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ABSTRACT

BIOACTIVE AGENT LOADED HYDROGEL SYSTEMS FOR DENTAL
TISSUE ENGINEERING APPLICATIONS

Atila, Deniz Hazal
Doctor of Philosophy, Engineering Sciences
Supervisor: Prof. Dr. Aysen Tezcaner
Co-Supervisor: Prof. Dr. Vasif Hasirci

September 2021, 176 pages

Use of tissue engineered oral restoration products is currently a popular approach for
treating dental defects that adversely affect oral health in ageing populations. Among
scaffolds composed of long-lasting porous ceramics and biodegradable natural or
synthetic polymers with varying service lives, injectable hydrogels attract attention
to regenerate dental pulp due to the capability of filling non-uniform voids such as
pulp cavity. In this study, two types of injectable hydrogels were formulized by
designing distinct morphologies with the utilization of different biomaterials. Firstly,
Tideglusib (Td)-loaded hyaluronic acid hydrogels (HAH) incorporated with Rgl-
loaded chitosan microspheres (CSM) were developed for vital pulp regeneration,
providing controlled release of Td drug and a ginsenoside Rgl for matching two
basic requirements of pulp; (i) odontoblastic differentiation of human dental pulp
stem cells (DPSC) and (ii) vascularization of pulp. Secondly, gelatin methacrylate
(GelMA)/thiolated pectin (PecTH) hydrogels (GelMA/PecTH) incorporated with the
electrospun core/shell fibers, i.e. melatonin (Mel)-loaded polymethylmethacrylate
(PMMA)/Td-loaded silk fibroin (SF) as the core and the shell components
respectively, were designed as an alternative injectable hydrogel for vital pulp



regeneration, providing controlled release of Td and Mel for inducing proliferation
and odontoblastic differentiation of DPSC for a prolonged period. For the first
formulation, the expression of the specific genes (COL1A1, ALP, OCN, Axin-2,
DSPP, and DMP1) confirmed odontogenic differentiation of DPSC which were
incubated with Td-loaded HAH hydrogels incorporated with Rgl-loaded CSM
microspheres. Angiogenic potential of the Rg1-containing hydrogel systems among
all the other groups were shown on Matrigels in vitro with HUVEC. For the second
formulation, cell viability assay showed that DPSC proliferated more in the groups
of GelMA/PecTH hydrogels incorporated with PMMA/SF with a Mel/Td ratio of
1/3. ALP activity tests demonstrated that DPSC had the highest odontogenic
differentiation level in the hydrogels groups containing PMMA/SF with a Mel/Td
ratio of 3/1. Therefore, these novel injectable hydrogels have a potential as candidate

biomaterials for vital pulp regeneration.

Keywords: Tideglusib, Hydrogel, Electrospun Fibers, Microspheres, Dental Tissue
Engineering
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0z

DiS DOKU MUHENDISLiGi UYGULAMALARINA YONELIK
BiYOAKTIF AJAN YUKLU HiDROJEL SISTEMLERI

Atila, Deniz Hazal
Doktora, Miihendislik Bilimleri
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Prof. Dr. Vasif Hasirct

Eyliil 2021, 176 sayfa

Yaslanan popiilasyonlarda agiz sagligini olumsuz etkileyen dis kusurlarini tedavi
etmek i¢in doku miihendisligi ile gelistirilmis agiz restorasyon {iriinlerinin kullanimi
giinlimiizde popiiler bir yaklagimdir. Uzun 6miirlii gozenekli seramikler ve degisen
hizmet dmriine sahip biyobozunur dogal veya sentetik polimerlerden olusan yap1
iskeleleri arasinda, enjekte edilebilir hidrojeller, pulpa boslugu gibi diizdiin olmayan
bosluklar1 doldurma kabiliyeti ile dis pulpasi yenilenmesi i¢in idealdir. Bu
caligmada, farkli biyomalzemelerle farkli morfolojiler tasarlanarak iki tip enjekte
edilebilir hidrojel formiile edilmistir. Ilk olarak, Td ilacinin ve bir ginsenosid olan
Rgl'in kontrollii salintmini saglayan, Rgl yiiklii kitosan mikrokiireleri (CSM) ile
birlestirilmis Tideglusib (Td) yiiklii hyaluronik asit hidrojeller (HAH) vital pulpa
rejenerasyonun iki temel gereksinimini; (i) insan dental pulpa kok hiicrelerinin
(DPSC) odontoblastik farklilagsmasi ve (i1) pulpanin vaskiilarizasyonu karsilamak
icin gelistirildi. Ikinci olarak, elektro-egirilmis cekirdek/kabuk fiberli yapilari
(melatonin (Mel) yiikli polimetilmetakrilat (PMMA)/Td yiikli ipek fibroin
(SF):¢cekirdek/kabuk) ile birlestirilmis jelatin metakrilat (GeIMA)/tiyollenmis pektin
(PecTH) hidrojelleri (GeMA/PecTH), DPSC'nin proliferasyonunu ve odontoblastik

farklilasmasini indiiklemek i¢in Td ve Mel'in kontrollii salinimini uzun bir siire
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boyunca saglayan, alternatif enjekte edilebilir hidrojeller vital pulpa rejenerasyonunu
saglamak amagcl tasarlanmistir. {lk formiilasyon igin, spesifik genlerin (COL1A1,
ALP, OCN, Axin-2, DSPP ve DMP1) ifadesi, Rgl yiikli CSM mikrokiireleri ile
birlestirilmis Td yiikli HAH hidrojelleri ile inkiibe edilen DPSC'nin odontojenik
farklilastigin1  dogrulamistir.  Rgl igceren hidrojel sistemlerinin anjiyojenik
potansiyeli HUVEC ile Matrijeller iizerinde in vitro gosterilmistir. Ikinci
formiilasyon i¢in yapilan hiicre canlilig1 analizi, 1/3 Mel/Td orantyla PMMA/SF ile
birlestirilen GeIMA/PecTH hidrojel gruplarinda DPSC’lerin daha fazla ¢ogaldigini
gostermistir. ALP aktivite testleri, Mel/Td oran1 3/1 olan PMMA/SF igeren hidrojel
gruplarinda DPSC’nin en yiiksek odontojenik farklilagsma seviyesine sahip oldugunu
gostermistir. Bu nedenle, bu yeni enjekte edilebilir hidrojeller, pulpa

rejenerasyonunu saglama potasiyeline sahip biyomateryallerdir.

Anahtar Kelimeler: Tideglusib, Hidrojel, Elektroegirilmis Fiberler, Microkiireler,
Dis Doku Miihendisligi (En fazla 5 anahtar kelime)
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CHAPTER 1

INTRODUCTION

1.1 Dental Tissue

Teeth, 20% surface area holders of mouth, are considered as significant constituents
of human body in terms of functioning such as mastication, speech, and facial
expressions as well as other focuses such as defense purposes among animals and
esthetic concerns in modern times (Yen & Sharpe, 2008). They serve endurance
under attritional forces lifelong owing to unique structural design of soft and hard
tissues (Galler & D’Souza, 2011). From outer to inner layers; enamel, dentin, dental
pulp, cementum, periodontal ligament, lamina dura, and alveolar bone are the

sequential tooth parts (Figure 1.1).

Cementum

Alveolar ® "
Bone '

Lamina
Dura

Figure 1.1 Sketch-radiograph of a tooth (Galler & D’Souza, 2011; Snead, 2008).
Enamel (E): the visible tooth layer; Dentin (D): the bulk structural layer; Dental pulp



(P): the soft core of the tooth; Cementum: the coverage layer of root surface;
Periodontal ligament (PDL): the connective tissue between cementum and alveolar
bone; Alveolar bone: the attachment cavity of tooth in jaw; Lamina dura: the denser
bone region between alveolar bone and PDL; Gingiva: the mucosal epidermal layer

surrounding the tooth.

Crown surface acts in mastication process while root acts in attachment of the tooth
to the alveolar bone (Nanci, 2007). Enamel deposited by ameloblasts (i.e.,
specialized dental epithelial cells), is the hardest tissue among mammalians with its
inorganic hydroxyapatite content more than 90% in composition and is placed at the
outermost layer of the tooth covering its entire visible surface in oral cavity (Galler
& D’Souza, 2011). Dentin produced by odontoblasts (i.e., highly specialized
mesenchymal cells), underlies below the enamel, and acquires a tubular bonelike
architecture with an elastic feature possessing nearly 50% mineral content
(Zaslansky, Friesem, & Weiner, 2006). Dental pulp composes the core of a tooth
within which involves a living connective tissue; fibroblasts, odontoblasts,
cementoblasts, nerve bundles, blood vessels, and lymph ducts (Yen & Sharpe, 2008).
Odontoblasts align peripheral region of the dental pulp and form pre-dentin matrix
which is a collagenous network, followed by mineralization of that matrix (Galler &
D’Souza, 2011). Once the pre-dentin converts into dentin, each odontoblast has been
protruded into a single dentinal tubule which is a connection channel between dental
pulp and the outermost regions providing fluid flow from the pulp (Pashley,
Livingston, & Greenhill, 1978). Dentin is an avascular but sensitive and regenerative
layer since it can be restored by cytoplasmic extensions of odontoblasts or pulp cells
through the tubules and can trigger self-deposition in the case of need (Nanci, 2007).

111 Dental Pulp

Pulp is in charge of two remarkable tasks for sustaining tooth viability which are (i)
to supply nutrition by vascular network and (ii) to detect pathogen colonization for
prevention of dental caries occurring due to bacterial invasion (W. Zhang & Yelick,



2010). In the case of pulp contamination, preservation of remaining viable pulp tissue
is as important as elimination of microorganisms; since a tooth lacking pulp would
be quite defenseless against further damage, eventually this leads to total tooth loss
(Veerayutthwilai, Byers, Pham, Darveau, & Dale, 2007). Infected pulp often cannot
be completely healed due to its physical location and tissue-specific properties
(Farges et al., 2015).

1.2 Treatments for Diseased Dental Pulp

1.2.1 Endodontic Therapy

Endodontic therapy, i.e. root canal treatment, is one of the most commonly used
methods in dentistry which is a procedure for the removal of contaminated or injured
dental tissue, refilling, and sealing off the newly formed void with synthetic material
to prevent potential future contamination (W. Zhang & Yelick, 2010). With
advancements in antibiotic therapies, dental materials, and endodontic technology,
the success rate of endodontic therapy has increased dramatically over the past
decade (Prada et al., 2019). However, uncertain outcomes such as secondary root
canal treatment may be needed (Hannahan & Eleazer, 2008) since current endodontic
techniques replace the vital pulp with synthetic materials, rather than living tissue.
Extruded endodontic materials can cause a foreign body reaction (Nair, 2006).
Moreover, pulpless teeth lose their ability to sense environmental changes, making
the progression of caries unnoticeable by patients (W. Zhang & Yelick, 2010).

1.2.2 Dental Pulp Regeneration

In order to avoid destroying the entire pulp by root canal treatments or tooth
extractions, current strategies listed for treating diseased dental pulp include vital
pulp therapy and dental pulp regeneration (Duarte Campos et al., 2020; Morotomi,

Washio, & Kitamura, 2019). Vital pulp therapy consists of indirect and direct pulp



capping including pulpotomy, which all aim to protect the viability of remaining
odontoblasts and provide a barrier against exogenous pathogens (Fuks, 2008). On
the other hand, dental pulp regeneration strategies involve utilization of biomaterials,
bioactive agents, cells, or various combinations of them to restore pulp tissue
(Morotomi et al., 2019).

For functional pulp regeneration, two issues must be considered: (i) to induce
odontogenic differentiation of stem cells for proper functioning and (ii) to ensure
revascularization crucial for averting pulp necrosis and thus facilitating pulp
regeneration (Gaihre, Uswatta, & Jayasuriya, 2017). The presence of differentiated
odontoblasts lining the inner wall of the pulp chamber and root canal can facilitate
repair of the functional dentin-pulp complex. However, when odontoblast
differentiation occurs throughout the regenerated pulp, pulp stone formation may
occur, which can block the blood supply, also prevent the transport of supplies which
comes only from the narrow apical end of the tooth, and cause pulp necrosis (Berés
et al., 2016). Therefore, differentiation rate of DPSC should be well-tuned.

1.2.3 Preformed Scaffolds

Fibrous meshes or moldable sponges have been utilized in tissue engineering of pulp
tissue (F. Li, Zhao, & Song, 2010). In the literature, poly(e-caprolactone)
(PCL)/gelatin(Gel) scaffolds were electrospun with or without the addition of nano-
hydroxyapatite (nHA) and behavior of human dental pulp stem cells (DPSC) seeded
on these scaffolds were tested in vitro and in vivo. The subcutaneous pockets were
created at the back of nude mice and scaffolds folded twice into a 4-layer were
implanted. It was observed that electrospun composite scaffolds made of
PCL/Gel/nHA and PCL/Gel, supported the proliferation and odontogenic
differentiation of DPSC (X. Yang et al., 2010). Moreover, hard tissue formation was
observed in the cell/scaffold composite groups in vivo. In another study, porous poly
(L-lactic acid) (PLLA) scaffolds; (i) PLLA with solid-walled (SW) surface and (ii)

PLLA nano-fibrous (NF) surface were produced by phase separation technique. Both



were tested in vitro using DPSC and in vivo by transplanting DPSC seeded scaffolds
into two subcutaneous pockets after midsagittal incision on the dorsa of nude mice
to observe the effect of fibrous or non-fibrous surfaces on dentin regeneration.
Results showed that the NF-PLLA scaffolds enhanced the odontogenic
differentiation of DPSC and mineralization of scaffolds was observed both in vitro
and in vivo (J. Wang et al., 2011). In a different study, 3D cellulose acetate/oxidized
pullulan/gelatin scaffolds with a tubular morphology were prepared by thermally
induced phase separation and porogen leaching methods (Rad et al., 2019). The
scaffolds were incorporated with boron (B) modified bioactive glass nanoparticles
(BG-NPs), which stimulated the odontogenic differentiation of DPSC at most in the

groups containing higher percents of B and BG-NPs in vitro.

124 Injectable Scaffolds

During determination of material type for successful pulp regeneration, several
features of pulp tissue should be taken into account. For instance, fragility of pulp
(soft tissue), irregular shape of pulp cavity, and small volume (~20 um) of root canals
all pose difficulties for pre-formed scaffolds with predetermined-shape during design
and implantation into the defect site without causing harm (Fehrenbach & Popowics,
2015). Therefore, injectable scaffolds are preferred for dental pulp treatments owing
to their superior characteristics such as (i) minimal invasiveness and maximal
sterility, (i) capability of filling non-uniform defects, and (iii) homogeneous
delivery of bioactive molecules or cells by simply blending solutions prior to
injection (Chang, Ahuja, Ma, & Liu, 2017; Gaihre et al., 2017).

Among all injectable scaffolds, hydrogels exhibit viscoelastic properties similar to
soft connective tissue including dental pulp; thus enabling them to mimic native soft
tissue extracellular matrix (ECM) by means of nutrient/waste transfer and cell
encapsulation (Inuyamaetal., 2010; L. A. Sharma & Love, 2019). Table 1.1 includes

recently formulated injectable systems for dental tissue engineering, mainly for



dental pulp regeneration. To prepare injectable hydrogels, different polymers and

crosslinking mechanisms were utilized as listed below.



Table 1.1 Injectable systems for dental tissue engineering.

Material Method Aim Findings Reference
HA hydrogels Hydrazone cross- To test the ability of the | Stimulation of chemotactic and pro- | (Silvaetal.,
reinforced with linking between hydrogels to promote angiogenic activity by promoting 2018)
cellulose nanocrystals | hydrazide/amine and | cells recruitment and DPSC recruitment and cell sprouting
and enriched with aldehyde groups of proangiogenic activity in | in DPSC/HUVEC co-cultures in
platelet lysate aldehyde and vitro. vitro and in an ex vivo model by

hydrazide derivatives chick chorioallantoic membrane

of HA (CAM) assay.
Chlorhexidine Photo-crosslinking To examine the Minimum localized inflammatory (Ribeiro et al.,
(CHX)-loaded hydrogels in vitro and in | responses and inhibition of bacterial | 2020)

halloysite
aluminosilicate
nanotube-modified
GelMA hydrogel

vivo for sustained
intracanal drug delivery
applications in

endodontics.

growth due to successful drug
delivery with minimal cell toxicity
on human stem cells from exfoliated

deciduous teeth.




VEGF-encapsulated
heparin-conjugated
gelatin nanospheres
immobilized in the
nanofibers of an
injectable PLLA

microspheres

A combination of the
water-in-oil-in-oil
(W/O/0O) double
emulsion process,
chemical
crosslinking, and
thermally induced
phase separation

To regenerate living pulp
tissues in a full-length
root canal by mimicking
clinical operation using
freshly extracted human
teeth.

Regeneration of pulp-like tissues that
fulfilled the entire apical and middle
thirds and reached the coronal third
of the full-length root canal and
regeneration of number of blood

vessels throughout the canal in vivo.

(X. Li, Ma, Xie,
Sun, & Liu, 2016)

DPSC and HUVEC-
encapsulated peptide
hydrogel

PuraMatrix™

Gelation by gently
running culture media
down the side of the
well on top of the

hydrogel

To investigate the role of
DPSC in triggering
angiogenesis and the
potential for regenerating

vascularized pulp in vivo.

Formation of vascularized pulp-like
tissue with patches of osteodentin
after transplantation in mice in both
the monoculture of DPSC and
coculture groups of DPSC and
HUVEC.

(Dissanayaka,
Hargreaves, Jin,
Samaranayake, &
Zhang, 2015)




Commercially
Available HA
Hydrogel (Restylane)

Chemically
crosslinked with
BDDE

To examine survival,
mineralization, and
odontoblastic
differentiation capacity
of stem cells from apical
papilla for pulp

regeneration.

Promotion of survival,
mineralization, and differentiation
into an odontoblastic phenotype of
stem cells from apical papilla by
upregulation of DSPP, DMP1, and
matrix extracellular

phosphoglycoprotein (MEPE).

(Chrepa, Austah,
& Diogenes,
2017)

Commercially
available HyStem-
C™ composed of
polyethylene glycol
diacrylate (PEGDA),
HA, and gelatin

components

Thiol-reactive gelatin
and thiol-reactive HA
solutions were mixed
with disulfide bond
added PEGDA

(crosslinker).

To test the hypothesis
that a PEGDA-HA based
hydrogel combined with
gelatin and fibronectin
can support DPSC
viability and spreading
using an in vitro
injectable 3D cell

delivery strategy.

Enhancement of cell viability with
the increasing ratios of HA to gelatin
for 14 days. Enhancement of cell
proliferation with added fibronectin
(1.0-10.0 pg/mL) over time.
Determination of fibronectin
concentration (0.1 pg/mL) to induce

cell spreading.

(Jones, Kefi, Sun,
Cho, & Alapati,
2016)




Two types of PLLA
microspheres with
nanofibrous or
smooth surface
forming bioactive
aggregates containing
DPSC

Pouring the solution
into liquid nitrogen &
solvent exchange and
traditional solvent

evaporation

To examine the ability of
the injectable systems to
promote pulp
regeneration in the root

canal in vivo.

Confirmation of biocompatibility,
biosafety and odontogenic potential
of fibrous and smooth bioactive
injectable microspheres. Promotion
of dentin regeneration by the
microspheres and DPSC in vitro and

in vivo.

(Garzon et al.,
2018)

Self-adhering
phosphopullulan-
functionalized
calcium-silicate

cement

Addition of
phosphopullulan
powder into calcium-
silicate cement

solution and shaking.

To evaluate the pulpal
inflammatory reaction
and reparative dentin-
formation capacity by ex
vivo human tooth-culture
model and in vivo

minipig animal study.

Stimulated of the formation of
fibrous tissue and mineralized foci ex
vivo. Promotion of early
inflammatory reaction and
regeneration of the pulp-tissue
interface by phosphopullulan-
functionalized cement and control

after 7 and 70 days, respectively.

(Pedano et al.,
2020)
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Low-stiffness (235
Pa) and high-stiffness
(800 Pa) oligomeric
collagen matrices

encapsulating DPSC

Self-assembly of type
| oligomeric collagen
derived from the
dermis of market-

weight pigs

To evaluate long-term
cell survival, as well as
endothelial and
odontogenic
differentiation following

in vitro studies.

Upragulated expression of
endothelial markers in the 235 Pa-
matrices after 28 days, and the
enhanced effect upon VEGF
incorporation. Promotion of ALP
activity in the 800 Pa-matrices.
Enhancement of mineralization in

BMP2-modified matrices.

(Pankajakshan,
Voytik-Harbin,
Nor, & Bottino,
2020)

Hybrid RGD-
alginate/laponite
(RGD-Alg/Lap)
hydrogel
microspheres co-
encapsulating DPSC
and VEGF

Electrostatic

microdroplet method

To support differentiation
of DPSC in vitro and
neotissue regeneration in
vivo by using
immunodeficient nude

mice.

Stimulation of DPSC differentiation
in vitro and pulp-like tissue
regeneration in vivo after
subcutaneous implantation with
tooth slices in a nude mouse model
for 1 month by the incorporation of
laponite and the sustained release of
VEGF.

(R. Zhang et al.,
2020)
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Glycol-chitosan

Double network

To investigate the effect

Upregulation of DSPP, DMP1 and

(Cao, Yang, Qu,

(GC)-based gelation under of hydrogel scaffolds on | ALP expression significantly after Han, & Wang,
single/dual-network | physiological biological behavior of 14 days in the dual-network 2020)
hydrogels environmental encapsulated DPSC. hydrogels. Formation of more

conditions through mineralization deposition and mass-

Schiff reaction and shaped mineralized nodules in the

electrostatic dual-network hydrogels compared to

interaction single-network hydrogels.
Crosslinked HA gel Crosslinking with In vivo analyses by Formation of dentin—pulp-like tissue | (L. Tan etal.,
containing tooth bud- | BDDE and mixing injection subcutaneously | with a typical well-organized 2015)

derived dental
mesenchymal cells
and transforming
growth factor-f1
(TGF-B1)

with cells and TGF-
B1

into nude mice as well as
in empty tooth slices and
the pulp chambers of

mini pigs.

dentinal tubular structure and
columnar odontoblast-like cells.
High expression of the genes DSPP,
DMP-1, MEPE and BSP.
Neoformation of destroyed dentin.

12



Star-shaped block Ring opening To deliver hypoxia- Enhancement of angiogenesis inside | (Kuang et al.,
copolymer-poly(l- polymerization primed DPSC and the pulp chamber and promotion of | 2016)

lactic acid)-block- regenerate dental pulp the formation of odontoblast-like

poly(I-lysine) that with a rich vasculature cells lining along the dentin—pulp

self-assembles into and a complex histologic | interface in the hypoxia group

unique nanofibrous structure similar to that significantly compared to control

spongy microspheres of the native dental pulp. | after 4 weeks.

Keratin hydrogels 10-12 h of incubation | In vivo analyses of Confirmation the biocompatibility of | (Ajay Sharma et
made by keratins at 37°C hydrogels implanted into | the hydrogels following 4 weeks al., 2017)

extracted from sheep

wool

rat upper molar teeth
following partial

pulpotomy.

after implantation in rat dental pulp.
Organization of normal radicular
pulp tissue with no adverse
reactions. Observation of pulp
healing to occur by a reparative
response, with widespread DMP1

expression.

13



Fibrin gels loaded
with extracellular
vesicles isolated from
DPSC

Mixing the fibrinogen
stock solution
containing vesicles
with the cell-loaded
polymerization
solution containing
thrombin and CaCl,

To test angiogenesis
capacity as well as
collagen deposition by
using co-cultured
endothelial cells and
DPSC in the gels.

Facilitation of vascular-like structure
formation in less than 7 days by
increasing the release of VEGF.
Promotion of the deposition of
collagen 1, 111, and 1V, and readily
induced apoptosis during the initial

stage of angiogenesis.

(S. Zhang et al.,
2020)

Cellularized fibrin
hydrogel
supplemented with
chitosan

Self-assembling

To support dental pulp
tissue neoformation
while confering
antibacterial property.

Observation of a potent antibacterial
effect of the chitosan in the fibrin
network, and similar dental pulp-
mesenchymal stem/stromal cell
viability, fibroblast-like morphology,
proliferation rate and type I/111

collagen production capacity.

(Ducret et al.,
2019)

Chitosan hydrogel

Pregel involving B-

glycerophosphate

In vitro analyses using

stem cells from the apical

Promotion of viability, proliferation,

and migration of stem cells from the

(M. S. Moreira et
al., 2021)
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disodium salt hydrate
(crosslinker) becomes
hydrogel at 37°C.

papilla and in vivo
analyses using a rodent
orthotopic dental pulp
regeneration model under
the influence of
photobiomodulation
therapy.

apical papilla in vitro when
photobiomodulation therapy was
applied especially with the energy
density of 5 J/cm?. Formation of
pulp-like tissue inside the root canal

in vivo.

Silver-doped
bioactive
glass/chitosan
hydrogel (Ag-
BG/CS)

Pregel involving
sodium -
glycerophosphate
(crosslinker) and Ag-
BG becomes
hydrogel at 37°C.

To explore the molecular
mechanisms of Ag-
BG/CS in regards to its
bioactive and anti-

inflammatory properties.

Stimulation of dentin formation and
preservation of vital pulp tissue.
Enhancement of pulpal repair
through the mitogen-activated
protein kinase (MAPK) pathway by
phosphorylation of p38 and
ERK1/2(p42/44).

(Zhu et al., 2019)
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1.2.4.1  Hyaluronic Acid

Hyaluronan or hyaluronic acid (HA) holds great potential to be utilized as a raw
material to prepare hydrogels for pulp tissue engineering since pulp ECM contains
glycosaminoglycans like HA (Goldberg & Hirata, 2017) which contributes to the
initial development of dental pulp (Inuyama et al., 2010) and induces odontoblastic
differentiation of DPSC via CD44 (Ahmadian et al., 2019), suggesting that HA
which can be formulated as an injectable hydrogel allowing cell infiltration and
growth is ideal biomaterial for pulp repair and regeneration. Indeed, HA, a naturally
occurring non-sulphated anionic polysaccharide, is composed of alternating units of
a repeating disaccharide (B-1,4-D-glucuronic acid and [-1,3-N-acetyl-D—
glucosamine), whose functional groups enable formation of new covalent bonds with
surrounding tissue by continuously transforming it into necessary HA derivatives in
the presence of biological molecules and signals (Ahmadian et al., 2019; G. Huang
& Huang, 2018). These dynamic interactions and HA turnover are extremely
important in physiological processes that are directly associated with rapidity of

regeneration and wound repair (Fraser, Laurent, & Laurent, 1997).

In a previous study, injectable HA hydrogels reinforced with cellulose nanocrystals
(CNCs) and enriched with platelet lysate (PL) were tested for endodontic tissue
regeneration (Silva et al., 2018). The results demonstrated that the release of the
chemotactic and pro-angiogenic growth factors (PDGF and VEGF) from the PL-
laden hydrogels promoted (i) cell recruitment by chemotactic stimuli and (ii) cell
sprouting by angiogenic stimuli in DPSC/HUVEC co-cultures in vitro. Moreover,
the encapsulated DPSC was supported by the PL-laden hydrogels better when
compared to the groups without PL in vitro. Furthermore, the hydrogels were capable
of recruiting dental pulp-origin cells and enhancing new vessel-like structures
sprouting in an ex vivo model (chick chorioallantoic membrane-CAM assay). In
another study, HA hydrogels containing tooth bud-derived dental mesenchymal cells
and transforming growth factor-p1 (TGF-B1) were prepared and injected
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subcutaneously into nude mice as well as in empty tooth slices and the pulp chambers
of mini pigs (L. Tan et al., 2015). In the nude mice model, a new tissue formation
similar to dentin—pulp tissue with a typical well-organized dentinal tubular structure
and columnar odontoblast-like cells were detected 7 weeks after injection. The
following studies conducted by using empty tooth slices and the pulp chambers of
mini pigs after the removal of total pulp and partial dentin confirmed the repairment

of the dentin-pulp tissue.

1.2.4.2 Gelatin

Gelatin (Gel) is inexpensive, denatured collagen that can be derived from a variety
of sources, while retaining natural cell binding motifs, such as RGD, as well as
MMP-sensitive degradation sites (Galis & Khatri, 2002). In the literature, Gel was
combined with alginate and bioplotted layer by layer to form 3D scaffolds, followed
by post-crosslinking with glutaraldehyde (Pan, Song, Cao, & Wang, 2016) which
were tested for dental pulp regeneration in a following study (Yu et al., 2019).
Gel/alginate (20/4 wt%) scaffolds promoted biomineralization of DPSC in vitro.
Moreover, the biomineralization-related genes (ALP, OCN, and DSPP) exhibited an

upregulation in their expressions.

Gel derivatives have been utilized to bring out new properties of Gel-based
biomaterials. For instance, addition of methacrylate groups to the amine-containing
side groups of Gel are fuctional to make it photopolymerizable that can be converted
into a hydrogel comprising stablility at 37 °C (Nichol et al., 2010), which is called
photocrosslinkable gelatin methacryloyl or gelatin methacrylate (GelMA). Since
GelMA consisted of modified natural ECM components (Van Den Bulcke et al.,
2000), it is considered as a potentially attractive material for tissue engineering
applications owing to its capability of cell/tissue adherence and biodegradability in
the presence of matrix metalloproteinases (Ribeiro et al., 2020). In the literature, it
was repoted that DPSC and HUVEC encapsulated GelMA hydrogels (5%) were

injected into tooth root segments to regenerate pulp tissue and it was reported that
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the cells adhered to the inner dentin surface of tooth root segments (Khayat et al.,
2017). Moreover, the infiltration of DPSC into the dentin tubules was detected
besides a well-organized neovasculature formation. In another study, injectable
DPSC-laden GelMA microspheres were prepared by the electrostatic microdroplet
method to induce endodondic regeneration (T. Yang et al., 2021). Regeneration of
pulp-like tissue was observed and neovascularization of the pulp-like tissue formed
in the DPSC-laden GelMA microsphere group more extensively compared to the
DPSC-laden bulk GelMA group 8 weeks after subcutaneous implantation in a nude

mouse model.

1.24.3 Pectin

Pectin (Pec) is an acidic water soluble, inexpensive, nontoxic heterogenous
polysaccharide extracted from citrus peel or apple pomace. It contains linear chains
of (1-4) linked o-d-galactouronic acid residues interrupted by some
rhamnogalacturonic acid residue and o-l-rhamnopyranose by a-1-2 linkage. The
galactouronic acid of backbone is partially methyl esterified (Sriamornsak,
Wattanakorn, Nunthanid, & Puttipipatkhachorn, 2008). Pec is widely used in food
technology because of its favourable gelling properties. Due to its biocompatibility,
biodegradability and non-toxicity, Pec represents an attractive biopolymer for a
variety of pharmaceutical and biomedical applications (Sriamornsak, Thirawong, et
al., 2008). Pec hydrogels could be easily prepared by using nontoxic crosslinkers
such as (i) CaCl, by adding it into Pec solutions with the molar ratio of Ca?* ions/Pec
carboxyl groups: 0.2 (Groult, Buwalda, & Budtova, 2021) or (ii) CaCOs by internal
gelation method (H. R. Moreira et al., 2014). Then, these hydrogels could be
converted into cryogels, aerogels, and xerogels by using fast and simple techniques,
namely freeze drying, supercritical drying, and evaporation under low vacuum,
respectively. In another study, polygalacturonic acid (PGA), i.e. Pec, hydrogels were
fabricated with anodic electrophoretic deposition (EPD), which were also combined
with bioactive particles such as TiO», hydroxyapatite, and bioactive glass to create
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Pec hydrogel composites for bone regeneration (Clifford et al., 2020). The results
showed that Saos-2 cells were able to proliferate onto the Pec hydrogel films in vitro,
pointing out that Pec was a suitable natural polymer to achieve rapid surface
modification of metallic implants. Moreover, injectable Pec hydrogels could be
fabricated containing various other biomaterials. For instance, in a study, injectable
chitosan (CS)/Pec hydrogels mimicking ECM were combined with cellulose
nanocrystals (CNCs) to improve mechanical properties of the hydrogels for cartilage
tissue engineering (Ghorbani, Roshangar, & Rad, 2020). In another study, Pec was
utilized as an injectability enhancer of bone substitutes composed of
hydroxyapatite/chitosan granules (the aggregate), a-TCP (the setting phase), and Pec
solution (the liquid phase) (Dziadek, Zima, Cichon, Czechowska, & Slésarczyk,
2020).

Thiol containing ligands can be introduced into polysaccharide chain with the
formation of amide or ester bonds. Thiol side chain of thiolated polymers interacts
with cysteine rich subdomains of mucus glycoprotein forming stronger disulfide
bonds (covalent bonds) between mucoadhesive polymer and mucus layer (Bernkop-
Schniirch, 2005). During earlier investigations of thiolated chitosan (Bernkop-
Schniirch, Hornof, & Zoidl, 2003), alginate (Bernkop-Schniirch, Kast, & Richter,
2001), gellan (Krauland, Leitner, & Bernkop-Schniirch, 2003), Pec (Perera,
Hombach, & Bernkop-Schniirch, 2010; R. Sharma & Ahuja, 2011) have been

prepared to improve their mucoadhesive properties.

1.3 Delivery Systems

Controlled release of bioactive agents incorporated into the hydrogel system
supports the recovery process (Prasad, Gupta, Devanna, & Jayasurya, 2014; W.
Zhang & Yelick, 2010). In order to achieve this goal, other delivery systems such as
fibers or microspheres can be added into the hydrogel or the hydrogel itself can be
loaded with bioactive agents. Moreover, delivery system of bioactive agents that

have been preferred and designed for a tissue-engineered construct remarkably
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affects; i) release kinetics (that should be above the optimal level), ii) concentrations
(that should be unphysiologically high), and iii) duration time (that should

considered according to half-life of a molecule) (Stevens, 2008) (Figure 1.2).

@ ® @ Growth factors
[ Nanoparticle

‘ Microparticle

™ Hydrogel

Figure 1.2 Schematic of various potential drug delivery approaches for the delivery
of (a, b) a single growth factor or (c, d) multiple growth factors (Lee & Shin, 2007,
Stevens, 2008).

131 Microspheres

When microspheres are introduced into an injectable hydrogel system, they tailor the
release behavior of the bioactive agents from the hydrogels and do not hinder the
injectability of the overall system due to their spherical shape and small size (Prasad

et al., 2014). Microspheres can be prepared by using various techniques such as
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electrospraying, water-in-oil-in-water emulsions, solvent evaporation, spray drying,

electro-hydrodynamic atomization, etc.

1.3.1.1 Chitosan

Chitosan (CS), namely poly (B-(1—4)-2-amino-2-deoxy-D-glucose), is a natural
linear cationic polysaccharide derived from chitin-based exoskeleton of marine
crustaceans by alkaline N-deacetylation and can be readily converted into
microspheres (Zeng et al., 2011). CS has suitable properties as a drug carrier such as
high moisturizing and adsorption capacity (W. Wang et al., 2020) besides its non-
toxicity (Yu Yang et al., 2014). CS has been widely used as an effective biopolymer
in various fields of medicine and dentistry, e.g. as an anti-inflammatory root canal
dressing material for periapical lesions (Cicciu, Fiorillo, & Cervino, 2019; Kmiec,
Pighinelli, Tedesco, Silva, & Reis, 2017). It has been proven that CS took role in (i)
stimulation of fibroblastic cells to release chemotactic inflammatory cytokines (e.g.
interleukin 8), (ii) migration of polymorphonuclear leukocytes and macrophages at
the early stage, and (iii) angiogenesis, reorganization of ECM, and granulation at the
final stage of wound healing (Mori et al., 1997; Peluso et al., 1994; Ueno et al.,
1999). Furthermore, antibacterial action has exhibited by CS against oral bacteria in
which electrostatically negatively charged surface of bacterial cells in the interaction
with the positively-charged amino groups (NH3*) may cause damage to the cell wall,
alterations in permeability & barrier properties, and leakage of cell contents,
sequentially (Kmiec et al., 2017; J. Li & Zhuang, 2020).

Additionally, the effect of CS monomers (namely D-Glucosamine hydrochloride) on
odontogenic differentiation has been demonstrated in a previous study which was
conducted by using osteoblastic culture of NOS-1 cells (Matsunaga et al., 2006). It
was reported that alkaline phosphatase (ALP) activity significantly increased in the
CS group after 3 days. Then, odontoblastic cells were detected at the periphery of
the proliferated fibroblasts after 5 days.

21



1.3.2 Fibers

Micro-/nano-fibers can be incorporated into hydrogel systems in order to mimic
native ECM of tissues. However, the injectability of the hydrogel system may not be
retained if the fibrous part is not homogeneously distributed within hydrogel
structure or the fibrous particulates have large sizes acting as bulk materials within
hydrogels. There are many methods to fabricate fibers such as electrospinning, 3D-

printing, thermally induced phase separation combined with other methods, etc.

1.3.21  Poly(methylmethacrylate)

Poly(methylmethacrylate) (PMMA) is a non-degradable, synthetic, thermoplastic
acrylic polymer synthesized by methyl methacrylate monomers having superior
properties to metals such as radiolucency, light-weight, lack of thermoconduction,
and low cost (Fiaschi et al., 2016; Tihan, lonita, Popescu, & lordachescu, 2009).
After the first production of hard and transparent PMMA in sheet form called
‘Plexiglas’, it was replaced with the previous golden standard in dentistry, namely
vulcanite which is a hard and opaque rubber; thus it prevents light from inducing
gingiva cells for their metabolic activities (Anusavice, Shen, & Rawls, 2013). Also,
the toxic effects of mercury-containing amalgam as a dental filler material has forced
the researches to replace it with safer biomaterials such as PMMA (Blasiak et al.,
2011). Among hard tissue restoratives, PMMA was used in dentistry since 1930s;
furthermore, together with stainless steel, PMMA was a common material in total
hip replacements (Langer & Tirrell, 2004; Peppas & Langer, 1994; Ratner, Hoffman,
Schoen, & Lemons, 2004).

In the medical field, biocompatibility of PMMA was clearly identified and its well-
defined chemistry due to its controlled synthesis unlike heterogeneous production of
natural polymers with its easy handling makes it reliable during operation and has
been increasing its utilization for contact and intraocular lens, bone cements,

alloplastic cranioplasty, and screw fixation in bone, etc (Eppley, 2005; Frazer, Byron,
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Osborne, & West, 2005). In spite of these excellent properties, PMMA possesses
two basic disadvantages mentioned in the literature; i) the heat production during in
situ polymerization unless it is polymerized outside the defect region in terms of the
shape and size of the defect site and ii) the brittleness under high loads unless it is
combined with additive materials that modify mechanical properties (Fiaschi et al.,
2016). Although PMMA implants have been examined intensively in dental
applications, PMMA scaffolds particularly those in electropun form have not been
exemplified excessively in the field of regenerative dentistry. For instance,
electrospun PMMA scaffolds were produced to test respiratory epithelium cells in
vitro (Rabiatul et al., 2015). Furthermore, acceleration of osteoblast differentiation
was studied on PMMA/hydroxyapatite scaffolds fabricated via electrospinning;
however, the scaffolds were not evaluated specifically for odontogenic response
(Xing et al., 2013).

1.3.2.2 Silk Fibroin

Natural biopolymer silk cocoon spun by silkworm species named as Bombyx Mori
is composed of two types of biocompatible proteins called fibroin and sericin, and
silk fibroin (SF) can be removed in fibrous form leaving the rubbery sericin coverage
behind in order to be safe in terms of inflammatory response (M. Yang, 2017).
Besides low thrombogenicity, excellent biodegradability and non-toxic by-products,
high permeability to oxygen and water vapor of SF have attracted researchers
(Woloszyk et al., 2014). Furthermore, SF was reported to enhance hard tissue
ingrowth by adult human progenitor bone marrow stromal cells while withstanding
loads via possessing compressive strength and toughness; hence, it serves
bifunctionality as a bone scaffold (K.-H. Kim et al., 2005). In addition, SF-involving
scaffolds prepared by using salt leaching technique were successful to provide
proliferation of DPSC in vivo in the presence of human amniotic fluid, while the
same type of cells were stimulated in another study carried out with SF-based
scaffolds and enhanced mineralization of DPSC were observed under dynamic
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conditions with mechanical loading in vitro which is important factor both bone and
dental tissue microenvironment (Riccio et al.,, 2012; Woloszyk et al., 2014).
Additionally, basic fibroblast growth factor-incorporated porous SF scaffolds
produced by freeze drying method were reported as promoting pulp-like tissue
formation after seeding of DPSC (J.-w. Yang, Zhang, Sun, Song, & Chen, 2015).
Moreover, the composite films comprised of SF and graphene oxide were tested to
detect the response of periodontal ligament stem cells in vitro and the cells
proliferated on SF-based scaffolds at higher proliferation rates in graphene oxide
added-SF films (Rodriguez-Lozano et al., 2014). On the other hand, in a different
study conducted with SF-based constructs as a model for guided bone regeneration
after dental surgery, degradation rate of the scaffolds was shown to be tailored by
the incorporation of hydroxyapatite. SF scaffolds without hydroxyapatite crystals
maintained within artificial bone defects on rabbit femur for 8 weeks (Asakura et al.,
2011).

1.4  Bioactive Agents for Dental Tissue Engineering

1.4.1 Tideglusib

Tideglusib® (Td), a glycogen synthase-3 (GSK-3) inhibitor molecule, was developed
as a candidate drug for Alzheimer’s Disease patients, having Phase II clinical trial
statute (Lovestone et al., 2015). The molecular structure of Td is given in Figure 1.3.
Its therapeutic efficacy has been tested for other diseases such as progressive nuclear
palsy (Tolosa et al., 2014) or myotonic dystrophy (Konieczny et al., 2017). Recently,
it has been discovered that Td could enhance regeneration of hard tissues e.g. bone
or tooth (Alpan, Calisir, Kizildag, Ozdede, & Ozmen, 2020; Comeau-Gauthier,
Tarchala, Luna, Harvey, & Me