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ABSTRACT

BORATE MODIFIED BIOGLASS CONTAINING SCAFFOLDS FOR
DENTAL TISSUE ENGINEERING APPLICATIONS

Moonesi Rad, Reza
Ph.D., Department of Biotechnology
Supervisor: Prof. Dr. Aysen Tezcaner
Co-Supervisor: Prof. Dr. Zafer Evis

January 2018, 220 pages

Dental tissue engineering has gained increasing attention in recent years. Dentures or
implants are used as replacements of the lost teeth. High cost of these restorations
and rejection possibility of the implants are their main drawbacks. For this reason, a
regenerative approach for repairing of the damaged dentin-pulp complex or
generating a new tissue is needed. The properties associated with bioglass like
biocompatibility and bioactivity are very attractive for dental applications. In this
thesis, bioactive glass nanoparticles (BG-NPs) modified with borate at different
ratios (7%, 14%, and 21%) were synthesized using combination of sol-gel/co-
precipitation and quick alkali-mediated sol-gel methods. Their effect on the
odontogenic differentiation of human dental pulp stem cells (hDPSCs) was
investigated. Additionally, 3D cellulose acetate/pullulan/gelatin (CA/PULL/GEL)
based dentin-like constructs containing 10 or 20% BG-NPs was studied to explore
their potential for dentin regeneration. SEM and XRD analyses showed that
synthesized BGs were nano-sized and amorphous in nature, respectively.
Characteristic functional groups of BGs were observed in FTIR and FT-Raman
spectral analysis. ICP analysis revealed that BGs synthesized possessed the expected

and compositions close to the theoretical ones. The purpose of modification of



bioglass with borate was to achieve increased biodegradability. Increase of B>Os in
BG content positively affected the bioactivity of BG. Higher ion release in SBF
resulted in higher amounts of calcium phosphate deposited on BG discs. Three-
dimensional porous scaffolds with tubular pore structures were successfully
produced using two methods: thermally induced phase separation/porogen leaching
(TIPS/PL) and freeze-drying/metal mold pressing (FD/MMP) and crosslinked with
glutaraldehyde. KCl was added as porogen for increasing porosity of the scaffolds in
TIPS/PL method. Bioactivity tests showed apatite like depositions on scaffolds. BG
addition enhanced bioactivity of the scaffolds. Furthermore, borate modification
resulted in higher deposition than observed in scaffolds with BG. Scaffolds without
BG possessed the highest porosity percentage. Addition of 10% BG improved the
mechanical properties of scaffolds. For cell culture studies hDPSCs were isolated
from patient’s extracted tooth and flow cytometry analysis showed that isolated
hDPSCs were mesenchymal origin. 6.25 mg/ml was chosen as the optimum BG
concentration from dose dependent cytotoxicity study and used for differentiation
tests. All of BG groups enhanced odontogenic differentiation of hDPSCs and
presence of borate increased cell viability. hDPSCs proliferated on scaffolds
prepared by both methods and presence of borate modified BGs increased cell
viability observed on scaffolds. Immunohistochemical and histochemical stainings
showed that scaffolds positively affected the odontoblastic differentiation of the
hDPSCs.

In this thesis, results showed that borate modified BG-NPs and dentin-like constructs

hold promise for use in dental tissue engineering applications.

Keywords: Regenerative Dentistry, Borate Modified Bioglass Nanoparticles,

Cellulose Acetate, Pullulan, Gelatin, Tissue Engineering
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DiS DOKU MUHENDISLiGi UYGULAMALARI iCiN BORAT iLE
MODIFIYE EDILMIS BIOCAM ICEREN TASIYICILAR

Moonesi Rad, Reza
Doktora, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Prof. Dr. Zafer Evis
Ocak 2018, 220 sayfa

Dis dokusu miihendisligi son yillarda giderek artan bir ilgi gérmektedir. Kaybedilen
disler yerine maliyeti yliksek protezler veya rejeksiyon olasiligi olan implantlar
kullanilmaktadir. Bu nedenle hasarli dentin-pulpa kompleksinin rejeneretif bir
yaklasimla onarimina veya yerine yeni doku olusturulmasina ihtiya¢ vardir.
Biyocamin, biyouyumluluk ve biyoaktivite gibi ozellikleri, dis uygulamalar1 i¢in
oldukea ilgi ¢ekicidir. Bu tezde borat ile farkli oranlarda (%7, 14 ve 21) modifiye
edilerek hazirlanan biyocam nanopartikiilleri (BG-NPs) iki farkli metod ile (sol-jel
ve c¢oktiirme metodu ve hizli alkali-aracili sol-jel metodu) hazirlanip, karakterize
edilmis ve elde edilen biyocamlarin dis pulpasi kokenli kok hiicreler iizerindeki
etkileri incelenmistir. Ayrica borat ile modifiye edilmis BG-NPs’ler %10 ve %20
agirlik oranlarinda selliiloz asetat/pullulan/jelatin (SA/PULL/JEL) eklenerek {ig¢
boyutlu dentin benzeri yapilarina eklenerek, dentin rejenerasyonuna yonelik kullanim
potansiyeli arastirilmistir. Uretilen biocamlarin SEM ve XRD analizleri, sirasiyla
sentezlenen BG'lerin nano boyutlu ve yapisal olarak amorf oldugunu gostermistir.
BG'lerin karakteristik fonksiyonel gruplar1 FTIR ve FT-Raman sanalizlerinde
gbzlenmistir. ICP analizi sentezlenen BG'lerin, beklenen kompozisyonlara sahip

olduklarimmi  gostermistir.  Borat ile modifikasyonun amaci, biyocamin

vil



biyobozunurlugunu arttirmaktir. B>Os3 igeriginin artmasi, SBF'de serbest birakilan
iyonlarin daha yiliksek konsantrasyonda ve BG disklerinde {izerinde biriken kalsiyum
fosfatin daha yiiksek miktarda olmasina neden olup, BG biyoaktivitesini olumlu
yonde etkilemistir. Tastyicilar iki metod (termal indiikleme/porojen uzaklastirma ve
liyofilizasyon /metal kaliplama) kullanilarak hazirlanmis ve glutaraldehit ile capraz
baglanmistir. Gozenekliligin arttirilmas1 i¢in tastyicilara KCl porojen olarak
eklenmistir. Her iki yontemle yonlii ve tiibiiler yapiya sahip tasiyicilar basariyla
iiretilmis ve in vitro bioaktivite testlerinde kalsiyum fosfat igerikli ¢okeltiler olustugu
gozlenmistir. BG ilavesi tasiyicilarin biyoaktivitesini arttirmistir. Ayrica, borat ile
modifikasyon, tasiyicilarin istiinde daha c¢ok depozisyona neden olmustur. En
yiiksek gozeneklik yiizdesine BG icermeyen grubun sahip oldugu bulunmustur.
Hazirlanan tasiyicilara, %10 biyocam ilavesinin, mekanik ozellikleri arttirdig:
gozlenmistir. Hiicre kiiltlir caligmalar i¢in hastalarin dental pulpa hiicreleri (hDPSC)
izole edilmis ve akis sitometri analizi ile mezenkimal kok hiicre kokenli oldugu
gosterilmistir. Yapilan doza bagh sitotoksisite testlerinden optimum konsantrasyon
olarak 6.25 mg/ml belirlenmis ve bu konsantrasyonun tiim BG gruplar igin
hDPSC'lerin odontojenik farklilagmasini sagladigi gézlenmistir. Her iki yontem ile
hazirlanan tasiyicilar iizerinde hDPSC’ler ¢ogalmistir ve borat ilaveli biyocamin
varh@, hiicre canliigini arttrmistir.  Immunohistokimyasal ve histokimyasal
boyamalar sonucunda, tasiyicilarin (hDPSCs) hiicrelerin odontontoblast yoniinde

farklilasmasini olumlu sekilde etkiledigi goriilmiistiir.

Bu tezde elde edilen sonuglar iiretilen borat ile modifiye edilmis (BG-NPs) ve
gelistirilen dentin benzeri yapilarin dis doku miihendisligi uygulamalar i¢in yeni bir

yaklasim getirdigini géstermektedir.

Anahtar kelimeler: Rejeneratif Dis Hekimligi, Borat ile Modifiye Biyocam
Nanopartikiilleri, Seluloz Asetat, Pullulan, Jelatin, Doku Miihendisligi

viii



To my beloved family
and

To all human beings who know values of nature and cultural heritage

X



ACKNOWLEDGEMENTS

I would like to express my foremost gratitude to my supervisor Prof. Dr. Aysen
Tezcaner for her continuous guidance, unsurpassed knowledge and generous support
that she has provided me throughout my thesis study. I would like to express my
special appreciation to my co-supervisor Prof. Dr. Zafer Evis for his contribution and

encouragement during my thesis study.

I also would like to express my special thanks to Prof. Dr. Dilek Keskin for her
valuable suggestions and encouragement throughout my thesis study. I would also
like to thank Assoc. Prof. Dr. Senih Giirses, as member of my thesis monitoring

committee for his support and suggestions throughout my Ph.D. study.

I would also like to express my thanks of gratitude to Prof. Dr. Korhan Altunbas, for
allowing me to study in his laboratory at Afyon Kocatepe University, Veterinary
Faculty, Histology and Embryology Department. I would also like to thank Elif Ece
Akgilin and Tayfun Dikmen for their assistance in the experiments. I also thank Dr.

Sila Sahin for her valuable cooperation for providing teeth for stem cell isolation.

I would like to thank all my lab friends, Dr. Ozge Erdemli, Dr. Aysegiil Kavas, Dr.
Omer Aktiirk, Dr. Aydin Tahmasebifar, Dr. Bengi Yilmaz, Dr. Ammar Z.
Alshemary, Dr. Tugge Aktar, Zeynep Giirtiirk, Sibel Turkkan, Merve Giildiken, Nil
Go6l, Hazal Aydogdu, Alisan Kayabdlen, Sina Khoshsima, Said Murat Kayhan,
Yagmur Caliskan, Milad Fathi, Elmira Pourreza, Giilgin Cigek, Sepren Oncii, Busra
Yedekei, Bahadir Gliner, Duygu Deniz Akolpoglu, Ger¢em Altunordu, Giilhan Isik,
Hani Alem, Mustafa Nakipoglu, Hosein Jodati, Saba Najari Hagh for their valuable
helps during the experiments and also providing a friendly environment in the lab,

which is full of good memories.



I am thankful for Deniz Atila for helping me all the time in my lab experiments and
also preparing scientific reports. I also give my thanks to Engin Pazargeviren, and Ali

Deniz Dalgig, for their valuable supports for my lab works.

I thank my friends Dr. Aslan Massahi, Dr. Kaveh Dehganian, Dr. Ali Etemadi,

Yashar Oskouei, and Hamed Asadi for their moral support during my thesis work.

I would like to thank to The Scientific and Technological Research Council of

Turkey for the support they provided (Project no: 114R042).

I would like to give my special thanks to my parents, Mohammad Ali Mounesi Rad,
and Shahin Eslamnour for theit endless supports and precious contributions to every
stage of my life and this study. Many Thanks to my sisters Dr. Shokoufeh Mounesi
Rad, Banafsheh Mounesi Rad, and my brother, Pouria Mounesi Rad, for their

valuable encouragement during my thesis study.

xi



LIST OF FIGURES
LIST OF ABBREVIATIONS

TABLE OF CONTENTS

CHAPTERS
1. INTRODUCTION......cooiiiiiiiiciinrcctseet et

1.1. Strategies for Tooth Regeneration...............cccccevveveveievnieeeinenieieene
1.1.1. Selection of Biomaterials for Dental Tissue Engineering.........
1.1.1.1. Bioactive GIasses........cccoovurueuinirieieiciiiieieceeeeee s
1.1.1.1.1. Methods for Bioactive Glass Synthesis.........c..ccourenenneee
1.1.1.1.2. Application of Bioactive Glass in Tissue Engineering..

1.2. Tissue Engineering Approaches for the Regeneration of Dentin-
Pulp CompleX......cooiieiieiieieeee s

1.2.1. Biomaterials Used for Preparation of the Scaffolds in This

1.2.1.3. GelatiN..c.ocvieiceiiceiicieeee e
1.2.2. SteM CellS....cuiiiiiiciiieicieicee ettt
1.2.2.1. Embryonic Stem Cells.........cccoooviveiieiniieieeeeeeee
1.2.2.2. Mesenchymal Stem Cells..........cccooveirieiinieirineieeeeeee,
1.2.2.2.1. Adult Stem Cells of Non-Dental Origin..............c.c.........
1.2.2.2.2. Adult Stem Cells of Dental Origin............ccccceeieriennnnee

xii

16



1.2.2.2.2.1. Stem Cells from Human Exfoliated Deciduous
Teeth (SHED) ..o
1.2.2.2.2.2. Dental Follicle Stem Cells (DFPCs) .............c.c........
1.2.2.2.2.3. Stem Cells from the Apical Papilla (SCAPs) .........
1.2.2.2.2.4. Periodontal Ligament Stem Cells (PDLSCs) .........
1.2.2.2.2.5. Dental Pulp Stem Cells (DPSCS) .......ccceevrererennene.
1.2.2.3. Induced Pluripotent Stem Cells..........cocevvrrevieiciieicieicieens
1.3. AIm of the Study.......ccooviieiiieice e
2. MATERIALS & METHODS. ..o
2.1 MALETIALS ..o
2.2, MEthOdS. ...t
2.2.1. Synthesis of Pure and Borate Modified BG-NPs............cccccccueee.
2.2.1.1. Preparations of Pure and Borate Modified BG-NPs by
Combination of Sol-Gel and Coprecipitation Methods.........
2.2.1.2. Preparations of Pure and Borate Modified BG-NPs by a
Quick Alkali-Mediated Sol-Gel Method............cccccoeveurnneene.
2.3. Characterization of Pure and Borate Modified BG-NPs......................
2.3.1. X-Ray Diffraction (XRD) Analysis.........cccceerereerirrereirererereennne.
2.3.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis.........
2.3.3. Scanning Electron Microscopy (SEM) Analysis.......c.ccccovnunnnnes
2.3.4. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
ANALYSIS. ..ottt
2.3.5. Porosimetry ANalysiS........cocovvvriririeerinireeeieeeieiesseeeeeee e
2.3.6. In Vitro Bioactivity Tests.......cocvverurirrrirciieieicereeeeseeeee
2.4. Preparation of Three Dimensional CA/PULL/GEL Scaffolds............
2.4.1. Periodate Oxidation of PULL...........ccccoviiiiniicccee
2.4.1.1. Determination of Oxidation Degree of Oxidized PULL.......
2.4.2. Carboxylation of PULL..........ccocooiiiiiiiiieeeeeeee
2.4.2.1. Determination of Degree of Substitution of Carboxylated

Xiii

28

29
30
31
32
33
34
37
37
41
41
42

43

44
44
44
45
45

46
46
47
47
47
48



2.4.3. Preparation of Polymer Solutions.............cccoceevvieireeinininencien.

2.4.4. Preparation of Three Dimensional Scaffolds...........c..ccccoevruenennene.
2.4.4.1. Preparation of Three Dimensional Scaffolds by (TIPS/PL)
MEthOd. ... e

2.4.4.2. Preparation of Three Dimensional Scaffolds by (FD/MMP)

2.4.5. Cross-linking of Three-Dimensional Scaffolds...............cccenee..
2.4.6. In Vitro Degradation ANalysiS..........cccceevvueirieinieinieinieeieeieienes
2.4.7. Water Absorption Capacity Measurement of the Scaffolds.........
2.4.8. Scanning Electron Microscopy (SEM) Analysis..........ccccoeveuenene.
2.4.9. In Vitro Biomineralization Analysis..........ccccocoeeeinirieeeinineene.
2.4.10. Porosity Measurements.............ccccoeeeeeeueueirieieueeinieieneeeseeeseeseens
2.4.11. Mechanical TestS........covvviriririiinirnieee e
2.5. Cell Culture STUAIES.......c.cueueueeeirieieieieieieieirisie e
2.5.1. Isolation 0f hDPSCS.......ccooiiiiiiiiiiieeceee e
2.5.2. Characterization of Human DPSCs..........ccccocooiiiiiiniiiiice,
2.5.3. In Vitro Cytotoxicity Assessment of Pure and Borate Modified

2.5.4. Evaluation of Effect of Pure and Borate Modified BG-NPs on

Differentiation of Dental Pulp Stem Cells.........ccccooeeiicvncnnnne.

2.5.4.1. Measurement of Alkaline Phosphatase (ALP) Enzyme

Activity and Intracellular Calcium Amounts of DPSCs.........
2.5.5. Immunohistochemical Staining...........cocovvvvevierivnirereeeiens

2.5.6. Cell Viability ASSAYS......cevururieeririeieieiririeieieieieieie et

2.5.7. Measurement of ALP Activity and Intracellular Calcium

Amounts of hDPSCs Seeded on Scaffolds.......cocceeveveeeveeeveeeenn,

2.5.8. Immunohistochemical and Histological Analysis of hDPSCs

Seeded Scaffolds.........ooiiirieieiieece e
2.6. Statistical ANALYSIS.......ccccevieieiiiieieireeeeeee s
3. RESULTS AND DISCUSSION

X1V

53

56
57
57
58
58
59
60
61
61
61
62

63

63

64

65

66

66

67
69



3.1. Characterization of the Synthesized BG-NPs..........cccocoovvieiiiiniciennnn. 69

3.1.1. Scanning Electron Microscopy (SEM) Analysis............ccccvue... 69
3.1.1.1. Combination of Sol-Gel and Co-Precipitation Methods....... 69
3.1.1.2. Quick Alkali-Mediated Sol-Gel Method............c.cceeueunnnn. 70

3.1.2. X-Ray Diffraction (XRD) Analysis........cccceeereinirreiririereenne 72
3.1.2.1. Combination of Sol-Gel and Co-Precipitation Methods....... 72
3.1.2.2. Quick Alkali-Mediated Sol-Gel Method................cccveneenie. 72

3.1.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 75

ANALYSTS ittt
3.1.3.1. Combination of Sol-Gel and Co-Precipitation Methods....... 75
3.1.3.2. Quick Alkali-Mediated Sol-Gel Method............ccococueeeneen. 76

3.1.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis........ 77

3.1.5. Fourier Transform Raman (FT-Raman) Spectroscopy................. 79

3.1.6. Porosimetry ANalysiS.......c.ccocueeiverieieieeiieieieeeeeieieeeee e eve e 79

3.1.7. In Vitro Bioactivity Tests........cceeueriiienniiiieieneicee e 80

3.2. Preparation of Three Dimensional CA/PULL/GEL.............c.ccccocuee. 85

3.2.1. Determination of Oxidation Degree of Oxidized PULL and 85

Degree of Substitution of Carboxyl Groups of Carboxylated
PULL ..ottt

3.2.2. In Vitro Degradation ANalysisS.......c.coceeeevuerieneenenienennieneeneenns 87
3.2.2.1. Scaffolds Prepared by (TIPS/PL) Method............cceeruvennneen. 89
3.2.2.2. Scaffolds Prepared by (FD/MMP) Method.......................... 92

3.2.3. Water Absorption Capacity of the Scaffolds.........cccccoceevirninnin. 98
3.2.3.1. Scaffolds Prepared by (TIPS/PL) Method........c..ccccceuennene. 98
3.2.3.2. Scaffolds Prepared by (FD/MMP) Method.......................... 99

3.2.4. Scanning Electron Microscopy (SEM) Results.........c..ccceeeuveeee. 102
3.2.4.1. Scaffolds Prepared by (TIPS/PL) Method........c..ccccevenene. 102
3.2.4.2. Scaffolds Prepared by (FD/MMP) Method.......................... 106

3.2.5. In Vitro Bioactivity TestS.......ccceevieeriireiieiieeiieiieeie e 109
3.2.5.1. Scaffolds Prepared by TIPS/PL Method.............cccecevrnenee. 109

XV



3.2.5.2. Scaffolds Prepared by FD/MMP Method............ccceuveenenee.
3.2.6. Porosity Measurements............ccueeeveeeriueeenuieesreeesreeesveeeseveeeenes
3.2.6.1. Porosity Results of Scaffolds Prepared by TIPS/PL
MEthOd......eiiieiieie s
3.2.6.2. Porosity Results of Scaffolds Prepared by FD/MMP

3.3.4. Evaluation of Effect of BG Nanoparticles on Differentiation of
Dental Pulp Stem Cells.......ccccovuieiiiniiniieiieieeieee e
3.3.4.1. Measurement of Alkaline Phosphatase (ALP) Enzyme
Activity and Intracellular Calcium amounts of DPSCs........
3.3.4.2. Immunohistochemical Staining...........c.cccceevvverieevieenienneans
3.3.5. Cell Viability Assays for the 3-Dimensional Scaffolds...............
3.3.5.1. Scaffolds Prepared by TIPS/PL Method...........c.ccceueruennnene.
3.3.5.2. Scaffolds Prepared by FD/MMP Method............ccccoeennnee.
3.3.6. Evaluation of Differentiation of hDPSCs Seeded on Three
Dimensional Scaffolds..........ccooeeiiiiiiiiiiiiie
3.3.6.1. Measurement of ALP Activity and Intracellular Calcium
Amounts of hDPSCs Seeded on Three Dimensional
Scatfolds.....eeiiiiieie
3.3.6.1.1. Scaffolds Prepared by TIPS/PL Method........................
3.3.6.1.2. Scaffolds Prepared by FD/MMP Method......................
3.3.6.2. Immunohistochemical and Histological Analysis of
hDPSCs Seeded Scaffolds..........cooviriieniiniiiniiiiiicee
3.3.6.2.1. Scaffold Prepared by TIPS/PL Method........................

XVi

122

124
127
127
128
131

132

132

137
138
138
146
151

151

151

153
156



3.3.6.2.2. Scaffolds Prepared by FD/MMP Method..................... 166

4. CONCLUSION. ..ottt 181
REFERENCES . ... .ot 183
APPENDICES

A. ETHICS COMMITTEE REPORT .......ccccocoiiiiiiiiiiiiiiiicnicitecee 211

B. CALIBRATION CURVE FOR ALP ASSAY ....coooiiiiiiieeieeeeieeee, 213

C. CALIBRATION CURVE FOR DETERMINATION OF 215

INTRACELLULAR CALCIUM....c.ocoiiiiiiiiiieniieeeneceeeeeeeesee e

D. CALIBRATION CURVE FOR DETERMINATION OF DNA 217

CURRICULUM VITAE.......ccoiiiiiiiiiiiteteeetete ettt 219

Xvil



LIST OF TABLES

Table 1. Different compositions of bioactive glasses (Abbasi et al., 2015)................. 4

Table 2. Different commercial brands of bioactive glass (Montazerian & Dutra

Zanotto, 2016, Kumar et al., 2015).....ccceieiiiieiieeeieeeeee e 5
Table 3. Tissue engineering applications of different forms of PULL...................... 23
Table 4. List of materials used for bioactive glass nanoparticles synthesis.............. 37

Table 5. List of chemicals used in the preparation of three-dimensional scaffolds...38

Table 6. List of materials used in cell culture experiments.............c.cccoeeveeeeereeneennns 40
Table 7. Nominal compositions of Bx-BG samples..........c.ccccoeveevrieiinienieieseeienen. 43
Table 8. Nominal compositions of Bx-BG samples..........c..cccoevveviieienieniieiecienenen. 44
Table 9. Solubility of polymers in different SOIVeNts...........cccooveeeerenieeninieireenees 50
Table 10. Different solvent systems used for preparation of the scaffolds................ 51

Table 11. Experimental groups used for preparing the three dimensional scaffolds by
using the (TIPS/PL) Method.........ccoooiiiiiiiiiiiiieeieceeeeeee e 54
Table 12. Ion concentrations in SBF SOIUtION..........cccooiiiniriiieieicieeeee e 59

Table 13. Chemical composition of BG and borate modified BG materials obtained

WIth TCP-MS ..ot 76
Table 14. Chemical composition of BG and borate modified BG materials obtained
WIth TCP-MS ...ttt et 77
Table 15. BET and BJH analyses results of BG and B203; modified BGs................. 81

Table 16. Ca/P ratio of apatite layer formed after immersion of samples in SBF
SOTULION. ...ttt sttt e st 87
Table 17. pH of PBS (0.1 M, pH 7.4) in which 6 hours GTA cross-linked CA/Ox-
PULL/GEL scaffolds incubated at 37°C for different periods (n=3). Scaffolds were
prepared by (TIPS/PL) method.........cocooviiiiiiiiiiiiiiiiieecceeeee e 93
Table 18. pH of PBS (0.1 M, pH 7.4) in which CA/Ox-PULL/GEL scaffolds cross-
linked with 5% GTA solution for 30 minutes before mold pressing and for 12 hours
after mold pressing, were incubated at 37°C for different periods (n=3). Scaffolds
were prepared by (FD/MMP) method..........ccoooiiiiiiiiiiiiiiieeeeeeee e 97

xviii



Table 19. Water absorption results of GTA cross-linked (6 hours) CA/Ox-
PULL/GEL scaffolds in PBS (0.1 M, pH 7.4) at 37°C that were prepared by the
method Of (TIPS/PL) (N73)..iiiiiie ettt e s 99
Table 20. Water absorption measurement results of GTA cross-linked (30 minutes
before mold pressing and for 12 hours after mold pressing) CA/Ox-PULL/GEL
scaffolds in PBS (0.1 M, pH 7.4) at 37°C that were prepared by the method of

(FD/MMP) (153).c ettt ettt sttt st e s enaeeneenees 101
Table 21. Porosity percentages of the scaffolds prepared by the TIPS/PL method
(D173 ) ettt et h et a e bttt et sh ettt ae e b enee 122
Table 22. Results of porosity measurements of the scaffolds prepared by the
FD/MMP mMethod (N53)...cviiiiieeeeeee ettt 125
Table 23. Compression test results of the scaffolds prepared by the (TIPS/PL)
MELHOA (I153) ittt et e et eesr e e taeeeseesaneenseenens 129

Table 24. Immunophenotypic properties of hDPSCs cells (n=2). Numbers in the
table indicate the percentages of CD positive and CD negative cells...................... 130

X1X



LIST OF FIGURES

Figure 1. (a) Anatomy of tooth (Boling, 2017); (b) SEM image of natural dentinal

tubules with odontoblasts processes (Torabinejad, 2015)........ccccvveeviieeiiiencieeeieeenee, 2
Figure 2. Chemical structure of PULL (Pereira, 2013).......ccccvevieiiirieieeieerecreenene, 18
Figure 3. Mechanism of cross-linking of PULL with sodium trimetaphosphate
(STMP) (Dulong et al., 201 1) ..cieuiieiieiieeiieie ettt s 19
Figure 4. Schematic representation of cross-linking of oxidized PULL and proteins
(ASMA €t ., 2014)...cieeiieeieeecee ettt et e e e e aa e e araeenaree s 20
Figure 5. Chemical structure of gelatin (Ge et al., 2012).......cccccieiivieiieieeieieeeee, 24

Figure 6. Crosslinking mechanism of gelatin with GTA (Migneault et al., 2004)....24
Figure 7. Schematic representation of amide bond formation as a result of cross-
linking of gelatin with EDC/NHS (Rose et al., 2014)........cccccvieiiniininniniiniiienene 25
Figure 8. A system prepared from aluminum plate and foam in order to freeze the
polymers solution in one direction (a) view from the foam side with the glass
containers — (b) view from the aluminum plate side.............ccccveevviiiniiiincieeeeeen, 52
Figure 9. Schematic image of the metal mold consisting of pins with 400 pm
diameter and distance of 400 um between (a); Image of the designed and produced
metal mold consisting of pins with 400 pm diameter and distance of 400 um between
them, side view (b); view from above (c); Image of the designed and produced metal
mold consisting of pins with 500 um diameter and distance of 600 um between them,
side view (d); VIEW fTrOm abOVE (€).....ccccvieeiiiieiiieeeiieeeiee et 55
Figure 10. SEM image and particle size distribution curve of BO-BG synthesized by
combination of sol-gel and co-precipitation methods..........ccccocveveeieniiiniincnicnennens 69
Figure 11. SEM images and particle size distribution curves of a) B0-BG, b) B7-BG,
synthesized by the quick alkali-mediated sol-gel method..............cccooevreeniiiennnnnnne. 70
Figure 12. XRD spectra of synthesized a) BO-BG, b) B7-BG, ¢) B14-BG synthesized
by combination of sol-gel and co-precipitation methods............cceceeveriinienenieneenne. 73
Figure 13. XRD spectra of synthesized B0-BG, B7-BG, B14-BG, B21-BG
synthesized by the quick alkali-mediated sol—gel method.............cccooiininiiniinnnn. 74

XX



Figure 14. FTIR spectra of different compositions of BG-NPs, A) B0-BG, B) B7-
BG, C) B14-BG, D) B21-BG , respectively. All samples were calcined at 600°C for 2

Figure 15. FT-Raman spectra of different compositions of BG-NPs, A) B0-BG, B)
B7-BG, C) B14-BG, D) B21-BG, respectively. All samples were calcined at 600 -C

Figure 16. N, adsorption-desorption isotherm of synthesized a) B0-BG, b) B7-BG, ¢)
B14-BG, d) B21-BG synthesized by the quick alkali-mediated sol-gel method....... 82
Figure 17. SBF incubation studies for BO-BG and borate modified BG; Release of a)
Si ion, b) Ca™ ion, ¢) B ion, and d) changes in pH of SBF with time groups..........83
Figure 18. SEM images of B0-BG and borate modified BG samples after soaking in
SBF for various periods Of tIMe........c.ceeuiiiiiiiiieiierie e 86
Figure 19. Weight loss of GTA cross-linked CA/PULL/GEL scaffold samples (%50
CA, %15 PULL, %35 GEL, with total polymer concentration of %2.5), in PBS (0.1
M, PH 7.4) @t 37%C (N73) ittt ettt et 88
Figure 20. Weight loss of GTA cross-linked CA/Ox-PULL/GEL scaffold samples
(%50 CA, %15 Ox-PULL, %35 GEL, with total polymer concentration of %2.5) in
PBS (0.1 M, pH 7.4) @t 37°C (1173).cetteteeiesieeeeeeeeeseee et 89
Figure 21. Weight loss of EDC/NHS cross-linked CA/Carboxyl-PULL/GEL scaffold
samples (50% CA, 15% Carboxyl-PULL, 35% GEL, with total polymer
concentration of %2.5) in PBS (0.1 M, pH 7.4) at 37°C (0=3)....ccevvvveerreeeireeeieene 89
Figure 22. Weight loss of GTA cross-linked (6 hours) CA/Ox-PULL/GEL scaffolds
in PBS (0.1 M, pH 7.4) at 37°C (n=3). Scaffolds were prepared by (TIPS/PL) method
(50% CA, 15% PULL, 35% GEL, with total polymer concentration of 2.5%)........ 92
Figure 23. Weight loss of GTA cross-linked (30 minutes before mold pressing and
for 12 hours after mold pressing) CA/Ox-PULL/GEL scaffolds in PBS (0.1 M, pH
7.4) at 37°C (n=3). Scaffolds were prepared by the (FD/MMP) method (50% CA,
15% PULL, 35% GEL, with total polymer concentration of 5%)..........ccccceevvereennnen. 95
Figure 24. Cross-sectional SEM images of the scaffolds composed of CA/Ox-
PULL/GEL prepared by the (TIPS/PL) method (Freezing temperatures: -196°C)..104

XX1



Figure 25. Cross-sectional SEM images of the CA/Ox-PULL/GEL scaffolds
prepared by the TIPS/PL method and using KCI as porogen at different amounts (a)
100% (b) 50% (C) 25% of the total polymer concentration. (Freezing temperatures: -

Figure 26. Cross-sectional SEM images of the CA/Ox-PULL/GEL scaffolds
prepared by the TIPS/PL method using KCI as %100 of the total polymer weight, (a)
B0-10 group (b) B14-20 group. (Freezing temperatures: -80°C)..........ccccvveeeevvennee. 106
Figure 27. SEM images of the scaffolds prepared by the FD/MMP method, a)
without BG, b) BO — 10, ¢) B0 — 20, d) B7 - 10, e) B7 — 20, f) B14 - 10, g) B14 — 20,
h) B21 — 10, and 1) B21 — 20....cciiiiiieiieeeeeeeee e 108
Figure 28. SEM images of macropores walls of the scaffolds prepared by the
FD/MMP method, a) without BG, and b) 14B — 10, (arrow shows wall of the
TNACTOPOTE ). cnevveeereeeaureeeaereeaseeeaseeeaseeessaeesnseeesnseeassseeassseesssseesssseesnsseessseessssessnsees 109
Figure 29. SEM images of the scaffolds prepared by the TIPS/PL method, and kept
in SBF for 7 and 14 days: a) without BG,day 7; b) without BG, day 14; ¢) BO0-10,
day 7; d) BO-10, day 14; e) B0-20, day 7; f) B0-20, day 14.......ccceeiieiiiriaenee. 111
Figure 30. SEM images of the scaffolds prepared by the FD/MMP method, and kept
in SBF for 7 and 14 days: a) withoutBG, day 7; b) without BG, day 14; ¢) BO0-10,
day 7; d) BO-10, day 14; e) B0-20, day 7; f) B0-20, day 14.......ccceeiieiiieiaenen. 115
Figure 31. Pore size distribution of CA/Ox-PULL/GEL scaffold prepared by the
TIPS/PL) method, measured by the mercury porosimetry device..........c.cceevveennee. 119
Figure 32. Phase contrast microscopy images of the isolated hDPSCs (a) 3 days and
(b) 5 days after 1SOlatioN.........c.eecuieiiieriieiie ettt e 128
Figure 33. Flow cytometry analysis results for expression of surface markers by
hDPSCs for mesenchymal stem cells markers (CD44, CD 73, CD90, CD105),
endothelial stem cells marker (CD31) and hematopoietic stem cells marker
(CD5) ettt ettt sttt 130
Figure 34. Effect of extracts of BG-NPs prepared with different concentrations on
the viability of DPSCs (n=4) 1, 3, and 7 days after incubation. Cell viability is given

as relative cell viability where viability of untreated DPSCs was taken as 100%. (a,

xXxil


file:///D:/A/Thesis2/Draft/Correction/3_1.3.2018/Reza/Reza-Thesis5.docx%23_Toc508083162
file:///D:/A/Thesis2/Draft/Correction/3_1.3.2018/Reza/Reza-Thesis5.docx%23_Toc508083162

B, and Y: denote the statistically highest groups among all BG compositions at day 1.
a: denotes the statistically highest group among all BG compositions at day 3. a, and

B: denote the statistically highest groups among all BG compositions at day 7,

Figure 35. (a) ALP activity and (b) intracellular calcium amounts of DPSCs cells
treated with extracts obtained with 6.25 mg/ml in odontogenic differentiation
medium (DMEM containing 10% FBS, 1% penicillin-streptomycin, 50 pg/ml
ascorbic acid, 10 mM B -glycerophosphate, and 10 nM dexamethasone) at different
incubation periods (n=4). For ALP activity, # denotes the statistical difference
between groups at week 2 and for intracellular calcium amounts, # denotes the
statistical difference between group B21-BG and groups (without BG, and B0-BG) at
WEEK 1 (P<O.05). ittt tae e et e e et e e e e e e e b aeesabeeesasaeessseeenns 136
Figure 36. Results of immunocytochemical staining of DPSCs incubated in medium
containing 6.25 mg/ml BG extracts after 7 days, (a,b,c,d) [DSPP (green) and DAPI
(blue) staining for group BO-BG,group B7-BG, group B14-BG, group B21-BG; (e, f,
g, h) [Osteopontin (green) andDAPI(blue) staining for group BO-BG, group B7-BG,
group B14-BG, group B21-BG; (i, j, k, 1) [Collagen type I (green) and DAPI (blue)
staining for group BO-BG, group B7-BG, group B14-BG, group B21-BG; (scale bar:

Figure 37. Results of immunocytochemical staining of DPSCs incubated in medium
containing 6.25 mg/ml BG extracts after 14 days, (a, b, ¢, d) [DSPP (green) and
DAPI (blue) staining for group BO-BG, group B7-BG, group B14-BG, group B21-
BG; (e, f, g ,h) [Osteopontin (green) and DAPI (blue) staining for group B0-BG,
group B7-BG, group B14-BG, group B21-BG; (i, j .k, ) [Collagen type I (green) and
DAPI (blue) staining for group BO-BG, group B7-BG, group B14-BG, group B21-
BG; (scale bar: 100 [UM)....ccouiririieeiieeciee ettt et e e e e eereeeseaeeenaneeens 140
Figure 38. Result of proliferation assay of hDPSCs cultured on scaffolds prepared by
the TIPS/PL method with Alamar blue assay for 7 days (n=3).......cccceeevvervrenrennen. 142

xxiii



Figure 39. SEM images of hDPSCs seeded on the scaffolds prepared by the TIPS/PL
method: a) without BG, day 1; b) without BG, day 7; ¢) B0-10, day 1; d) B0-10, day
7; €) B0-20, day 1; f) B0-20, day 7 (scale bar: 50 tm)........ccceeevieeecveeecrieeeieeeeenn 143
Figure 40. Result of proliferation assay of hDPSCs cultured on scaffolds prepared by
the FD/MMP method with Alamar blue assay for 7 days (N=3).........cccceevvrrvurernn. 147
Figure 41. SEM images of hDPSCs seeded on the scaffolds prepared by the
FD/MMP method a) without BG, day 1; b) without BG, day 7; ¢) B0-10, day 1; d)
B0-10, day 7;e) B0-20, day 1; f) B0-20, day 7 (scale bar: 200 um, inserts: 20 pum),
White arrows ShOW CeIIS.....c..eviiriiiiiiiiieiee e 148
Figure 42. ALP enzyme activity of hDPSCs seeded on scaffolds prepared by the
(TTIPS/PL) method (n=4). # designates the groups that are significantly different than
groups (without BG, B0-10, and B21-10) at week 2 (p<0.05)......ccccevviiiiienieennene 152
Figure 43. Intracellular calcium amounts of hDPSCs seeded on scaffolds prepared
by the (TIPS/PL) method (n=4). # designates the groups that were significantly
different than all groups at week 2 (P<0.05).......ooiiiiiiiiiiiiieeeee e 153
Figure 44. ALP enzyme activity of hDPSCs seeded on scaffolds prepared by the
FD/MMP method (n=4). # designates the group significantly different than all groups
(except B0-20, and B7-10) at week 2 (P<0.05)......coorieriiieriieiierieeieeeie e 155
Figure 45. Intracellular calcium amounts of hDPSCs that were seeded on scaffolds
prepared by the FD/MMP method (n=4). designates the group significantly different
than all groups (except: B14-20) at week 2 (p<0.05)....cccouveeviiieeniieinieeeieeeee e, 156
Figure 46. Results of immunohistochemical staining of DPSCs seeded on the
scaffolds prepared by the TIPS/PL method, [DSPP (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B7-10, day 14; f) B7-10, day 21, (distance of stained sections from the scaffold
surface was 150 pm) (scale bar: 20 [M).....ccceeeeiiiieeiiieeiieeeieeeee e 159
Figure 47. Results of immunohistochemical staining of DPSCs seeded on the
scaffolds prepared by the TIPS/PL method, [OPN (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) BO0-10, day 14; d) B0-10, day 21; e)

XX1v



B7-10, day 14; f) B7-10, day 21, distance of stained sections from the scaffold
surface was 150 um) (scale bar: 20 LmM).....cceeevvieeriieeriee e e 161
Figure 48. Results of immunohistochemical staining of DPSCs seceded on the
scaffolds prepared by the TIPS/PL method, [COLI (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B7-10, day 14; f) B7-10, day 21 distance of stained sections from the scaffold
surface was 150 pm) (scale bar: 20 [M)......cceeeeeriiieiiieeieeeeeeee e 163
Figure 49. Results of Von Kossa staining of DPSCs seeded on the scaffolds prepared
by the TIPS/PL method, a) without BG, day 14; b) without BG, day 21; ¢) BO0-10,
day 14; d) B0-10, day 21; e) B7-10, day 14; f) B7-10, day 21, distance of stained

sections from the scaffold surface was 150 pupm) (scale bar: 20

Figure 50. Results of immunocytochemical staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method [DSPP (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B0-20, day 14; f) B0-20, day 21, distance of stained sections from the scaffold
surface was 150 pm) (scale bar: 20 M)......cccveeeveeeriieeiieniieeie e 169
Figure 51. Results of immunocytochemical staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method [OPN (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B0-20, day 14; f) B0-20, day 21, distance of stained sections from the scaffold
surface was 150 pum) (scale bar: 20 [mM).....cceeeeciiiieiiieeiieeeieeee e 172
Figure 52. Results of immunocytochemical staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method [COLI (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) BO0-10, day 14; d) B0-10, day 21; e)
B0-20, day 14; f) B0-20, day 21, distance of stained sections from the scaffold
surface was 150 pm) (scale bar: 20 [UM)......coovieiiiiiieniieieeieee e 175
Figure 53. Results of Von Kossa staining of DPSCs seeded on the scaffolds prepared
by the FD/MMP method, a) without BG,day 7; b) without BG, day 14; ¢) BO0-10,

XXV



day 7; d) B0-10, day 14; e) B0-20, day 7; f) B0-20, day 14, (distance of stained
sections from the scaffold surface was 150 um) (scale bar: 20 pm)...................... 178
Figure 54. Calibration curve for ALP assay constructed with para-nitrophenol as
SEANAAT. ...ttt 213
Figure 55 Calibration curve of calcium using various CaCl, concentrations as
10T 2 o B 1 ) TR 215
Figure 56. Calibration curve of DNA constructed with different concentrations of
calf thymus DNA as standard for the determination of total DNA content in cell
lysates in ALP @SSQY (153)...ccviiiieeiieeie ettt ettt ettt st stee v e seaeeanees 217

XXVi



LIST OF ABBREVATIONS

Al: Aluminum

ALP: Alkaline Phosphatase

ANOVA: Analysis of Variance

BET: Brunauer—-Emmett—Teller

BCA: Bicinchoninic Acid

BG: Bioglass

BG-NPs: Bioactive Glass Nanoparticles
BJH: Barret-Joyner—Halenda

BMP2: Bone Morphogenetic Protein 2
BMSCs: Bone Marrow-derived Mesenchymal Stem Cells
BP: Biopolymer

BSA: Bovine Serum Albumin

B TCP: Beta Tricalcium Phosphate

CA: Cellulose Acetate

CMP: Carboxymethylpullulan

CS: Calcium Sulphate

DBM: Demineralized Bone Matrix
DEX: Dexamethasone

DFPCs: Dental Follicle Stem Cells

DMA: Dimetilasetamid

XXVvii



DMEM: Dulbecco’s modified Eagle’s medium
DMF: Dimetilformamid

DMSO: Dimethyl Sulphoxide

DMP1: Dentin Matrix Protein 1

DNA: Deoxyribonucleic Acid

DPP: Dentin Phosphoprotein

DPSCs: Dental Pulp Stem Cells

DSP: Dentin Sialoprotein

DSPP: Dentin Sialophosphoprotein

EB: Embryoid Body

ECM: Extracellular Matrix

EDC: 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide
ESCs: Embryonic Stem Cells

FBS: Fetal Bovine Serum

FD/MMP: Freeze-Drying/Metal Mold Pressing
FTIR: Fourier Transform Infrared Spectroscopy
GEL: Gelatin

HA: Hydroxyapatite

HCA: Hydroxycarbonate Apatite

hDPSCs: Human Dental Pulp Stem Cells
HUVEC: Human Umbilical Vein Endothelial Cells

ICP-MS: Inductively Coupled Plasma Mass Spectrometry

XXVviil



1thU-iPSCs: Integration-free Human Urine Induced Pluripotent Stem Cells
1PSCs: Induced Pluripotent Stem Cells

JBMSCs: Jaw Bone Mesenchymal Stem Cells

Li: Lithium

MBNs-NH»: Aminated Mesoporous Bioactive Nanoparticles
MDF: Mouse Dental Follicle

MEPE: Matrix Extracellular Phosphoglycoprotein

Mg: Magnesium

MSCs: Mesenchymal Stem Cells

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MW: Molecular Weight

NBG: Nano Bioactive Glass

NBG-NPs: Nano Bioactive Glass Nanoparticles

NBO: Non-bridging Oxygen

NF: Nanofibrous

NHS: N-hydroxysuccinimide

NMMO: N-methylmorpholine-N-oxide

PBS: Phosphate Buffered Saline

PCL: Polycaprolactone

PD: Population Doublings

PDL: Periodontal Ligament

PDLSCs: Periodontal Ligament Stem Cells

XX1X



PEG: Poly Ethylene Glycol

PHB: Poly (Hydroxybutyrate)

PGA: Poly Glycolic Acid

PLGA: Poly Glycolic Poly Lactic Acid

PLLA: Poly-L-lactic Acid

PNIPAAm: Peptide- poly(N-isopropylacrylamide)

pNPP: p-nitrophenyl phosphate

PRF: Platelet-rich Fibrin

PULL: Pullulan

rhVEGF65: Recombinant Vascular Endothelial Growth Factor
RT: Room temperature

SEM: Scanning Electron Microscopy

SBF: Simulated Body Fluid

SCAPs: Stem Cells from the Apical Papilla

SHED: Stem Cells from Human Exfoliated Deciduous Teeth
STAT3: Signal Transducer and Activator of Transcription 3
STMP: Sodium Trimetaphosphate

TBDC: Teicoplanin-loaded Borate Bioactive Glass

TDM: Treated Dentin Matrix

TEOS: Tetra Ethyl Ortho Silicate

TEP: Triethyl Phosphate

TIPS/PL: Thermally Induced Phase Separation/Porogen Leaching

XXX



VEGF: Vascular Endothelial Growth Factor
VEGFR1: Vascular Endothelial Growth Factor Receptor 1
WA: Water Absorption

XRD: X-ray Diffraction

XXX1






CHAPTER 1

INTRODUCTION

Dental caries is the most common health disorder after common cold disease. Dental
caries is a transmissible bacterial disease process. The bacteria causing caries, use
fermentable carbohydrates in the mouth and form organic acids. As a result of
diffusion of acids into pores of tooth mineral parts and dissolving them,
demineralization occurs. Demineralization starts in the enamel layer and goes to the
dentin layer when not treated. Enamel and dentin are mineralized tissues of the tooth
being affected (Featherstone, 2008). Caries progress more quickly in the dentin layer,

which is less resistant to caries than enamel (Wolff & Larson, 2009).

Dentin is similar to bone tissue in terms of composition and structure. Dentin is
formed by odontoblasts which are arranged as a layer of cells lining the pulpal
surface of dentin through a life-long process (Arana-Chavez & Massa, 2004). In the
structure of the dentin, the odontoblastic extensions are found in a highly mineralized
fluid. The dentinal tubules are well aligned and parallel to each other and divide into
branches that are narrower. The anatomy of the tooth, and SEM image of natural

dentinal tubules are shown in Figure 1.



Normal Tooth Anatomy

a) b)

Figure 1. (a) Anatomy of tooth (Boling, 2017); (b) SEM image of natural dentinal
tubules with odontoblasts processes (Torabinejad, 2015).

1.1. Strategies for Tooth Regeneration

There are two strategies in tooth tissue engineering: 1- entire tooth regeneration, 2-
regeneration of different parts of tooth (enamel, dentin, pulp, cementum, periodontal

ligament and alveolar bone) (Sharma et al., 2014).

1.1.1. Selection of Biomaterials for Dental Tissue Engineering

Biomaterials for preparation of scaffolds could be natural/synthetic. Examples of
natural biomaterials used in dental tissue engineering are: 1- proteins like collagen
(Prescott et al., 2008), and silk (Zhang et al., 2011), 2- polysaccharides like chitosan
(Boynuegri et al., 2009), hyaluronic acid (Inuyama et al., 2010), alginate (Srinivasan
et al., 2012). Synthetic biomaterials used in dental tissue engineering include organic
polymers like poly glycolic acid (PGA) (Tonomura et al., 2010), and

polycaprolactone (PCL) (Park et al., 2010) or inorganic calcium phosphate materials



like hydroxyapatite (HA) (Teti et al., 2015) or beta tricalcium phosphate (f TCP)
(Gala-Garcia et al., 2010) and glass ceramics like niobium doped fluorapatite glass

ceramic (Kushwaha et al., 2012).

1.1.1.1. Bioactive Glasses

Glasses are silica based materials (Laczka et al., 2000). Glass ceramics are glasses
containing Lithium/Aluminum (Li/Al) or Magnesium/Aluminum (Mg/Al) crystals.
In bioglasses, some of the silica groups have been replaced by calcium, phosphorus,
or sodium (SiO2, Na;O, Ca0O, P>0s). Calcium and phosphate ions released from the
glass, together with those present in the solution, form a calcium phosphate rich layer
on the surface of the biomaterial in contact with body fluids. Na* leaches quickly and
Ca?*, PO4*", and Si*' dissolve congruently at the glass surface. A polycondensated
silica-rich layer then forms on the glass bulk resulting in calcium phosphate (Ca/P)
layer deposits on outer surface (Hench & Wilson, 1993). This phosphate is initially
amorphous and then crystallizes into hydroxycarbonate apatite (HCA) layer by
addition of carbonate ions from the solution. These bioglasses are highly bioactive
and chemical bonding occurs between the tissue and the implant (Nandi et al., 2011).
However, when compared to high-density (cortical) bone, medical applications of
bioactive glass are limited to low load-bearing areas due to their low fracture
toughness (Kiikiirtcii, 2015). Most important features of bioactive glasses are; to
support the formation of three-dimensional vascular structures, to help differentiate
mesenchymal cells in bone tissue and to bind to bone tissue with organic bonds
(Abbasi et al, 2015). In other words, bioactive glasses promote both
osteoconductivity and osteointegration (Kumar, 2009). When bone is able to grow on
the surface of a biomaterial, that material is so called osteoconductive material and
bone growth occurs on its surface or down into its pores, channels or pipes
(Albrektsson & Johansson, 2001). Osseointegration means a direct structural and

functional contact between ordered, living bone and surface of the implant (Anil et



al., 2011). Bioglass® particulates, of equivalent size in two compositions (with and
without fluoride) have been tested for restoration of osseous tissues in treatment of
periodontal disease in a monkey model. Both alveolar bone and periodontal ligament
were restored as a result of osteoconductivity of this material (Wilson & Low, 1992).
In one study, gradient coatings composed of bioactive glass and nanohydroxyapatite
(BG—nHA) on titanium-alloy orthopaedic implants were tested in vivo. Histological
and histomorphometric studies revealed enhancement of implant osteointegration.
They observed that bone formation was facilitated and bone absorption around the

materials was delayed (Xie et al., 2010).

Table 1. Different compositions of bioactive glasses (Abbasi et al., 2015).

Bioactive glasse Composition (%mol)
4585 (Bioglass®) 46.1% S10,, 24.4% NaxO,
26.9% CaO ve 2.6% P»0s

58S (Synthesized by the sol-gel | 60% SiO2, 36% CaO ve 4% P>0s
method)

70S30C 70% S10-, 30% CaO.
S53P4 53% Si102, 23% NaO, 20% CaO ve 4%
P>0s




Table 2. Different commercial brands of bioactive glass (Montazerian & Dutra

Zanotto, 2016, Kumar et al., 2015).

Brand name Application

PerioGlas® Dental bone grafting

Bio-Oss® Dental bone grafting

Cerabone® Dental bone grafting

UltraDEX® Treatment of dentin hypersensitivity &

repair of dental caries

Biosilicate®™ Regeneration bone tissue & treatment of

dental hypersensitivity

NovaMin® Dentistry (remineralization)

NovaBone® Bone graft substitute (orthopedic &

facial reconstruction)

NovaBone-C/M® Bone graft substitute (orthopedic &

facial reconstruction)

Bioverit® I & II
Bone substitution (head & neck
surgery)
Activioss™ Bone substitution (oral surgery)
Bioglass® 45S5 Bone substitution




1.1.1.1.1. Methods for Bioactive Glass Synthesis

Bioactive glasses are synthesized by the conventional melting method (Lombardi et
al., 2013) and sol-gel method (Fadzli et al., 2016). When using the melting method,
the source of SiO; is sand, Na;O and CaO are obtained from carbonate compounds.
P>Os is added as an oxide before melting the glass. The bioactive glass batch is
melted in a Pt-Rh pot at 1350-1400°C and after homogenization, the melt is poured
into the mold. Bioactive glass prepared by the melting method is dense and does not
contain any organic compounds or water. Therefore, when used as an implant,
contact surface area with tissue fluids is limited. Bioactive glasses synthesized by

this method are in the micro-size range (Ducheyne et al., 2011).

The standard bioactive glass formula is commonly known as 45S5 and is synthesized
by conventional melting method at high temperatures (1300 - 1500°C). Composition
of this glass is: 45% Si02, 24.5% Na;O and CaO and 6% P>0s (wt. %). When the
material is modified, the SiO> component is varied while the P.Os component is kept
constant. Keeping the silica ratio below 60% by weight and keeping the CaO/P20s
ratio high during the production of the material ensures that the material has a highly

reactive surface (Gerhardt & Boccaccini, 2010).

Sol-gel technique is another method for synthesis of bioactive glasses. This method
differs from the conventional melting method in a way that bioactive glass is
obtained from solution at room temperature, instead of melting at high temperature.
For this reason, it is also defined as the cold method. The sol-gel method generally
consists of the following steps: 1- Hydrolysis of the precursor, 2- Alcohol or water
condensation 3- Gelation, 4- Aging, 5- Drying, 6- High temperature treatment. The
starting materials are generally alkoxides and metal salts. As a result of hydrolysis
and condensation reactions in the solutions prepared by mixing with water, acid or
alcohol, formation of gel occurs. Then, the gels are converted to bioactive glass by

heat treatment (600 - 700°C) (Vichery & Nedelec, 2016). This takes place in the



calcination step during which unwanted components left from the hydrolysis and
condensation reactions are removed and gel stabilizes chemically. Environmental
stability and bioactivity are also obtained as a result of this step. Usually 600°C is
used as the calcination temperature for bioactive glasses and it is known that
minimum stabilization temperature is needed in order to have maximum bioactivity

(Jones et al., 2006, M. Mukundan et al., 2013).

Bioactive glasses were first synthesized in micron and then in nano size range.
Micron sized bioactive glasses were first obtained when using the conventional
melting method. Prof. L. L. Hench synthesized the first bioactive glass (Bioglass®) at
the University of Florida in 1969 (Hench, 2006). Both micron and nano-sized
bioactive glass particles are considered for clinical applications. By reducing the size
of the bioactive glass particles to nanoscale during the synthesis process, it is aimed
to increase the reactivity of the particles. By reducing the particle size of bioactive
glasses to nano levels, the performance of the material is improved and the material
gains new application areas like hard tissue (bones, teeth) regeneration and repair,
soft tissue regeneration, wound healing and drug delivery. Both faster ion release and
higher protein adsorption from the surface of the glass particles are achieved, thereby

increasing the bioactivity (Kumar, 2009, Vichery & Nedelec, 2016).

1.1.1.1.2. Application of Bioactive Glass in Tissue Engineering

In recent years, there is an increase in the number of publications on bioactive glass
nanoparticle based nanobiocomposites, for engineering of different hard and soft
tissues (Srinivasan et al., 2012, Hafezi et al., 2012, Zhang et al., 2016, Murphy et al.,
2017). Sowmya et al. (2011) prepared a nanobiocomposite scaffold composed of -
chitin hydrogel and nanobioglass for periodontal bone regeneration. Biocompatibility
of nanocomposite scaffolds was assessed by in vitro cytotoxicity assays with human

osteosarcoma (MG63) and human primary osteoblast (POB) cells. Better results were



obtained for porosity, swelling, bioactivity and degradation tests comparing to the
control group. The composite scaffolds showed no toxicity on (MG63) and (POB)
cells and also attachment, spreading and proliferation of the cells were enhanced.
The group reported that the nanocomposite scaffolds showed favorable porosity and
biocompatibility for regeneration of periodontal bone defects and also could be used

as a coating layer in dental implants (Sowmya et al., 2011).

In previous studies on bioglass conducted in Turkey, micro- and nano-sized
bioglasses have been used in the treatment of bone tissue disorders. Sakallioglu et al.
(2006) evaluated the effectiveness of bioactive-glass alloplastic bone grafts for
reconstruction of interproximal component bone defects and demonstrated that using
bioglass could yield successful results in terms of new periodontal tissue formation
(Sakallioglu et al., 2006). Ceyhan et al. (2007) prepared a bioglass-ceramic by the
sol-gel method, with the composition of 30Si02-17Mg0O-53Ca3(PO4),. For in vitro
tests, phase analysis of samples was done by XRD after their immersion in simulated
body fluid (SBF) for 10, 30, and 40 days. After 30, and 40 days, peaks related to
hydroxyapatite crystals at the 2" and 3™ degree phases were observed. This is
because of exchange of Ca, P elements on the particule surfaces which is indicative
of surface reactivity of the prepared glass-ceramic. For in vivo tests, samples were
histologically assessed after 4, 6, and 8 weeks of placement in tibial metaphyses of
Sprague-Dawley rats. After 8 weeks, glass-ceramic material had been converted
completely to lamellar bone tissue. Full osteointegration was observed because of
continuous increase in size of osteoid tissue without presence of any fibrous tissue in
between. The results indicated that the prepared material was suitable for bone

substitute applications (Ceyhan et al., 2007).

Erdemli et al. (2010) investigated the effect of demineralized bone matrix (DBM) or
calcium sulphate (CS) addition to polycaprolactone/bioglass (PCL/BG) bone
implants in vitro and in vivo. In this study PerioGlas® with composition of 45%
Si02, 24.5% CaO, 24.5% NaO», and 6% P>Os was used. According to in vitro

bioactivity test results, crystal structures were observed on discs of three groups



(PCL/BG, PCL/BG/CS and PCL/ BG/DBM) and Ca/P ratio was 1.42 in PCL/BG/CS
and 1.53 in PCL/ BG/DBM group which was closer to that of hydroxy- carbonate
apatite crystals. Water uptake increased in groups containing fillers. PCL/BG/DBM
group showed significantly higher water uptake and the highest weight loss. All
experimental groups were found cytocompatible. Addition of fillers (BG, DBM, CS)
caused an increase in the initial mechanical properties of the implants. In vivo tests
were performed on defects created in the rabbit humeri. Histological analysis
revealed osteoblastic activity in PCL/BG implants at the bone-implant interface
owing to osteoconductive property of BG. DBM addition facilitated bone formation
around and into implant and CS enhanced formation of cartilage tissue around the
implant. In general, enhanced bone ingrowth and new bone formation at the interface

were observed in all groups (Erdemli et al., 2010).

The effect of incorporation of different ions to composition of BGs has been
evaluated (Nandi et al., 2016b). In researches aiming to regenerate dental tissues,
boron containing bioactive glass has not been used till today. The reason for use of
boron modified bioactive glass in tissue engineering relies on its distinguished
biological properties like stimulating release of growth factors and cytokines, and
increase of the extracellular matrix turnover. Dzondo-Gadet and co-workers tested
the effect of boric acid on release of growth factors at the molecular level. VEGF and
TGFp (factors effective in angiogenesis - wound healing) were detected, but FGF1
and TNFa were not observed. Therefore, local treatment with boron, in vivo, on
cicatrization (scar formation at the site of a healing wound) was suggested. (Dzondo-
Gadet et al., 2002). Role of boron in bone physiology has been shown. Boron
influences composition and physical characteristics of bone by altering hormones
effective in bone growth. Nielsen (2004) evaluated the effect of dietary boron, oil
and gender on bone shape and strength, and plasma lipid and glutathione
concentrations in rats. Female and male rats received diets with supplemental boron
and canola oil (low in a-linolenic acid) or palm oil (high in a-linolenic acid). Femur
strength, tibial boron, calcium, phosphorus, zinc and potassium concentrations; and

plasma alkaline phosphatase increased as a result of presence of boron in diet.



Replacing canola oil with palm oil caused decrease of plasma cholesterol in male rats
receiving boron. The same trend was seen about plasma triglycerides. In total,
synergic effect of boron and a diet high in a-linolenic acid on bone formation was

shown which also was influenced by gender (Nielsen, 2004).

Boron can prevent some chronic bone illnesses by increasing the secretion of some
steroid hormones, (Hunt, 1998). According to the researches, the increase of boron in
the diet leads to increase of estrogen, testosterone and plasma ionized calcium
concentrations, and decrease of calcium urinary excretion (Nielsen, 1994). It also
alleviates problems caused by deficiency of vitamin D and magnesium (Pizzorno,
2015). All of these factors are responsible for the increase of bone mineral density in
humans in an effective manner, especially in postmenopausal women (Devirian &

Volpe, 2003).

Over the past years, borate and borosilicate bioglasses with different compositions
have been developed and evaluated for biomedical applications. In one study, it was
shown that substitution of B2Os; with SiOz in the 45S5 glass enhanced the
degradation of the 45S5 bioglass and its conversion to hydroxyapatite in the
phosphate solution. Full conversion of borate glass took less than 4 days, but silicate
(45S5) and borosilicate compositions did not convert completely even after 70 days
(Huang et al., 2006). In the same year, in the study conducted by Gorustovich et al.,
melt-derived glasses with two compositions as: a base 45S5 bioactive glass and 2%
wt boron oxide modified 45S5 (45S5.2B) were prepared and implanted into the
intramedullary canal of rat tibiae. According to histological and histomorphometric
analyses, significantly larger area of neoformed bone tissue around the 45S5.2B
particles was observed 15 days after surgery, while there was no significant
difference for two compositions (45S5, 45S5.2B) after 30 days of implantation. At
all time-points, osseointegrated tissue on 45S5.2B BG particles had significantly
higher thickness. It was concluded that the boron-modified 45S5 bioglass promoted
the formation of new bone tissue more than the standard 45S5 bioactive glass

(Gorustovich et al., 2006).
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Zhang et al. (2010) tested efficiency of pellets composed of a chitosan-bonded
mixture of borate bioactive glass (mol%: 6 Na,O, 8 K>O, 8 MgO, 22 Ca0, 54 B>0s,
2 P»0s) and teicoplanin powder for treatment of chronic osteomyelitis in vitro and in
vivo results. The group reported a sustained release of teicoplanin for about 30 days
and formation of hydroxyapatite after 7 days in PBS at 37 °C. When the pellets were
implanted in a rabbit tibia osteomyelitis model, teicoplanin was detected in the blood
for about 9 days. 12 weeks post-implantation, new bone was formed as a result of
complete conversion of implants to HA graft. According to microbiological,
histological and SEM results, osteomyelitis was cured completely. As a result of
microbiological tests, teicoplanin-loaded borate bioactive glass (TBDC) treated
animals showed 86% negativity for MRSA infection in comparison to 43%
negativity in animals receiving intravenous injection of teicoplanin. Transmitted light
images of H&E stained sections of group with TBDC pellets implantation, showed
no infection or fibrosis. SEM images of the surfaces of the implanted TBDC pellets
revealed good connection of converted implant to the old bone. Consistent with other
studies, it has been shown that boron enhances biodegradation and conversion of
bioactive glass to hydroxyapatite and does not cause toxic effects (Zhang et al.,

2010).

1.2. Tissue Engineering Approaches for the Regeneration of Dentin-Pulp
Complex

There are several studies in the literature about the repair and/or reconstruction of
dentin-pulp complex with tissue engineering approach. Several methods have been
implemented for induction of odontogenic differentiation or regeneration of dentin,
dental pulp or dentin-pulp complex. Examples for polymeric scaffolds are: thermally
induced phase separation/porogen leaching (TIPS/PL) (Qu et al., 2015), solvent
casting/particulate  leaching technique (El-Backly et al, 2008), gas

foaming/particulate leaching process (Huang et al., 2009), for bioceramic scaffolds:
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wet precipitation method (AbdulQader et al., 2013), for nanocomposite scaffolds:
dual-phase mixing method (Gala-Garcia et al., 2010), fiber- templating method
(Vallés Lluch et al., 2009), electrospinning method (Bae et al., 2012) and for
hydrogels: demineralization and decellularization (Paduano et al., 2016). In one
study, magnetic nanocomposite scaffolds composed of magnetic nanoparticles
(MNPS) and polycaprolactone (PCL) were prepared and tested for adhesion, growth,
migration and odontogenic differentiation of human dental pulp cells (hDPCs). The
magnetic nanocomposite scaffolds were proposed as candidates for dentin-pulp
tissue engineering because of supporting migration, adhesion, and odontogenic
differentiation of hDPCs (Yun et al., 2015). In another research, odontogenic
differentiation of DPSCs on collagen I (Col-I) scaffolds and hydrogel scaffolds made
of bone extracellular matrix (bLECM) was compared. Bovine bone was demineralized
and decellularized for preparation of bECM hydrogels. It was reported that bECM
hydrogel scaffolds provided better conditions for odontogenic differentiation of
DPSCs than Col-I hydrogel scaffolds and found suitable for dentin-pulp regeneration
(Paduano et al., 2016).

In one study, hDPSCs and human periodontal ligament stem cells were seeded on a
decellularized 3D extracellular matrix (ECM) and, odontogenic differentiation of the
stem cells was achieved without using growth factors. In vivo studies were
performed by subcutaneous implantation of scaffolds in male nude mice. Fluorescent
images of H&E stained sections revealed neovascularization in the scaffolds.
Alizarin Red staining showed enhancement of extracellular calcium deposition in the
scaffolds. Immunohistochemical analysis revealed a slight increase in the expression
of dentin matrix protein 1 (DMP1) and distinct increase in the expression of dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP) were observed in the ECM
scaffolds as a result of (Ravindran et al., 2013). Qu et al. (2015) prepared 3D
nanofibrous (NF)-gelatin scaffolds by (TIPS/PL) method and investigated the effect
of the stiffness of the scaffold on the regeneration of the dental pulp-dentin complex.
Crosslinking duration affected mechanical strength of the scaffolds and according to

that, they were classified into low, medium and high stiffness groups. In vitro cell
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culture studies showed that attachment and spread of DPSCs on scaffolds were
enhanced on high-stiffness (NF-gelatin) scaffolds. Von Kossa staining results
showed that more and evenly distributed mineral deposition occurred in the high-
stiffness scaffolds and stem cells seeded on these scaffolds expressed marker genes
for odontogenic differentiation more compared to other scaffold groups. These
results showed that DPSCs differentiated into odontoblasts on the 3D NF-gelatin
scaffolds with high stiffness and formed mineralized tissue while pulp-like tissue
regeneration was provided on scaffolds with low stiffness. This group also developed
a single scaffold comprising both low and high-stiffness NF-gelatin for pulpodentin
complex regeneration. According to differentiation studies, mineralization was
observed in the peripheral (high-stiffness) area, which caused formation of a ring-
like structure. After subcutaneous implantation of the DPSC/S-scaffold in nude mice
highly mineralized dentin was observed in the periphery the construct and also
formation of blood vessels in the center of construct was observed.
Immunohistochemical analysis revealed expression of DSPP as the dentin-specific
marker of odontoblasts, in the peripheral area. As a result, it was concluded that
complete regeneration of pulp-dentin complex was achieved in vitro and in vivo (Qu
et al.,, 2015). Lu et al. (2015) investigated the use of injectable PEG-fibrinogen
hydrogels as scaffolds for DPSCs for tooth pulp tissue engineering purposes. It has
been reported that 3D microenvironment of PF-hydrogels triggered the
differentiation of human DPSC cells and these cells mineralized the scaffolds
according to results of alizarin red staining and calcium quantitative assay. The group
concluded these scaffolds could be useful for regenerative endodontic applications

(Lu et al., 2015).

For restoration and regeneration of dental mineralized tissues, composites and
nanobiocomposites incorporating bioceramics and different polymers are used. In
2009, Gala-Garcia and colleagues prepared a composite material containing beta-
tricalcium phosphate-hydroxyapatite or calcium hydroxide as bioceramics and PLGA
(poly-glycolic-poly-lactic acid) as a polymer) by the dual-phase mixing method for

dental pulp repair. This study was successful in reorganizing the dentin-pulp
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complex (Gala-Garcia et al., 2010). Abdul Qader et al. (2013) developed a biphasic
calcium phosphate scaffold by the wet precipitation method for dentin regeneration.
In this study, hydroxyapatite/beta-tricalcium phosphate was used as the bioceramic.
These scaffolds possessed 65% total porosity and spherical macro pores of 300 pm
size. Meanwhile, microporous structure of the scaffold was preserved. Micropores
were useful for the flow of nutrients and presence of macropores enhanced the
arrangement of dental pulp stem cells and their differentiation (AbdulQader et al.,
2013). Teti et al. (2015) prepared a hybrid hydrogel of carboxymethyl cellulose-
hydroxyapatite for investigating its potential for inducing osteogenic and
odontogenic differentiation of dental pulp cells (DPSCs). In vitro osteogenic and
odontogenic differentiation of DPSCs was in the presence of hybrid hydrogel
reported by the group. DPSCs seeded hydrogels were shown to be suitable for
dentin-pulp complex regeneration and periodontal tissue engineering (Teti et al.,

2015).

In another study, researchers developed a nanocomposite scaffold by fiber-
templating method using poly (ethyl methacrylate-co-hydroxyethyl acrylate) [P
(EMAco- HEA)] and SiO; for the regeneration of dentin layer of the tooth. For
organic phase formation, SiO> was obtained by sol-gel method using tetra ethyl ortho
silicate (TEOS). SEM images of the scaffolds revealed their resemblence to natural
dentin. According to IR spectroscopy results, presence of silica at the surfaces of the
hybrids was confirmed. Different silica contents didnot have distinct effect on
porosity of the hybrids. Hybrid scaffolds with percentages of silica above 10 wt %
enhanced the mechanical properties and positively affected precipitation of apatite on
surfaces of the scaffolds. According to the results, prepared nanohybrids could be

used for dentin regeneration (Vallés Lluch et al., 2009).

In literature nano-bioactive glasses used for regeneration of dentin and other mineral
structures of the tooth, are now remarked as a new generation biomaterial with
favorable properties like anti-inflammatory and pro-angiogenic (Gerhardt et al.,

2011, Haro Durand et al., 2017, Chandrasekar et al., 2015). Vollenweider et al.
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(2007) compared the effect of 45S5 bioactive glasses on micro- and nano-scale on
remineralization of the dentin layer under in vitro conditions. This study showed that
nanoscale bioactive glass provides faster remineralization (Vollenweider et al.,
2007). Bae et al. (2012) prepared a nanocomposite scaffold containing collagen (Col)
and (BG-NPs) by the electrospinning method for dentin-pulp regeneration and
evaluated cellular responses of human dental pulp cells (hDPSCs) to the scaffold
regarding their proliferation and odontogenic differentiation. It was observed that the
nanocomposite Col/nBG matrix was more efficient for promoting growth and
odontogenic differentiation of hDPCs than Col matrix and was considered suitable
for dentin-pulp complex regeneration (Bae et al., 2012). In one study, zinc phosphate
bioglass (ZnBG) was added to phosphate cements (CPC, a-tricalcium phosphate-
based) and cellular responses of dental pulp stem cells (DPSCs) to this biomaterial
was assessed in terms of odontogenic differentiation and angiogenesis. Incorporation
of Zn-BGN was shown to be considerably effective for the in vitro odontogenic
differentiation and angiogenesis and therefore the composite cements are candidates
to be used in regenerative endodontics (Zhang et al., 2015). Lim et al. (2016) studied
the odontogenic differentiation of dental pulp stem cells (DPSCs) cultured on
dexamethasone (DEX) loaded nanofiber matrices composed of BG-NPs, gelatin and
polycaprolactone (PCL). DEX was added because of its stimulatory effect on
odontogenic differentiation of (DPSCs). There were three experimental groups (only
polymers, BG incorporated, BG-DEX incorporated). According to cell culture
results, viability and proliferation of HDPCs on DEX-releasing BGN matrices
increased. Results of tests for alkaline phosphatase activity, mRNA expression of
genes, and mineralization, were also favorable for this group. Mechanistic study on
signaling pathways revealed integrins, bone morphogenetic protein, and mTOR
signaling pathways, as the possible molecular mechanisms were involved in
odontoblastic differentiation of HDPCs. In total, the prepared nanofiber matrices
were shown to induce differentiation of DPSCs and have been proposed for

regeneration of dentin—pulp complex (Lim et al., 2016).
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1.2.1. Biomaterials Used for Preparation of the Scaffolds in This Study

1.2.1.1. Cellulose

Cellulose is the most abundant polymer in nature. Cellulose and its derivatives are
preferred for tissue engineering applications due to their high biocompatibility and
tensile strength (Ko et al, 2010). Cellulose is degraded by microbial or fungal
enzymes in nature by breakage of glycosidic bonds. The lack of these enzymes in
animals and humans limits the biodegradability of cellulose and its derivatives
(Helenius et al., 2006). Cellulose acetate (CA) is one of the most important
derivatives of cellulose and has been used for engineering of soft tissues like nerve
(Du et al., 2014), skin (Atila et al., 2015) and heart (Chainoglou et al., 2016) and also
hard tissue like bone (Petrauskaite et al., 2016).

The reasons for widespread use of cellulose acetate in medical applications are its
good mechanical properties, low toxicity, good hydrolytic stability, cost-efficient and
eco-friendly properties (Li et al., 2012). Gouma et al. (2012) prepared a nano-
hydroxyapatite and cellulose acetate nanocomposite as a cell scaffold by
electrospinning technique for bone tissue engineering application. Cell culture
studies showed that the developed scaffold had a positive effect on attachment and
differentiation of SaOS-2 cells (Gouma et al., 2012). Lee et al. (2015) prepared
cellulose acetate/nano-hydroxyapatite (nHAP) composite fibers by electrospinning
with different amounts of nHAP and cross-linked them by using acetone and benzyl
alcohol as the solvent. According to the results, solvent composition affected the
structural properties of the fibers and cross-linked structures with nHAP content less
than 40 vol. % were preserved. It was also shown that mechanical properties of the
prepared fibrous scaffold could be controlled by altering its nHAP content. With
increase of HAP, tensile strength and ultimate strain decreased, but elastic modulus
increased (Lee et al., 2015). In another study, nanofibrous scaffolds of poly
(hydroxybutyrate) (PHB)/cellulose acetate were prepared by the electrospinning
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method. According to SEM results, scaffolds possessed well interconnected porous
fibrous structure. Weight ratio of PHB/CA determined the mechanical properties and
biodegradability of the blend nanofiber scaffolds which was much higher than PHB
scaffolds. 3T3 fibroblast cells that were seeded on the blend scaffold, adhered and
proliferated well after 48 hours of incubation. According to the mentioned results
which confirms bioactivity and biocompatibility of PHB/CA blend scaffolds, they
were suitable for wound dressing or tissue engineering applications (Zhijiang et al.,

2016).

Atila et al. (2016) prepared a 3D fibrous network from pullulan and cellulose acetate
by the wet electrospinning method and crosslinked it with trisodium
trimetaphosphate (STMP) in order to improve mechanical properties and reduce
weight loss. Because of presence of more uniform fibers in PS0/CAS0 group, its
cross-linking was more successful and showed the least weight loss among groups.
Its mechanical properties were improved as a result of cross-linking. This group also
possessed more uniform pores, that’s why it was used for further studies. After
immersion in SBF, apatite-like structures were formed on the fibers and
cytocompatibility results using SaOS-2 cells were acceptable in terms of adhesion,
proliferation and differentiation. It was suggested that crosslinked P50/CAS50

scaffolds could be used for bone tissue engineering applications (Atila et al., 2016).

1.2.1.2. Pullulan

Pullulan (PULL), is a neutral polysaccharide produced extracellularly by a yeast-like
fungus Aureobasidium pullulans (Singh et al., 2008). This biopolymer is
economically important with increasing applications in the food, pharmaceutical,
agriculture and chemical sectors. As it is non-toxic, non-mutagenic and non-

immunogenic and biocompatible, this polymer has different applications in the
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biomedical field (tissue engineering, targeted drug and gene delivery, bio-imaging)

(Mishra et al., 2011). Figure 2 shows the chemical structure of PULL.

Figure 2. Chemical structure of PULL (Pereira, 2013).

The regular exchange of a (1 — 4) and a (1 — 6) bonds causes PULL to be easily
soluble and structurally flexible (Shingel, 2004). Pullulan has high water solubility.
Derivatives of PULL with low-solubility or no-solubility in water have been obtained
and used for different purposes (Rekha & Sharma, 2007). As an example, carbonated
PULL was proposed to be useful for drug delivery applications (Bruneel & Schacht,
1993), and carboxymethylpullulan (CMP) hydrogel was prepared as a wound
dressing material (L1 et al., 2011a). In the study by Li and colleagues, they prepared
hydrogels by cross-linking CMP different diamines and dihydrazides. When
cystamine was used as the cross-linker, mechanical properties of the hydrogels was
improved. Gentamycin was loaded into hydrogels prepared with different cystamine—
CMP ratios. Release of the drug was very fast during the first 2h, gradual till 40 h
and release then slowed down. In this study they also showed that hydrogels with

less cross-linking degree released the drug more. According to the results, good
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swelling capacity, high water absorption and quick water absorption velocity, good

mechanical strength were achieved.

There is a need for cross-linking of PULL in order to protect structural integrity of
the three-dimensional scaffolds composed of this polymer. Mechanism of cross-
linking of PULL with sodium trimetaphosphate (STMP) is shown in Figure 3. In the
first step, alkoxides in strong alkaline media react with phosphate groups which
causes cyclic structure of STMP to open and as a result of this reaction a
tripolyphosphated polymer is obtained. In the second step, due to adding a new
polymer chain, cross-linking of the polymer is achieved and as a result of the cross-
linking reaction, formation of pyrophosphate links occurs. After reaction between

STMP and PULL, different PULL-phosphates are obtained (Dulong et al., 2011).
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Figure 3. Mechanism of cross-linking of PULL with sodium trimetaphosphate
(STMP) (Dulong et al., 2011).
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Mechanism of cross-linking of ox-PULL/GEL by glutaraldehyde is shown in Figure
4. In ox-PULL, C=0 groups are present. GTA is reactive to the NH> groups of the
proteins (e-amino group of lysine) and can be dissolved in aqueous media to form

stable covalent bonds (Migneault et al., 2004).
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Figure 4. Schematic representation of cross-linking of oxidized PULL and proteins
(Asma et al., 2014).

Na et al. (2003) conjugated carboxymethyl pullulan (CMP) with heparin and
evaluated the effect of heparin immobilized PULL on growth of endothelial cells.
The reason for use of carboxylated pullulan was its processability and
biocompatibility. Human umbilical vein endothelial cells (HUVEC) attached and
proliferated on heparin-conjugated carboxyleted pullulan covered glasses, but
proliferation of smooth muscle cells was inhibited. Heparin being a constituent of the

extracellular matrix of blood vessels, is known to enhance endothelial cell growth in
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vitro and inhibit proliferation and migration of vascular smooth muscle cells (Na et
al., 2003). Fricain et al. (2013), developed PULL based scaffolds incorporating
nanocrystalline hydroxyapatite particles (nHA). Human bone marrow stromal cells
formed, multicellular aggregates on PULL based scaffolds and they also expressed
bone specific markers. When composite scaffolds were implanted heterotopically
under the skin of mice and into intramuscular sites of the goat, a dense mineralized
tissue on the scaffolds was formed at both sites implanted in mice and goat.
Concentration of local growth factors of vascular endothelial growth factor 165
(VEGF165) and bone morphogenetic protein 2 (BMP2) was retained in mice and
biological apatite was grown on the scaffolds. Formation of osteoid tissue was
observed in composites implanted intramuscularly in goat. In continuation of in vivo
studies, implantation of scaffolds in orthotopic preclinical models in small and large
animals (the femoral condyle of rat, a transversal mandibular defect and a tibial
osteotomy in goat), revealed presence of a highly mineralized tissue, osteoid tissue
and regenerated bone tissue. In conclusion, addition of mineral phase to natural
polysaccharides has caused differentiation of host mesenchymal stem cells and
formation of bone (Fricain et al., 2013). Arora et al. (2015) reinforced pullulan
hydrogels with nano-crystalline hydroxyapatite (nHAP) and poly (3-
hydroxybutyrate) (PHB) fibers. Addition of nHAP enhanced the mechanical
properties, while combination of two fillers (composite PHB fibers and nHAP)
increased the mechanical properties ten times. In order to deposit HA on pore walls,
a novel double diffusion method was used. As a result, adhesion and proliferation of
human osteosarcoma MG63 cells on scaffolds were improved. Maximum stress
before failure increased higher than 3 times (0.058 MPa for double composites and
greater than 0.186 MPa for triple composites) (Arora et al., 2015). Takahata et al.
(2015) developed the phosphorylated PULL/B-TCP composite for bone tissue
engineering. It was observed that the PULL/B-TCP composite was biocompatible
and supported bone formation when applied in a load bearing bone model (Takahata
et al., 2015). In another study, three-dimensional scaffolds were prepared from a

mixture of PULL cross-linked with STMP and collagen for skin tissue engineering
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purposes. As a result of in vitro and in vivo tests, it was shown that highly porous
pullulan/collagen hydrogels could be applied for wound healing purposes (Iswariya
et al., 2016). In another study, PULL microspheres were either coated with silk
fibroin SF) or incubated in SBF for biomineralization. Surface modified
microspheres showed positive effects on bone cells adhesion and proliferation. It was
concluded that surface modified microspheres were applicable for bone tissue
engineering applications (Aydogdu et al., 2016). Table 3. gives some examples of

PULL used in tissue engineering applications.

1.2.1.3. Gelatin

Gelatin, produced through partial hydrolysis of collagen, is the most abundant
protein of the body (skin, tendon, cartilage and bone) and it is present in the natural
extracellular matrix (Qian et al., 2011). Because of its biodegradability,
biocompatibility and low cost, this protein is widely used in tissue engineering.
Because of their lower immunogenicity and better solubility in aqueous media, it is
more advantageous compared to collagen. Figure 5 shows chemical structure of

GEL.
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Table 3. Tissue engineering applications of different forms of PULL.

Form

Purpose

Author

PULL, nanocrystalline
hydroxyapatite and poly
(3-hydroxybutyrate)

microfibers

Bone tissue engineering

(Arora et al.,

2015)

Pullulan / tanic acid /
chitosan composite

nanofibers

Wound dressing

(Xu et al., 2015)

Pullulan nanoparticles

Drug delivery

(Ravi et al., 2014)

Nano-hydroxyapatite -
pullulan / dextran
polysaccharide

composite microporous

material

Bone tissue engineering

(Fricain et al.,

2013)

Multi-responsive

pullulan hydrogels

Drug delivery

(Mocanu et al.,

2012)

Pullulan-collagen

hydrogel scaffold

Skin tissue engineering

(Wong et al,
2010)

23




OH

a ) 0 o
I Il | [

I I
ﬁ ﬁ CH; CH,
meH—rT“H—c—NH—E.H?—c—N éH! JH TI—NH—CH:_ﬁ
| 0
CHy Hy T:n o
&

Figure 5. Chemical structure of gelatin (Ge et al., 2012).

Gelatin is cross-linked in order to change its mechanical and biochemical properties
(Rose et al., 2014). Cross-linking of the gelatin with glutaraldehyde, occurs between
the unprotonated amino groups of lysine and hydroxylysine and the amino groups of
the N-terminal amino acid (Schrieber & Gareis, 2007). Mechanism of cross-linking
of gelatin with GTA is shown in Fig. 6.
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Figure 6. Crosslinking mechanism of gelatin with GTA (Migneault et al., 2004).

Crosslinking of the gelatin with 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide
(EDC) is carried out by forming the amide bond, which as a result of that, activation

of the carboxylic acid residues of aspartic and glutamic acids and their conversion
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into O-acylisourea groups occurs. Nucleophilic attack of free amine groups of lysine
on the activated carboxylic acid, causes the amide bond formation (Kuijpers et al.,
2000). In order to activate the carboxylic acid group, N-hydroxysuccinimide (NHS)
is often used along EDC, which could increase yield of the crosslinking reaction

(Fagerholm et al., 2010). These steps are schematically shown in Fig. 7.
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Figure 7. Schematic representation of amide bond formation as a result of cross-

linking of gelatin with EDC/NHS (Rose et al., 2014).

Zhou et al. (2013) developed a scaffold for bone tissue engineering composed of
gelatin/hyaluronic acid (Gel/HA) containing nano-bioactive glass (NBG). The tested
materials were porous in structure and showed no cytotoxicity (Zhou et al., 2013). Li
et al. (2011) tested the osteogenic differentiation potential of human dental pulp
derived stem cells (hDPSCs) seeded on 3-dimensional scaffolds composed of gelatin
for bone tissue engineering applications. In vitro studies showed that hDPSCs could
differentiate osteogenically and in vivo studies revealed that hDPSCs grown on
gelatin scaffolds could form bone structure (Li et al., 2011b). Kabashima et al.
(2013) used an autologous blood clot in combination with gelatin for periodontal
tissue regeneration in a clinical treatment trial. Regeneration was shown to be

successful because of slow degradation of the gelatin hydrogel which made release
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of growth factors from the clot possible (Kabashima et al., 2013). Maji et al. (2016)
prepared scaffolds composed of bioactive glass (58S) and natural biopolymers
(chitosan, gelatin) for bone regeneration. It was observed that the addition of 58S
bioactive glass nanoparticles increased human umbilical cord mesenchymal stem
cells (MSCs) adhesion, proliferation and osteogenic differentiation. The developed
composite scaffolds were proposed for bone regeneration applications (Maji et al.,
2016). In another study, electrospun PCL/gelatin composite fibrous scaffolds with
different mixing ratios were prepared. PCL/gelatin (2:1) composite scaffold showed
the highest tensile strength and elongation rate and at the same time provided best
conditions for attachment, spreading, and cytoskeleton organization of mesenchymal

stem cells (MSCs) (Yao et al., 2016).

1.2.2. Stem Cells

Cells are one of the most basic components in order to form artificial tissues by
tissue engineering. For engineering of dental tissues, embryonic stem cells, adult
stem cells and induced pluripotent stem cells are used.The most common cell source,

are stem cells isolated from the target tissue.

1.2.2.1. Embryonic Stem Cells

Embryonic stem cells (ESCs) could self-renewal and differentiate into different types
of functional tissue cells. In the study by Ning et al. (2010), murine ESCs (mESCs)
were derived from the inner cell mass of mouse blastocysts and cultured in
ameloblasts serum-free conditioned medium (ASF-CM). In vitro tests showed higher
expression of ameloblast-specific proteins in mESCs obtained with embryoid body

(EB) formation rather than in mESCs obtained without EB formation. As a result of
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in vivo studies after transplantation of murine EBs (mEBs) in immunocompromised
mice, odontogenic epithelial-like structures were formed. In total, odontogenic
differentiation of mESCs was confirmed and EB-derived mESCs could promote

odontogenesis under in vitro and in vivo conditions (Ning et al., 2010).

1.2.2.2. Mesenchymal Stem Cells

For engineering of dental tissues, both non-dental and dental mesenchymal stem cells
have been used. Non-dental stem cells have been shown to differentiate into dental-
like cells, but in comparison to dental stem cells, their capabilities are low. This is
because of a close relationship between dental stem cells and mature dental tissues
(Huang & Thesleff, 2013). For this reason, use of dental stem cells for engineering of

dental tissues, is more widespread.

1.2.2.2.1. Adult Stem Cells of Non-Dental Origin

They are pluripotent stem cells present in various tissues and organs which support
tissue homeostasis and maintain their regenerative potential after lesion (Baudry et
al., 2016). Hashmi et al. (2017), prepared thermoresponsive [H-Gly-Arg-Gly-Asp-
Ser-OH (GRGDS) peptide- poly(N-isopropylacrylamide)] (GRGDS-PNIPAAm)
compressive scaffolds coated with Collagen V1. As a result of in vitro culture studies
with murine adult bone marrow stromal cells (BMSCs), increased expression of
critical markers of tooth differentiation was observed. After implanting the cell-
scaffold construct under the kidney capsule of mice, histological analyses revealed
local mineralization, calcification and production of dentin-like tissue. In general,

chemically modified compressive scaffolds were shown to induce adult bone
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marrow-derived mesenchymal stem cells (BMSCs) to undergo a lineage switch and

begin to form dentin-like tissue (Hashmi et al., 2017).

1.2.2.2.2. Adult Stem Cells of Dental Origin

Application of dental stem cells in engineering of dental tissues is intriguing. They
possess properties of mesenchymal stem cells (MSCs) and are isolated from different
parts of dental tissues. Until now, five different types of dental stem cells have been

isolated from permanent and deciduous teeth.

1.2.2.2.2.1. Stem Cells from Human Exfoliated Deciduous Teeth (SHED)

Pulp tissue of the extracted deciduous teeth is considered as a suitable source for
isolation of the stem cells. These cells are positive for embryonic stem cell and
mesenchymal stem cell markers and negative for hematopoietic stem cell markers.
Permanent and primary teeth differ from each other in terms of development,
morphological characteristics and physiological processes. SHED are more
proliferative than dental pulp stem cells (DPSCs), form sphere-like cell aggregation
and their differentiation capabilities are greater (Rosa et al., 2016, Liu et al., 2015).
Casagrande et al. (2010), prepared tooth slice/scaffolds by casting Poly-L-lactic acid
(PLLA) in the pulp cavity of human tooth slices. After in vitro culture of SHED on
the scaffolds for 28 days, cell-scaffold constructs were implanted subcutaneously
into immunodeficient mice. At two different time points, mice were sacrificed,
implants were removed and RNA extraction was done for gene expression analysis.
According to the results, markers of odontoblastic differentiation dentin

sialophosphoprotein (DSPP), DMP-1, matrix extracellular phosphoglycoprotein
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(MEPE) were expressed in both in vitro and in vivo conditions when tooth
slice/scaffolds were used, but were not expressed in deproteinized tooth
slice/scaffolds, or scaffolds without a tooth slice. It was concluded that presence of
dentin-derived BMP-2 is essential for odontoblastic differentiation of SHED
(Casagrande et al., 2010). In the research conducted by Sakai et al. (2010), after
culturing SHED in tooth slice/scaffolds (PLLA casted human tooth slices), they were
grown in presence of recombinant human vascular endothelial growth factor
(thVEGFi65) under in vitro conditions and also were transplanted into
immunodeficient mice. Regulation of the signal transducer and activator of
transcription 3 (STAT3) and AKT pathways by vascular endothelial growth factor
(VEGF) signaling [through vascular endothelial growth factor receptor 1 (VEGFR1)]
was investigated to understand the mechanism of differentiation of SHED into
endothelial cells. As a result of in vivo tests, tetracycline staining and confocal
microscopy revealed differentiation of SHED into functional odontoblasts which
formed tubular dentin and their differentiation into vascular endothelial cells was
confirmed by beta-galactosidase staining of LacZ-tagged SHED. As for a successful
dental pulp tissue engineering, odontoblasts and endothelial cells are needed, SHED

are proposed to fulfill this requirement (Sakai et al., 2010).

1.2.2.2.2.2. Dental Follicle Stem Cells (DFPCs)

The dental follicle is an ectomesenchyme-derived tissue surrounding the developing
tooth germ before the eruption. DFPCs were isolated from the third molar teeth
follicle. They have a remarkable differentiation capacity and they can differentiate
into chondrocytes, adipocytes, neuronal cells, periodontal ligament (PDL),
osteoblasts, cementoblasts and fibroblast cells [(Liu et al., 2015); (Khazaei et al.,
2016)]. In the study by Yokoi et al. (2007), presence of PDL progenitors in mouse

dental follicle (MDF) cells was reported. MDF cells were isolated from mouse
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incisor tooth germs and then immortalized using a mutant human papilloma virus
type 16 E6 gene. MDF cells expressing the mutant E6 gene (MDFE6-EGFP cells)
possessed over 150 population doublings (PD), while that of normal MDF cells did
not exceed 10. MDFE6-EGFP cells could express tendon/ligament phenotype-related
genes. When they were transplanted into immunodeficient mice, after 4 weeks they
formed a PDL-like tissue that could express periostin, Scx, and type XII collagen and
the fibrillar assembly of type I collagen. These results indicated that immortalized
dental follicle cells could recreate a new PDL after in vivo implantation (Yokoi et al.,

2007).

1.2.2.2.2.3. Stem Cells from the Apical Papilla (SCAPs)

SCAPs are isolated from apical dental papilla, a tissue which later is converted into
dental pulp. SCAPs have been shown to differentiate into osteoblasts, odontoblasts
and adipocytes in in vitro conditions. In comparison to DPSCs, their differentiation
capabilities and dental tissue regeneration capacities are greater (Bakopoulou et al.,
2011). Since origin of SCAPs is an embryonic-like tissue, in comparison to DPSCs,
they are less differentiated and this increases their potential for dentin regeneration.
Number of adult stem cells present in dental papilla, are higher than those in the
mature dental pulp (cheung, 2010). Bakopoulou et al. (2010), isolated DPSCs and
SCAPs from human third molars and evaluated their in vitro osteo/odontogenic
differentiation potential. Their growth characteristics, mineralization potential and
differentiation markers were assessed under osteo/odontogenic differentiation
condition. Both types of cells differentiated into odontoblast-like cells with proper
migration, organization and mineralization properties which finally formed 3D
mineralized structures. Differentiation markers specific for osteodentin were

expressed positively. Population doubling capacity, proliferation rate and
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mineralization rate of SCAPs was higher than that of DPSCs (Bakopoulou et al.,
2011).

1.2.2.2.2.4. Periodontal Ligament Stem Cells (PDLSCs)

Periodontal ligament is a structure located between the teeth and the alveolar bone,
which consists of the fibers that attach tooth to the jaw. Periodontal ligament could
be obtained from root of the extracted tooth and is source of PDLSCs. These cells
could differentiate into adipocytes, osteoblasts, chondrocytes in vitro (Zhu & Liang,
2015). Gao et al. (2015), investigated effect of nanotopography on PDLSC sheet
based periodontal regeneration. Titania nanotubes layered on titanium (Ti) were
prepared and a specific sandwich-like model was used for in vivo experiments. In
vitro results showed favorable adhesion and spread of PDLSCs and also collagen
secretion. As a result of ectopic implantation of a Ti/cell sheets/hydroxyapatite (HA)
complex into immunocompromised mice, PDLSC sheets regenerated the PDL tissue,
after being combined with bone marrow mesenchymal stem cell (BMSC) sheets and
HA. It was concluded that the formation of functionally aligned collagen fiber
bundles was because of presence of NTs (Gao et al., 2015). Wang et al. (2016),
isolated human PDL stem cells (PDLSCs) and jaw bone mesenchymal stem cells
(JBMSCs) and prepared cell sheets by the ascorbic acid-rich method. Bioabsorbable
fibrin scaffolds were developed from Platelet-rich fibrin (PRF). PDLSC
sheet/PRF/JBMSC sheet composites were put in a simulated periodontal space
containing human treated dentin matrix (TDM) and hydroxyapatite (HA)/tricalcium
phosphate (TCP) frameworks and the whole construct was implanted into nude mice.
After eight weeks, periodontal tissue-like structures containing PDL- and bone-like
tissues were formed. As a conclusion, this cell transplantation method was suggested

for periodontal tissue regeneration (Wang et al., 2016).
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1.2.2.2.2.5. Dental Pulp Stem Cells (DPSCs)

Dental pulp stem cells (DPSCs) are highly proliferative and immunosuppressive and
are suitable for regeneration of dentin-pulp-like complex (Liu et al., 2015).
Mesenchymal stem cell markers of DPSCs include CD29, CD44, CD73, CD105,
CD106, CD146 and their osseo-specific markers are known to be alkaline
phosphatase (ALP), osteopontin, and osteocalcin. In addition, they can differentiate
into osteoblasts, odontoblasts, chondrocytes, myocytes, cardiomyocytes, active

neurons, melanocytes and hepatocyte-like cells (Khazaei et al., 2016).

In a study of using stem cells for dentin regeneration, DPSCs were isolated and
seeded on a PLGA based scaffold prepared by the solvent casting/particulate
leaching technique, and then tested in vivo. As a result, osteodentin-like and tubular
structures were obtained (El-Backly et al., 2008). Wang et al. (2011) investigated the
effect of scaffold structure on odontogenic differentiation of hDPSCs by developing
nanofibrous and solid-walled poly (L-lactic acid) (PLLA) scaffold. As a result of in
vitro and in vivo experiments, nanofibrous PLLA scaffolds resulted in better
adhesion and proliferation of hDPSCs and also their odontogenic differentiation and
dentin-like tissue formation (Wang et al., 2011). In another study, stem cells from
apical papilla and dental pulp stem cells were isolated, cultured on poly-D, L-
lactic/glycolic acid scaffolds prepared by the gas foaming/particulate leaching
process and then placed in tooth fragments. For in vivo experiments, cell-scaffold
constructs were implanted into subcutaneous space of nude mice. As a result of the in
vivo study, pulp-like tissue was formed in the root canal area with favorable degree
of vascularity and also a continuous dentin-like layer on the canal wall. According to
results of immunohistochemistry analyses (positive expression of dentin
sialophosphoprotein, bone sialoprotein, alkaline phosphatase, and CD105), formation
of the dentin-like structure was done by a layer of newly formed odontoblast-like
cells. In total, results confirmed favorable effects of stem/progenitor cell-mediated

tissue engineering for pulp/dentin regeneration (Huang et al., 2009). In one study,
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odontogenic differentiation of hDPSCs on nanofibrous composites prepared from
biopolymer (BP) blend polycaprolactone-gelatin (BP) and mesoporous bioactive
glass nanoparticles (BG-NPs) was evaluated. (BG-NPs)-BP composite nanomatrices
were prepared by the electrospinning method with 10 and 20 wt% of BGN
incorporation. Odontogenic differentiation of the HDPCs was assessed by ALP
activity assay, calcified nodule formation, and mRNA expression for markers. There
was not much difference between results of cells attachment and proliferation on BP
and BGN-BP groups, but results of ALP activity, mineralized nodule formation, and
mRNA expressions were much better for (BG-NPs)-BP. Nanocomposite scaffold has
been shown to be suitable for dentin tissue engineering, because of supporting the
differentiation of hDPSCs through the integrin, BMP, and mitogen-activated protein
kinases signaling pathway (Kim et al., 2015). Lee et al. (2016) examined the effect of
the aminated mesoporous bioactive nanoparticles (MBNs-NH>) on the differentiation
of rat dental pulp stem cells (rDPSCs). rDPSCs viability, their uptake of MBNs—NH>
and odontogenic differentiation were tested in vitro. According to the results,
MBNA-NH; were reported to promote odontogenic differentiation of rDPSCs and
were proposed to be used for dentin regeneration applications (Lee et al., 2016). In

our study, hDPSCs are isolated and used for the experiments.

1.2.2.3. Induced Pluripotent Stem Cells

Because of safety concerns of ESCs, and problems regarding isolation and use of
adult stem cells in dental clinics, induced pluripotent stem cells (iPSCs) are
suggested as candidates for dental tissue regeneration (Baudry et al., 2016). Cai et
al. (2013), prepared integration-free human urine induced pluripotent stem cells
(ithU-iPSCs). After differentiation of them into epithelial sheets, they were
recombined with E14.5 mouse dental mesenchymes. After 1-2 days in vitro culture
of the explants, they were implanted under subrenal capsule of mouse for 3 weeks.

Tooth-like structures were formed that contained enamel with ameloblast-like cells
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and had physical properties resembling natural human teeth. In conclusion, human

1PSCs were proposed to be used in regenerative dentistry (Cai et al., 2013).

1.3. Aim of the Study

Dental caries is a dental disease affecting public health, which results with many
socio-economic consequences. This disease causes loss of tooth hard tissue and
subsequent inflammation and loss of the dental pulp. Every year a large number of
dental restorations is carried out in the world and most of them do not succeed. High
cost of these restorations and rejection possibility of the implants are their
drawbacks. For this reason, a regenerative approach for repairing of the damaged

dentin-pulp complex or generating a new tissue is needed.

In this study, it was aimed to develop and characterize borate modified BG-NPs
containing (CA/ox-PULL/GEL) three dimensional scaffolds with tubular
morphology for dentin regeneration. The biocompatibility and bioactivity of
bioactive glass are very attractive for dental applications. The purpose of
modification with borate was to achieve increased biodegradability of the bioactive
glass. In this thesis, the effect of borate modified bioactive glass on hDPSCs and its
application in dentin tissue engineering was studied for the first time in the literature.
CA is a derivative of cellulose and is used in tissue engineering of soft and hard
tissues as a scaffold. The neutral extracellular polysaccharide PULL was used for the
first time in a composition with cellulose acetate and BG-NPs. This polysaccharide
has wide applications in a range of fields as well as tissue engineering in recent
years. Gelatin is a partial derivative of collagen and as a composite with other
materials, can simulate ECM structure of the human tissues and organs. Diacyl forms
of pullulan with high water solubility were obtained by periodate oxidation to

crosslink with gelatin in order to obtain a structurally stable carrier.

34



The three-dimensional nano biocomposite structure were prepared by mixing borate
modified BG-NPs with (CA/ox-PULL/GEL) and processing by [(TIPS/PL) and
(FD/MMP)] methods.

The purpose of this study can be summarized as:

- to investigate the use of borate modified BG-NPs in dentistry and orthopedic

applications,
- to analyze the effect of borate modified BG-NPs on hDPSCs,

- to prepare porous nano biocomposite scaffolds using borate modified BG-NPs and

three polymers (CA/ox-PULL/GEL) and explore its use in dentin regeneration,

- to develop dentin like constructs using hDPSCs and CA/ox-PULL/GEL scaffolds,
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CHAPTER 2

2. MATERIALS & METHODS

2.1. Materials

Materials used for bioactive glass nanoparticles synthesis, formulas and companies

that they were purchased from, are given in Table 4.

Table 4. List of materials used for bioactive glass nanoparticles synthesis.

Materials Formulas Company
Calcium nitrate Ca(NOs)» Sigma-Aldrich (USA)
Ethanol C2H 6O Sigma-Aldrich (USA)
Citric acid CsH 3O 7 Sigma-Aldrich (USA)
Polyethylene glycol C2H6O2 Sigma-Aldrich (USA)
Ammonium dibasic phosphate (NHa4).HPO4 Sigma-Aldrich (USA)
Boric acid H3;BO3 Sigma-Aldrich (USA)
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Table 4 - Continued. List of materials used for bioactive glass nanoparticles

synthesis.

Tetraethyl orthosilicate (TEOS) | (C2Hs0)4Si Merck (USA)
Triethyl phosphate (TEP) (C2Hs50)3PO Merck (USA)
Ammonium hydroxide NHsOH Merck (USA)
Nitric acid HNO3 Merck (USA)

The chemicals used for the preparation of three-dimensional scaffolds and for the

isolation and proliferation of hDPSCs are listed in Tables 5 and 6, respectively.

Table 5. List of chemicals used in the preparation of three-dimensional scaffolds.

Materials Formulas Company
Cellulose acetate C76H114049 Sigma-Aldrich (USA)
Pullulan (C¢H1205)n Hayashibara Inc (Okayama,
Japan)
Gelatin Sigma-Aldrich (USA)
Glutaraldehyde CsHsOn Sigma-Aldrich (USA)
Sodium periodate NalO4 Sigma-Aldrich (USA)
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Table 5 - Continued. List of chemicals used in the preparation of three-dimensional
scaffolds.

Sodium hydroxide NaOH Sigma-Aldrich (USA)
Glycerine C3HgO3 Sigma-Aldrich (USA)
Methyl orange dye Ci14H14N3NaO3S | Sigma-Aldrich (USA)
Hydroxylamine HONH,-HCl Sigma-Aldrich (USA)
hydrochloride

Succinic anhydride CsH403 Sigma-Aldrich (USA)
Acetic acid CoH402 Sigma-Aldrich (USA)
1-ethyl-3-(3- CsHi17N3-HCI Sigma-Aldrich (USA)
dimethylaminopropyl)

carbodiimide hydrochloride

(EDC)

N-hydroxysuccinimide C4H5NO; Sigma-Aldrich (USA)
(NHS)

Glycine C2Hs5NO2 Sigma-Aldrich (USA)
Ethanol C2HsO Sigma-Aldrich (USA)
Dimetilformamid (DMF) CsH7NO Sigma-Aldrich (USA)
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Table 6. List of materials used in cell culture experiments.

Materials

Company

Collagenase Type |

Sigma-Aldrich (USA)

Dispase

Sigma-Aldrich (USA)

Fetal bovine serum (FBS)

Biochrom (Germany)

Penicillin / Streptomycin

Biochrom (Germany)

DMEM (Dulbecco’s modified Eagle medium)

Biochrom (Germany)

Trypsin -EDTA Biochrom (Germany)
Alamar blue dye Sigma-Aldrich (USA)
CD31 Mouse monoclonal antibody Cell Signalling (USA)
CD44 Mouse monoclonal antibody Cell Signalling (USA)
CD45 Rabbit monoclonal antibody Cell Signalling (USA)
CD73 Mouse monoclonal antibody Abcam (Britain)
CD90 Mouse monoclonal antibody Abcam (Britain)
CD105 Mouse monoclonal antibody Abcam (Britain)
Mouce mAb IgG1 isotype control Cell Signalling (USA)
Rabbit mAb IgG isotype control Cell Signalling (USA)

Anti-mouce IgG secondary antibody

Cell Signalling (USA)
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Table 6 - Continued. List of materials used in cell culture experiments.

Anti-rabbit IgG secondary antibody Cell Signalling (USA)
Thiazolyl blue tetrazolium bromide Sigma-Aldrich (USA)
Bicinchoninic acid solution Sigma-Aldrich (USA)
Copper sulphate Sigma-Aldrich (USA)
Anti-collagen I antibody Abcam (Britain)
Anti-DSPP antibody Abcam (Britain)
Anti-osteopontin antibody Abcam (Britain)
Donkey anti-rabbit IgG secondary antibody Abcam (Britain)
Triton X-100 Sigma-Aldrich (USA)
Bovine serum albumin Sigma-Aldrich (USA)
2.2. Methods

2.2.1. Synthesis of Pure and Borate Modified BG-NPs

For preparation of BG-NPs, two different methods 1) combination of sol-gel and co-

precipitation methods and ii) quick alkali-mediated sol—gel method) were used.
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2.2.1.1. Preparations of Pure and Borate Modified BG-NPs by Combination of
Sol-Gel and Coprecipitation Methods

The procedure followed for preparing the BG-NPs (58S)(Si02:Ca0:P,0s5) (58:38:4
mol%) was as follows: 7.26 g calcium nitrate was dissolved in 120 ml of deionized
water at room temperature to prepare the calcium precursor solution. The tetraethyl
orthosilicate (TEOS)-ethanol solution was prepared by diluting 9.76 g of TEOS in 60
ml of ethanol and added to the calcium nitrate solution. Citric acid was then added to
the solution for adjusting the pH value to 1-2. The reaction mixture was kept stirring
until a homogeneous and transparent solution was obtained. Under vigorous stirring,
the homogenous solution was added dropwise into ammoniated deionized water
containing 15 g of PEG 20000, in which 0.855 g of ammonium dibasic phosphate
was dissolved in advance. During this addition the pH value of solution was kept at
around 11.5 using ammonia water. After stirring for 48 h and aging for 24 h, the
precipitate was separated from the reaction solution by centrifugation at 7000 rpm
and washed three times with deionized water. The precipitate was freeze dried
(Labconco, USA) and calcined at 700°C in a muffle furnace (Protherm Furnace -
PLF 140/5 — Turkey) for 3 h, after which the white BG nanoparticles were obtained
(Hong et al., 2009).

The steps followed for preparing borate modified BG-NPs were the same as
described above. For borate modification, SiO> was partly replaced by B>Os with 7%
and 14% (Table 7). Boric acid was used as a precursor for obtaining B2Os. After
diluting TEOS with ethanol, boric acid was added to the TEOS-ethanol solution

which was then added to the calcium nitrate-water solution (Laczka et al., 2000).
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2.2.1.2. Preparations of Pure and Borate Modified BG-NPs by a Quick Alkali-
Mediated Sol-Gel Method

For preparation of BG-NPs (SiO 2:Ca0:P20s) (58:38:4 mol%), quick alkali-mediated
sol-gel method was used. After m ixing TEOS (20 ml), distilled water (13.9 m 1) and
2 M nitric acid (2.8 ml) in ethanol (50 ml) and stirring for 30 min, TEP (2.15 ml) was
added and stirred for 20 min. Calcium nitrate (14 g) was added. Ammonia solution (1
molar) (10 m 1) was added dropwise under vigo rous stirring after obtaining a clear

acid

Table 7. Nominal compositions of Bx-BG samples.

Reactants (Mole %0)

Sample ID SiO2 CaO P20s B203
B0-BG 58 38 4 0
B7-BG 51 38 4 7

B14-BG 44 38 4 14

sol. After swift gelation of sol, we used a muddler to mix the gel well and then dried
the gel in the oven at 60°C for 1 day. Afterwards, calcination step was done at 600°C
in a muffle furnace (Protherm Furnace - PLF 140/5 — Turkey) for 2 h (Xia & Chang,
2007). For borate m odification, the m ole ratio of SiO 2 was partly replaced by 7%,
14% and 21% B203 (Table 8). Boric acid was used as a precursor for obtaining B20s.
After diluting TEOS with ethano [, boric acid was added in the TEOS-ethanol

solution and the other steps were the same as stated above (Laczka et al., 2000).
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Table 8. Nominal compositions of Bx-BG samples.

Reactants (Mole %)

Sample ID SiO2 CaO P20s B20s
B0-BG 58 38 4 0
B7-BG 51 38 4 7

B14-BG 44 38 4 14
B21-BG 37 38 4 21

2.3. Characterization of Pure and Borate Modified BG-NPs

2.3.1. X-Ray Diffraction (XRD) Analysis

Phase purity analysis was investigated using X-ray diffraction analysis (XRD, Model
D/ MAX2200 / PC - Japan) (Metallurgical and Materials Engineering
Department, METU). A full scan (from 10-80 degrees) was run for all sam ples to

find peak positions.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

For exam ining the functional groups by F  ourier Transform Infrared S pectroscopy

(FTIR), (Bruker IFS 66/S, FRA 106/ S, HYPERION 1000, RAMANSCOPE II)
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(Central Laboratory, METU), the nanoparticles were pressed with KBr into a small
disc form. Before measurements, the powders were dried overnight at 100°C to
remove the moisture. The FTIR spectra were recorded from 400 to 4000 cm ™! with a

resolution of 4 cm™.

2.3.3. Scanning Electron Microscopy (SEM) Analysis

Morphology and particle size of the synthesized pure and borate modified BG-NPs
was studied with Scanning Electron Microscopy (SEM) analysis. Synthesized
particles were coated with ultrafine (10 nm) gold layer by precision etching coating
system (682 PECS, Gatan, Inc., USA) and then imaged via (FEI, Nova Nano SEM
430, USA) (Metallurgical and Materials Engineering Department, METU) before

analysis.

2.3.4. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis

Elemental analysis of pure and borate modified BG-NPs was conducted by ICP-MS,
(Elmer DRC II model ICP-MS, USA). The particles were dissolved in 2% NO3
solution for analysis. Molar percentages of SiO,, CaO, and P>Os were determined by
the lithium metaborate fusion method (Valliant et al., 2013) and mole percentage of

B>03 was determined by the sodium peroxide fusion method (Richaud et al., 2000).
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2.3.5. Porosimetry Analysis

The specific surface area, pore volume and pore size of pure and borate modified
BG-NPs were determined by Brunauer—Emmett-Teller (BET) and Barret—Joyner—
Halenda (BJH) analyses (Tristar3000, Micromeritics, USA). The samples were
degassed in vacuum at 200°C for 3 h prior to the nitrogen adsorption analysis to

remove moisture from the pores (Luz & Mano, 2011).

2.3.6. In Vitro Bioactivity Tests

The prepared pure and borate modified BG-NPs were compressed in disc forms
(Diameter: 12.6 mm, and height: 2.3 mm) with equal weights and discs were
immersed in falcon tubes containing 50 ml of Simulated Body Fluid (SBF) (Kokubo
& Takadama, 2006) and incubated at 37°C for 14 days. After different incubation
periods, samples were removed from SBF solution and washed 3 times with
deionized water. They were then freeze-dried for 20 hours. The samples were gold
sputter coated and imaged by SEM in order to investigate the apatite formation on
discs (Kokubo & Takadama, 2006). ICP-MS analysis was also used to determine the
concentrations of ions in SBF at different time points. After 1, 3, 7, and 14 days of
treatment, SBF solution was collected and sent to analysis on the same day. Release
of different ions from BG during SBF treatment period, was studied by ICP-MS
according to Section 2.3.4 in order to determine the degree of bioactivity of the

material (Polini et al., 2013).
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2.4. Preparation of Three Dimensional CA/PULL/GEL Scaffolds

2.4.1. Periodate Oxidation of PULL

Pullulan was modified by periodate oxidation for crosslinking with gelatin to obtain
a structurally stable scaffold due to its high solubility in aqueous environment
(Balmayor et al., 2012). Briefly, PULL (1 g) was dissolved in 8 ml distilled water in
a light protected container and 0.125 ml of sodium iodate (100 mg/ml) was added per
ml of PULL solution. The solution was stirred at low speed for 30 min at room
temperature using a magnetic stirrer. Glycerin (0.1 ml/ml) was added to stop the
reaction and stirring continued for 10 min. Then, solution was dialyzed
againstdistilled water for 2 days and after dialysis, oxidized pullulan solution was
freeze-dried for 24 hours and was stored at 4°C in a light protected container until

use.

2.4.1.1. Determination of Oxidation Degree of Oxidized PULL

Aldehyde content was determined to assess the degree of oxidation of PULL. The
procedure was as follows: For this, first 0.1 g of dialdehye PULL (DPULL), was
dissolved in 12.5 ml of distilled water and the pH was adjusted to 7 with 0.1 N
sodium hydroxide (NaOH). Then 0.5 N N- hydroxylamine hydrochloride - methyl
orange solution (H-NOHHCI) was added to 12.5 ml PULL solution, and the mixture
was stirred for 2 hours. It was then titrated with a 0.1 N sodium hydroxide solution
until the red-to-yellow endpoint and the color of the solution was matched at pH 7

with an oxidized PULL solution (blank) at the same concentration.
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The number of aldehyde groups per 100 anhydroglucose units was measured using

the following formula:

= 22.1073 (1)

mppyLL S

AC = Nygon-Vnaon-

where AC is aldehyde content; Nnaon is the concentration of standardized sodium
hydroxide solution [N]; Vnaon is the volume of NaOH [ml]; MW is the molecular
weight of PULL [Da]; mppurL is the weight of DPULL sample [g]; S is the number
of anhydroglucose units in the chain of PULL with a MW (Kulikowska et al., 2013).

2.4.2. Carboxylation of PULL

We aimed to obtain a structurally stable scaffold through amide bond formation
between carboxyl groups of carboxylated PULL and amine groups in gelatin with
EDC / NHS crosslinking. For this end, PULL was mixed with succinic anhydride
(4% weight of PULL) in dH,O for 60 minutes. This mixture was then dialyzed
against distilled water for 1 day, and the carboxylated PULL was stored at 4 ° C in a
light protected container (Li et al., 2013).

2.4.2.1. Determination of Degree of Substitution of Carboxylated PULL

Acid/base titration was used to measure the DS of CPULL. After dissolving CPULL
(0.2 g) in 40 ml of distilled water, the pH of the solution was adjusted to 2 with
hydrochloric acid and then CPULL was titrated with 0.1 N NaOH. The volume of

NaOH and pH values were recorded.
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This test was repeated three times for each sample. DS was determined as follows:

_ MpryX(nep)
0.2—(McXnep)

DS (2)
where Mpry is the molecular weight of PULL repeating unity (164), nep the number of
moles of carboxyl groups at the ending point of the titration, and Mc is the molecular
weight of the carboxyl groups placed in the natural structure of PULL (Mendes et al.,
2012).

2.4.3. Preparation of Polymer Solutions

The solubility of the polymers that will be used for preparation of the scaffolds was
tested in different solvent systems (Table 9). N-methylmorpholine-N-oxide (NMMO)
and Dimethyl sulfoxide (DMSOQO) were not used for preparation of different solvent
systems because they could not be freeze-dried. Solvents were added at different
volume percentages in order to find a solvent composition to obtain a clear and
homogeneous solution (Table 10). Finally, acetic acid + dH>O, with a total content of
58% acetic acid, was chosen as the solvent system for preparation of the polymer
solution. When other solvent systems were used (DMF, dH»0), (DMA, dH:0),
(DMF, NMMO), freeze-drying step was problematic. This problem was related to
different melting points of the solvents which would result in a melting point of the
mixture at temperatures less than -80 °C and eventual melting of the frozen mixture

during freeze-drying.
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Table 9. Solubility of polymers in different solvents

Polymer | DMA | DMF | Acetic | DMSO | dH>O | NMMO | THF | TFE | HFIP
acid +
dH->O
CA + + + + + + +
PULL + + + + + +
GEL + + + + + +

(GEL solution was prepared by heating at 40°C)

Scaffolds were prepared by two different methods.

2.4.4. Preparation of Three Dimensional Scaffolds

2.4.4.1. Preparation of Three Dimensional Scaffolds by (TIPS/PL) Method

CA/Oxidized PULL/GEL scaffolds were prepared using (TIPS/PL) method.

Polymers were dissolved in 58% acetic acid solution at 40°C and transferred to glass

containers. At this stage, solutions were ready for phase separation. To induce phase
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Table 10. Different solvent systems used for preparation of the scaffolds.

System | Solvents Volume added (%) Result
1 CA: DMF DMEF: 83.4 clear and
homogeneous solution
PULL: DMF dH20: 16.6
GEL: dH,O
2 CA: DMA DMA: 87.5 clear and
homogeneous solution
PULL: dH,O dH20: 12.5
GEL: dH,O
3 CA: acetic acid + dH2O | acetic acid: 58 clear and
homogeneous solution
PULL: dH20 dH>0: 42
GEL: dH,O

separation, the temperature was reduced by cooling the

mixture in one direction

using a system that involves foam fixed onto the aluminum plate where glass bottles

can be placed in holes formed on foam (Figure 8). Aluminum is a good thermal

conductor and the foam is chosen for insulation. Two different temperatures (-196°C

and -80°C) were used for phase separation. The glass containers were placed in this

system and the solutions were poured into them and freezed at either -196°C or -

80°C. The frozen mixture was then lyophilized using a freeze-dryer (Labconco,

USA) for 72 hours (Chen et al, 2008).
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Figure 8. A system prepared from aluminum plate and foam in order to freeze the
polymers solution in one direction (a) view from the foam side with the glass

containers — (b) view from the aluminum plate side

After dissolving the polymers in a glass container (acetic acid + dH20) at 40° C, KCl
was added. KCl was added in amounts equivalent to 100%, 50% and 25% of the total
polymer concentration. According to results of SEM, increase of porogen percentage,
led to increase in pore diameters. Additionally, a more aligned and homogenous
tubular structure was formed in the scaffolds prepared with the highest KCI amount.
Increasing the freezing temperature also caused an increase in the mean diameter of
the pores. That’s why, in the studies, freezing temperature of -80°C and KCI as
100% of the total polymer concentration was used. The glass container was then
placed in the system consisting of aluminum plate and foam, the mixture was frozen
in one direction and freeze-dried for 72 hours. After cross-linking the scaffolds, KCI
was allowed to leach for 12 hours at 37°C in distilled water and then freeze-dried. In
bioglass containing groups, pure and borate modified BG-NPs were then added to the
polymer solution at a concentration of 10% and 20% of total polymer weight and
mixed for 45 minutes (50% CA, 15% PULL, 35% GEL, with total polymer
concentration of 2.5%). Experiment scaffold groups prepared by this method are

given in Table 11.
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2.4.4.2. Preparation of Three Dimensional Scaffolds by (FD/MMP) Method

In order to obtain homogenous distribution of tubular structures in the scaffolds, a
mold that has pins with 400 um diameter and with 400 um distance between them,
was designed and produced by Hidronerji Company (Ostim, Ankara). In (Fig. 9a),
schematic arrangement of pins on the mold is shown. The metal mold which
consisted of pins with 400 pum diameter and with 400 um distance between them is
presented in Fig.9b&c. Homogenous distribution of tubular structures were not
obtained in the prepared three-dimensional scaffolds using this mold due to closeness
of the pins to each other on the mold and unequal distances between the pins. Then, a
new mold that consisted of pins with 500 pm diameter with 600 pm distance between
pins was made and all experiments were done using this new mold (Fig. 9d&e).The
metal mold which consisted of pins with 400 pm diameter and with 400 um distance
between them is presented (Figure 9). In order to prepare the three dimensional
scaffolds, firstly polymer solution was prepared in 58% acetic acid at 40°C. Pure and
borate modified BG-NPs were then added to the polymer solution at a concentration
of 10% and 20% of total polymer weight and mixed for 45 minutes (50% CA, 15%
PULL, 35% GEL, with total polymer concentration of 5%). One experiment group,
was prepared without bioglass as the control group. The mixtures were poured into
petri dishes, awaited 3 hours at -80°C and freeze-dried for 40 hours (Mozafari et al.,
2010). The mold was pressed onto dry scaffolds to obtain the tubular structures in the

freeze-dried scaffolds.
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Table 11. Experimental groups used for preparing the three dimensional scaffolds by
using the (TIPS/PL) method.

Groups Bioglass Percentage
Without bioglass 0

B0 -10 10

B0 - 20 20

B7-10 10

B7-20 20

B14-10 10

B14 - 20 20

B21-10 10

B21-20 20
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Figure 9. Schematic image of the metal mold consisting of pins with 400 um
diameter and distance of 400 um between (a); Image of the designed and produced
metal mold consisting of pins with 400 um diameter and distance of 400 pm between
them, side view (b); view from above (c); Image of the designed and produced metal

mold consisting of pins with 500 um diameter and distance of 600 pm between them,

side view (d); view from above (e).
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2.4.5. Cross-linking of Three-Dimensional Scaffolds

The scaffolds prepared by the two methods were cross-linked in order to preserve
their structural integrity. The CA/PULL/GEL and CA/Ox-PULL/GEL scaffolds
prepared by the freeze-drying method were cross-linked by 5% glutaraldehyde
solution for 25 and 50 minutes. Glutaraldehyde is used for cross-linking polymers
containing hydroxyl or amine groups. The reason for the efficiency of glutaraldehyde
is the high reactivity of the aldehyde groups, which form imine bonds (Schiff’s base)
with amino groups and acetal bonds with hydroxyl groups (Campos et al., 2013). The
scaffolds prepared by the freeze-drying method and composed of CA/ Carboxyl-
PULL/GEL were cross-linked with EDC/NHS by immersing in an ethanol-water
mixture (8:2, v/v; pH 4.75) containing EDC 50 mmol/l and NHS 10 mmol/I for 2 and
7 hours (two groups). Then, the samples were washed with distilled water in order to
remove unreacted EDC and then freeze-dried for 20 hours (Lai et al., 2012). EDC, is
a carbodiimide cross-linking agent for amide bond formation between a carboxylate
and an amine group. The most effective pH for carbodiimide-mediated amide
formation is between pH 4.5 and 7.5. EDC is mostly used in combination with sulfo-
NHS. Sulfo-NHS increase the stability of the active intermediate, which finally
reacts with the amine group. Efficiency of NHS-coupled reactions is high and better
yield of cross-linked product formation is obtained when comparing to EDC alone

(Sinz, 20006).

Weight loss of scaffolds containing Ox-PULL and cross-linked by GTA after one
month incubation was less than scaffolds containig PULL, cross-linked by GTA and
Carboxyl-PULL and cross-linked with EDC/NHS in phosphate buffer solution (0.1
M, pH 7.4). Therefore, scaffolds composed of CA/Ox-PULL/GEL and prepared by
the method of (TIPS/PL), were cross-linked by 5% GTA solution for 6 hours.

Scaffolds prepared by the method of (FD/MMP) were cross-linked by 5% GTA in
different steps and immersed in phosphate buffer solution (0.1 M, pH 7.4) at 37°C.
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According to in vitro degradation results, two steps cross-linking (before and after
mold pressing) and for longer times, was more efficient for decreasing weight loss
percentage of scaffolds and preserving their structural integrity. Therefore, scaffolds
were immersed in 5% GTA solution for 30 minutes before mold pressing, then for 12
hours after mold pressing steps. All the time after immersion in GTA solution, in
order to neutralize unreacted glutaraldehyde, the samples were immersed in the 0.2
M glycine solution for 30 minutes and then washed three times with distilled water

and then, were freeze-dried for 20 hours.

2.4.6. In Vitro Degradation Analysis

The scaffolds were cut at certain sizes and weighed (n = 3), then were placed in
closed bottles. Phosphate buffer solution (PBS, pH 7.4) was then added to the bottles
and incubated at 37°C in a shaking water bath. At certain time intervals, samples
were taken from the bottles, excess water was removed by the help of the filter paper
and their weights were recorded. After washing with distilled water, they were
freeze-dried for 40 hours, weighed again and their weight loss percentage was
measured according to the following formula. pH of the phosphate buffer for each

measurement interval was also measured (Shahini et al., 2014).

Initial dry weight — Dry weight at intervals

Weight loss (%) = X 100 3)

Initial dry weight

2.4.7. Water Absorption Capacity Measurement of the Scaffolds

Water absorption capacity of the scaffolds was measured using a general gravimetric

method (Shahini et al., 2014). Samples were cut into certain sizes, weighed and
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placed in closed bottles containing phosphate buffer solution (PBS; pH 7.4), and then
were incubated at 37°C in a shaking water bath. At different time intervals, samples
were taken from the bottles, water on the surface of scaffolds was removed by the
help of the filter paper and the wet weights of scaffolds were recorded. Water

absorption capacity (percentage) was determined using the following formula

Wet weight- Dry weight

Water absorption capacity (%) = x 100 4)

Dry weight

2.4.8. Scanning Electron Microscopy (SEM) Analysis

Porosity and surface morphology of the scaffolds were investigated by scanning
electron microscopy (SEM - Quanta 200 FEG, Netherlands) as described in Section
23.3.

2.4.9. In Vitro Biomineralization Analysis

The prepared scaffolds were cut into three samples with equal weights and shapes
and were placed into falcon tubes containing Simulated Body Fluid (SBF) (Kokubo
& Takadama, 2006) and incubated at 37°C for 14 days. Concentrations of ions
present in SBF are listed in Table 12. After different incubation periods, samples
were removed from SBF solution, washed 3 times with deionized water. They were
then freeze-dried for 20 hours and weighed. Scaffolds were examined with SEM to

investigate the apatite formation as described in Section 2.3.3.
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Table 12. Ton concentrations in SBF solution

Ion Ion Concentrations

(mM)

Na® 142.0
K* 5.0
Mg>* 1.5
Ca?* 2.5

Ccr 147.8
HCO3 4.2
HPO4* 1.0

2.4.10. Porosity Measurements

The porosity of scaffolds was theoretically measured using the Archimede’s
principle (Tripathi & Melo, 2015). In this method, dry mass (Md) of the scaffold was
recorded. The test sample was submerged under water and the submerged mass of
the scaffold was recorded. The scaffold was then placed in a vacuum oven and the
pressure was subjected to loading and unloading until the bubbles were removed
from the samples. After removing the excess water on the surface of the wetted
samples with filter paper, wet weight (Mw) of the scaffold was recorded. Triplicate

samples were used for the study.
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Porosity of the scaffolds was determined using the following formula:

(Mw_ Md)

o
Porosity % = Moss)

x 100 (5)

where, My, is the water saturated wet mass of the scaffold, My is the dry mass of the
scaffold, and Msu is the submerged mass of the scaffold. Mercury porositometry was
also used for porosity measurements of scaffolds that were prepared by (TIPS/PL)
(Qunatochrome Coorporation, Coremaster 60). Shape of the pores were supposed to
be cylinderical. Relationship between the pressure applied by the device and

diameter of the pores was calculated by the Washburn equation:
D=(-4a cosb)/P. (6)

where P is the applied pressure, D: pore diameter, a: mercury surface tension (480
dyne /cm), b: contact angle between the pore wall and mercury (generally 140°) (Hu

etal., 2011).

2.4.11. Mechanical Tests

Mechanical properties of the scaffolds prepared by (TIPS/PL) method. (n=3) were
studied by compression test using (Univert, Cellscale, Canada) instrument.
Mechanical tests could not be performed on scaffolds prepared by the (FD/MMP)
(diameter: approx. 0.6 mm) due to their small size. Stress and elastic modulus values

were determined at 25% strain in the stress-strain curve (Grover et al., 2012).
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2.5. Cell Culture Studies

2.5.1. Isolation of hDPSCs

Human third molars were collected from the patients (19-23 years of age) under the
guidelines approved by the Ethic Committee of Middle East Technical University.
After extraction, teeth were put into sterile chilled falcons containing 50 mL
phosphate-buffered saline (PBS) and were transferred to the laboratory on ice. Teeth
were first cleaned with alcohol-soaked sterile gauze and washed with sterile distilled
water. Each tooth was cut around the cementum-enamel junction by using sterilized
diamond disc to reveal the pulp chamber. The pulp tissue was gently separated from
the crown and root with a sterile dentinal excavator and digested in a solution of
collagenase type I (3 mg/ml) (Sigma) and dispase (4 mg/ml) (Sigma) for 60 minutes
at 37°C. 4 ml DMEM (Gibco, Germany) supplemented with 15% (FBS, Gibco,
Germany) was added to stop the enzymatic digestion and centrifuged at 1800 rpm for
5 minutes. Cells were washed twice with sterile PBS 1X and centrifuged again for 5
minutes at 1800 rpm. Cells were then cultured in 10% FBS containing DMEM at
37°C in a carbon dioxide incubator (Atari et al., 2011).

2.5.2. Characterization of Human DPSCs

In order to verify mesenchymal stromal phenotype of the isolated stem cells from
human third molar teeth, flow cytometry analysis was conducted at METU
Biomaterials and Tissue Engineering Center of Excellence (BIOMATEN). For this
purpose, third passage DPSCs were used. After trypsinization, cells were washed
with FACS buffer and fixed by 4% paraformaldehyde for 15 minutes. Monoclonal
antibodies against CD31, CD44, CD73, CD90, CD105 (mouse anti-human) and
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CD45 (rabbit anti-human) were obtained from cell signaling (USA). Cells (1x10°)
were incubated with the mentioned primary antibodies and appropriate isotype
controls in dark for 30 minutes as stated in the manufacturer’s instructions. After
washing with FACS buffer, cells were incubated with secondary antibodies (anti
mouse Alexa Fluor® 488-conjugated, anti-rabbit Alexa Fluor® 647 conjugated) cell
signaling (USA) for 30 minutes in dark. After washing, cells were suspended in 300
ul PBS and then were analyzed using flow cytometry data acquisition and analysis

software (Accuri™ C6, BD Biosciences, Germany) (Alipour et al., 2010).

2.5.3. In Vitro Cytotoxicity Assessment of Pure and Borate Modified BG-NPs

In vitro cytotoxicity test of pure and borate modified BG-NPs was performed using
DPSCs by indirect contact method according to (ISO/EN) 10993-5 guideline.
Obtained materials were sterilized by dry heating sterilization at 200 °C for 2 h and
extracts were prepared by incubating 50 mg of BG in 1 ml serum-free DMEM
culture medium at 37 °C for 24h. The extract solution was further diluted to different
concentrations (25, 12.5, 6.25 and 3.125 mg/ml) using same culture medium. DPSCs
were cultured in 96 well plate at a density of 5x10° cells/well. 24h post seeding, 100
ul of diluted extracts and 100 pl of DMEM (with 10% FBS) were added as culture
media and cells were incubated at 37°C in a carbon dioxide incubator for one week.
MTT assay was used to evaluate the metabolic activity of cells at different incubation
periods. At each time point cells were incubated in a mixture containing 10 ul MTT
working solution (5 mg/ml in DMEM) and 90 pl of DMEM without phenol red (n=4)
at 37 °C for 4 h. At the end of incubation period supernatant was removed and
replaced with 100 pl dimethylsulphoxide (DMSO) (Merck) in order to dissolve
formazan crystals formed inside cells. After 15 min of slow shaking, the optical
density was measured at 570 nm. Stem cells cultured only with cell culture medium

supplemented with 10% FBS were used as control group (Zheng et al., 2016).
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2.5.4. Evaluation of Effect of Pure and Borate Modified BG-NPs on
Differentiation of Dental Pulp Stem Cells

Effect of pure and borate modified BG-NPs on odontogenic differentiation of DPSCs
was evaluated by measuring ALP enzyme activity test as an early marker of
odontogenic differentiation and immunohistochemical staining for dentin
sialoprotein (DSP), osteopontin ve collagen type 1. Effect of different bioactive
glasses on odontogenic differentiation was investigated using the bioglass

concentration (6.25 mg/ml) determined by the cytotoxicity tests.

2.5.4.1. Measurement of Alkaline Phosphatase (ALP) Enzyme Activity and

Intracellular Calcium Amounts of DPSCs

ALP activity and intracellular calcium amounts of DPSCs that were cultured with the
BG extracts were measured to study the effect of pure and borate modified BG-NPs
on odontogenic differentiation of these stem cells. DPSCs cells at passage 3 were
seeded on 24-well plates at an initial density of 7.5x10° cells/well. After 24 h of
incubation, the medium was changed with extract medium obtained with 6.25 mg/ml
pure and borate modified BG-NPs. Supplements were added to extract medium to
have a final concentration of 10% FBS, 1% penicillin-streptomycin, 50 pg/ml
ascorbic acid, 10 mM B -glycerophosphate, and 10 nM dexamethasone. Addition of
supplements was done to obtain an odontogenic differentiation medium (Tash et al.,
2013). Cells were incubated in this medium for 14 days and each medium change
was done with this modified extract medium. As control group, DPSCs cultured with
only odontogenic medium were used. Cells were washed with PBS and were lysed
by incubating in lysis buffer (0.1% Triton X-100, 0.1% (w/v) sodium azide, and 10*
M protease cocktail in PBS), at 37°C for 1 h while shaking at 150 rpm 7 and 14 days
after incubation. 75 pl of p-nitrophenyl phosphate (pNPP) substrate solution and 25
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ul of MgCl, solution were added to 75 pl of lysate in a 96 well-plate, and the plates
were incubated at 37 °C for 1 h while shaking at 150 rpm. Absorbance was measured
at 405 nm on a plate reader (WOuantTM microplate spectrophotometer, Biotek
Instruments Inc., USA). A calibration curve was constructed using p-nitrophenol to
determine p-nitrophenol produced. Protein concentration of the cell lysates was
measured by bicinchoninic acid (BCA) assay. A calibration curve constructed using
different concentrations of bovine serum albumin (BSA) was used to determine the
protein amount in the cell lysates. The enzyme activity was expressed in terms of
specific enzyme activity (uWM/mg protein/minute). For measurement of intracellular
calcium amount, 25 pl of the lysate was mixed with 225 ul 0.1 M HCI in eppendorfs
and 25 pl of the obtained mixture was added to 120 ul o-cresopthalein complexone,
8-hydroxyquinone-5-sulfonic acid and 2-amino-2-methyl-1,3-prandiol in the wells of
96-well plate. After shaking at 100 rpm, the absorbance was read at 560 nm. Calcium
chloride was used as standard to construct the calibration curve for determining
intracellular calcium amounts. Intracellular calcium amount was expressed in terms

of g Ca/g Protein.

2.5.5. Immunohistochemical Staining

Dental Pulp Stem Cells (DPSCs) at passage 3 were seeded on 24-well plates. DPSCs
were cultured with odontogenic differentiation medium (DMEM containing 10%
FBS, 1% penicillin-streptomycin, 50 pg/ml ascorbic acid, 10 mM f -
glycerophosphate, and 107 M dexamethasone) (Tash et al, 2013) prepared with
DMEM extracts of 6.25 mg/ml of pure and borate modified BG-NPs, at 37°C for 14
days. BG extracts were used for all medium changes. As a control group, DPSCs
cultured with odontogenic medium without addition of BG extracts were used. After
14 days of incubation, cells were fixed with paraformaldehyde (4%) for 10 min at
room temperature. After fixation the cells were permeabilized with Triton X-100

(0.1% in PBS for 5 min) and saturated with blocking buffer (PBS containing 3%
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BSA) for 30 min. Cells were incubated for 1 h at room temperature with different
primary antibodies [Anti-Collagen [ antibody (abcam, Britain), Anti- dentin
sialophosphoprotein (DSPP) antibody (abcam, Britain), Anti-Osteopontin antibody
(Abcam, England) followed by 1 h incubation with the secondary antibody [Donkey
anti-Rabbit IgG H&L (DyLight® 488) (Abcam, Britain)] in the dark. Nuclei of the
cells were stained for 5 minutes with 1 pg/ml 40-6-diamidino- 2-phenylindole
(DAPI; Sigma). Labelled cells were observed and photographed using a fluorescent

microscope (Zeiss axio observer z1, Germany) (Navabazam et al., 2013).

2.5.6. Cell Viability Assays

For cell viability assessment on the scaffolds, they were sterilized with UV and
hDPSCs were seeded on scaffolds at an initial seeding density of 7.5x10%/scaffold.
Viability of hDPSCs on the scaffolds was determined by Alamar Blue Assay
(Invitrogen, USA) at the end of 1, 4, 7, and 14 days of incubations (Mishra et al.,
2011). Alamar Blue, or 7-hydroxy-3H-phenoxazine-3-one 10-oxetine, is an indicator
for showing cells viability as its chemical reduction occurs by inner metabolic
activities of cells (O'brien et al., 2000). As the indicator dye is reduced, it changes
from non-fluorescent blue to the fluorescent pink. For Alamar Blue assay, the
medium was removed and the cells were washed with PBS (0.1 M, pH 7.22). 10%
Alamar blue solution (10 % alamar blue & 90 % DMEM without phenol red) was
added to each well and incubated at dark for 4 hours. The optical densities of reduced
solutions were obtained at 570 nm and 600 nm via microplate spectrophotometer
(uOuantTM, Biotek Instruments Inc., USA) using the ELISA software programme
(Atlanta, USA) and recorded (Li et al., 2005).
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2.5.7. Measurement of ALP Activity and Intracellular Calcium Amounts of
hDPSCs Seeded on Scaffolds

After seeding 4x10* hDPSCs on scaffolds prepared, cells were cultured in
odontogenic differentiation medium (DMEM containing 10% FBS, 1% penicillin-
streptomycin, 50 pg/ml ascorbic acid, 10 mM [ -glycerophosphate, and 10 nM
dexamethasone) for 14 days. ALP activity of cells was measured after 7 and 14 days
of incubation at 37°C in a carbon dioxide incubator. At each time, cells on scaffolds
were lysed. Scaffolds were first kept for 10 minutes at -80°C and then for 10 minutes
at 37°C. The same steps were repeated by adding PBS on the scaffolds. After this
step, ALP activity of cells and intracellular calcium amounts were measured
according to Section 2.5.4.1. The total DNA content of the cells was determined by
Hoechst 33258 staining followed by fluorometric absorbance measurements. Before
Hoechst 33258 staining, lysates were dispersed in a 1:5 volume ratio in: 10 mM Tris
aminomethane, 1 mM ethylenediamine tetraacetic acid and 100 mM sodium chloride
solution (TNE buffer solution, pH 7.5). Calibration curve for DNA determination
was constructed with the bovine thymus DNA solution (0-500 ng DNA/ml) prepared
in different concentrations in the TNE buffer solution. The enzyme activity of the

cells was given as the specific enzyme activity (mol/g DNA/min).

2.5.8. Immunohistochemical and Histological Analysis of hDPSCs Seeded
Scaffolds

After seeding 4x10* hDPSCs on scaffolds, cells were incubated for 14 days in
odontogenic differentiation medium (DMEM containing 10% FBS, 1% penicillin-
streptomycin, 50 pg/ml ascorbic acid, 10 mM [ -glycerophosphate, and 10 nM
dexamethasone). After 7 and 14 days of incubation histological and,

immunohistochemical stainings were done to evaluate the odontogenic
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differentiation of hDPSCs in scaffolds and formation of dentin-like hard tissue. For
histological analysis, DPSCs seeded scaffolds were washed with PBS and fixed with
4% paraformaldehyde solution overnight. After fixation, cells on scaffolds were
dehydrated in ethanol and then the scaffolds were embedded in paraffin. After
obtaining 5 um thick sections from the paraffin blocks, Von Kossa staininig was
done to examine calcium deposition by the cells. After sections were deparaffinized,
they were washed with distilled water, covered with 1% silver nitrate solution and
exposed to ultraviolet light for 2 hours. The sections were then washed with distilled
water, covered with 2.5% sodium thiosulphate and incubated for 5 min. After this
step, sections were washed with distilled water again, counterstained with Nuclear
Red Fast for 5 min. After counterstaining, sections were then washed with distilled
water, dehydrated in alcohol series, immersed in xylene, and covered with coverslip.
After deparaffinizing the sections, immunohistochemical staining was done for

DSPP, osteopontin and collagen type I markers according to Section 2.5.5.

2.6. Statistical Analysis

Statistical analysis of the data was done with one-way analysis of variance
(ANOVA) with Tukey’s post hoc test for multiple comparisons using SPSS software
(ver. 23.0; IBM Corporation, NY, USA). Differences were considered significant at
p < 0.05. The results were expressed as mean + standard deviation (Xynos et al.,

2000).
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CHAPTER 3

3. RESULTS AND DISCUSSION

3.1. Characterization of the Synthesized BG-NPs

3.1.1. Scanning Electron Microscopy (SEM) Analysis

3.1.1.1. Combination of Sol-Gel and Co-Precipitation Methods

The morphology and particle size of BG and borate modified BGs synthesized by
combination of sol-gel and co-precipitation methods, were analyzed by SEM

examination (Fig. 10). They all had spherical shape of similar size ranging from

between 70 and 120 nm.
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Figure 10. SEM image and particle size distribution curve of BO-BG synthesized by

combination of sol-gel and co-precipitation methods.
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3.1.1.2. Quick Alkali-Mediated Sol-Gel Method

Morphology and particle size of BG and borate modified BG materials synthesized
by the quick alkali-mediated sol-gel method, were analyzed by SEM examination
(Fig. 11a-d). All of the BG and modified BG particles were spherical or close to
spherical shape with different sizes. Size of the BG particles became larger with the
addition of borate. This expansion in particle size could be due to slower gelation
rate for borate modified BG materials compared to bare BG. During synthesis of
borate modified BG materials, boric acid addition resulted in more acidic pH and
hence, gelation through ammonia addition into the acid sol took longer time
compared to BG group. It was also reported that slower gelation rate enhanced

growth of colloidal particles (El-Kady et al., 2010).
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Figure 11. SEM images and particle size distribution curves of a) B0-BG, b) B7-BG,
synthesized by the quick alkali-mediated sol-gel method.
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Figure 11 - Continued. SEM images and particle size distribution curves of ¢) B14-
BG, d) B21-BG synthesized by the quick alkali-mediated sol-gel method.
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3.1.2. X-Ray Diffraction (XRD) Analysis

3.1.2.1. Combination of Sol-Gel and Co-Precipitation Methods

Phase analysis of synthesized B0-BG and borate mdified glass nanoparticles
synthesized by the combination of sol-gel and co-precipitation methods, was done by
XRD analysis to reveal the amorphous/crystalline phases (Fig. 12a-c). A broad
dispersive band was observed for the XRD spectra of BO-BG and B7-BG (Fig.
12a&b) indicating the amorphous nature of the synthesized bioactive glass. In
Fig.12¢ XRD spectra of B14-BG nanoparticles, a broad dispersive band and some
other peaks are seen. The broad dispersive band is related to the amorphous structure
of bioactive glass, while the sharp peaks show crystalline regions in the structure
(Luz & Mano, 2011). Bioactive glasses with higher crystallinity, degrade in body
fluid slowly. Therefore this type of bioglass is less bioactive (Kongsuwan et al.,

2015).

3.1.2.2. Quick Alkali-Mediated Sol-Gel Method

In order to assess the crystalline/amorphous structure of BG, XRD patterns of BO-BG
and borate modified BGs synthesized by the quick alkali-mediated sol-gel method,
were investigated (Fig. 13a-d). The spectra of BGs contained only a weak peak
located at 26=31.75° which was attributed to calcium silicate (Ca2SiO4) (JCPDS #
29- 0369) and there were no distinct peaks demonstrating the presence of a
crystalline phase, henceforth approving the amorphous nature of the prepared BGs.
Furthermore, crystallization of BG is known to occur at a temperature around 800°C
and above (Goh et al., 2014b). XRD patterns of all borate modified BG materials

showed an increase in the broadening range of the main diffraction peak of BG,
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Figure 12. XRD spectra of synthesized a) BO-BG, b) B7-BG, ¢) B14-BG synthesized

by combination of sol-gel and co-precipitation methods.

Balasubramanian et al. (Balasubramanian et al., 2016). They synthesized two
different BGs with five compositions. All compositions presented broad peaks and
distinct peaks related to a crystalline phase were not detected. Gorustovich et al.
prepared melt-derived glasses from a base 45S5 bioactive glass and added 2 wt% of
boron oxide to obtain (45S5.2B) composition. Their XRD results showed the
presence of amorphous structure in both 45S5 and (45S5.2B) bioactive glasses

(Gorustovich et al., 2006). Laczka and colleagues modified bioactive glass-ceramic
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material with a formula of 40%, SiO2, 54% CaO, 6% mol P,Os by mole percentages
by adding 5% mole boron using the sol-gel method. While unmodified bioactive
glass had an amorphous structure, boron modification resulted in formation of a
crystalline phase, but with a low degree of crystallization (Laczka et al., 2000).
Yang and colleagues synthesized NBG with the formula of 60.68% SiO2, 38.83%
Ca0, 3.49% P,0s by mole percentages with 10% and 20% of boron modification
through sol-gel process and calcined at 600°C. According to their XRD result, the
group without incorporation of boron, represented amorphous phase, but groups with

B>0O3 addition, showed minor crystallites (Yang et al., 2012).

B21-BG
B14-BG
_ B7-BG

B0-BG
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Figure 13. XRD spectra of synthesized B0-BG, B7-BG, B14-BG, B21-BG
synthesized by the quick alkali-mediated sol-gel method.
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3.1.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis

3.1.3.1. Combination of Sol-Gel and Co-Precipitation Methods

Chemical composition of BG and borate modified BGs synthesized by combination
of sol-gel and co-precipitation methods, were obtained from ICP analysis and results
are summarized in Table 13. According to the results of ICP-MS analysis,
compositions of the BG nanoparticles were not very close to their theoretical
compositions and only in B7-BG, mole percentages of SiOz, and CaO, were
consistent with the theoretical compositions. B2O3; mole percentage, in B7-BG
composition was about half of the expected molar percentage, and in B14-BG its
composition, was found to be lower than the expected mole percentage. As a result
of the rapid gelation and precipitation, composition of multi-component glasses, may
show differences from the designed composition (Roohani-Esfahani et al., 2012).
Isaac and colleauges (2011), investigated the in vitro effect of a new Sr-doped
bioactive glass manufactured by the sol-gel method on osteoblast viability and
differentiation. According to result of ICP-AES analysis, composition of the as-
prepared bioactive glass was very close to the theoretical composition (Isaac et al.,

2011).
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Table 13. Chemical composition of BG and borate modified BG materials obtained
with ICP-MS.

Reactants (Mole %)

Sample ID SiO» CaO P20s B>0s
B0-BG 62.2 (58) 30 (38) 7.9 (4) 0
B7-BG 50 (51) 37 (38) 9.7 (4) 3.1(7)
B14-BG 36.2 (44) 54 (38) 9.1 (4) 0.6 (14)

Values in the parentheses, belong to the theoretical compositions of BGs

3.1.3.2. Quick Alkali-Mediated Sol-Gel Method

Chemical composition of BG and borate modified BG materials synthesized by the
quick alkali-mediated sol-gel method, was obtained from ICP analysis, and results
are summarized in Table 14. ICP-MS analysis of all samples exhibited that the borate
doping was successful and the amount of B2O3 present in the materials was in good

agreement with the theoretical values.
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Table 14. Chemical composition of BG and borate modified BG materials obtained
with ICP-MS.

Reactants (Mole %)

Sample ID SiOs CaO P20s B203
B0-BG 62.55 (58) 35.6 (38) 1.85 (4) -
B7-BG 53.1(51) 39.4 (38) 1.3 (4) 5.9 (7)
B14-BG 47.74 (44) 36.16 (38) 1.12 (4) 13 (14)
B21-BG 39.58 (37) 39.66 (38) 1.28 (4) 20.22 (21)

Values in the parentheses, belong to the theoretical compositions of BGs.

According to ICP-MS results, synthesis of BGs by the quick alkali-mediated sol-gel
method, was more successful than the synthesis by the combination of sol-gel and
co-precipitation methods. For this reason, quick alkali-mediated method was used for

the synthesis of BGs for the rest of thesis.

3.1.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectra of BG and borate modified BG materials revealed characteristic peaks
related to Si-O-Si (Fig. 14). These spectra exhibited broad absorption band located
around 950-1100 cm™ assigned to the Si-O-Si asymmetric stretching (Goh et al.,
2014b). The weak band at 925 cm™ was suggested to be due to either Si-O—Ca or
non-bridging oxygen (NBO) (Aguiar et al., 2008, Goh et al., 2014a). The absorption
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peak determined at 473 cm™! was attributed to O-P-O antisymmetric stretching. Other
two absorption peaks observed at 709 and 1358 cm™! were related to the bending of
B-O-B linkage and B-O stretching vibrations of BO3 units, respectively (Zhou et al.,
2014, Pal et al., 2011). Besides this, the presence of absorption bands at 1730 cm™! in
the FTIR spectra of all samples confirmed the hygroscopic nature of the silicate glass
and this absorption band was related to the bending vibration modes of O-H groups
(Goh et al., 2014b). Furthermore, absorption band related to carbonate group was
also detected around 1220 cm™', which might be due to the absorbed CO2 during the

preparation process.
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Figure 14. FTIR spectra of different compositions of BG-NPs, A) B0-BG, B) B7-

BG, C) B14-BG, D) B21-BG , respectively. All samples were calcined at 600°C for 2
h.

78



3.1.5. Fourier Transform Raman (FT-Raman) Spectroscopy

FT-Raman analysis results of different compositions of BG-NPs are presented in
(Fig. 15). FT-Raman spectrum of B0-BG showed a wide absorption band at about
1087 cm™!, which is related to the asymmetric stretching mode of Si-O-Si bonds
(Gonzalez et al., 2003). A characteristic peak of SiO4* group was observed at 850
cm !, In addition, the spectrum showed peaks of symmetric stretching of PO
groups at 960 cm™! (Tousi et al., 2013). The FT-Raman spectra of B7-BG, B14-BG,
B21-BG also showed a peak at around 1065 cm™, which was believed to be the
result of overlapping of characteristic vibration of B2O3 groups and asymmetric

stretching mode of Si-O-Si bonds (Kamitsos et al., 1987). Overlapping of symmetric

stretching of PO4*~ groups and a bond of BO3*~ group was also seen at 960 cm™ (He
et al., 2014). This peak became more expanded as the borate amount in the
composition increased. In comparison to FTIR results, peaks related to phosphate

groups were evident in FT-Raman spectra of all compositions.

3.1.6. Porosimetry Analysis

Specific surface area, average pore diameter and total pore volume of samples
measured by BET and BJH analyses are summarized in Table 15. Results suggested
that pores were mesoporous (Wu & Chang, 2012). With increase of B>O3 content
from 0% to 21%, the specific surface area and pore volume decreased. This could be
due to increase in BG particle size with borate incorporation (Lei et al., 2012).
Bioactivity and cytocompatibility of BGs are greatly affected by decrease in the size
or increase in specific surface area (Ostomel et al., 2006). N> adsorption-desorption

isotherms of the synthesized BG-NPs are presented in (Fig. 16). All of the isotherms
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corresponded to type III isotherm curve and also indicated mesoporous structure of

the samples (Manda et al., 2012).
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Figure 15. FT-Raman spectra of different compositions of BG-NPs, A) B0-BG, B)
B7-BG, C) B14-BG, D) B21-BG, respectively. All samples were calcined at 600 -C
for 2 h.

3.1.7. In Vitro Bioactivity Tests

After 14 days of immersion in SBF medium, release of Si, Ca®" and B ions from the
BG and borate modified BG was measured, as shown in (Fig. 17a-c). Release profile
of Si ion is considered as an indicator for the glass network dissolution. An initial
burst release of Si ion was detected at day 1 followed by a sustained release until day
14. Observed release profile could be either due to precipitation of insoluble salts

incorporating Si or attributed to the newly formed apatite that creates a diffusion
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barrier, thus causing decrease in release of Si (Sarin et al., 2016). Same trend was
observed with calcium ion release, as shown in (Fig. 17b). Generally, higher Si and
Ca concentrations are expected to be released from borate modified BG materials
when compared to pure BG which can be explained with the weaker glass structure
caused through B>Os substitution (Lepry & Nazhat, 2015). (Fig. 17¢) shows the
release profile of B ion, the release of B ion increased gradually as immersion time
increased. A maximum release of 249 mg/L was observed for B21-BG. The change
in pH of SBF over 14 days upon immersion of BO-BG and borate modified BG
samples is shown in (Fig. 17d). It was observed that pH of SBF in all groups
increased gradually over 14 days of immersion which could be due to the ionic
exchange between surface Ca2+ ions with the H+ ions from the SBF (Nandi et al.,
2016a).

Table 15. BET and BJH analyses results of BG and B2O3; modified BGs.

Sample ID | Surface Area | Pore Volume | Pore Size Average
(m?/g) (cclg) A) Nanoparticle
Size (nm)
B0-BG 197 0.529 66 23.6
B7-BG 83 0.299 14.7 44.3
B14-BG 46 0.369 14.8 41.5
B21-BG 42 0.141 224 44.1
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Figure 16. N> adsorption-desorption isotherm of synthesized a) B0-BG, b) B7-BG, c¢)
B14-BG, d) B21-BG synthesized by the quick alkali-mediated sol-gel method.
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Figure 17. SBF incubation studies for BO-BG and borate modified BG; Release of a)
Si ion, b) Ca™ ion, ¢) B ion, and d) changes in pH of SBF with time groups.

Bioactivity test conducted in SBF is a known protocol for examining the ability of
biomaterials to establish a bond with human hard tissue. The spontaneous growth of
bone-like apatite nuclei on the surface of biomaterials upon immersion in SBF
enables the material to make direct connection with living human bone cells. The
surface morphology of borate modified BG nanoparticles after soaking in SBF for
various days is shown in (Fig. 18). After 3 days of immersion in SBF, a few spherical
particles were observed on some parts of the disc surfaces of all groups. Highest
deposition was observed in the B21-BG group. Increase of B2O3 content positively
affected the bioactivity of BG where the composition was in the range of glass

network modifier (Ciceo et al., 2014). When the incubation period was prolonged to
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7 days, the surface of discs was completely covered with spherical apatite particles.
After immersion of BG discs into SBF solution, firstly calcium ion undergoes ionic
exchange with H" of SBF leading to the formation of silanol (Si—~OH) on the surface
of disc, followed by polymerization of silanol groups to produce amorphous silica
gel. Calcium and phosphorous underwent ionic migration from SBF to discs’ surface
and they were transformed into amorphous calcium phosphate which act as a

template for consequent precipitation of crystalline apatite (Goh et al., 2014b).

Chemical composition of formed apatite layer was analyzed via energy dispersive X-
ray s (EDX) analysis and the results are given in (Table 16). Calcium, phosphate and
oxygen were the main ions that were detected in the layer formed, which were
calcium phosphate in nature. Ca/P ratios of the apatite layer formed by borate
modified groups at day 3, and that of B21-BG group at day 14 were close to Ca/P
ratio of stoichiometric hydroxyapatite (1.67) (Adams & Essien, 2015). Ca/P ratios of
the precipitates observed in other groups were in the range of 1.83 to 1.92, which
belong to other phases of calcium phosphates present in the body (Paiva et al., 2006).
Positive effect of borate ions on the bioactivity of silicate BGs was achieved only by
replacing an appropriate amount of SiO2 with B203, because of its function as glass
network modifier (Maheswaran et al., 2014). As B>O3 content increases in glasses,
glass network weakens and opens easily, which results in higher ion exchange with

SBF (Tainio et al., 2017).
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3.2. Preparation of Three Dimensional CA/PULL/GEL Scaffolds

3.2.1. Determination of Oxidation Degree of Oxidized PULL and Degree of
Substitution of Carboxyl Groups of Carboxylated PULL

PULL is highly soluble in water. For this reason, its cross-linking is necessary to
maintain structural stability of the 3D scaffolds. Carbonyl groups in the chemical
structure of PULL were formed by periodate oxidation in order to cross-link with
gultaraldehyde. Measurement of oxidation degree of polymers is important in order
to assess efficiency of cross-linking (Su et al., 2010). Oxidation degree of oxidized
PULL was determined as 56.45 + 1.85% (n=2). This result is consistent with results
of similarworks. In one study, sodium alginate was oxidized with different amounts
of sodium metaperiodate and its oxidation degree was measured by the titration
method. Oxidation degree was determined as 57.5 + 0.2 % (Balakrishnan et al.,
2014). In another work, periodate-oxidization of sodium alginate was done in order
to obtain oxidized sodium alginate and for evaluation of the degree of oxidation,
iodometry method was used. Oxidation degree was measured as 54% (Wei et al.,
2016). Higher degree of oxidation in periodate oxidized polysaccharides, leads to
higher degrees of cross-linking (Duran et al., 2016). As a result, there will be a better
control over degradation rate of the scaffolds incorporating oxidized polysaccharides
(Bruneel & Schacht, 1995, Su et al., 2010). Degree of substitution of carboxylated
PULL was measured as 0.13 by the titrimetric method. In one study, xanthan was
carboyxymethylated to obtain carboxymethyl xanthan and the degree of substitution

was measured to be 0.35 and 4.38 in two different groups (Mendes et al., 2012).
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B14-BG

Figure 18. SEM images of B0-BG and borate modified BG samples after soaking in

SBF for various periods of time.

86



B21-BG

Figure 18 - Continued. SEM images of B0-BG and borate modified BG samples

after soaking in SBF for various periods of time.

Table 16. Ca/P ratio of apatite layer formed after immersion of samples in SBF

solution.
Sample ID 3 Days 14 Days
B0-BG 1.92 +£0.04 1.89+0.13
B7-BG 1.67 £0.02 1.94 £0.06
B14-BG 1.64+0.20 1.83 £0.02
B21-BG 1.65+£0.06 1.62+£0.03

3.2.2. In Vitro Degradation Analysis

Degradation analysis results of GTA cross-linked CA/PULL/GEL, CA/Ox-
PULL/GEL and EDC/NHS crosslinked CA/Carboxyl-PULL/GEL scaffolds are

presented in Figures 19-21. For all incubation periods, the highest weight loss was
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observed in the uncross-linked group. Similar weight loss was observed for scaffolds

cross-linked with GTA for 25 minutes and 50 minutes.

The weight loss of the GTA cross-linked scaffolds containing Ox-PULL (Fig. 20)
was found to be lower than the weight loss observed for GTA cross-linked scaffolds
containing PULL (Fig. 19). The scaffolds containing Carboxyl-PULL were cross-
linked with EDC/NHS for 2 h and 7 h. Weight loss observed for scaffolds
crosslinked with EDC/NHS for 7h was lower than that observed in scaffolds
crosslinked for 2h. In one study, gelatin scaffolds were cross-linked with EDC/NHS
for different durations (1.5-96 hours). Prolonging cross-linking time increased the
degree of cross-linking due to new cross-links (Lai et al., 2012). According to the
degradation results, we obtained better results when GTA was used as the cross-
linking agent for crosslinking the scaffolds containing Ox-PULL. Cross-linking for

25 minutes was found sufficient for efficient crosslinking.

Therefore, in rest of the studies, Ox-PULL was used.
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Figure 19. Weight loss of GTA cross-linked CA/PULL/GEL scaffold samples (%50
CA, %15 PULL, %35 GEL, with total polymer concentration of %2.5), in PBS (0.1
M, pH 7.4) at 37°C (n=3).
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Figure 20. Weight loss of GTA cross-linked CA/Ox-PULL/GEL scaffold samples
(%50 CA, %15 Ox-PULL, %35 GEL, with total polymer concentration of %2.5) in
PBS (0.1 M, pH 7.4) at 37°C (n=3).
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Figure 21. Weight loss of EDC/NHS cross-linked CA/Carboxyl-PULL/GEL scaffold
samples (50% CA, 15% Carboxyl-PULL, 35% GEL, with total polymer
concentration of %2.5) in PBS (0.1 M, pH 7.4) at 37°C (n=3).

3.2.2.1. Scaffolds Prepared by (TIPS/PL) Method

Degradation studies of different scaffold groups prepared by the (TIPS/PL) method
which were cross-linked with GTA for 6 hours were conducted in PBS (0.1 M, pH
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7.4) for 30 days (Fig. 22). Their pH values were also examined in PBS (0.1 M, pH
7.4) for 30 days (Table 17). As seen in Fig.22, the highest weight loss occurred in
group B21-20 (3.8 = 3.4%), group without BG had (0.7 = 1.1%) weight loss 1 day
after incubation, and the other groups possessed nearly similar and lower weight loss.
In all groups, pH declined after 1 day of incubation. They all showed weight loss
during the first day and degradation products of polymers (like broken PULL chains)
might be the reason of observed pH decline (Souza et al., 2017). After 7 days of
incubation, group without BG showed the highest weight loss percentage (16.3 +
4.0%). Borate incorporated BG containing scaffold groups had lower weight loss in
comparison to groups without borate, except (B21-20) group. The lowest weight loss
was observed in B7-10 (6.5 + 0.6%) and B21-10 (7.0 + 1.8%) groups at Day 7. After
7 days of incubation, pH values in most groups decreased, which was consistent with
weight loss results, as weight loss continued in all groups. At day 14, weight loss
also increased in all groups, but increase of weight loss percentage between days 7
and 14 was higher in B7-10, B7-20 and B14-10 groups. The lowest weight loss was
seen in B21-10 group (19.8 + 2.5%). At day 14, pH of most groups with BG
incorporation, increased. This is consistent with weight loss results, as most BG
containing groups had higher weight loss between days 7 and 14. As a result of BG
dissolution, alkaline and alkaline earth ions leached to the solution and made pH
alkaline (Boccaccini et al., 2010). At this time point, pH of groups (without BG, B7-
10, B21-10, and B21-20), did not change much. 22 days after incubation, pH values
did not change much in BG added groups, which could be due to the decrease in
dissolution rate of BGs. pH of group (without BG), increased due to less polymeric
degradation. After 30 days of incubation, B7-10 group exhibited the lowest weight
loss (28.5 = 1.6%), B0-20 group had the highest weight loss (37.2 + 3.3 %), and
group without BG showed moderate (32.8 + 3.6%) weight loss. After one month, in
all groups, pH did not change much. This is consistent with weight loss results.

Lower weight loss was observed between days 22 and 30 in all groups.

BG addition led to a lower weight loss in scaffolds till day 7. Incorporation of 10%
borate modified BG in B7, B14, and B21 scaffold groups resulted in lower weight
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loss than observed in 20% borate modified containing group, especially at day 7.
Dissolution of alkali ions from BG-NPs, led to a neutralization of acidic degradation
products of polymers (CA/Ox-PULL/GE) and thus degradability of the scaffolds has
declined. Borate containing BGs, possessed increased rate of dissolution of ions,
which makes them more biodegradable (Fig. 22). These groups in this study released
higher amount of alkali ions that could neutralize the acidic products of polymers
degradation (Fig. 22). This is the cause of lower weight loss in groups with addition
of borate containing BGs. Decrease in glass network connectivity led to increase of
its solubility (Nandi et al., 2011). In general, PBS change at different time points
affected pH values by removing the polymeric chains. Also pH values always were
between 7.0 and 7.4. Presence of borate modified BGs could result in higher increase
in pH, but because of neutralization of alkaline ions from BGs with polymers acidic
products, this effect was not observed. This is a desired effect, since pH change was

in the range tolerated by the cells (Tainio et al., 2017).

Srinivasan et al. (2012), prepared scaffolds of alginate/nano BG for periodontal
tissue engineering. According to results of in vitro degradation of alginate (control)
and alginate/BG composite scaffolds, composite scaffolds showed a higher
degradation than the control group up to day 14. This could be due to preferential
dissolution of BG particles. Afterwards, there was not much difference in weight loss
percentage of the groups. Overall, composite scaffolds were shown to be
biodegradable (Srinivasan et al., 2012). Kolan et al. (2017), studied in vitro
degradation of 3D printed poly-caprolactone (PCL)/bioactive borate glass (13-93B3)
composite as a scaffolding material and Pluronic F127 hydrogel was used as a cell
suspension medium in scaffolds. Test groups were prepared with and without
presence of the hydrogel. Weight loss of PCL+13-93B3 glass scaffolds after one
week was about 11%. The reason for the observed weight loss is release of ionic
dissolution products from borate BG, since PCL needed a longer time for
degradation. PCL+13-93B3 glass scaffolds fabricated with hydrogel, showed 16%
weight loss after one week. The difference between results of two test groups was

reasoned to be due to unstable nature of hydrogel. As a result, incorporation of borate
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BG increased degradability of the scaffolds in a controlled manner (Murphy et al.,
2016).
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Figure 22. Weight loss of GTA cross-linked (6 hours) CA/Ox-PULL/GEL scaffolds
in PBS (0.1 M, pH 7.4) at 37°C (n=3). Scaffolds were prepared by (TIPS/PL) method
(50% CA, 15% PULL, 35% GEL, with total polymer concentration of 2.5%)).

3.2.2.2. Scaffolds Prepared by (FD/MMP) Method

Degradation studies of different scaffold groups prepared by (FD/MMP) method that
were cross-linked with 5% GTA solution for 30 minutes before mold pressing and
for 12 hours after mold pressing, were conducted in PBS (0.1 M, pH 7.4) for 30 days.
Weight loss was observed in all groups after 1 day of incubation and the group
without BG showed the highest weight loss (9.0 £ 0.8%) (Fig. 23) and the lowest
weight loss was observed in B21-10 (4.0 + 3.6%). After 7 days of incubation, weight
loss percentage in all groups except B7-10, B14-10, B14-20 and B21-10 scaffold
group was higher than observed in scaffold group without BG incorporation (15.0 +

3.9%). Similar to day 1, B21-10 group showed the lowest weight loss (9.7 £ 0.9%) at
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Table 17. pH of PBS (0.1 M, pH 7.4) in which 6 hours GTA cross-linked CA/Ox-
PULL/GEL scaffolds incubated at 37°C for different periods (n=3). Scaffolds were

prepared by (TIPS/PL) method.

Dayl Day7 Dayl4 Day22 Day30

Without 7.23 + 7.19+0.04 | 7.13+0.05 | 7.29 £0.04 7.25+
BG 0.01 0.03

BO-10 7.18 6.98+0.10 | 7.18£0.03 | 7.20 £0.03 7.25 +
0.02 0.02

B0 -20 7.18 + 7.00+0.06 | 7.18 £0.02 | 7.19+£0.03 7.26 +
0.02 0.03

B7-10 7.18 + 7.17+£0.03 | 7.19+0.02 | 7.16+0.04 7.27 +
0.00 0.03

B7-20 7.17 + 7.03+0.03 | 7.19+0.03 | 7.19+0.01 7.27 +
0.01 0.02

B14-10 7.30 £ 7.13£0.04 | 7.26 £0.01 | 7.27 £ 0.01 732+
0.02 0.04

B14 - 20 7.28 £ 7.08 £0.05 | 7.25+0.01 | 7.27£0.01 7.30 £
0.02 0.01

B21-10 7.27 + 7.16+0.05 | 7.16 £0.02 | 7.23 £0.02 7.23 +
0.03 0.02

B21-20 7.25+ 7.11£0.01 | 7.15+£0.00 | 7.20+0.03 721+
0.02 0.03
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day 7. After 14 days of incubation, weight loss continued in all groups, but increase
of weight loss percentage between days 7 and 14 was pronounced in B0-20, B7-20,
B14-20 and B21-10 scaffold groups. After one month, the lowest weight loss was
observed in B7-10 scaffold group (22.8 + 5.4%), while B0-20 and B7-20 groups
were the two groups with the highest weight loss percentages (32.2 + 3.8% and 31.6
+ 3.0%, respectively). In general, till day 1, nearly in all groups and till day 7, in
some groups (most apparently B21-10), BG addition had resulted in a lower weight
loss. In scaffolds with BG, neutralization of acidic degradation products of polymers
(CA/Ox-PULL/GE as a result of dissolution of alkali ions from BG-NPs) might have
led to a decrease in degradation of scaffolds (Srinivasan et al., 2012). It was observed
that incorporation of borate into BGs, resulted in increased rate of dissolution of ions
and BG degradation. Lower weight loss in borate modified BG incorporated
scaffolds could be due to neutralization of acidic products released with the
degradation of the polymers by increased release rate of alkali ions from BGs.
Solubility of bioactive glasses is dependent on their network connectivity (Nandi et
al., 2011). B2Os is a glass network modifier at low concentrations (Maheswaran et
al., 2014). In groups containing B»Os3, with increase of BoO3 content, glass network
connectivity decreased, which led to increased solubility of the glass. In the work
done by Maji et al. (2016), 3D porous scaffolds composed of gelatin, chitosan and
58S BG nanoparticles were prepared for bone tissue engineering. In vitro
degradation study showed that scaffold groups with higher BG content, showed
lower weight loss during 14 days. It was suggested that in order to control
degradation rate of the scaffolds, incorporated BG amount could be optimized (Maji
et al., 2016). Murphy et al. (2017), bioprinted human adipose stem cells (ASCs) on a
polycaprolactone (PCL)/bioactive borate glass composite. Concentration of borate
glass (13-93B3) was 10 to 50 weight % of the extrudable paste. Weight loss
percentage of the scaffold after two weeks of incubation in cell culture medium was
about 35%. This weight loss was mainly due to controlled release of borate BG,

since degradation of PCL needs longer time. In general, incorporation of borate BG
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led to controlled degradation of scaffold over time which is necessary for some tissue

engineering purposes (Murphy et al., 2017).
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Figure 23. Weight loss of GTA cross-linked (30 minutes before mold pressing and
for 12 hours after mold pressing) CA/Ox-PULL/GEL scaffolds in PBS (0.1 M, pH
7.4) at 37°C (n=3). Scaffolds were prepared by the (FD/MMP) method (50% CA,
15% PULL, 35% GEL, with total polymer concentration of 5%).

pH values of different scaffold groups prepared by (FD/MMP) method that were
crosslinked were examined in PBS (0.1 M, pH 7.4) for 30 days (Table 18). In all
groups, pH declined after 1 day of incubation. This is because that all groups started
losing weight at this time point. Degradation product of polymers (broken PULL

chains), are acidic and this is the reason for pH decrease (Liang et al., 2010). There
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was not much change in pH of different groups after 7 and 14 days of incubation. pH
of groups was nearly the same compared to day 7, only there was a little decrease in
pH of group (without BG) and a small increase in pH of groups (B0-20, and B7-10).
In BG containing scaffolds, as BG degraded, alkaline ions were released and their
exchange with hydrogen ions (H"), could cause an increase in pH (Luo et al., 2017).
In this work, till day 14, this effect was not seen, which could be due to
neutralization of acidification made by polymeric degradation products and the
alkalinity caused by BG dissolution. Decrease in pH of scaffold group without BG at
day 14, was consistent with weight loss results. However, 22 days after incubation,
pH increased in all groups. In BG containing groups, this increase was higher in
borate incorporated groups. Degradation rate of borosilicate glasses was higher than
silicate glasses and they could affect pH rise much due to the dissolution of the
network modifiers (Turk & Deliormanli, 2017). At day 22, pH of group (without
BG), increased due to less polymeric degradation. After one month, pH values in all
groups, slightly decreased. This is consistent with weight loss results as lower weight
loss occurred between days 22 and 30 in all groups. Slight variation in pH is

favorable, since this pH range could be tolerated by the cells (Tainio et al., 2017).
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Table 18. pH of PBS (0.1 M, pH 7.4) in which CA/Ox-PULL/GEL scaffolds cross-
linked with 5% GTA solution for 30 minutes before mold pressing and for 12 hours
after mold pressing, were incubated at 37°C for different periods (n=3). Scaffolds
were prepared by (FD/MMP) method.

Day 1 Day 7 Day 14 Day 22 Day 30
Without 723+ 7.19 + 7.13 + 7.29+0.04 | 7.25+0.03
BG 0.01 0.04 0.05
BO-10 7.20 £ 7.19 + 7.17 + 7.23+0.02 | 7.21 £0.00
0.05 0.05 0.04
BO - 20 7.15+ 7.17 + 722+ 7.24+0.01 | 7.21£0.00
0.05 0.02 0.03
B7-10 7.16 £ 7.14 + 7.19 + 7.25+0.00 | 7.21£0.02
0.01 0.02 0.02
B7-20 7.15+ 7.15 + 7.15 + 7.24+0.00 | 7.21£0.01
0.00 0.01 0.00
B14-10 7.13 £ 7.17 + 7.17 + 7.22+0.03 | 7.18 £0.03
0.01 0.00 0.02
B14 - 20 7.14 + 7.15 + 7.15 + 7.22+£0.02 | 7.17+0.03
0.00 0.01 0.02
B21-10 7.16 + 7.17 + 7.19 + 7.22+0.01 | 7.17+£0.01
0.02 0.02 0.01
B21-20 7.17+ 7.15 7.17 + 7.22+0.02 | 7.18 £0.03
0.01 0.01 0.00
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3.2.3. Water Absorption Capacity of the Scaffolds

3.2.3.1. Scaffolds Prepared by (TIPS/PL) Method

Scaffolds prepared by the (TIPS/PL) method were cross-linked with GTA for 6 hours
and these scaffolds were kept in PBS (0.1 M, pH 7.4) for 30 days. Their water
absorption (WA) capacities were measured at different time points (Table 19). One
day after immersion in PBS, WA% of all groups reached the highest value since
water entered the pores. B7-10, had the highest WA% at dayl. In all groups, WA
capacity in PBS decreased with time during 1 month of incubation. This decrease
was in accordance with weight loss of the scaffolds. BG containing groups had
higher WA percentages than scaffold without BG. Increase of BG content from 10%
to 20%, led to an increase in WA capacity. Enhancement of WA with inclusion of
BG was due to large specific area of BG (Wu et al., 2017), its hydrophilicity (Lei et
al., 2013) and also weak interlocking between BG and polymer matrix (Ghimire,
2016). Similar results were reported in the literature (Ghimire, 2016, Pourhaghgouy
& Zamanian, 2014). B21-10 and B21-20 scaffolds had lower WA percentages than
scaffold group without BG. Porosity percentages of these two groups were lower
than scaffolds without BG, and less water could infiltrate into them. 20% BG,
addition resulted in a decrease of WA%. B7-20, and B14-20 groups also had higher
weight loss in all time intervals, compared to their 10% BG groups. B14-10, was one
of the groups having the lowest weight loss percentage at the end of one month. It
also had the highest water absorption percentage nearly at that time points. In most of
the groups, WA% decrease was gradual during one month. a high WA% difference
was observed at two time points (for example, in B7-20, between days 7 and 14),
weight loss increased in that period. Altering BG content and composition
incorporated in scaffolds , is a way for controlling their WA capacity which would

improve cell growth (Li et al., 2016).
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Table 19. Water absorption results of GTA cross-linked (6 hours) CA/Ox-
PULL/GEL scaffolds in PBS (0.1 M, pH 7.4) at 37°C that were prepared by the

method of (TIPS/PL) (n=3).

Day1 (%) Day7 (%) Day14 (%) Day30 (%)

Without BG 649.75 + 631.15+ 590.73 £+ 497.16 £
71.98 67.73 88.92 50.48

BO-10 681.33 + 654.19 + 551.82 + 480.44 +
91.60 66.04 70.30 36.64

B0 -20 691.65 + 673.29 + 638.07 £ 494.87 +
17.45 49.36 24.70 63.79

B7-10 697.55+ 652.24 + 577.70 = 501.56 =
79.59 84.62 46.15 33.15

B7-20 675.63 623.82 + 541.92 = 474.46 £
71.44 19.08 83.87 57.80

B14-10 690.85 + 629.52 + 591.74 £ 519.78 +
73.58 88.44 77.49 64.92

B14 - 20 685.71 563.09 = 488.09 £ 457.14 £
71.43 65.50 62.40 51.50

B21-10 608.14 + 578.23 544.95 + 445.63 £+
44.24 69.094 45.46 23.29

B21-20 616.40 = 601.84 + 538.27 455.97 £
169.52 149.95 138.03 119.86

3.2.3.2. Scaffolds Prepared by (FD/MMP) Method

Scaffolds prepared by the (FD/MMP) method that were cross-linked with GTA for

30 minutes before mold pressing and for 12 hours after mold pressing, were kept in
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PBS (0.1 M, pH 7.4) for 30 days. Their water absorption (WA) capacities were
measured at different time points (Table 20). One day after immersion, all scaffold
groups had high WA%. WA capacity of the scaffolds ranged from 160% (without
BG) to 350% in (B0-20). In all groups, WA capacity decreased gradually with time
during one month of incubation. This decrease was compatible with the increase in
weight loss of the scaffolds. Scaffolds with BG had significantly higher WA
percentages than scaffold without BG. WA increased with the increased amount of
BG from 10% to 20%. BG is hyrdophilic in nature and its inclusion to composites
improved the WA% (Hafezi et al., 2016). Samples with higher BG content, possess
larger glass/polymer interface, and weaker mechanical interlocking between BG and
the polymer matrix (Ghimire, 2016), which enhanced the entrapment of water into
the composite scaffolds (Ghimire, 2016, El-Kady et al., 2012). Our results were in
agreement with literature. Scaffolds without BG had the lowest water absorption
percentage at the end of one month. Among BG incorporated scaffolds BO-10
incorporated group had the highest WA. WA capability of composites could be
modulated by changing their BG content and scaffolds with favorable WA
capability, are needed for improving the interactions between the cells and
biomaterials (Hou et al., 2016). According to this thesis results, inclusion of borate

modified BG to scaffolds, resulted in a controlled trend in their WA capacity.
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Table 20. Water absorption measurement results of GTA cross-linked (30 minutes
before mold pressing and for 12 hours after mold pressing) CA/Ox-PULL/GEL
scaffolds in PBS (0.1 M, pH 7.4) at 37°C that were prepared by the method of
(FD/MMP) (n=3).

Day 1 (%) Day 7 (%) Day 14 Day 30 (%)
(%)

Without BG 158.7 + 152.5 £ 38.4%* 163.6 + 136.4 +
7.6* 11.8* 25.2%

BO-10 3444+£9.6 | 323.8+21.8 3309+ 322.5+
453 29.6

B0 -20 3525+ 321.2+19.1 288.9 + 308.8 £
31.2 16.6 24.6

B7-10 319.0 £ 323.8+11.1 3122 £ 291.8
28.8 26.7 35.7

B7-20 308.8 £ 329.3+£29.1 291.5 £ 280.0 =
30.3 10.9 7.14

B14-10 310.6 £ 298.0+24.4 288.4 302.7 +
73.6 38.2 39.2
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Table 20 - Continued. Water absorption measurement results of GTA cross-linked
(30 minutes before mold pressing and for 12 hours after mold pressing) CA/Ox-
PULL/GEL scaffolds in PBS (0.1 M, pH 7.4) at 37°C that were prepared by the
method of (FD/MMP) (n=3).

B14 - 20 3209 + 322.1 £35.6 300.1 £ 286.0 =
18.6 29.6 37.4

B21-10 3304 + 338.7+19.5 327.7+ 3109 +
13.2 19.7 14.7

B21-20 332.7+£93 | 3203+11.3 324.6 + 3152+
16.9 28.3

* denotes the lowest statistical difference between control group (without BG) and

other groups at all time points (p < 0.05).

3.2.4. Scanning Electron Microscopy (SEM) Results

3.2.4.1. Scaffolds Prepared by TIPS/PL Method

In order to induce phase separation, freezing temperatures of -196°C and -80°C were
used. When -196°C was used as the freezing temperature for preparing CA/Ox-
PULL/GEL scaffolds (Fig. 24), aligned and tubular structures were formed in the
scaffolds and mean diameter of the pores was found as 4.45 pm. When -80°C was
used as the freezing temperature, KCl was also added as porogen in different
amounts to polymer solution (100%, 50% and 25% of the total polymer weight) in
order to obtain larger macropores, as it is seen in (Fig. 25a-c), aligned and tubular

structures were formed in the scaffolds successfully. When KCl was added in
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amounts equivalent to 100%, 50% and 25% of the total polymer concentration, the
mean diameters of the pores were found as 10.8 um, 8.7 um and 6.7 um,
respectively. Increase of porogen percentage, led to increase in pore diameter. A
more aligned and homogenous tubular structures were formed in the scaffolds
prepared with highest porogen concentration (Fig. 25a). These results were
consistent with the similar works in the literature (Wang et al., 2010, Mounesi Rad et
al., 2016). Increasing the freezing temperature and using porogen increased the mean
diameter of the pores. Freezing temperature of -80°C and KCl as 100% of the total
polymer concentration were used for preparing scaffolds for the rest of the studies

conducted in the thesis.

Cross-sections of the scaffolds prepared by using -80°C as the freezing temperature
and KCl as the porogen (100% of the total polymer weight) with particle sizes in the
range of (180-212 um), were analyzed by SEM (Fig. 25a). As it is seen, aligned and
tubular structures were formed. Mean diameter of the pores in scaffolds without BG,
was 10.80 um. Examination of cross-sections B0-10, B14-20 scaffolds with SEM
(Fig. 26a&b) revealed that incorporation of BG, did not cause an evident change in
the mean diameter of the pores. Presence of micropores (diameter <10 pum) in the
scaffolds 1s essential for body fluid circulation, vascularity restoration and for
controlled delivery of drugs (Jasadee & Lupong, 2010), while macropores (diameter
>100 um) facilitate cell attachment, migration, colonization and tissue formation
(Abdurrahim & Sopyan, 2008, AbdulQader et al., 2013). Diameter of dentinal
tubules in the natural tissue differs according to its location from 2.5 um near the
pulp to 0.9 um near the dentin—enamel junction (Shalaby & Salz, 2006). Results
indicated that scaffold structure was successful in mimicking tubular structure of
natural dentin. The obtained structure could be suitable for settlement of
odontoblastic prolongations in order to provide alignment against the existing dentin
surface when implanted in vivo. Lluch et al. (2009), prepared scaffolds of poly (ethyl
methacrylate-co-hydroxyethyl acrylate) [P(EMAco-HEA)] with different amounts of
silica by the fiber-templating method for dentin regeneration. Hybrid organic—

inorganic nanocomposite consisted of homogeneously distributed aligned tubular
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pores with diameter of 8 um. According to the microscope images, scaffolds looked
alike natural dentin regarding structure and distribution of the pores (Vallés Lluch et
al., 2009). In another work for dentine/pulp-like tissue regeneration, poly (lactic-co-
glycolic) acid scaffolds were prepared by the solvent-casting/particulate leaching
method. NaCl was used as the porogen with two different size ranges. In scaffolds
prepared by using NaCl with particle size of (150—180 pum), pores were in the range
of 8 to 250 um, and in those using porogen particle size of 180—-300 um, pores were

in the range of 30 to more than 300 um (El-Backly et al., 2008).

Figure 24. Cross-sectional SEM images of the scaffolds composed of CA/Ox-
PULL/GEL prepared by the (TIPS/PL) method (Freezing temperatures: -196°C).

104



Figure 25. Cross-sectional SEM images of the CA/Ox-PULL/GEL scaffolds
prepared by the TIPS/PL method and using KCl as porogen at different amounts (a)
100% (b) 50% (C) 25% of the total polymer concentration. (Freezing temperatures: -
80°C).
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Figure 26. Cross-sectional SEM images of the CA/Ox-PULL/GEL scaffolds
prepared by the TIPS/PL method using KClI as %100 of the total polymer weight, (a)
B0-10 group (b) B14-20 group. (Freezing temperatures: -80°C).

3.2.4.2. Scaffolds Prepared by (FD/MMP) Method

Surface morphology of the prepared scaffolds, was evaluated by SEM (Fig. 27). In
all groups, homogenously distributed tubular structures were successfully formed.
Mean diameter of the tubular structures (macropores) was about 420 um and the
distance between walls of the tubules was around 560.3 um. SEM images of
macropores walls are presented in (Fig. 28a&b) and images revealed the presence of
open small pores in walls of the macropores. Presence of macropores in the
scaffolds, enhances gas diffusion, nutrient supply, and waste removal, and as a result
vascularization and tissue ingrowth promotes (Van Tienen et al., 2002, Loh &
Choong, 2013). For dentin regeneration, pore size should be suitable for alignment of
polarized odontoblast cells on the surface of the matrix or against the existing dentin
surface (AbdulQader et al., 2013). Results are consistent with results of other studies,
which shows our success for obtaining aligned macropores with homogenous

distribution throughout the scaffold. Macropore size in the range of 250 to 500 um
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has been shown to be suitable for dentin regeneration purposes (El-Backly et al.,
2008, Wang et al., 2011, Yun et al., 2015). For growth of blood vessels, scaffolds
with pore diameters larger than 400 pum, are beneficial (Feng et al., 2011). According
to in vivo test results by different groups, it was shown that porcine dental pulp-
derived cells were able to align on the surface of the regenerating tissue when
cultured on the scaffolds with 300 um pore size (Ando et al., 2009, Tonomura et al.,
2010). Abdul Qader et al. (2016), prepared calcium phosphate (BCP) scaffolds
composed of hydroxyapatite/beta tricalcium phosphate (20/80) with different
porosities by the wet precipitation method for dentin tissue regeneration. Mean pore
size of the macropores of the scaffolds was measured as 308 = 12 pm (AbdulQader
et al., 2016). Qu et al. (2015) prepared 3D nanofibrous gelatin (NF-gelatin) scaffolds
by TIPS/PL method for regeneration of the dental pulp-dentin complex. Structure of
the scaffolds consisted of macropores with diameters in the range of 250-420 um and

walls of macropores had a nanofibrous structure (Qu et al., 2015).
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Figure 27. SEM images of the scaffolds prepared by the FD/MMP method, a)
without BG, b) BO - 10, ¢) BO - 20, d) B7 - 10, e) B7 — 20, f) B14 - 10, g) B14 — 20,
h) B21 - 10, and 1) B21 — 20.
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Figure 28. SEM images of macropores walls of the scaffolds prepared by the
FD/MMP method, a) without BG, and b) 14B — 10, (arrow shows wall of the

macropore).

3.2.5. In Vitro Bioactivity Tests

3.2.5.1. Scaffolds Prepared by TIPS/PL Method

Different scaffold groups prepared by the TIPS/PL method were examined by SEM
after 7 and 14 days of incubation in SBF (Fig. 29). SEM images indicated full
coverage of the scaffolds compositions was confirmed by EDS analysis. Ca-P layer
was detected on scaffolds without BG 14 days after SBF incubation, but in BG
containing groups, at both time points, layers rich in Ca-P were present and with
increasing immersion time, deposition became homogenous and thicker. According
to EDS analysis, Ca/P ratio in the deposits observed on B0-10 group that were
incubated in SBF for 7 days was 1.55. Ca/P ratios of the deposits formed on B14-10
(on day 14) and B14-20 (day 7) were 1.56 and 1.53), respectively. These ratios are
lower than Ca/P ratio for stoichiometric hydroxyapatite (1.67), but are near to that of

hydroxycarbonate apatite (HCA) (1.5) (Talebian et al., 2014). In other words, it is
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similar to human bone apatite composition rather than pure hydroxyapatite. Ca/P
ratios of deposits of the other groups were in the range of 1.0 to 2.0, which are
characteristic for other phases of calcium phosphates found in the body (Paiva et al.,
2006). BG nanoparticles are negatively charged and their silicate ions provide
nucleation initiation sites for formation of apatite on scaffolds surfaces, during
immersion in SBF. Deposited calcium phosphates are amorphous first, which then
crystallize to form hydroxycarbonate apatite (HCA) (Aragjo et al., 2016). As a result
of Si0; substitution with B>O3 in bioactive glasses, glass network structure opens and
thus ion exchange with SBF solution enhances, which results in higher quantity of
apatite deposition (Tainio et al., 2017). In total, we can say that BG added groups,
showed profound bioactivity, and (10-20)% borate modification has positively
affected the bioactivity.
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Figure 29. SEM images of the scaffolds prepared by the TIPS/PL method, and kept
in SBF for 7 and 14 days: a) without BG, day 7; b) without BG, day 14; c) B0-10,
day 7; d) BO-10, day 14; e) B0-20, day 7; f) B0-20, day 14.
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Figure 29 - Continued. SEM images of the scaffolds prepared by the TIPS/PL
method, and kept in SBF for 7 and 14days: g) B7-10, day 7; h) B7-10, day 14; 1) B7-
20, day 7; j) B7-20, day 7; k) B14-10, day 7; 1) B14-10, day 14.
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Figure 29 - Continued. SEM images of the scaffolds prepared by the TIPS/PL
method, and kept in SBF for 7 and 14 days: m) B14-20, day 7; n) B14-20), day 14; o)
B21-10, day 7; p) B21-10, day 14; q) B21-20, day 7; r) B21-20, day 14.
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3.2.5.2. Scaffolds Prepared by FD/MMP Method

Different scaffold groups prepared by the FD/MMP method were first cross-linked
with 5% GTA solution for 30 minutes before mold pressing and for 12 hours after
mold pressing. These scaffolds were placed into SBF solution for 14 days and they
were examined by SEM, after 7 and 14 days of incubation (Fig. 30). According to
SEM images, calcium phosphate (Ca-P) precipitates formed on scaffolds surfaces
which was confirmed by EDS analysis. After 7 days of incubation in SBF Ca-P layer
was detected on scaffolds except scaffolds without BG, at both time points, showing
the positive effect of BG incorporation on formation of the Ca-P rich layer. In all BG
incorporated groups, precipitation became homogenous and its thickness increased
with time. Ca/P ratios of deposits on B0-10 scaffolds at days 7, and 14 were 1.47 and
1.52, respectively. In borate modified BG added groups, Ca/P ratio of deposits on
B21-20 scaffolds at days 7, and 14 were 1.55 and 1.60, which the latter was closer to
Ca/P ratio of stoichiometric hydroxyapatite (1.67) (Adams & Essien, 2015). Ca/P
ratios of the precipitates observed in other groups were in the range of 1.0 to 1.99,
which belong to other phases of calcium phosphates present in the body (Paiva et al.,
2006). For apatite formation in SBF, ions exchange from glass and from the solution
in order to form silanols (SiOH) on the glass surface. As time passes, silanols
formation increases, followed by their condensation to create a SiO2-rich layer. This
layer acts as the nucleation initiation site for deposition of Ca-P coating, which
finally crystallizes to form hydroxycarbonate apatite (HCA) (Magon et al., 2015).
Degradation rate of B>O3 containing bioactive glasses in SBF, is higher than silicate
glasses, which possess a strong and chemically stable network due to presence of
Si02. With increase of B20O3 content in glasses, their bioactivity increases as a result
of their weaker network (Stani¢, 2017). In general, BG addition facilitated the

bioactivity of the scaffolds.
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Figure 30. SEM images of the scaffolds prepared by the FD/MMP method, and kept
in SBF for 7 and 14 days: a) withoutBG, day 7; b) without BG, day 14; c) B0-10, day

7; d) BO-10, day 14; e) B0-20, day 7; f) B0-20, day 14.
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Figure 30 - Continued. SEM images of the scaffolds prepared by the FD/MMP
method, and kept in SBF for 7 and 14 days: g) B7-10, day 7; h) B7-10, day 14; 1) B7-
20, day 7; j) B7-20, day 7; k) B14-10, day 7; 1) B14-10, day 14.
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Figure 30 - Continued. SEM images of the scaffolds prepared by the FD/MMP
method, and kept in SBF for 7 and 14 days: m) B14-20, day 7; n) B14-20), day 14; o)
B21-10, day 7; p) B21-10, day 14; q) B21-20, day 7; r) B21-20, day 14.
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3.2.6. Porosity Measurements

3.2.6.1. Porosity Results of Scaffolds Prepared by TIPS/PL Method

Results of porosity measurement analysis by mercury porosimetry device for the
scaffolds composed of CA/Ox/PULL/GEL prepared by the (TIPS/PL) method are
given in (Fig. 31). Pore sizes ranged between 5 to 200 um and pore size distribution
was mainly in the range of 10 to 50 pm. The minimum pore size required to allow
the ingrowth of mineralized tissue seems to be in the order of 50 um: larger pore
sizes seem to improve speed and depth of penetration of mineralized tissues into the
biomaterial, but on the other hand impair the mechanical properties (Mour et al,
2010). Greater porosities with more macropores could support the formation of an
osteodentine-like matrix, while scaffolds with less porosity and much more
micropores could support the formation of more organized matrix deposition more

similar to dentine (El-Backly et al, 2008).
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Porosity of scaffolds was theoretically measured by the Archimede’s principle.
Average porosity percentage in the scaffolds made by the TIPS/PL method was
measured to be around 91.6% (Table 21). The two highest porosity percentages were
observed in scaffolds without BG (94.3 £+ 1.5%) and B14-10 scaffolds (94.5 + 0.8%)
and the lowest porosity percentage was observed in B14-20 group (87.5 + 3.0%).
Increasing BG content from 10% to 20%, caused a decrease in the porosity
percentage in B7, and B14 scaffold groups, especially in B14. In BO group, there was
not pronounced difference in the porosity percentages of two groups, and in B21, a
slight increase of porosity percentage occurred in B21-20 group. The reason for
higher porosity in groups without BG could be due to higher amount of liquid
present in the scaffolds (Lemos et al., 2016). Results are consistent with results of
similar works. In one study for bone tissue engineering in 2016, highly porous
scaffolds were prepared by the freeze-drying method using nano-sized 58S bioactive
glass/chitosan/gelatin (BG was added as 0, 10, 20 and 30 wt % of the scaffold).
According to porosity measurement results, the group without incorporation of BG
had the highest porosity (about 89%), and with increase in BG content, porosity
percentage decreased (about 81% in group with 30% BG addition). Porosity
percentage difference between the groups was not significant (p > 0.05), which
showed the independence of the scaffolds porosity from their composition (Maji et
al., 2016). Faghiri et al. (2017), prepared composite scaffolds composed of S53P4
bioactive glass and chitosan for bone regeneration purposes and investigated the
effect of bioglass content of scaffolds on their porosity percentage. As a result, with
increase of BG content in the experimental groups named (chitosan-BG 24 wt%, 29

wt%, and chitosan-BG 49 wt%), overall porosity decreased (Faqghiri, 2017).

Porosity is one of the factors determining the success of regeneration by the
mesenchymal stem cells/scaffold constructs (Kasten et al., 2008). Organization of
dental stem cells, neurogenesis, angiogenesis and also nutritional diffusion depend
on adequate porosity and pore size in dentin-pulp complex tissue engineering
(Murray et al., 2007). There are a few studies in the literature that investigated the

effect of porosity percentage of scaffolds on proliferation and differentiation of
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dental pulp cells. AbdulQader et al. (2013), prepared biphasic calcium phosphate
scaffold of hydroxyapatite/beta-tricalcium phosphate in a ratio of 20/80 by the wet
precipitation method for dentin regeneration. Porosity measurements revealed
presence of 65% porosity in the scaffolds. It was suggested that the mean size of 300
um would be beneficial for the alignment of hDPSCs and their odontoblastic
differentiation. (AbdulQader et al., 2013). Zhang et al. (2006), evaluated the
performance of hDPSCs on 3-dimensional HA/TCP ceramic discs with a HA/TCP
ratio of (60/40), and a titanium fiber mesh consisting of two layers with different
fiber diameters. Volumetric porosity measurements revealed 90% porosity in
ceramic discs and 86% porosity in the fibrous titanium mesh. According to in vitro
tests, both scaffolds enhanced proliferation and differentiation of hDPSCs and after
in vivo implantation in mice, well-vascularized tissues that were positive for DSPP
(immunohistochemistry and RT-PCR) were formed (Zhang et al., 2006). Wang et al.
(2011) investigated the effect of scaffold structure on odontogenic differentiation of
hDPSCs by developing nanofibrous (NF) and solid-walled (SW) poly (L-lactic acid)
(PLLA) scaffold. Similar porosities of about 96% was measured in both the NF-
PLLA and SW-PLLA scaffolds. In vitro and in vivo studies demonstrated promotion
of odontogenic differentiation of hDPSCs and mineralization on NF-PLLA scaffolds.
(Wang et al., 2011). As compared to these dentin regeneration studies, high porosity
of our scaffolds is beneficial for ingrowth and survival of DPSCs (Table 21).
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Table 21. Porosity percentages of the scaffolds prepared by the TIPS/PL method
(n=3)

Groups Porosity Percentage
Without BG 943=+1.5

BO-10 92.8+0.7

BO - 20 93.1+1.1

B7-10 92.1+1.0

B7-20 91.8+0.2

B14-10 94.5+0.8

B14 - 20 87.5+3.0*

B21-10 88.7+t1.2

B21-20 89.6 1.2

B14-20 possessed the lowest porosity percentage among all groups (p < 0.05).

3.2.6.2. Porosity Results of Scaffolds Prepared by FD/MMP Method

For measuring porosity of the scaffolds, Archimedes principle was used. Average of
porosity percentage in the scaffolds made by the FD/MMP method was measured to
be around %88.5 (Table 22). Scaffolds without BG showed the highest porosity
percentage (90.5 + 0.8%), and B14-20 scaffolds had the lowest porosity percentage
(87.0 = 0.5%). Increasing BG content from 10% to 20%, decreased the porosity in
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B0, B7, and B14 scaffold groups. Higher porosity scaffolds without BG could be due
to presence of high volume of liquid in their structure (Maji et al., 2016). These
results are comparable with similar studies. Lemos and colleagues (2016), prepared
3D nanocomposite chitosan/bioactive glass scaffolds and evaluated their porosity.
58S bioactive glass (BG) was used in the studies and there were two kinds of
experimental groups: with addition of (0% BG, 10% BG, 20% BG, 30% BG) (wt%),
and also with incorporation of BG nanoparticles (BGNP) as (0% BGNP, 3% BGNP,
5% BGNP, 10% BGNP (wt%). Porosity decreased from 72% in (0% BG), to 48% in
(30% BG) and also from 72.1% in (0% BGNP), to 62.3% in (10% BGNP) (Lemos et
al., 2016). Xiong et al. (2014), prepared collagen/hyaluronic acid (HA) composite
scaffolds containing nano-bioactive glass (NBAG) by the freeze-drying method for
bone tissue engineering. NBAG was added as (0, 5, 10 wt%) of the polymers.
Porosity percentage of all groups was higher than 75% and increase in NBAG
content, led to a decrease in porosity percentage with no significant difference
between the groups (p > 0.05). The reason was explained as scaffolds becoming

denser as a result of NBAG addition (Xiong & He, 2014).

In regenerative endodontics, scaffolds with high porosity and proper pore size, are
required in order to facilitate migration and organization of dental stem cells and
diffusion of nutrients throughout the structure (Leong et al., 2016). Effect of porosity
percentage of scaffolds on proliferation and differentiation of dental pulp cells has
not been studied well (AbdulQader et al., 2016). Tonomura et al. (2010), used a
composite of hydroxyapatite/beta-tricalcium phosphate (HAP/b-TCP), with ratio of
(2:8) in their in vivo study for investigating the regeneration of dentin-like tissue
using porcine dental pulp-derived cells. According to transmission electron
microscopy (TEM) results, they had 60% in porosity (Tonomura et al., 2010). Zhang
et al. (2006), evaluated in vitro behavior of hDPSCs on 3-dimensional ceramic disks
and a fibrous titanium mesh. Sintered HA/TCP ceramic discs with a HA/TCP ratio of
60/40 used in this study, had the volumetric porosity of 90% and the titanium fiber
mesh which consisted of two layers (with different fiber diameters), possessed 86%

of volumetric porosity (Zhang et al., 2006). In the work by Qu and colleagues
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(2015), TIPS/PL method was used for preparing 3D NF-gelatin scaffolds for dental
pulp-dentin complex regeneration, and porosity percentage of the scaffolds was
found as 96.5% (Qu et al., 2015). If we compare our results with these works, we can
see that our scaffolds were porous enough in order to fulfill requirements of dentin

tissue engineering.

3.2.7. Mechanical Tests

Comressive strength and elastic moduli values of different groups of scaffolds made
by the (TIPS/PL) method were measured at 25% of strain in the stress-strain curve.
The highest comressive strength was measured for group B14-10 (0.40 + 0.03) MPa
(Table 23). All BG containing groups except B0-20, possessed higher compressive
strength and elastic modulus than the scaffolds without BG. BG incorporation
enhanced the mechanical properties. With increase of BG content, compressive
strength and elastic moduli values decreased. This shows uniform distribution of BG
nanoparticles within the polymer matrix and strong interfacial bonding between
inorganic particles and organic matrix in scaffolds (Gao et al., 2009). Increase of BG
content to 20%, led to a decrease of mechanical strength in different groups. In the
literature it was shown that BG incorporation could improve the mechanical
properties of nanocomposites with certain amount of BG addition (Tavakoli et al.,
2015, Otadi & Mohebbi-Kalhori, 2015). Lower filler content and nanoparticle size
(higher surface area), could increase bonding between the filler and polymers,
leading to enhancement of the strength and the ability to resist deformation (Lemos
et al.,, 2016, Abdal-hay et al., 2017). Xiong et al. (2014), prepared composite
collagen/hyaluronic acid (HA)/nano-bioactive glass (NBAG) scaffolds for bone
regeneration. NBAG was added as (0, 5, 10 wt%) of the polymers. With increase of
NBAG content, compressive strength of the scaffolds increased, from 0.31 MPa in

group (0 wt% NBAG), to 0.43 MPa in group (10 wt% NBAG), and differences
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Table 22. Results of porosity measurements of the scaffolds prepared by the
FD/MMP method (n=3).

Groups Porosity Percentage
Without BG 90.5+0.8

BO - 10 89.2+0.5

BO - 20 88.6+0.6*

B7-10 89.5+0.4

B7-20 88.2+£0.8

B14-10 87.0+0.5

B14 - 20 85.1+£0.7*

B21-10 88.7+t1.2

B21-20 89.6 1.2

B0-20 and B14-20 possessed the lowest porosity percentages (p < 0.05).

Luo et al. (2017), prepared 13-93 bioactive glass/sodium alginate (SA) composite
scaffolds by 3D printing method for bone regeneration. BG was added to SA, in
mass ratios of 0 : 4, 1 : 4,2 : 4 and 4 : 4. According to mechanical test (at 70%
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deformation), pure SA scaffolds possessed the lowest values (compressive strength:
9.08 MPa, and modulus: 42.62 MPa). BG addition led to an increase in the
mechanical properties of BG/SA 1 : 4 group (compressive strength: 10.87 MPa,
modulus: 52.49 MPa). BG/SA 2 : 4 group had the highest mechanical properties
(compressive strength: 16.47 MPa, modulus: 79.49 MPa), where mechanical
properties decreased in BG/SA 4 : 4 group (compressive strength: 10.94 MPa,
modulus: 53.07 MPa) (Luo et al., 2017).

In polymeric scaffolds, increase of pore size and porosity, decreases the compressive
properties. In our work, this effect is seen in scaffold group without BG, which
possessed the highest porosity percentage and its compressive modulus was the
lowest among all groups. Although porosity of B14-10 was similar to scaffold group
without BG, it possessed the highest compressive modulus among all groups.
Increase of compressive modulus in B14-10, shows good distribution of BG
nanoparticles in this group. Elastic moduli of all borate modified BG containing
groups (except B7-20) were higher than elastic modulus of BO-10 group. In B14 and
B21 groups and mechanical strength with 20% BG incorporation has decreased less
in comparison to groups BO and B7. In general, positive effect of borate modified
BG incorporation on mechanical properties, especially with 14B-BG and 21B-BG
addition was observed. Chen et al. (2015), prepared p(N-isopropylacrylamide-co-
butyl methylacrylate) nanogels and added boron-containing mesoporous bioactive
glass (B-MBG) to obtain composite scaffolds for bone tissue engineering.
Mechanical strength of PIB nanogels was measured by a stress-controlled rheometer.
Mechanical strength of the nanogels improved as a result of B-MBG incorporation.
When 6.0 wt% B-MBG was added to 5.0 wt% PIB nanogels dispersion, mechanical
strength was higher in comparison to 8.0 wt% PIB nanogels dispersion, and with
increase in B-MBG content (10.0 wt%), mechanical strength further increased (Chen

et al., 2015).

Compressive strength and elastic moduli values of our BG incorporated scaffolds

were in the range reported in the literature. Kwon et al. (2017), prepared a collagen
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hydrogel scaffold and cross-linked it with cinnamaldehyde (CA) for regenerative
endodontic purposes. Mechanical test of hydrogels treated with CA (0, 0.1, 0.5 and 1
pmol 1), showed increase in compressive strength of the scaffolds with increase in
CA dose, which was from around 0.1 MPa in untreated control group to around 0.5
MPa in (1 pmol I CA) group (statistically significant, p < 0.05) (Kwon et al., 2017).
Qu and colleagues (2014), prepared 3D nanofibrous gelatin/magnesium phosphate
(NF-gelatin/MgP) hybrid scaffolds for dentin regeneration. MgP was incorporated as
0%, 5%, 10%, and 20% wt/wt of NF-gelatin. With increase of MgP, up to 10%
(wt/wt), the compressive modulus significantly increased (~ 0.5 MPa), compared to
NF-gelatin control (~ 0.4 MPa) (p < 0.05), but higher MgP concentration, led to
decrease in the mechanical strength of scaffolds (Qu et al., 2014). Qu et al. (2015),
combined low and high-stiffness nanofibrous gelatin (NF-gelatin) matrices into a
single scaffold for dentin-pulp complex tissue engineering. According to mechanical
test results of cross-linked scaffolds, cross-linking duration affected the compressive
modulus of the NF-gelatin under wet conditions, which was 0.23 kPa for 15 min

duration and became 24.25 kPa for 24 h duration (Qu et al., 2015).

3.3. Cell Culture Studies

3.3.1. Isolation of hDPSCs

Dental pulp stem cells (DPSCs) were successfully isolated from human teeth using
the enzymatic method. Figure 32 shows phase contrast microscopy images of
isolated DPSCs. They had fibroblast-like morphology as reported in previous studies
(Eslaminejad et al., 2009, Chen et al., 2012).
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Figure 32. Phase contrast microscopy images of the isolated hDPSCs (a) 3 days and
(b) 5 days after isolation

3.3.2. Characterization of hDPSCs

Flow cytometry analysis was done to confirm mesenchymal stromal phenotype of the
isolated stem cells from human third molar teeth. Table 24 shows the percentage of
CD positive and CD negative markers expressed by hDPSCs (n=2). Fig.33 shows
flow cytometry histograms of hDPSCs of different surface markers. hDPSCs showed
high positivity for mesenchymal stem cells markers as CD73 (96.08%), CD44
(85.07%), CD90 (95.9%), CD105 (98.74%) and high negativity for the endothelial
stem cells marker of CD31 (78.89%) and hematopoietic stem cells marker of CD45
(76.06%). hDPSCs possessed surface receptors of the mesenchymal stem cells,

therefore we can suggest that they were mesenchymal stem cells.
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Table 23. Compression test results of the scaffolds prepared by the (TIPS/PL)
method (n=3).

Groups Compressive Elastic Modulus
Strength (MPa) (MPa)
Without BG 0.18 £ 0.01 0.72 +£0.06
BO-10 0.33+£0.09 1.04+0.17
B0 - 20 0.18+0.07 0.75+0.18
B7-10 0.35+0.05 1.25+0.25
B7-20 0.19+0.06 0.84+0.12
B14-10 0.40+£0.03 * 1.57 +0.09
B14 - 20 0.34 £0.03 1.16 = 0.05
B21-10 0.35+0.07 1.54+0.27
B21-20 0.28 £0.04 1.20+0.16

* denotes for the highest statistical difference between group B14-10 and other
groups (p < 0.05).
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Table 24. Immunophenotypic properties of hDPSCs cells (n=2). Numbers in the

table indicate the percentages of CD positive and CD negative cells.

Percentage of CD positive hDPSCs | Percentage of CD negative hDPSCs
Markers hDPSCs Markers hDPSCs
CD73 96.08 +£1.23 CD45 76.06+ 1.17
CD105 98.74 £ 0.06 CD31 78.89 + 7.80
CD90 95.90 £ 1.50
CD44 85.07 +4.47
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Figure 33. Flow cytometry analysis results for expression of surface markers by
hDPSCs for mesenchymal stem cells markers (CD44, CD 73, CD90, CD105),
endothelial stem cells marker (CD31) and hematopoietic stem cells marker (CD45).
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3.3.3. In Vitro Cytotoxicity Assessment of BG and Borate Modified BG

For BO-BG group, no toxic effect was observed for all doses at all time points.
Higher cell viability relative to control group was observed on days; 1 (except 25
mg/ml), 3 (for 6.25 and 12.5 mg/ml) and 7 (for 3.125 and 6.25 mg/ml) (Fig. 34a-c).
For B7-BG group, cell viability decreased to around 60% for 25 mg/ml after 1 day of
incubation (Fig. 34a). However, same toxic effect was not observed for 50 mg/ml.
After 3 days of incubation, cell viability increased in all groups showing that cells
proliferated. At day 7, viability of stem cells treated with 50 mg/ml B7-BG was
higher than the control group, which suggested that ions released might have a
positive effect on the cell viability. For B14-BG, cytotoxic effect was seen for 25 ve
50 mg/ml concentrations after 3 days of incubation (Fig. 34b). Dose dependent cell
viability results of highest B containing group, B21-BG was similar to group B14-
BG (Fig. 34). After 3 days of incubation, the lowest concentration had positive effect
on proliferation of cells and the highest concentration showed toxic effect. After 7
days of incubation, only 6.25 and 12.5 mg/ml concentrations caused viability higher
than 85% relative to the control group and in the other groups, viability was less than
85%. One point that needs to be also considered is that although there was positive
effect of ions released on cell viability, a decrease in the cell viability could be
observed with time due to confluency reached. Similarly, in a study, a decrease in
cell viability was reported after 21 days of incubation of cells derived from human
follicular liquid on Bioglass coated Titanium scaffold (Bioglass-Ti), compared to day

7 due to confluency of cells on the biomaterial (Omes & Riva, 2014)

Gong et al. (Gong et al., 2014) studied the effect of extracts of a novel nano-sized
58S BG on proliferation, odontogenic differentiation and mineralization of cells
(hDPCs). Proliferation of cells in BG groups was lower than control groups at
different time points which could be due to inhibitory effect of high ionic
concentrations of Si and Ca. In another study, the effect of ionic dissolution products

of 4555 BG enriched with 2% B203 (45S5.2B) on proliferation of human umbilical
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vein endothelial cell (HUVEC) was evaluated. According to the results, treatment
with  (45S5.2B) caused higher cell proliferation. This could be because of
concentration of boron in medium being below the toxic level (Durand et al., 2014).
In another study, different concentrations of sodium pentaborate pentahydrate (NaB)
were used for evaluation of dose dependent effect of cytotoxicity and differentiation
on human tooth germ stem cells (h"TGSCs). High concentrations of NaB caused
toxicity on hTGSCs . On the other hand, viability of cells increased when 10- and 20-
ug/ml concentrations were used (Tasli et al., 2013). According to the cytotoxicity test
tesults, 6.25 mg/ml concentration did not show cytotoxic effect in all BG
compositions [B0-BG, B7-BG, B14-BG and B21-BG] during all incubation periods

and even caused an increase in cell viability.

For this reason, this concentration was chosen as the optimum concentration for

further cell cultue studies.

3.3.4. Evaluation of Effect of BG Nanoparticles on Differentiation of Dental
Pulp Stem Cells

3.3.4.1. Measurement of Alkaline Phosphatase (ALP) Enzyme Activity and

Intracellular Calcium amounts of DPSCs

Odontogenic differentiation is indicated by alkaline phosphatase activity and calcium
uptake increase by the odontogenically committed cells followed by mineralization
around the differentiating cells. ALP is an enzyme responsible for production of
orthophosphate species inside the cells. In the meantime, osteogenically committed
cells start uptake of calcium ions and store. In the end, orthophosphates and calcium

ions are released to extracellular environment where mineralization occurs during
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osteogenic differentiation. Here, hDPSCs were selected as odontogenic progenitor

cells.

Figure 35a shows the results of ALP enzyme activity of DPSCs treated with extracts
obtained from 6.25 mg/ml BG NPs. For all groups, ALP enzyme activity of cells at
14-day time point, was higher (nearly 20 times) than the activity observed on day 7.
There was not much difference in ALP enzyme activity of cells among BG groups at
this time point. ALP is an early biochemical marker of odontogenic differentiation
and in some studies its peak has been shown at the end of first week of incubation
(Gong et al., 2014) and in some studies at the end of second or third weeks of

incubation (Jun et al., 2017).
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Figure 34. Effect of extracts of BG-NPs prepared with different concentrations on

the viability of DPSCs (n=4) 1, 3, and 7 days after incubation. Cell viability is given

as relative cell viability where viability of untreated DPSCs was taken as 100%. (a,

B, and Y': denote the statistically highest groups among all BG compositions at day 1.

a: denotes the statistically highest group among all BG compositions at day 3. a, and

B: denote the statistically highest groups among all BG compositions at day 7,

p<0.05).
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For providing optimum conditions for growth and differentiation of cells, a threshold
of BG and inorganic material in the medium is required (Lu et al., 2005). Lee et al.
(Lee et al., 2016) prepared aminated mesoporous bioactive nanoparticles (MBNs-
NH) and investigated their effect on odontogenic differentiation of rat dental pulp
stem cells (rDPSCs). ALP activity of cells was highest at day 14 and elevated
concentrations of Ca and Si ions in MBNs-NH; treated cells were observed at
different incubation periods confirming the odontoblastic differentiation. Sharmin et
al. (Sharmin et al., 2013) investigated the effect of BoO3 addition on phosphate-based
BG compositions. ALP activity of cells increased with 0—5 mol % B>0Os content, but
ALP activity of cells was adversely affected when cells were exposed to a B2Os

content higher than 10%,

Figure 35b shows intracellular calcium amounts of DPSCs treated with extracts
obtained from 6.25 mg/ml BG-NPs. At day 7, intracellular calcium amounts in all
groups were higher than observed on day 14. The amount of intracellular calcium in
TCPS (control) group was statistically lower than all BG treated groups and highest
intracellular calcium amount was observed in B21- BG group (p<0.05) at day 7.
Positive effect of extracellular Ca®" and Si*" on osteogenic and odontogenic
differentiation is known, but the role of intracellular levels or effects of Ca*" and Si**
on odontoblast differentiation have not been well studied (Tousi et al., 2013, Li et al.,
2015). In the study conducted by Li et al. (Li et al., 2015) it was shown that Ca**
positively affects odontoblastic differentiation of DPSCs by increasing the
endogenous BMP2 expression level and enhancing expression of dentin
sialophosphoprotein (DSPP), but inhibits ALP activity. As a result of high ALP
activity, high concentrations of phosphate are provided at the site of mineral
deposition. At day 14, intracellular calcium has been consumed with phosphate to
form hard tissue. Dentin which is composed of calcium and phosphate, is formed by
differentiated odontoblasts from DPSCs (Lee et al., 2016). Overall, ALP activity is
also considered as a marker for odontoblastic differentiation of hDSPCs (Han et al.,
2014). Zhang et al. prepared bioactive calcium phosphate cements incorporating

zinc-bioglass (ZnBG). Adding Zn-BGN enhanced odontogenic differentiation of

135



DPSCs and mineralized nodule formation significantly increased with increase in

amount of Zn-BGN added (Zhang et al., 2015).
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Figure 35. (a) ALP activity and (b) intracellular calcium amounts of DPSCs cells
treated with extracts obtained with 6.25 mg/ml in odontogenic differentiation
medium (DMEM containing 10% FBS, 1% penicillin-streptomycin, 50 pg/ml
ascorbic acid, 10 mM B -glycerophosphate, and 10 nM dexamethasone) at different
incubation periods (n=4). For ALP activity, # denotes the statistical difference
between groups at week 2 and for intracellular calcium amounts, # denotes the
statistical difference between group B21-BG and groups (without BG, and B0-BG) at
week 1 (p<0.05).
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3.3.4.2. Immunohistochemical Staining

To evaluate the effect of borate modification of BG on odontoblast differentiation
immunocytochemical staining for DSPP, osteopontin, collagen type I was conducted
on DPSCs treated with extracts of boron modified BG and BG nanoparticles. DSPP
is a well-known marker of odontoblasts and plays important roles in early
odontoblast differentiation and late dentin mineralization of dental pulp cells (Wei et
al., 2007, Feng et al., 1998). Osteopontin is a significant osteoblast-related gene
product and mature osteoblasts, odontoblasts, and cementoblasts could synthesize it
(Morinobu et al., 2003, Narayanan et al., 2001, Yamamoto et al., 2016). Collagen
type I is synthesized during functional differentiation of odontoblasts (Narayanan et
al., 2001, Sato et al., 2009). Positive staining for DSPP (Fig. 36a-d), osteopontin
(Fig. 36e-h) and collagen type I (Fig. 36i-1) proteins in the cytoplasm of the hDSPCs
was observed in all of the BG groups after culturing in media containing 6.25 mg/ml
BG extracts of different BG groups for 7 days. Staining results on day 7 were
moderate for all groups and with increase of borate content in BGs, reaction was
more pronounced. Positive staining for DSPP (Fig. 37a-d), osteopontin (Fig. 37e-h)
and collagen type I (Fig. 37i-1) proteins in the cytoplasm of the hDSPCs was also
observed in all of the BG groups, when culture continued for 14 days. Staining
results on day 14 were intense for all groups and with increase of borate content in
BGs, reaction was more pronounced which showed the positive effect of borate
addition for odontogenic differentiation of DPSCs. Similarly, Tasli et al., showed the
positive effect of boron on odontogenic differentiation of stem cells. In this study,
they prepared different concentrations of sodium pentaborate pentahydrate (NaB)
and assessed effect of boron on osteogenic and odontogenic differentiation of Human
Tooth Germ Stem Cells (WTGSCs). As a result of immunocytochemical stainings,
expression of osteogenic markers (OCN and COL1A) was confirmed (Tash et al.,

2013). In one study, Gong and colleagues evaluated the effect of a novel nano-sized

137



58S bioactive glass (nano-58S BG) on odontogenic differentiation of hDPSCs in
vitro. After exposing hDPSCs to nano-58S BG, 45S5 BG, and 58S BG extractions,
immunocytochemical assay of DSPP on day 7 and OCN on day 14 revealed positive
staining of both markers in the BG groups. Staining was most intense in the nano-
58S group, but 58S, 45S5 group, and control groups, showed moderate, light, and
negative staining, respectively. As a result, it was shown that nano-sized 58S BG

could enhance the odontogenic differentiation of hDPSCs (Gong et al., 2014).

3.3.5. Cell Viability Assays for the 3-Dimensional Scaffolds

3.3.5.1. Scaffolds Prepared by TIPS/PL Method

Viability of hDPSCs on the scaffolds was determined by Alamar Blue Assay (Fig.
38). In all groups, reduction percentage of Alamar blue has increased with time and
this shows that hDPSCs proliferated on the scaffolds. Among the BG incorporated
groups, viability of cells on B0-20 and B14-10 was higher than observed on scaffolds
without BG. Increase in BG content of scaffolds resulted in an increase of cell
viability, except B14 incorporated group. Incorporation of borate has caused increase
in cell viability, in other words cell proliferation at day 3 in comparison to BO group.
In Group B14-10 cell proliferation was slightly higher than observed in scaffold
group without BG after 7 days of incubation. In one study, biocompatibility of
glutamine-based segmented polyurethanes including 1 to 25 wt.% BG-NPs was

evaluated in vitro with DPSCs. Enhanced proliferation of DPSCs, was observed at
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Figure 36. Results of immunocytochemical staining of DPSCs incubated in medium
containing 6.25 mg/ml BG extracts after 7 days, (a, b, ¢, d) [DSPP (green) and DAPI
(blue) staining for group B0O-BG, group B7-BG, group B14-BG, group B21-BG; (e, f,
g, h) [Osteopontin (green) andDAPI(blue) staining for group BO-BG, group B7-BG,
group B14-BG, group B21-BG; (i, J, k, 1) [Collagen type I (green) and DAPI (blue)
staining for group BO-BG, group B7-BG, group B14-BG, group B21-BG; (scale bar:
100 um).
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Figure 37. Results of immunocytochemical staining of DPSCs incubated in medium
containing 6.25 mg/ml BG extracts after 14 days, (a, b, ¢, d) [DSPP (green) and
DAPI (blue) staining for group BO-BG, group B7-BG, group B14-BG, group B21-
BG; (e, f, g, h) [Osteopontin (green) and DAPI (blue) staining for group B0-BG,
group B7-BG, group B14-BG, group B21-BG; (1, J, k, ) [Collagen type I (green) and
DAPI (blue) staining for group BO-BG, group B7-BG, group B14-BG, group B21-
BG; (scale bar: 100 um).
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day 5 after incubation in composites with (1-2.5 wt.%) BG-NPs, and composites
with (5, 15, 25 wt.%) filler, adversely affected the proliferation at day 9 (Aguilar-
Pérez et al.,, 2016). Demirci and colleagues (2015) prepared dental composites
having different amount of sodium pentaborate pentahydrate. hDPSCs were used for
osteogenic and odontogenic differentiation experiments to test the biocompatibility
of the materials. Boron-containing dental composites promoted osteogenic and

odontogenic capabilities of hDPSCs, while being non-toxic (Demirci et al., 2015).

It has been shown that boron increases osteoblast cells proliferation and
mineralization via regulating expression of messenger RNA (mRNA) of proteins
involved in minerlization, such as collagen type 1 (COL1), osteopontin (OPN), bone
sialoprotein (BSP), and osteocalcin (OCN) (Hakki et al., 2010). Effect of boron on
hBMSCs differentiation is due to increased level of mRNA expression related to
alkaline phosphatase and bone morphogenetic proteins (BMPs) (Ying et al., 2011,
Salazar, 2016).

Morphology of cells on scaffolds was studied by SEM at different incubation periods
(Fig.39). One day after incubation, hDPSCs attached on scaffolds and spread (Fig.
39-a,c,e,g,1,k,m,0). On day 7, consistent with Alamar blue test result, proliferation of
hDPSCs on the scaffolds increased. They spread along the pore surfaces and filled
the scaffolds surfaces (Fig 39-b,d,f,h,),l,n,p). According to these results, it was
observed that the prepared scaffolds supported adhesion and spread of hDPSC cells.
In all groups, on day 1, cells began spreading after adherence and appeared to spread
more on day 7. In the scaffold group without BG, on the 7th day, the cells spread
well over the scaffold and covered the surface. In BG containing groups, when the
amount of BG was increased from 10% to 20%, adhesion and spread of the cells
increased and among the borate incorporated groups, hDPSCs on B7 and B14 spread
more on day 7. Wu vd. (2011) prepared boron-containing, dexamethasone (DEX)
loaded mesopore bioactive glass (MBQG) scaffolds to investigate the biological

properties of the scaffolds. On day 1, they observed that a few number of osteoblasts
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adhered on the surface of the pore walls and on day 7, cells spread on the pore walls

and populated the pores (Wu et al., 2011).
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Figure 38. Result of proliferation assay of hDPSCs cultured on scaffolds prepared by
the TIPS/PL method with Alamar blue assay for 7 days (n=3).
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Figure 39. SEM images of hDPSCs seeded on the scaffolds prepared by the TIPS/PL
method: a) without BG, day 1; b) without BG, day 7; ¢) B0-10, day 1; d) B0-10, day
7; ) B0-20, day 1; f) B0-20, day 7 (scale bar: 50 pm).
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Figure 39 - Continued. SEM images of hDPSCs seCeded on the scaffolds prepared
by TIPS/PL method: g) B7-10, day 1; h) B7-10, day 7; i) B7-20, day 1; j) B7-20, day
7; k) B14-10, day 1; 1) B14-10, day 7 (scale bar: 50 um).
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Figure 39 - Continued. SEM images of hDPSCs seeded on the scaffolds prepared
by the TIPS/PL method: m) B14-20, day 1; n) B14-20, day 7; o) B21-10, day 1; p)
B21-10, day7; q) B21-20, day 1; r) B21-20, day 7 (scale bar: 50 um).
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3.3.5.2. Scaffolds Prepared by FD/MMP Method

Viability of hDPSCs on the scaffolds was determined by Alamar Blue Assay (Fig.
40). According to results obtained for cellular viability analysis at the end of day 1,
all scaffolds displayed equally favorable properties in terms of cellular attachment.
However, B0-10 samples presented a significantly lowest number of cells attached
(p<0.05, Fig. 40). Since we observed cells in the macropores 1 day after seeding for
all scaffolds regardless of the presence of pure and borate modified BG-NPs, lower
attachment on B0-10 containing scaffolds could be as a result of loss of cells from
scaffolds during seeding step but not due to cytotoxicity (Fig. 41). Additionally, a
significant increase in cell viability was observed from day 1 to day 7 for all groups
(Fig. 40). Owing to highest hDPSCs viability on B7-20 scaffolds, the presence of
borate as a dopant in BG species was not only found to be non-cytotoxic but also
prompted to support a more suitable environment for hDPSCs proliferation (Fig. 40).
Although a higher cell viability was observed on scaffolds containing borate
modified BG, cell viability on B14 and B21 scaffolds was lower than observed B7
containing scaffolds on day7 (Fig. 40). A study on the effect of B on the human tooth
germ cells (hTGC) by Tash et al. (2015) showed that in spite of an initial increment
in cellular viability of hTGCs was observed, increase in boron concentration resulted
in dose dependent decrease in hTGC viability (Tasl et al., 2013). Consequently, B7,
B14 and B21 scaffolds can be regarded as non-cytotoxic, and improved cell adhesion
and proliferation. Among these groups B7 containing scaffolds scaffolds appeared to

be more robust for cellular attachment and proliferation.

Furthermore, SEM images showed that cells could migrate into macropores and
proliferate without any sign of cytotoxicity (Fig. 41). No significant morphological
difference was observed for cells observed in all scaffold groups on days 1 and 7.
Moreover, hDPSCs were found to form a confluent layer of cells in macropores and
continue to proliferate on day 7 (Fig. 41). The confluent layer of hDPSCs and

protrusions from proliferating cells (white arrow) suggested that a dynamic
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environment that mimicks natural dental extracellular matrix with BG reinforcements
was present that resulted in odontoblastic differentiation of hDPSCs in macropores.
In a similar study, Wu et al. studied silk-based 3D scaffolds for dentin tissue
engineering and claimed that silk scaffolds having 550 pm pores led to extensive
dentin tissue formation after implanted in rat omentum for 20 weeks due to

macroporous structure (Xu et al., 2008).
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Figure 40. Result of proliferation assay of hDPSCs cultured on scaffolds prepared by
the FD/MMP method with Alamar blue assay for 7 days (n=3).
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Figure 41. SEM images of hDPSCs seeded on the scaffolds prepared by the
FD/MMP method a) without BG, day 1; b) without BG, day 7; c¢) B0O-10, day 1; d)
B0-10, day 7;e) B0-20, day 1; f) B0-20, day 7 (scale bar: 200 pum, inserts: 20 um),

white arrows show cells.
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Figure 41 - Continued. SEM images of hDPSCs seeded on the scaffolds prepared
by the FD/MMP method: g) B7-10, day 1; h) B7-10, day 7; i) B7-20, day 1; j) B7-20,
day 7; k) B14-10, day 1; 1) B14-10, day 7 (scale bar: 200 um, inserts: 20 um), white

arrows show cells.

149



Figure 41 - Continued. SEM images of hDPSCs seeded on the scaffolds prepared
by the FD/MMP method: m) B14-20, day 1; n) B14-20, day 7; o) B21-10, day 1; p)
B21-10, day7; q) B21-20, day 1; r) B21-20, day 7 (scale bar: 200 um, inserts: 20

pum), white arrows show cells.
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3.3.6. Evaluation of Differentiation of hDPSCs Seeded on Three Dimensional
Scaffolds

3.3.6.1. Measurement of ALP Activity and Intracellular Calcium Amounts of
hDPSCs Seeded on Three Dimensional Scaffolds

3.3.6.1.1. Scaffolds Prepared by TIPS/PL Method

ALP activity and intracellular calcium amounts of hDPSCs seeded on the scaffolds
prepared by the TIPS/PL method, were measured after 7 and 14 days of culture (Fig.
42&43). The highest ALP enzyme activity in all groups was observed after 14 days
of incubation. At day 14, ALP enzyme activity of all groups was about 10-fold
higher than that observed at the end of the 7-day incubation. No significant
difference was observed in ALP enzyme activity of cells seeded onto different
scaffold groups. However, on the 14th day, ALP enzyme activity of cells on
scaffolds without BG was significantly lower than all groups. Cells in B14-10 and
B14-20 groups had higher ALP enzyme activity than groups (B0-10, and B21-10) at
this time point (p <0.05). ALP activity results indicated that hDSPCs differentiated
into odontoblasts (Lee et al., 2016), and incorporation of borate modified BG,

promoted the differentiation profoundly.

In one study, a composite nanofibrous matrix made of biopolymer blend
polycaprolactone-gelatin (BP) and mesoporous bioactive glass nanoparticles (BGNs)
was prepared and odontogenic differentiation of hDPSCs seeded on BGNs was
assesed. Addition of BGNs promoted ALP activity levels and increase of BG amount
from 10% to 20% in scaffolds resulted in increased levels of ALP activity of cells.
(Kim et al., 2015). In another study, the effect of different concentrations of sodium

pentaborate pentahydrate (NaB) on odontogenic differentiation of human tooth germ
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stem cells (hTGSCs) was investigated. ALP activity of stem cells, which were
treated with NaB for 14 days, was statistically significantly higher than the control
group (Tash et al., 2013).

Intracellular calcium amounts of all groups on day 14 after incubation, were higher
than their amounts on day 7 (Fig. 43). There was no significant difference in
intracellular calcium levels of different groups at time point 7 day. However, on the
14th day, intracellular calcium amounts measured in B14-10 and B14-20 scaffold
groups were significantly higher than other groups (p <0.05). These results were
consistent with the results of ALP activity, which showed the positive effect of
borate modified BG presence for stimulating odontogenic differentiation of hDPSCs

in scaffolds.
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Figure 42. ALP enzyme activity of hDPSCs seeded on scaffolds prepared by the
(TIPS/PL) method (n=4). # designates the groups that are significantly different than
groups (without BG, B0-10, and B21-10) at week 2 (p<0.05).
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Figure 43. Intracellular calcium amounts of hDPSCs seeded on scaffolds prepared
by the (TIPS/PL) method (n=4). # designates the groups that were significantly
different than all groups at week 2 (p<0.05).

3.3.6.1.2. Scaffolds Prepared by FD/MMP Method

Odontogenic differentiation was analyzed by determining alkaline phosphatase
activity and intracellular calcium concentration per total DNA of the hDPSCs
cultivated on different scaffold groups. DPSC seeded on the scaffolds primarily
showed non-odontogenic nature with very low ALP activity and intracellular calcium
concentration at the end of 1% week (Fig. 44&45). However, an increase was
observed for both ALP activity of cells seeded on scaffolds with pure BG (B0-20)
and on scaffolds having borate modified BG (B14-10). Cells cultivated on B14-10
scaffolds had significantly highest ALP activity while cells on scaffolds without BG
showed the lowest ALP activity (Fig. 44). Additionally, intracellular calcium

amounts were in agreement with ALP activity results (Fig. 45). Calcium ions were
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began to taken up by DPSCs as early as 2™ week. From 1% to 2™ week, an immense
increase in calcium storage for scaffolds with pure BG (B0-20) and for the scaffolds

having borate modified BG (B14-10) was seen (Fig. 45).

B is an essential trace metal for wide range of anabolic activities such as mineral
deposition and maintenance of tooth (Toker et al., 2016). Glimiisderelioglu et al.
(2015) analyzed the effect of B on osteogenic differentiation through its release from
chitosan nanoparticles (Glimiisderelioglu et al., 2015). They observed that local
increment in B concentration upon release brought about higher ALP activity,
upregulation of bone-related genes such as Collagen I, Osteopontin and Osteocalcin.
Moreover, Abo-Aziza and Zaki (2017) demonstrated that cellular differentiation
towards osteogenic phenotype may be enhanced for highly confluent cells having
mesenchymal phenotype (Abo-Aziza & Zaki, 2017). They also stated that confluent
bone marrow mesenchymal stem cells displayed higher ALP activity and calcium
deposition per total protein produced in the cells. For these reasons, we suggest that
DPSCs differentiated into odontogenic lineage owing to presence of pure BG, borate
modified BG groups and possibly cellular confluency in the macropores. On the
other hand, a significant decrease in the ALP activity was also observed for cells in
B14 and B21 scaffold groups that contained higher amount of borate modified BG
(Figure M and N). This could be a consequence of higher borate ions release from
the samples. As observed by Hakki et al. (2010), high B release might have led to
decrease in the rate of osteogenic differentiation (Hakki et al., 2010). They observed
that over 100 ng/ml local concentration of B such as 1000 ng/ml suppressed release
of osteogenic factors from MC3T3-E1 pre-osteoblastic cell line such as Collagen I
and BMP-7. Collectively, borate doped BG species as reinforcements, were shown to
improve biological properties in the odontogenic direction. B14-10 scaffolds
displayed significantly highest differentiation rate of DPSC towards odontogenic
phenotype as determined through quantification of ALP activity and intracellular

calcium concentration (Fig. 44&45).
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Figure 44. ALP enzyme activity of hDPSCs seeded on scaffolds prepared by the
FD/MMP method (n=4). # designates the group significantly different than all groups
(except B0-20, and B7-10) at week 2 (p<0.05).

155



3
8

OWithout BG
mB0-10

= B0-20
EB7-10
8B7-20

21 B14-10
B14-20
NB21-10
EB21-20

-
N
8

1000

Intracellular calcium (g Ca/ g DNA)

500

. FmEFsssl

1

Time (week)

Figure 45. Intracellular calcium amounts of hDPSCs that were seeded on scaffolds
prepared by the FD/MMP method (n=4). designates the group significantly different
than all groups (except: B14-20) at week 2 (p<0.05).

3.3.6.2. Immunohistochemical and Histological Analysis of hDPSCs Seeded
Scaffolds

3.3.6.2.1. Scaffold Prepared by TIPS/PL Method

Expression of the odontoblastic differentiation markers DSPP, OPN and Col I was
examined by immunohistochemical staining of cell-seeded scaffolds after 14 and 21
days after incubation (Fig. 46-48). DSPP is one of the major dentinal non-
collagenous proteins and plays a key role in odontoblast maturation and dentin

mineralization (Deshpande et al., 2011, Tada et al., 2010). Osteopontin (OPN), is a
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late-mineralization marker, which plays a role in the differentiation of odontoblast-
like cells and also reparative dentinogenesis (Choi et al., 2014, Saito et al., 2016).
Type I collagen is the main extracellular matrix protein in dentin, which is involved
in odontoblastic differentiation (Linde, 1985, Abrahao et al., 2006). It is also needed
for calcification and crystal formation in dental pulp (Huang & Thesleft, 2013). In all
groups, positive staining of these proteins was observed 14 days after incubation,
which became stronger 21 days after incubation. 21 days after incubation, expression
of these proteins in cells that were cultivated on scaffolds containing pure BG (B0-
10), was stronger than observed in scaffold group (without BG) and expression
became much stronger in borate modified BG containing groups. Distance of all
stained sections from the scaffold surface was 150 pm. Immunohistochemical
staining of hDPSCs seeded on the scaffolds for DSPP, OPN, COL I, revealed
presence of the highest number of cells in B14-10 group, 21 days after incubation
with much pronounced staining than all groups. Higher expression of odontoblastic
markers in borate modified BG containing groups, is indicative of positive role of

borate modified BGs in odontogenic differentiation of hDPSCs on the scaffolds.

In order to evaluate calcium deposition on the cell-scaffold constructs, Von Kossa
staining was performed 7 and 14 days after incubation (Fig. 49a-j). Results revealed
the start of mineral deposition (black color) 7 days after incubation in different
groups (Fig. 49a, c, e, g, and 1), and higher levels of deposition were observed, 14
days after incubation (Fig. 49b, d, f, h, and j). At time point 7 days, higher deposition
in B7-10 and B14-10 scaffold groups was noticed, while at time point 14 days,
deposition in B0-10 scaffolds was higher than scaffolds without BG and cells
cultivated on B14-10 scaffold showed the highest deposition among all groups. In
total, higher mineralization in borate modified BG containing groups indicated that
this biomaterial facilitated odontogenic differentiation. Qu et al. (2013), prepared 3D
nano-fibrous gelatin/silica bioactive glass (NF-gelatin/SBG) hybrid scaffolds and
assessed expression of marker genes for odontogenic differentiation (Col I, ALP,
OCN, DSPP and DMP-1) by RT-PCR after 4 weeks of incubation. According to the

results, significantly higher expression of all the marker genes in hybrid scaffolds
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than NF-gelatin group was observed. Von Kossa staining at this time point, presented
higher mineral deposition in scaffolds containing SBG than the control group. All
these results indicated odontogenic differentiation of hDPSCs in SBG added NF-
gelatin scaffolds was increased (Qu & Liu, 2013). In one study, dental composites
incorporating 1%, 5%, and 10% (w/w) sodium pentaborate pentahdrate were
prepared. Immunocytochemical staining for DSPP after 10 days of incubation in
odontogenic medium with hDPSCs, revealed higher levels of protein expression in
boron added groups (especially 1% boron added group). According to RT-PCR
analysis, osteocalcin gene levels increased more in boron-containing composites, but
DMP1 gene levels were not significantly different in all groups. Higher mineral
deposition was detected in boron-containing composites after Von-Kossa staining. In
total, boron-containing dental composites enhanced odontogenic potential of

hDPSCs (Demirci et al., 2015).
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Figure 46. Results of immunohistochemical staining of DPSCs seeded on the
scaffolds prepared by the TIPS/PL method, [DSPP (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B7-10, day 14; f) B7-10, day 21, (distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 pm).
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Figure 46 - Continued. Results of immunohistochemical staining of DPSCs seeded
on the scaffolds prepared by the TIPS/PL method, [DSPP (green) and DAPI (blue)],
g) B14-10, day 14; h) B14-10, day 21; i) B21-10, day 14; j) B21-10, day 21, distance

of stained sections from the scaffold surface was 150 um) (scale bar: 20 um).
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Figure 47. Results of immunohistochemical staining of DPSCs seeded on the
scaffolds prepared by the TIPS/PL method, [OPN (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B7-10, day 14; f) B7-10, day 21, distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 pum).
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Figure 47 - Continued. Results of immunohistochemical staining of DPSCs seeded
on the scaffolds prepared by the TIPS/PL method, [OPN (green) and DAPI (blue)] g)
B14-10, day 14; h) B14-10, day 21; i) B21-10, day 14; j) B21-10, day 21, distance of

stained sections from the scaffold surface was 150 pm) (scale bar: 20 um).
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Figure 48. Results of immunohistochemical staining of DPSCs seeded on the
scaffolds prepared by the TIPS/PL method, [COLI (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B7-10, day 14; f) B7-10, day 21 distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 pm).

163



Figure 48 - Continued. Results of immunohistochemical staining of DPSCs seeded
on the scaffolds prepared by the TIPS/PL method, [COLI (green) and DAPI (blue)],
g) B14-10, day 14; h) B14-10, day 21; i) B21-10, day 14; j) B21-10, day 21 distance

of stained sections from the scaffold surface was 150 pm) (scale bar: 20 pm).
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Figure 49. Results of Von Kossa staining of DPSCs seeded on the scaffolds prepared
by the TIPS/PL method, a) without BG, day 14; b) without BG, day 21; ¢) BO0-10,
day 14; d) B0-10, day 21; e) B7-10, day 14; f) B7-10, day 21, distance of stained

sections from the scaffold surface was 150 pm) (scale bar: 20 um).
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Figure 49 - Continued. Results of Von Kossa staining of DPSCs seeded on the
scaffolds prepared by the TIPS/PL method, g) B14-10, day 14; h) B14-10, day 21; 1)
B21-10, day 14; j) B21-10, day 21, distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 um).

3.3.6.2.2. Scaffolds Prepared by FD/MMP Method

Expression of the odontoblastic differentiation markers DSPP, OPN and Col I was
examined by immunohistochemical staining 14 and 21 days after incubation of cell-
seeded scaffolds with the odontogenic medium (Fig. 50-52). Dentin
sialophosphoprotein (DSPP) is a unique marker of late odontoblast differentiation
and is essential for dentin mineralization (Suzuki et al., 2012, Li et al., 2011c).

Osteopontin (OPN) is a non-collagenous protein usually present in the reparative
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dentin. It plays a role in the differentiation of odontoblast-like cells and regulation of
matrix mineralization (Saito et al., 2016, Cajazeira Aguiar & Arana-Chavez, 2007).
Type I collagen is one of dentin matrix proteins, secreted by the differentiating
odontoblasts and modulates odontogenic differentiation and mineralization (Iwamoto
et al.,, 2017, Wiesmann et al., 2004). In all groups, positive staining of the proteins
was observed 14 days after incubation, which became stronger 21 days after
incubation. At this time point, expression of all three odontoblastic markers in group
(B0-10, B0-20) was higher than group (without BG). In borate modified BG
containing groups expression of the markers was intense in comparison to groups
with incorporation of pure BG. Distance of all stained sections from the scaffold
surface was 150 um. Staining of DPSCs seeded on the scaffolds, revealed presence
of the highest number of cells in B14-10 group for DSPP, in B7-10, and B14-10
groups for OPN, in B14-20, and B21-10 groups for COL I, 21 days after incubation
with much pronounced staining than all groups. Enhancement of the proteins
expression as a result of borate introduction into the scaffolds, indicates positive
effect of borate modified BGs in odontogenic differentiation of hDPSCs on the
scaffolds.

In order to evaluate in vitro mineralization on the cell-scaffold constructs, Von Kossa
staining was done 7 and 14 days after incubation (Fig. 53a-1). Calcium deposition
(black color) was observed 7 days after incubation (Fig. 53a, c, e, g, 1, k, m, o and q),
and higher levels of deposition were observed, 14 days after incubation (Fig. 53b, d,
f, h, j, I, n, p, and r). After 7 days of incubation, groups B14-10, B21-10, and B21-20
groups revealed higher mineralization than the other groups and at day 14 days
enhanced mineralization was observed in B14-10 and B14-20 groups in comparison
to all groups. As a result, borate modified BG containing scaffold groups promoted

mineralization and thus odontogenic differentiation of seeded hDPSC:s.

In one study, mineral trioxide aggregate was mixed with different additives of
distilled water, 2.5% (Na2HPO4) and 5% (CaCl;) and hDPSCs were cultured on them
(aggregated powders) in odontogenic medium. According to RT-PCR analysis of
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odontoblastic differentiation markers (DSPP, COL 1) 14 and 21 days after
incubation, DSPP on MTA mixed with 2.5% NaxHPO4 showed significantly higher
expression than groups with other additives on both time points (P < 0.05). There
was no difference between expression levels of COL1 in MTA mixed with 5% CaCl,
and 2.5% Na;HPO4 and pure MTA on day 14, while on MTA mixed with 5% CaCl,
and 2.5% Na;HPOs, cells showed significantly higher expression of COL1 than on
MTA mixed with distilled water day 21 after incubation (P < 0.05). Von Kossa
staining on day 21, presented highest mineral deposition on MTA groups with
additives with not much difference between the groups. In conclusion, positive effect
of MTA mixed with 5% CaCl, or 2.5% NaHPO4, was detected for odontoblastic
differentiation and mineralization of hDPSCs (Kulan et al., 2017). Demirci et al.
(2015), prepared dental composites including 1%, 5%, and 10% (w/w) sodium
pentaborate pentahdrate. 10 days after incubation of hDPSCs seeded composites in
odontogenic medium, higher levels of DSPP protein was observed (especially 1%
boron added group), and elevated levels of calcium deposition in all boron containing
composites were also observed. RT-PCR analysis also revealed significantly higher
gene levels for DMP1 gene, but not significant increase of DMP1 gene levels in
groups with boron addition. In general, facilitated odontogenic differentiation of
hDPSCs was confirmed in presence of boron containing composites (Demirci et al.,

2015).
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Figure 50. Results of immunocytochemical staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method [DSPP (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B0-20, day 14; f) B0-20, day 21, distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 pum).
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Figure 50 - Continued. Results of immunocytochemical staining of DPSCs seeded
on the scaffolds prepared by the FD/MMP method [DSPP (green) and DAPI (blue)],
g) B7-10, day 14; h) B7-10, day 21; i) B7-20, day 14; j) B7-20, day 21; k) B14-10,
day 14; 1) B14-10, day 21, distance of stained sections from the scaffold surface was

150 pm) (scale bar: 20 um).
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Figure 50 - Continued. Results of immunocytochemical staining of DPSCs seeded
on the scaffolds prepared by the FD/MMP method [DSPP (green) and DAPI (blue)],
m) B14-20, day 14; n) B14-20, day 21; o) B21-10, day 14; p) B21-10, day 21; q)
B21-20, day 14; r) B21-20, day 21, (distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 pm).
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Figure 51. Results of immunocytochemical staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method [OPN (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B0-20, day 14; f) B0-20, day 21, distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 um).
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Figure 51 - Continued. Results of immunocytochemical staining of DPSCs seeded
on the scaffolds prepared by the FD/MMP method [OPN (green) and DAPI (blue)],
g) B7-10, day 14; h) B7-10, day 21; i) B7-20, day 14; j) B7-20, day 21; k) B14-10,
day 14; 1) B14-10, day 21, (distance of stained sections from the scaffold surface was

150 um) (scale bar: 20 um).

173



Figure 51 - Continued. Results of immunocytochemical staining of DPSCs seeded
on the scaffolds prepared by the FD/MMP method [OPN (green) and DAPI (blue)],
m) B14-20, day 14; n) B14-20, day 21; o) B21-10, day 14; p) B21-10, day 21; q)
B21-20, day 14; r) B21-20, day 21, distance of stained sections from the scaffold

surface was 150 pm) (scale bar: 20 um).
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Figure 52. Results of immunocytochemical staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method [COLI (green) and DAPI (blue)], a)
without BG, day 14; b) without BG, day 21; ¢) B0-10, day 14; d) B0-10, day 21; e)
B0-20, day 14; f) B0-20, day 21, distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 pm).
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Figure 52 - Continued. Results of immunocytochemical staining of DPSCs seeded
on the scaffolds prepared by the FD/MMP method [COLI (green) and DAPI (blue)],
g) B7-10, day 14; h) B7-10, day 21; i) B7-20, day 14; j) B7-20, day 21; k) B14-10,
day 14; 1) B14-10, day 21 distance of stained sections from the scaffold surface was

150 um) (scale bar: 20 um).
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Figure 52 - Continued. Results of immunocytochemical staining of DPSCs seeded
on the scaffolds prepared by the FD/MMP method [COLI (green) and DAPI (blue)],
m) B14-20, day 14; n) B14-20, day 21; o) B21-10, day 14; p) B21-10, day 21; q)
B21-20, day 14; r) B21-20, day 21, (distance of stained sections from the scaffold

surface was 150 um) (scale bar: 20 um).
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Figure 53. Results of Von Kossa staining of DPSCs seeded on the scaffolds prepared
by the FD/MMP method, a) without BG, day 7; b) without BG, day 14; c) B0-10,
day 7; d) B0-10, day 14; e) B0-20, day 7; f) B0-20, day 14, (distance of stained

sections from the scaffold surface was 150 um) (scale bar: 20 pum).
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Figure 53- Continued. Results of Von Kossa staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method, g) B7-10, day 7; h) B7-10, day 14; 1)

B7-20, day 7; j) B7-20, day 7; k) B14-10, day 7; 1) B14-10, day 14, (distance of

stained sections from the scaffold surface was 150 pm) (scale bar: 20 um).
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Figure 53 - Continued. Results of Von Kossa staining of DPSCs seeded on the
scaffolds prepared by the FD/MMP method, m) B14-20, day 7; n) B14-20), day 14;
0) B21-10, day 7; p) B21-10, day 14; q) B21-20, day 7; r) B21-20, day 14, (distance

of stained sections from the scaffold surface was 150 um) (scale bar: 20 pm).
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CHAPTER 4

CONCLUSION

In this thesis, pure and borate modified BG-NPs with different ratios of modification
(7, 14 and 21%) were characterized and their effects on dental pulp derived stem
cells were examined. In addition, boron modified BG-NPs were added to cellulose
acetate/pullulan/gelatin (CA/PULL/GEL) at 10% and 20% weight percentages and
potential use of three-dimensional dentin-like constructs were investigated for dentin
regeneration. Amorphous and nano-sized B0-BG, B7-BG, B14-BG, and B21-BG,
with compositions almost consistent with the theoretical ones were successfully
synthesized by the quick alkali-mediated sol-gel method. All BG groups possessed
the characteristic functional groups and with increase of borate in bioglass
composition, specific surface area, average pore diameter and total pore volume of
the BG particles decreased. Increase of B:0O; content, resulted in enhanced
bioactivity of BGs. Cell culture studies conducted with hDPSCs showed that 6.25
mg/ml bioglass concentration was the optimum concentration. Synthesized BG-NPs
increased proliferation of hDPSCs. Borate incorporation increased intracellular
calcium amounts and the highest intracellular calcium amount was observed in B21-
BG group. Immunocytochemical analysis showed expression of DSPP, osteopontin
and collagen type I in BG groups with higher expression in groups containing borate.
Dentin constructs composed of borate modified BG-NPs and (CA/ox-PULL/GEL)
polymers were successfully developed by (TIPS/PL) and (FD/MMP) methods.
Scaffolds possessed tubular pore structures and presented improved biodegradability
and water absorption properties during one month. High porosity of the scaffolds was
suitable for dentin regeneration purpose, and scaffolds prepared by the (TIPS/PL)
method provided enough mechanical strength. Incorporation of borate modified BGs,

enhanced deposition of Ca-P containing minerals on the scaffolds. Cell culture
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studies with hDPSCs showed positive effects of borate modified BG incorporation
for cells attachment, proliferation, and odontogenic differentiation. This study
showed that borate modified BG-NPs can be suggested as biomaterial for dental
tissue engineering applications and prepared dentin constructs with addition of borate
modified BG-NPs are promising to be used in regenerative dentistry. In vivo studies
are needed for investigating the potential use of the prepared constructs for dentin

regeneration in clinic.
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APPENDIX B

CALIBRATION CURVE FOR ALP ASSAY
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Figure 54. Calibration curve for ALP assay constructed with para-nitrophenol as

standard.
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APPENDIX C

CALIBRATION CURVE FOR DETERMINATION OF INTRACELLULAR
CALCIUM
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Figure 55. Calibration curve of calcium using various CaCl, concentrations as

standard (n=5).
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APPENDIX D

CALIBRATION CURVE FOR DETERMINATION OF DNA CONTENT
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Figure 56. Calibration curve of DNA constructed with different concentrations of
calf thymus DNA as standard for the determination of total DNA content in cell

lysates in ALP assay (n=3).
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