized for 10-15 min at 37°C in 0.05 % trypsin-0.53 mm EDTA. After pipetting, the
cell suspension was centrifuged for 5 minutes at 700 g and the cell pellet resuspended in
HUMEC Ready Medium (Basal Medium; Thermo Scientific, Pittsburg, PA, USA). Cells
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were cultured at 37°C, 5% CO3, with humidity, and used for assays between passages 3 and

5.

4.1.2. ASCs isolation and Characterization
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Figure 4.2. Characterization of fat derivative stem cells. a. Adipose stem cell image. 10X.

b. Stem cell characterization of cell derived from fat tissue.

Adipose tissue was collected from the lipoaspirated fat, following Yeditepe University Etik

Kurulu approval. The process is summarized in Figure 5. In brief, the lipoaspirated tissue

was washed. The upper part containing adipose tissue is digested with collagenase for 1 hour
and centrifuged at 400 g. After centrifugation, the pellet is known as the SVF which was
obtained large yields about 2 x 10* cells per 1 mL. Cells within the SVF subsequently
attached to poly L-lysine coated tissue culture flasks under standard incubation conditions.
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4.1.2.1. Odontogenic Differentiation of hASCs

Characterized hASCs were seeded on plate for odontogenic induction for 2 weeks. Calcium
deposites were evaluated by Alizarin Red staining. Figure 4.3.a shows Ca deposites on
differentiated cells (left), negative control shows any Ca deposition and odontogenic
induction (right). Alkaline phosphataze activity mesurements was performed to calculate
differentiation levels (Figure 4.3.b). COL1A and DSPP gene levels were measured by RT-
PCR. These genes play important role of hard tissueformation and dentinogenesis (Figure

4.3.c). All mesurement show that odontogenic induction was done successfully.
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Figure 4.3. Odontogenic differentiation of hASCs. (a) Alizarin Red Staining, (b) Alkaline
Phosphatase (ALP) Activitiy of cells, (c) Real-time polymerase chain reaction analysis:
relative messenger RNA expression of COL1A and dentin sialophosphoprotein (DSPP),

NC, nontreated cells; PC, odontogenic medium only. Scale bars = 100 pm.

4.1.3. BMSCs Isolation and Characterization
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Figure 4.4. a. Stem cells from jaw bone marrow. 10X. b. Human bone marrow stem cell

characterization, isolated from mandibular bone.



4.2. SCAFFOLD CHARACTERIZATION

4.2.1. Porosity and density measurements

35

The obtained density of a porous scaffold can influence its physical strength, permeability,

and presence of structural defects. Table 4.1 shows the density and porosity of HA scaffolds

prepared with mixture of different HA concentrations. Porosity characterization is based on

the presence of open pores which are related to possessions such as permeability and surface

area of the porous structure. High porosity usually means a high surface area/volume ratio,

and thus favors cell attachment to the related scaffold and altered hard tissue regeneration.

Table 4.1 shows that scaffolds with approximately the same porosity but higher HA

concentration have higher density. As the HA concentration was increased, the pores turn

into interconnected with more dense and thicker pore walls, important factors that improve

the mechanical properties of the porous scaffold. It is useful stating that for a fixed HA

concentration,

Table 4.1. Density and porosity values at changing HA concentrations

HA Concentration Pore Size Density g/cm3 Porosity %
35 % (wt/vol) 150-300 pm 0,043 + 0,002 84,2 + 0,3
40 % (wt/vol) 150-300 pm 0,048 + 0,002 91,5 £ 0,3
45 % (wt/vol) 150-300 pm 0,051 +0,002 90 + 0,3
50 % (wt/vol) 150-300 pm 0,055 + 0,002 87,1 £+ 0,3
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4.2.2. SEM Images of Scaffold with and without cells

The scaffolds should exert to the tooth characteristics not only in terms of composition but
also in terms of pore physiology. Porous scaffolds allow development of tooth and soft

tissues within large pores and also blood supply for further hard tissue mineralization.
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Figure 4.5. SEM images show the porous structure of HA hybrid scaffold with open and
connective form. SEM images of interconnected porous of HA scaffold prepared with

mixture containing 40 wt % HA (b) with and (a) without cells.

SEM images in Figure 4.5. show the interconnected, macroporous structures of the scaffolds
with (Figure 4.5.b.) and without (Figure 4.5.a.) cells, prepared with HA mixtures. Scaffolds
of different pore sizes ranging from 100 to 300 um were prepared in this study. All samples
showed basic structural characteristics of a continuous open structure, with a 3D
interpenetrating network of struts and pores. Hulbert et al. suggested that the optimum pore

size for osteoconduction is 150-200 um.
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4.23. FTIR
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In the IR spectra, two lines at 630 and 3570 cm-* correspond to the vibration of OH ions,
1030 and 570 cm-* are the typical lines of phosphate bending vibration, while the line at 985
cm-! is known to phosphate stretching vibration. The lines at 881, 1420 and 1460 cm-! are
indicative of the carbonate ion substitution. The lines at 1650 and 3470 cm-! correspond to
H-O absorption. The analyses of these bands confirmed that the spectra shown in Figure 4.6
belong to HA [46,47]. There wasn’t any noticeable spectrum difference between the HA
powder and HA scaffold, which further confirms that no chemical decomposition occurred

during the HA scaffolding process.

4.2.4. Alizarin Red Staining of Scaffolds

Figure 4.6. Light Microscopy image of interconnected porous HA scaffold prepared with
slurries containing 40 wt% HA (a) 200X, image of HA scaffold stained with (c) Alizarin
Red Stain with and without (b) odontogenicly differentiated cells.

4.3. TOOTH CONSTRUCTION WITH HA HYBRID SCAFFOLD

4.3.1. ELISA

Cells were seeded on HA porous scaffold and treated with odontogenic media for 8 weeks.
Media was collected every week to measure secreted cytocines and growth hormones. Figure
4.8 shows FGF 3, FGF 10 and BMP 4 release from differentiated construct which are related
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with dentinogenesis. FGF3 and FGF10 expressed from dental mesenchyme at the bud stage.
While FGF10 can stimulate cell proliferation only in the epithelium but not in the
mesenchyme, FGF3 can stimulate cell proliferation in isolated mesenchyme [47]. BMP 4
expressed from enamel knot, may be cause for apoptosis in the knot cells at the end of the

late bell stage and started to express dental mesenchyme.
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Figure 4.8. Relative FGF 3, FGF 10 and BMP 4 proteins release from cells seeded on tooth
shaped scaffolds for 8 weeks.
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Secretion profile of FGF 3 and FGF 10 in first weeks not parallel, this shows cross-talk
between epitelial and mesenchyme cells. Firstly, at the 3rd week FGF 10 expression started
to increase to proliferate epithleial cells to form enamel knot. Meanwhile FGF 3 and BMP 4
release were started to decrease. At the 4th week, forming enamel knot were secreted BMP
4 to trigger to dental mesenchyme proliferation, differentiation and differentiation. And also
at the 7th week enamel knot was started to release FGF 3 to alter dental mesenhyme to start
dentinogenesis. At last week cells were differentiated and the cells started to form dentin and

enamel.

4.3.2. Histolopatology

H&E staining of tooth construct at the 0™, 4™ and 8" week (Figure 4.9., 4.10. and 4.11.). At
the 0™ week disoriented cells can be seen on scaffold (Figure 4.9.a, b, d) or mesenchym
derivative odontoblastic cells (Figure 4.9.a, ¢, d). Also non degraded porous structure can be

seen at Figure 4.9.d.
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Figure 4.9. H&E staining of 0" week tooth shaped grefts

At the 4" week cells started to localized and differentiated and also scaffold started to
degrade by cells. Moreover, predentin (Figure 4.10.a), low level of dentin (Figure 4.10.b)
differentiated odontoblasts (Figure 4.10.c) and pulpa matrix formation (Figure 4.10.d) were
started to form.
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Figure 4.10. H&E staining of 4" week tooth shaped grefts

At the 8" week mature cells and stuructures are seen such as cementoblastic cell forming
into outer meshenchymal part (Figure 4.11.a), differentiated epithelial and odontoblasts are
communicate and express dentin and enamel precursors (Figure 4.11.b), mature dentin
formation trigger thr epithelial cells to enamel formation (Figure 4.11.c) and differentiated
and specialized epithel rests of malasses appers (Figure 4.11.d).
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Figure 4.11. H&E staining of 8" week tooth shaped grefts

Tricrome masson stained parts show collagen secreted parts. Collagen secratetion mainly

occure pulp section (Figure 4.12.a, b) and odontoblast cells (Figure 4.12.b,c)
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Figure 4.12. Tricrome Masson staining of 8" week tooth shaped grefts

Figure 4.13 shows specialized structures for tooth development. Firstly, the cells were
forming cementocytes like morphologies (Figure 4.13.a) and also cementoblast are started
to form in to outer mesenchymal part (bone morrow stem cells) (Figure 4.13.b).

In Figure 4.13.c dentinogensis were started. Purple parts indicate epithelial cells and opposite
site surrounded by odontoblasts, pink regions indicate dentin. After the 4™ week enamel knot
started to eppear Figure 4.13.d.

Enamel knot are created by spetialized epithelial cells which play important role on tooth
growth untik mineralization. Figure 4.13.e shows differentiation of epithelial cells which are
started to form long shaped morphology to communicate with dentin forming odontobalsts
and started to enamel surface.

Odontoblasts started to differentiate and secreting dentin from a distance as tooth Figure
4.13.f.
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Figure 4.13. Specilized structures of cells seeded on HA hybrid scaffols for 8 week.



4.3.3. Immunohistochemical Analysis
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Week 0

BMP 2

BMP 4

BMP 7

Msx1

Figure 4.14. Time dependent immunohistochemical staining of tooth forming cells. Used

antibodies are BMP 2, 4, 7, FGF 3 and Msx 1.
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BMP 2, BMP 4 and BMP 7 are important players of signaling networks regulating tooth
initiation and shape development. At first (Week 0) BMP 2 started to express from epithelial
and tooth transform into the bell shape, the early bell stage (Week 4 and 8), BMP 2
expression had disappeared from the epithelial part and had shifted to the central cells of the
dental papilla mesenchyme (Week 8). Subsequently, expression extended coronally in the
dental papilla and differentiate in to odontoblasts (Figure 4.14.) Similar expression can be
seen in BMP 7. Transcripts were localized transiently in both ameloblast and odontoblast

parts but became weaker with advancing development.

The expression of BMP 4 disappeared from the dental epithelium with the removal of the
enamel knot (Week 0 to 4), and expressed in the area between epithelium and differentiated
odontoblastic cells (Week 4). At the 8 week BMP 4 expression had shifted to dental
mesenchyme part. The epithelial cells showed very weak or no expression (Week 8). Msx 1
expression is basically controlled by BMP 4. Msx 1 expression was triggered at the dental
mesenchyme by increment of BMP 4 expression in the dental mesenchyme cells. At the late
stage of cap and early stage of tooth development enamel knot which is formed by epithelial
cells, expresses the FGF 3 (Week 0). At the middle of bell stage enamel knot starts to
disappear and FGF 3 expression can be determined at dental mesenchymal cells, mainly

odontoblasts.

DMP 1, Amelogenin and DSPP express only mineralized tissue via differentiated cells by
signal transduction between epithelial and mesenchymemal cells.  All three proteins were
expresed at the important points such as dental mesenchymal martix, mineralizating
odotoblasts and external epithelium. Eventhough especially DMP 1 is not necessary to early
tooth development (Week 0), to form mineralization and proper structure these proteins
must be expressed (Week 4 to 8) (Figure 4. 15.). VEGF is a key regulator of blood vessel
endothelial development. VEGFR expression was detected both dental mesenchyme and

epitelium at certain shapes (blood vessels like shape) (Week 4 to 8).
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DSPP Amelogenin DMP 1

VEGFR

Figure 4.15. Time dependent immunohistochemical staining of tooth forming cells. Used
antibodies are DMP 1, DSPP, Amelogenin and VEGFR.
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5. DISCUSSION

Last decade, scientist try to understand interconnected microporous 3D HA scaffold
fabrication to mimic tooth and arounding tissue through vascularization, hard tissue growth
and tissue remodeling [166-169]. One of the main approaches of hard tissue engineering are
a homogenous interconnected porous structure that leads vascularization, different
originated cells to form complexicity of tisuue and three dimensionally scaffolds which
include extracellular matrix components. The gel casting method is very useble for rapidly
establishing ceramic particles to get obtain interested shapes through in situ polymerization
by which a macromolecular network is constructed to grip the ceramic particles together
[169, 170].

The biochemical material used in this method is removed by biodegradation properties of
cells, and the seramic particles are nontoxic to cells, allowing this materials to be used for
hard tissue engineering experiments [169]. With these properties, HA scaffolds can be
forming high biodegradable biomateral and a controllable porous structure. Also, gelcasting
method provides a 3D polymeric and highly porous network. Advantages of thie technique
are rapidly gelation which prevents the accumulation of the blend and provide the fabrication
of a homogeneous polymer matrix with equal particle dispertion, and a desirable size of
macropororus HA structure. Interested size and geometries of microporous structures can be
formed by desired size of NaCl particles. Figure 4.5 a and b show the porous, interconnected
and uniform microstructure of HA scaffolds. The process of tooth shaped scaffold
construction is shown in Figure 3.1. Mixtures of four different HA concentrations, 35, 40,
45 and 50 wt %, were prepared to understand the exect interaction of HA concentration on
physical features of scaffolds. Eventhough the higher HA concentration is mandatory
element for harder density of the HA scaffold, and for decreasing unnecessary mixture
contraction, the high HA concentrations have a high viscosity, causing difficulty in suitable
mixing and mixture dispersion. Hence, a 50 % HA particle amount was selected as the
highest concentration. The right amount of monomers and HA particles (Table 4.1) were
optimized to get consonant and easly handling mixture. Selecting a proper concentration of
biodegradable material for the HA powder is essential to maintain a fluid blend. Colloidal
examinations on HA nano powders have demonstrated that agar can be a proper agent for

aqueous HA slurries [169, 171]. To prepare stable HA blend, OH groups need to be
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eliminated form disintegrated structures of extra phases of calcium such as TCP,
tetracalcium phosphate, and calcium oxide [172]. Eventough HA can be alter cellular
response and reduce metarial biocompatibility. This biocompatibility also depends on
scaffols composition [173, 174]. The cell response against to the scaffolding material can be
differ according to the calcium and phosphorous ratios, which is other calcium phosphate
componounts might be harmful because of their solubility percentages and mechanical
strengths [173]. Figure 4.5.a demonstrate the SEM images of the macroporous HA scaffold
prepared with 40 wt % HA nano partcles in the blend.

The spectrum was calculated before and after scaffolding of HA, by IR spectroscopy.
According to the FTIR spectra results as shown in the Figure 4.6; two lines at 630 and 3570
cm-! correspond to the vibration of OH ions, 1030 and 570 cm-! are the typical lines of
phosphate bending vibration, while the line at 985 cm-* is known to phosphate stretching
vibration. The lines at 881, 1420 and 1460 cm-' are indicative of the carbonate ion
substitution. The lines at 1650 and 3470 cm-! correspond to H,O absorption. The results
show there was no discernible spectrum differences between HA nano particles and
constructed HA scaffold lines established from the spectra, shown in the Figure 4.6 fit to
HA.

Shaped scaffolds need to require to demontrate the tooth properties not only in terms of
chemical composition but also in terms of morphology. Porous structures allow development
of hard and soft tissues within suitble pores and also blood supply for further vascularization

and mineralization of related tissues.

SEM images in Figure 4.5 show the interconnected, macroporous composition of the HA
scaffolds, which are having different pore sizes ranging from 150 to 300 um were
constructed in this study. All prepared HA scaffolds exhibited basic structural characteristics
of a continuous open porous shape, with a 3D interpenetrating network of struts and pores.
Eventhough Hulbert et al. demontrated that the optimum pore size for osteoconduction is ~
150 um [175], Flatley et al. shown that a pore size of ~ 500 um is compatible for
osteoconduction [176]. Constructed pore size and an interconnecting pore structure like the
ones shown in Figure 4.6 are appropriate for odontoblasts, epithelial cells and osteoblasts to
expand into the scaffold pores and cavitiy [177] for fast vascularization, tooth generation,
d,fferent types of cell interactions and remodeling [178-181]. Fast and proper vascularization

and interconnected pore sturucture are necessary to form the mechanical strength and serve
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as a sporting material for hard tissue because it allows secreted molecules and degraded

monomers to freely exit into and out the HA scaffold.

The HA density of a porous scaffold can effect its mechanical strength, permeability, and
presence of structural defects [169]. Density and porosity of HA scaffolds prepared with
blend of different HA concentrations were shown in the Table 4.1. One of the challenging
factor in the hard tissue engineering is identifying proper pore sizes and amount of pores
which are related some functiona and physical factors such as permeability and surface area
of the porous structure. High porous scaffolding with low HA concentrations gives a high
surface area/volume ratio, and higher cell atteachment to the scaffold and alter hard tissue
regeneration but it can be cause of lower mechanical strength. On the other hand, high
porosity with high HA concentrations had thicker and denser pore walls that originated from
stable, non-disrupted coating and contained fewer defects, which resulted in a structure

strong in mechanical strength.

Recently, tissue engineering approaches in a manner of generation and treatment of related
tissues have been developed, and also bone, dental and interfacial tissue engineering
prospective has gain large amount attention from scientists. Although some progress has
been reported on tooth scaffolding to created dental tissues, the regeneration of certain stages
of developed tooth structures remains a challenge, let alone the regeneration of the three-
phase enamel-dentin-pulpa [182]. For the functional regeneration of the developed tooth
constructs, different originated cells, proper extracellular matrix components, fibrous
connective tissues require orientation against bone surfaces to allow optimal biomechanical

integration.

In this in vitro study, it was shown that new methodology for cell culturing, 3D scaffolding
and HA nano powder complex for tooth engineering. This controlled 3D porous structure
with tissue sections that harmony the shape of anatomic immature tooth at the late bell stage
with separate seeding of different originated cells by phenotype. This tooth scaffold/cell
construction increased generation capacity of functional early stage of tooth within in vitro

conditions.

For dental tissue engineering aplications, it is necessary to use different cell types and proper
material for induction of action in 3D scaffold and scaffold need to give easy attachment and

communication with controlled engineering [169]. Additionally, coplicated 3D conditions
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with unrelated chemicals, can lead to more difficult and unpredictable cell attachmet,
movements and even cell death. Main problem in the 3D scaffolding architecture is cell
interaction with different cell types, scaffolding monomers and extra used extracellular
matrix components, which are responsible for cell migration, differentiation, reorganization,

vascularization and structuralization in tissue formation or wound healing [183].

Regulatory cell and tissue compartmentalization are necessary to coordinate multiple tissue
complex generation and formation in a single system. Therefore, main effect such as the 3D
hybrid scaffold construction increases the morphogenesis, organization, and
functionalization of multiple tissue interfaces [183]. The biological contraction of dental
tissues against each other was histomorphometrically observed with calcified tissue layer
deposition (Figure 4.9) at 0, 4 and 8 weeks. In the microporous of HA construct, cells have
ability to form tooth like structure by creating cell to cell and cell to micro environment

interaction and enamel-dentin-pulpa formation, predictably and sustained over time.

The tooth model system used here allows for multi-tissue evaluation of two different
mineralized structures with an intervening connected structure required for biomechanical
loading and function. The advantage of this model system is that various biomechanical
stimulations can be transmitted directly to just only mineralization or pulp induction. During
the early stages of development of tooth, a series of specific molecules started to express
including BMP 2, BMP 4, and BMP 7 are from the enamel knot which plays role as signaling
center. Recent studies were shown that to show effective role of BMP 4, it was given to
dental mesenchyme this lead to morphogenic changes and inducing expression of
transcription factors, including Msx 1, Msx 2, Lef 1, and Egrl in the dental mesenchyme
Bmp 2, BMP 4 and BMP 7 expressed from enamel knot, may be cause for apoptosis in the
knot cells at the end of the late bell stage. FGF 3 is expressed from dental mesenchyme at
the bud stage and FGF 3 can stimulate the cell proliferation in isolated mesenchyme [47].
Some studies showed that FGF 3 deficient mice didn’t exhibit important tooth defects [58-
60]. Msx1 regulates the expression of Cbfal/Runx2 [114, 115], while Msx1 also regulates
FGF 3 expression from the dental mesenchyme [44]. So Msx 1 regulates Chfal/Runx2
expression controlling FGF 3 expression. All these transcription factors regulate the
expression of growth factors that responsible for activation and regulation of other signaling
molecules, in the developing teeth. During the mineralization stage, formation of the crown

by dentinogenesis and amelogenesis with the deposition of DMP 1, DSP and COL1A (dentin
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proteins) and Amelogenin (enamel protein) and the beginning of calcification are started,;
preamelobasts, from the inner enamel epithelium, induce adjacent cells of the dental papilla
to become odontoblast that then produce the dentin matrix which in turn induces the
preameloblasts to become ameloblasts that produce enamel matrix. Also, HA is representing
great inductive material for hard tissue engineering. HA has high level of biocompatibility
and osteoconductivity which is confirmed by OCN and SPARC protein expression levels.

The identification of these proteins in the newly formed hybrid scaffold was, therefore,
utilized to infer the degree of tissue maturation and stability of the developed tooth structure.
Therefore, via these markers, the maturation and re-functionalization of generated dentin
related organizations could be track and quantify the marker expression levels at generated

regions (Figure 4.11, Figure 4.12).

The biomimetic architecture achieved here is providing a promising platform for dental
tissue engineering. Besides, the microporous scaffold with certain cells can induce the
functional integrity of generated dental complexes. While, main attraction of this study id
the dental complex generation, the anatomical design with the internal geometries can be
applied to diverse clinical applications. The current engineered hybrid scaffold system still
has limitations compared to the highly complex native multi tissue formation [12,14],
especially whole tooth [9,28,29]. In hard tissue engineering main challege is the lack of a
physically constructed environment as well as functional design which does not completely
show the irregular and complex morphology of developed tooth [4]. Therefore, supported
by the biological advantages demonstrated in this novel hybrid scaffold, a more developed
tooth relevant design was constructed mimicking late bell stage of tooth to determine the
ability to conform to the anatomical specifications of the tooth (Figure 4.13). The formed
3D scaffold gave internal channel structures within the dentin related structures similar tooth
topology. The early stage of tooth shaped scaffold was designed to possess two separate
components which are pulp as a odontogenicly differentiated mesenchymal cells and dentin-
enamel to make easier the assembling and adaptation through the tooth socket (Figure 4.9.,
10., 11., 12). The adaptability of the constructed scaffold was evaluated by IHC analysis to
establish the tooth formation. The designed dental engineered scaffold was initially
conceived to increase angiogenic development and enhance biological molecule diffusivity
at 4th week (Figure 4.14). This theoretical concept is supported by the in vitro findings,

which reflect an increased number of vascular structures, enamel, dentin and mature
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odontoblasts along the  mineralization scaffold architecture (Figure 4.13). Many
differentiated and connected cell groups especially observed at the 8th week (Figure 4.11.,
12.). However, by the 8th week, a more mineratization increased level of tissue orientation
as observed indifferent proportions for 4th week and 0 th week (Figure 4.9., 10., 11.). These
group of cells within the scaffold were connectively localized along the tooth shaped scaffold
and at the center of more mature odontoblastic structures. Together, these results support the
hybrid scaffold designing with biomimetic architecture to influence cell behavior and tissue
orientation. Therefore, main principal of this study is finding a combinational system of tooth
(mesenchymal stem cells-epithelial cells) and odontogenic stimulation can enhance the
generation of the multi layered tooth complex. According to the results, cementum, dentin,
pulp and enamel like structures have found positively produced yet micro scale instead of a
basic tooth regarding to the fact of the using aporous scaffold. Therefore, enamel, dentin or
pulp forming structures should be unporous for tooth engineering. These findings are
important as they emphasize the potential biological effect of the hybrid scaffold system.
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6. CONCLUSION

A new approach combining the gel-casting method with HA-based scaffold and different
cell lineges as a hybrid system leads to successively mimic the early stage of tooth
development, in vitro. The tooth shaped constructs with a pore size ranging from 150 to 300
um arranged by gathering right amounts of materials provide interconnected macroporous
structure. Overall results showed that the scaffolding process and its product as a tooth
shaped HA scaffold are suitable for cells attachment and growth which is required for
effective hard tissue engineering approaches. Problems arising from a porous scaffold should
be eliminated by using a system that integrates dentin and enamel uniformly instead of a
porous and harsh scaffold. In conclusion, this in vitro study clearly demonstrates that
designed 3D scaffolds shaped as a immature tooth at the late bell stage were essential to form
enamel-dentin-pulp interfaces with an appropriate cell and biodegradable material
combination. As a future prospect, in order to eliminate these problems, HA should be by
mixed with highly collagenese gel. At the same time, those proccesses may be examined in

vivo on a live organism.
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