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ABSTRACT

BIOACTIVE AGENT LOADED HYDROGEL SYSTEMS FOR DEN TAL
TISSUE ENGINEERING APPLICATIONS

Atila, Deniz Hazal
Doctor of PhilosophyEngineering Sciences
Supevisor Pr of . Dr. Ayken Tezcaner
Co-SupervisorProf.DrVas éf Haseér ce

September 202176 pages

Use of tissue engineered oral restoratiadpcts is currently a popular approach for
treating dental defects that adversely affect oral health in ageing populations. Among
scaffolds composed of loAgsting porous ceramics and biodegradable natural or
synthetic polymers with varying service livésjectable hydrogels attract attention

to regenerate dental pulp due to the capability of filling-anpifiorm voids such as

pulp cavity. In this study, two types of injectable hydrogels were formulized by
designing distinct morphologies with the utilizatiof different biomaterials. Firstly,
Tideglusib (Tdjloaded 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 ginsenosidef&gmatching 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) incorporatel thie
electrospurcore/shell fibers, i.emelatonin (Melloadedpolymethylmethacrylate
(PMMA)/Td-loaded silk fibroin (SF) as the core and the shell components

respectively,were designed as an alternative injectable hydrogel for vital pulp



regenerationproviding 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,-2Axin
DSPP, and DMP1) confirmed odtwgenic differentiation of DPSC which were
incubated with Tdoaded HAH hydrogels incorporated with Riglahded CSM
microspheres. Angiogenic potential of the Rigihtaining hydrogel systems among

all the other groups were shown on Matrigalsitro 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, HydrogelElectrospun FiberaMicrospheresDental Tissue
Engineering
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DKk DOKU M! HENDKSLKJK UYGULAMALARI NA
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Yakl anan pop¢l asyonl arda ajéz sajl éjéne

etmek i -in doku m¢ghendisliji il1le geliktir
géenegmegzde popeler bir yaklakemder . Uzun

hi zmegne myrahip biyobozunur doj al veya se
i skeleleri arasénda, enjekte edilebilir |
bokl ukl ar é dol dur ma kabiliyet.: il e di K
-alekxmada, | zamkl erbeybmakl & morfolojiler
edilebilir hidrojel form¢gle edil mi ktir.

Rgl'in kontrollg¢ salénéméné sajl ayan, Rg
birlexktiril ni ky¢Tkildéee ghH ywasli br o(nTidk asit hidr
rejenerasyonun i ki t e mel gereksinimini;

(DPSC) odontobl asti k farkl élakmasé ve (i
i -in geliktirild4ie] i Kiklimick -oé¢lairradke k /eklaebkutl

(mel atonin ( Mel) yékil ¢ pol i metil metakr:i
(SF):-ekirdek/ kabuk) i1l e birlexkxtirilmik |j
(PecTH) hidrojelleri (GelIMA/PecTH), DPSC'nin proliferasyinu ve odontoblastik

farkl el akmaséné ind¢gklemek 1 -in Td ve M

vii



boyunca sajlayan, alternatif enjekte edil ebi

sajl amak ama-|l¢é& tasarl anmémlkerm(COLIKL, k f or m¢l a
ALP, OCN, Axin2 , DSPP ve DMP1) i fadesi , Rgl ye¢kl ¢
birlextirilmik Td ye¢kl ¢ HAH hidrojell eri I
farkl el akt éj] éné dojrul améexteéer . Rg1l i -eren
potansiyel HUVEC il e Matinivitre@ QP et e r¢izlemmiikntdier . K k
form¢glasyon i -in yapélan h¢gcre canl él @] é& an

birlextirilen Gel MA/ PecTH hidrojel grupl ar é
g°estermiktiest AePi akMevi Td ©rané 3/ 1 olan P

grupl arénda DPSCO6nin en y¢ksek odontojenik

gestermi kKtir. Bu nedenl e, b u yeni enj ekt
rejenerasyonunu sajl categallepdo.t asi yel i ne sahip
Anahtar Kelimeler: T degl usi b, Hi droj el El ektroejirildr

Di Kk Doku MErmfazla 8anahtarn k¢lime)
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CHAPTER 1

INTRODUCTION

1.1 Dental Tissue

Teeth, 20% surface area tets 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 tim@én & Sharpe, 2008)They serve endurance

under attritional forces lifelong owing to unique structural design of soft and hard
tissuef Gal | er & D Br&oouter#o,inne2 1@y&rd; gnamel, dentin, dental
pulp, cementum, periodontal ligament, laminarad and alveolar bone are the

sequential tooth parts (Figurell

Cementum

Alveolar ® "
Bone '

Lamina
Dura

Figure 1.1 Sketchradiograph of a tootlf Gal | er & DO6Souza, 2011
Enamel (E): the visible tobtlayer; 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 attachmeavity 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 bongNanci, 2007) Enamel deposited by ameloblasts (i.e.,
specialized dental epithelial cells), is thedest 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 d&@atier

& D06 Souz.aDbentin2 @raducgd by odontoblasts (i.e., highly specialized
mesenciimal cells), underlies below the enamel, and acquires a tubular bonelike
architecture with an elastic feature possessing nearly 50% mineral content
(Zaslansky, Friesem, & Weiner, 200®)ental pulp composes the core of a tooth
within which involves a living connective tissue; fibroblasts, odontoblasts,
cementoblasts, nerve bundles, blood vessels, and lymph(daot& Sharpe, 2008)
Odontoblasts align peripheral region of the dental pulp and forrdegarn matrix

which is a collagenous network, followed by mineralization of that m@@atler &

D 6 S o B0413 Once the prelentin 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 p{Bashley,
Livingston, & Greenhill, 1978)Dentin is an avascular but sensitive and regenerative
layer since it can be restored by cytoplasmic extensions of odast®br pulp cells
through the tubules and can trigger siposition in the case of ne@danci, 2@7).

1.1.1 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 invgsibrzhang & Yelick,



2010) In the case of pulp comtanation, 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 totlg®oth
(Veerayutthwilai, Byers, Pham, Darveau, & Dale, 200¥ected pulp often cannot

be completely heell due to its physical location and tisspecific properties
(Farges et al., 2015)

1.2  Treatments for Diseasedental Pulp

1.2.1 Endodontic Therapy

Endodontic therapy, i.e. root canal treatment, is one of the most comosady
methods in dentistryhich is a procedure for the removalointaminated or injured
dental tissue, refilling, and sealin§f the newly formed/oid with synthetianaterial

to prevent potentialfuture contamination(W. Zhang & Yelick, 201Q) 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., 2019However, uncertain outcomes such as secondary root
canal treatmenhaybe neede(Hannahan & Eleazer, 2008ince cirrent endodontic
techniquegeplace the vital pulp with synthetic materials, rather than living tissue.
Extruded endodontic materials can cause a foreign body reaftiain, 2006)
Moreover, plpless teeth lose their ability to sense environmental changes, making
the progression of caries unnoticeable by pati@htsZhang & Yelick, 201Q)

1.2.2 Dental Pulp Regeneration

In order to avoiddestroying 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 regeneraijboarte Campos et al., 2020; Morotomi,
Washio, & Kitamura, 2019)Vital pulp therapy consists of indirect and direct pulp



capping including pulpotomy, which all aim to peot the viability of remaining
odontoblasts and provide a barrier against exogepati®gengFuks, 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 issuasist be considered:)(to induce
odontogenic differentiation of stem cells for proper fiordhg and (ii) to ensure
revascularization crucial for averting pulp necrosis and thus facilitating pulp
regeneratior{Gaihre, Uswatta, & Jayasuriya, 201The presence of differentiated
odontoblasts lining the inner wall of the pulp chamber and root canal can facilitate
repair of the functional dentipulp 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 fromhe narrow apical end of the tooth, and cause pulp ne¢rdBis r s
et al., 2016)Therefore, differentiation rate of DPSC should be wuglled.

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,p o | -gaprdlactone)
(PCL)/gelatin(Gel) scaffolds were electrospun with or without the addition of nano
hydroxyapatite (nHA) and behavior of hamdental pulp stem cells (DPSC) seeded
on these scaffolds were tesiadvitro andin vivo. The subcutaneous pockets were
created at the back of nude mice and scaffolds folded twice inttayed were
implanted. It was observed that electrospun composdaffolds made of
PCL/Gel/nHA and PCL/Gel, supported the proliferation and odontogenic
differentiation of DPS@X. Yang et al., 2010Moreover, hard tissue formation was
observed in the cell/scaffold composite groupgivo. In another study, porous poly
(L-lactic acid) (PLLA) scaffolds; (i) PLLA with soligvalled (SW) surface and (ii)

PLLA nancfibrous (NF) surface were produced by phase separation technique. Both



were testedh vitro using DPSC anth vivoby transplanting DPSC seeded scaffolds
into two subctaneous pockets after midsagittal incision on the dorsa of nude mice
to observe the effect of fibrous or nrbhrous surfaces on dentin regeneration.
Results showed that the MNFLLA scaffolds enhanced the odontogenic
differentiation of DPSC and mineralizan of scaffolds was observed bathvitro
andin vivo (J. Wang et al., 2011)n a different study, 3D cellulose acetate/oxidized
pullulan/gelatin scaffolds with a tubular morphology were prepared by thermally
induced phase separation and porogen leaching me(Radset al., 2019)The
scaffoldswere incorporated withhoron (B) modified bioactive glass nanoparticles
(BG-NPs) which stimulated the odontogenic differetitisn of DPSC at most in the
groups containing higher percents of B and-BBsin vitro.

124 Injectable Scaffolds

During determination of material type for successful pulp regeneration, several
features of pulp tissuéheuld be taken into account. For instancagility of pulp
(softtissue)y r r egul ar shape of pulp cavity, and
all pose difficulties for préormed scaffolds with predeterminstiape during design

and implantation intthe defect site without causing hafRehrenbach & Popowics,

2015) Thereforejnjectable scaffolds are preferred for dental pulp treatments owing

to their superior characteristics such as (i) minimal invasiveness and maximal
sterility, (ii) capability of filling nonruniform defects, and (iii) homogeneous

delivery of bioactive molades 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 connegve tissue including dental pulfhus enabling them to mimic native soft
tissue extracellular matrix (ECM) by means of nutrient/wdstesfer and cell
encapsulatiofinuyama et al., 2010; L. A. Sharma & Love, 2019ble 1.1 includes
recently formulatednjectable systems for dentissue engineeringmainly for



dental pulpregenerationTo prepare injectable hydrogels, different polymers and

crosslinkingmechanisms were utilized as listed below.



Tablel.1 Injectable systemf®r dental tissue engineering.

Material Method Aim Findings Reference
HA hydrogels Hydrazone cross To test the ability of the | Stimulation ofchenotactic and pro | (Silva et al.,
reinforced with linking between hydrogels to promote angiogenic etivity by promoting 2018)
cellulose nanocrystal hydrazide/amine and| cells recruitment and DPSCrecruitment and cell sprouting
and enriched wh aldehyde groups of | proangiogenic activityn | in DPSCHUVEC co-culturesin
platelet lysate aldehyde and vitro. vitro and in arex vivomodelby

hydrazide derivatives chick chorioallantoic membrane

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

halloysite
aluminosilicate
nanotubemodified
GelMA hydrogel

vivo for sustained
intracanal drug delivery
applications in

endodontics

growthdue to successfulrug
deliverywith minimal cell toxicity
onhuman stem celisom exfoliated

deciduous teeth




VEGF-encapsulated
heparinconjugated
gelatin nanospheres
immobilized n the
nanofibers of an
injectable PLLA

microspheres

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

To regenerate living pulp
tissues in a fullength
root canal by mincking
clinical operation using
freshly extracted human
teeth.

Regeneration of puliike tissues tha
fulfilled the entire apical and middle
thirds and reached the coronal thir
of the fulklength root canal and
regeneratioof number otblood

vessels thraghout the canah vivo.

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

DPSC and HUVEE
encapsulated peptidg
hydrogel

PuraMatr i

Gelation by gently
running culture mediz
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 pulm vivo.

Formation ofvascularized pullike
tissue with patches of osteodentin
after transplantain in micein both
themonocultureof DPSC and
coculture groups of DPSC and
HUVEC.

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




Commercially
Available HA
Hydrogel (Restylane)

Chemially
crosslinked with
BDDE

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

regeneration.

Promotion of survival,
mineralizationand differentiation
into an odontoblastic phenotypé o
stem cells from apical papillay
upregulation oDSPR DMP1, and
matrix extracellular

phosphoglycoprotei(MEPE).

(Chrepa, Austa,
& Diogenes,
2017)

Commercially
available HyStem
CE
polyethylene glycol
diacrylate (PEGDA),
HA, and gelatin

COMmMpoS ¢

components

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

(crosslinker).

To testthe hypothesis
that a PEGDAHA based
hydrogel combined with
gelatin and fibronectin
can support DPSC
viability and spreading
using anin vitro
injectable 3D cell

delivery strategy.

Enhancement of cell viability with
t he i ncr eas.i gettinr
for 14 days. Enhancement c#ll
proliferation wth added fibronectin
(1.01 0. 0 )owpertimd
Determination offibronectin
concentration . 1 ¢ tg ihdude

cell spreading

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




Two types of PLLA
microspheres with
nanofibrous or

smooth surface

Pouring the solution
into liquid nitrogen &
solvent exchange ant

traditional solvent

To examine the ability of

the injectable systems ta

promote pulp

regeneration in the root

Confirmation ofbiocompatibility,
biosafety and odontogenic potentia
of fibrousand smoth bioactive

injectable microspheres. Promotior]

(Garzon et al.,
2018)

forming bioactive evaporation canalin vivo. of dentin regenerationy the

aggregates containin microspheres and DPSg vitro and

DPSC in vivo.

Selfadherimgy Addition of To evaluate the pulpal | Stimulatedof the formation of (Pedano et al.,

phosphopullulan
functionalized
calciumsilicate

cement

phosphopullulan
powder into calcium
silicate cement

solution and shaking.

inflammatory reaction

and reparative dentin

formation capacity bgx

vivo human tootkculture

model andn vivo

minipig animal study.

fibrous tissue and mineralized foex
vivo. Promotion okarly
inflammatory reaction and
regeneration of the puliissue
interface by phosphopullulan
functionalized cemerand catrol
after 7 and 70 days, respectively.

2020)

10



Low-stiffness (235
Pa) and higtstiffness
(800 Pa) oligomeric
collagen matrices
encapsulatig DPSC

Selfassembly of type
| oligomeric collagen
derived from the
dermis of market

weight pigs

To evaluate longerm
cell survival, as well as
endothelial and
odontogenic
differentiation following

in vitro studies.

Upragulatedexpression of
endotheliaimarkersin the 235 Pa
matrices atr 28 days, and the
enhanceceffectupon VEGF
incorporation Promotion of ALP
activity in the 800 Pamatrices
Enhancement of mineralization in

BMP>-modified matrices

(Pankajakshan,
Voytik-Harbin,
N°r, & Bottino,
2020)

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

Electrostatic

microdroplet method

To support differentiatior
of DPSCin vitro and
neotissue regeneratiam
vivo by using
immunodeficient nude

mice.

Stimulation ofDPSCdifferentiation
in vitro andpulp-like tissue
regeneratiomn vivo after
subcutaneous implantation with
tooth slices in a nude mouse mode
for 1 monthby theincorporation of
laponite ad the sustained release ¢
VEGF.

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

Double network

To investigate the effect

Upregulation of DSPP, DMPand

(Cao, Yang, Qu,

(GC)-based gelation under of hydrogel scaffolds on | ALP expression signifigntly after Han, & Wang,
single/dualnetwork | physiological biological behavior of 14 days in theluatnetwork 2020)
hydrogels environmental encapsulate®PSC hydrogels Formation of more

conditions through mineralization deposition and masg

Schiff reaction and shaped mineralized nodulesthe

electrostatic duaknetwork hydrogelsompared to

interaction singlenetwork hydrogels
Crosslinked HA gel | Crosslinking with In vivoanalyses by Formation ofdentiri pulp-like tissue | (L. Tan et al.,
containing tooth bud | BDDE and mixing injection subcutaneously with a typical wellorganzed 2015)

derived dental
mesenchymal cells
and transforming
growth factorb 1
(TGFb 1)

with cells and TGF
b1l

into nude mice as well a¢
in empty tooth slices ang
the pulp chambers of

mini pigs.

dentinal tubular structure and
columnar odontobladike cells

High expression of the genes DSP
DMP-1, MEPE and BSP
Neoformation ofdestroyed dentin

12



Starshaped block Ring opening To deliver hypoxia Enhancement adngiogenesis inde | (Kuang et al.,
copolymetpoly(l- polymerization primed DPSC and the pulp chamber and promotion of 2016)

lactic acid}block- regenerate dental pulp | the formation of dontoblastike

poly(l-lysine) that with a rich vasculature | cells lining along the dentipulp

selfassembles into anda complex histologic| interfacein the hypoxia group

unique nanofibrous structure similar to that | significantlycompared to control

spongy microsphereg of the native dental pulp, after 4 weeks.

Keratin hydrogels 10-12 h of incubation| In vivoanalyses of Confirmation the biocompatibility o] (Ajay Sharma et
made bykeratins at 37AC hydrogels implanted into| the hydrogeldollowing 4 weeks al., 2017)

extracted from sheef

wool

rat upper molar teeth
following partial

pulpotomy.

after implantationn ratdental pulp
Organizationof normal radicular
pulp tissue with no adverse
reactions Observation opulp
healing to occur by a reparagiv
response, with widespread DIMIP

expression
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Fibrin gels loaded
with extracellular
vesicles isolated fron
DPSC

Mixing the fibrinogen
stock solution
containing vesicles
with the celtloaded
polymerization
solution containing
thrombin and CaGl

To testangiogenesis
capacity as well as
collagen deposition by
using cecultured
endothelial cells and
DPSC in the gels.

Facilitation ofvasculaslike structure
formation in less than days by
increasing the release of VEGF.
Promotion ofthe deposition of
collagen I, Ill, and 1V, and readily
induced apoptosis during the initial
stage of angiogenesis

(S. Zhang et al.,
2020)

Cellularized fibrin
hydrogel
supplemented with
chitosan

Selfassembling

To support dental pulp
tissue neoformation
while confering

antibacterial poperty.

Observation of potent antibacteria
effect of the chitosan in the fibrin
network, and similar dental pulp
mesenchymal stem/stromal cell
viability, fibroblastlike morphology,
proliferation rate and type I/llI

collagen production capacity.

(Ducret et al.,
2019)

Chitosan hydrogel

Pregel i-ny

glycerophosphate

In vitro analyses using

stem cells from the apica

Promotion olviability, proliferation,

and migration oktem cells fronthe

(M. S. Moreira et
al., 2021)
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disodium salt hydrate
(crosslinker) become
hydr ogel é

papilla andn vivo
analyses using a rodent
orthotopic dental pulp
regeneration model undg
the influence of
photobiomodulation
therapy.

apical papillain vitro when
photobiomodulation therapyas
appliedespecially with the energy
densi t y?2 Fofmat®nod / ¢
pulp-like tissue inside the root cana

in vivo.

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

Pregel involving
sodi-um b
glycerophosphate
(crosslinker) and Ag
BG becomes

hydr ogel é

To explore the molecula
mechanism of Ag
BG/CS in regards to its
bioactive and ani

inflammatory properties.

Stimulation of dentin formation and
preservation of vital pulp tissue.
Enhancement gfulpal repair
through the mitogeactivated
protein kinase (MAPK) pathwayy
phosphorylation bp38 and
ERKy/2(p42/44)

(Zhu et al., 2019)
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1.2.4.1 Hyaluronic Acid

Hyaluronan or hyaluran acid HA) holds great potential to be utilized as a raw
material to prepare hydrets for pulptissue engineering since pulp ECM contains
glycosaminoglycans like HAGoldberg & Hirata, 2017yvhich contributes to the
initial development of dental pulpnuyama et al., 201@Gnd induces odontoblastic
differentiation of DPSC via CD44Ahmadian 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 regeneratiotieed, HA a naturally
occurring norsulphated anionic polysaccharide, is composed of alternating units of
a repeati ng -H4Dsga cucchuarroind ec -1#Bbl-aceétytDia n d
glucosamine), whee 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 sig(@snadian 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 repéiraser, Laurent, & Laurent, 1997)

In a previous study, injectable HA hydrogels reinforced with cellulose nanocrystals
(CNCs) and enriched with platelet lysate (PL) were tefbedendodntic tissue
regeneration(Silva et al., 2018)The results demonstrated that the release of the
chemotactic and prangiogenic growth factors (PDGF and VEGF) from the PL
laden hydrogelpromoted (i) cell recruitment by chemotactic stimuli and (ii) cell
sprouting by angiogenic stimuli in DPSC/HUVEC-cwlturesin vitro. Moreover,

the encapsulate®PSC was supportelly the PlLladen hydrogels better when
compared to the groups without PLvitro. Furthermore, the hydrogels were capable
of recruiting dentalpulp-origin cells and enhancing new veskk¢ structures
sprouting in anex vivomodel ¢hick chorioallatoic membran€€AM assay. In
another study, HA hydrogels containing tooth faledived dental mesenchymal cells
and transforming growth factdr 1 -0 15) wer e prepared
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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 ndissueformation
similarto dentin pulp tissuewith a typical welorgankzed dentinal tubular structure

and columnar odontobladike cells were detected 7 weeks after injection. The
following studies conducted by using empty tooth slices and the pulp chambers of
mini pigsaftertheremoval of total pulp and partial dentin confirmed the repairment

of the dentirpulp 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 a® R&3 well as
MMP-sensitive degradation sitéSalis & Khatri, 2002) In the literature, Gel was
combined with alginate and bioplotted layer by layer to form 3D scaffolds, followed
by postcrosslinking with glutaraldehyd@an, Song, Cao, & Wang, 201%hich

were testedor dental pulp regeneratiom a folowing study(Yu et al., 2019)
Gel/alginate (20/4 wt%) scaffolds promoted biomineralization of DiRS@tro.
Moreover, the biomineralizatierelated genes (ALP, OCN, and DSPP) exhibited an

upregulation in their expressions.

Gel deivatives have beentilized to bring out new properties of Gehsed
biomaterials. For instancegdition of methacrylate groups to the amoentaining
side groups of Gelre fuctional to makie photopolymerizabl¢hat can be converted
into a hydrogel emprising stablilitya t ~ 3(Richdl €t al., 201Q)which is called
photocrosslinkable ejatin methacryloyl or gelatin methacrylate (GelMA). Since
GelMA consistedof modified natural ECM componen(¥an Den Bulcke et al.,
2000) it is considered aa potentially attractive material for tissuagmeering
applicationsowing to its capability of cell/tissue adherence and biodegradability in
the presence of matrix metalloproteina@ibeiro et al., 2020)in the literature, it
was repoted thabPSC and HUVEC encapsulated GelMA hydrogels (5%) were

injected into tooth root segments to regenerate fispeand it was reported that
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the cells allered to the inner dentin surface of tooth root segn{&tayat et al.,
2017) Moreover, the infiltration of DPS@to the dentin tubules was detected
besides a welbrganized neovasculature formatidn. another studyjnjectable
DPSGladen GelMA microsphesewere prepared by the electrostatic microdroplet
method to induce endodondic regeneratibnYang et al., 2021)Regeneration of
pulp-like tissue was observed andovasalarization of the pulgike tissueformed

in the DPSGadenGelMA microsphere group more extensively compared to the
DPSGladen bulk GeMA group 8 weeksafter subcutaneous implantation in a nude

mouse model.

1.2.4.3 Pectin

Pectin (Pec) is an acidic water soluble, inexpensive, nontoxic heterogenous
polysaccharide extracted from citrus peel or apple pomace. It contains linear chains
of (1i4) linked Ud-galactouronic acid residues interrupted by some
rhamnogal acturonile hamhdpy ra® diage. By d U U
galactouronic acid of backbone is partially methyl esterifi{@&tiamornsak,
Wattanakorn, Nunthanid, & Puttipipatkhachorn, 2008cis widely used in food
technology beaase of its favourable gelling properties. Due to its biocompatibility,
biodegradbility and nortoxicity, Pecrepresents an attractive biopolymer for a
variety of pharmaceutical and biomedical applicati@rs&amornsak, Thirawong, et

al., 2008) Pec hydrogels coulde easily preparedoy usingnontoxic crosslinkesr

such as (iCaCk by adding it into Pec solutions with the molar ratio of'Gans/Pec
carboxyl groups: 0.2Groult, Buwalda, & Budtova, 202Dy (ii) CaCQ by internal
gelation methodH. R. Moreira et al., 2014)Then, these hydrogels could be
converted into cryogels, aerogels, and xerogels by dagignd simple techniques,
namely freeze drying, supercriticdrying, andevaporation under low vacuym
respectivelyln another studypolygalacturonic acid (PGA), i.e. Pec, hydrogels were
fabricated with anodic electrophoretic deposition (EPD), which were also combined
with bioactive particles such as Tithydrocyapatite, and bioactive glass to create
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Pec hydrogel composites for bone regenerati@iiford et al., 2020) The results

showed that Sae cells were able to proliferate onto the Pec hydrogel fitrmro,

pointing out that Pec was a suitabletunal polymerto achieverapid surface

modification of metallic implantsMoreover, injectable Pec hydrogels could be
fabricated containing various other biomaterials. For instance, in a stjgbtable

chitosan (CS)/Pec hydrogels mimicking ECM were corath with cellulose
nanocrystals (CNCs) improvemechanical propertiesf the hydrogel$or cartilage

tissue engineerinfGhorbani, Roshangar, & Rad, 2020) anotheistudy, Peavas

utilized as an injectability enhancer of bone substitutes composed of
hydroxyapatite/ chit osTER (thgsetngphdse, andPdch e a g
solution (the liquid phasg) Dz i ad ek, Zi ma, Ci cho G, Czect
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 subdoains of mucus glycoprotein forming stronger disulfide

bonds (covalent bonds) between mucoadhesive polymer and mucu@Blerydop

Schny¢r c hDurin@ Gadliér )investigationsf thiolated chitoan (Bernkop
Schn¢rch, Hor n odiginateBerzkopSd hn ¢ 2006 3) Kast , &
2001) gellan ( Kr aul and, Leitner, & PeB@erartdk op Sc h
Hombach, & Bernkogsc hn¢r ¢ h, 2010; R. lBaveabeema & Al

prepared tamprove their mucoadhesive properties.

1.3 Delivery Systems

Controlled release of bioactive agents incorporated into the hydrogel system
supports the recovery proce@@rasad, 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 agentdloreover, delivery syem of bioactive agents that

have been preferred and designed for a tissngineered construct remarkably
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affects; i) elease kinetics (that should be above the optimal level), ii) concentrations
(that should be unphysiologically high), and iii) duration time (that should
considered according to hdife of a molecule)Stevens, 2008)Figure 1.2).

@ ® @ Growth factors
[ Nanoparticle

. Microparticle

[  Hydrogel

Figurel.2 Schematic of various potential drug delivery approaches for the delivery
of (a, b) a single growth factor or (c, d) multiple growth factbee & Shin, 2007,
Stevens, 2008)

1.3.1 Microspheres

When mtrospheres 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 sma(Fsasad

et al., 2014) Microspheres can be prepared by using various techniques such as
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electrospraying, water in oil i n water e

electrehydrodynamic atomization, etc.

1.3.1.1 Chitosan

Chitosan (CS)- 1N-aaminbdeopydglycosd),bis a natural
linear cationic polysaccharide derived from chit@sed exoskeleton of marine
crustaceans by alkaline -fkeacetylation and can be readily converted into
microsphere¢Zeng et al., 201). CS has suitable properties as a drug carrier such as
high moisturizing and adsorption capaqi¥y. Wang et al., 202Mesides its non
toxicity (Yu Yang et al., 2014 CShasbeen widely used am effective biopolymer

in various fields of medicine and dentisteyg.as an antinflammatay root canal
dressing material for periapical lesiohsCi c c i %, Fiori |lKmeg, & Cer
Pighinelli, Tedesco, Silva, & Reis, 201®)has been provetat CS to& role in (i)
stimulation offibroblastic cells to release chemotadgtitammatory cytokines (e.g.
interleukin 8, (ii) migration of polymorphonuclear leukocytes andcrophgesat

the early stageand (iii) angiogenesis, reganization oECM, and granulatiorat the

final stage of wound healin@Mori et al., 1997; Peluso et al., 1994; Ueno et al.,
1999) Furthermore, atibacterial agon has exhibited by CS against oral bacteria in
which dectrostatically negatively charged surface of bacterial cells in the interaction
with the positiely-charged amino groups (NF may cause damage to the cell yall
alterationsin permeability & barrier properties and leakage of cellcontents,
sequentiallKmiec et al., 2017; J. L& Zhuang, 2020)

Additionally, the effect of CS monomers (namBhGlucosamine hydrchloride) on
odontogenic differentiation has been demonstratealpreviousstudy which was
conducted by using osteoblastic culture of NDE&ells(Matsunaga et al2006) It

was reported that alkaline phosphatase (ALP) activity significantly increased in the
CS group after 3 day3hen,odontoblasticcells weredetected at the periphery of
the proliferatedibroblastsafter 5 days.
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1.3.2 Fibers

Micro-/nanacfibers can bericorporated 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 distribwigtiin hydrogel
structure othe fibrous particulates havarge size acting asulk materias within
hydrogels There are many methods to fabricate fibers ssaiectrospinning, 3b

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

1.3.2.1 Poly(methylmethacrylate)

Poly(methylmethacrylatefPMMA) is a nondegradable, synthetic, thermoplastic
acrylic polymer synthesized by methyl methacrylate monomers having superior
properties to metals such as radiolucency, {ighight, lack of thermoconduction,
and low cosft(Fiaschi et al., 2016; Tihan, lonita, Popescu, & lordachescu, 2009)
After the first production of hard and transparent PMMA in sheet form called
0Pl exi gl as o6, it was replaced with the
vulcanite whit is a hard and opaque rubber; thus it prevents light from inducing
gingiva cells for their metaboliactivities(Anusavice, Shen, & Rawls, 2013jlso,

the toxic effects of mercurgontaining amalgam as a dental filler material loasefd

the researches to replaitevith safer biomaterials such as PMMRBIasiak 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 replacement@d.anger & Tirrell, 2004Peppas & 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 wit its easy handling makes it reliable during operation and has
been increasing its utilization for contact and intraocular lens, bone cements,

alloplastic cranioplastygnds c r e w y x a tetc(Bppleyj 260; Eraxzer,d8yron,
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Osborne, & West, 2005)n 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 regitmms 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 propgfieschi 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 inhe field of regenerative dentistry. For instance,
electrospun PMMA scaffolds were produced to test respiratory epitheliumrcells
vitro (Rabiatul et al., 2015)urthermore, acceleration ofteoblast 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

Naturalbiopolymer silk cocoon spun by silkworm species nameBassbyx 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 rupbericin coverage
behind in order to be safe in terms of inflammatory respdheYang, 2017)
Besides low thrombogenicity, excellent biodegradability andtogit 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 edlie withstanding

loads via possessing compressive strength and toughness; hence, it serves
bifunctionality as a bone scaffo{f.-H. Kim et al., 2005)In addition, SFHnvolving
scaffolds prepared by using salt leaching technique were successful to provide
prdiferation of DPSCin vivo in the presence of human amniotic fluid, while the
same type of cells were stimulated in another study carried out wiba&se
scaffolds and enhanced mineralization of DPSC were observed under dynamic
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conditions with mechanic#&badingin vitro which is important factor both bone and
dental tissue microenvironmeriRiccio et al.,, 2012; Woloszyk et al., 2014)
Additionally, basic fibroblast growth factancorporated porous SF scaffolds
produced by freeze drying method were reported as promotinglikelpissue
formation after seeding of DPS@-w. Yang, Zhang, Sun, Song, & Chen, 2Q15)
Moreover, the composite films comprised of SF and graphene oxide were tested to
detect the response of periodontal ligament stem aellgitro and the cells
proliferated on SHhased scaffolds at higher proliferation rates in graphene oxide
addedSF films( R o d r-Boganoeet al., 2014)On the other hand, in a different
study conducted with SBased constructs as a model for guided bone regeneration
after dental surgery, degradation rate of the scaffels shown to be tailored by
the incorporation of hydroxyapatite. SF scaffolds without hydroxyapatite crystals
maintained within artificial bone defects on rabbit femur for 8 w¢akakura et al.,
2011)

1.4  Bioactive Agentsfor Dental Tissue Engineering

1.4.1 Tideglusib

Tideglusilf (Td), a glycogen synthas®(GSk-3) inhibitor molecule, was developed

as a candidate drug for Al zheimeroés Disease
statutg(Lovestone et al., 2015)he 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., 2014r myotonic dystrophyKonieczny et al., 2017Recently,

it has been discovered that Td could enhance regeneration of hard tissues e.g. bone

or tooth( Al pan, ¢calisir, Kizil dag ,-Gavthred e d e, & ¥
Tardhala, Luna, Harvey, & Merle, 2020; Neves, Babb, Chandrasekaran, & Sharpe,

2017a; Zaugg et al., 2020)
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Figurel.3 Molecular structure of Td.

Td acts as aglycogen synthase kinase &{K-3) inhibitor which induces cell
n tooth repair process b

proliferation i
catenin and axin) enter the nucleus which result in a cascade of events (Figure 1.4)

(Neves, Babb, Chandrasekaran, & Sharpe, 2017b)
4 U;;r;g;;larion of
the pathway

Tooth repair ™,

GSK-3'Mechanism
’/’ Proliferation vs Differentiation ,’/
ACTIVAT}ON Wnt/B-cat Signaling Pathway / TARGET
Injury i===) Axin-2 and other
i ) genes
7 Cytoplasm Phosphorylation !
-cateni \
P-catenin \ Degradation;or

1st way‘\
INJUrY " s— GSK-3 ~ Ain Ubiquitinatian

\
\
\

2nd way\ )
INJUrY — GSK-3 B-catenin
N Axin .
A “\Nucleus
Inhibitor S
ligand Cytoplasm N

Figurel.4 GSK-3 mechanism in the case of a tooth inj(Mgves et al., 2017a)

Previously, Tdloaded collagen sponges were shown to facilitate déhkértissue
formation by stimulating natural processes of dentin repair at the defect site of adult
CD1 wild-type mouse first molar@Neves et al., 2017ajurthermore, in another

recent study a study was conducted on rat molars demonstrated thaB GSK
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antagonists including Td promoted dentin formation and restored an area of dentin
damage up to 10 times larger thanithigal defect aredZaugg et al., 2020Hence,

in this thesis study, Td has been incorporated into HAH to fulfill the first requirement
of dental pulp regeneration (i.e. triggering odontoblastic differentiation of DPSC

residing in the pulp cavily

142  Rgl

In China, the root part d?anax ginsenglants has been used for thousands of years
due to its beneficial biological effects in cardiovascular, endocrine, immune, and
many other systen{éttele, Wu, & Yuan, 1999)The adwve components of ginseng

are ginsenosides (~30 in total), of which Rgl has a pronounced efficacy in enhancing
vascularizatior{Lin, Hsu, & Rajasekaran, 20Q8)he molecular structure of Rgl is
given in Figure 1.5In detail, Lin et al. showed that Matrigel plug containing Rgl
significantly promoted angiogenesis in transgenic mice one week after implantation,
exhibiting the ame effect with basic fibroblast growth factor (bF&Bntaining
group(Lin et al., 2008)In another study, gelatin microspheres wereddaalith Rg1

and embedded in collagen/CS sponges in which Rgl release led to a significant
increase in vascular endothelial growth factor (VEGF) secretion of human umbilical
vein endothelial cells (HUVEC)XZheng et al., 2013) Moreover, increased
proliferation of DPSC, upregulated expression of specific genes including
odontogaic ones (DSPP, ALP, OCN, BMP, FGF2); and protein expressions of
BMP-2 and FGF2 in the presence of Rgl were reported by the PomgpWang et

al., 2014) Therefore, Rgl has been incorporated into CSM in our study, which were
added to the pectable hydrogel primarily to enhance vascularization of pulp tissue
(i.e. the second requirement of dental pulp regeneration previously mentioned) and

to increase the proliferation of DPSC.
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Figurel.5 Molecular structure of Rg1l.

1.4.3 Melatonin

Melatonin (Mel) (N-acetyt5-methoxytryptamine), a tryptophaterived naturally
produced neurthormone (Figure 1.6) of darkness under the control of pineal glands
plays a critical role in regulating circadian rhythm &egle suppression of tumor
growth, activation of immune system, amtflammatory & antioxidative effects, and
reproduction proces@Cho, Noh, Jue, Lee, & Kim, 2015; Dubocovich, Rivera
Bermudez, Gerdin, & Masana, 200 et al., 2011; Galano, Tan, & Reiter, 2011;
Jung Hynes, Re i t.elherefor& inddiporediah ,dlel2nithinOa)
scaffold has the potential of huge benefits as a bioactive agent.
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o
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Figurel.6 Molecula structure of Mel.
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Zhang et al. demonstratecethositive effect of Mdbaded into PLGA microspheres

on osteogenic differentiation of human mesenchymal stemioelitro (L. Zhang

et al., 2013) Apart from difierentiation promadn, Mel has a DNAprotecting
capacity which is important to eliminate the damage caused by toxic chemicals
which are released as i) excessive monomeric units of dental fillers left in the
application site after in situ polymerization such as methyl metlze and also ii)
degradation byroducts of polymethacrylates produced by mechanical loads,
involving hydrolysable esters such as methyl acrylic acids in the oral ¢Blagiak

et al., 2011; Y-J. Jung, Hyun, Kn, & Jang, 2009; DX. Tan et al., 1993)

Mel utilization in dental tissue engineering was investigated in a recent study. Effect
of Mel on odontogenic differentiation of rat dental papilla cells (rDPC) was
investigatedn vitro and inin vivousingtwel e 1 day po@.Linetalal SD r at ¢
2013) Proliferation of rDPC decreased in a dose dependent mannet®),100°,

108 M) while ALP activity, dentin sialoprotein, and biomineralization increased
with the increase irMel concentration. Moreover, total dentin formation was
observed less in th&lel administrated groups than the control groups. It was
reportedthat Mel inhibited proliferation but promoted osteogenic differentiation of
rDPC. In another study, human dental papilla cells (hDPC) were used to understand
the influence oMel on odontogenesi{§achibana, Tatehara, Kumasaka, Tokuyama,

& Satomura, 2014)They reported thaMel increased theexpression levels of
MRNAs for osteopontin, osteocalcin, bone sialoprotein, dentin matrix ptbtein
(DMP1), and dentin sialophosphoprotin (DSPP).

Effect of Mel on proliferation and differentiation of DPSC was exami(@dLiu et

al., 2017) Results showed that proliferation of DPSC was negatively affected by the
use ofMel in a doseand timedependent way. Similar findings were also previously
reported for another cell line (rDPQ). Liu et al., 2013)
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15 Aim of the Study

In this thesis study, two different injectable hydrogel systems were developed for

vital pulp regeneration.

In the first part of the thesis a hydrogel system containing core/shell fibers that can
releasehe bioactive agents in a controlled manner was developed. The hydrogel was
composed of methacrylated gelatin (GelMA) and thiolated pectin (PecTH). Poly
methyl methacrylate (PMMA) and silk fibroin (SF) fibers were prepared by coaxial
electrospinning. PMMAconstituted the core and SF the shell of the fibers.
PMMA/SF fibers were loaded with two differebtoactive agents; (i) Meht the
PMMA core to trigger odontogenic differentiation and (ii) Td at the SF shell to
induce rapid proliferation of DPSC. PMMA/Sibers whose sizes were lowered by
homogenization in the hydrogel not to hinder the injectability of the system.

GelMA/PecTH hydrogels of different ratios were prepared and characterized.

In the second part of the thesis, an injectabldobdled hyalurona (HAH) gel
incorporated with Rgloaded chitosan microspheres (CSM) was developed for vital
pulp regeneration. Rgl loaded cationic CSM were chosen to be incorporated within
anionic HAH to constitute a welhtegrated and homogeneous architecture owing to
electrostatic interaction while providing controlled release of two biomolecules (Td
and Rgl)
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Low molecular weight HA powder (Hysilk, 18800 kDa) was purchased from

Contipro (Czech Republic, EU). Td dru@-Benzyl2-(naphthalerl-yl)-1,2,4
thiadiazolidine3,5dione) and BDDE (1,4-butanediol diglycidyl ethgr were

purchased from Sigmaldrich (U.S.A.). CS (Highly Viscous) was obtained from

Sigma (U.S.A.). GinsenosieRgl standard was obtained from WAKO (Osaka,

Japan)All other chemicals are purchased frongr8a (U.S.A.). The use dPSC

was approved by National Taiwan University Hospital (IRB No: 201103088RC).

HUVEC at passage 1 was obtained from ScienCell Research Laboratories
(California, U.S.A)PMMA (poly methyl mé¢hacrylate, average MW: 120 kDa) was

purchased from Aldrich (Missouri, U.S.A.). SF (silk fibroin obtained from silkworm

cocoons ofBombyx mo)i was purchased MmpaoynfBuhk man Kj
Turkey). Mel crystalline Ci3H16N202 or N-[2-(5-methoxy1H-indol-3-yl) ethyl])

was purchased from Sigma (Missouri, U.S.A.). HFIP (1,1,1,3@&fluore2-
propanol) was purchased fromHWeracdkyl()Ger m
(hydroxye&t mexyh)yl propi ophenone) and Type
methacrylic anidride, were purchased fronsi gma Al dr i #&ligh (U. S. ,
methoxyl Pectin was purchased from Benosen Company (Istanbul, Turkey).

Thiogylcolic acid used was from Merck (Germany).
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2.2  Preparation and Characterization of Hyaluronic Acid (HA)-Based

Hydrogels

HA-basd hydrogel systems were prepared in order to enhance vital pulp
regeneration by inducing (i) odontogenic differentiation of DPSC with the use of Td
loaded into HA hydrogel part and (ii) vascularization of pulp with the use of Rgl
loaded into microsphereExperimental groups constructed to téisese hydrogels

are given in Table 2.1.

Table2.1 The HA-based hydrogel groups.

Group Name Definition

HAH HA hydrogels

HAH+CSM hydrogels + microspheres

Td@HAH+CSM Td-loaded hydrogels + microspheres
HAH+Rg1l@CSM hydrogels + Rgloaded microspheres
Td@HAH+Rg1@CSM Td-loaded hydrogel + Rglbaded microsphere

2.2.1 Preparation of HAH

HAH were prepared by following the previous proto¢Bl Yang, Tan, Cen, &
Zhang, 2016)HA solutions were prepared with 14 (w/v) % polymer concentration
in 1.0% NaOH. Afterclear dissolution was obtained, BDIM&6 v/v %) was added
and stirred at 700 rpm for 5 min. HA solution mixed with BDDE was poured into

24wel | plates and incubated at 40AC for
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were transferred into-H20, incubated for 24 h to remove BDDE and NaOH
residues within the hydrogels, attten autoclavedSterilized HAH was stored at
4 A@itil use.

2.2.2 Characterization of HAH

2.2.2.1  Fourier Transform Infrared (FTIR) Spectroscopy

Crosslinking of HAH was verified by FTIR analysis by a spectrometer of
PerkinElmer Spectrum 100 series (Massachusetts, U.S.A.) using spectrum 100/100N
software program in transmission modée analysis was performed within the
wavelength range 40@000 cm? with a resolution of 8 chi. During crosslinking,

the ether groups at the edges of BDDE attatk Qroups of HA where the bond
formation occurs. Therefore, newly formed ether linkagesvexamined to verify
crosslinking of the hyrogel\l-Sibani, AlHarrasi, & Neubert, 2016)

2.2.2.2 Proton Nuclear Magnetic Resonance'ld NMR) Spectroscopy

HA samples before and after crosslinking were dissolved in deuteliim.N MR

spectra were obtained with a Bruker Bimsgpectrometer (Varian 400 mHz, U.S.A.)

operating at &H resonance frequency of 400 mHz. Sixteen scans were made for
signal to noise averaging. Degree of modi
calculated by using the equation based on the ratioeoorresponding area under

the peaksat1.7and 2.1 pgnrWe nde, Gohil, Nord, .Kenne, &

2.2.2.3 BDDE Removd

The BDDE amount left in the samples was determined according to the previously
established metha@R. Yang et al., 2016Briefly, HAH (0.23 g) were soaked in 50
mL of PBS (0.1 M, pH 2) at RT Aliquots (1 mL) from release media veerollected
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at different time points: 1, 2, 6, 12, 24, 48, and 72 h and fresh PBS (1 mL) was added.
The 200 OL of aligqguot was mixed with a
OL, 125 mmol/L). The mixed sol uforil20n was
min. Next, acetophenone solution (1 mL, 15 vol% in ethanol) and potassium
hydroxide solution (1 mL, 1 mol/L) were added into the above mixture. After 10 min

of incubation in an ice bath, formic acid (5 mL) was added into this mixture, which
wasten heated at 60AC using a water bath
ice bath for 10 min. The resulting solution was kept at RT for 15 min and the
fluorescence intensity of the solution was measured (excitation wavelength: 370 nm
and emission waveln gt h: 430 nm) using EnSpirekE
(PerkinElmer, U.S.A.) and the amount of BDDE removed was calculated using the
calibration curve constructed with different concentrations of BDBE @ Og/ mL)
(AppendixAl).

2.2.2.4  Scanning Electron Microscopy(SEM)

The morphology of HAHwas observed using SEM (FWDO0O0, Hitachi, Japan).
HAH were freeze dried (Freeze Dryer, Hitachi, Japan) for 3 days and were-sputter

coated with gold before observation.

2.2.3 Preparation of Td-Loaded HAH (Td@HAH)

After BDDE removal, terile HAH were loaded into the syringes. Td of different
concentrations was dissolved in DMSO and added into HAH containing syringes
with a volume ratio of solution/HAH (1/100). Afterwards, hydrogels were taken in

and out several times. THA@HAH werestosett 4 AC unt i | use.
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2.2.4 Characterization of TA@HAH

2.24.1 Td Release

HAH hydrogels loade with different amounts of T(20 g of swollen weight in 50
mL of PBS) were incubated in PBS at 37A
collected at determined time points (1, 2435, 6, 12 h, 1, 2, 3, 6, 12, 18, 24, and
30 d) and fresh PBS in the same volume of the aliquot (1 mL) was added. The
absorbance of samples was measured at 285 nm via Nanodrop spectrophotometer
(NanoDrop 2000c, Thermo Fisher Scientific, U.S.A.) in thé-Wis mode. The
standard curve was constructed using different concentratioisl afithin the
interval of 2.251 5 6 . 2 GAppénMxB1). Percent Td release was calculated by
using the formula below.

0GE€O0EXYQD®IQQQ

YXQa QWi O——i——F——F— .0
a ' 20t QovociE gD ad

2.2.5 Preparation of Rg-1 Loaded Chitosan Microspheres (Rg1@CSM)

The optimization studies were initially conducted with empty CSM. CS (20 mg) was
dissolved in 10 mL of 2 v/v% aqueous acetic acid sahudioRT overnight. Sodium
tripolyphosphate (STPP) solution (1 w/v%) was stirred at 300 rpm in a beaker. CS
solution was added dropwise into the 100 mL of STPP solution by using a peristaltic

pump with a feeding speed of 0.4 rpm. CSM formed were collegtedlbstrainers

and washed with 120 . Then, t he mi crospheres wer
lyophilization. CSM were sterilized by UV light exposure for 30 min prior to cell
culture studies. Stored CSM (12 mg) were
Rglsb uti on in 20 mM HEPES containing 150 (
dropwise. After akdrying overnight in a sterile laminar hood, Righded CSM
(Rgl1@CSM) were stored at 4AC until use.
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2.2.6 Characterization of Rg1@CSM

2.2.6.1 Morphological Analyses

CSM were freezelried (Hitachi, Japan) and were spuiteated with gold before
observation. The morphology of samples was observed using SEMLQDOM
Hitachi, Japan). Diameter size distribution histogram of CSM was constructed over
300 measurementsbtainedfrom SEM imaes via ImageJ softwargNational
Institutes of Health, Bethesda, U.S.A.) and the average diasieésnf CSM was
calculatedPhase contrast microscopy was used to examine the swollen state of CSM

in PBS under 20X magnification and images of CSM werentake

2.2.6.2 Rgl Release

During optimization studies of Rgl loading, CSM (8 mg) was loaded with 50, 100,

150, and 200 Og of Rgl and incubadfed at 37U

100 Og was seledegRh1I@CSM (8 mg) and Rg1@CSM in HAH (8 mg in

6 0 . HAH) were placed in dialysis tubing (coff = 6000-8000) and incubated in

PBS (2 mL) at 37AC. Aliquots from release mi

points (1, 2, 3,4,5,6,12h, 1, 2, 3, 6, 12, 18, 24, and 30 d) and fresh PBS in same

volume ofthe aliquot was added. The absorbance of samples was measured at 208

nm via Nanodrop micrspectrophotometer (NafiD0, Allsheng Instruments,

China) in the UWVis modeand percent Rgl release was calculated by using the

formula below The standard curveas constructed using different concentrations

of Rgl within the interval of 20 00 Og/ mL Cl)Appendi x
00€0EMRPYQAQWI QQ

YRYQU QW O D
RYQa Qb "0t Q0 POGE oz DOQAG
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2.2.7 Preparation of the Final Td-Loaded HAH Incorporated with Rg1-
Loaded CSM (TA@HAH+Rg1@CSM)

Td@HAH placed inside a syringe was combined with Rg1@CSM in a vial bottle by
direct mixing (HAH/ CSM ratio: 300 OL/4
After several pulling in and out cycles fess than 2 min, the hydrogels were ready

to be applied.

2.2.8 Characterization of TA@HAH+Rg1l@CSM

2.2.8.1 Rheological Analyses

Viscosity, storage modul i (G6) , and | os:
without microspheres (HAH and HAH+CSM) were determined betwée@ 0 a n d
100AC at a displacement r esnwolledthéometer of 10
(HR-2 system, TA Instruments, U.S.AVjiscosity equation used was shared below

(Barbucci et al., 2002)

S 6 B OE Qo ‘@ Qe
6€danNdbOE I Qoor————— . 7
d 01 ®Qda 60RO NE OGw

2.2.8.2 Morphological Analyses

HAH+CSM were freeze dried (Freeze Dryer, Hitachi, Japan) and were sputter
coated with gold before observation. The morphology of samples was monitored
using SEM (TM1000, Hitachi, Japand examine the distribution of CSM in HAH.
The swollen st of CSM in HAH was examined by the Fluorescence microscope
(Leica DM IRB, Microscope Central, U.S.A.) via cellSence imaging software
(Olympus, Japan).
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2.2.8.3 In situ Degradation in PBS and Enzymatic Degradation

Hydrogels were weighed at initial dry state andnttplaced in closed bottles (10
mg/ mL in PBS), and incubated at 37AC
Additionally, collagenase type | solution (5 U/mL) was used to study the enzymatic

degradation under the same conditions. At different tinervials, samples were

taken from the bottles and washed with deionized water, then excess water was

removed by the help of the filter paper, and the samples were-fiilgedefor 20 h.
Their dry weights were recorded. Their mass losses were calculatesinigytine
eqguation below where mass lossg {itial dry weight), and W(dry weight at the
specific time point of a sample) were used during calculations. Finally, percent
cumulative weight loss of the hydrogels was plotted.

WTT WO

DOibéip —— PTNT
WTT

2.2.8.4  Equilibrium Water Content (ECW) and Swelling Measurements

For the ECW measurements, excess liquid on the hydrogels was removed gently with

filter paper and wet weights were measured on days 1, 7, and 14. Hydrogels were

then rinsed with &H20, lyophilized and weighed. The EWC (amount of water
absorbed per weight of the hydrogel s
equation where Ww and Wdenote wet weight and dry weight of a sample at a
specific time point, respective(yshihara, Ueda, & Nakabayashi, 1990; Sirousazar,
Kokabi, & Hassan, 2012)Moreover, equilibrium degree of weight swelling
(EDWS) and equilibrium degree of volume swelling (EDVS) of samples were
calculated by using the formulas where Ww, Wd, Vw, and Vd denote swollen
weight, dry weight, swollen volume, and dry volume of a sample at a specific time
point, respectivelySirousazar et al., 2012)

WL wQ
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2.2.8.5 Co-Release Study of Td and Rgl from TA@HAH+Rg1@CSM

Td@HAH+Rg1@CSM samples prepared as previously described method in Section

2.2.7 (20 g of swollenweght i n 50 mL of PBS) were inc
corelease of Td and Rgl using the formulas given in the Sections 2.2.4.1 and 2.2.6.2.
Briefly, aliquots from release media were collected at determined time points (1, 2,
3,4,5,612h, 1, 2, ath 3d) and fresh PBS in the same volume of the aliquot (1 mL)

was addedabsorbance of samples was measured at 285 and 208 nm for Td and Rg1,

respectively.

2.3  Cell Culture Studies for HA-Based Hydrogels

Human DPSC were cultured in a growth medium consistihgweglucose DMEM
(Dulbecco's Modified Eagle Medium, Gibco, Germany) supplemented with 10%
FBS (Fetal Bovine Serum, Gibco, Germany) and 100 U/mL penicillin/streptomycin

at 37AC in a humidified at (flesnp lFishere o f
Scientific, US.A). HUVEC were cultured in a growth medium consisting of M199

( Gi bco, Ger many) , 30 Og/ mL endotheli al
bovine neural tissue (Sigma, U.S.A), 10% FBS and 100 U/mL

Penicillin/Streptomycin.

During odontogenic differentiatiostudy, the growth medium of DPSC was changed
with the odontogenic differentiation media (laglucose DMEM, Gibco, Germany)

supplemented with 10% FBS (Gibco, Germany) and 100 U/mL
penicillin/streptomycin  containing0.2 mM ascorbic acid,1 0 mM b
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glycerophsphate, and IDnM dexamethasone after one day of incuba®ang,
Wang, Jiang, Lin, & Ling, 2012)

During angiogenic differentiation stufiyr DPSC the growth medium of DPSC was
changed withEndothelal Cell Growth Mediur2 BulletKit CG-3162 (Lonza,
Switzerland)(J. Xu et al., 2018and refreshed once in every 3 days. These cell
culture studies were conducted to measure angiogenic potential of DPSC under the
exposure of hydrogelsheninjected in pulp cavity.

2.3.1 Isolation and Expansion of DPSC

Human two and third molars weri3ywarl | ected wi
old). The use of DPSC was approved by National Taiwan University Hospital (IRB

No: 201103088RC)Extracted teeth were taken to the laboratory in contsufugir

of PBS which were on ice. After cleaning the tooth with 70% alcohol and sterile

distilled water, it was cut around the cemertaimamel junction by using sterilized

diamond disc. Dental pulp was removed with a sterile dentinal excavator and cut into

small pieces with sterilized scissors. Enzymatic digestion was done by incubating

pulp tissue in a solution of collagenase type | (3 mg/mL) (Sigma, U.S.A.) and dispase

(4 mg/ mL) (Si gma, Uu.Ss. A.) for 60 min at 37
digeston, DMEM ( Dul beccods Modi fied Eagl e Me di
supplemented with 15% FBS (Fetal Bovine Serum, Gibco, Germany) was added and

DPSC isolated were collected by centrifugation at 1800 rpm for 5 min. Cells were

washed twice with sterile PBS and centgiéd again for 5 min at 1800 rpm. Cells

were then cultured in 10% FBS containing D
incubator(Atari et al., 2011)

2.3.2 Morphological Analyses

DPSC seeded on the hydrogels and cultivated in odontogenic differentiation medium
were fixed on days 1, 7, and 14 with 4% pimanaldehyde for 2 h, and dehydrated
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in a graded series of ethan®he morphology of cells on the hydrogels was observed
using SEM (TM1000, Hitachi, Japan). Energljspersive Xray spectroscopy
(EDX) measurements were conducted for elemental analyses of the deposited
mineralsby the seeded DPSC via SHBDX machine (Hiachi S4700 Type |,
Japan)DPSC seeded on HAH+CSM that was previously injected irno&#plates

were cultivated for 7 days. Then, the cells were examined by the Fluorescence
microscope (Leica DM IRB, Microscope Central, U.S.A.) via cellSence imaging
sdtware (Olympus, Japan)he dosedependent effect of free Td (10, 50, and 90
nM) and Td released from 10, 50, and 90 nMIdaded HAH placed in transwell
plates on the morphology of DPSC was studied after one week of incubation. The
morphology of DPSC wagxamined by optical microscopy and photographed
(Nikon Eclipse Ti, Japan).

2.3.3 Cell Viability Tests

Cell analyses were conducted by using \WISRAssay Kit (ScienCell Research
Laboratories, Uu. S. A.) according to the
cells/well) were seeded into 96ell plates and exposed to different concentrations

of BDDE (1/6471 0.8 v/v% for DPSC for 1 day), Td (0100 nM for DPSC for 1

day), Td (O' 100 nM loaded into HAH for DPSC for 7 days), and RglL.$0 Og/ mL
for DPSC and HUVEGor 1 day) in growth media to study their dose dependent
effect on the cells and determine their optimum safe concentration. After the
determination of optimum concentrations, the hydrogel groups listed in Table 2.2
were placed in transwell plates and s€lld cells/well) were seeded into 2«ell

plates including the cell culture inserts. Next, WBTests were performed at the
specific time points (day 1, 4, and Byiefly, WST-1 dye was mixed with the cell
culture medium at 1/10 ratio and cells wereuipated with the prepared mixture for

4 h at3 7 AnGhe dark. The solution was transferred to a new8 plate and their
absorbance was measured at 450 nm. The same amount et ifilire medium
solution was added in an empty well as the blank seiu@iells (DPSC or HUVEC)
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cultured in growth media only were used as the control gréefl.viability was
calculated by using the equation below.
00 Y Qin@a ' Qa hE Q

O QOBOO I V- QT TT
' GetolG@ Game B

Table2.2 HA-based hydrogel groups used in the cell culture studies.

Group Name Definition

Control DPSC or HUVEC

HAH Neat hydrogel

HAH+CSM Neat hydrogel + Neat microspher
Td@HAH+CSM 90 nM Tdloaded hydrogel + Nee

microspheres

HAH+Rgl@CSM Neat hydrogel --
loaded microspheres

Td@HAH+Rg1@CSM 90 nM Tdloaded hydrgel + 50
O g/ mL-lo&Rliedinicrospheres

2.3.4 Live/Dead Staining

To understand the effect of Td concentration (10, 50, and 90 nM) on cells, DPSC in

transwell plateginitial seeding density: 2000 cells/weijcubated with Tdoaded

hydrogels for 7 days were &xl with 4% pardormaldehyde for 30 min. The samples

were stained for 30 min with 4 €M of (green
CA, Uu.S. A.) for l'ive cell s, and with 4 &N

Technologies, Inc., U.S.A..) for dead cells. &ieells stained by calcein AM showed
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green fluorescence (Ex/Em 495 nm/515 nm), whereas dead cells stained by PI
showed red fluorescence (Ex/Em 540 nm/615 nm). Cells were examined by the
Fluorescence microscope (Leica DM IRB, Microscope Central, U.S.A.) via
cellSence imaging software (Olympus, Japan).

2.3.5 Confocal Laser Scanning Microscopy

For the examination of biomineralization, DPSC in transwell pl@tésal seeding

density: 100@ells/well)incubatedvith Td-loaded hydrogels ([Td] = 10, 50, and 90

nM) for 14 days were fixed with 4% pafarmaldehyde for 30 min. The cells were
incubated with 20 ¢-WdrighyU.&A)ddr 15amnaandgge ( Si
counterstained with 1-Agrgh, th& A )Hoo e=numad 33 34:
observed by Confocal Las8canning Microscopy (Leica TCS SP5, Germany). The
biomineralized area of the cell clusters displayed bright oreedjeolor (EX/Em

440 nm/610 nm), whereas the nuckere stained blue. Thedmensional images

were reconstructed using Imaris x 64, 9 €o@ware (Oxford Instruments, U.K.).

DPSC and HUVEC were seeded on coverslips in -savéift plate with an initial
seedi ng d e*nefisiwellyandintubaiell ih the release media obtained from
the previously defined HAHbased hydrogel groups for 7 dayrhe cells were fixed
with 4% paraformaldehyde for 30 min. The samples were stained with DRAQS5
(Invitrogen, USA) for nuclei and fluorescein isothiocyanate (FITC) (Invitrogen,
USA) for actin. Images were obtained using a confocal laser scanning mieroscop
(CLSM) (Leica TCS SPE, Germany).

2.3.6 Gene Expression Studies

Odontogenic gene expressi@dSPP, DMP1, AxiR2, ALP, COL1A1, and OCN)

levels of DPSC seedein 6we | | pl ates at an initial S
cells/well was studied after incubating thesksda the release media obtained from

the previously defined HAHbased hydrogel groufsr 1 and7 days(Table 2.2). At
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the end ofeachincubationperiod, total RNA of the cells was extracted using

TRI zol E Reagent (Life Tectlizrod IEo RINAs Mi @A Pr&.pS.
Kit (Zymo Research, U.S.A.). DPSfItured in odontogenic differentiation medium

were used as the control group. Total RNA was subjected tBEH to generate

complimentary DNAs.qQRPCR was performed using KAPA SYE
Step Uniersal Kit (KAPA Biosystems Inc., Roche, Switzerland). The primers used

are listed in Table 2.3Agarose gel electrophoresis of DNA obtained from qPCR

reaction products of GAPDH calibration study was conducted to datielek the

reliability of the data (ApendixD1).

Angiogenic gene expression (VEGFA and eNOS) levels of DPSC seedewdeih 6

plates at arnitial seeding density ofl2 1°@ells/well was studied after incubating

these cells in the release media obtained from the previously definedbilgdd

hydrogel groups (Table 2.2)r 1 and 7 daysAt the end ofachincubation period,

total RNA of the cells was extracted usiHggh Pure RNA Isolation Kit (Roche

Molecular Systems, Switzerland). Complimentary DNAs were generated using

Revertaid First StrandDNA Synthesis Kit (Thermo Fisher Scientific, U.S.A.).

Then, qRFPCR was performed using GoTagE gPCR |
Corporation, U.S.A.). The primers used are listed in TableAh8iogenic gene

expression levels of HUVEC was studied by using theeganotocol used for DPSC.

Table2.3 Primer list of the genes used during the gene expression studies.

Genes Sequences from 56 to 3
DSPP Forward CAACCATAGAGAAAGCAAACGCG
(Dentin Reverse TTTCTGTTGCCACTGCTGGGAC
sialophosphoprotein)

DMP1 Forward CAACTGGCTTTTCTGTGGCAA

(Dentin matrix protein 1) Reverse TGGGTGCGCTGATGTTTGCT

AXin-2 Forward TAGGCGGAATGAAGATGGAC
(Axin-2 protein) Reverse CTGGTCACCCAACAAGGAGT
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ALP Forward CCACAAGCCCGTGACAGA
(Alkaline phosphatase) Reverse GCGGCAGACTTTGGTTTC

COL1A1 Forward GCCCTGTCTGCTTCCTGTA
(Collagen type 1) Reverse TTTGGGTTGGTTGTCTGTTT
OCN Forward ACTGTGACGAGTTGGCTGAC
(Osteocalcin) Reverse CAAGGGCAAGAGGAAAGAAG
VEGFA Forward TCACCAAGGCCAGCACATAG

(Vascular endothelial Reverse CCGGATTTCTTTGCGCTTTC
growth factorA)

VEGFR2 Forward CTCCCTGCCGTGTTGAAGAG
(Vascular endothelia Reverse TGAACCTCCCGCATTCAGTC
growth factorReceptor 2)

eNOS Forward GAAGGCGACAATCCTGTATGGC
(Endothelial nitric oxide Reverse TGTTCGAGGGACACCACGTCA
synthase)

GAPDH Forward ACAGTCAGCCGCATCTTCTT

(Housekeeping control) Reverse ACGACCAAATCCGTTGACTC

2.3.7 In vitro Angiogenesis Test on Matrigel

To evaluate the angiogenic potential tife Rgl-containing hydrogels, tube

formation capacity oHUVEC was examinedlube famation capacity of cells was
assessed by using BD Matrigel E Basement
U.S.A.) according to previously utilized meth@¢ayabolen et al., 2017;-H. Yang

45



et al., 2021)Briefly, Matrigel (500 L Was added intinto 96well plate to coat the

wells prior to the cell seeding. HUVERO0O0O cells/well at passage 3 weseeded

on Matrigelankc ul t ured in 150 eL of media collecte:
HAH-based hydrogel groups (Tab®2) for 5 days HUVEC cultured inthe

previously defined angiogenic differentiatioredia was used as the control group.

Then, the cells were observed by microscopic examinatiansl photographed

(Nikon Eclipse Ti, Japan). Tube length percentages cfdheles were determined

via ImageJ softwar (n=6) by settingthe total tube length of the control group as

100%(Carpentier et al., 2020)

2.3.8 FluorescenceMicroscopy

DPSC and HUVEC were seeded on coverslips in-avélfl plate with an initial
seedi ng d e*oelisinelyandiantubdiel ih the release media obtained from
the previously defined HAHbased hydrogel groups (Table 2.2) for 7 days. The cells
were fixed with 4% parformaldehyde for 30 min. The samples werersdiwith
DRAQS5 (Invitrogen, USA) for nuclei and fluorescein isothiocyanate (FITC)
(Invitrogen, USA) for actin. Fluorescence images were obtained to examine the
morphology of the cells using fluorescence microscope (Zeiss Axio Imager 2,

Germany).

2.4  Preparation and Characterization of Methacrylated Gelatin (GelMA)
Based Hydrogels

GelMA-based hydrogel systems were prepared in order to enhance WJjal pu
regeneration by inducing proliferation andiontogenic differentiation of DPSC with
the use of Ténd Melloaded intacore (PMMA) and shell (SF) regions of electrospun
fibers incorporated into the hydrogel pdkperimental groups constructed to test

these hydrogels are given in Table 2.4.
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Table2.4 The GelMAbasel hydrogel groups.

Group Name Definition

Control DPSC

GelMA GelMA hydrogel
GelMA/PecTH GelMA hydrogel + PecTH
GelMA/PecTH+PMMA/SF Hydrogel + Electrospun fibers

GelMA/PecTH+Mel@PMMA/SF Hydrogel + Melloaded PMMA / SF

fibers

GelMA/PecTH+PMMA/Td@SF Hydrogel + PMMA/Td-loaded SF
fibers

GelMA/PecTH+Mel@PMMA/Td@SF Hydrogel + Melloaded PMMA / Td
loaded SF fibers

2.4.1 Preparation of GelMA Hydrogels

Synthesis of GelMAFigure 2.) was achieved according to the previously described

protocol (Nichol et al., 201Q)Briefly, Type A porcine skin Gel was dissolved in

PBS at 60AC t o cr eMdthacryicarhylfd (MA)Wasddded ol ut i ¢
tothisGelsol uti on at a rate of O(w/8) %nMA/ mi n at
solution. The reaction was stopped after 1 h and 3 h (2 experimental groups) by 5X
dilution with warm (40 AwedadguBshdistilladwdtert he s c

for 1 week at 40AC to r emov eDistillkdavater x c e s s
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was changed once in a daye solution was lyophilized for 1 week to generate a

white porous foam and stored at T80AC wuntil

After optimization studies, 10wnv/v) % solutions of GelMA in PBS containing 0.5
(w/v) % photoinitiator (Irgacure 2959) were poured intev2dll plates and exposed
to UV light (365 nm, 0.120 J/cinfor 1 min in a dark hood. After 1 min, the reverse

side of the hydrogel was exposed to UV for 1 min.

A 0\)‘\
NH NH,

NH,

NH, /
m " Methacrylic NH; Irgacure 2959
NH, anhydride Y] UV irradiation
ﬁ 0 ﬂ
NH, NH, \)\

NH,

NH,

Figure2.1 Schematic representation of GelMA synthesisl formation of GelMA
hydrogel after UV exposure (AjJ. Jung & Oh, 2014)and illustration of
experimental steps for crosslinking of GelMA (B).

2.4.2 Characterization of GelMA

2.4.2.1 Proton Nuclear Magnetic Resonance!d NMR) Spectroscopy

Gel and GelMA polymers before hydrogel formation were dissolvedHnQi (20
mg/ mL) atH MBMRC.spectra were obtained wi t h
spectrometer (Bruker AVANCE, U.S.A.) operating dtHaresonance frequency of
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300 MHz. Sixten scans were made for signal

methacrylation was calculatday integratingthe area under the lysine methylene

signals of Gel and G&MA spectraaccording to thereviously established method

(Hoch, Schuh, Hirth, Tovar, & Borchers, 2012)
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2.4.3 Preparation of Thiolated Pectin (PecTH)

Synthesis of PecTHFigure 2.2 was done according to the previously described
protocol(R. Sharma & Ahuja, 2011)t was synthesized by the asfieation of Pec

with thioglycolic acid in the presence of hydrochloric acid. The reaction was carried
out with 2 moles of thioglycolic acid for every 1 mole of hydroxyl group in Pec
(Dicharry et al., 2006)Pec (16 g) was dissolved in 70 mL of hot water and 7.59 g of
80% thioglycolicacid and 2 mlof 7 N HCI were then added. These were allowed

t

0]

to react for 150 mi n at 80AC. The react

methanol. White precipitates of PecTH obtained were washed twice with methanol
and dried at RT.

ocll Ol ocll OH
(\(/“"” U\c/ () EN /UH“ A . o (’\l_/ ()\\“\C/ (o) 0\/ ()\\
C )
;()Qﬁ()\z//zm,g//z‘;u\ Thioglycolic acid “%//<"“( \2///2()0%/%0“().___“

HO Ho o~ 0 0 1o o
—— 4] ==()
Pectin Hs ns Hs
(0)}]

Thiolated Pectin

Figure 2.2 Schematic representation of thiolation of R&@heewatanakornkool,
Niratisai, Manchun, Dass, & Sriamornsak, 2017)
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244 Characterization of PecTH

2.4.4.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis was also performed to verify the specific peaks of Pec and PecTH as
KBr pellets via a spectrometer BerkinElmer L1050002 series (PerkinElmer, Inc.,
UK) using spectrum 100/100N software program in transmission mode. The analysis
was performed within the wavelength rangei4@m0 cm?, with a resolution of 4

cm' %, and a total of 50 scans per sample werged The spectra of all samples were
corrected with respect to background and atmosphere inside the FTIR device.

2.4.5 Preparation of PMMA/SF Core/Shell Fibers

2.45.1 Isolation of SF

SF isolation from cocoons @&ombyx morwas performed as described previously

(Rockwood et g, 2011) Briefly, cocoons were cut into small pieces and boiled with

0.02 M NaCO0zs for 30 min and washed with deionized water several times for 60

min to remove the glukke sericin proteins from the silk fibers. Degummed silk

fibers were thendriedevr ni ght at 37AC. Dried fibers wer
at 60AC for 4 h and was dialyzed against dei
changes to remove the lithium bromide. Final concentration of the SF solution was

about 89% (w/v), which was dermined gravimetrically after drying SF solution at

6 0AC.

2.4.5.2 Coaxial Electrospinning of PMMA/SF Fibers

During the optimization studies, PMMA and SF fibers were electrospun separetaly
by conventional electrospinning methods and the effect of parameteriaiteran

fiber formation was assessed (e.g. flow rate, electrical voltage, collector type and/or
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distance, and polymer concentration). After smooth fibers were obtained, coaxial
electrospinning of PMMA/SF core/shell fibers was optimiz&tectrospinning ge

up was composed of NE)OO syringe pump (New Era Pump Systems, Inc., New
York, USA), Gamma High Voltage Source ES30 (Gamma High Voltage Research,
Inc., Florida, USA), and a static metal collector. Coaxial electrospinning of the
PMMA and SF solutions wagerformed by using a bicomponent apparatus
consisting of a combined twayringesystem one in otheF{gure 2.3. This enabled

the PMMA solution to flow through the inner path while the SF solution could flow
from the outer region surrounding the innereuf@hus, corehell (PMMA/SF)
structures were obtained in fibrous form. After optimization studies, coaxial
electrospinning was applied withe parameters of 3 and 1 mL/h of flow rates for
SF (9 w/v %) and PMMA (15 w/v %) solutions, respectively. The oplaeameters
were set to 13 cm ohozzleto-bath distance and 20 kV of electric potential
difference. ThenPMMA/SF fibrous mats were obtained. Finally, mats were
immersed in methanol for 2 h at RT in order to trigger crosslinking of SF surface of
the fibes.

Outer fluid

Inner fluid
(‘ Compound Taylor cone

N~

Coaxial jet

High voltage
power supply

0= / Collector
- & ’

Figure2.3 lllustration of coaxial electrospinning sap (F. Li et al., 2010)
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2.4.5.3 Preparation of Mel-Loaded PMMA and Td-Loaded SF Fibers

Coaxial electrospinning of the PMMA and SF solutions containing Mel and Td,
respectively were performeahd removed from the dry collectdMMA solution

was | oaded with different concen8kF ations of
solution was loaded with different concentrations of Td (100, 200, 300, and 400 nM).
The fibers in PMMA/SF meshes was tried to be lowered in size using different
methods tccreatehydrogels containingpomogenouy distributed fibers so that it

can be ifectable. Firstly, mats were pulverized by cimdl (Retsch, Germany) for

30 s with 3 cycles. Secondly, fiber suspensions in PBS were homogenized with a
homogenizator device (Ultraturrax2b, IKA, Germany) at 12000 rpm for 2 min
with 2 cycles. The sizefdhe mats were also tried to be made smaller by cutting
with scissors into size of 5 mPnl mm.Next, the cut fibers were blended with the
hydrogels by using a blender which will be explained in the final hydrogel

preparation.

2.4.6 Characterization of PMMA/SF Core/Shell Fibers

2.4.6.1 X-Ray Photoelectron Spectroscopy (XPS)

XPS analyses were conducted to study the chemical composition on the surface of
neat SF, neat PMMA, andMMA/SF coaxially electrospun samples by using PHI
5000 VersaProbe scanning XPS system (Upaic Inc., Japan). Besides the neat
forms, two types of matshat were coaxially electrospun with the flow rate ratios of

2/1 and 3/1were compared with this technigte detect whether PMMA and SF
were present at the same spot of PMMA/SF. Otherwiseuid be interpreted that
phase separation might occur between PMMA and SF which might be a sign of

improper coaxial electrospinning of PMMA/SF.
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2.4.6.2 Thermo-Gravimetric Analyses (TGA)

Thermal properties of neat SF, neat PMMA, and PMMA/SF coaxially electrospun
samples were studied by TGA by heating the samjpgs RTup t o 1000AC a
heating rate of 20 APerkinEmerPyrisl BerkingElinar at mo s
Inc., UK).

2.4.6.3 Scanning Electron Microscopy (SEM)

Morphology of the fibers and hydrogels was investigétg nano SEM device (FEI,
Nova Nano SEM 430, U.S.A.) and by mini SEM device (Nano Eye, Portland,
U.S.A)). Prior to SEM examination, the samples were coated with ultrafine (10 nm)
gold layer by precision etching coating system (682 PECS, Gatan, Inc.,.)JJ.S.A
Diameter size distribution histograms of SF, PMMA, and PMMA/SF fibers were
constructed over 300 measurements obtained from SEM images via ImageJ

software.

2.4.6.4 Mechanical Tests

Tensile properties of electrospun neat SF, neat PMMA, and PMMA/SF mats in dry

state were evaluated using uniaxial tensile testing method (Univert, Cellscale,
Canada) using 10 N load cell and speed of 1 mm/min at room temperature. The
sampl es were cut into rectangul ar sampl e
length of 10 mm and averagalues of the data were reported with standard deviation
(NSD). Ultimate tensile strength, percen

were calculated.
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2.4.6.5 In situ Degradation in PBS and Enzymatic Degradation

The electrospun meshes were incubate®inm_ of phosphatéuffered saline (PBS,

pH 7.2, 0.1 M) at 37AC. Then, the sampl ec
environment and freezdried at specific time points. Their mass losses were

calculated by using the equation given in the Se@i218.3. Thalegradation profile

of scaffolds (n=3) was further studied by utilizing 1 mg/mL lysozyrom chicken

egg white (16876, Sigmajnd lipase fronporcine pancreas (L3126, Signeaf 3 7 AC

in a CQincubator (Panasonic Healthcare Co., Ltd., Japan). Samplesroh (¥ 4

mm) scaffolds were immersed in 4 rof.the solution for 1, 7, and 14 At defined

time points, scaffolds were carefully removed, washed several times with PBS, and

freezedried.

2.4.6.6 Water Uptake Capacity

Forwater uptake capacity measurements, thetedspun meshes were incubated in

3 mL of phosphatb uf f er ed saline (PBS, 0.1 M, pH 7.
weights of electrospun meshes were measured on days 1, 7, and 14 besides their

initial weights. The meshes were then rinsed with-@, lyophilized and weighed.

Their water uptake capacity was calculated based on the known equation below,

whereWyw and W stand for wet and dry weights of the sample, respectively

Wwwo Wi 0 wMQ (b—wpnn

2.4.6.7 Td Release from the Core/SHeFibers

Td-loaded electrospun mats (10 mm x 6 mm rolled up in 2 mL of PBS) were
incubated at 37AC. Aliquots from release me
points (1, 2, 3,4,5,6,12h, 1, 2, 3, 6, 12, 18, 24, and 30 d) and fresh PBS in same

volume of the aliquot was added. The absorbance of samples was measured at 285
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nm via Nanodrop spectrophotometer (NanoDrop 2000c, Thermo Fisher Scientific,
U.S.A) in the UWVis mode. The standard curve was constructed using different
concentrations of Td with the interval of 2283 56 . 25 OM {(.Fergeetndi x B
Td release was calculated by using the fornaslaescribed in the Section 2.2.4.1.

2.4.6.8 Mel Release from the Core/Shell Fibers

Mel-loaded electrospun mats (10 mm x 6 mm rolled up) were incubated InZPBS (

mL) at 37AC. Aliquots from release medi a

(1,2,3,4,5,6,12h,1, 2, 3,6, 12, 18, 24, and 30 d) and fresh PBS in same volume

of the aliquot was added. The absorbaoicthe aliquots was measured222 nm

via UV spectrophotometry (UWIS U2800 Hitachi, Japan). A standard curve was

constructed using different concentratio

methanol to determine the amount of Mel released into the release(Ayepkandix

E). Percent Mel releaswas calculated by using the formula below.
0AEO0ERQAYQAQWI QQ

D Q¥ Qo Qi *——rr-r—————FF7—_ .0
bR¥Qa Do “0f Q6 QBaE 0EDOQDT

2.4.7 Preparation of the Final Hydrogel (GelMA/PecTH+PMMA/SF)

Previously sized PMMA/SF electrospun mats were immersed in PecTH solution
(8%) containing CaCl(1%). The prepared PecTH+PMMA/SF was sterilized by UV
exposure for 20 min in a laminar flow hood. Next, GelMA component was poured
into 24well plates and crosslinked by UV as described in the Section 2.4.1 and
autoclaved. The autoclave@&elMA hydrogel and the previously prepared
PecTH+PMMA/SF mixture were mixed to obtain a hydrogel composition of
GelMA/PecTH (w/w) with the ratio of 10/1. Finally, GeIMA/PecTH+PMMA/SF
hydrogel systems were pulverized together for 10 min using Luxell BléhXer

9310, Turkey) in order to generate an injectable form of the hydrogels.
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2.4.8 Characterization of the Final Hydrogel
(GelMA/PecTH+PMMA/SF)

2.4.8.1 Td Release from GelMAPecTH+PMMA/Td@SF

Td release from th&elMA/PecTH+PMMA/Td@ SFhydrogels (20 g of swollen
hydrogelin 50 mL of PBS) was studied by incuimat the hydrogelsa t 37AC.
Aliquots from release media were collected at determined time points (1, 2, 3, 4, 5,
6,12 h, 1, 2, 3, 6, 12, 18, 24, and 30 d) and fresh PBS in the same volume of the
aliquot (1 mL) was adetl. The absorbance of aliquots was measanedcalculated

as described in theeBtion 22.4.1.

2.4.8.2 Mel Release fromGelMA/PecTH+Mel@PMMA/SF

Mel release from th&elMA/PecTH+Mel@PMMA/SHydrogels (20 g of swollen

weight in 50 mL of PBS) was studied by incubgtthe hydrogelat 37 AC. Al i quot s
from release media were collected at determined time points (1, 2, 3,4, 5,6, 12 h, 1,
2,3,6,12,18, 24, and 30 d) and fresh PBS in the same volume of the aliquot (1 mL)

was added. The absorbance of samples was neelswd calculateds described in

the Section2.4.6.7.

2.4.8.3 In situ Degradation in PBS and Enzymatic Degradation

The hydrogels were incubated in 5 mL of phospfaiiéered saline (PBS).1 M,

pH72 at 37AC. Then, the sampl emsnenvad € r emov e
freezedried at specific time points. The degradation profile of scaffolds (n=3) was

further studied by utilizing 1 mg/mL lggyme from chicken egg white §B76,

Si gma) at BcubGr (RPanasoaic He@thcare Co., Ltd., Japan). Samples

of (4 mm x 4 mm) scaffolds were immersed in 4 mL of the solution for 1, 3, 6, 12,

18, and 24 h. At defined time points, scaffolds were carefully removed, washed
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several times with PBS, and freediged. Their mass losses were calculated by using

the equatn given in the Section 2.2.8.3.

2.4.8.4 Water Uptake Capacity

For water uptake capacity measurements, the hydrogels were incubated in 5 mL of
phosphatb uf f er ed saline (PBS, pH 7.2the0. 1 M)
hydrogelswere measured on days 1,afhd 14 besides their initial weights. The

meshes were then rinsed withHdO, lyophilized and weighed. Their water retention

capacity was calculated based on the equation given in the Section 2.4.6.6.

2.5  Cell Culture Studiesfor GelMA -Based Hydrogels

Human DFSC were cultured in a growth medium consisting of-glucose DMEM
(Dulbecco's Modified Eagle Medium, Gibco, Germany) supplemented with 10%
FBS (Fetal Bovine Serum, Gibco, Germany) and 100 U/mL penicillin/streptomycin
at 37AC in a humiosk diriandd5% &CO (Mleesnp lFishere o f
Scientific, U.S.A).

2.5.1 Isolation and Expansion of DPSC

DPSC were isolated as described in teet®n 23.1.Human two and third molars
were coll ected wit hi24yeaoldpuader teengtidelinesc ons er
approvel by the Ethic Committee of Middle East Technical University.

2.5.2 Morphological Analyses

Morphology of DPSC otheelectrospun mats was examined with SEM (Quanta 200
FEG, Netherlands) aftat days At the end of each period, cells were fixed in 4%
paraformaldbyde solution in PBS and washed with PBS, then dehydrated with
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increasing ethanol concentration series (@M%), and hexamethyldisilazane for 20
min prior to storage in desiccator. Before SEM analysis, scaffolds were coated with
ultrafine (10 nm) gold lagr by precision etching coating system (682 PECS, Gatan,
Inc., USA) and then imaged via mier@nd nanoscanning electron microscopy (FEI,
Nova Nano SEM 430, U.S.A)).

2.5.3 Cell Viability Tests

Alamar Blue cell viability assay (Invitrogen, USA) was conductedttmlysthe

attachment and proliferation of DPSC the electrospun fibers arile hydrogels

groups(Table 2.5) at specific time points. After ethanol (70%, 2 h) and UV (30 min)

sterilization, the samples (n=4) were placed in@dl-plates and their extraotn

medi a were collected. DPSC seéweliereat an ini-t
cultured in a growth medium, DMEM (Dul becco:
Germany) supplemented with 10% FBS (Fetal Bovine Serum, Gibco, Germany) and

100 U penicillinst r ept omycin at 37AC in a humidified
5% CQ (5215 Shel Lab., Cornelius, OR, USA). The media were refreshed with the

collected release media 1 day after the initial cell seeding. Alamar Blue assay was
performed after 1, 4, and 7yWa o f i ncubation according to
instructions. The results are presented as % reduasiog the formula belowlhe

wells containing only media and scaffolds without cells served as controls and

viability of cells on meshes were expressedpercent reduction. Increase in cell

viability was interpreted as cell proliferation.
O & O asX YR QO O PQE &

- _0_ - _o_€g0Q0®a060QE ¢
- 0 - _0_€Q0¢E 01 Q&L QD &I £ &

Gx; Molar extinction coefficient of Alamar Blue oxidized form (blue)
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Ueq; Molar extinction coefficient of Alamar Blue reduced form (red)
A; Absorbance of test well

A 6 ; orAdmce of negative control well

(The negative control wedlontaired media + AlamaBlue withoutcells.)
a1, 570nm

92, 600NmM

Table2.5 GelMA-based hydrogel groups usedfe cell culture studies.

Group Nane Definition

Control DPSC

GelMA 10% GelMA

GelMA/PecTH 10% GelMA + 1% PecTH

GelMA/PecTH+PMMA/SF Hydrogel + 1% Electrospun fibers

GelMA/PecTH+Mel@PMMA/SF Hydrogel + 50 O g/ nMel-loaded
PMMA/SF fibers

GelMA/PecTH+PMMA/Td@SF Hydrogel +PMMA/ 200 nM Tdloaded
SF fibers

GelMA/PecTH+Mel@PMMA/Td@SF Hydrogel + 50 O g/ nMel-loaded
PMMA/200 nM Tdloaded SF fibers
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2.5.4 Alkaline Phosphatase (ALP) Enzyme Activity Test

Odontogenic differentiation level of DPSC treated with GeHld#sed hydrogel
groups Table 2.6 was ested by measuring the ALP enzyme activity of cells since
ALP is a biomarker of osteo/odontogenic differentiation of ¢@iés1g, ChenHe, &

Ma, 2019) During the preliminary studiefALP activity of DPSC treated with
culture media containing défent concentrations of Mel waseasured to determine
which concentration of Mel thathould be released from Migladed hydrogel
samples toriduce odontogenic differgation of DPSC in pulp tissu&loreover, the
effect of different loading ratios of Mel/Td (i.e. 3/1, 1/1, and 1/3) into PMMA/SF
core/shell fibers on ALP activity of DPSC was studied by culturing the cells in the
release media deicted from hydrogels (Table 2.6). DPSC at pasgagere seeded

on 96well-plates at an initial density of 1000 cells/well during these studies. ALP

activity of DPSC was measured after 7 and 14 days of incubation.

Table2.6 GelMA-based hydrogel groups used in the preliminary ALP activity tests.

Group Name Mel/TdRatio
GelMA -
GelMA/PecTH -
GelMA+PMMA/SF -
GelMA/PecTH+PMMA/SF -
GelMA+PMMA/SF with Mel/Td : 3/1 3/1
GelMA/PecTH+PMMA/SF with Mel/Td : 3/1 3/1
GelMA+PMMA/SF with Mel/Td : 1/1 1/1
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GelMA/PecTH+PMMA/SF with Mel/Td : 1/1 1/1

GelMA+PMMA/SF with Mel/Td : 1/3 1/3

GelMA/PecTH+PMMA/SF with Mel/Td : 1/3 1/3

Briefly, the standard cell culture mediurwas changed with odontogenic
differentiation mediunma day after cell seedingALP activity of cells incubated in

the released media obtained from the hydrogel groups was measured after 7 and 14

days of incubation. In order to obtain cell lysates, media were removed and
membranes were placed-80 AC fiom fl®dl Imowed by 10 min ir
The same steps were repeated after addi:H
nitrophenyl phosphate (pNPP) 2810Bl)t r at e s
solution were added t o-platg adivereiodubatechae | y s a
37AC while shaking at 150 rpm for 1 h. A
pPNPP to measure the ALP activity of cell§Appendix F1). Absorbance
measurements wer e done wi t h a pl at e
spectrophotometer, Biotek Instruments Inc., USA) at 405 nm. Protein contents of the
lysates were determined with the calibration curve obtained with bovine serum
albumin (BSA) viabicinchoninic acid (BCA) assay according to the manufacturer's
instructions(Appendix G1). The enzyme activity of cells was given in terms of
specific enzyme act i(Tokert yezcgner&EVid, 20491) pr ot e i |

2.5.5 Fluorescence Microscopy

DPSC and HUVEC were seeded on aslips with an initial seeding density of
51 talls/well which were then placed in a well of@4ll plate and incubated in
the release media obtained frahe previously defined GelMAased hydrogel
groups (Table 2.2) for 7 days. The cells were thesdfiwith 4% pardormaldehyde

for 30 min. The samples were stained with DRAQ5 (Invitrogen, USA) for nuclei and

fluorescein isothiocyanate (FITC) (Invitrogen, USA) for actin. Fluorescence images
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were obtained to examine the morphology of the cells usinguaeficence

microscopgZeiss Axio Imager 2, Germany).

2.5.6 Gene Expression Studies

To determine gene expression levels of cadlsded in @vell plateswith the initial

seeding density of5L1 1 dells/well DPSC wereincubated in the release media

obtained fromthe previously defined GelMAased hydrogel groups (Table 2.5

Total RNA of cells was isolated using High Pure RNA Isolation Kit (Roche

Molecular Systems, Switzerland). Complimentary DNAs were generated using

Revertaid First Strand cDNA Synthesis Kit €fimo Fisher Scientific, U.S.A.).

Then, qRFPCR was performed using GoTagE qgPCR |

Corporation, U.S.A.). The primers used are listed in Table 2.3.

2.6  Statistical Analyses

All experiments were conducted in quadruplet replicates (n=4)-wayemalyses
of variance (ANOVA) and post hoc Tukey tests for multiple comparisons were done
to assess the statistical significance of the results using SPSS Statistics and the

difference was considered statistically significarp &t0.05.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 HA-Based Hydrogels

3.1.1 Material Characterizations of HA-Based Hydrogels

During HAH preparetion by using BDDHA and BDDE concentrations are
determinative factors to tune viscoelastic properties of the hydr@jeDE
concentrations to crosslink HAO wt% solutionsyaried from 0.4 to 1.0 (v/v)% in

a previous repor(R. Yang et al., 2016)in our study, 6 (v/v)% of BDDE was
chosen to crosslink HA (14 wt% solutions) by considering the toxicity of BDDE and
stiffness level of hydmgel that should be match with pulp tissB&DE was found
cytotoxic above 10 m/ mL ¢ o n cf@ narmalakeratinooyse cell line and
human dermal fibroblast cell lin@leong et al., 2021Moreover, HAgel crosslinked

by BDDE caused alterations in cell morphology and negative influence on cell
viability in mouse fibroblasts at 0.5 mg/mL concentratigfue et al., 2020)
Therefore,an injectable HAH was aimed to be constructed possesing suitable
mechanical properties for dahpulp by using an adaguate amount of BDDE in our
study, while BDDEwas intended tocompletelybe removed from HAHfter proper
crosslinking These properties of HAH was characterized in the following sections.

3.1.1.1 Crosslinking Confirmation of HA

HA was croslinked by BDDE to prepare HAH. Functional grougdsBDDE and

HA taking role in crosslinkingre namely (i) the ether groups at the edges of BDDE
shown in dashed circles and (ii) the attackedH@roups of HA where thbond
formation occurs (Figure 3.1AFTIR (Figure 3.1Band'H NMR spectr a
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3.2) of HA and HAH confirmed the croseking of the hydrogels by BDDErea
under all the specific bands at 338 *, 2900cm' !, 1300cm’ tincreasd in the
HAH spectrum (Figure 3.1B which were assignedotOiH stretching, CH
stretching, and ether linkage, respectivi@ly-Sibani et al., 2016)The first broad
band seen in the HAH spectrum at 3343 émight be related with the moisture
holding capacity of HAH which was superior to that of HA pow@atena, Brown,

& Richmond, 2001ylue to the interconnected network structure of HAH. Moreover,
additional @H groups of BDDE incorporated into the hydrogel structure
contributed to this band at 83 cni!. The area under the other specified bands
increased in the HAH spectrum which confirmed newly emergédl libnds at the
crosslinking sites of HA and newly formed @i C (ether) bonds at crelinking sites

of BDDE (Figure 3.1A&B).
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Figure3.1 Chemical structures of HA, BDE, and crosslinking sites (A) afd IR
spectra of HA and HAHB).

The degree of modification (MoD) of HAH was determined using the characteristic
peaks formed for crodsked HA at 166 and 2.05 ppriWende et al., 2017h the

H NMR spectr um o).fTheHaBival(eFragcalculateds 27.32%
which demonstrated that the crosslinking efficiency was comparable to the - BDDE
crosslinked HA hydrogels previously reporiadhe literatur§Wende et al., 2017)
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Figure3.2 'H-NMR spectra of HA and HAH (Arrows represent the specific bands

and peaks of HA before and after @lasking, respectively).

3.1.1.2 Confirmation of BDDE Removal

Generally, crosslinkers including BDDE can have toxic effects and unreacted
crosslinkers should be removed to minimize toxic effect to protect the cells and the
surrounding tissuéJeong et al., 2021 herefore, BDDE removal was monitored.
Initial burstrelease of BDDE from the hydrogels was aked in the first 6 h (Figure

3.3). Almost all BDDE content (97.98%) was released from HAH after 24 h. The
ampunt of BDDE residues in HAH measured was within the-toxic range for
DPSC accordingp the cytotoxicity study conducte&i@ure3.12. Therefore, HAH

was ready for use afterday of incubation in water, which in turn eases and shortens
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the preparatioprocess concernirtgne and coseffectiveness of the produt. A.
Sharma & Love, 2019)
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Figure3.3 Cumulative BDDE removal profile from HAkh PBS (0.1 M, pH 7.2hat
RT (n=4)

3.1.1.3 Rheological Analyses of HAH and HAI+CSM

Rheol ogi cal anal yses reveal ed thanghat G6 an
of HAH+CSM (Figure 3.4A unt i | the oscillation stra
values of HAH (135466 Pa) and HAH+CSM (16372 Pa) were slightly higher than

that of natie pulp tissue (~110 Pa) obtained from the mandibular canine of a 28
monthold miniature pig within the interval 0f-10% of oscillation strairfErisken,

Kalyon, Zhou, Kim, & Mao, 2015) Si mi | arly, t he-18&4 val ue
and HAH+CSM (55109 Pa)wvere 23 fold higher than theative tissue counterparts

(~40 Pa)(Erisken et al., 2015Hence, both moduli were suitable for implantation

since they can be considered as favorable to sustain cell migration soon after

implantatonand al so eventual bi odegradation wi
by time.
Mor eover, CSM addition caused a decrease

although both exhibited similar trendo@ve this temperature (Figure 3B
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Viscosities of HAH (28 Pa.s) and HAH+CSM (21.9 Pa.s) at body temperature were
similar with the CS hydrogels prepared as an injectable formulation for drug delivery

purposegDang et al., 2016)
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Figure34Rheol ogi cal properties of HAH and HAH+(

G666 (A) and vis@Bosity measurements

3.1.1.4 Morphological Analyses of HAH and CSM

HAH turned intoyellowish color aftercrosslinking with BDDE (Figure 34).
However, they became colorless and transparent after BieMBval and autoclave
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steps (Figure 3B). The disappearance of yellow color of the hydrogels after
autoclavingalsoconfirmed the BDDE mmoval. Macroscopic image of the dry CSM
in itspowder form is given (Figure 33. The CSM wer&édomogeneously distributed

in HAH after injection (Figure 3I5). Furthermore, injectability of the hydrogels did
not change after the incorporation of CSM duetheir roundness and tininess
(Prasad et al., 2014)
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Figure 3.5 Macroscopic images of HAH before (A) and after (B) BDDE removal;
CSM powder (C); HAH+CSM injectkon a ruler (D). SEM images of the surface



(E) and crossection (F) of HAH. SEM images of CSM and their wet forms in PBS
captured by optical microscope with 20X magnification (G). SEM images of
HAH+CSM and their wet forms captured by fluorescence miomsaovith 20X
magnification (H). (White arrows: CSM incorporated in the HAH structure. Black
arrows: wet CSM and wet CSM incorporated in the HAH structure. White Scale
Bars: 50 Om.)

SEM examinations showed that HAH had open porous staubtath on the suate
(Figure 3.&) ard in the crossection (Figure 35). Thus, HAH architecture was
suitable for new tissue formation owing to its pronounced porosity at surface and
crosssection. Morphology of CSM and their incorporation into HAH were
monitored by SEM Figure 3.%&H). When CSM werenixed with the hydrogels
(Figure 3.%1), a coherent hydrogel structure was formed, owing to oppositely
charged groups of CS and HAhmadian et al., 2019; Zeng et al., 20X2$M were

also observed within the transparent HAH hydrogels in their swollen state,
suspended in the water phase in HAH (Figure 3.5H).

3.1.1.5 Diameter Size Distribution of CSM

Diameter size distribution analysis demonstrated that 90% of CSM hachateli

within the rangeof 301 50 Om and 50% of t heith@M was
average diameter size a056  Q(Rigure 3.6). CSM in the swollen state was

observed in the round shape (Figure 3.%@)ticlesize distribution (half of the CSM

was < 60 Om) pomhtedsphéréshatctanhkseconsi
sizedd among i(Qytaehtdt a.pA0E)Thpsa CSIMi mightanve a

potential effect on Rgl release profile. In ath@rds, they mighkead to a delay in

Rgl release, since drug release is diyegtoportional to microparticlesize

(Siepmann, Faisant, Akiki, Richard, & Benoit, 2004)
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Figure3.6 Diameter size distribution histogram of CSM.

3.1.1.6 Degradation and Swd#ling Measurements

Degradation profiles of HAH were studied in PBS apntagenase solution in PBS
sincedental tissue acquirellagenases withimineralized dentin¢hat degrade
native triple helix type 1 collagen fibrils to organize the dentine maitior to
mineralization( L ov 8§ s z e Cumaldtive ,weightdadslof the hydrogels was
26.9% in PBS and 35.85% in collagenase type | solution after 2 wieigkisg 3.7).
The resultsvere similar with the degradation profile thfe injectableHA gelsin
PBS n which maleimidéunctionalizedHA and furammodified HA derivatives
were combined in various rati¢san et al., 2015 he group of 2/Imaleimide/furan
HA lost approximately 20% of its weight after 14 daybe slow degradation of
hydrogels in PBS was a marker of controlled drug deliyBatterson et al., 2010)
Besides, HAH preserved ®D% of their initial weights in collagerasype |
solution which was similar to that of matrix metalloproteinasensitive HA
hydrogels(J. Kim et al., 2008)Thus, HAH is a candidate to be able to suppew

tissue formation over the course of tissue regeneration.
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Figure3.7 Cumulative weight loss of HAH in PBS and PBS containing Cotlage
Type | (5 U/ mL) at 37UC.

EWC studies demonstrated that both HAR HAH+CSM could hold water up to
80-100% (Figure 3.8). In the literature, BDDEcrosslinked HA hydrogels having
the same BDDE concentration with ours (0.6 v/v%) had EWC value abovéRa0%
Yang et al., 2016)vhich was similar toour results.After 14 days, EWC of the
HAH+CSM group was lower than that of EWC of the neat HAH group. However,
EWCs of HAH and HAH+CSM wersitill above 70% which can sustain effective
nutrient/waste transfer even CSM addition can form a physical barriee itised
hydrogel network(Sirousazar et al., 2012EDVS and EDWS of the hydrogels
reached to theimaxima within 5 h (Figure 3.8B) and their initial and final forms are
given in the representative images (Figure 3ri&&erts). Swelling properties of
hydrogels generally vary remarkably with respect to crosslinking degree, leading to
alterations of solat diffusion (Peppas, Hilt, Khademhosseini, & Langer, 2006)
Hence, stabilization of swelling is critical for generating reliable properties for a
biomaterial.In this case, since HAH swelling was stabilized, the hydrogels were
ready to use after 5 Irigure 3.8B).
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Figure 3.8 EWC of HAH andHAH+CSM on days 1, 7, and 14 (A); EDVS and

EDWS of HAH (B).Inserts arelte representative images of initial and final forms

of HAH during swelling.

3.1.1.7 Td Releasefrom HAH

CumulativeTd release profiles of HAH samples loaded with different amounts of

Td are given irFigure 3.91t was revealed that as the loading content incredked
amount of Td released increased while the Td percent release remained the same or
slightly decreased. All hydrogels had a burst release above 80% within 1 day of
incubation in PBS and then released above 90% of their Td content within 2 days
(Figure 3.%-insert) This means that 90 nM Tldaded HAH injected pulp cavity

would be affected by all of the Td content of HAH. Since there is no similar study in
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the literature about Td release from the hydrogels, it could not be compared,;

however, cell culturstudies in the following sections gave an insight.
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Figure3.9 Cumulative Td release from 10, 50, and 90 nMI@atded HAH in PBS
(0.1 M, pH 7.2) at 37U0UC for 30 days (n=4

3.1.1.8 Rgl Release

Presence of HAH delagethe Rgl release when compatedhe neat CSM group
(Figure 3.1). The differences in the initial loading of Rgl did not alter the release
profile remarkably (Figure 3.10) and 100

the desired amount to be reledghat was shown to be effective on the cells.
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Figure3.10 Cumulative Rg1 release profiles of CSM loaded with different amounts
of Rgl (50, 100, 150, and 200 O@m¥).in PBS (O

It was observed that 41% of Rgl was released from the CSM within 6 h as an initial

burst which was comparable to the examples in the literature. Collagen/chitosan

gel atin microspheres were | oaadltleest Rghi t h Rg1l (
releaseon day 1 werd6.00, 46.26, and 46.50%, respectively. They showed that as

the loading content decreased, the release rate reduced correspondingly; however,

the burst release percent was simil@an the other handhe Rgl releasefrom
HAH+CSMwasdetermine 20%within 6 hwhile it was 41% from the CSKFigure

3.1kinsert) Delayed release of Rgl from CSM in HAH resulted in a prolonged

release compared to the release from CSM. Indeed, it is an expected result since solid

carriers (e.g. microspheres) in hydets were shown to sustain prolonged release

and thuseffective local concentrationGaihre et al., 2017; XZ. Zhang, Lewis, &

Chu, 2005)so that to create local Rg1l concentrations within the HAH was aimed to

attract vessel buds/ends and to promote vascularization of +iemed pulp. Since

the opti mal concentration of Rgl was detern
studies conducted by DPSC and HUVEERy(re 3.18) , reaching 47 Og/ mL
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concentration whin 2 days in HAH+CSM groups by a burst release, was considered

as suitable.
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Figure3.11 Cumulative Rgl release from CSM and HAH+CSM in PBS (0.1 M, pH
7.2) at 370C for 30 days (n=4).

3.1.1.9 Co-Release of Td andRgl TA@HAH+Rg1@CSM

Corelease profiles of Td and Rgl from Td@HAH+Rgl@CSM (Figure 3.12)
demonstrated that Td was released slightly faster than that of TdA@HAH whereas
Rgl was released slightly slower than that of HAH+Rg1@CSM counterparts.

However, no statigtal difference was detected between bare angtlease rates.
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Figure3.12 Cumulative cerelease of Td and Rgl from TA@HAH+Rg1@CSM in
PBS (0.1 M, pH 7.4) at 37UC for 3 days (n=4

3.1.2 Cell Culture Studiesfor HA-BasedHydrogels

3.1.2.1  Morphological Analyses

SEM examination of the DPS§keded hydrogels exhibited that cells were able to
attach orthe hydrogels on day 1 (Figure 3ABand cell lawns and nucleation sites
of biomineralization werebserved after 7 days incubation(Figure 3.18). DPSC
attachment (Figure 3.B), spreading, proliferation, and initiatio of
biomineralization (Figure 3.B3 indicated that HAH served as a dental plikp
extracellular environment. Minerals deposited on HAErewobserved on dal4
(Figure 3.1&€&D). Moreover, Ca and P elements in the biomineralized area were
deeded by EDX analyses (Figure 3Ddnsert). Those formations might be
attributed to two reasons; (i) mineral precipitation on HiHcell culture media
(Figure 3.18&D) due to strong ability of HA (negatively charged) to bind ions in
agueous environment and to bind cations protruding from the crystal (@tiee
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Chen, Ren, Zhou, & Li, 2012)yr (ii) mineral deposition by cells (Figure 3.B3.C)

due to odontoblastic differentiatigBakopoulou eal., 2011) Although Ca/P ratio

of the deposited minerals (Figure 3D3nsert) did not exactly match to that of
stoichiometric apatite (1.67), the apafitee formation might still correspond to
odontogenic differentiation since dental tissue hasewdifft phases of apatite

deposited by odontoblagisW® | t gens, Vi ngerDPSQwgrealsk Wi t | e
seeded on HAH+CSM after injected into well plates and their attachment, spread,

and proliferation were obseed on day 1 and 7 (Figure 3E&F).

Atomic %
P:4.17
Ca: 9.59

x5.0k 20 um

Figure3.13 Images of DPSC seeded on HAH ory da(A), 7 (B), and 14 (C) and
magnified image of the mineralized region is shown in the dashed square (D). EDX

79



analysis result of mineralized area-ifi3ert) (White Arrows: Cells adhered to the

HAH surface. Dashed Circle: Cell lawns on HAH. Yellow ArroviBominerals
deposited by DPSC). Fluorescence microscopy images of DPSC seeded on the
injected HAH+CSM on day 1 (E) and day 7

3.1.2.2 Cytotoxicity Tests

3.1.2.2.1 Dosedependent Study of BDDE

BDDE can have toxic effects that should be removed frenbiomaterials to protect
thesurrounding tissug@leong et al., 2021The cytotoxicity of HAH on DPSC were
conducted after BDDEemoval was studied={gure 3.14. The amount of BDDE

residues in HAH meased after 24 h of incubationinld,0 was 0. 14 Og/ mL
3.3). Therefore, BDDE residuesithin HAH after 24 h of removal process was in

the nontoxic rangg0.000 . 6 3  (Gog DPRC gccording to the cytotokicstudy
conductedFigure 3.14.
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Figure3.14 Dosedependentytotoxicity test results of BDDE on DPSC (n=4).
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3.1.2.2.2 Dosedependent Study of Td

The cytotoxicity test of Td on DPSg§howed that free Td in the cell culture media
wascytotoxic for DPSCFigure3.15). In the literature, the highest Td concentration
(200 nM) wasshown to benontoxic for 171A4 mouse dental pulp cel{sleves et

al.,, 2017a) however, there was no dedependent cytotoxicity study fofd
concentrations below 50 nMFurther studies conducted by microscopy also
confirmed that Td precipitates were present in the cell culture media in the free Td
group and will be discussed in the following section.
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Figure3.15 Dosedependentytotoxicity study of Td on DPSC (n=3)

3.1.2.3 Cell Viability Tests

During optimization studies, cell viability tests showed that Td at all concentrations
increased the viability of DPSC compared to the control, and 90 nM msnlte
statistically the highest cell viability than all other centrations on day IF{gure
3.16A). Td concentration of 5000 nM resulted in higher cell viability on days 4
and 7. This finding was also in agreement with the previous reports in which the

researchers selected 50 nM as the optimum concentration for 171AN=lEs et
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al., 2017a) In our study, 90 nM was selected as the optimum Td concentration for

the further experiments.

Dose dependent studyf Rgl showed that 538 0 Og/ mL and 50 Og/ mL
favorable for DPSC and HUVEC pridration, respectivelyHigure 3.18). None of

the Rgl concentrations had toxic effect on DPSC. In the liter&we, Og/ mL of Rg1l
concentration was reported as the dostitoulate HUVEC proliferatioiiLin et al.,

2008y however, 50 Og/mL of Rgl had a maxi mum
itdid notchage when it was i nc(Zbeagead., 2018) to 100 C
Similarly,50 Og/ mL was f o u n dviabilayinour atldy gure or HUVEC
3.1@). Once the optimum concentrations of Td and Rgl were determined as 90 nM

and 50 Og/mL respectively, these doses were
with the hydrogelsKigure 3.1&€&D). Both types of cells were able to proliferate in

the presence of hydrogels and microspheres (HAH and HAH+CSM) without

bioactive agents and had a higher cell viability than the control groups. After a week

of incubation, TA@HAH+Rg1@CSM groupdthe highest cell viability compared

to dl the other groupsHigure 3.1€).

Viability of HUVEC was higher for the Td and Rgbntaining groups
(Td@HAH+CSM, HAH+Rg1@CSM and Td@H#ARg1@CSM) on day F{gure
3.1@). RgXcontaining groups (HAH+Rgl@CSM and @HAH+Rgl@CSM)
exhibited numerically higher level of HUVEC viability on day 7. Therefore, the
highest cell viability was observed in the Td and fRegded hydrogel grqas
(Td@HAH+Rgl@CSM)Figure 3.1€&D).
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Figure3.16 Relative viability of DPSC (A) in response to various concentrations of
Tdin transwell plates. * denotes the significantly highest group on day 1; ** denote

the significantly highest groups on day 4; *** denote significantly higher groups than
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### groups on day P(< 0.05. Relative viability of DPSC and HUVEC (B) in
response to various concentrations of Rgl. * denote significantly higher groups than
# groups for DPSC; ** denote significantly higher groups than ## groups for
HUVEC (p < 0.095. Relative viability of DPSC (C). * denotes the significantly
highest group on day 1; ** denotes significantly higher group than ## groups on day
4; *** denotes the significantly highest group on dayp%(0.05. Relative viability

of HUVEC (D). * denotes gnificantly higher group than # groups on day 1; **
denotes significantly higher group than ## groups on day 4; *** denotes significantly
higher group than ### groups on dayp&<(0.05. Untreated cells were used as the

control group (n=4).

3.1.2.4  Microscopic Evaluations

Microscopic evaluations showed that DPSC proliferation was negatively affected by
Td addition intothe cell culture mediaRigure 3.1A). When Td in DMSO was
added into the cell culture media, Td ppéates were observeBigure 3.1A-black
circleg. Cells could only be labeled in the group with the lowest Td concentration
because Td precipitations interfered imaging the cells at higher Td concentrations
(Figure 3.1Al-white circle3. Moreover, these precipitations had cytotoxic effect

which wasalso observed in the desepenént study of TdKigure 3.15.
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Figure3.17 Optical microscopy images of DPSC exposed to different concentrations
of Td (10, 50, and 90 nM) in cell culture medium (A) arldased from the hydrogels
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( Td@HAH) in the transwells (B); Scal e bars:
circles: Td precipitates. Fluorescence microscopy images of live (C) and dead (D)

DPSC (stained with Calcein Aldgreen and PRied) exposed to TA@HAH in
transwel | pl at es; Scal e bars: 100 Om; Red
DPSC,; nuclei (DARblue) and biomineralized area (xylenol oramgeddish orange)

on day 14 (E) and their 3D stacking (F); Scale bar® #5.

When Td was incorporated into the hygets, no precipitation of Td released was
detected and the cells were ableptwliferate remarkably Kigure 3.1B). Cell
density was slightly higher in thgroups of 50 and 90 nMFgure 3.1B2&3)
compared to 10 nMRigure 3.1B1). Thus, Td delivery in aontrolled manner from

a carrier (e.g. Td@HAH) can be considered crucial since local concentration
variations caused by precipitation (Td and also the solvent, i.e. DMSO) might lead
to cytotoxicity(Birjandi, Suzano, & Sharpe, 2020; Prasad et al., 2014)

Live/Dead cell assay conducted in tramslls revealed that DPSC spreading was
enhanced in 50 and 9®/nconcentrabns of Td Figure 3.1 2&3) whereas round
morphology of DPSC wasbseved in 10 nM groupKigure 3.1T1). Dead cells at
the same spots were counted and more dead cells were observedinestert
concentrationKigure 3.1D). Live/Dead Assay also confined that 50 and 90 nM
of Td concentrations were more favorabletfer spreading of DPSE&igure 3.1T).

Biomineralization by DPSC exposed to the hydrogels was examined after xylenol
orange staining as reddish orange calmng blue cell nucleiRigure 3.17E&F).

The amount of accumulation was higher when the Td concentsmatismcreased

to 90 nM Figure 3.1E3&F3). Furthermoresimilar to SEM resultsKigure 3.BB-

D), CLSM findings exhibited that DPSC deposited matge under Td exposure
(Figure 3.1E&F), which is a major sign of odontogenic differentiation of DPSC
(Bakopoulou et al., 2011)
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3.1.2.5 Gene Expression Studies

Preliminary gene expression studiesusyng different amounts of Tiwaded HAH
groups only were conducted prior to gene expression studies for the hydrogel groups
to understand which Td concentration upregulated the expressions of odontogenic
genes more effectively. It has been demonstratat ébpecially Axir2 gene is
upregulated within stday of Td exposuréNeves et al., 2017alt was showrthat

90 nM Tdloaded HAH significantly upregulated the expressions of AIDSPP,

and DMP1 on day 1 copared to 50 nM Tdbaded ounterpartsKigure 3.18. The

effect of Td diminished as time passed.-RCR studies demonstrated that 90 nM
was not only favorable for proliferation of DPSC but also their odontogenic
differentiation. After the preliminary findgs, the effect of 90 nM Td on the
expression of osteo/odontogenic (COL1A1L, ALP, and OCN) and odontogenie (Axin

2, DSPP, and DMB markers was studieéigure 3.19.
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Figure3.18 Relative gene (Axif2, DSPR and DMP1) expression levels of DPSC
treatedwith 50 and 90 nM Tdoaded HAH in transwell plat§s=4) on day 1 (A), 4
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(B), and 7 (C)Neat HAH was set as control. Statistical analyses showed that all

groups were significantly different at day 1; * dersosgynificantly the highest gene

expression level for the given Td concentration; # denotes the significantly the lowest

gene expression | evel for 50 nM Ppd; and o d:
0.05).

HAH group had the highest level of COL1A&ne expression levefigure 3.1RA)

which was in consistent with the positive HA effect on COL1A1 gene expression of
DPSC(Ferroni et al., 2015which is a ligand for receptor CD44 involved in early
mineralization processes of odontobla#sL. Chen, Yeh, Lung, Yang, & Yuan,
2016) Relative expression levels of ALFigure3.19B) and OCN Figure 3.19C)

were statistically higher in the HAH+Rg1@CSM group than any other group since
it hasbeen reported that Rgl stimulated osteo/odontogenic differentiation of DPSC
(Ping Wang et al., 2014Moreover, ALP and OCN gene expression levels of DPSC
intheTdcont ai ning groups were higher than the ¢
that of HAH+Rg1@CSM on day 7. This result might be due to usual late expression
of those genes (i.e. after 14 daga¥gary, Nazarian, Khojasteh, & Shokouhinejad,
2014) On the other hand, the expression of ARiwas significantly higher in the
Td@HAH+Rg1@CSM groughan all other groups$-{gure 3.1D). This means that

Td and Rg1 incorporation together resulted in remarkable upregulation of2Axin
expression, demonstrating Rgl had an impact on-GSlthway similar to the
previously mentioned influence of TiNeves et al., 2017a) Moreover, only Td
could upregulate Axi2 expression significantly on day 1, then this effect famed

on day 4 and 7 (Figure 3.18Concordantly, the positive effect of neat Td on Axin

2 expressin was reported up to day 1 in the previous stugNeses et al., 2017a;
Zaugg et al., 2020However, the collective delivery of Td and Rgl prolonged the
expression of Axir2 up to day 7 which could be a sign of sgistic impact of them
(Figure 3.1D).
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groups on day 7. * denatéhe significantly highest group;denotes the significantly

| owe st group; > de robeteveen they o b U P 6| s dAJl ldye nait fef
statistically different groups than the contnpk( 0.05). CLSM images of DPSC on

day 7 (G). Scale Bars: 30 Om.

DSPP expression levessgnificantlyincreased by Td so that the TA@HAH+CSM
group had the highest DSPP expresskigyre3.19E). Besides, this level was ~10

fold higher in Rgicontaining  groups (HAH+Rgl@CSM and
Td@HAH+Rg1@CSM) than control and also higher than the literature findings
reportel in a study showing Rgéffect on DSPP expression of DPSC on day 7 in
the presence of Rg{Ping Wang et al., 2014)The gene expression of other
odontogenic differentiation marker, DMP1, measured in the HAH+CSM and the
Td@HAH+CSM groups was giificantly higher than that observed in the control
group Figure 3.19F). The highest DMP1 expression observed in the HAH+CSM
group could be attributed to the effect of CS monomers on dental regeneration
(Matsunaga et al., 2006)hich were releasedidng biodegradation of the polymers

in the cell culture environment. Theason that Rgtontaning groups did not have

the highest DSPP and DMP1 expression might be associated with the previous
reportsdemonstrating that DSPP and DMP1 coul d on
higher gene expression levels than that of controls after 1Eaj&ang et al., 2012)
During morphological analyses for the experimental groups, the highest cell density
was obsared in TA@HAH+Rg1@CSM group (Figurel3G), in parallel with the

cell viability results Figure 3.1€).

VEGFA expression of DPSC on day 7 was the highest for TA@HAH+Rg1@CSM
group among all DPSC groups whereas for HUVEC the highest expression was
observed dr both of the Rgktontaining groups (HAH+Rgl@CSM and
Td@HAH+Rgl@CSM), meaning that VEGFA expression of both of the cell types
was enhanced at most in the presence of TA@HAH+Rgl1@ C&Mré 3.20R).

These results showed that the angiogenic differentiatibB®SC and HUVEC was
significantly promoted by the use of TA@HAH+Rgl@CSM hydrogels, since
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VEGFA is the primary preangiogenic growth factor possessing many regulatory
functions, e.g. survival, proliferation, migration, and sprouting of capillary vessels
(Saghiri, Asatourian, Sorenson, & Sheibani, 20I=)rthermore, VEGFR2 was

stated ashe major receptor type of VEGFA that allows angiogenestsso me z So s a,
Caviedes Buchel i, Di a z afieatimgr endothelial &Il Muno z
differentiation, proliferation, migration, and formation of the vascular tube
(Kawamura et al., 2008)Therefore, VEGFR2 expression levels of DPSC and
HUVEC were also determined (Figuse2(B). Similarly, Rgtcontaining hydrogels
stimulated the VEGFR2 expression of DP&® HUVEC at most. HUVEC in all of

the hydrogel groups of had higher gene expression levels compared to their control,
which might be attributed to the presence of HABkIidlits et al., 2011)r

HAH+CSM (M. Li et al., 2021)
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HUVEC, respectively; o denotes the group:
denote the groups statistically differen
i's significanp¢0O05)ddLSM images nftHUMES anndayfy (D).
Scale Bars: 30 Om.

Another angiogenic marker eNOS acts as one of the key regulator emzyme
formation of vasculature which was vital for tissue gro{@hC. Huang et al., 2015)

In a previous study, localization of eNOS in dental pulp tissue was observed in the
cells at the de novo matrpulp interface after tooth restoration procedufidei et

al., 2007) showing that eNOS was secreted in pulp to enhance vascularization. The
significant upregulation of eNOS expression in DPSC and HUVEC was detected
amag the hydrogel groups (Figu®20C). In detail, Rgicontaining groups of
HUVEC exhibitedthe highest levels of gene expression, confirming the angiogenic
effect of Rgl released from the hydrogels. Similarly, it was reported that Rgl
activated eNOS in HUVEC up to a plateau level (150 nM of Rbéung et al.,
2006) Expression of eNOS in DPSC cultured in the presence of
Td@HAH+Rg1@CSM was statistically higher than observed in HAH, HAH+CSM,
and the control groups. Such findinghowed the angiogenic potential of
Td@HAH+Rg1@CSM, since it was demonstrated that eNOS expression of pulp and

microvessel density had a positive correla(ipegidi et al., 2006)

During morphological analyses for thepeximental groups, the highest cell density
was observechi TA@HAH+Rg1@CSM group (Figui@2@D), in parallel with the
cell viability results Figure 3.1€).

In vitro angiogenesis studies confirmed the angiogenic effect of Rgl released from

the hydrogels oRlUVEC seeded on MatrigefF{gure3.21), which was in agreement

with theliterature(l.-H. Yang efal., 2021) Microscopic evaluations showed that the

tube patterns formed by HUVEC were visually thicker in the groups of
HAH+Rg1l@CSM (Figure8.18E) and TA@HAH+Rg1l@CSM~{gure 3.21F) than

the otherso. The quantified igndicanily t s e xh

increased in the presence of Td comparing to control and further increased in the
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presence of Rgl comparing to the groups without (Rgjure3.21G). Furthermore,
Td@HAH+CSM group having higher level of tube length formation comparing to
the ontrol group might be explained by the stimulatory effect of &SKhibitors

on angiogenesi®Baruah et al., 2017)
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Figure3.21 In vitro angiogenesis monitmg of HUVEC on Matrigel(n=4) under
phasecontrast microscopy for the groups: control (A), HAH (B), HAH+CSM (C),
Td@HAH+CSM (D), HAH+Rg1@CSM (E), TA@HAH+Rg1@CSM (F), and tube
length measurements of these groups (G). * denote for statistically diffeoeptsg
from each other; # denotes the statistically different group than the cqriroldb).
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3.2 GelMA-Based Hydrogels

3.21 Material Characterizations of GeIMA-Based Hydrogels

3.2.1.1 Characterizations of Electrospun Fibers

Electrospinning was initially performed septis for PMMA and SF solutions in

order to identify their specific parametetstable for electrospinning

3.2.1.1.1 Optimization of Electrospinning Parameters for PMMA

PMMA solutions were electrospun in different concentrations under various
electrospinning pragss parameters and electrospun PMMA fibers were analyzed via
SEM. Beaded fibers were observed when PMMA solutions of 5% (w/v) were
electrspun Figure 3.22. PMMA spheres were observed when a flow rate of 2 mL/h
and voltage of 12 kV were used, thus sucltirgges with a lower polymer
concentrations such as 5#ere similar to those used for electrospraying process
(Bhushani & Anandharamakrishnan, 2014ther than electrospinning~igure
3.22A). Fibers became much apparent when thikage was decreasedrigure
3.22B). Bead formation was tried to be eliminated by increasing the flow rate and
applied voltages accordingly in order form a stable jetHigure 3.2Z&D). Bead

formation decreasetipwever, complete removal of beads could not be achieved.

95



(A)2mL/h 12 em 12 kV

Figure 3.22 SEM images oflectrospun PMMA solutions &% (w/v) polymer

concentration.

In order to eliminate beaded morphology, polymer conceatratias increased to
10% (w/v) and bead density wiéurther decreasedrigure 3.23. Moreover, stable
jet formation was still observed when the flow rate waseased up to 8 mL/h
(Figure 3.2B®). Such observations pointed out that the polymer concentsitamrid

not be exceeded its specific viscosity level suitable for electrospinning.
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Figure 3.23 SEM images oklectrospun PMMA solutions df0% (w/v) polymer

concentration.

More concentrated solutions weneepared (15%) and fibers were obtained witho

bead deformitiesHigure 3.24 and homogeneous filns mesh was formedéigure

3.24A). Moreover, fusion of fibers at the intersection point was detexttedrtain

regions Figure 3.2D). It could be claimediat PMMA utilization for core part was

a suitable choice to keep fibers apart from each other. SEM images also showed that
the diameter of PMMA fibers rjed between-Z  OFiguré 3.2€) while it was
reduced below 2 Om whtatons lweewssed Figured y me r
3.22&23 since thicker fibers are formeds theinitial polymer concentration

increasesluring electrospinningThompson, Chase, Yarin, & Reneker, 2007)
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(A) 8 mL/h 10 em 20 kV (B) 8 mL/h 10 em 20 kV

(C) 8 mL/h 10 cm 20 kV

Figure 3.24 SEM images ofelectrospun PMMA solutions df5% (w/v) polymer
concentration in different magnificatio@50X (A), 1000X (B&C), and 5000X (Ip

magnifications

3.2.1.1.2 Optimization of Electrospinning Parameters for SF

Electrospun SF fibers formed hadlrdnlike structuresKigure 3.2%. It has been
reported thatheremight be two reasons of resulting with the ribHite morphology
of SF fibers; (i) high polyrar concentration that makes the viscosity of the solution
too high and instable so that SF was electrospun unewefalyd (ii) high voltage

causing faster arrival of fibers to the collecsoreen without complete evaporation
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of the solvent, thus SF wasyithg on the collector becoming ribbamaped(H.
Wang, Zhang, Shao, & Hu, 2009)he fiber diameter distributin of SF became
wider when the flow rate was increased frooml/h (Figure 3.28&B) to 4 mL/h
(Figure 325C& D) since thicker fibers are produced as the flow rate increases during
electrospinnindThompson et al., 2007 he polymer concentrations were then set

to 9 and 10% and the solution viscosity increased accordingly. As a result, SF

solutions could not be electrospun at any higher concentrations

(C)4mL/h 15 em 20 kV

BIOMATEN

Figure 3.25 SEM images of electrospufibers using SF solutions of diffent
polymer concentrations; X/v) % (A&C) and 9(w/v) % (B&D).
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3.2.1.1.3 Optimization of Electrospinning Parameters for PMMA/SF
Core/Shel Fibers

Optimization studies were conducted to determine the concentration range for
PMMA and SF for coaxial electrospinning. The characteristic differences in SF and
PMMA fibers created a need of a further optimization to produce PMMA/SF
core/shell fibes. The SF fibers were observed asbonlike structure Figure 3.26
A&B) whereas electrospinning of PMMA resulted with a smooth cylindrical
structure Figure3.26C&D). The difference between the morphologies of the SF and
PMMA might be due to differenced the evaporation of the solvent in two systems.
Incomplete evaporation of HFIP during SF electrospinning caused flattened fibers
(K. Zhang et al., 2010)This occasion was altered with the use of PMMA which
could be due to higher eparation of HFIP During coaxial electrospinning in the
following steps, the ribbotike structures of SF fibers would have contributed to the
asymmetric diameter distribution of PMMA/SF core/shell fibers when utilized in

combination.

Furthermore, brokenlfers were seen in PMMA meshes due to the brittleness of
PMMA (Shioya, Koga, Fujimoto, & Ishida, 1988)hich should be tailored to be
used 8 a stable scaffold~{gure 3.2®). On the other hand, SF fibers were intact
owing to its flexible nature. The diameter distribution of PMMA fibers was narrower

when conpared to that of SH-(gure 3.27.
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Figure3.26 SEM images of neat SF (a and b) and neat PMMA (c and d). Red Arrows:
Ribbontlike fibers of SF. White Arrows: Broken fiber ends of PMMA.
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Figure3.27 Diametersizedistribution histograms of Sffop) and PMMA (bottom)
fibers with an averagaliametersize of 2.840m 184 and 2.400 m 0\04,
respectively

Coaxid electrospinning of PMMA (15 w/v %) and SF (9 w/Vv) %olutionswas
performed (parameters: 8 i, 10 cm, 20 kV). PMMA/SF coreshell fibers
composed of SF (shell) and PMMA (core) were analyzed via SE\ images
showed that there was a phase separation between different polymer types with
different concentrationsF{gure 3.28top). This might be caused hyifferences
between solutions in terms of concentration and electrical conductivity. Therefore,
coaxial electrospinning of PMMA (1&/v %) and SF (10wn/v %) solutions was
performed to test whether concentration difference had any effect on phase

102



separatia. SEM images exhibited that phase separation of solutions were eliminated

by this way however the bead formation remaineigure 3.28bottom).

Figure 3.28 SEM images ofelectrospun PMMA/SF by coaxial egltrospinning
technique using polymer concentrations of 15% & 9% (top) and (bottom) 10% &

10%, respectively.

The core/shell PMMA/SF fiber formation was optimized by changing two

parameters i) the flow rates of PMMA and SF solutions with respect to eaah oth

(i.e. 1/2 or 1/3) and ii) the concentrations of PMMA and SF solutions (i.e. 10 & 20
or 9 & 5wt% respectively) Kigures 3.29&30

When SF (10 wt%) and PMMA (20 wt%) were used foraz@al spinning, SF and

PMMA fibers were observed almost separatelyaadtof uniform coreshell form
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(Figure 3.29. PMMA core could not be effectively covered by SF shell for both flow
rate ratios, namely 1/2 Higure 3.29A&B and 1/3 Figure 3.2€&D). This
phenomenon might be associated with the high viscosity of solufidvesefore,

their concentrations were lowered to 9 and 15 wt% in tHewing experiments
(Figure 3.30. Moreover, the greater difference between the concentrations of
PMMA and SF solutions might lead to distinct electrospinning behavior. Thus, the
joint action of fibers might not occur under the same electrical field applied. In order
to achieve the conflux of the solutions, this gap between PMMA and SF

concentrations was tried to be minimized.

Figure3.29 SEM images of coaxially electrospun PMMA/SF using SF and PMMA
solutions having 10 and 20 wt% concentrations, respectively. The flow rate ratios of
SF/PMMA solutions were 2/1 (A&B) and 3/1 (C&D).
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When 9 wt% SF and 15 wt% PMMA were used, homogeneity of deansize
distribution and shape of the fibers were improved. However, PMMA core still could
not be effectively covered by SF shell when the flow rate @tiBMMA/SF was

1/2 (Figure 3.3@&B). Finally, uniform morphology was observed when a ratio of
1/3 foo PMMAJ/SF was applied during coaxial elexspinning processkFgure
3.30C&D). Fiber diameter size distribution demonstrated that the average thickness
of the core/shell fibers was in between average 8z of PMMA and SFRigure

3.3)).

Figure3.30 SEM images of coaxially electrospun PMMA/SF fibrous meshes using
9 wt% SF and 15 wt% PMMA solutions. The flow rate ratios of PMMA/SF solutions
were 1/2 (A&B) and 1/3 (C&D).
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Figure3.31 Diameter size distribution histogram of PMMA/SF core/sfiledrswith
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Furthermore, collector shape and distance were altered to produce applicable fiber
mats. Rotated drum was used btaon fibers depo=d in a bigger are&igure 3.32

left). However, they could not be removed from the aluminum collector intact.
Alternatively, aluminum plate was utilized in vieal configuration Figure 3.32

right). Fibers were obtained in a smalleea with an increased thickness for the
same volumes of electrospinning solutions. In this version, the electrospun layer
could be removed in one piece; however, deformation still occurred and the mesh

could be obtained as a layer with inhomogeneous tapbgr

Alternatively, different types of collector coverages were examined to minimize the
adhesion of fibers to the aluminum cover. Filter paper covered metal collector was
used to ease the detachment of the mesh. However, fibers were even more tightly
atached onto the paper. Then, brushed metal coverage was used; nonetheless,

sufficient improvement could not be achieved concerning the removal of fibers.
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Figure 3.32 PMMA/SF fibrous structures fabricatedavcoaxial electrospinning

technique by using rotating drum collector (left) and vertically positioned collector
(right).

In order to obtain nowleformable and homogeneous meshes, a custade
collector screen was designed by using 3 aluminum plates. &ted plates were
attached to each other in a way that the surface for fiber deposition was positioned
in negative degree to the syringe axe. Thus, smooth and detachabls nwedtide
obtained Figure 3.33. The mesh was removed properlyF{gure 3.33eft) and its
thickness did not significantly vary along its sssectional lengthRigure 3.33

right). Moreover, these meshes did not bend spontaneously withstanding against
gravitational forces; yet could be bent in purpose. Therefore, it can be interpreted
that these meshes were stable and flexible in combination owing to the properties of
PMMA and SF, respectively.
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Figure3.33 PMMA/SF fibrous structureform the surface (left) and cressctional
view (right) fabricated via coaxial electrospinnitgchnique by using collector in
the tilted position.

3.2.1.1.4 Mechanical Tests

Results of mechanical tests are shown in Table 3.1. Neat PMMA meshes exhibited
lower UTS value than that of neat SF due to brittleness of PMbthat PMMA
immediately ruptured. UTS values of PMMA/SF fibers were significantly higher
than that of neat components which indicated that flexibility of PMMA mesh was
improved against tensile forces with the incorporation of SF. Elastic modulus of
PMMA/SF mats confirmed this improvement. Neat PMMA and PMMA/SF mats
had similar tensile moduli while neat SF had nearly half of their value. It pointed out
that SF addition in coaxially electrospun fibers did not significantly change the
modulus while having pdtsve impacts on UTS. The superior deformation capacity

of SF was obvious in percent strain values of neat SF (around 90%) which was
drastically higher than PMM#Aontaining other groups.

Table3.1 Mechanicatest results of electrospun meshes.

Experimental Groups UTS (kPa) Elastic Moduli(kPa)  Strain (%)

Neat PMMA 11.5N158. 2N4. 7 3.7N0. 5
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Neat SF 29. 2N320. 9N3. 1 91. 8N4 .

PMMA/SF 47.6N353.6N0. 9 16. 6 N2.

UTS values were statistically different. # de® statistically the lowest group.

Strain values were statistically differept< 0.05.

During mechanical tests, the flexibility of SF fibers was observed by its stretching
whereas PMMA fibers fragmented due to its brittlen&sgufe 3.34. On the othe
hand, PMMA/SF fibers did not deform by stretching or fragmenting as the SF or

PMMA fibers did, instead of that, stayed intact until being ruptured at the middle.

PMMA/SF

JE. ¢

Figure3.34 Images taken during the terestiests conducted for the SF, PMMA, and
PMMA/SF electrospun meshes.

3.2.1.1.5 Water Contact Angle Measurements

Water contact angle measurements for SF, PMMA, and PMMA/SF mats are shown
with representative imagg$igure 3.3%. The contact angle of SF meshes was
cacul at ed a sFighrs 3.3BBwhichNvasscon3istent with the hydrophilic
nature of SF structures reported in the literature such as contact angles of wild type
SF ( 6 7. (RafnbeNYatam®td, Kojima, Tamada, & Tomita, 20E8)cast SF

fil ms (5 (H J4dn el 2005a0d pure SF nanofimos s caf fol ds
(K. Zhang et al., 2010)t was obvious that porosity affected the water contact angle

of the same biomaterials. Since our electrospun SF meshes has alikbbon
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microfibers, their porosity was probably lowered; thus, they became moderately

hydrophilic when compared to its nanofibrous form (max) or its wild type (min).

The contact angle of PMMA me figue83Byas cal cul
because of its hydrophobicif{d. Wei, Zhang, Cheng, Cheng, & Zhuo, 200In)

ot her studi es, the contact angl eofwas deter
PMMA (Vesel & Mozetic, 2012a nd 6 8 A f o r(MaP®&b] Kend\a, l&ms

Zou, 2007) This hydrophilicity of PMMA of smooth surfaces was related to the

dipole dipole interactiongOchoaMasuelli, & Marchese, 2003Dn the other hand,

it was reported that surface roughness increased hydrophobicity of the structures

(Jiang, Zhao, & Zhai, 2@ such as roughness is created by electrospinning. It was

shown t hat t he hydrophilic PMMA -f il ms (68
hydrophobic surfacedXl 54 A) by the coope-stractuieand of t he r
the side group reorientation in the PMMA chains at the topfveiet al.,2007)

In our cores h el | PMMA/ SF mats with waFgue contact
3.3%C), although the Si€oating has a hydrophilic nature, the PMMA/SF mats

exhibited hydrophobic characteristics. This might be due to the entrapment of the

surface eargy of SF by PMMA core since lowered surface energy causes increment

of hydrophobicity(Jiang et al., 2000Another reason for this phenomenon could be

the previously mentioned structural efféda et al., 2007) In other words, the

hierarchical micro/nanocoughness was enhanced hydrophobicity further due to its

wider fiber diameter distribution than that of PMMA.
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Figure3.35 Representative images of water contact angles measurements for SF (A),
PMMA (B), and PMMA/SF (C) mats.

3.2.1.1.6 In Vitro Degradation

The percent weight loss of the SF, PMMA, and PMMA/SF mats was measured in
different environmentsHigure 3.36. In lysozyme solutin, the SF mats lost more

than 50% of their initial weights in one day while PMMA (25.13%) and PMMA/SF

(27.68%) mats could maintain their structural stability méigure 3.38\). It was
reported that e g ggluedsaningease acte(@erger la¥eiserx er t s b
1957)so that it increases the protein degradatiogure 3.3@\). However, lysozyme

does n o-glucasidase; amylase, lipase, protease, and phosphatase activity
(Meyer, Palmer, lompson, & Khorazo, 193g)herefore, degradation behavior in

lipase was also examineHigure 3.3®). During the lipase incubation, the meshes

exhibited a similar trend of degradation with respect to each other. However, PMMA
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containing mats degradeddiitly faster than the neat SF in lipase when compared

to the rate in the lysozyme environment.

In vitro degradation of mats in PBS was also examined to study hydrolytic
degradationKigure 3.3€). All the mass losses were observed on the first day for
the groups and no significant change was observed during the rest of incubation
period. The weight losses of the SF, PMMA, and PMMAW&Fe 51, 10, and 48
respectively. These weight loss results demonstrated that the SF mesh that is not
crosslinked could@orserve about 480% of its initial mass in an environment with

or without enzyme. However, the PMMA mesh contd degrade more than about
10% of its initial weight in the absence of the enzyme. On the other hand, the
degradation profiles of the PMMA/SF msamight be tailored easier that the neat
forms of its componentsince variougparameters such as ratio of electrospinning
solution of the two components can be altered, hence, the degradation profiles

change accordingly.
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Figure 3.36 In vitro degadation of the SF, PMMA, and PMMA/Sé&lectrospun
meshes in lgsozyme (A), lipase (B), and PBS (@)=3).

pH change was recorded in different incubation mddguge 3.37. In the lysozyme
environment, there was nasificant difference among the groups which showed
lysozyme did not have a selective attack for the specific groups of these materials.

However, a slight decrease in pH was observed for PMMA/SF groups in lipase
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solution. In PBS, PMMA mats were much stablel weight loss was lower than
observed for Sfeontaining groups. The mats could have different degradation
profiles when implanted in different body parts so that the tispeeific degradation
tests should be performed. In our condition, dental tisen&ins lower amount of
lysozyme activity (Quintarelli & Dellovo, 1963)so thatPMMA/SF mats will

probably withstand the enzymatic degradation in tooth.

7.3
7.25

> 72 BSF
S s @PMMA
T 7 BPMMA/SF

6.95

LIP PBS
Incubation Media

Figure3.37 pH change of lysozyme, lipase, and PBS media at day 1 in Wad®F,

PMMA, and PMMA/SF electrospun meshesre incubat d at i Bd A€Cenot es
the groups statisti c @ka0.0b) fa thdt specifiemetlia t h an
(n=3).

SEM images of SF, PMMA, and PMMA/SF meshes were obtained after two weeks
of incubation in PBS to determine morphological alterations ifibheus structures
(Figure 3.38. It was observed that SF fibers did not preserve their ritikerfiber

form and they fusedjgure 3.38\). This indicated SF could attach and make new
bonds among each other and stay intact. On the contrary, PMMA fieses
observed in the same morphology before and after incub&tigaré 3.38) which
showed that the PMMA fibers degraded homogeneously from the fiber surfaces
without being fused to each other. In the eshell form of the PMMA/SF mats, the
individual fibers could be differentiatedrigure 3.3&). However, the Sishell of

the fibers were fused at the intercept points of the network while the POviA
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acted as a separating backbone leading to conservation of porous architecture of the

meshes.

Figure3.38 SEM images of SF (A), PMMA (B and MMA/SF (C) meshes after
14 days of incubation in PBS.

3.2.1.1.7 In Vitro Water Uptake Capacity

Water uptake percentages of SF, PMMA, an
for 14 days are given irkFigure 3.39 The water uptake capacity of SF mats was

523.1% at day 1 due to dramatic loss of its fibrous structure whereas that value of
PMMA mats was 703.3% in agreement with the effect of interconnected pores and
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holes within PMMA fibes on hydrophicity of PMMA surfacegVaragnolo et al.,
2017) For the PMMA/SF mats, that capacity was remarkably amplified up to
1678.6%. Even though the SF meshes khbave had the highest capacity to hold
water because of its hydrophilicity, the water retention capacity of PMMA/SF was
recorded as the highest (~17 fold of its own weight at day 14). This was correlated
with the combinational impact of inner porosgsyface hydrophilicity of the
PMMAV/SF fibers on the water uptake ability. Thus, PMMA/SF preserved its porosity
by the help of the PMMAcore and provided a moderate hydrophilicity by the help
of the SFshell.
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Figure 3.39 Water uptake capacity of the SF, PMMA, and PMMA/SF electrospun
meshes in PB§=3).

3.2.1.1.8 X-Ray Photoelectron SpectroscopyXPS)

XPS analyses were conducted to study the chemical composition on the surface of
neat SF, neat PMMA, and PMMA/SF coaxiaiiectrospun samples. Besides the
neat forms, coaxially electrospun PMMA/SF: 1/2 and 1/3 were exanfiigdre
3.40841]) to detect whether PMMA and SF were present at the same spot of
PMMA/SF. Otherwise, it could be interpreted that phase separation naght o
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between PMMA and SF which might be a sign of improper coaxial electrospinning
of PMMA/SF.

In SF group, carbon 1s, oxygen 1s, and nitrogen 1s peaks were detected having the
atomic percentages of 63.8, 21.2, and 15.0% respectivigyré 3.46top). These

results were consistent with the unmodified SF fifBai etal., 2008)and pure
electrospun SF nanofibe(K. Zhang et al., 2010\hich showed SF was obtained
successfully and electrospun without impurity. For the PMMA mats, carbon 1s and
oxygen 1s peaks were detected having the atomic percentages of 73.1 and 26.4%
respectively Figure 3.40bottom). These specified peaks in the XPS spectrum of
PMMA were observedSchulz, Munert, & Kaiser, 2001) Residual amount of
fluorine (F 1s) appeared in the PMMA spectrum. This element might be contributed
to the structure during the application of HFIP due to incomplete evaporation and/or
incorporation of F atoms into the polymeric ahawhich could be considered as
negligible (0.5%).

The molecular weight of the components is also one of the important factors for
controlling phase separati@h. Li et al., 2011) The morphology of the nanofibers

in the presence of phase separation was dependent on the relative ratio of the two
polymer components with different M. Wei, Kang, Sung, & Mead, 2006)
Nanofibers composed of high content of polymer with high Mw exhibited co
continuows structure, whereas, the phase morphglogy measure of
homogeneity/continuity propertiesf polymer blends(Mekonnen, Misra, &
Mohanty, 2015) changed from ceontinuous to corsheath structure when
increasing the contenf polymer with low Mw(M. Wei et al., 2006)SF is a high

Mw polypeptide composed of 25 kDa (ligbhhain), 325 kDa (heavghain) (H.-J.

Jin & Kaplan, 2003rompared to higiviw PMMA (200 kDa). Thus, since PMMA

had a loweMw than that of heavy chain oFSit partly dffused into the Sfshell

layer rather than staying in the core part. Even though, the light chains of SF (25
kDa) would be presented onto the surface of PMMAfiSErs, there would be a
blend of SF and PMMA chains. XPS spectra of two types of PMMA/SF mesh
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electrospun with the flow rate ratios of SF/PMMA: 2/1 and 3/1 were examined
(Figure 3.4) to understand whether the PMMA core could be covered by SF shell
efficaciously. The relative increase in the N 1s peaks from 12.3 to 18.4 %yingjon

to the SF layerRigure 3.4%op and bottom, respectivglglemonstrated that the

fibers were covered more with SF nearly as expected as 2/3 ratio which was

calculated in a sinar way in the literaturéCai et al., 2002) The other atomic

percentages exhibited the blend amount since they were common both for SF and

PMMA.
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Figure3.40XPS spectra of neat SF (top) and neat PMMA (bottom) electroapts.
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Figure3.41 XPS spectraf the coaxially electrospun PMMA/Shats with flow rate
ratios of 1/2 (top) and 1/®ottom).

3.2.1.1.9 Thermo-Gravimetric Analyses (TGA)

TGA analyses were performed to study theried properties of the neat SF, neat
PMMA, and PMMA/SF meshed-(gure 3.42. The thermogram of SF included 2
main regions of weight loss clearly seen as the derivative weight change peaks
(Figure 3.42top). In the first loss region appearing within-350 @ 1001 1 0 A C,

water evaporation originating from moisture was obser{Mdtta, Fambri, &
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