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Abstract

Introduction: Major oral bone defects are associated to trauma, osteonecrosis, tumor
removal or congenital disorders. Over the past decades, bone tissue engineering (BTE) has
arisen as a powerful tool for developing new bone treatment options to overcome shortages
of existing bone graft materials and bone disease therapies. To address this challenge,
BTE strategies have been directed to produce bone constructs that mimic natural bone
structure regarding mechanical strength and microstructure. Collagen/nanohydroxyapatite
(Coll/nanoHA) scaffolds and fibrin (Fb) hydrogels are examples of biomaterials widely used
in the tissue engineering field.

Objectives: The authors intend to offer a three-dimensional (3D) Coll/nanoHA scaffold
containing Human Dental Follicle Mesenchymal Stem Cells (hDFMSCs) into a
fibrin/osteopontin (OPN) hydrogel in order to fully regenerate bone tissue and improve early
recovery of patients with critical oral maxillofacial bone defects.

Methodology: Human osteoblast-like cell line (MG63) obtained from human
osteossarcoma was first used as a pilot study to validate the protocol of cell delivery since it
is a more reproducible cell line. Coll/nanoHA scaffolds (50:50 mass percentage) were
produced by cryogelation technique, crosslinked, and full filled with a fibrin hydrogel with
and without OPN loaded with MG63 or hDFMSCs cells. Cells proliferation, ECM production,
osteogenic differentiation and cellular morphology were assessed through DNA content
measure, total protein quantification, alkaline phosphatase (ALP) activity and confocal laser
scanning microscopy (CLSM), respectively.

Results: Biologically, the composite collagen-nanohydroxyapatite/fibrin-osteopontin
(Coll/nanoHA_Fb-OPN) exhibited high cellular proliferation, increasing the number of cells
with time culture (7, 14 and 21 days). At day 21 of culture, hDFMSCs showed high ALP
activity within Coll/nanoHA_Fb-OPN when compared to control group (Coll/nanoHA),
indicating an early osteogenic differentiation. Also, CLSM images of the same
Coll/nanoHA_Fb-OPN showed high OPN deposition by the hDFMSCs, corroborating with
the ALP results. Thus, the presence of human OPN allowed the enhancement of those cells
adhesion, migration, and spatial distribution within the 3D matrix and provided high cellular
differentiation and proliferation.

Conclusions: This biomimetic Coll/nanoHA Fb-OPN scaffold containing hDFMSCs may
possess high osteoconduction, osteoinduction and osteogenesis properties and will favor
new bone tissue formation and osteointegration. Hence, this innovative 3D biomaterial
opened up a new prospect for the research of bone defect repair materials in BTE as it has
been evidenced to be a potential solution that shall further improve effective bone tissue
regeneration.

Key-words: Biomaterials; Hydrogel; Fibrin; Collagen; Nanohydroxyapatite; Osteopontin,
Oral maxillofacial bone tissue regeneration
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Resumo

Introducdo: Os principais defeitos 6sseos orais estdo associados a traumas,
osteonecrose, remocado de tumores ou doencas congénitas. Nas Ultimas décadas, a
engenharia de tecido 6sseo (BTE) surgiu como uma ferramenta para o desenvolvimento de
novas opcdes de enxerto 6sseo de modo a superar as limitacbes dos materiais de
regeneracdo Ossea existentes e terapias de doencas Osseas. Para responder a este
desafio, as estratégias BTE tém sido conduzidas para produzir scaffolds que mimetizam a
estrutura éssea natural em relacdo a resisténcia mecanica e a microestrutura. Os scaffolds
de colagénio/nanohidroxiapatite (Collagen/nanoHA) e o hidrogel de fibrina (Fb) séo
exemplos de biomateriais amplamente utilizados no campo da engenharia de tecidos.

Objetivos: Os autores tem como obijetivo final, produzir um scaffold tridimensional (3D) a
base de Coll/nanoHA contendo células mesenquimais do foliculo dentario humano
(hDFMSCs) presentes dentro de um hidrogel a base de fibrina e osteopontina (OPN) para
regenerar completamente o tecido 6sseo e reduzir o periodo de recuperacao de pacientes
com defeitos 6sseos oro-maxilo-faciais criticos.

Metodologia: Pré-osteoblastos humanos (MG63) isolados a partir do osteossarcoma
humano foram primeiramente utilizados em um estudo piloto com o objetivo de validar a
viabilidade destas células quando introduzidas no hidrogel e injetadas no interior do
scaffold, uma vez que se trata de uma linha celular mais reprodutivel. Os scaffolds
Coll/nanoHA (percentagem de massa 50:50) foram produzidos pela técnica de criogelacéo,
reticulados, e preenchidos com um hidrogel de fibrina contendo ou ndo OPN e células
(MG63 ou hDFMSCs). A proliferacdo celular, producdo de matriz extracelular,
diferenciacdo osteogénica e morfologia das células foram avaliadas através da
guantificacdo do ADN, da proteina total, da atividade de fosfatase alcalina (ALP) e por
imagens de microscopia confocal de varredura a laser (CLSM), respectivamente.

Resultados: Biologicamente, o0 composto  colagénio-nanohidroxiapatite/fibrina-
osteopontina (Coll/nanoHA _Fb-OPN) demonstrou uma elevada proliferacdo celular,
aumentando o namero de células ao longo do tempo de cultura (7, 14 e 21 dias). No 21°
dia de cultura, hDFMSCs apresentaram uma elevada atividade da enzima ALP dentro do
scaffold de Coll/nanoHA_Fb-OPN quando comparado com o grupo controlo (Coll/nanoHA),
indicando uma diferenciacdo osteogénica precoce. Além disso, imagens de CLSM do
mesmo scaffold de Coll/nanoHA Fb-OPN mostraram uma elevada deposicdo de OPN
pelas hDFMSCs, corroborando os resultados da atividade da ALP. Portanto, a presenca de
OPN humana permitiu uma melhoria da adesédo, migracdo e distribuicdo espacial dessas
células dentro da matriz 3D e proporcionou uma elevada diferenciacdo e proliferacao
celular.

Conclusdes: O scaffold biomimético Coll/nanoHA_Fb-OPN contendo hDFMSCs possui
elevadas propriedades de osteoconducao, osteoinducéo e osteogénese e podera favorecer
a sua osteointegracdo e formagdo de novo tecido 6ésseo. Em conclusdo, este inovador
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biomaterial 3D fomentara uma nova perspetiva para o desenvolvimento de materiais para
BTE e a completa reparacéo de defeitos 6sseos criticos, uma vez que comprovou ser uma
solucédo adeguada que ira garantir a regeneracao efetiva do tecido 6sseo.

Palavras-chave: Biomateriais; Hidrogel; Fibrina; Colagénio; Nanohidroxiapatite;
Osteopontina; Regeneracéo do tecido 6sseo oro-maxilo-facial

Page | X



Contents

ACKNOWIEGMENTS ..ot [l
N o 1] 1 =T o3 PP Vi
RESUIMIO L. et e et e et e et e e et e e e et e e e e et e e e e e e aa e eaa s IX
LIST OF FIQUIES ..ottt ettt e e e e e e e e e eee e Xl
LiSt Of ADDIEVIAtioNS ....ueeiie e e e e e aana s XV
Chapter 1- Objectives and DOCUMENT StIUCTUIE .......ccevvvviiiieie e 3
1.1 Objectives Of the WOTK ... e 3
1.2 DOCUMENT STITUCTUIE...eeiiiieeeet ettt e e e e e e e e e e e e e e e e e e e e enn e e e e eennn e eas 3
Chapter 2- LIteratUre REVIEW .........ciiiieeiiieeeeie et e e e e e e e e e e e e e e e e e e 7
P25 I [ 1 o Yo 1U o] 4 o ] o TR 7
P = T o1 o 1T PP RPPTTTRSRPRI 8
2.2. 1 FUNCTION Lottt 8
V2 o 01 = U1 [0 1 8
2.2.2.1 Intramembranous OSSIfICAtION.............couviiiiiiiiiii e 8
e I {1 [0 (UL PP 9
pZ 2 O o] = {1 011 o o 10
2.2.4.1 COlAGEN ... 12
2.2.4.2 HydroXYapatite ........ccooiiiiiiiiiiieiee et 13
2.2.5 BONE REPAIN PIrOCESS ...ttt 13
2.2.5.1 Osteopontin in BoNe REPAIN ..........cooiiiiiiiiiiiiieeeeeeeeee 14

2.3 BONE TiSSUE ENQINEEITNG ..ccoi oo 15
pZ B0 Y o i {0 o 15
PG I = Lo 4 = U= = | 16
2.3.2.1 Polymer/Bioceramic SCaffolds...........ccooviiiiiiiiiiiiiee 17
2.3.3 Hydrogels in Bone TiSSUE ENQGINEEIING .......uuuuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiineiensennanennnes 18
2.3.3.1 Classification of Hydrogels ... 19
2.3.3.2 Fibrin-based Hydrogel ............coo oo 20
2.3.3.3 Fibrin-based Hydrogel in Bone Tissue ENgINEEring ...........ccoovevvevviiieeeeiiineeeeennnn, 20
2.3 CIIS ..t a e e e e aaaaaaaaaaan 21
2.3.4.1 Human Dental follicle Stem Cells (NDFSCS) .......ccoiviiiiiiiiiiieeieeeii e 21
Chapter 3- Materials and MethodsS ........oooiiiiiiiiii e 25



B M ALEITAIS .o 25

3.2 Fibrin Hydrogel (with and without OPN) ..........oiiiiiiiiici e 25
3.2.1 Preparation of Fibrin Hydrogel ... 25
3.2.2 Preparation Of OPN ... 25
3.2.3 Preparation of Fibrin - OPN Hydrogel ..., 26

3.3 In vitro biological STUAIES ..o 26
3.3.1 Establishment of Stem Cell Cultures from the Human Dental Follicle
(1 5 ) 26
G T2 O | I O 1 | 1 1 S ERPPRPT 26
3.3.3 Cellular Proliferation ASSAY .........uiiiiieieeiiieeeiiii e e ee e e e e e e e e e e e e eeeannns 26
3.3.4 Cellular Differentiation Assay and Protein Quantification..............ccccooeeeeiiennns 27
3.3.5 Confocal Laser Scanning Microscopy (CLSM) .....c.oovviiiiiiiiiiieiiieeccee e, 27
3.3.6 StAtiSTICAl ANAIY SIS .eiiiiiiii i e e e e e e e e e aaaaane 28

3.4 Preparation of Collagen/nanohydroxyapatite Scaffolds ............ccccvvvviiiiiiiiiennennnn, 28

3.5 Preparation of Coll/nanoHA - Fibrin Hydrogel composSite ..........ccoovvvviiiiiiiieeeeeeeenns 28

(O g F= 1oL (=T LYY U 33

4.1- In vitro Biological Studies: MGB3...........ccoiiiiiiiiiiiiee e e e e e eeaanns 33
4.1.1- DNA QUANtIfiCAtION ASSAY ....ccvuuuiiiiiiieeieieeiiee e e e e ettt e e e e e e e e e e e e e e e eeeannes 33
4.1.2- Total Protein CONTENT......oooiiiiiiiiiiiceeeeeeeee e 33
4.1.3- Alkaline Phosphatase (ALP) ACHIVITY .....ooovuiiiiii e 34
4.1.4- Confocal Laser Scanning MICTOSCOPY ..ccoviiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeee e 35

4.2- In vitro Biological Studies: NDFMSCS ... 38
4.2.1- DNA QUANtIfiCAtION ASSAY ...ciiiiiiiiiiiiiiiiiiiiiieeeee ettt 38
4.2.2- Total Protein CONTENT......ccoiiiieeieii et e e e e e e e e e e e e e eeeennes 39
4.2.3- Alkaline Phosphatase (ALP) ACHIVITY .....oooviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee 39
4.2.4- Confocal Laser Scanning MICTOSCOPY .cciiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeee et 40

(O g =T o =T g T BT LY of U151 [0 [N 45

Chapter 6- Conclusion and Future OUtIOOK ..............uuuiiiiiiiiiiiiiiiiiiiiiie 51

] =T =T o 53

APPENAIX A 61

N 0T 0 1= 0 5 = PP 62

Page | Xll



List of Figures

Figure 1- Diagrams of intramembranous 0ssification.............c.cccceevvviiiiiiiii e 9

Figure 2- Hierarchical architecture of bone tissue from macroscopic to nanometer level...10

Figure 3- Bone tissue cells: bone-lining, osteoblasts, osteocytes and osteoclasts.............. 11
Figure 4- Collagen type I: hierarchical levels of the fibril organization ................ccccevvvnnnnnn. 12
Figure 5- Stages of bone fracture healing mechanism ..., 14

Figure 6- Classification of biodegradable polymers commonly used in biomedical
applications based on their source (natural, synthetic, or semi-synthetic)..................oooo... 17

Figure 7- Hydrogel chemical structure repreSentation ............cccccoveecivrreeeineeeennniiinreeeeeen 19

Figure 8- Total DNA content of MG63 cells within Coll/nanoHA_Fb, Coll/nanoHA Fb-OPN,
and Coll/nanoHA biocomposite scaffolds after 3, 7 and 14 days of culture in basic medium.
Statistical differences between samples from different time-points, *p <0.05 and **p <0.01

Figure 9- The total protein concentration for MG63 cells (ECM) within Coll/nanoHA_Fb,
Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds after 3, 7 and 14 days of
basic culture. Statistical differences between samples from different time-points, *p <0.05
AN *F¥PD KO.000L ... 34

Figure 10- ALP activity of MG63 osteoblast-like cells culture within Coll/nanoHA_Fb,
Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds after 3, 7 and 14 days of
culture. Statistical differences (p >0,05) were not observed .............ccooooeiiiiiiiiiiiiiiieeeeeeee, 35

Figure 11- Confocal laser scanning microscopy (CLSM) images showed the human ECM
(osteopontin) of MG63 after 3, 7 and 14 days of culture within Coll/nanoHA Fb scaffold
(with and without OPN). MG63 nuclei were stain in blue and human OPN in green. Scale
(oF= T st 01O Vo PP 36

Figure 12- CLSM image of MG63 osteoblast-like cells cultured within Coll/nanoHA (50:50)
biocomposite scaffolds after 21 days of culture (normal morphology) .........c.ccoeviiiieiinnnnn.n. 37

Figure 13- Confocal laser scanning microscopy (CLSM) images showed the morphology of

MG63 after 3, 7 and 14 days of culture within a Coll/nanoHA_Fb scaffold (with and without
OPN). MG63 nuclei were stain in blue and cytoplasm (actin filaments) in red. Scale bar: 100

Page | Xl



Figure 14- Total DNA content expression of hDFMSCs proliferation rate in
Coll/nanoHA_Fb, Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds for 7, 14
and 21 days of culture in basic medium. Statistical differences between samples from
different time-points, *p <0.05, **p <0.01 and ***pP <0.001........ccoeeeiiiiiiiiiieeeeeee e 38

Figure 15- The total protein secreted by hDFMSCs (ECM) in Coll/nanoHA_Fb,
Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds after 7, 14 and 21 days of
culture. Statistical differences between samples from different time-points, *p <0.05, *** p
0101 =T o Bl o IO 0 X 00 SRR 39

Figure 16- ALP activity of hDFMSCs culture within Coll/nanoHA_Fb, Coll/nanoHA_Fb-
OPN, and Coll/nanoHA biocomposite scaffolds after 7, 14 and 21 days. Statistical
differences between samples from different time-points, *p <0.05, *** p <0.001 and ****p
S0 00 1 TP EURPP 40

Figure 17- CLSM images showed the human osteogenic ECM (OPN) regarding hDFMSCs
after 7, 14 and 21 days of culture within Coll/nanoHA_Fb scaffold (with and without OPN)
and Coll/nanoHA scaffold. hDFMSCs nuclei were stain in blue and human OPN in green.
Yoz 1= o T= i 001 o SRR 41

Figure 18- CLSM images showed the morphology of hDFMSCs after 7, 14 and 21 days of
culture within a Coll/nanoHA_Fb scaffold (with and without OPN) and Coll/nanoHA scaffold.
hDFMSCs nuclei were stain in blue and cytoplasm (actin filaments) in red. Scale bar: 100

Figure 19- Total DNA content of MG63 osteoblast-like cells within Coll/nanoHA and
Coll/nanoHA_Fb biocomposite scaffolds for 1, 3 and 7 days of culture in basic medium.
Statistical differences between samples from different time-points (****p <0.0001) ............ 61

Figure 20- ALP activity of MG63 osteoblast-like cells culture in Coll/nanoHA and
Coll/nanoHA_Fb biocomposite scaffolds after 1, 3 and 7 days of culture. Statistical
differences (p >0,05) were NOt ODSEIVEA .........ccoviiiiiiiiie e 61

Figure 21- Total DNA content of MG63 osteoblast-like cells within Coll/nanoHA and
Coll/nanoHA _Fb biocomposite scaffolds for 3, 7 and 14 days of culture in basic and
osteoinductive medium. Statistical differences between samples from different time-points,
**p <0.01,***p <0.001 and ****P <O.000L ......ccooiiiiiieeeeee e 62

Page | XIV



List of Abbreviations

3D

%

°C
ALP
BGs
BMPs
B-TCP
BTE
CaCl2
CLSM
Cm?
Coll
CO;
DAPI
DFSCs
DMEM
DNA
ECM
EDC
EDTA
Fb
FBS
HA
HCI

hDFMSCs

three-dimensional

percentage

degree celsius

alkaline phosphatase

bioactive glasses

bone morphogenetic proteins
beta-tricalcium phosphate

bone tissue engineering

calcium chloride

confocal laser scanning microscopy
square centimeter

collagen

carbon dioxide
4'-6-diamidine-2-phenylindole
dental follicle stem cells
dulbecco's modified eagle medium
deoxyribonucleic acid

extracellular matrix
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride
ethylenediaminetetraacetic acid
fibrin

fetal bovine serum

hydroxyapatite

hydrochloric acid

human dental follicle mesenchymal stem cells

Page | XV



KCI
mg
MG63
min
mL
MSC
Hg

ML

pm
NaCl
nanoHA
NaOH
NHS
NIH
nm
OPN
PBS
PFA
pH
SCs
Tb
TBS
TCP
TRIS

potassium chloride
miligram

human osteoblast-like cell
minute

milliliter

mesenchymal stem cell
microgram

microliter

micrometer

sodium chloride
nanohydroxyapatite
sodium hydroxide
n-hydroxysuccinimide
national institute of health
nanometer

osteopontin

phosphate buffered saline
paraformaldehyde
potential of hydrogen
stem cells

thrombin

tris-phosphate buffered saline
tricalcium phosphate

hydroxymethyl aminomethane

Page | XVI



CHAPTER 1

Objectives and Document Structure






Chapter 1- Objectives and Document Structure

Chapter 1- Objectives and Document Structure

1.1 Objectives of the work

Nowadays, the challenges related to maxillofacial bone regeneration are the
difficulties in achieving extracelular biomimetic requirements (inorganic and organic matrix)
and inability to produce complex, but more functional cellularized structures in large 3D
scaffolds. To develop solutions for these clinical issues, the main goal of this master thesis
work is to offer a 3D collagen-nanohydroxyapatite scaffold containing human MSC-loaded
fibrin/osteopontin hydrogel in order to fully regenerate bone tissue and improve early
recovery of patients with critical maxillofacial bone defects. This biomimetic scaffold will
generate the necessary three-dimensional microenvironment to host cells and allow
proliferation, differentiation and production of mineralized extracellular matrix leading to a
final self-organized bone structure.

The fibrin hydrogel (with or without Osteopontin - OPN) and the composite 3D
biomaterial (Coll/nanoHA + fibrin/OPN gel) were loaded with human pre-osteoblast cells
(MG63) or primary human follicle MSCs (hDFMSCs) to test in vitro efficiency and safety,
the main objectives are:

» To evaluate the cellular behaviour within the modified hydrogel, direct contact assay
was performed according to ISO 10993-5:2009 with standard cell line (MG63) or
human dental follicle MSCs (hDFMSCs) that were loaded into the fibrin gel (with
OPN or not) and after that, injected into the scaffold.

» The cellular profile includes the evaluation of the cell morphology, proliferation rate
and osteogenic differentiation (Alkaline Phosphatase activity).

1.2 Document structure

This master thesis is organized into chapters. Chapter 2 addresses the literature
review, and the state of the art. Chapter 3 approaches the methodology applied in this
work, describing the biological characterization of the materials in the study. Chapter 4
presents the results obtained, and in chapter 5 their suitable discussion. Finally, chapter 6
presents the conclusions and future perspectives of the work developed.
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Chapter 2- Literature Review

2.1 Introduction

Over the past decades, bone tissue engineering (BTE) has emerged as a powerful tool
for developing new bone treatment options to overcome shortages of existing bone graft
materials and bone disease therapies. In recent years, BTE strategies have been centered
on producing bone constructs that mimic natural bone structure regarding mechanical
strength and microstructure [1,2]. In this context, the production of accurate biomaterials for
BTE should be broadly based on several components: (1) a biocompatible scaffold that
resembles extracellular matrix (ECM), (2) osteogenic cells to build the bone tissue matrix,
(3) biological clues such as growth factors to guide mesenchymal cells towards bone
phenotype, and (4) material/host interactions mediated by immune cells that favor the bone
healing [1,3,4].

Major bone defects are linked to trauma, osteonecrosis, tumor removal or congenital
disorders. The use of bone autografts continues to be the gold standard surgical treatment
for reconstructing bone defects, despite being associated to higher morbidity. This is closely
linked to the need for obtaining considerable amounts of bone from donor-site and as a
consequence the donor area is left for self-healing. However, commercially available
products are unable to reproduce the complex bone structure, resulting in undesirable
effects such as foreign body response, lack of regenerative capacity, high degradation rate,
and failure in long-term applications [5].

Synthetic bone scaffolds seeded with multipotent stem cells are used with success in
tissue engineering for bone regeneration. The stem cells (SCs) are progenitors' cells with
clonogenicity, multi-lineage differentiation and self-renewal capability. In the literature, SCs
can be originated by various oral donor tissues, for example deciduous elements, the
periodontal ligament, the dental follicle, dental pulp, apical papilla and gingival tissue [6].

Moreover, MSCs together with biomaterials, as a bone graft, possess a major
regenerative capability as a tissue engineered device and should be able to deliver higher
regenerative and remodeling capacity of the bone tissues through osteoconduction,
osteoinduction and osteogenesis properties with high levels of newly formed bone and
osteointegration [6].
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Chapter 2- Literature Review

2.2 Bone

2.2.1 Function

Bone is structurally and functionally a highly dynamic and diverse tissue that
possesses the ability to achieve a full range of functions and is able to react to a large
variety of metabolic, physical and endocrine stimuli. Bone is a complex living tissue
responsible for (1) the mechanical support and our body locomotion, (2) the regulation of
systemic acid-base balance, (3) the vital organ protection, (4) the production of biological
elements required for hematopoiesis, (5) the maintenance of the homeostasis with the key
electrolytes (via calcium and phosphate ion storage) and (6) the entrapment of dangerous
metals (e.g., lead, nickel, chromium). In addition, bone is involved in a continuous cycle of
resorption and renewal. It is subject to a steady chemical exchange and structural
remodeling as a consequence not only of internal mediators, but also external mechanical
demands [4,7-11].

2.2.2 Formation

Bone formation begins as early as the foetal stage and continues through adulthood
[11,12]. As bone is a mineralized organ, ossification is one of the most critical processes in
bone development, being controlled by two distinct mechanisms: intramembranous and
endochondral ossification, which are determined by different differentiation pathways [11-
17]. Osteochondral progenitors differentiate into osteoblasts to originate the new bone
during intramembranous ossification. During endochondral ossification, osteochondral
progenitors differentiate into chondrocytes instead and form a cartilage template of the
future bone [4,11-13]. The ossification proccess is dependent on the type of bone being
formed. Intramembranous ossification is involved in the formation of flat and irregular
shaped bones, such as the craniofacial structures including skull, mandible and maxilla.
Endochondral ossification is involved in the formation of long bones, such as the femur,
tibia, humerus, metacarpal and vertebrae [4,8,11,15,16].

2.2.2.1 Intramembranous Ossification

Intramembranous ossification occurs due to the direct differentiation of MSCs into
bone-forming osteoblasts, leading to newly formed osteoblasts that start to synthesize a
collagenous bone matrix, which later becomes mineralized [11,15-18]. Intramembranous
ossification starts from mesenchymal condensation and progresses through development of
the ossification center, followed by ossification expansion, trabecula formation, compact
bone formation and periosteum development (Fig. 1) [11,16,18]. The osteoblasts first
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appear in the condensation secrete bone matrix that forms the ossification center. The early
osteoblasts secrete osteoid, an uncalcified matrix, characterized by randomly oriented
collagen fibrils, known as woven (primary) bone. This matrix calcifies soon after, while the
osteoblasts mature and finally differentiate into osteocytes, becoming encapsulated and
entrapped into the osteoid. As osteoblasts differentiate into osteocytes, more mesenchymal
progenitor cells around the osteoid surface differentiate into new osteoblast cells to expand
the calcification center. Osteoid expansion sorrounding the capillaries results in a trabecular
matrix of spongy bone, whereas osteoblasts on the superficial layer become the
periosteum, a protective layer of compact bone. The blood vessels grow alongside with
other cells, between the trabecular bone, and form the red marrow [8,16-18].
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Figure 1- Diagrams of intramembranous ossification [16].

2.2.3 Structure

Natural bone is a physiologically mineralized type of connective tissue that achieves
its multiple diverse functions and excellent mechanical properties due to its hierarchical
manner organization, from the nano to the macro scale (Fig.2) [9,18]. At the bone
macroscopy level, two types of architecture structures are distinguished, based on their
structural, metabolic and mechanical function: cortical or compact bone and trabecular or
cancellous bone, in a ratio of 80:20 of the percentage of total bone mass of an adult
skeleton [8,11,19,20]. The first one is 80-90% mineralized, has lower blood vessel
presence and constitute the outer part of the tissue; contrarily, cancellous bone is higher
vascularizated, shows a sponge-like structure with interconnecting cavities with
approximately 75%-85% porosity and is located at the internal section of bone [8,9,18,20].
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At the microscopic level, cortical bone is composed of multiple lamellae, about 3 ym
thickness and ground substance, arranjed in concentric layers, surrounding a vertical
Haversian canal that is parallel to the long axis of the bone. Volkmann’s canals are
interconnected with the Haversian canals containing blood vessels, nerves, connective
tissue and lymphatic vessels. Between each canal, there is a small-scale cavity known as
lacunae which is interconnected with a series of tunnels called canaliculi. This hole
structure is nominated osteon or Haversian system, and it is considered the functional unit
of bone tissue [9,11,18,20]. Trabecular bone is composed of large spaces, with an
interconnected network of parallel trabecular plates. The matrix consists in a 3D network of
fine columns that interlink to each other forming the trabeculae. The spaces between
trabeculae are filled with bone marrow, blood vessels and a fibrous connective tissue layer
called periosteum that surrounds the external surface of cortical bone, while in the internal
section, a membranous structure - the endosteum - covers the surface of the cortical and
the trabecular bone [11,18-20].
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Figure 2- Hierarchical architecture of bone tissue from macroscopic to nanostructure level [21].

2.2.4 Constitution

Mammalian bone is composed by inorganic salts and organic matrix. The organic
matrix corresponds to one third of bone in weight, mainly formed by proteins where
collagen type | represents approximately 95% and the remaining 5% is composed of
proteoglycans and numerous non-collagenous proteins [7,10,11,18,19,22,23]. The bone
ECM has a 65% dry weight of mineral matrix, mainly formed of non-stoichiometric calcium
phosphate and calcium carbonate in small crystals of hydroxyapatite with nanometric size.
Binding with collagen, the non-collagenous matrix proteins serve as a scaffolding template
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for hydroxyapatite deposition whose association is responsible for the typical stiffness and
resistance of bone tissue [7,11,19,22,23]. Water is the third major component of the bone
tissue that ranges from 5 to 10% of the total bone composition. It can be bound to the
mineral-collagen composite, or it can flow freely through canalicular and vascular vessels in
bone [11,18].

Besides mineralized bone milieus, the four most important cells present in bone
matrix are: osteogenic or bone-lining cells, osteoblasts, osteocytes, and osteoclasts, whose
structure is shown in Figure 3 [7,10,11,19,23]. Osteoblasts are fully differentiated cells that
aim at the synthesis, deposition and mineralization of the bone matrix by producing a
protein mixture called osteoid, controlling calcium and mineral deposition and also
remodeling of bone. Osteocytes comprise 90-95% of the total bone cells extending
filopodial processes through canaliculi to contact neighboring cells and blood vessels,
overcoming the limited diffusion of nutrients and metabolites through the mineralized matrix.
Futhermore, they have an active role in bone remodeling, through regulation of osteoblast
and osteoclast activities. Osteoclasts are rich in mitochondrias and lysosomal vesicles that
release enzymes and acids that foster bone resorption. Osteoclasts also help to remodel
injured bones and create pathways for nerves and blood vessels to grow through. Lastly,
bone-lining cells are able to regulate calcium hemostasis, osteoclastic differentiation and
play a significant role in the bone remodeling process [7,10,11,19,23].

O
g 3
Osteogenic cell Osteoblast Osteocyte OSteObC IabSt
(stem cell) (forms bone matrix) (maintains (Fesorts bone)
bone tissue)

Figure 3- Bone tissue cells: bone-lining, osteoblasts, osteocytes and osteoclasts [7].
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2.2.4.1 Collagen

Almost 80-90% of the total proteins present in the extracellular matrix of bone tissue
are members of the collagen family, and Collagen type | comprises approximately 95% of
the total collagen content [11,24-26]. Other types of collagen, such as types lll and V, are
present at low levels in bone and appear to modulate the Collagen type | fibril diameter [26].
Each molecule of Collagen type | possesses domains with repetitions of the proline-rich
tripeptide Gly-X-Y and is typically composed of three intertwining polypeptide chains, two
identical al(l)-chains and one a2(l)-chain, with a helical twist around each other in a
characteristic triple helix [11,24-26].

Collagen fibrils are composed of tropocollagen molecules with approximately 300 nm
in length and 1.5 nm in diameter, with molecular axes parallel to fibril direction. This
structure creates an observable interval of 67 nm length called the D-band. There is a
space between two consecutive collagen molecules that measures 0.6 D or about 40 nm,
where hydroxyapatite crystals grow and are responsible for the mineralization of these
collagen fibrils (Fig. 4). After that, in a hierarchical level, the combination of multiple
collagen fibrils forms the collagen fiber [24,26].
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Figure 4- Collagen type I: hierarchical levels of the fibril organization [26].
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2.2.4.2 Hydroxyapatite

Hydroxyapatite (HA), (Caio(PO)s(OH),) is considered the most important inorganic
constituent of bone, containing about 70% in dry weight of bone tissue. It is observed as
tiny nanocrystalls of apatite platelets, often about 15—-200 nm long, 10—-80 nm wide and with
thickness of 2-7 nm. The formation of HA particles is named as mineralization process
where collagen fibrils act as a template for nucleation and modulation of HA particles
favouring the crystalls’ growth within the collagen fibrils [11,12,28,29].

2.2.5 Bone Repair Process

Bone tissue, when injured, possess a unigue ability to self-heal without the formation
of scar tissue. Bone fracture regeneration occurs via a cascate of signaling molecules and
involves the coordination of biological responses such as the progenitor cells recruitment
along with inflammatory, endothelial and hematopoietic cells, followed by a sequence of
events similar to intramembranous long bone formation. Fracture healing undergoes four
histologically distinguishable stages as displayed at Figure 5, such as the hematoma
formation, fibrocartilaginous callus formation, bony callus formation and bone remodeling.

At the fracture point, after disruption of the bone tissue integrity and disintegration of
blood vessels a formation of a hematoma occurs, immediately followed by an inflammatory
response. After that, the fibrin blood clot with the inflammatory signaling molecules will form
a temporary disorganized tissue to provide primary mechanical support and allow cell
ingrowth, being the basis for the new bone formation. Subsequently, bone repair is initiated
with the replacement of the hematoma by external soft tissues and cartilage. This biological
phase is denominated as fibrocartilaginous callus formation, providing mechanical support
and stabilization of the fracture site. Besides this, the soft callus is gradually remodeled and
replaced by a bony callus where osteoprogenitor cells differentiate into osteoblasts and
form a mineralized bone matrix. Bone remodeling, the final stage of the repair process,
involves transforming the woven bone into lamellar bone at the center of the bony callus,
providing the blood circulation and reestablishment of functional bone structure
[4,7,14,30,31].
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Figure 5- Stages of bone fracture healing mechanism [7].

2.2.5.1 Osteopontin in Bone Repair

Osteopontin (OPN) represents 1-2% of the non-collagenous proteins present in bone
matrix consisting of about 300 amino acids. In bone, OPN is synthesized in the last stages
of osteoblastic maturation, relating to time of matrix formation and it appears in high
concentrations in the lamina limitans that underlies bone lining cells and also along the
cement lines. Once the process of bone resorption is concluded osteoclasts also express
OPN. The presence of OPN attracts osteoblasts to the bone resorption sites and promotes
bone matrix deposition to fill the cavity. For this reason, OPN could also be used as a
cytokine to mediate the attachment and communication between osteoblasts and
osteoclasts [32-34].

OPN is a highly charged and phosphorylated protein characterized by having a fairly
high affinity to calcium, modulating the nucleation of calcium phosphate during bone
mineralization, and also by regulating the growth, shape and size of HA crystals [32,33,35].
Thus, OPN promotes fiber matrix bonding with the attachment of fibroblasts to plastic or
glass substrates and fibronectin to collagen, thereby enhancing bone’s resistance to
fracture, as well as act as a bridge, in the case of microcracks formation where OPN inhibits
crack propagation [18,32].
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2.3 Bone Tissue Engineering

Tissue engineering is described as a multidisciplinary field of science that conjugates
integrative approaches providing alternative strategies to improve or replace biological
tissues. As a new area with a clinical prospect, bone tissue engineering (BTE) is based on
the comprehension of bone structure, bone mechanics, and tissue growth. It is an emerging
field that aims to overcome the limitations of conventional therapies, becoming a hopeful
approach for bone regeneration. Biomaterials constructs such as 3D scaffolds play a crucial
role for bone repair applications, mimicking the structure and function of the natural bone
ECM, providing an environment to induce cellular adhesion, proliferation and differentiation,
overcoming the current problems of replacing lost tissue function and boosting
neovascularization and bone tissue regeneration [4,36-40].

2.3.1 Scaffolds

Scaffold’s biomaterials can be described as a 3D temporary supporting framework
structure able to mimic the natural tissue ECM in order to promote cell migration, adhesion,
proliferation and matrix deposition forming a bone tissue-like substitute. This porous
scaffold structure also allows the supply of nutrients, oxygen, removal of the cellular
metabolism products, and controlled delivery of molecules of interest (drugs and growth
factors). To promote higher pro-regenerative tissue response, there are several important
requirements that scaffolds should follow. Below are described some important properties
when designing or producing a scaffold for tissue engineering application [22,36,41].

I.  Biocompatibility

Biocompatibility is a requirement of crucial importance in the selection of a scaffold for bone
tissue engineering. The scaffold should replace the damage/loss of bone tissue, promote
new tissue ingrowth and prevent specific immune reactions (such as antigen-antibody
response) and severe inflammatory responses capable of reducing healing or causing
rejection by the body. Hence, an ideal scaffold must have excellent biocompatibility to
ensure cell survival and allow for successful integration into the host tissue without
citotoxicity effects [22,42].

II.  Biodegradability
The aim of tissue engineering is to offer a non-permanent scaffold that acts as a cell

delivery vehicle. Consequently, the scaffold must be biodegradable in a timely manner that
allows the body's own cells to replace the implanted material by producing their own ECM.
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Also, by gradually transferring loads, the 3D scaffold matrix should degrade at a similar rate
of the tissue ingrowth. Thus, scaffold materials and their degradation products should not
present toxic effects and be able to be removed from the body without interfering or causing
damage to other organs or tissues [22,42].

I1l.  Scaffold architecture

The scaffold architecture possesses a great importance once it is mandatory to have
a 3D interconnected and highly porous structure to ensure cell adhesion and ECM
deposition, as well as allow the flow of nutrients, oxygen and metabolic waste products
removal. For bone tissue the average pore size of the scaffold is another key parameter
and should follow a bimodal distribution (micro- and macroporous), being large enough to
provide cell migration and neovascularization of the inner scaffold’s architecture and also
small enough to offer a sufficiently high surface area and favor protein adsorption
[38,40,42].

IV.  Mechanical properties

Scaffolds should be resistant enough to support surgical procedures and mechanical load
immediately after implantation until the completion of the final remodeling process. Ideally,
the scaffold should have mechanical properties consistent with the anatomical implantation
site and possess a balance between mechanical properties and porous architecture to
allow normal cellular function and vascularization [22,42].

2.3.2 Biomaterials

In BTE, two main categories of materials are used to produce scaffolds, including
natural (organic), synthetic (artificial) materials with distinct scaffold structures that can be
obtained from their materials’ source, as showed at Figure 6. Each category of materials
displays advantages and disadvantages. Metallic materials have higher mechanical
properties when compared to the natural bone, causing stress shield which consequently
lead to bone resorption, also presenting non-biodegradable behaviour [28]. Ceramic
materials have been widely used for scaffold bone regeneration applications due to their
excellent mechanical and physical properties (e.g. elastic modulus, compressive strength),
bioresorbability (degradation rate), thermal stability and corrosion resistance. Nonetheless,
some may cause chronical inflammatory response, low ductility (brittle materials) and
guestionable cell-matrix interaction. In comparison to synthetic polymers, natural polymers
have as major advantages their similarity with the native ECM, biocompatibility,
biodegradability and bioactivity. On the other hand, these materials may show
uncontrollable degradation rate, and inadequate mechanical properties. Thus, the
combination of polymers with bioceramics may result in composite structures with
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enhanced biological response and mechanical behavior, which are fundamental properties
for the scaffolds used in BTE [38,39,43].
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Figure 6- Classification of biodegradable polymers commonly used in biomedical applications
based on their source (natural, synthetic, or semi-synthetic) [43].

2.3.2.1 Polymer/Bioceramic Scaffolds

Scaffolds made of ceramic materials are typically characterized by having a high
mechanical stiffness (Young's modulus), very low elasticity, a hard and brittle structure.
Bioceramics, such as HA, TCP, B-TCP and BGs, show excellent biocompatibility and have
been commonly used in bone regeneration due to their chemical and structural similarity
with the mineral phase (natural apatite) of the bone matrix. Futhermore, the interactions
of bone cells with ceramics’ surface favour an enhancement in osteoblast attachment,
proliferation and overall implant osteointegration [28,38,42].

Recently, a newly developed nanocrystalline hydroxyapatite (10-100 nm) has been
introduced in the composition of scaffolds and has received much attention because of its
superior functional properties over its microscale counterpart, particularly higher surface
reactivity and ultra-fine structure. Also, the presence of synthetic nanoHA in scaffolds is
extremely advantageous since the bone has similar particle size within its natural structure.
Those nanoparticles are also biocompatible, bioactive, biodegradable, osteoconductive,
osteoinductive, nontoxic, non-inflammatory and a non-immunogenic agent and responsible
to promote higher adhesion, proliferation and differentiation of progenitor cells, supporting
bone ingrowth within a short period of time [11,12,28].
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Despite its many advantages, pure nanoHA clinical applications for BTE has been
limited because of its brittle characteristic , difficulty in shaping for implantation, and as the
new bone is formed in a porous structure, HA network cannot sustain the mechanical
loading needed for remodeling and it is restricted to low load-bearing applications. To
overcome this limitation, nanoHA should be combined with a variety of other materials,
such as collagen and reinforce the polymer matrix, mimicking the natural bone matrix
[11,12,28].

Collagen is a natural polymer material that unlike scaffolds synthetically polymer-
based usually promotes great cell adhesion and growth. Moreover, due to its binding
capacity, it could be used in delivery systems for drugs, growth factors or cells. Therefore,
collagen’s biodegradability, solubility, tensile strength, mediation of intracellular interactions,
stability, low immunogenicity and the possibilities for large-scale production, make it a
significant biomaterial suitable for a widespread industrial use in orthopedic applications
[44,45]. Nevertheless, pure collagen-based scaffolds have poor mechanical properties and
are vulnerable to substantial gel contraction and unstable geometrical properties throughout
cell culture [38,43].

Hence, in order to improve the mechanical and biological characteristics of the scaffold
and achieve the ideal requirements needed, collagen and nanohydroxyapatite can be
combined, increasing the mechanical properties, with a highly porous and interconnected
structure, and also an improved permeability which benefits cell infiltration and subsequent
vascularization. As a result, this highly porous biomimetic polymer/bioceramic composite
scaffold offers a potential solution for BTE application [38,46].

2.3.3 Hydrogels in Bone Tissue Engineering

Hydrogels are described as a 3D network of crosslinked hydrophilic polymer chains,
commonly referred to as a mesh, with 60-90% of water content that fills the space between
the network of polymer chains and the centre of the larger pores. Under physiological
conditions, the meshes hold the fluid and through expansion and contraction of the
hydrogel an elastic force is imparted, being responsible for its solid soft consistency,
analogous to living bone tissues [47-49]. The 3D physical integrity of hydrogels in aqueous
conditions is guaranteed by chemical and/or physical crosslinking [50].

Hydrogels embody an ideal carrier for a wide range of applications in the bone tissue
engineering field, once they are greatly used to transport cells and drug for controlled
delivery promoting higher bone regeneration. Also, they have low cytotoxicity, desirable
biodegradability, biocompatibility, can be sterilized, sorption capacity, injectable capability,
low interface tension with aqueous media, swelling/deswelling behaviour, high ionic
conductivity, high permeability and high environmental sensitivity [47,48,50-52].
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Figure 7- Hydrogel chemical structure representation [48].

2.3.3.1 Classification of Hydrogels

Hydrogels” classification depends on their physical properties, polymeric
composition, method of preparation, nature of swelling, network ionic charges,
biodegradation rates and type of cross-linked bonding [44,48]. They can be designed from
a wide variety of material sources, from totally synthetic to natural, expanding their
versatility. Natural hydrogels are proteins or polysaccharides derived from biological
resources, such as collagen, albumin, gelatin, fibrin, hyaluronic acid, chitosan, dextran,
agarose, and alginate. These materials have good biocompatibility, biodegradability, low
immune response and are non-toxic, resembling native bone structures. Futhermore,
hydrogel natural constructs allow cell adhesion, proliferation, differentiation and new tissue
regeneration, being absorbed through a metabolic or enzyme-controlled degradation.
Nevertheless, like any other natural material, there are some drawbacks such as low
reproducibility, stability, poor mechanical strength and stifness [44,49-51].

Synthetic hydrogels biomaterials are prepared through chemical reactions, showing
a defined structure, long shelf stability, reproductibility and large-scale production. However,
they possess poor biocompatibility and bioactivity, when compared to natural materials and
therefore, synthetic hydrogels could be used blended with natural materials and chemical
clues to compensate each of those disadvantages and to offer a hydrogel with increased
biological response [44,50].
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2.3.3.2 Fibrin-based Hydrogel

Fibrin is described as a natural fibrous protein which possesses distinguished
advantages derived from their exclusive biological and physical properties, being an
excellent candidate for tissue engineering field applications [51-54]. Immediately after an
injury occurs, the coagulation cascade initiates and the clotting enzyme thrombin induces
polymerization of soluble fibrinogen into an insoluble fibrin mesh, which alongside with
platelets form a blood clot. This 3D fibrin scaffold acts as a temporary structure for cells,
establishing hemostasis and also deposition of a new ECM, being critical in wound healing
repair. Furthermore, fibrin contains numerous specific bonding sites for cell-matrix
interactions promoting cell infiltration, fibroblast proliferation and angiogenesis. Fibrin-based
hydrogels also have the advantage of being an excellent biocompatible fully injectable
hydrogel, capable of filing any shape or geometry gaps. However, low mechanical
properties and high enzymatic degradation rate are the major disadvantages of fibrin
hydrogels [49,53-55].

Fibrin is the polymer of fibrinogen molecules, naturally present in blood plasma and
is composed of two sets of three different polypeptide chains, namely Aa, BB, and y. When
the thrombin-mediated cleavage of the N-terminal fibrin peptide is completed, a branching
of fibrin protofibrils is synthesized and then a 3D network of fibrin strands is formed. The
originated structure is inherently weak, however its long-term stability, structure, and
mechanical strength can be enhanced through different methods such as modification of
fibrinogen, Ca?* and thrombin concentrations, proteins incorporation, temperature, pH, and
crosslinking agents (e.qg., fibronectin or factor Xlll). Therefore, highly concentrated thrombin
and fibrinogen environments result in thin fibres with many branching points and a
geometry with small pore size, leading to a less porous and permeable matrix for oxygen
and nutrients diffusion and cell viability. Although, lower thrombin concentrations are
associated with shorter gelation times, resulting in thick fibres with low branching points and
larger pores, offering a highly porous network. Biologically, the high porous network has a
direct impact on the cellular response. Studies suggest that low fibrinogen concentrations
lead to an increase in cell proliferation, while high fibrinogen concentrations promote an
increase in cell differentiation. Nevertheless, higher contents of fibrinogen lead to a
decrease in final mechanical properties [49,53,54].

2.3.3.3 Fibrin-based Hydrogel in Bone Tissue Engineering

In bone tissue engineering, fibrin-based hydrogels arise as potential solutions for
healing injured tissues not only due to their critical homeostatic properties, but also through
the enhancement of the initial mechanical support that will allow angiogenesis, and
subsequently the promotion of cell infiltration and long-term tissue remodelation. In addition,
in wound repair, fibrin reduces blood loss, establishes a barrier against microbial infection,
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and offers a biodegradable autologous scaffold, crucial in cell activity during the defect
repair. Thus, fibrin-based hydrogels can have applications for bone tissue engineering
applications as a delivery vehicle for cells, antimicrobial agents and growth-factors, or as
injectable fibrin polymerized within scaffolds, films or thin layers to repair defect problems
[54,56].

2.3.4 Cells

A successful approach in tissue engineering implies the combination of three pillars:
(a) cells (stem cells or progenitor cells), representing the essential structural unit of any
tissue that will be responsible for synthesizing the new tissue matrix; (b) biological factors
(GF/ BMPs) to guide cellular activity and promote tissue formation; and (c) an ECM support
such as scaffolds, as material structure necessary for cell adhesion, proliferation and
differentiation. Vascularization is also a key element in providing oxygen and nutrients for
the cells” viability, and to remove waste products [57,58].

2.3.4.1 Human Dental follicle Stem Cells (hDFSCs)

Synthetic bone scaffolds seeded by multipotent stem cells are widely used in bone
tissue regeneration due to their capability of mimicking biological processes. The
mesenchymal stem cells (MSCs) are progenitors with clonogenicity, multi-lineage
differentiation and self-renewal capability. In literature, MSCs can be found in a number of
adult tissues, including bone marrow, adipose tissue, peripheral blood, muscle, skin,
intestine, endometrium, pancreas, brain and hair follicles, as well as in various oral donor
tissues, for example deciduous elements, the periodontal ligament, the dental follicle, dental
pulp, apical papilla and gingival tissue [6,57,59,60].

The source of MSCs has a crucial role in the outcomes of BTE, therefore, in recent
years, the easy accessibility and harvest, high proliferation capacity, and multidirectional
regenerative potential make hDFMSCs an important source of MSCs for clinical
applications in BTE. hDFMSCs are typically isolated from the dental follicle of human third
molars, which is a loose ecto-mesenchyme-derived connective tissue sac surrounding the
developing tooth germ prior to eruption. These spindle-shaped cells possess the capacity
for non-limited self-renewal and multipotent potential to differentiate into mesodermal,
ectodermal, and endodermal lineages, including, odontoblasts, cementoblasts, periodontal
ligament cells, osteoblasts, chondroblasts, epithelial cells, adipocytes, vascular cells,
neuronal cells and muscle cells. Thus, DFSCs combined with 3D-engineered scaffolds
show excellent regenerative capabilities, via the release of osteogenic growth factors and
stimulation of the migration and differentiation of host osteoprogenitors, providing a new
therapeutic approach to improve the formation of new bone and osteointegration
[6,39,57,60].
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3.1 Materials

Collagen type | from Achilles’s tendon bovine, phosphate buffered saline (PBS), Human
Osteopontin (OPN), p-nitrophenol phosphate, trypsin EDTA, paraformaldehyde (PFA),
Triton X100, 4'-6-diamidine-2-phenylindole (DAPI), sodium hydroxide (NaOH), sodium
chloride (NaCl), potassium chloride (KCI), hydroxymethyl aminomethane (TRIS), [-
glycerophosphate, dexamethasone and tris-phosphate buffered saline (TBS) were
purchased from Sigma-Aldrich (St. Louis, USA). Hydrochloric acid (HCI), 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and
rabbit anti-human Osteopontin (AB 1870, 1:500) were obtained from Merck (Germany).
Nanohydroxyapatite aggregates (nanoHA- nanoXIM.HAp202) was provided from Fluidinova
S.A (Maia, Portugal). Fetal bovine serum (FBS), penicillin and streptomycin were provided
from Gibco (Waltham, Massachusetts, USA). Culture cell medium Dulbecco's Modified
Eagle Medium (DMEM) was acquired from HyClone. Quant-iT™ Picogreen® DNA assay
kit, Thermo Scientific™ Pierce™ BCA Protein Assay Kit, Alexa Fluor-conjugated Phalloidin
594 nm and Alexa Fluor 488 goat anti-rabbit IgG secondary antibody were purchased from
Invitrogen (Molecular Probes, USA). Vectashield was acquired from Vector laboratories
(United Kingdom).

3.2 Fibrin Hydrogel (with and without OPN)

3.2.1 Preparation of Fibrin Hydrogel

A Fibrinogen solution (Fb) was obtained by dissolving in Tris-buffered saline (TBS
was prepared by mixing 134 mM of NaCl, 2.7 mM of KCIl and 33 mM TRIS, pH 7.4, in a
concentration of 20 mg/ml (30 pL/scaffold)). A work solution containing thrombin (Tb) and
CacCl; [final concentration of 2 National Institute of Health (NIH) U/ml thrombin from human
plasma; 2.5 mM CacCl,] was prepared for a final volume of 60 uL/scaffold. After cell loading,
Fb was gentle mixed in a proportion of 1:2 with the Th/CaCl, work solution. The fibrin gel
crosslinking was induced at a 37°C incubator with a CO, atmosphere for 30 minutes.

3.2.2 Preparation of OPN

Human Osteopontin (OPN, recombinant, expressed in NSO cells, 295% (SDS-
PAGE), Merck, France)) solution was obtained by dilution in tris-phosphate buffered saline
(TBS) with pH of 7.4, at concentration of 100 pg/mL.
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3.2.3 Preparation of Fibrin - OPN Hydrogel

The OPN solution (10 uL of 100 pug/mL solution) was initially mixed with a fibrinogen
solution (20 mg/mL) before adding it to the thrombin/CaCl, and cells solution (final
concentrations: 6.3 mg/mL of Fb, 2 NHI U/mL of Th, 2.5 mM of CaCl,, 10 pg/mL of OPN
and cells).

3.3 In vitro biological studies

3.3.1 Establishment of Stem Cell Cultures from the Human Dental
Follicle (hDFMSC)

Previously, human dental tissues fragments (follicle tissue) were obtained, digested
and hDFMSCs were isolated by adherent culture on plastic tissue culture substrates. After
confluence, cells were separated and characterized by flow cytometry and gPCR analysis
[61]. Human follicle MSCs were cultured in a basic cell culture medium and kept at 37°C in
a 5% carbon dioxide (CO,) atmosphere.

3.3.2 Cell Culture

Human osteoblast-like cells (MG63; ATCC) and human dental follicle mesenchymal
stem cells (hDFMSC; isolated from patient tissue) were cultured in Dulbecco's Modified
Eagle Medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (3x10* mol/L and 5x10* mol/L), maintained at 37°C and 5% of carbon dioxide
(CO,). After cell confluence of 90% on T flask (75 cm?; Nunc), cells were washed with PBS
solution, detached with trypsin solution (0.5%) at 37°C for 5 min, and counted using a
Neubauer chamber. Cells were loaded into the hydrogel in a concentration of 1.5x10°
cells/scaffolds.

3.3.3 Cellular Proliferation Assay

DNA content was measured using the Quant-iT™ Picogreen® DNA assay according
to the manufacturer’s instructions. After each time-point, scaffolds were washed with PBS
and then incubated with 0.5 ml of ultra-pure water at 37°C and 5% CO, for 1 h.
Subsequently, scaffolds were placed in a freezer at —20°C until the end of the experiment
and then thawed at room temperature to lyse all the cells membranes. The scaffolds were
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cut into pieces with a scissor and vortexed for 20 seconds, after that, the solution was
centrifuged with 2000 rpm for 5 min. The supernatant with the lysed cells was collected (20
pl) and incubaded with Picogreen® solution. Lastly, the fluorescence intensity was
measured with a microplate spectrofluorometer (SynergyMx, BioTek) at 480 and 520 nm
excitation and emission, respectively. The results were expressed in nanograms of DNA
per milliliter.

3.3.4 Cellular Differentiation Assay and Protein Quantification

The alkaline phosphatase activity (ALP) was measured as quantitative analysis for
early osteogenic characterization. The same supernatant with the lysed cells obtained as
described above (Subsection 3.3.3) was used for the enzyme activity and total protein
content protocol. The ALP enzyme activity was followed through substrate hydrolysis, using
p-nitrophenol phosphate, in alkaline buffer solution, (pH=10). After 1 hour of incubation, at
37°C, the reaction was suspended by adding NaOH (0.02 M) and the p-nitrophenol was
guantified by absorbance at 405 nm, using a plate reader (Synergy MX, BioTek). Lastly, the
ALP results were expressed in nanomoles (hmol) of p-nitrophenol produced per minute
(min). The ALP activity results were normalized to total protein content and were expressed
in nanomoles of p-nitrophenol produced per minute per mg of protein. Total protein content
was measured by Lowry’s method (Thermo Scientific™ Pierce™ BCA Protein Assay Kit)
with bovine serum albumin used as standard. Results were expressed in miligrams of
protein concentration per milliliter.

3.3.5 Confocal Laser Scanning Microscopy (CLSM)

Two samples from each time-point were fixed with 4% paraformaldehyde and
incubated for 30 min at room temperature. After that, the materials were incubated with
0.1% Triton X100 solution for 30 min at room temperature and then washed twice with 1%
bovine serum albumin (BSA) in PBS. The samples were then incubated for 1 hour into BSA
solution. The cells’ cytoplasm (actin fibers) was stained with Alexa Fluor-conjugated
Phalloidin 594 nm (dilution of 1:200) for 1 h at room temperature and under darkness and
nuclei were stained with DAPI (4'-6-diamidine-2-phenylindole at 0.2%) for 5 min.

For human osteopontin immunostaining, identical protocol was performed for the cell
membrane's permeabilization and to block non-specific binding as described above.
Samples were then incubated with rabbit anti-human Osteopontin (AB 1870, Merck,
Portugal, 1:1000) overnight at 4°C. This procedure was followed by 1 h incubation with
Alexa Fluor 488 goat anti-rabbit 1IgG secondary antibody (1:1000). Samples were
subsequently washed and nuclei were counterstained with 1 ug mL™ DAPI for 10 min at
room temperature. All samples were covered by Vectashield. Images were acquired with
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excitation lasers of 405, 488 and 594 nm and evaluated by Confocal Laser Scanning
Microscopy (CLSM, Leica SP2 AOBS SE camera).

3.3.6 Statistical Analysis

Data were presented as mean and standard deviation, and they were analysed using
the two-way ANOVA test (GraphPAD software). Differences between groups and time-
points were considered statistically significant when p < 0.05.

3.4 Preparation of Collagen/nanohydroxyapatite Scaffolds

Coll/nanoHA scaffolds were obtained from the cryogelation technique. Initially type |
insoluble collagen was swelled overnight in 10 mM chloride acid (HCI) solution at 4°C at a
concentration of 2 % (w/v). Then, the dispersion was homogenized (Ultra Turrax T25, IKA)
at 11000 rpm for 1 h.

Coll/nanoHA composite cryogel was set with 5 ml of collagen slurry diluted in 4.5 mL of
HA (nanometric), suspended in 10 mM chloride acid (HCIl). The dry powder of HA
(nanoparticles) were mixed with the chloride acid solution in a specific ratio (2%) and vortex
to homogenize (final composition Coll/nanoHA 50:50).

For the preparation of cryogels, 20 mM NHS and 40 mM EDC were added to the
collagen slurry and promptly transferred to a syringe (5 ml) that was used as a mold. This
solution was kept in a freezer at -18°C for 24 hours to conclude the crosslinking.

Lastly, the scaffold was thawed at room temperature and, afterwards, the samples were
washed with distilled water. The samples were frozen overnight at -80°C and dried with a
freeze-dryer (Labconco, FreeZone 6) at 0.1 bar for 24 h. The Coll/nanoHA samples were
cut with a surgical blade with 4 mm width.

3.5 Preparation of Coll/nanoHA - Fibrin Hydrogel composite

The Coll/nanoHA cryogel scaffolds were produced as described above and cut into
discs (10 mmx4 mm). In some samples, the fibrin hydrogel (with and without OPN) with a
total of 1.5x10° cells/scaffold (MG63 or hDFMSC) were gently pipetted up and down within
each scaffold. As a control, both cell types were centrifuged and concentrated in a small
volume (1.5 x10° cells/10 pl) and dropped into the scaffold. Subsequently, the scaffolds
were placed inside a non-tissue culture 24-wells plate for 30 minutes at a standard
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incubator (37°C, 95% humidified air and 5% v/v CO,) to allow cell adhesion and hydrogel
crosslinking.

Afterwards, the wells were filled (1 mL) with basic cell culture medium and incubated
at time-points of 3, 7, 14 and 21 days. This osteoinductive cell culture medium was
prepared with Dulbecco's Modified Eagle Medium with 10% FBS, 1% P/S, 10 mM of 8 -
glycerophosphate and 0.1 mM of dexamethasone (Appendix B). The osteoinductive
medium was added after 3 days of scaffolds incubation. The both cell culture mediums
were changed every 3 days.

These experiments were aimed at evaluating MG63 and hDFMSC cells proliferation and
differentiation within the biomaterials, measuring the cells DNA concentration and the
alkaline phosphate activity (osteogenic differentiation).
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4.1- In vitro Biological Studies: MG63

4.1.1- DNA Quantification Assay

MG63 cells proliferation rate within Coll/nanoHA Fb, Coll/nanoHA_Fb-OPN, and
Coll/nanoHA 3D scaffods, was assessed by DNA quantification and it is shown in Figure 8.
It is worth noticing the rise in the DNA concentration within Coll/nanoHA_Fb and
Coll/nanoHA samples along the time. The two-way ANOVA test statistical analysis was
performed for all the samples and no statistical differences were noted among different
samples at the same time-point. Furthermore, Coll/nanoHA Fb-OPN scaffold showed
increase of DNA content after 7 and 14 days.
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Figure 8- Total DNA content of MG63 cells within Coll/nanoHA_Fb, Coll/nanoHA_ Fb-OPN, and
Coll/nanoHA biocomposite scaffolds after 3, 7 and 14 days of culture in basic medium. Statistical
differences between samples from different time-points, *p <0.05 and **p <0.01.

4.1.2- Total Protein Content

Figure 9 shows the total protein content for MG63 cultured within Coll/nanoHA_Fb,
Coll/nanoHA_Fb-OPN and Coll/nanoHA, during 3, 7, and 14 days. Total protein content
showed high increase within Coll/nanoHA_Fb-OPN composite scaffold after 7 and 14 days.
Coll/nanoHA_Fb biocomposite protein content also showed a tendency to increase with
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time, as oposed to Coll/nanoHA scaffold that showed a tendency to decrease. Moreover,
the highest protein concentrations were observed for Coll/nanoHA Fb-OPN scaffold in the
time span following 14 days of culture.
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Figure 9- The total protein concentration for MG63 cells (ECM) within Coll/nanoHA_Fb,
Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds after 3, 7 and 14 days of basic
culture. Statistical differences between samples from different time-points, *p <0.05 and ****p
<0.0001.

4.1.3- Alkaline Phosphatase (ALP) Activity

The assessment of ALP activity was conducted with osteoblast-like cells (MG63)
following 3, 7 and 14 days of culture within Coll/nanoHA_Fb, Coll/nanoHA_Fb-OPN, and
Coll/nanoHA composite scaffolds. ALP is a quantitative criterium of early cell differentiation,
and is consequently, an early sign of osteoblastic phenotype [62]. As shown in Figure 10,
Coll/nanoHA _Fb-OPN was the sample with the highest enzyme activity after 3 days.
However, after day 7 and day 14, ALP activity showed a slight decrease. Thus, the ALP
activity was slightly higher for Coll/nanoHA Fb-OPN scaffold in comparison to other
samples, but the statistical test did not show any differences among samples and time-
points (two-way ANOVA — p >0,05).
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Figure 10- ALP activity of MG63 osteoblast-like cells culture within Coll/nanoHA_FDb,
Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds after 3, 7 and 14 days of culture.
Statistical differences (p >0,05) were not observed.

4.1.4- Confocal Laser Scanning Microscopy

The morphology and the human proteins secreted by MG63 cells were evaluated by
the immunostaining of human OPN and cytoplasm actin (phalloidin) within Coll/nanoHA_Fb
and Coll/nanoHA_Fb-OPN biocomposite scaffolds after 3, 7 and 14 days of culture. CLSM
images on Figure 11 show that OPN protein is well distributed within all the
Coll/nanoHA_Fb-OPN scaffold. Besides, the presence of OPN was more evident on the
periphery of the OPN- modified scaffolds which seemed to follow the irregularities of the
materials’ surfaces in accordance with the higher number of cells covering this pore walls
area, when compared to Coll/nanoHA scaffold without OPN. Furthermore, CLSM images
also corroborate that the scaffolds without OPN had fewer cells when compared to
scaffolds with OPN. Hence, MG63 cells cultured within Coll/nanoHA Fb-OPN secreted
ECM with higher presence of human OPN on the material's surface.
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Figure 11- CLSM images showed the human ECM (osteopontin) of MG63 after 3, 7 and 14 days of
culture within Coll/nanoHA_Fb scaffold (with and without OPN). MG63 nuclei were stain in blue and
human OPN in green. Scale bar: 100 ym.

MG63 osteoblast-like cells normal morphology and distribution on Coll/nanoHA is
shown at Figure 12 [63]. The cells presence within Coll/nanoHA_Fb and Coll/nanoHA_Fb-
OPN biocomposite scaffolds were observed using CLSM after 3, 7 and 14 days of culture.
In Figure 13, it is possible to observe that the cell ingrowth seems to follow the irregularities
of the materials’ surface, covering the pore walls of both scaffolfds. At day 14, both
biocomposite scaffolds surfaces and macropores walls were almost completely covered by
cells that formed continuous cell layers in some regions. Besides that, it should be
observed that at this time-point the Coll/nanoHA_Fb-OPN scaffold show the highest cell
viability and density. Also, cells in two different morphologies can be distinguished: one
spread and well adhered, entirely covered the scaffolds surfaces in early stages of culture
and another round and agglomerated, at the late stage of culture. Furthermore, within
Coll/nanoHA_Fb-OPN scaffold, MG63 cells start to aggregate and present a less spread
distribution.
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Figure 12- CLSM image of MGG63 osteoblast-like cells cultured within Coll/nanoHA (50:50)
biocomposite scaffolds after 21 days of culture (normal morphology). Image cortesy of [63].

3 days 7 days 14 days

Coll/nanoHA_Fb scaffold

Coll/nanoHA_Fb-OPN scaffold

Figure 13- CLSM images showed the morphology of MG63 after 3, 7 and 14 days of culture within
a Coll/nanoHA_Fb scaffold (with and without OPN). MG63 nuclei were stain in blue and cytoplasm
(actin filaments) in red. Scale bar: 100 ym.
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4.2- In vitro Biological Studies: hDFMSCs

4.2.1- DNA Quantification Assay

hDFMSCs proliferation rate on Coll/nanoHA_Fb, Coll/nanoHA Fb-OPN, and
Coll/nanoHA 3D composite scaffolds, estimated by DNA extraction quantification is showed
in Figure 14. It was possible to observe that hDFMSCs exhibited the highest overall
proliferation rates in Coll/nanoHA_Fb-OPN biocomposite in comparison to other samples.
Moreover, after 14 and 21 days of culture total DNA content was three and two fold higher,
respectively, when compared to 7 days of culture. Different proliferation rate was observed
in Coll/nanoHA_Fb with a decrease in the DNA concentration from day 7 to day 14 of
culture. In the same material, from day 14 to 21 a slight increase was noticed, although it
was not statistically different. Coll/nanoHA scaffold show similar results during all time of
culture, with non-statistical differences, but a slightly increase is observed in the total DNA
content from day 14 to 21.
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Figure 14- Total DNA content expression of hDFMSCs proliferation rate in Coll/nanoHA_Fb,
Coll/nanoHA_Fb-OPN, and Coll/nanoHA biocomposite scaffolds for 7, 14 and 21 days of culture in
basic medium. Statistical differences between samples from different time-points, *p <0.05, **p
<0.01 and ***p <0.001.
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4.2.2- Total Protein Content

The total protein content of Coll/nanoHA Fb, Coll/nanoHA Fb-OPN and
Coll/nanoHA scaffolds with hDFMSCs cultured for 7, 14, and 21 days is shown in Figure 15.
Statistical differences were observed between Coll/nanoHA_Fb and Coll/nanoHA from day
7 to 21 and Coll/nanoHA_Fb-OPN for all time points. Moreover, higher protein
concentrations were observed within the Coll/nanoHA_Fb-OPN scaffold presenting a peak
at day 14, followed by a decrease at later time-point. Coll/nanoHA Fb and Coll/nanoHA
biocomposite scaffolds showed a decrease of the total protein content from early time-
points of culture (7 days) to the later ones (21 days).
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Figure 15- The total protein secreted by hDFMSCs (ECM) in Coll/nanoHA Fb, Coll/nanoHA Fb-
OPN, and Coll/nanoHA biocomposite scaffolds after 7, 14 and 21 days of culture. Statistical
differences between samples from different time-points, *p <0.05, *** p <0.001 and ****p <0.0001.

4.2.3- Alkaline Phosphatase (ALP) Activity

The osteogenic differentiation of hDFMSC within Coll/nanoHA_Fb, Coll/nanoHA_Fb-
OPN, and Coll/nanoHA biocomposite scaffolds was assessed by measuring the ALP
activity after culture for up to 21 days. ALP is present as a membrane marker of all types of
stem cells and it is also an earlier marker of osteogenic differentiation. The two-way
ANOVA statistical test was performed for the different samples and time-points, as shown
in Figure 16. Statistical differences of ALP activity were observed for hDFMSCs cultured
within Coll/nanoHA_Fb-OPN biomimetic scaffold and showed an increase of the enzyme
activity after 7 days, regarding an early stage of differentiation, and after 21 days regarding
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a later osteogenic maturation. Coll/nanoHA and Coll/nanoHA_Fb samples followed the
same pattern, although Coll/nanoHA Fb 3D composite scaffold showed a small decrease
of ALP activity at day 14.
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Figure 16- ALP activity of hDFMSCs cultured within Coll/nanoHA Fb, Coll/nanoHA_Fb-OPN, and
Coll/nanoHA biocomposite scaffolds after 7, 14 and 21 days. Statistical differences between
samples from different time-points, *p <0.05, *** p <0.001 and ****p <0.0001.

4.2.4- Confocal Laser Scanning Microscopy

The cellular morphology and the human proteins secreted by hDFMSCs were
evaluated by the staining of cell actin cytoplasm and human OPN within Coll/nanoHA Fb,
Coll/nanoHA_Fb-OPN and Coll/nanoHA biocomposite scaffolds after 7, 14 and 21 days of
culture. CLSM images at Figure 17 show that in Coll/nanoHA_Fb-OPN scaffold, hDFMSCs
presented in early stages of cell culture are spread and present lower amounts of OPN
protein. However, at later stages (21 days), cells are more aggregated and secreted more
human OPN, creating a peripheral continuous layer. Furthermore, CLSM images also show
that on Coll/nanoHA_Fb and Coll/nanoHA 3D biocomposite scaffolds, at 7 and 21 days of
culture, the human OPN protein is well distributed and seemed to follow the irregularities of
the materials’ surfaces in accordance with the higher number of cells. In contrary, on both
scaffolds, on 14" day it shows a decrease in OPN presence and cells.
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Figure 17- CLSM images showed the human osteogenic ECM (OPN) regarding hDFMSCs after 7,
14 and 21 days of culture within Coll/nanoHA_Fb scaffold (with and without OPN) and Coll/nanoHA
scaffold. hDFMSCs nuclei were stain in blue and human OPN in green. Scale bar: 100 ym.

hDFMSCs morphology and distribution within Coll/nanoHA _Fb, Coll/nanoHA Fb-
OPN and Coll/nanoHA biocomposite scaffolds after 7, 14 and 21 days of culture were
observed using CLSM. The pore walls of all samples are covered by the cell monolayer,
which seems to follow the irregularities of the materials” surface, as illustrated in Figure 18.
CLSM images also show that hDFMSCs seeded on Coll/nanoHA_Fb-OPN biocomposite
scaffold were well spread entirely covering the scaffolds surfaces. In addition, at a later
time-point of culture, it is possible to observe the highest number of cells creating
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continuous cell layer over the material's surface. Thus, at 21% day of culture, the
Coll/nanoHA_Fb-OPN scaffold shows the highest cell density (cellular aggregates). On the
contrary, Coll/nanoHA Fb and Coll/nanoHA scaffolds had a lower number of cells and
present a more wide-spread distribution. Moreover, it is well observed that at early time-
points cells display a spread and well adhered morphology, essentially within
Coll/nanoHA_Fb and Coll/nanoHA scaffolds and at the latest time-points of culture
hDFMSCs became rounder and agglomerated, mainly within the 3D biocomposite modified
with OPN.

7 days 14 days 21 days

Coll/nanoHA_Fb scaffold

Coll/nanoHA Fb-OPN scaffold

Coll/nanoHA scaffold

Figure 18- CLSM images showed the morphology of hDFMSCs after 7, 14 and 21 days of culture
within a Coll/nanoHA_Fb scaffold (with and without OPN) and Coll/nanoHA scaffold. hDFMSCs
nuclei were stain in blue and cytoplasm (actin filaments) in red. Scale bar: 100 pm.
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The main goal of this master thesis work was to develop a biomimetic 3D
Coll/nanoHA porous scaffold containing tooth-derived stem cells (from dental follicle tissue)
loaded in a Fb-OPN hydrogel in order to fully regenerate bone tissue and improve early
recovery of patients with critical maxillofacial bone defects. The application of hDFMSC in
3D biomimetic scaffolds with the purpose of bone tissue engineering has not been totally
explored yet. Overall, this study explored the use of hDFMSC as a clinical alternative
source for bone tissue engineering together with an innovative 3D Coll/nanoHA_Fb-OPN
porous biomimetic scaffold.

Human osteoblast-like cell line (MG63) obtained from human osteossarcoma was
first used in this work as a pilot study with bone cell lines to validate the protocol of cell
delivery since it is a quite reproducible cell line. It also contributes to our understanding of
osteoblast function, being well-characterized and a good model for examining the early
stages of osteoblast differentiation and to test the materials’ biocompatibility. Studies have
shown numerous osteoblastic differentiations within biomaterials that are typical of bone-
forming cells, including synthesis of collagen types | and lll, the stimulation of alkaline
phosphatase activity, osteocalcin synthesis and inhibition of proliferation in response to
treatment with calcitriol (1,25-dihydroxyvitamin D3). Thus, as confirmed in this study, these
cells exhibit a fast cell growth rate with doubling times of 3-4 days when compared to
mature osteoblasts and so, have been used as an experimental model to study bone cell
viability, adhesion, ECM synthesis, alkaline phosphatase activity, and osteocalcin
production [64,65].

Previous assays were performed to evaluate the advantage of the incorporation of a
fibrin hydrogel into a Coll/nanoHA scaffold (Appendix A) and also to study the differences
in the cellular proliferation (DNA content) between Coll/nanoHA and Coll/nanoHA Fb
biocomposite scaffolds cultured with a basic medium or an osteoinductive cell culture
medium (Appendix B). The osteogenic differentiation cocktail used was the combination of
dexametasone and [-glycerophosphate. The later provided a phosphate donor that is
required to build up the mineral phase. For instance, dexamethasone, a synthetic steroid,
has been reported to enhance MG63 osteogenic differentiation [66]. Nevertheless, MG63
cultured within Coll/nanoHA_Fb scaffolds with basic medium showed higher proliferation
capacity.

A studied biomimetic approach to improve cell attachment has been the modification
of biomaterials with an arginine-glycine-aspartic-acid (RGD) motif [67]. OPN protein
contains this sequence, being capable of binding cells by their surface receptors, promoting
the cellular attachment to materials’ substrate and their differentiation. OPN has also been
considered a key factor in the recruitment of osteoblasts all along the initial stages of bone
formation [67]. Therefore, these OPN enhanced the cell-surface interaction and promote
high cell proliferation, differentiation and matrix synthesis, undoubtedly facilitating bone
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regeneration [68]. Furthermore, OPN has been proposed to regulate many other
physiological processes such as collagen organization, cell adhesion, cell viability, cell
migration, angiogenesis and calcification since it has several binding sites with HA crystals,
collagen and calcium ions [67,69].

The DNA quantification assay is a simple and accurate in vitro test that quantifies the
proliferation rate of live cells. The higher the DNA content, the higher the cell mithosis
activity and, subsequently, the number of cells. MG63 osteoblast-like cell proliferation within
Coll/nanoHA and Coll/nanoHA_Fb scaffold with and without OPN was evaluated. As
confirmed by the literature, Coll/nanoHA scaffold resulted in an overall inferior cellular
proliferation rate due to its low mechanical strength, which does not provide the optimal
environment for cell to growth and proliferate [70]. A previous in vitro biological study
performed by Tsai et al. [71], showed that nanoHA aggregates have a key role in enhancing
the osteoblastic phenotype expression level leading to an improved functional activity of the
bone-derived cells. It is well known that the presence of the nanoHA aggregates induce a
rougher surface topography wich favours cell adhesion and proliferation. However, it is the
incorporation of a dense Fb structure that provides a compact environment for cells to
proliferate and stay viable, which is confirmed by the higher DNA content showed in
Coll/nanoHA_Fb scaffold with and without OPN [72,73]. It was expected that the number of
cells would increase in the presence of OPN once this protein favour cell adhesion.
Nevertheless, higher proliferation rate was observed in the Coll/nanoHA_Fb scaffold
although an increase in the total DNA content was also showed in the Coll/nanoHA Fb-
OPN scaffold (Fig. 8).

Alkaline phosphatase activity (ALP) in vitro assay is a quantitative analysis of this
enzyme that is a commonly used parameter to evaluate the expression of the osteoblastic
phenotype at an earlier stage of cell differentiation [62]. As described by Stein et al. [74],
and Rowe et al. [75], the ALP activity increases during synthesis and maturation of the
extracellular matrix, which matches to the beginning of cell differentiation to bone cells
phenotype. The results of ALP activity for the MG63 culture showed that biocomposite
scaffolds modified with OPN protein, in comparison with scaffolds without OPN, presented
higher cellular differentiation capacity, although differences were not statistically expressive.
However, a lower activity of ALP was detected with the MG63 within the Coll/nanoHA Fb-
OPN scaffolds ranging from 3™ to 14™ day. Those results are in accordance with those from
Dong et al. [76], Liu et al. [77], and Noda et al. [78] that reported an increase in ALP activity
until the cell culture reaches higher cellular confluence, decreasing then its activity. In this
case, cells possibly reached confluence at day 14 of culture, which led to the decrease in
ALP levels after that time (Fig. 10).

The total protein content showed the amount of protein secreted by MG63 cells and
presented in the ECM. Consequently, the higher ECM proteins concentration the higher the
cells’ viability and proliferation. As MG63 cells are in the beginning of the differentiation
stage of the osteogenic genotype (pre-osteoblasts), they produce substancial quantity of
proteins and a previous work published by Wang et al. [79], showed that at the last state of
differentiation, cells were able to produce more ECM proteins for the matrix mineralization.
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The results achieved with this work showed an increase in the overall amount of protein
content in the ECM of Coll/nanoHA Fb-OPN composite scaffold that reaches its
concentration peak in the later stages of cell culture (Fig. 9). Previous work done by
Salgado et al. [5], showed that modified cryogels Coll/nanoHA scaffolds were able to
promote cell adhesion, proliferation and differentiation into osteoblastic phenotype. Other
works done by Rodrigues et al. [63] and Yoshida et al. [61], showed that the Coll/nanoHA
biocomposite had higher cell migration and proliferation when compared to the Collagen
scaffolds. CLSM images corroborate these results with Coll/nanoHA Fb-OPN biocomposite
scaffolds presenting the highest cell viability and density, promoting an organized new bone
extracelular matrix (human OPN) formation capable of covering all the material structure
and thus, showing their capacity to differentiate in vitro within the scaffold (Fig. 11 and
Fig.13).

Stem cells have been isolated from a variety of tissues, such as bone marrow,
periosteum, muscle, adipose tissue and skin, however, for stem cell isolation it is usually
necessary an invasive surgical procedure. Also, bone marrow-derived MSCs present
significant age-related decrease in differentiation potential and frequency [80]. To overcome
these limitations, human dental mesenchymal cells, in particular hDFMSC, have raised
interest in the field of regenerative medicine since they can be isolated from extracted
impacted third molars which are usually discarded as a dental medical waste, with no
requiring needed of an extra surgery [81]. Furthermore, this neural crest originated cells,
display other superiorities such as the easy accessibility, high viability and proliferation rate,
active self-renewal capability, immunomodulatory properties, feasible cryopreservation and
absence of ethical related issues [80,82-84].

To clarify the cellular basis of tissue regeneration, evaluating the multipotential
capabilities of stem cells to differentiate into the desired target tissue is vitally important
[85]. hDFMSCs contain a multipotent capacity of differentiation with high pluripotency and
plasticity, as they can differentiate into osteoblasts, chondrocytes, adipocytes,
cardiomyocytes, hepatocytes, neuronal cells, fibroblasts, cementoblasts, salivar gland cells,
ductal cells and periodontal ligament cells [82,84]. In accordance with Rezai-Rad et al.,
[81], DFSCs have strong osteogenic capability to differentiate toward the osteoblastic
lineage. Graziano et al. [85], confirmed that dental mesenchymal cells are a promising
source for bone tissue regeneration regarding their high capacity to adhere to biomaterials’
surface.

Scaffold composition and surface properties are key factors in achieving bone tissue
regeneration with an adequate osteogenic differentiation of dental mesenchymal cells [60].
In comparison with simple polymeric materials, composite biomaterials reinforced with
calcium phosphate ceramics exhibited higher mechanical stability allied to lower
degradation. This type of scaffolds has also shown to possess osteoconductive properties
to MSCs with the expression of osteoblast-like gene markers [86]. Rodrigues et al. [63], and
Salgado et al. [5,87], studies showed that with the integration of nanoHA in scaffolds it was
possible to recruit bone marrow MSCs and boost their osteogenic differentiation.
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Although there have been applications of dental stem cells in tissue regeneration, a
reduced number of studies have introduced hDFMSCs to 3D tissue regeneration. Salgado
and collaborators [80], cultured hDFMSCs in 3D porous scaffolds of collagen-
nanohydroxyapatite with phosphoserine (collagen-nano-HA/OPS), an osteogenic inductor.
These 3D hDFMSCs-loaded collagen-nano-HA/OPS scaffolds showed higher secreted
levels of OPN with greater osteogenic differentiation.

Carvalho et al. [67], studied biomimetic OPN-enhanced collagen matrices presenting
enhanced cell proliferation, promoting early MSCs osteogenic differentiation and
angiogenesis, and showing a sustained bone formation response resulting in mineralized
tissue similar to bone. The results of this work also showed the ability of hDFMSCs,
cultured within Coll/nanoHA_Fb-OPN biocomposite scaffolds to proliferate and differentiate
into osteoblastic cells, with higher DNA content and ALP enzyme activities. DNA extraction
guantification showed a higher overall cell proliferation rate in Coll/nanoHA Fb-OPN
biomimetic scaffold (Fig. 14). Functional activity tests of hDFMSCs also presented
favourable results in the OPN modified scaffold, showing gradual increase of ALP activity
from early stages of differentiation (7 days) to later osteogenic maturation stages (21 days —
Fig. 16). Moreover, in accordance with previous works performed by Salgado et al. [80],
Schwartz et al. [88], and Carvalho et al. [64], all the materials that presented reduced rates
of proliferation also showed expanding rates of its osteogenic differentiation capacity, due
to a rise in the ALP activity. This behavior was a clear result that should end-up by leading
to tissue growth for application for clinical purpose.

The results of the assessment of total protein content showed a global protein
increase rate in Coll/nanoHA_Fb-OPN scaffolds in comparison to other samples (Fig. 15).
This means that hDFMSCs are secreting more ECM proteins for the matrix mineralization in
the 3D scaffold with OPN modification. CLSM images confirmed the highest hDFMSCs
density within Coll/nanoHA Fb-OPN scaffolds. Cellular aggregates with a round shape
formed a continuous cell layer over the material’s surface with major OPN secretion and
thus, showing their capacity to differentiate in vitro within the OPN-modified scaffold (Fig. 17
and Fig.18). Mori et al. [83], showed that hDFMSCs cultured in favorable conditions show
increased ALP activity, and formed in vitro mineralized matrix nodules.
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Chapter 6- Conclusion and Future Outlook

Bone fractures and osteo-degenerative diseases prompt bone defects and,
therefore, there is an increasing demand worldwide of fracture repair and bone
regeneration solutions. With that purpose, the development of new techniques that
accelerate fracture healing process, enhance bone regeneration and remodeling and result
in new bone tissue that is similar to natural tissue structure and function is an urgent need.
The main challenge is to successfully promote the materials’ integration and bone tissue
regeneration. Those bone regenerative needs foster the development of an injectable cell-
loaded hydrogel with high bioactivity and a 3D scaffold with appropriate mechanical support
to allow biocompatibility, biodegradability, stability to induce angiogenesis as well as
achieving an optimal transport of nutrients, oxygen and growth factors. To address this
challenge, this master thesis project developed a biomimetic Coll/nanoHA _Fb-OPN scaffold
that delivers patient’s cells and promotes the materials engraftment into the host tissue,
providing a novel solution with considerable advantages over the current therapies, thus
reducing patients” residence in hospital and surgery time, preventing post-surgery
complications while improving patients’ quality of life with a more cost-effective healthcare.

Coll/nanoHA 3D porous scaffold may enhance bone regeneration by creating and
maintaining the biological space that supports progenitor cell attachment, migration,
proliferation, differentiation and ECM deposition. Fibrin gel possesses a network structure,
injectability and stability. OPN has a vital role in the recruitment of bone cells during the
early stage of bone regeneration, enhancing cell proliferation and promoting early dental
MSCs osteogenic differentiation. In conclusion, it was proved that Coll/nanoHA_Fb
biocomposite with the presence of OPN protein promoted an increase in the materials’
osteoinduction. The 3D construct promoted higher biocompatibility and dental MSC
differentiation, with a higher capacity in promoting new ECM formation providing
characteristics similar to the normal bone tissue and favoring its application in bone tissue
engineering. In a future work, Coll/nanoHA_Fb-OPN with hDFMSCs may be tested in pre-
clinical animal models as a proof of concept for their potential to promote the reconstruction
of large and irregular bone defects for personalized needs.
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Figure 19- Total DNA content of MG63 osteoblast-like cells within Coll/nanoHA and
Coll/nanoHA_Fb biocomposite scaffolds after 1, 3 and 7 days of culture in basic medium. Statistical
differences between samples from different time-points (****p <0.0001).
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Figure 20- ALP activity of MG63 osteoblast-like cells within Coll/nanoHA and Coll/nanoHA_Fb
biocomposite scaffolds after 1, 3 and 7 days of culture. Statistical differences (p >0,05) were not
observed.
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Figure 21- Total DNA content of MG63 osteoblast-like cells within Coll/nanoHA and
Coll/nanoHA_Fb biocomposite scaffolds after 3, 7 and 14 days of culture in basic and
osteoinductive medium. Statistical differences between samples from different time-points, **p
<0.01,***p <0.001 and ****p <0.0001.
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