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Abstract

Dental enamel is the hard tissue that covers the tooth crown that is incapable of endogenous
regeneration, once damaged, due to the loss of enamel secreting cells (i.e., ameloblast) following the
tooth eruption. The current treatment options, including artificial filling materials, are of temporary
solutions. This greatly raises the need of approaches to regenerate enamel, which, however, remains
unachievable nowadays. To address this emerging need, this thesis aimed to develop novel
bioengineering approaches for the regeneration of enamel tissue. The specific objectives are to
develop (1) lipid-based gene delivery systems for Thx1 encoding genes to dental epithelial cell line,
HAT-7 cells, (2) an ionically cross-linkable bioink composed of alginate and carboxymethyl chitosan
for bioprinting of HAT-7 cells, (3) a covalently cross-linkable hydrogel consisting of oxidized
alginate and carboxymethyl chitosan with injectability and self-healing properties as a cell carrier to
incorporate HAT-7 cells, for enamel formation in vitro.

The first objective was to prepare and characterize a non-viral gene delivery system for the
transfer of plasmid DNA encoding Tbx1l. First, we prepared and characterized lipid-based
nanoparticles that were based on two different cationic lipids: glycyl-lysine-substituted gemini
surfactants with the 16-carbon tail and 1,2-dioleoyl-3-trimethylammonium-propane with three
varying the ratios of cationic lipid nitrogen to pDNA phosphate (N/P ratios: 2.5, 5 and 10). The
physicochemical properties and biological activities of these nanoparticles were examined in terms
of particle size and zeta potential, morphology, DNA protection, cytotoxicity, and gene expression,
with the results illustrating that the gemini surfactant-based nanaoparticles with the N/P ratio of 5 is
the optimal formulation among those examined. Then, HAT-7 was transfected with the optimal
formulation and cultured in 2D and 3D, photo-cross linkable gelatin methacrylate hydrogels, culture
systems; followed by the assessment of ameloblast differentiation and enamel formation by
evaluating the expression of ameloblast markers and by using mineralization assays. Results showed
that the HAT-7 cells transfected with Thx1 gene were able to robustly express secretory and
maturation ameloblast markers, have higher calcium deposition, and form more extensive
mineralized nodules compared to control cells.

The second objective was to develop a bioink consisting of alginate and carboxymethyl chitosan

for the fabrication of 3D HAT-7 cell-laden constructs by using three-dimensional extrusion



bioprinting for enamel tissue engineering applications. Alginate and carboxymethyl chitosan were
mixed at three different mixture ratios (2-4, 3-3- and 4-2) and printed as porous scaffolds while being
ionically crosslinked in calcium chloride bath (100 mM). Then, the physico-mechanical and
biological properties of the 3D printed scaffolds were characterized in terms of structural features,
swelling and degradation behavior, mechanical properties, cell viability, cell morphology, and
mineralization. Results indicated that alginate 4%-carboxymethyl chitosan 2% hydrogels showed
higher viscosity, slower degradation rate, lower swelling ability and higher compressive mechanical
properties. HAT-7 cells showed a high percentage of viability, maintained their morphology and
secreted alkaline phosphatase.

The third objective was to develop injectable self-healing hydrogels based on oxidized alginate
and carboxymethyl chitosan for the use as a carrier of the dental epithelial stem cells for enamel
regeneration applications. First, alginate was modified through oxidation reaction and chemically
characterized. Then, oxidized alginate and carboxymethyl chitosan were mixed at three varying
weight ratios (4:1, 3:1, 2:1) and in situ crosslinking occurred through Schiff base reactions, which
was confirmed by chemical characterization. The physico-chemical and biological properties of the
hydrogels were assessed in terms of gelation time, swelling ratio, structural, injectability, self-
healing, antibacterial properties, cell morphology and viability, mineral deposition. The results
indicated that hydrogels with the higher weight ratio of oxidized alginate had faster gelation time and
lower swelling ability. Hydrogels formed highly porous structures and showed injectability and self-
healing abilities, as well as antibacterial properties against two cariogenic bacteria. HAT-7 cells were
able to maintain a high cell viability, without being affected by injection pressure, and could maintain
their morphology, deposit minerals and secrete alkaline phosphatase.

Taken together, this thesis presents the development of methods for bio-enamel formation in vitro
based on gene therapy and tissue engineering principles. The combination of optimized lipid-based
system for T-box1 gene delivery and the developed hydrogel-based scaffolds may provide a

foundation to develop the optimal conditions for enamel regeneration in vitro and in vivo.
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Chapter 1: Introduction

1.1. Tooth histology, damage and current treatments

Tooth is made up of three main structures consisting of enamel, dentin and pulp (Figure 1.1).
Enamel is the external layer of tooth that covers the crown that protects tooth from being damaged
by mechanical, thermal and chemical stimuli [1-3]. Enamel is produced by differentiated dental
epithelial stem cells, ameloblasts, which are lost during tooth eruption which makes enamel
incapable of self-repair [4,5]. Enamel is more mineralized than dentin and dental pulp and thus
functions as a protective cover for them [2]; however, enamel is also very brittle and it can break
without the support of underneath dentin tissue which is more soft and flexible [6]. Dentin is an
avascular tissue and is formed by differentiated dental mesenchymal stem cells (MSCs), the
odontoblasts. Dentin exhibits a limited capacity for self-regeneration since cells existing in dental
pulp tissue are able to induce dentin formation, even after tooth eruption [6-8]. The consecutive
and mutual interactions among dental mesenchymal and epithelial stem cells are essential for tooth
development and enamel formation[9]. Dental pulp is a soft tissue surrounded by dentin and has
several functions including dentin formation and repair, nourishing the dentin, providing

sensitivity for dentin tissue by nerves [6].

Figure 1.1. Tooth tissue is composed of three mains structures: enamel, dentin and pulp.

The functionality and vitality of the dental tissues can be destructively affected and even lost due
to several incidents. Inherited disorders, periodontal disease, dental trauma, tooth decay, patient
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neglect, poor oral health care or failure of prosthesis have been identified as leading causes of the
damage or loss of dental tissues [8,10]. Amelogenesis imperfecta is a hereditary disorder which
lead to enamel defects due to the disturbance of enamel development stages [11]. Dental caries as
one of the most common infectious disease worldwide can be caused by acid production through
cariogenic bacteria- sugar interactions which results in the demineralization of the dental enamel
[12-15]. Dental trauma is the injuries that occur to enamel, dentin and pulp tissues due to incidents
such as car accidents, sport injuries, physical activities and violence [16,17]. Tooth wear takes
place when the mineralized substance of the tooth is lost due to the chemical and mechanical causes
[18]. In addition, whole tooth loss, that was reported to affect 276 million people in the world,
around 4.1% of global population, greatly reduces the quality life and overall health status of those
affected [19].

The currently used methods for the clinical treatment of tooth damage or lost include fluoride
therapy, dental restorative materials, endodontic therapy, auto- and allo-transplantation, and dental
prosthesis. Fluoride therapy is a method that has been traditionally used to prevent or decrease the
formation or promotion of dental caries; however, this method is more effective for the superficial
carious lesions and the high concentration usage of fluoride could result in adverse side effects
fluorosis [20,21]. Dental restorative materials including amalgam and composite resins have been
commonly used to replace the lost or diseased dental tissues, even for deep carious lesions, to
recover tooth functions [22]; however, tooth preparation for the replacement of dental tissues with
dental fillings is invasive and needs several sittings, and they can be failed over time due to
shrinkage, leakage or secondary cavity formation, which needs the replacement of the failed
restoration materials [23]. Also, the restorative materials are not able to completely replicate the
structural and functional properties of the tooth [24]. Endodontic therapy involves the removal of
the infected or necrotic pulp followed by filling the root canals of the tooth with rubber-like
materials. Although this method prevent bacteria to reinfect the tooth after treatment, the
endodontically treated tooth loses its sensitivity and vitality and becomes brittle and incapable of
responding to infections and sensing the irritation, which might lead to caries progression and even
tooth extraction [10,25,26]. Tooth allotransplantation that involves the transplantation of a tooth
from one person to another has become obsolete owing to histocompatibility issues and it was

substituted with auto-transplantation [27]. On the other hand, dental auto-transplantation, that is



the transplantation of a tooth from one site to another in the same person, could potentially be
adjusted to the jaw growth and thus considered a good option for restoring lost tooth in young-
aged patients; nevertheless, it can cause donor site morbidity, blood loss and pain after the
harvesting procedure [10,27]. Dental prostheses including implants, crown and bridges are used
as a common practice for the replacement of lost dental tissues and they are able to only repair the
dental tissues and not regenerate them and they often do not provide the same level of physiological
functioning, durability and aesthetics as natural tooth [8]. Also, implants were found to be
incapable of adjusting to the jaw growth that is of great importance for young-aged patients [27].
To overcome the aforementioned limitations associated with the current treatment approaches,
novel materials and methods are required to improve the prevention and outcome of the treatments

for tooth damage and loss.
1.2. Tooth tissue engineering

Tissue engineering as a newly emerging approach in modern medicine offers promises for
developing the bioengineered tooth or tooth parts that can replace the currently used dental
materials revolutionizing treatment options. Tissue engineering uses a combination of dental stem
cells, scaffolds and signaling factors to regenerate either the whole tooth, or the individual parts of
the tooth such as enamel, dentin, and dental pulp [10,28]. Stem cells that are undifferentiated cells
can be obtained from dental or non-dental origins and be employed in tooth tissue engineering
[29]. Dental epithelial stem cells (DESCs), periodontal ligament stem cells (PDLSCs), dental pulp
stem cells (DPSCs), stem cells from human exfoliated deciduous teeth (SHED), stem cells from
the apical papilla (SCAP) and dental follicle stem cells (DFSCs) are dental stem cells that have
been identified to be used for tooth regeneration [30,31].

Scaffolds are 3D constructs that are designed to provide structural support that guides new tissue
formation. For functional tissue engineering, scaffolds need to mimic the extracellular matrix of
the natural tissue, have proper cell interaction properties, offer mechanical integrity, be
biocompatible and biodegradable, and support cell functions such as adhesion, proliferation, and
differentiation [24,32,33]. Scaffolds materials can be categorized into two main groups of natural
and synthetic, both of which have been used for tooth tissue engineering [28]. Natural biomaterials
(e.g., alginate, collagen, gelatin, chitosan) are compatible with cells and tissues and support cell
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functions, but they have the risk of immunogenicity and cross-contamination from the source, and
poor mechanical properties [34,35]. Synthetic biomaterials (e.g., polylactic acid (PLA),
polyglycolic acid (PGA), poly (lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL)) have
well-defined chemical structures and offers adjustable physicochemical properties and do not have
the risk of immunogenicity that natural biomaterials have; however, they often lack biological
activity to support cell functions [34,36,37]. Tooth and its surrounding supporting tissues have
very complex anatomical structures with anisotropic mechanical characteristics and multicellular
interactions; in addition, the growth factors are distributed heterogeneously that are all essential
for proper function of dental tissues. Thus, conventional scaffold fabrication techniques such as
porogen leaching and electrospinning are not able to mimic these complexities of dental tissues
[38].Three dimensional (3D) printing allows fabrication of scaffolds with personalized anatomical
designs and the desired shape, size and microarchitectures based on a computer-aided design
(CAD) converted from x-rays, MRI or CT scans [39-41]. This technique also offers more control
over porosity of the scaffolds and enables incorporation of living cells and growth factors in the
construct [42,43]. 3D printing has been successfully used to fabricate scaffolds for regeneration of
dental tissues including on periodontal (PDL) [44—46], dental bone [42] and also dentin [47—49].
The mixture of hydrogel and living cells (also called bioink in the literature) are used to fabricate
3D printed cell-laden constructs. However, there is a significant shortage of bioinks with desirable
printability, mechanical and biological properties, particularly for tooth tissue engineering [50].
Injectable hydrogels have exhibited a remarkable potential application as carrier systems for cell
or biomolecules in regenerative medicine [51-53]. They can be applied in a minimally invasive
manner and are able to fill complex-shaped defects, that is particularly beneficial for dental defects
with irregular size and shape [54-56]. However, the conventional injectable hydrogels often need
the chemical crosslinkers to become gelled that can be toxic to cells. Also, hydrogels without self-
healing ability have the susceptibility to be damaged under mechanical forces leading to losing
their integrity in terms of their structural and functional properties, and inability to protect cells
from mechanical damage, which could result in cell death or loss [57,58]. This resulted in the
emergence of a new generation of hydrogels that possess injectability and self-healing
characteristics to meet the requirements for cell/drug carriers [58,59]. Notably, the application of

injectable self-healing hydrogels has not been explored for dental tissue regeneration. One aim of



this thesis is to address these emerging needs for bioinks and injectable self-healing hydrogels for

dental enamel regeneration.
1.3. Gene therapy

A wide variety of transcription factors (e.g. Runt-related transcription factor2 (Runx2), T-box
transcription factor 1 (Tbx1), LIM homobox transcription factor-6, -7 (Lhx6, 7), paired box-9
transcription factor (Pax-9)) and growth factors (e.g. bone morphogenic proteins (BMPs),
fibroblast growth factors (FGFs), transforming growth factors (FGFs), Hedgehog (Hh)) have been
recognized to be expressed and play key roles during natural tooth development [10,60,61].
Therefore, design and development of multifunctional scaffolds that can act as localized delivery
systems for signaling molecules and cells, in addition to their role as the structural support for
tissue formation, can improve the efficiency of dental tissue engineering techniques [10].
However, growth factors often have short half-lives, they can undergo denaturation while being
encapsulated, supraphysiological concentrations of growth factors, or even a combination of
growth factors, might be required to produce the desired stimulation, they can be expensive and
time-consuming [10,62]. Gene therapy can be integrated into tissue engineering with the aim of
addressing challenges associated with using proteins and enhancing the expression of key factors
that induct and guide tissue formation or suppress the expression of factors that have inhibitory
effects, thereby modulating the differentiation of dental stem cells; in addition, the protein
expression provided via gene delivery can last longer and be at sufficient concentrations [10,63].
Therefore, delivery of genes encoding transcription or growth factors, either from tissue
engineering scaffolds or from viral/nonviral gene carriers, is a promising approach for dental tissue
regeneration.Gene therapy is a method through which genes, either DNA or RNA, are transferred
into cells to change the expression of the genes causing diseases or enhancing certain biological
functions [64]. For tissue engineering applications, the gene of interest is able to express molecules
such as growth factors, transcription factors and extracellular matrix components which are

involved in the regenerative process of the tissues [65].

There are two different approaches for the delivery of the vectors: ex vivo and in vivo (Figure 1.2).
In ex vivo technique, cells are isolated from the patient’s body and cultured and then genetically
modified using transfection with vectors and then re-injected into the body after selection and
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amplification. Ex vivo approach can selectively target certain groups of cells to deliver the desired
gene before transplantation of cells into the patient’s body. This is in spite of the fact that in this
method cells should be able to divide and therefore some cell populations which are postmitotic
including neurons are not able to be targeted using this technique. In addition, transplantation of
cells is more invasive compared to direct injection of gene vectors into the body in in vivo gene
therapy. In in vivo approach, either vectors are directly entered into the patient’s body, or they are
attached to the scaffold and then implanted into the body. Although in vivo gene therapy is
minimally invasive, simple, there are some limitations associated with this technique such as non-
specific targeting of cells, inefficient gene delivery, cytotoxicity and immunoreaction [66,67]. For
dentin/pulp regeneration, in vivo technique seems to be more effective when there is an adequate
number of viable and non-infected cells, while ex vivo method can be employed when substantial
inflammation exists [68]. Owing to the absence of ameloblasts in mature enamel in the erupted
tooth, only ex vivo technique can be employed in which dental epithelial stem cells, derived from
other sources such as epithelial rests of Malassez, are transfected with the gene of interest and then
they are implanted in vivo. However, recognizing the importance and sufficiency of a gene or a
combination of genes and choosing these genes to induce ameloblast differentiation and enamel
formation through gene delivery approaches might be challenging in this area. Currently, there is
a remarkable shortage of gene delivery systems that are primarily designed for the regeneration of
dental tissues, particularly enamel. To address this knowledge gap, this study aimed to develop
lipid-based nanoparticles to investigate the effect of the delivery of a gene encoding an ameloblast

differentiation-inducing factor on enamel formation.

Gene Vector f

Vector Gene

S\ 1T

Dental stem cells

[ Ex vivo gene delivery ] [ In vivo gene delivery ]

Figure 1.2. In vivo and ex vivo delivery of gene vectors.



1.4. Research objectives

By addressing the aforementioned research issues, the research presented in this thesis aimed to
develop bioengineering approaches based on gene therapy and tissue engineering principles for

the regeneration of dental enamel. The specific objectives of this study are presented as follows.

1. To develop a lipid-based gene delivery system for the transfer of a gene encoding T-box
transcription factor 1 (Thx1), which is a strong inducer of ameloblast differentiation, into a rat
dental epithelial stem cell line, HAT-7 cells, for the guidance of these cells towards ameloblast

differentiation and enamel formation in vitro. The planned research activities are to

Examine the effect of lipid composition and the ratio of cationic lipid nitrogen to pDNA
phosphate (N/P ratio) on phsysico-chemical and biological performances of the lipid-based
nanoparticles including particle size and zeta potential, morphology, DNA compaction and
protection, cytotoxicity, and gene expression.

Investigate into the effect of Thx1 gene delivery (using the optimal formulation) on
ameloblast differentiation, mineralization, and enamel-like tissue formation in two- and

three-dimensional cell culture systems.

2. To develop a novel bioink composed of alginate and carboxymethyl chitosan with favorable
properties for bioprinting of HAT-7 cells for enamel tissue engineering applications in vitro.
Alginate is the most commonly used materials as bioink owing to the fast crosslinking with
divalent ions. However, alginate has slow degradation rate and limited ability to interact with
cells and support cell functions [69]. In addition, there is a lack of available bioinks that have
been characterized primarily for dental tissue engineering. The planned research activities are

to

- Prepare the bioink with varying concentrations of alginate and carboxymethyl chitosan and
then print it to create scaffolds.

- Characterize the physico-mechanical properties of the printed scaffolds in terms of
structure, swelling and degradation behavior.

- Examine the biological performances of HAT-7 cells in the printed scaffolds in terms of

call viability, morphology and mineral deposition.
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3. Todevelop an injectable hydrogel system consisting of oxidized alginate and carboxymethyl
chitosan as a cell carrier for enamel tissue engineering applications in vitro. The development
of injectable hydrogels with appropriate structures and properties has been a challenging task,
leaving many to be desired in terms of cytocompatibility, antibacterial and self-healing
properties, and the ability to support dental stem cell functions. The planned research activities

are to

- Synthesize and characterize the oxidized alginate that is a derivative of alginate with the
ability to become covalently crosslinked with amino containing carboxymethyl chitosan.

- Prepare the covalently crosslinked hydrogels with three different weight ratios of oxidized
alginate and carboxymethyl chitosan, and characterize them in terms of gelation time,
swelling ratio, structural, injectability, self-healing, antibacterial properties,

- Assess the biological performances of HAT-7 cells in the self-crosslinked hydrogels in

terms of call viability, morphology and mineral deposition.
1.5. Organization of this thesis

This dissertation is organized into six chapters including this chapter (Chapter 1), as an
introduction, and four other chapters that are prepared in the form of manuscripts, and a final
chapter presenting conclusions drawn from this research, along with the suggestions for future

studies in the directions of this research.

Chapter 2 presents a comprehensive literature review on cell-free and cell-based approaches that
have been under development for remineralization, regeneration, and repair of dental enamel
tissue. In the first part of this chapter, the structure, properties, and development of dental enamel
are discussed. Then, the second part discusses the clinical aspects that are required to be considered
when designing and establishing new therapeutic methods for enamel regeneration. In the third
section, the acellular approaches (including chemical solutions, electrodeposition, synthesis of
artificial hydroxyapatite, laser-assisted mineralization, electrically accelerated and enhanced
remineralization, immunization, organic matrix mimicking approaches) by which enamel is tried
to be artificially synthesized or mineralized are described. In the next section, different cell sources

that are available to be used for enamel tissue engineering and cell-based strategies, that can mimic
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the natural enamel development process more precisely as compared to acellular techniques are
explained. In the cellular approaches, epithelial cells can be stimulated to produce the enamel
matrix using scaffold-free (including ameloblast differentiation-inducing factors, co-culture
systems, microfluidic systems, chrono-dentistry) or tissue engineering techniques. In addition, the
challenges that currently exist in the area of enamel regeneration and future perspectives are

discussed for further studies in this field.

Chapter 3 describes the development of lipid-based systems to deliver Thx1-encoding gene into
HAT-7 cells to guide them towards differentiation into enamel secreting ameloblasts. Lipid-based
nanoparticles were first prepared by using two different cationic lipid compositions: glycyl-lysine-
substituted gemini surfactants with the 16-carbon tail and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) at three selected nitrogen to phosphate ratios. The optimal formulation for Thx1
gene delivery was selected based on the physico-chemical and biological characterization of lipid
nanoparticles and then used to transfect HAT-7 cells to induce ameloblast differentiation. Thx1-
transfected HAT-7 cells were then cultured in conventional two-dimensional cell culture systems
and the photo-cross-linkable hydrogel, gelatin methacrylate and were allowed to differentiate.
Then, the expression of ameloblast markers and mineralization were examined to investigate the

effect Thx1 gene delivery on enamel-like tissue formation.

Chapter 4 presents the development of a bioink containing a blend of alginate and carboxymethyl
chitosan for bioprinting of HAT-7 cell-laden hydrogel constructs for enamel regeneration
applications. Hydrogel scaffolds were fabricated with three different concentrations of alginate to
carboxymethyl chitosan using an extrusion-based bioprinting technique. Hydrogel solutions were
crosslinked in the calcium chloride solution while printing, followed by further crosslinking in a
higher concentration of calcium chloride solution after printing. The 3D printed scaffolds were
characterized by examining their structural properties, swelling degree, degradation rate,
mechanical properties. In addition, the viability and morphology of HAT-7 cells in 3D printed
alginate-carboxymethyl chitosan hydrogel scaffolds and alkaline phosphatase production within

the cell-laden constructs were assessed.

Chapter 5 describes the development of a self-cross-linkable hydrogel as an injectable self-

healing cell carrier for potential use in enamel regeneration applications. First, oxidized alginate

9



was synthesized and characterized. Then, hydrogels were prepared by mixing oxidized alginate
with carboxymethyl chitosan at three weight ratios. The formation of Schiff base linkages that led
to covalent crosslinking between oxidized alginate and carboxymethyl chitosan was verified by
chemical characterization of hydrogels. The effect of weight ratio of oxidized alginate to
carboxymethyl chitosan on swelling ratio and gelation time was also investigated. The structural,
injectability, self-healing properties of the hydrogels were assessed. In addition, the antibacterial
activity of the hydrogels was tested against two cariogenic bacteria: Streptococcus mutans and
Streptococcus sobrinus. HAT-7 cells were encapsulated in the hydrogels and cell viability and

morphology, alkaline phosphatase production and calcium deposition were investigated.

Chapter 6 summarizes the conclusions drawn from this research and discusses the

recommendations for future studies.
1.6.  Contributions of the primary investigator

The manuscripts included in this dissertation are co-authored and the contributions of all authors
are greatly appreciated and acknowledged. However, it is the mutual understanding of all authors
that Fatemeh Mohabatpour, as the first author, is the primary contributor of the experimental

research work included here.
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This chapter focuses on all the possible approaches for enamel repair including cell-free and cell-
based strategies and not only tissue engineering. These techniques might not be clinically relevant
nowadays, but one day they can be. In addition, they can provide a comprehensive view on the
different aspects of enamel remineralization or regeneration that if of great importance for the

development of novel approaches for the treatment of enamel defects in future.

2.1. Abstract

Dental enamel is the hardest tissue in the human body, providing external protection for the tooth
against masticatory forces, temperature changes and chemical stimuli. Once enamel is
damaged/altered by genetic defects, dental caries, trauma, and/or dental wear, it cannot repair itself
due to the loss of enamel producing cells following the tooth eruption. The current restorative
dental materials are unable to replicate physico-mechanical, esthetic features and crystal structures
of the native enamel. Thus, development of alternative approaches to repair and regenerate enamel
defects is much needed but remains challenging due to the structural and functional complexities
involved. This review paper summarizes the clinical aspects to be taken into considerations for the
development of optimal therapeutic approaches to tackle dental enamel defects. It also provides a
comprehensive overview of the emerging acellular and cellular approaches proposed for enamel
remineralization and regeneration. Acellular approaches aim to artificially synthesize or re-
mineralize enamel, whereas cell-based strategies aim to mimic the natural process of enamel
development given that epithelial cells can be stimulated to produce enamel postnatally during the
adult life. The key issues and current challenges are also discussed here, along with new

perspectives for future research to advance the field of regenerative dentistry.
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2.1. Introduction

Dental enamel, the external layer of the tooth, which covers the dental crown, is the hardest tissue
in the human body [1]. It provides external protection for the tooth against masticatory forces,
temperature changes, and the acidic oral environment made by bacteria and food [2]. Enamel, in
its mature form, is composed of 95% inorganic materials (hydroxyapatite (HAp) crystals), 1%
organic components and 3% water [1]. Enamel has an intricate hierarchical structure which varies
from nano- to micro-scales (Figure 2.1) [3,4]. At the nanoscale level, HAp crystals, which have
the chemical formula Caio (PO4)s (OH)2, display hexagonal morphologies which are well
organized and grow in their C-axis of the crystal. Within the crystals, there are also some trace
minerals such as fluoride, zinc, magnesium, sodium, which may vary in their concentration
depending on the thickness of enamel and body exposure to minerals [1]. At the next microscale
level, HAp crystals are tightly packed together and oriented into units so-called enamel rods or
prisms [5,6]. The rods or prism structures are separated by interrods or inter-prismatic areas, which
are composed of proteins, lipids, and randomly oriented crystals. The interfacial regions between
rods although are softer, have a higher resistance to acid erosion compared to rods [7-9]. The
prisms and inter-prism units vary in size depending upon the thickness of the enamel in a fashion
that in the outer layers the prisms are smaller and the inter-prism areas are broader [10]. Owing to
the hierarchical arrangements of the enamel structure and its chemical composition, enamel

exhibits exceptional anisotropic mechanical properties [10].

~40 nm
Hydroxyapatite crystals

Nanostructure

~5-7 ym

Macrostructure

Figure 2.3. Structure of the dental enamel at macro, micro and nanoscale levels. Enamel repair
and regeneration approaches need to take in consideration the complex enamel structure. This
figure is redrawn from the reference [11].
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Amelogenesis is a multi-stage process through which enamel is formed, and the process is
chronometrically controlled by consecutive molecular pathways within the enamel forming cells,
the ameloblasts. This process entails four different phases characterized based on the
morphological and functional properties of ameloblasts: pre-secretory, secretory, transition and
maturation [12,13]. Ameloblasts, which are originated from the inner enamel epithelium, regulate
the amelogenesis process, produce organic matrix and control the arrangement of prisms and inter-
prism regions [14].During the presecretory phase, pre-dentin is secreted by mesenchyme-derived
odontoblasts at the future site of dentino-enamel junction (DEJ), and undifferentiated cells located
in the inner enamel organ differentiate into pre-ameloblasts and produce proteins on top of the pre-
dentin. The pre-ameloblasts degrade the basal lamina, which is present between pre-ameloblasts
and developing dentin (deposited by differentiated dental papilla cells). Due to the basal lamina
degradation, there is physical contact between future ameloblasts and odontoblasts, which provides
inductive reciprocal epithelial-mesenchymal signalling that controls the formation of enamel and
dentin. Then, the formation of crystallites starts in the enamel matrix. The newly secreted enamel
is aprismatic with randomly oriented crystallites. [12,15,16]. During the secretory stage,
ameloblasts elongate and acquire a cone-shaped process known as Tomes’ process. During the
secretory phase, the enamel matrix proteins are constantly produced and processed, and thus the
enamel crystals grow in their length. The shape of the Tomes’ process dictates the prismatic pattern
of the enamel [10,15,17]. In addition, the thickness of the enamel start increasing at this stage, and
about 30% of the secreted enamel is becoming mineralized [18]. During the transition step, there
is a reduction in the secretion of the matrix proteins, and the loss of the Tomes’ process occurs
[17]. In the maturation stage, the enamel organic matrix is degraded by proteinases allowing
crystals to grow in width and thickness in the space the matrix proteins have left behind. During
the maturation stage, the ameloblasts change their morphology cyclically from ruffle ended to
smooth ended cells to adjust their functions to the pH conditions intracellularly and extracellularly.
Ameloblasts regulate the ion transport between cell and extracellular matrix, extracellular crystals
form and grow, and finally, completion of enamel mineralization takes place by the progressive
elimination of the matrix proteins and replacement of the extracellular space by enamel crystals
[10,18].
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After maturation stage is completed, ameloblasts undergo apoptosis during tooth eruption in the
oral cavity; thus, it makes enamel incapable of spontaneous self-repair if damaged after the tooth
eruption has been completed [6,19]. This feature is unlike the two other structural layers of the
tooth, dentin and pulp, which both exhibit the ability to be regenerated by dental pulp cells existing
in the pulp [20]. The traditional approaches employed to repair the damaged enamel are based on
restorative dental materials, e.g., silver amalgam, resin composites and ceramics. These materials
typically have different physical, mechanical, and esthetic features and crystal structures than the
native enamel, thus limiting the enamel’s functional recovery and structural restoration. To
optimally address these aspects, the development of alternative therapeutic approaches to repair or
even regenerate the damaged enamel is of great interest but remains challenging due to the
complexities involved in matching the properties of the native enamel [21]. This review discusses
the clinical requirements need to be taken into considerations in the development of new
therapeutic interventions in order to promote enamel tissue regeneration and repair. It also presents
a critical review of the state-of-the-art methods that have been reported to restore, remineralize
and regenerate enamel tissue by acellular and cellular-based approaches. We also highlight the
potential application of these techniques as therapeutic options to address the enamel defects
caused by genetic defects such as amelogenesis imperfecta (Al), dental caries, enamel fractures
due to trauma, dental wear. Moreover, we summarize the main limitations of the current
approaches, the complexities that are needed to be addressed as well as novel perspectives for

optimal restorative dentistry developments in the field of enamel repair and regeneration.

2.2. Clinical needs for novel therapeutic approaches to repair and regenerate dental

enamel
2.2.1. Amelogenesis imperfecta

Amelogenesis imperfecta is a genetic disorder which causes enamel defects due to abnormal

formation of the enamel in primary and/or permanent teeth [22,23]. In fact, defects of the enamel,

ranging from minor anomalies in color or diffuse opacities, to the complete absence of enamel,

can occur as a result of the disturbance in any stage of amelogenesis process due to genetic

anomalies [19,26]. The disruption in the secretory phase may impact the quantity of the enamel,

whereas any changes in the maturation phase can influence its mineralization quality [27].There
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exist three main types of enamel defects which include: hypoplasia, hypo-calcification and hypo-
maturation. Hypoplastic defects arise from the insufficient or the defective formation of the enamel
organic matrix and the crystallite elongation influencing the thickness and the smoothness of the
enamel. These defects can cause various changes in the enamel’s structure ranging from very thin
or completely missing, smooth or rough surface, and also create pits and grooves linearly dispersed
on its surface [28,29]. Hypomineralized or hypocalcified defects can be formed due to the
alterations occurring during the calcification step of the amelogenesis process which may result in
inadequate transport of Ca?* ions into the forming enamel [30]. Although the hypomineralized
enamel has a normal thickness, it is soft and weak in structure [31], which causes the enamel to
chunk and to get swiftly worn away exposing the underlying dentin [32]. Hypomaturated defects
occurs owing to the imperfect elimination of the organic matrix during the maturation step which
affects the crystallites’ growth and render the enamel brittle [27,32]. Although the hypomaturated
enamel is normal in size, it is inadequately mineralized, mottled and rough and thus very
susceptible to chip away from the dentin [32,33]. Complex restorative systems using a combination
of tissue engineering and materials science can provide new cures for genetically dysplastic dental
enamel. An in-depth knowledge of enamel dental defects is necessary for optimal design and

validation of novel therapeutic approaches.
2.2.2. Dental caries

Dental caries, also known as tooth decay, are among the most common chronic infectious diseases
which can cause demineralization of the dental enamel by acids generated through interactions
between cariogenic bacteria (predominantly streptococci and the lactobacilli species) and sugars
in the food [34-37]. After being produced by the bacteria in the biofilm, the acids diffuse into the
tooth in all directions and dissolve the acid soluble minerals in the enamel structure and cause
demineralization. This is a dynamic process that entails the repeated cycles of demineralization
and remineralization (the re-deposition of minerals). Once the demineralization process advances
over remineralization, it can cause cavitation and formation of caries lesions [37,38]. Prior to the
cavitation, white spot lesions are formed as the first clinical sign of tooth decay, which can be
arrested or reversed by remineralization [37]. The decay progression occurs differently in the
enamel and the dentin. It takes first place in the enamel by the dissolution of the hard tissue by

acid attack and then progresses in the dentin by demineralization of minerals and also degradation
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of the organic matrix containing collagen type | [39]. Caries affect both primary and permanent
teeth in individuals throughout life. The vulnerability of teeth to decays is the highest after the
eruption because enamel maturation is still incomplete, and then teeth become more resistant over
time [38]. Dental caries is considered the leading cause of oral pain and tooth loss [40]. The
formation of tooth decay depends on tooth vulnerability, salivary flow rate, and duration of the
availability of the carbohydrates necessary for the fermentation of the biofilm bacteria [41]. Saliva
plays a protective role against caries formation by buffering the acids, inhibiting demineralization
and promoting remineralization by being a reservoir of calcium and phosphate minerals, and also
by providing antibacterial elements [37]. Fluoride, dietary control of sugar intake, sealants and
remineralizing therapy can be used for the prevention of dental caries or the management of the
initial-stage or moderate lesions [38,42]. The standard treatment of advanced tooth decay, the
extensive lesions, includes tooth preparation by removing the portions of the decayed tooth by
using drills and then replacing them by restorative materials such as amalgam or composite resins.
This process is considered an invasive method, requires the use of anesthetic injections and drilling
and needs several sittings, which can cause dental phobia in some patients. In addition, the
restorative materials require to be replaced after 7-12 years owing to the shrinkage, leakage or new
cavity formation [43]. New approaches combining tissue engineering methods can largely improve

biological control of dental caries.
2.2.3. Dental trauma

Traumatic dental injuries (TDIs) or dental trauma are a type of injury which involves teeth or other
soft and hard tissues in the oral region, and they influence both primary and permanent teeth
[44,45]. It is considered one of the most frequent oral health problems with a prevalence of 6%-
37% and can be caused by car accidents, sport injuries, physical activities and violence. Although
TDIs occur more commonly in preschool, school-age children and young adolescents, people at
any age, and not only those with poor health, can be affected [46,47]. The dental injuries to the
hard tissues include enamel infraction and crown fractures, which are classified as uncomplicated
(enamel, enamel-dentin) and complicated (enamel-dentin-pulp) crown fractures [46]. These
injures can cause not only physical and economic consequences but also a psychological burden.
As a result, the management and the treatment of the injuries are of great importance, from both

aesthetic and functionality points of view. Emergency management should be taken into
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consideration at the time of injuries since time has a great influence on the recovery outcome
[44,48]. The enamel infraction is the least severe form of TDIs and microcracks are appearing
throughout the thickness of the enamel. No treatment is required in most cases of enamel
infraction, and sealing by using adhesive systems is the treatment employed [49,50].
Uncomplicated crown fractures can be treated based on the amount of the lost tissue. Contouring,
reattaching the fractures’ part using adhesive systems and restoring using a composite resin are
used for less severe cases. For fractures with exposed dentinal tubules which are in direct contact
with pulp, the infection-related necrosis of pulp can be avoided by protecting the dentin [50,51].
Treatment options for the complicated crown fractures with the exposed pulp, include direct pulp
capping, pulpotomy (vital pulp), pulpectomy (endodontic treatment) or extraction, depending on
the amount of the exposed pulp, the time interval between the fracture and the clinical examination
and the stage of the root development [52,53]. Overall, the outcome of TDIs is ranged from

adequate to poor and new strategies and approaches are greatly needed.

2.2.4. Enamel wear

Tooth wear occurs when the hard tissue of the tooth, enamel, or dentin, are lost through attrition,
abrasion, and erosion. Dental attrition is caused by physical contacts between two teeth with no
contribution from foreign materials. Dental abrasion can be generated as a result of interactions
among teeth and foreign substances through processes such as tooth-cleaning or tooth-brushing
[54]. On the other hand, tooth erosion is the chronic loss of minerals on the tooth surface resulting
from acidic dissolution and/or chelation without the contribution of bacteria [54-56]. The
prevalence of enamel erosion was reported 36.6% among the 15-18 years old individuals and
61.9% among 55-60 years old group [57]. The origin of the acidic substances can be intrinsic, such
as vomiting and acid reflux, or extrinsic such as dietary, acidic drugs or industrial fumes. While
the hydrochloric acid originated from gastric substance is able to cause demineralization and loss
of the tooth surface, acids present in the diet, such as soft drinks, fruits and sour foods, are the
main cause of tooth erosion [55,58]. The degree of erosion varies based on different factors such
as pH, concentration and exposure period of the acid, titratable acidity and the mineral content
[58]. Saliva plays an important role in modifying the erosion process in a way that a low or
decreased salivary flow can lead to a higher vulnerability to the erosion damage [55]. Enamel,

dentin and filling materials can be influenced by dental erosion [55]. When enamel is exposed to
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acid substances, softening process takes place through which mineral loss occurs in a layer
reaching up to a few micrometers under the tooth surface. As softening process advances and
reaches the superficial enamel, the layer of the enamel, which was under acid dissolution, is
entirely lost. Enamel can be worn due to the erosion in two ways, including direct elimination of
enamel through complete dissolution or generation of a fine softened layer with a higher
susceptibility to mechanical wear. When dentin is exposed to acids, the junction between the
peritubular and the inter-tubular dentin is dissolved; subsequently, the peritubular dentin is lost,
tubule lamina is broadened, and at the end, a superficial layer composed of demineralized collagen
is produced [54]. The erosion in dentin can lead to hypersensitivity, pulp exposure and tooth
fracture. Filling materials such as glass ionomer cements and restorative composites can be
degraded due to acid exposure as well [55]. Sealing and small composite fillings are used for the
treatment of dental erosion [59]. Novel materials and techniques are necessary to improve the
prevention strategies treatment options for dental erosion and related complications. A strategy
has been proposed to add antibacterial molecules into dental composites to prevent secondary

dental caries while restoring enamel structures [60-62].

2.2.5. Enamel discoloration

The color of the tooth is naturally shaded with the darker in the gingival to the lighter in the incisal
part of the tooth. It is mainly determined by the color and the thickness of the dentin, which is
yellow to brown. The color, thickness, translucency and degree of mineralization of the enamel
have also an impact on the tooth color. Tooth discoloration causes various esthetic issues for which
patients seek dental care and it can also lead to psychological trauma. Discoloration of the tooth
can be categorized into three groups: intrinsic and extrinsic discolorations and stain internalization.
Intrinsic discoloration is defined as the deposition of chromogens in the bulk of tooth as a result
of alterations in the structural composition or the thickness of the hard tissues. There exist different
factors that can cause intrinsic discoloration, including metabolic diseases (e.g., congenital
erythropoietin - porphyria), inherited (e.g.,, amelogenesis imperfecta and dentinogenesis
imperfecta), traumatic, and the process of aging, which makes the color of the tooth darker and
yellow. The extrinsic discoloration, which is divided into direct and indirect staining, is defined as
the deposition of the chromogens on the surface of the tooth or in the pellicle layer. The direct

staining, arising from the dietary sources, such as drinking tea or coffee, smoking, medicines,
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results in the incorporation of the compounds in the pellicle layer, whereas the indirect staining
can occur due to the chemical reaction with agents such as metal salts or cationic antiseptics on
the surface of the tooth. Stain internalization refers to the insertion of the extrinsic stain into the
tooth via dental defects or dental trauma, which can be caused by dental caries, restorative
materials, dental wear and gingival recession. Based on the cause, tooth discoloration can be
treated by prophylaxis for extrinsic discoloration and bleaching, microabrasion, veneers or crowns
for intrinsic discoloration and bleaching and restoration using composite or veneers and crowns
for stain internalization [63,64]. Methods of superficial enamel remineralization may be able to
improve tooth color and diminish shortcomings of the current methods. A deep understanding of

the amelogenesis will provide the necessary tools to design the best optimal options.
2.2.5. Sex differences

The sex of the patient is another important factor which needs to be considered when designing
personalized therapies for enamel repair. The prevalence rate of dental caries is significantly higher
in women compared to men, which might be due to the earlier tooth eruption, snacking during
food preparation and female sex hormones and pregnancy [65-67]. Permanent dentition exhibits
a sex difference of 3-5%, with women showing to be more advanced compared to men in the
timing of the completion of the crown formation and the permanent teeth eruption for all tooth
types except the third molar. Sex differences also exist in size and morphology of the tooth crown,
which is mainly under genetic control, hormonal effects as well as environmental effects. The
effect of genetic factors is more influential compared to other factors due to the early and swift
formation of the tooth during embryonic development [68]. Although female and male teeth are
similar in terms of the overall structure and morphology, minor variations like those in dental size
are able to suggest the sex differences, which are reported to be in the range of 1% and 7% with
larger teeth in men. Thanks to these variations, dimensions of the teeth can be measured using
morphometric devices and then be used for sex determination and identification of unknown
persons in forensics. Studies suggested that the canines exhibit the highest degree of sex
dimorphism and the sex difference is greater in buccolingual diameters than mesiodistal ones
[69,70]. Men have shown to have greater tooth crown size and more dentin compared to women
[71]. The dentin area, DEJ length and bi-cervical diameters were shown to be larger in male molars

than female counterparts; however, the enamel thickness is remarkably greater in women [69]. In
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addition, the presence of specific amelogenin proteins in the enamel protein matrix obtained from
males, which were not found in females revealed the sex dimorphism either in amelogenin
expression or in post-secretory amelogenin processing [16,72]. Hormones are also deemed to have
substantial impacts on ameloblasts and amelogenesis in the maturation stage and result in sex
dimorphism in the mineralization and the quality of the enamel [73,74]. Knowledge of sex
differences in enamel formation is necessary for designing personalized treatment options for

enamel defects.

2.3. Novel Trends and state of the art approaches for enamel repair and regeneration
2.3.1. Acellular approaches

2.3.1.1. Chemical solutions

One of the methods that has been traditionally employed to prevent dental caries and to
remineralize enamel is fluoride therapy. As fluoride exists in saliva at a very low concentration,
around the sub-ppm level, it is considered an inherent remineralization solution. Even the low level
of fluoride is able to disrupt the demineralization process and enhance the rate of remineralization
[75-77]. Under acidic (cariogenic) pH, between 4.5 and 5.5, which is produced as a result of the
conversion of the carbohydrates to acids via bacteria in the plaque biofilm, the level of phosphate
ions in the biofilm becomes lower than normal, and hydroxyapatite in the enamel are dissolved to
recreate the balance. In the presence of fluoride, hydroxyl groups (OH") are replaced with fluoride
ions (F) in the crystal lattice and the fluorapatite is produced, which has a lower solubility and a
higher resistance against demineralization under acidic condition compared to hydroxyapatite
(Figure 2.2a) [75,78]. Hence, the dissolution of the enamel is diminished, and the loss of calcium
and phosphate ions in the enamel is inhibited by retrieving in the form of fluorapatite [75].
However, the high concentration of fluoride can exhibit detrimental impacts owing to the potential
risk of fluorosis (the brown and mottled teeth) [79,80]. In addition, for the formation of each unit
cell of the fluorohydroxyapatite, two fluoride ions, ten calcium ions and six phosphate ions are
required; thus, the shortage of calcium and phosphate ions acts as a limiting factor for enamel
remineralization using fluoride therapy [81]. In addition to topical use, fluoride can be used

systemically from other sources including mother’s milk (that contains a very low concentration
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of fluoride), respiration and dietary intake such as fluorinated drinking water, milk, salt, and
fluoride supplements in the forms of tablets, drops [82,83]. Although caries preventive effects of
the fluoride have been reported to be provided mainly through local topical application (post-
eruptive effect), the systemic administration of fluoride could have the pre-eruptive effect and led
to dental fluorosis in the case of excessive use of fluoride during the time of tooth development
[84,85]. A layer of fluorapatite deposited on the surface is more stable against further
demineralization and inhibits the permeation of calcium and phosphate ions needed to recreate the
carious lesions underneath the surface layer [86]; as a result, fluoride therapy is greatly efficient
on the smooth surface lesions, and its effectiveness is limited in the case of pit and fissure caries
[79,80]. The remineralization can be increased by providing calcium and phosphate minerals; but,
calcium phosphate ions are unable to be combined with fluoride ions in dental products since
fluoride ions have the tendency to react with calcium ions and create insoluble products such as
calcium fluoride (CaF2), which results in loss of bioavailable fluoride ions [87-89]. To overcome
this challenge, one approach is using a dual-compartment dentifrice containing sodium fluoride
(NaF) in one of the compartments and dicalcium phosphate dihydrate in the other, which showed
the increased fluoride delivery and a higher anticaries efficiency compared to dentifrice containing
only NaF, when they were mixed prior to treatment [88]. Two calcium phosphate technologies,
including casein phosphopeptide-stabilized amorphous calcium phosphate (CPP—ACP) and
functionalized tricalcium phosphate (fTCP) were also developed to provide bioavailable and stable
calcium, phosphate and fluoride ions and enhance the remineralization of enamel subsurface
lesions [87]. Nevertheless, the protection of the enamel provided by applying fluoride and calcium
phosphate nanocrystals is limited to about outer ~30 um of the tooth. The structural and
mechanical properties of the formed HAp is also inferior to those of the native enamel [90]. A
simple chemical method based on using a calcium phosphate solution together with the chelating
agent, N-(2-hydroxyethyl)ethylene-diamine-N,N’,N’-triacetic acid (HEDTA) followed by adding
KF solution, revealed the ability to directly regenerate the enamel under near-physiological
conditions (37°C, 1 atm, pH 6.0) through retarding the nucleation and enhancing the growth of the
crystals with the lengths greater than 10 um. The hexagonal crystals of the fluorapatite are formed
after the addition of fluoride ions to the solution and incorporation of the ions into the HAp lattice.
However, the process takes several days, which restricts clinical applications of this method, and

also, the chelating agent, HEDTA, is not safe to be consumed by the patient; thus, a device is
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required to be designed to separate the mineralization solution from the oral environment.
Furthermore, only prism-like structures, without inter-prism regions, are able to be reconstructed
using this approach [91]. The calcium phosphate compounds with bundles of aligned HAp fibers
similar to the dental enamel were produced by applying a solution containing the surfactant bis (2
ethylhexyl) sulfosuccinate sodium salt (AOT), water, and oil. The surfactant AOT was used as the
structure-directing agent to regulate the nucleation and the growth of calcium phosphates [7]. Still,
the function of formed calcium phosphate materials is limited, and also the presence of chemicals
such as AOT can lead to excessive biological effects [92]. Silver diamine fluoride (SDF) is a
colorless solution of ammonia and silver fluoride that is employed as an FDA cleared product for
caries management. This solution can be used either on the decayed lesion in order to arrest caries
or on the part of the tooth with no caries to prevent decay formation. SDF was revealed to be able
to arrest the decays in primary teeth, treat tooth hypersensitivity, inhibit pit and fissure decays in
the erupting permanent teeth, sterilize the infected root canals and to prevent root caries in elderlies
[39,93]. It also inhibits both the demineralization of the dentin tissue and the degradation of the
dentin matrix. In addition, the antibacterial features of the SDF prevents the progression of
cariogenic biofilms. As one drawback of this solution, carious lesions get stained and become
black after treatment with SDF, which might be unsatisfactory for patients [94]. Recently, a
biomimetic regenerative solution based on calcium phosphate ion clusters, as the building block
of amorphous calcium phosphate (ACP), and HAp, has been developed, which is able to induce the
epitaxial crystal growth through the crystalline-amorphous mineralization once applied to a carious
lesion. This solution, which is made by mixing calcium and phosphate minerals with
trimethylamine in an ethanol solution, could repair the enamel up to the thickness of 2.7 um with

a structure identical to the structure of the native enamel [95].

2.3.1.2. Electrodeposition

Electrodeposition, also known as electrochemical deposition, is a simple and inexpensive method
through which a uniform layer is deposited on the substrates under an electrical field [96].
Electrolytic deposition (ELD) and electrophoretic deposition (EPD) are the two main categories
of electrodeposition. In the ELD, the metal ions are electrochemically reduced, or the colloidal
particles are generated as a result of cathodic reactions, and then they are transferred to the

electrode where a layer is formed, while in EPD, the charged particles in a liquid suspension are
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moved towards the electrode (Figure 2.2.b) [96]. The ELD produces thinner layers of coating
juxtaposed with the EPD [97]. The ELD method was shown the ability to induce precipitation of
both self-assembled amelogenin proteins and CaP at the same time under physiological conditions
to improve the crystal growth and enhance mechanical properties of the enamel-mimicking
composite coatings [98]. The advantage of this technique is that calcium phosphate or HAp can be
coated on substrates even with porous or irregular structures at a relatively low temperature with
the controllable crystallinity [99,100]. Furthermore, the gradual increase in the local pH around
the cathode is able to induce the self-assembly of amelogenin proteins as well as the
supersaturation of CaP and the nucleation of crystals on the cathode [101,102]. Nevertheless, the
high electric field condition used in the process prevents the potential of this technique for

translation into clinical applications [103].
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Figure 2.4. (a) The mechanism of demineralization inhibition by fluoride, this figure was drawn
with Biorender.com. (b) Electrodeposition methods: Electrolytic deposition (ELD) and
Electrophoretic deposition (EPD). Superficial enamel repair and remineralization can be achieved
chemically. This type of approaches can prevent dental caries, repair enamel microcracks and
improve enamel caries prevention strategies.

2.3.1.3. Inorganic pastes
Dental pastes, which contain inorganic components such as HAp, can be applied to form the
synthetic enamel and to repair the early caries lesions by the growth of nanocrystalline structures

without any need for prior excavation [104,105]. As the repair steps using the inorganic paste are

shown in Figure 2.3, the HAp nanocrystals in the enamel are dissolved in the initial step;
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afterwards, in the middle step, the enamel apatite crystals swiftly start re-growing, and new HAp
crystals nucleate as a result of the presence of ionic species in the extremely acidic pH of the
mother solution (pH<2). In the final step, the layer of newly grown HAp crystals, with the high
crystallinity and identical crystallographic orientations, are created in the interface, while in the
dense paste, the crystals are randomly oriented and low crystalline owing to the high
supersaturation. Thus, the mechanical and physiochemical characteristics of the newly synthesized
HAp are maintained in roughly 20 um thickness of the interface also, no prism structures were
observed [105]. Moreover, the high concentration of hydrogen peroxide (H202) is used in the paste
formulation to form the oxygen bubbles in the surrounding environment needed for the generation
of the micro-convention, which help with the nucleation and the growth of crystals [105].
Therefore, clinical applications of the inorganic pasts are limited due to the fact that the acidity of
the condition and the usage of H202 are able to cause inflammation when they are placed on the
gum [104].
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Figure 2.5. The repair steps using inorganic pastes: (1) Initial phase: the dissolution of
hydroxyapatite (HAp) crystals in the original dental enamel. (2) Middle phase: the re-growth of
the enamel HAp and nucleation of the new HAp crystals. (3) Final phase: the creation of the
synthetic enamel in the interface and randomly oriented crystals in the dense paste. Based in part
on the reference [105].
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2.3.1.4. Synthesis of artificial enamel-like hydroxyapatite

Since there exist no enamel forming cells after the completion of the tooth eruption, one of the
methods for the enamel restoration is to synthesize the artificial enamel HAp. The techniques by
which HAp can be synthesized are categorized into two main groups: solid-state and wet-state
methods [106]. In the solid-state approaches, the reactions among the raw materials such as
CaHPO4 and CaO powders are performed by thermal treatments and produced stoichiometric HAp
with the well-crystallized structures. However, high temperatures (higher than 700 °C ) and a long
period of treatment times are needed. Moreover, the resultant products are in the form of the
sintered bulk, which requires to be milled or ground into nano-sizes using techniques such as direct
ball milling, the plasma spraying [106]. While, nanoHAp can simply be synthesized via the wet-
state approaches, including the wet chemical precipitation, the homogeneous precipitation, the
micelle-templated precipitation, the emulsion method, the hydrothermal conversion, the
hydrothermal crystal growth, and the sol-gel method, under comparatively low temperatures
[106,107]. Nevertheless, the crystallinity and the Ca/P ratio of the products are at lower levels
compared to HAp produced by solid-state methods. There exist some post-treatment techniques,
such as hydrothermal treatment or calcination, that can be used to form the well-crystallized HAp
[106]. One of the most effective methods is the hydrothermal approach by which the morphology
and the architecture of the HAp can be regulated as a result of its potential to instigate nucleation
and growth of HAp crystals [108]. However, the stringent conditions applied in these methods,
such as the high temperature, the pressure, the low acidity, the high concentration of the

surfactants, confine the potential of this approach for clinical applications [109].

2.3.1.5. Rotary evaporation

Rotary evaporation is a simple and efficient technique that can be used to control crystal growth
and regenerate the enamel-like structures on various types of substrates, including dental enamel,
dentin, titanium sheets and polyethylene sheets. Unlike other techniques such as hydrothermal
approaches and hydrogel systems, which offer a very low speed of HAp crystal growth (less than
1 um per day) and the limited thickness of the regenerated layer, the rotary evaporation is able to
provide the rapid production of highly organized structures with a controllable thickness. In this

technique, HAp crystals are grown in the remineralizing solution containing calcium and
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phosphate and fluoride minerals with silk fibroin, which was employed as a modulator of crystal
growth due to its similarity to amelogenin structure, under rotary evaporation. The regenerated
enamel-like crystals produced using this method exhibited the microstructure (crystal size,
morphology, organization) and mechanical features similar to those of native enamel [110].

2.3.1.6. Laser assisted mineralization

Lasers have been broadly used in the field of dentistry for cutting soft tissues and whitening. Owing
to their photothermal effects, lasers are able to assist in crystal growth by warming the local area
converting the reaction environment to the hydrothermal oven, which renders them suitable for
enamel repair applications. Lasers accelerate the mineralization of the dental enamel and regulate
the growth of HAp crystals in the regions, which can prevent the creation of dental calculus.
However, the diode laser source can overheat the pulp and kill the nerve cells existing in this layer.
Therefore, more studies are needed in order to validate the effectiveness of changing the laser
source [5]. Furthermore, femtosecond pulsed lasers (fs) were used to remineralize the dental
enamel by sintering the synthetic fluorapatite powder consisting of iron oxide nanoparticles (Fe203
NPs) in chitosan applied on the surface of the eroded enamel. Fe203 NPs were able to absorb laser
photons like a thermal antenna and to distribute the heat locally to fluorapatite crystals, and induce

densification into a dense layer which was attached to the native enamel [111].
2.3.1.7. Electrically accelerated and enhanced remineralization

Electrically accelerated and enhanced remineralization (EAER) is an innovative clinical approach
for the remineralization of dental caries in a fast and efficient manner with no need for drilling or
filling. This method can be used for the repair of the full depth of the initial-stage or moderate
carious lesions through a painless process without any need for injections, drills or restorative
materials. In addition, this method preserves the healthy part of the tooth during the process, which
can lead to maintaining the tooth integrity, and it can also be employed to whiten teeth. The
procedure uses a small “healing hand piece” that is put on the decayed surface of the tooth and
includes two steps: first, the remineralizing agent reservoir in the form of the paste or liquid is
placed on the carious lesions, and then an electric field is applied for a short time to accelerate the

movement of the mineral agents to the lesion [43,112].
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2.3.1.8. Immunization against cariogenic bacteria

Caries vaccines are another approach that has been developed for the prevention of dental caries
over the last 40 years. Streptococcus mutans and Streptococcus sobrinus are the main targets in
the development of the caries vaccines [113]. The immunization against cariogenic bacteria can
be achieved either actively or passively. Active immunization uses target antigens to induce the
production of endogenous antibodies by host’s immune system [113,114]. Active vaccines are
more effective and long-lasting; however, they can evoke harmful immune reactions that might be
fatal [115]. Passive immunization involves administration of exogenous antibodies that provides
a safer option; nevertheless, it provides less effective and temporary immunity and thus repeated
administrations are needed [113,114]. Moreover, non-human antibodies used in passive vaccines
often induce immune reactions [116]. The antigen-binding fragments (Fabs) that was synthesized
against Streptococcus mutans and Streptococcus sobrinus by using recombinant DNA technology
could prevent caries formation in a rat model and have the potential advantage to be engineered
for passive immunization in order to prevent immune responses to non-human antibodies [116].
Further studies are required to investigate the long-term efficacy of vaccines for caries therapy in
future. In addition, it is hypothesized that a combination of enamel matrix proteins and antibodies
might be able to treat the dental caries in a carious tooth while inhibiting further progression of the

caries by blocking cariogenic bacteria.

2.3.1.9. In situ remineralization/regeneration of enamel by mimicking the functions of

organic matrix

The native enamel apatite is initially formed in the gel-like microenvironment containing different
proteins such as amelogenin, and then the organic molecules are mostly degraded or eliminated
over time as the enamel becomes mature [103]. Proteins in the enamel organic matrix provide a
framework which structurally support the formation and the growth of crystals during the enamel
development [117]. The physicochemical properties of the gel-like organic materials can mimic
the native enamel matrix more accurately juxtaposed with aqueous solution-based systems and
control the manner of the crystal growth [118]. Thus, one of the approaches for inducing enamel

mineralization and regeneration is to mimic the role of organic matrices [109,119].
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2.3.1.9.1. Recombinant enamel matrix proteins

The enamel extracellular matrix consists of proteins and proteases, which are secreted in a time-
controlled manner based on different genes and signalling pathways, plays a pivotal role in the
mineralization of the enamel. The main enamel matrix proteins (EMPs) expressed by ameloblasts
include amelogenin, enamelin, ameloblastin and amelotin, among which amelogenin is the most
essential in the enamel mineralization [120]. The mechanism of the role of amelogenin in the
mineralization has been investigated by means of recombinant amelogenin. Amelogenin and its
self-assembly regulate the crystallization of calcium and phosphate, the crystal size and the
orientation and the elongation of apatite crystals within prism structures [87,121,122]. It has been
indicated that the recombinant full length amelogenin (rP172) is able to enhance the formation of
organized needle-like fluoridated HAp crystals under physiological conditions in a dose-dependent
manner. The inclusion of the fluoride with amelogenin is also important for the crystal packing
density and remineralization. In situ remineralization of the enamel by this technique can be
applied for early caries lesions; nevertheless, the clinical application of this approach is confined

due to the fact that expression and purification of amelogenin are hard and highly costly [123].

2.3.1.9.2. Dendrimers

Dendrimers are highly branched spherical shaped polymers with a well-defined structure
consisting of a central core enclosed by repetitive branches [124]. This group of polymers, known
as biomimetic artificial proteins, has been employed as models for proteins in biomedical
applications due to their narrow size distributions, the dimensional length scaling. They can act as
amelogenin analogues to mimic the function of the organic matrix for the enamel mineralization
[125,126]. Poly (amido amine) (PAMAM) was the first synthetic dendrimer that has been used for
the enamel mineralization by crystallization of HAp. The size and the shape of the HAp can be
controlled by functional groups, generations and the concentration of the dendrimer. The carboxyl-
terminated PAMAM (PAMAM-COOH) self-assembled like amelogenin and resembled its
structure [126]; however, for in situ regeneration or mineralization, PAMAM dendrimers are
required to have a higher adsorption affinity to the enamel surface [109]. To increase the binding
ability, PAMAM-COOH dendrimer was conjugated to a HAp-anchored agent, alendronate
(ALN), shown to be capable of adsorbing on the surface of the enamel and recreating nanorod-like

HAp crystals with uniform sizes and shapes and the perpendicular orientation on the surface of the
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acid-etched enamel when incubated in the artificial saliva for up to 4 weeks and recovered about
95.5% of the hardness of the original enamel [109]; however, the commercialization and clinical

applications of the ALN-PAMAM-COOH are restricted due to its complex synthesis process.

2.3.1.9.3. Self-assembling peptides

Self-assembled peptides are structures which can be created by a bottom-up technique as a result
of non-covalent interactions consisting hydrogen bonds, electrostatic interactions, hydrophobic
interactions, van der Waals interactions, and also n—m stacking forces between small molecules,
which are mostly peptide amphiphiles (PA) [127-129]. The structure of PA includes a tail group
of dialkyl chain as a hydrophobic part which is linked to a head group containing a peptide group,
as a hydrophilic part [128]. PA can spontaneously form nanostructures in agueous conditions, and
the self-assembly process can be induced by changes in pH, the concentration or the number of
divalent ions [130]. The shape of nanostructures formed from self-assembling peptides is
contingent upon chemical (e.g. sequence, charge, concentration, etc.) and physical (e.g. size and
shape of peptides, etc.) characteristics [131]. The application of self-assembling peptides in the
enamel regeneration is advantageous owing to the formation of fibrous structures with the high
aspect ratio (the diameter and the length are in nanometer and micrometer size ranges) and the
presence of well-defined surface functional groups, which periodically repeat in the structure and
help with the mineral nucleation. Additionally, the dynamically stable 3D environment produced
by fibrils can modulate the deposition and the growth of crystals, and these peptides can be injected
in the form of fluids and then in situ gelation occurs, which makes these structures appropriate for
filling cavities with irregular shapes [132]. The self-assembling peptide named P11-4 (Ace-GIn-
GIn-Arg-Phe-Glu-Trp-Glu-Phe-Glu-GIn-Gin-NH3) exhibits a high binding capacity for calcium
ions which can help with the nucleation and form the needle-shaped HAp crystals and remineralize
the enamel. Nevertheless, the proteolytic degradation of self-assembling peptides may affect their

effectiveness on the tooth surface and confine their clinical applications [133,134].

2.3.1.9.4. Hydrogels

Hydrogels are 3D structures of hydrophilic polymers which can absorb a large amount of aqueous
solutions and encapsulate biological agents [135]. Gelatin hydrogel was used to simulate enamel

formation owing to similarities between structural and chemical characteristics of gelatin and the
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enamel matrix. Gelatin provides nucleation sites, and its ionotropic properties allow inorganic ions,
which are introduced in the gel through diffusion, to be oriented with organic molecules. A double-
diffusion chamber can supply the buffered calcium and phosphate/fluoride solutions into the
gelatin gel to prevent the quick precipitation of calcium phosphates [136]. The spherical
fluorapatite-gelatine aggregates with needle-shaped sub-units and similar chemical and
morphological properties to those of the natural enamel are able to be formed within weeks [137].
Nevertheless, the level of the fluoride in aggregates was higher than the enamel, and the crystals
were shorter in their length [138]. Furthermore, gelatin is a thermosensitive material which is in a
solution state at a physiological temperature, 37°C; as a result , the reaction should be performed
at 25°C to maintain the gelatin in the gel state [136]. To elevate melting temperature of gelatin up
to 40°C, gelatin was supplemented with glycine [138]; but it can cause biosafety issues in a long
time during which the gel is present in buccal cavity [118]. Agarose gel, which has the sol-gel
transition temperature around 60 °C, was used to address the challenge with gelatin. The results
showed that the prism-like structures with hexagonal HAp crystals were formed in the newly
formed tissue, which has similar mechanical properties to the enamel. Still, hydrogels were
employed as a simplified model for enamel regeneration. Organic components, such as enamel
proteins and proteinases can be incorporated into hydrogels (3.1.9.5 and 3.1.9.6) in order to
emulate the organic matrix more precisely [118]. In addition, by incorporating antimicrobial and
bioactive agents such as silver-doped bioactive glass [139], antimicrobial GKIIKLKASLKLL-
NH2 (GL13K) peptides [140] and antibiotics [141,142], antimicrobial hydrogels can be fabricated
to induce mineralization or regeneration in dental tissues while preventing bacterial infections or

treating cariogenic bacteria.

2.3.1.9.5. Enamel matrix protein containing hydrogels

The more promising hydrogel-based approach can be obtained by incorporation of amelogenin
proteins in the hydrogel in order to regulate the crystallization, the growth, and the orientation of
HAp crystals [10]. The cyclic treatment of a mixed-species oral biofilm model by means of an
amelogenin (rP172)-releasing hydrogel system based on agar, which contains calcium, phosphate
and fluoride minerals, during several days significantly enhanced the microhardness of the
remineralized enamel compared to the control group without amelogenin and fluoride. No
cytotoxic effects were exhibited on periodontal ligament cells. Agar is a non-ionic polysaccharide
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with a low propensity for maintaining amelogenin, which renders it suitable for releasing proteins
and ions. However, the hardness of the remineralized enamel was lower than that of the native
enamel. To promote the crystal packing density by using this system, enzymes such as enamelysin
and KLK4 can be added using a time delayed delivery system for the elimination of the extra
amelogenin between crystals [143]. Another amelogenin containing system for enamel repair was
developed based on the chitosan hydrogel, which exhibits unique antimicrobial and adhesion
properties. Amelogenin was self-assembled in the chitosan hydrogel, which stabilized Ca-P
clusters in hydrogel and controlled their arrangement into linear chains fused with enamel crystals
and formed into co-aligned crystals that attached to the native enamel as clusters were growing.
Using the chitosan hydrogel system, a dense interface was formed between the enamel and
regrown crystals resulted in the enhanced bonding between the repaired layer and the tooth surface,
which can promote the endurance of the treatment and prevent the formation of secondary caries.
In addition, hardness and elastic modulus were significantly increased after applying the hydrogel
system to the etched enamel; but the levels were still lower than those of the native enamel owing
to the lack of prism and inter-prism structures [10,122]. Further research is needed to perfect these

systems for clinical applications.

2.3.1.9.6. Electrospun mats

The electrospun materials have been used in various dental applications, including tooth regeneration
and wound dressing for oral mucosal lesions [144]. Amorphous  calcium
phosphate/poly(vinylpyrrolidone) (ACP/PVP) fibrous membranes produced by the electrospinning
technique were able to shield the tooth and act as a metastable reservoir of calcium and phosphate ions.
When used in the presence of artificial saliva containing fluoride ions, the electrospun mats get hydrated
and provide a mineralizing hydrogel which can guide and enhance enamel remineralization by
crystalizing fluoridated hydroxyapatite (500 nm in thickness). In addition, the exposed dentin tubules
were able to be plugged after applying the ACP/PVP electrospun mat. As a result, the dentin

hypersensitivity can be decreased using this approach [145].

2.3.1.10. Enamel matrix protease delivery systems

The enamel organic matrix guides the crystal formation and gradually undergoes degradation by
the effect of the proteolytic enzymes, which hydrolyze the peptide bonds in proteins. These
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proteases mainly include matrix metalloproteinase-20 (MMP20 known as enamelysin) and enamel
matrix serine protease 1 (KLK4) [146,147]. MMP20 is involved in the processing of the enamel
matrix and the cleavage of the amelogenin during the secretory stage, which is of great importance
in the crystal elongation. KLK4 degrades proteins in the enamel matrix during the maturation stage
[146,148]. Several studies have developed enzyme delivery systems for other biomedical
applications such as cancer therapy [149-152]; however, there is no study on the treatment of
enamel hypo-maturation using delivery of proteolytic enzymes. It is hypothesized that the delivery
of KLK4 and MMP20 might help with the removal of the organic matrix and alleviate the

symptoms of enamel hypo-maturation.

2.3.2. Cellular approaches for enamel regeneration

Although considerable progress has been made using acellular approaches, an innovative method
that can be applied directly on the tooth surface in the oral cavity and mimic structural and
mechanical properties of the dental enamel and produce several micrometer-sized HAp crystals is
still required to be developed [90,153]. Since the native enamel is produced by ameloblasts prior
to the tooth eruption, the regeneration of the enamel by cells seems promising as it can mimic the
natural enamel development process, and the properties of the produced enamel can be much more

similar to those of native tissue.

Different dental cell sources for enamel regeneration

There exist different cell sources that can be used to regenerate the dental enamel as described

below:

2.3.2.1. Primary enamel organ epithelial (EOE) cells

Unlike the mature enamel, the enamel organ epithelium in the unerupted tooth contains
ameloblast-like cells that can be used as the cell source to regenerate enamel. Primary epithelial-
like cells from the tooth bud are in either polygonal or stellate morphologies, and express
amelogenin. However, they exhibit a relatively slow growth rate [154,155]. In fact, in vitro culture
of EQE cells for a long time while maintaining their primary phenotypes is difficult [156]. There

are also two main challenges for culturing EOE cells: first, the disruption of their growth when

38



contaminated with dental mesenchymal cells and second, their terminal differentiation after
several passages [156]. Moreover, these cells cannot be accessible after tooth eruption; as a result,

alternative cell sources are required to be used for adults without any unerupted tooth.
2.3.2.2. Epithelial cell rest of Malassez

Epithelial cell rest of Malassez (ERM) are epithelial cells with stem cell characteristics derived
from Hertwig’s epithelial root sheath (HERS) in the periodontal ligament (PDL), which are the
connective tissue connecting tooth root to the alveolar bone [157,158]. ERM is entailed in tooth-
root formation, and it is considered the only dental-origin epithelial cells in adult teeth since it
stays in PDL in adulthood to retain the tissue homeostasis [159-161]. These cells, which can be
obtained either from HERS in root tip before the completion of the root formation or from ERM
in the root surface after the tooth extraction, have the potential to differentiate into ameloblasts
[162,163]. Adult human epithelial stem cells derived from hERM in a by-product of the surgical
extraction of the wisdom teeth can be utilized as an easily accessible autologous donor source of

epithelial stem cells [164].

2.3.2.3. Human skin keratinocytes

Human keratinocytes can be isolated from the epidermal layer of the skin and be used as non-
dental epithelial cell source to produce dental enamel. These cells, that are easily accessible and
can be expanded quickly in culture, have the potential for clinical applications. Human
keratinocyte cell sheets have shown the ability to differentiate into enamel-producing ameloblasts,
induced by with mouse embryonic dental mesenchyme and fibroblast growth factor 8 (FGF8)
[165]. However, the relatively low induction rate of ameloblast differentiation in these cells
prevent them from being used as an ideal cell source for future development of bioengineered teeth
[166]. The treatment with FGF8 and Sonic hedgehog (SHH) [167] or low temperature culture
[166] have found to significantly increase the rate of ameloblastic differentiation in human

keratinocyte stem cells.
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2.3.2.4. Ameloblast-like cell lines

Ameloblast-like cell lines are produced by insertion of the viral oncogenes, which makes dental
derived cells immortalized with the ability to constantly proliferate and demonstrate an ameloblast-
like gene profile [168]. These cells allow scientists to conduct research on molecular and cellular
events occurring during amelogenesis and enamel regeneration without any need for animals as
the source for cell-isolation [169]. LS8 is a mouse-derived cell line that can be used as a cellular
model for the secretory phase of amelogenesis since it highly expresses amelogenin, ameloblastin,
enamelin, and Mmp20; however, they are unable to generate calcified nodules [169-171]. ALC is
another mouse-derived cell line for mimicking the ameloblasts in the maturation phase, and it
expresses amelogenin, odontogenic ameloblast-associated protein (Odam), Klk4. In addition, this
cell line has a very high alkaline phosphatase activity and is able to form calcified nodules
[169,170,172]. HAT-7 is a dental epithelial cell line which is originated from the apical bud of
the rat incisors [173,174]. Immunocytochemical studies have shown that HAT-7 cells display
ameloblast traits such as the expression of the secretory phase markers, including amelogenin and
ameloblastin [175], as well as the maturation-stage ameloblast markers such as Klk4 and amelotin
[173]. SF2 is another dental epithelial cell line derived from rat incisors and can be considered for
analyzing the fate of the epithelial cells, the adhesion to the matrix and the interactions with dental
mesenchymal stem cells [176]. Recently, two immortalized epithelial cell lines (EOE-2M and
EOE-3M) were developed from the mouse EOE. These cells were able to maintain their ability for
proliferation after 30 passages and express the enamel specific markers, including amelogenin,
ameloblastin, KLK4, MMP20; as a result, they can be used to study events taking place during
both secretory and maturation stages [168].Although mouse and rat cell lines can provide useful
tools for studying enamel repair and regeneration, these cell lines cannot be used for human enamel

repair.

2.3.2.5. Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) can be derived from the differentiated adult cells via
insertion of the specific four embryonic transcription factors— Oct3/4, Sox2, Klf4, c-Myc, and
Nanog [177]. iIPSCs are able to be produced from different dental cells, including stem cells

residing in apical papillae (SCAP), dental pulp stem cells (DPSCs), stem cells from human
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exfoliated deciduous teeth (SHED), third molars, and fibroblasts derived from the oral mucosa,
gingiva and periodontal ligament. iPSCs can be used as an unlimited cell source for dental
epithelial cells without the ethical issues and the risk of the immunorejection that the embryonic
stem cells might have [178]. It was shown that the putative epithelial progenitors could be
generated by iPSCs cultured on collagen-coated dishes in the presence of bone morphogenic
protein (BMP)-4 and retinoic acid (RA) [179]. It was also indicated that iPSCs are able to
differentiate into the enamel producing ameloblasts when co-cultured with dental epithelial cell
line SF2 [180] or ERM cells [181]. However, the epigenetic memory of iPSCs from their original
phenotype, which exists in iPSCs even after reprogramming, confines their ability for
differentiation and also, there is a risk of tumor formation by the remained undifferentiated cells
in the target cells [178]. Another potential disadvantage could be the multiple differentiation steps

needed to guide iPSCs from an under differentiated stage to enamel-producing cells.

Scaffold-free strategies

During tooth development, ameloblasts are programmed to differentiate and produce enamel
through receiving signals from growth factors, transcription factors, extracellular matrix as well as
signals from mesenchymal cells. One approach to create the enamel can be achieved by controlling

the differentiation of the enamel producing cells using the signalling pathways.
2.3.2.6. Ameloblast differentiation inducing factors

T-box1 (Tbx1) belongs to the family of Brachyury-related family transcription factors whose
alteration or absence could lead to DiGeorge syndrome, a genetic disease that influence the
development of organs including heart, face, parathyroid and teeth [182]. Thx1 was found to be a
stimulator of ameloblasts differentiation, proliferation as well as enamel deposition. The deletion
of Thx1 in a mouse model led to the absence of the enamel and the ameloblasts, decrease in cell
proliferation and lower amelogenin expression, as well as the different levels of hypo-
mineralization and hypo-plasticity [182]. Tbx1 expression in dental epithelium was found to be
linked to the expression of fibroblast growth factor (FGF) which play an essential role in the
function of ameloblast specification, survival and proliferation [183]. Globoside, which is also

highly expressed during tooth development, has shown the ability to accelerate the ameloblast
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differentiation by promoting the expression of the enamel matrix proteins and the expression of
epiprofin and the regulation of runt-related transcription factor 2 (Runx2) expression when
exogenously administrated in HAT-7 cells, while it has no effect on cell proliferation [184].
AmeloD transcription factor also has a pivotal role in tooth morphogenesis through controlling the
expression of E-cadherin and epithelial-mesenchymal interactions. Deletion of AmeloD in a
mouse model caused hypoplasia and the formation of the small-sized tooth and hindered the
migration of cells [185]. Knockout of the nuclear factor 1-C also revealed the formation of the
structurally defective enamel and diminished the ameloblast differentiation via regulating the
osterix pathway [186]. Moreover, TGF-£-1 can enhance mineralization and maturation of enamel
by regulating the expression of RUNX2 and WD repeat-containing protein 72 (WDR72) [187]. It
was also demonstrated that TGF-£-1, BMP-2-soaked apatite and interleukin-7 (IL-7) are able to
induce the ameloblasts differentiation [188]. Basic fibroblast growth factor (FGF-2) is another
factor which affect the ameloblast differentiation and the secretion of the enamel matrix [189]. A
comprehensive system of transcription and growth factor time-controlled delivery to lead

differentiation of stem cells to enamel producing cells is still missing.

2.3.2.7. Co-culture systems

Another essential factor for enamel regeneration is epithelial-mesenchymal interactions which
naturally occurs during tooth development. One method for inducing the ameloblast differentiation
and enamel formation through providing such signals is based on two- or three- dimensional (2D
or 3D) co-culture systems (Figure 2.4) [190-194]. Transwell systems offer non-contact co-culture
models in which one type of the cells are seeded in the permeable insert, with the pore size of 0.4
um, and placed on top of wells plated with the other cell type [195,196]. In this model, soluble
signalling molecules secreted from each cell type act as inducers which affect the function of the
other cells without the direct cell-cell contact [197,198]. Although these systems are simple and
easy to use, they provide a 2D monolayer of cells which differs from the in vivo condition in terms
of the cell functions, morphology and gene expression [199]. A 3D in vitro co-culture system based
on collagen membrane in two different non-contact and indirect contact fashions was developed
for inducing ameloblast differentiation in HAT-7 cells through interactions with dental
mesenchymal stem cells. Results showed that direct cell-cell interactions are important for

ameloblast differentiation. However, the collagen membrane allows only biomolecules smaller
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than 12.5 kDa to move through it [190]. The development of a 3D co-culture microenvironment
which mimics in vivo tissue structures with the natural cell morphogenesis has still remained a
challenge [199].

(a) (b) Transwell insert

In vitro regeneration
of enamel-like structures

Hydroxyapatite crystals
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Figure 2.6. Different co-culture systems: (a) 2D non-contact model, (b) 2D indirect contact model,
(c) direct contact model, (d) 3D non-contact model. These developed models can be used to study
the importance of epithelial-mesenchymal signalling for ameloblast differentiation and enamel
formation and mineralization. Advanced co-cultures methods could be used in the future to
regenerate dental enamel in vitro.

Another approach which has been developed for this purpose is the reconstitution of the tooth germ
by the tissue re-aggregation techniques through which dental mesenchyme and dental epithelium,
or single cells derived from them, are re-combined and the epithelial-mesenchymal interactions
commence the tooth formation and control cell differentiation and morphogenesis (Figure 2.5a-b)
[200-202]. Tooth crowns with bone and soft tissues were regenerated when mesenchymal cells
from non-dental sources were re-associated with the embryonic oral epithelium and transplanted
in the renal capsule. In addition, tooth structures were formed after transplanting the embryonic
tooth primordia into the jaw, which confirms the feasibility of replacing the lost or missing tooth
with the artificial tissue primordia in the jaw [201]. Collagen gel has also been used to form the
recombinant tooth germ [203-205] or the tooth bud [206], and it can provide the appropriate cell
compartmentalization among epithelial and mesenchymal cells which is of great importance in

both in vitro organ culture and in vivo implantation (Figure 2.5c¢) [203].
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Figure 2.7. Scaffold-free approaches for bioengineering of the tooth germ through mesenchymal-
epithelial interactions. Epithelium and mesenchyme are separated and then re-associated (a),
epithelial and mesenchymal single cells derived from the tooth germ are combined by making
pellets (b) or by using collagen hydrogels (c). The reconstituted tooth germ using (a), (b) and (c)
techniques are cultured for a specific period followed by transplantation of the engineered tooth
germ into the jaw (orthotopic) or in the renal capsule environment. These methods are used to
study the potential of stem cells/signaling molecules combinations to regenerate physiological
enamel. This pre-clinical step proof-of-concept step may provide foundation for future clinical
applications that involve scaffold-free approaches. Some elements of this figure were generated
with Biorender.com.

2.3.2.8. Microfluidic “tooth on chip” systems

Microfluidics and organ-on-chip systems are devices on which different types of laboratory
experiments can be run in the micro scale and they are recently developed in order to imitate the
human models for pre-clinical studies more accurately compared to the traditional systems such
as 2D cell culture systems or the animal models. The merits of this technology include the need
for only small volume of the reagents, high efficiency, reproducibility, the potential for designing
integrated systems [207,208]. Unlike the traditional co-culture systems in which two types of cell
populations are grown in the same media that might not provide the appropriate conditions for one
type of cells to preserve their physiological functions, in microfluidic systems cells can be cultured
in different media [209]. Organ-specific components such as epithelial or mesenchymal cells or
tissues can be grown on the various chambers which exist in such devices. The molecular cues are
able to cross between the chambers, and the systemic blood circulation can be mimicked by
controlling the flow of the appropriate media. In addition, the physiological and pathological
processes in the organs and immune responses can be modelled in such devices by the insertion of

the mechanical forces, which mimic the physiological movements and the electrical stimuli, and
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by the integration of the circulating immune cells or living microbiomes [207]. In the field of
dentistry, microfluidic co-culture systems have been developed for the first time to model the
interactions between the embryonic trigeminal ganglia and the postnatal tooth germs and to study
tooth innervation [210]. Other microfluidic systems which have been engineered in this field
include those for salivary glands, oral mucosa and dental biofilm, dentinal tubules (for studying
odontogenesis), pulp-dentin-biomaterials interface (for studying the response of pulp cells to
various dental materials) [211]. Microfluidic 3D systems to study enamel repair and regeneration

will further advance this field.
Chronodentistry

The circadian biological clock, which is defined as an adjustment to daily changes (24 h cycle),
modulates different physiological and cellular processes in living organisms [212]. The circadian
clock can be disrupted by specific lifestyles and behavioral choices such as shift works, irregular
meals and alcohol and drug abuse [213,214]. Several pieces of evidences have led to the hypothesis
that enamel development is under circadian control, including the modulation of the development
of other mineralized tissues such as bone by the circadian clock, the daily growth patterns (so-
called cross-striations) in enamel, and the circadian matrix deposition during the secretory stage
and the alternation between smooth- and ruffle-ended ameloblasts which occurs every 8 hours
during the maturation stage [212,215]. The clock genes (period circadian regulator 2 (Per2) and
brain and muscle ARNT-like 1 (Bmall)) were shown to be expressed in synchronized ameloblast-
like LS8 cells. Amelogenin expression was significantly diminished during the night period while
the expression of other genes involved in the tooth development such as enamel matrix endocytosis
(lysosomal-associated membrane protein (Lamp1l)), bicarbonate transport (sodium bicarbonate so-
transporter (NBCel)) and bicarbonate production (carbonic anhydrase 2 (Car2)) was elevated
[216]. The oscillation of the major clock genes (circadian locomotor output cycles kaput (Clock),
Bmall, Perl, Per2) was also reported in synchronized HAT-7 cells at both RNA and protein levels.
The expression levels of amelogenin and Klk4 were upregulated by overexpression of Bmall, as a
positive modulator of the circadian rhythm, while downregulated by overexpression of
cryptochrome 1 (Cryl), as a negative modulator of the circadian clock, suggesting that the
secretory and maturation phases of amelogenesis are regulated in a circadian manner [215].

Significant delays were observed in melatonin receptors (MTs) and amelogenin expression as well
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as the enamel development when neonatal mice were in all-night or all-day conditions. The
newborn mice that were in all day environment also revealed a delay in the development of enamel
with immature histological features. In addition, the enamel formation was delayed in mouse
babies whose mothers had circadian disruption during pregnancy. This suggests that the circadian
clock is a vital factor for the enamel to be normally developed during pre- and post-natal phases
[217]. In addition, expression of clock genes takes place during the ameloblast differentiation
[218-220] and controls the enamel secretion and expression of ameloblast genes, including
amelogenin and enamelin and Klk4 and the key transcription factor, Runx2 [221]. The disruption
of the store-operated calcium entry (SOCE) was found to affect the expression of the ameloblasts’
clock genes [222]. Although the field of chronodentistry is still far from clinical applications, the
regulation of the enamel deposition by circadian clock suggests that control of circadian rhythms
in cell-based systems and also acellular ions/proteins delivery might improve the efficiency and
the outcome of the therapeutic approaches for repair of enamel defects and dental enamel

regeneration.

Scaffold-based strategies (Enamel tissue engineering)

Tissue engineering (TE) is an interdisciplinary area for regeneration of the lost or damaged tissues
by using a combination of cells, scaffolds and signalling molecules (Figure 2.6) [223].
Differentiation of dental epithelial SF2 cells into ameloblasts and their mineralization were shown
to be increased when grown in 3D cultures as spheroids [176]. Therefore, regeneration of the
enamel tissue using scaffold-based strategies seems as a promising approach [224]. Scaffolds have
been made from both synthetic and natural biomaterials in the forms of sponges, hydrogels, and
meshes for regeneration of enamel or enamel-dental tissues complexes [225]. Scaffolds provide
support for dental tissue formation through providing cell-matrix signals and ideally should be
able to mimic the ECM, interact with cells and support cell proliferation and differentiation,
degrade over time, have proper mechanical properties and allow diffusion of nutrients and waste

products and also cells and growth factors [224,225].
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Figure 2.8. Scaffold-based strategies. (a) Three main elements of enamel tissue engineering
including dental stem cells, signalling molecules, (b) cells are seeded onto the scaffolds loaded
with signalling molecules and cultured in vitro to become mature, (c) the tissue engineered dental
enamel is transplanted into the jaw for whole tooth applications or into dental cavities for enamel
and/or joint enamel/dentin repair. Scaffold-based strategies may provide opportunities to
incorporate controlled delivery systems for long term signaling molecules delivery and/or for
delivery of anti-bacterial molecules that can be used in a caries environment. Some elements of
this figure were generated with Biorender.com.

In the first study reported on the development of the bioengineered whole tooth crowns, single cell
suspensions obtained from dissociated porcine third molar tooth buds were seeded on collagen-
coated polyglycolate/poly-L-lactate (PGA/PLLA) and poly(lactide-co-glycolide) (PLGA)
scaffolds, which were fabricated in the shape of human incisors and molars and transplanted onto
the omentum of athymic rats. The reconstructed teeth contained enamel, dentin, pulp, and HERS-
and cementoblasts-like tissues, and they were notably small (2x 2 mm) and did not match the size
and shape of the biodegradable scaffolds [226]. In the next attempt, they revealed that cell
suspensions of rat molar tooth buds could also be employed for the regeneration of the tooth crown
in a shorter period of time compared to cells from the porcine molar tooth buds in the previous
study, owing to the different natural growth patterns of the tooth in these two animals. It was shown
that both PGA and PLGA scaffolds were able to support tooth growth [227]. In addition, the
transplantation of the rat tooth bud cells seeded on the biodegradable PGA/PLLA and PLGA
scaffolds into the mandible of the rat could regenerate small-sized tooth crowns containing dentin,
enamel, pulp, and PDL. Hence, the bioengineered teeth showed the ability to replace the missing
tooth by implanting the tissue engineered constructs at the location of the lost or the missing tooth

in the jaw. However, the tooth grown in the fresh tooth extraction location in the jaw was less
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organized in comparison to those grown in the omentum, which shows the need for further studies
to improve the process of the implantation of the bioengineered tooth in the jaw [228]. A sequential
cell-seeding approach was also shown to be useful for facilitating tooth regeneration and
modulating the morphology of the tissue engineered constructs. In this method, the mesenchymal
cells are seeded on the collagen sponge scaffolds at a high density, and epithelial stem cells are
subsequently seeded on top of seeded mesenchymal cells so that these two cell populations are in
direct contact [192].

When LS8 and primary EOE cells were grown within branched arginine-glycine-aspartic acid -
peptide amphiphile nanofibrous structures (BRGD-PA), or injected into embryonic mouse
incisors, they revealed increased differentiation into ameloblasts and a higher proliferation as well
as enhanced matrix production and mineralization [229]. Furthermore, the transplantation of the
incisor primordia, which were injected with BRGD-PA, in the renal capsule of the mice for a
longer time, 8 weeks, showed the formation of the enamel pearls and mineralized nodules. In fact,
BRGD-PA surrounding the EOE provides an artificial matrix and induces ameloblast
differentiation as a result of cell-matrix interactions, which resemble signals from dental
mesenchyme in the natural tooth development [230]. Subcutaneous transplantation of PLLA
nanofibrous scaffolds, co-seeded with hERM-derived dental epithelial stem cells and human dental
pulp stem cells, onto the back of the nude mice, resulted in the formation of the acinar and secretory
epithelial-like structures without mineralized areas after 6 weeks. Additionally, the fully-formed
heterotopic ossicles with the structure of enamel, dentin, cementum and bone, enclosed with
cartilage tissue, as well as lipid-laden adipocytic clusters were observed in co-transplants after 10
weeks [164]. Scaffold based approaches provide also the opportunity to integrate anti-bacterial
molecules with active ingredients that will activate cellular repair and regeneration signaling
pathways similar to the systems used for dentin regeneration [60,139,231-233]. A summary of the

scaffold-based strategies for enamel regeneration is summarized below (Table 2.1).
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Table 2.1. Enamel regeneration using tissue en

ineering approaches

Scaffold type Scaffold Cell or animal studies Signaling | Tissue type Reference
material factors S
Porous scaffold made | Collagen coated In vitro - Tooth crown [226]
b . - - consisting  of
y solvent casting PGA/PLLA and Single cell suspension | denti
. from dissociated porcine engmel, entin
and porogen leaching | PLGA scaffolds third molar tooth buds and pulp
In vivo
Omenta of athymic rats
Porous scaffold made | PGA/PLLA and In vitro - Tooth  crown [227]
b . - - consisting  of
y solvent casting PLGA scaffolds | Single cell suspension :
. from dissociated rat third enamel, dentin
and porogen leaching molar tooth buds and pulp
In vivo
Omenta of syngeneic
adult rats
Porous scaffold made | Collagen coated In vitro - Hybrid tooth- [234]
by solvent casting PGA/PLLA and Single cell suspension bone tissues
and porogen leaching | PLGA scaffolds from dissociated pig third containing
molar tooth buds enamEI' pulp,
In vivo dentin and
bone
Omenta of athymic adult
rat
Porous scaffold Gelfoam® In vitro - Hybrid tooth- [235]
Absorbable Dental stem cells derived bone tissues
gelatin Dental from enamel and pulp containing
Sponge strips, organs enamel, pulp,
Upjohn/Pfizer In vivo dentin and
Inc. Mandible of female bone,
PGA/PLLA Yucatan mini pigs cementum,
scaffolds periodontal
ligament
Porous scaffold made | PGA/PLLA and In vitro - Tooth crowns [228]
by solvent casting PLGA scaffolds Rat tooth bud cells containing
and porogen leaching In vivo dentin,
Mandible of adult rat enamel, pulp,
and PDL
hosts and grown
Porous scaffold Collagen sponge In vitro - Enamel-dentin [236]
from NIPRO Dissociated tooth cells
Corporation from porcine third molar
(Osaka, Japan) In vivo
and PGA Omentum of
fiber mesh immunocompromised
rats
BRGD-PA In vitro - Enamel [229]
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PA-based self-
assembled nanofibers

The ameloblast-like cell
line (LS8) / EOE

Ex vivo

The embryonic
mandibular incisors
(incisor primordia) from
timed pregnant Swiss
Webster mice

PA-based self- The branched EX vivo - Enamel [230]
assembled nanofibers | RGDS peptide The embryonic
amphiphiles mandibular incisors
(bRGDS PA) (incisor primordia) from
timed pregnant Swiss
Webster mice
In vivo
The kidney capsules of
host mice
Transplantation into the
alveolar socket of pigs
Nanofibers PLLA In vitro - Enamel, [164]
cementum,
hDESCs/ human DPSCs dentin, and
bone
Porous scaffolds Beta tricalcium In vitro Recombin | Enamel-dentin [237]
phosphate (beta- | The tooth germ cells from | ant human
TCP)/collagen SD rats BMP-2
Particles In vivo
Transplantation under SD
rat's kidney capsule
Fiber mesh Collagen coated In vitro - Enamel- [238]
PGA fiber Cells of embryonic tooth covered dentin
meshes germs tissue
In vivo
Kidney capsule in adult
mice
Fiber mesh Collagen coated In vitro - Enamel- [239]
PGA fiber Tooth germ from porcine covered dentin
meshes third molar Cementum-
In vivo covered dentin
Implantation in rat
omentum
Sponge scaffolds Collagen In vitro - Enamel-dentin [192]
Mesenchymal cells so
that they formed

appropriate interactions
in the scaffold

In vivo

Omentum of the rats

In vitro
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Sponge scaffolds Collagen Odontogenic epithelial - Enamel-dentin [240]
cells and dental

comple
mesenchymal cells P

2.4. Current Challenges and Future perspectives for dental enamel defects

Although there is an urgent need for enamel regeneration and repair, the concept of enamel tissue
engineering is still in its infancy, and numerous challenges and complexities are involved. For
instance, the morphogenetic characteristics of the dental crown shape are far different from the
shape of regenerated enamel-dentin complexes, which is either linear or circular with enamel
inside the dentin (Iwatsuki et al., 2006). In addition, the arrangement of the enamel prims is
somewhat irregular in comparison to the native enamel (Sumita et al., 2006). The size of the
regenerated crowns is small and does not match the size of the scaffolds (Duailibi et al., 2008;
Young et al., 2002). In addition, the complicated posttranslational protein processing needed for
the crystal growth and the unique way of ameloblasts’ movements through which HAp crystals
are patterned into the enamel rods add more complexities to the engineering of the enamel tissue
(Ahmed et al., 2020). As a result, further studies are required to be performed on how to regenerate

the enamel tissue with controlled shape and size (Monteiro and Yelick, 2016).

Acellular and cellular approaches, which are discussed in this paper, need to be personalized based
on individual characteristics and disease-specific traits as briefly discussed below (Table 2.2). For
example, the methods which can imitate the organic matrix, including recombinant EMPs,
dendrimers, self-assembling peptides, hydrogels, electrospun mats and EMP releasing systems,
could be utilized in the case of enamel with a decreased thickness (hypoplasia). For hypo-
mineralized enamel and tooth erosion, the methods that produce the inorganic phase of the enamel
(HAp crystals) can be employed. These methods consist of chemical solution, inorganic paste,
artificial HAp, rotary evaporation, electrodeposition, EART and laser-assisted mineralization. For
hypo-maturation, which is caused by the deficient removal of the organic matrix via proteases, we
hypothesize that proteases delivery systems can be applied to help with eliminating the matrix. In
addition, initial or moderate carious lesions can be treated by chemical solution, inorganic paste,
laser, EAER, electrodeposition, rotary evaporation, electrodeposition and organic matrix

mimicking approaches, whereas the extensive lesions can be treated by tissue engineering and cell-
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based strategies. Likewise, the enamel fracture due to dental trauma can be treated by tissue
engineering and cell-based strategies. Lasers, EAER and tissue engineering and cell-based
strategies can be potentially employed for tooth discoloration. Whole tissue engineering
techniques and cell-based strategies can be used in the case of complete enamel absence.

Table 2.2. Different types of enamel defects, symptoms, causes and potential treatment options.

Defect Symptoms Causes Potential treatment methods
Hypoplasia Decreased thickness | Defect in the organic matrix | -  Tissue engineering and cell- based
or full absence of | formation strategies
enamel - Organic matrix mimicking

approaches including recombinant
EMPs, dendrimers, self-assembling
peptides, hydrogels, electrospun

mats and EMP releasing systems

Hypo- - Normal thickness Defect in calcification | -  Chemical solution
mineralization | - Soft and weak during the maturation step - Inorganic paste
- Atrtificial HAp

- Electrodeposition
- Laser-assisted mineralization
-  EAER

- -Rotary evaporation

Hypo- - Normal thickness | Defect in removal of organic | - Delivery systems for proteases
maturation -Brittle with mottled | matrix (MMP20 and KLK4)
appearance
Dental caries - Cavitation Acid attack from interactions | - Chemical solution
- Oral pain between sugar in the food | -  Inorganic paste
and bacteria - Laser-assisted mineralization
- EAER

- Rotary evaporation

- Organic matrix mimicking
approaches including recombinant
EMPs, dendrimers, self-assembling
peptides, hydrogels, electrospun

mats and EMP releasing systems
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Tissue engineering and cell- based

the tooth surface

chelation due to vomiting,
acid reflux, diet or industrial

fumes

strategies
Dental trauma | - Enamel infraction | Injury due to accident, Tissue engineering and cell- based
- Crown fractures physical activities or strategies
violence
Tooth erosion Mineral loss from | Acidic dissolution or Chemical solution

Inorganic paste

Artificial HAp
Electrodeposition

Rotary evaporation
Laser-assisted mineralization
EAER

Tooth

discoloration

Change in color of
the tooth (brown,

yellow, black, grey)

- Intrinsic (Aging, metabolic
or inherited diseases, trauma)
- Extrinsic (diet, smoking,

medicines, metal salts)

Laser-assisted mineralization
EAER
Tissue engineering and cell- based

strategies

- Stain internalization (caries,

restorations, tooth wear)

2.5. Conclusions

Despite encouraging first results achieved by several efforts which have been made in enamel
repair and regeneration field, more research is required to recreate dental enamel with a quality
similar to natural enamel and to control regenerative enamel size and shape [241-243]. Also, novel
models are needed for preclinical testing prior application into the clinical practice [244,245].
Tooth is an intricate tissue formed as a result of a wide variety of biomolecular signals and gene
expressions, and knowing more about the signalling pathways engaged in the natural tooth
development is of great importance for enamel regeneration [225]. Accordingly, although
considerable progress has been made with dental mesenchymal tissues cells resulting in repair and
regeneration of dental mesenchymal tissues [246], there is a very limited number of studies
available using human dental epithelial stem cells which differentiate to enamel-secreting
ameloblasts producing regenerated human enamel. In contrast with the majority of other tissues in
the human body, endogenous enamel regeneration is impossible because ameloblasts are lost by

apoptosis prior to tooth eruption [233]. As a consequent, acellular methods and exogenous stem
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cell approaches appear to be the only possibilities to re-create the lost or diseased enamel. There
exist some challenges in acellular approaches, including scalability (from micro- to milli-meters)
and fabrication of the enamel, with its structural hierarchy and both prism and interprismatic
regions and mechanical properties similar to enamel, directly in the site of the defective enamel in
the buccal environment [21,90,120,247]. In addition, the differentiation of dental stem cells into

enamel-producing cells is considered another existing challenge in cell-based strategies.

The mechanism of epithelial-mesenchymal and cell-scaffold interactions needs to be further
investigated as such interactions guide the morphology of the dental tissues and mineralization
while defining the size and shape of the tooth [226,248]. More advanced co-culture models can
also be developed based on microfluidic and organ-on-a-chip and cell patterning systems
[199,249]. Moreover, to mimic the mesenchymal-epithelial signalling, the co-culture of dental
epithelial stem cells and dental mesenchymal stem cells within a dual-compartment 3D printed
scaffold will allow molecular signalling between the two cell types and will support the
differentiation of the cells into enamel-forming ameloblasts and dentin-secreting odontoblasts and
result in jointly regenerated enamel and dentin. In addition, the types of materials and designs that
have been used to fabricate tissue engineering scaffolds for enamel regeneration are very limited,
as illustrated in Table 2.1. Scaffolds with alternative materials (e.g. antibacterial materials) and
various structural and architectural properties such as pore sizes, interconnectivity, and
degradation rate need to be developed to ameliorate the formation of the dental enamel with the
intended size and shape [228]. Considering the advances in nanotechnology [250-252] and 3D
printing [253-256], it seems that more innovative structures can be fabricated to direct the
interactions between mesenchymal and epithelial cells and also control cell proliferation and
differentiation [233,248]. A combination of scaffolds, especially 3D printed scaffolds constructing
anatomically shaped tooth with a desired size and shape [257], using delivery systems for
controlled release of growth factors and genetic materials might be a promising method to
stimulate stem cells differentiation and promote enamel regeneration. Lastly, more investigations
on the effect of the circadian clock on dental stem cells can ameliorate enamel regeneration as this
internal clock mechanism can promote the coordinated stem cells differentiation steps needed
resulting in tissue regeneration that mimics a physiological pattern similar to natural enamel

deposition and mineralization [258].
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3.1. Abstract

Enamel is the highest mineralized tissue in the body protecting teeth from external stimuli,
infections, and injuries. Enamel lacks the ability to self-repair due to the absence of enamel-
producing cells in the erupted teeth. Here, we reported a novel approach to promote enamel-like
tissue formation via delivery of a key ameloblast inducer, T-box1 gene, into a rat dental epithelial
stem cell line, HAT-7, using non-viral gene delivery systems based on cationic lipids. We
comparatively assessed the lipoplexes prepared from glycyl-lysine-modified gemini surfactants
and commercially available 1,2-dioleoyl-3-trimethylammonium-propane lipids at three nitrogen-
to phosphate (N/P) ratios. Our findings revealed that physico-chemical characteristics and
biological activities of the gemini surfactant-based lipoplexes with the N/P ratio of 5 provide the
most optimal outcomes among those examined. HAT-7 cells were transfected with T-box1 gene
using the optimal formulation then cultured in both conventional 2D and hydrogel-based 3D cell
culture systems of photo-cross-linkable gelatin methacrylate hydrogels. Ameloblast
differentiation, mineralization, bio-enamel interface and structure and were assessed at different
time points over 28 days. Our results showed that our gemini transfection system provides superior
gene expression compared to the benchmark agent, while keeping low cytotoxicity levels. T-box1-
transfected HAT-7 cells strongly expressed markers of secretory and maturation stages of the
ameloblasts, deposited minerals, and produced enamel-like crystals when compared to control
cells. Taken together, our gemini surfactant-based T-box1 gene delivery system is effective to
accelerate and guide ameloblastic differentiation of dental epithelial stem cells and promote
enamel-like tissue formation. These data provide foundation for future regeneration approaches

towards bio-enamel fabrication with adequate biological interface to the underlying dentin tissue.

3.2. Introduction

Enamel, the external tissue layer of the dental crown, protects teeth from physical and chemical

damage [1]. Defective enamel leads to high rates of tooth infection and cracking resulting in pain,

fever, chronic inflammation and eventually tooth loss. Enamel is formed through amelogenesis

which consists of three main stages: secretory, transition and maturation stages [1]. During the

secretory phase, enamel-producing cells, the ameloblasts, secrete enamel extracellular proteins

including amelogenin (AMELX), ameloblastin (AMBN) and enamelin (ENAM) into the enamel
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organic matrix, which provide a scaffold that controls the formation of enamel crystals [2]. Enamel
crystallization initiates via the interactions between matrix proteins and mineral ions in the gel-
like enamel organic matrix [3]. Secretory ameloblasts also produce a proteinase, matrix
metalloproteinase-20 (MMP-20), that cleaves or processes enamel matrix proteins in order to assist
in crystal elongation [2,4]. Once the full thickness of the future enamel has formed, the transition
stage, that is defined by a reduction in matrix protein secretion, takes place [5]. During the
maturation stage, ameloblasts secrete kallikrein-related peptidase-4 (KLK4) that further degrades
the enamel matrix proteins in order to facilitate crystal growth that increases the width and
thickness of the crystals and ultimately allows for full mineralization of the enamel [1,2]. Prior to
tooth eruption, the remaining ameloblasts disappear by apoptosis leaving dental enamel incapable

of cell-based repair and regeneration [6].

Innovative therapeutic approaches for enamel regeneration have been explored by tissue
engineering approaches, wherein cells are cultured on engineered scaffolds with the presence of
signaling factors to regenerate or form enamel tissue for implantation into the body [7,8]. Dental
epithelial stem cells (DESCs) are the only cellular source currently known to regenerate enamel
tissue [9]. However, the stimulation of DESCs towards differentiated ameloblasts, and the

acquisition of fully functional enamel, similar to native enamel, still remains challenging.

T-box transcription factor 1 is critical for normal tooth development; its alterations or absence
could be responsible for DiGeorge syndrome and cause enamel defects [10]. Mouse models with
T-box1 (Thx1) gene deletion were shown to have severe hypoplastic incisors which completely
lacked enamel due to the absence of ameloblasts. In these Thx1-/- incisors, reduction in cell
proliferation and in amelogenin expression levels were reported [11]. These studies suggest that
Tbx1 gene is essential for ameloblast differentiation and that Tbx1 delivery into DESCs can prompt

them toward ameloblast differentiation and enamel deposition.

Gene delivery has been employed as a potent strategy for tissue engineering and regenerative
medicine applications. Using this strategy, stem cells are guided toward a precise differentiation
path by expressing lineage determination factors or other tissue inductive factors. Expression in
situ provides a longer exposure as compared to the exogenous addition of such signaling molecules

[12]. Lipid-based carriers that are known as one of the most commonly used non-viral gene
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delivery vectors [13], have offered several advantages such as simple preparation methods, the
potential for being easily modified, reproducibility, low cost, and biodegradability [14,15].
Cationic lipids have been reported to interact with negatively charged DNA molecules and form
positively charged complexes, lipoplexes, and facilitate cell internalization while protecting genes
from nuclease degradation [16]. Gemini surfactants have gained considerable attention as cationic
lipid-based gene delivery systems for in vitro and in vivo studies, as showed by our team and
others, due to their advantages such as low critical micelle concentration (CMC) and lower toxicity
compared to the conventional monomeric surfactants [17-19]. The structure of gemini surfactants
was found to have a marked influence on particle morphology, cytotoxicity and transfection
efficiency. Accordingly, we showed that glycyl-lysine-substituted gemini surfactants with 16-
carbon tail showed superior gene expression and higher cell viability as compared to the
counterparts with 12 and 18:1 carbon tail indicating the importance of the hydrophobic tails on the
performance of the delivery systems [20]. To the best of our knowledge, no studies have been

reported by means of gemini surfactants for gene delivery to promote enamel formation.

In this study, we developed lipid-based nanoparticles to deliver Thx1 plasmid DNA into the rat
dental epithelial stem cell line (HAT-7) to 1) evaluate the effects of Thx1 gene transfection on
promoting ameloblast differentiation in vitro, 2) validate a new gene delivery method for dental
epithelium cell differentiation studies. Lipoplexes were first prepared using two cationic lipids,
glycyl-lysine-substituted gemini surfactants and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) for determining the optimal formulations for Thx1 delivery into cells. HAT-7 cells, after
being transfected with Thx1 encoding gene using the optimal formulation, were cultured up to 28
days in 2D and 3D, photo-cross-linkable gelatin methacrylate (GeIMA) hydrogels [21], cell culture
models. The effects of Thx1 transfection on ameloblast differentiation were examined by
evaluating the expression of ameloblast differentiation markers and assessing mineralization. Our
study lays down a foundation for future studies towards tissue engineering and enamel

regeneration.
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3.3. Material and Methods
3.3.1. Cloning and characterization of mouse Tbhx1 plasmid

Tbx1 isoform 1 polymerase chain reaction (PCR) fragment of 1,497 bps was amplified from
pPAAV-hSynapsinl-GCaMP6s-P2A-mRaby3-Tbx1l (a generous gift from Dr. Thimios A.
Mitsiadis, University of Zurich, Zurich, Switzerland) via Thx1 primers (Table 3.1) using Q5®
High-Fidelity DNA Polymerase (Cat. no. MO0491S, New England Biolabs, Ipswich,
Massachusetts, US). Restriction digestion of pCMS-EGFP plasmid was performed with EcoRI-
HF® (Cat. no. R3101S, New England Biolabs, Ipswich, Massachusetts, US) followed by gel
purification. The amplified Tbx1 fragment was then inserted into the pCMS-EGFP plasmid using
Gibson Assembly® Master Mix (Cat. no. E2611S, New England Biolabs, Ipswich, Massachusetts,
US) according to the manufacturer’s instructions. The accuracy of the cloning was confirmed by

sequencing.
3.3.2. Preparation of lipid-based nanoparticles loaded with Thx1 plasmid

Glycyl-lysine-modified gemini surfactant was designed as 16-7N(GK)-16, where (16) is the
number of the carbon atoms in the tail region, (7) is the length of the amine modified spacer region
and (GK) is the Glycyl-Lysine dipeptide attached to the amine moiety of the spacer region (the
chemical name of the compound: (1,9-bis(hexadecyl)-1,1,9,9-tetramethyl-5-[Na-(glycyl)-
(lysyl)]Jamino-1,9-nonanediammonium dichloride, tetrahydrochloride salt), and synthesized as
previously described [20]. The predetermined volumes of the gemini surfactant solutions (3mM)
were mixed with pCMS-Thx1-EGFP plasmid (200 pug/mL) at three various N/P ratios of 2.5, 5 and
10 and incubated at room temperature for 20 min to generate pPDNA/gemini surfactant (P/G)
complexes. 1,2-dioleoyl-sn glycerol-3-phosphoethanolamine (DOPE, Cat. no. 850725P, Avanti
Polar Lipids Inc., Alabaster, Alabama, USA) was used as helper lipids at a constant concentration
of 1 mM to make final formulations of pDNA/gemini surfactant/ helper lipids (P/G/L). DOPE
vesicles were prepared using sonication method as previously described [22]. As a comparison
with gemini surfactants, the formulations were prepared with 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP, Cat. no. 890890P, Avanti Polar Lipids Inc., Alabaster, Alabama, USA), a

commercially available lipid, at the same N/P ratios of 2.5, 5 and 10 through the same steps.
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Lipofectamine™2000 Transfection Reagent (Cat. no. 11668027, Invitrogen, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) was used as a transfection positive control at the lowest

concentration recommended by the manufacturer.
3.3.3. Particle size and zeta potential measurements

Size and zeta potential of lipoplexes prepared at different N/P ratios were assessed by a Zetasizer

Nano ZS instrument (Malvern Instruments, Malvern, Worcestershire, UK).
3.3.4. Morphology of lipoplex

The morphology of the gemini surfactant-based lipoplexes at the optimal N/P ratio of 5 was
examined by transmission electron microscopy (TEM). 10 ul of the lipoplex suspension was
placed on copper grids and left at room temperature for 10 minutes to be air-dried. Next, the
remaining liquid was wicked with a kimwipe tissue paper (Kimberly-Clark Professional, Irving,
Texas, US) and samples were dried at room temperature. High-resolution images were acquired

with a transmission electron microscope (HT7700, Hitachi, Chiyoda, Tokyo, Japan).
3.3.5. DNA compaction and protection assays

The capacity of lipid-based nanoparticles to compact Thx1 pDNA and protect it from DNase enzymatic
digestion was assessed using agarose gel electrophoresis. For DNA compaction assay, haked pDNA and
lipoplexes were mixed with Gel Loading Dye Blue (6X) (Cat. no. B70215, New England Biolabs) and
loaded into 1% agarose (Cat. no. BP160, Fisher Scientific) gel containing GelRed™ (Cat. no. 89139,
Biotium, Fremont, California, USA) and immersed in 1X Tris-Acetate-EDTA (TAE) running buffer and
run at 120 V for 30 minutes. For DNA protection assay, naked pDNA and lipoplexes were treated with
DNase | (TURBO DNA-free™ Kit, Cat. no. AM1907, Ambion by Life Technologies, Austin, Texas, USA)
at 37 °C for 30 minutes and then loaded into agarose gel. Gel was imaged using ChemiDoc MP Imaging
System (17001402, BioRAD, Hercules, California, US)

3.3.6. HAT-7 cell culture and transfection

HAT-7 cells (kindly provided by Dr. Hidemitsu Harada, Iwate Medical University, lwate, Japan)
[23] were cultured as previously described [24]. The medium was changed every 48 hours. HAT-7 cells

were seeded in 6-well plates at a cell density of 300,000 cells/well. After 24 hours, the growth medium
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was replaced with the reduced serum medium (OptiMEM, Cat. no. 31985070, Gibco®, Invitrogen)
comprising of 1% antibiotics. After 1 hour, cells were transfected with lipoplexes and incubated for 5 hours.
Then, the OptiMEM containing formulations were replaced with supplemented DMEM/F12 (1:1) culture

medium supplemented with 10% FBS and 1% antibiotics.
3.3.7. Cell toxicity assay

Cytotoxicity of formulations was assessed using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) assay as we previously described [25].
3.3.8. Differentiation of HAT-7 cells

HAT-7 cells were transfected with the optimal formulations, gemini surfactant-based lipoplexes
at N/P ratio of 5 and cultured for up to 28 days to undergo differentiation. The medium was

changed every 48 hours.
3.3.9. Immunocytochemistry

Cells were cultured on sterile glass coverslips for 14 and 28 days and were rinsed with phosphate
buffered saline (PBS) twice then fixed and permeabilized using BD Cytofix/cytoperm™
fixation/permeabilization Kit (Cat. no. 554714, BD Biosciences, San Jose, California, USA). Cells
were washed with PBS 3 times for 5 minutes followed by incubation in blocking buffer
(PBS1x,1%BSA, 0.1%Tween 20) for 30 minutes at room temperature. Next, cells were incubated
with primary antibodies including rabbit anti-AMELX (1:1000, Cat. no. ab153915, Abcam), goat
anti-KLK4 (1:500, Cat. no. sc-20371, Santa Cruz Biotechnology), rabbit anti-ORAI 1 (1:100, Cat.
no. 13130-1-AP, Proteintech®, Rosemont, Illinois, US) and anti-Amelotin (1:100, a generous gift
from Dr. Bernhard Ganss, University of Toronto, Ontario, Canada) in blocking buffer overnight
at 4°C, followed by washing with PBS 3 times for 5 minutes and incubated with secondary
antibodies (1:1000) including Donkey anti-Rabbit, PE (Cat. no. 12-4739-81, Thermo Fisher
Scientific), Donkey anti-Goat, Alexa Fluor 488 (Cat. no. A-11055, Thermo Fisher Scientific),
Donkey anti-Rabbit, Alexa Fluor 488 (Cat. no. A-21206, Thermo Fisher Scientific) and Goat anti-
Mouse, HRP (Cat. no. A28177, Thermo Fisher Scientific) in blocking buffer for 1 hour at room
temperature. The cell nuclei were stained by using ProLong™ Gold antifade reagent with DAPI

83



(Cat. no. P36935, Invitrogen). Slides were imaged using a confocal microscope (LSM 700, Carl

Zeiss, Oberkochen, Germany).

3.3.10. Gene expression

Total RNA was extracted using RNeasy Mini Kit (Cat. no. 74106, QIAGEN, GmbH, Hilden,
Germany) followed by cDNA synthesis using the High-Capacity cDNA Reverse Transcription Kit
(Cat. no. 4368814, Applied Biosystems™, Foster City, California, US) according to the

manufacturer’s instructions. mRNA expression levels of Thx1, dentin sialophosphoprotein (Dspp),

ameloblastin (Ambn), enamelin (Enam), kalikrein-4 (Klk4), calcium release-activated calcium

channel protein 1 (Orail), stromal-interacting molecule (Stim1), alkaline phosphatase (Alp) genes

were measured by quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR)
using Power SYBR™ Green PCR Master Mix (Cat. No. 4367659, Thermo Fisher Scientific,

Invitrogen) and designed primers (Table 3.1). The relative expression was calculated using 2¢

AACt) method and B-actin and Gapdh were used as housekeeping genes.

Table 3.3. The sequences of the primers used for gRT-PCR.

Primers Forward Reverse

pCMS-EGFP-Tbx1 CACTATAGGCTAGCCTCGAGATGA CTCTAGAGGTACCACGCGTGCTA

iso-1 (for cloning) TCT CCGCCGTGTCTAGTC T CTGGGGCAGTAGTCGT

Thbx1 (for qRT-PCR) GCCAGCAACCCCTTCGCCAA AGTCACGGTCGAACTCGCGC
Dspp GTGCTAAAGAACGCGAGGAC GTCTCCATTCTGGCTCGTGT
Ambn CAGAAGGCTCTCCACTGCAA CCCCAAGGGTGTGGTAACAT
Enam GATGCCCATGTGGCCTCCACCA GCCAAATGGTGGGAATGGCTGA
Klk4 CTGGGGTACCTCATCCTTGA CCACGGTGTAGGAGTCCTGT
Orail GCTCTGCTGGGTGAAGTTCT AAGTGAACGGCAAAGACGAT
Stim1 ACTTCACTCGAGACCATGGATGTA ACTTCACTCGAGCTACTTCTTAA

TGCGTCCGTCTTGCC GAGGCTTCTTAAAGATTTTGAGC

Alp TGATCACTCCCACGTTTTCA CTGGGCCTGGTAGTTGTTGT
B-actin AAGTACCCCATTGAACATGG ATCACAATGCCTGTGGTACG
Gapdh AACAGCAACTCCCACTCTTC TGGTCCAGGGTTTCTTACTC
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3.3.11. Alkaline phosphatase staining

After 14 and 28 days of culture, cells were fixed and permeabilized as explained above.
Afterwards, alkaline phosphatase (ALP) staining was performed using SIGMAFAST™
BCIP®/NBT detection kit (Cat. no. B5655, Sigma-Aldrich) according to the manufacturer’s
instructions. Briefly, cells were washed with PBS three times and incubated in ALP staining
solution, prepared by dissolving BCIP/NBT tablet in water, for 30 minutes at 37 °C under dark
condition. Cells were rinsed with distilled water three times and visualized under a light

microscope (EVOS M5000 Cell Imaging System, Thermo Fisher Scientific).
3.3.12. Von Kossa staining

Cells were fixed and permeabilized as previously described after 14 and 28 days of culture. Then,
the mineral deposition was detected using von Kossa Stain Kit (Cat. no. ab150687, Abcam,

Cambridge, Massachusetts, USA) according to the manufacturer’s instructions.
3.3.13. Alizarin Red S staining

To evaluate mineralization potential and calcium deposition, Alizarin Red S staining was carried
out. Briefly, cells were fixed and permeabilized as previously described [26] after 14 and 28 days
of culture and were exposed to 2% Alizarin Red S (pH 4.2, Cat. no. sc-205998, Santa Cruz
Biotechnology, Dallas, Texas, USA) for 5 minutes at room temperature, followed by rinsing with

distilled water twice and visualization under the same light microscope as mentioned above.

3.3.14. Observation of cell morphology and mineral deposition in 2D cell culture models

using scanning electron microscopy (SEM)

Cells grown on sterile coverslips for 14 and 28 days were washed with PBS and fixed by incubation
in 2.5% glutaraldehyde (Cat.no. G6257, Sigma-Aldrich) overnight at 4°C followed by two washes
with PBS for 10 minutes at 4°C and dehydration in graded ethanol solutions (30, 50, 60, 70, 80,

90, 95, 100%, 20 minutes for each concentration). Samples were coated with a thin layer of gold
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using a sputter coater (Q150T ES, Quorum Technologies, Laughton, East Sussex, UK) and imaged
under a field scanning electron microscope (SU8010, Hitachi, Chiyoda, Tokyo, Japan) with an

accelerating voltage of 3kV.
3.3.15. Synthesis and characterization of GelMA

Gelatin type A from porcine skin (Cat. no. G2500, Sigma-Aldrich) was dissolved in Dulbecco’s
phosphate buffered saline (DPBS, SH30028.02, HyClone™) at a concentration of 10% w/v at 60
°C. After complete dissolution, the temperature was decreased to 50°C and 8% (v/v) of methacrylic
anhydride (Cat. no. 276685, Sigma-Aldrich) was added into the solution dropwise (1 ml/min) and
the mixture was stirred for 3 hours. The reaction was stopped by diluting the solution (5x dilution)
in DPBS and the unreacted methacrylic anhydride was removed by dialysis (Seamless Cellulose
Dialysis Tubing, molecular weight cut-off 12 kDa, Cat. no. S25645B, Fisher Scientific) against
distilled water at 40 °C for 7 days. The solution was freeze-dried for 3 days, and the resultant white
foam was kept at -80 °C until used. The synthesized GelMA was characterized by proton nuclear
magnetic resonance spectroscopy (*HNMR, Bruker Avance 500 MHz spectrometers, Billerica,
Massachusetts, US) in deuterium oxide, and Fourier Transform Infrared (FTIR) spectroscopy by
using an IlluminatIR Il inVia Reflex (Smiths Detection, Danbury, Connecticut, US) equipped with

an attenuated total reflectance (ATR) objective.
3.3.16. Encapsulation of Thx1-transfected cells in GelMA hydrogel

GelMA solution (5% (w/v)) was prepared in PBS containing 0.5% (w/v) Irgacure 2959 (Cat. no.
410896, Sigma-Aldrich) as photo-initiator and stirred at 80°C and was then sterilized using 0.2
um Acrodisc® Syringe Filters (Cat. no. 4612, Pall corporation) under sterile conditions. Non-
transfected and Thx1-transfected HAT-7 cells, 48 hours after transfection, were mixed in sterile
GelMA solution ( 3x108 cells/ml). The cell-encapsulated prepolymer solutions were added to the
wells of 24-well plates and exposed to UV light (365 nm) for 3 minutes. Cell-laden hydrogels were
cultured in DMEM/F12 (1:1), HEPES medium supplemented with 10% FBS and 1% antibiotics
and incubated at 37 °C with 5% COz2for up to 21 days. The medium was changed every 48 hours.
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3.3.17. SEM analysis of cell-laden hydrogels

After 7, 14 and 21 days of culture, cell morphology and mineralized structures were analyzed by
SEM. Cell-laden constructs were rinsed with PBS twice and fixed with 2.5% v/v glutaraldehyde
for 2 hours followed by washing in PBS and distilled water three times each. Lyophilized samples
were then sputter coated and imaged with gold films and imaged using the same field scanning

electron microscope as previously mentioned.

3.3.18. Statistical analysis

All data are expressed as mean+standard error of the mean. Statistical analysis was done using
one-way ANOVA and the post-Tukey test by GraphPad Prism 5 (GraphPad Software, San Diego,
California, USA). A p value < 0.05 was considered statistically significant.

3.4. Results and Discussion

3.4.1. Physio-chemical characterization of lipoplexes

Particle size and surface charge of lipoplexes are physio-chemical characteristics that has been
shown to play crucial roles in DNA condensation, colloidal stability, cellular uptake, cytotoxicity
and transfection efficiency [27,28]. Both GS- and DOTAP-based lipoplexes at all N/P ratios
formed particles with the mean sizes between 100 nm to 300 nm (Figure 3.1. A). Zeta potential
results showed that all formulations possessed positive surface charges except for DOTAP-based
nanoparticles at N/P ratio of 2.5, which revealed the zeta potential of -6.96 +0.56 mV (Figure 3.1.
B). This negative surface charge could be attributed to the inadequate neutralization of pDNA by
DOTAP and the partial exposure of the pDNA molecules at the surface of lipoplexes (deficient
DNA condensation), which also could result in the formation of nanoparticles with larger sizes
[20,29]. An increase in zeta potential of pDNA from a negative value to a positive value
demonstrated the successful formation of lipoplexes. A reduction in the size of nanoparticles is
observed as a function of N/P ratio, which indicated the significance of the charge ratio in
controlling the particle size [20,30]. In fact, the higher N/P ratio increased the zeta potential values
and enhanced the electrostatic interactions among cationic lipids and pDNA molecules, leading to
better DNA condensation and decrease in nanoparticle size. In addition, the high N/P ratios was
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shown to increase the homogeneity and colloidal stability of lipoplexes owing to electrostatic
repulsions among particles which could hinder the agglomeration of nanoparticles [20,30].
According to Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [31], nanoparticles that
possess a zeta potential between +16 and +55 mV were reported to have a high colloidal stability
[32]. Among all formulations, GS-based NPs at N/P ratios of 5 and 10 and DOTAP-based NPs at
N/P ratio of 10 showed the zeta potential in this range and thus were more stable. TEM image of
GS-based lipoplexes at N/P ratio of 5 (Figure 3.1. C) showed the assembly of nanoparticles with
bilayer morphologies and with the particle sizes consistent with those measured by DLS.
Moreover, the absence of any aggregates of nanoparticle in the image revealed the stability of

particles [33].

3.4.2. DNA compaction and protection assays

To evaluate the ability of formulations for binding, neutralizing and compacting DNA while
identifying the optimal N/P ratios of lipoplexes, gel retardation assay was performed.
Electrophoretic mobility of pDNA through the agarose gel has been found to be contingent upon
its charge, size and morphology [32]. As shown in figure 3.1. D, naked pDNA migrated through
the gel owing to its negative charge and appeared as bright bands. It has been reported that these
bands could be corresponded with three main forms of DNA: supercoiled (lower band), which is
the most bioactive form of DNA, linear (middle band) and open circular (top band), which is the
less active form of DNA [34]. Once complexed within the formulations, pDNA migration was
inhibited or decreased and the lipoplexes mostly remained at the origin of electrophoresis wells
which could demonstrate the DNA neutralization and the complexation among lipids and pDNA
as well as an increase in size [35]. The intercalation of the dye with naked pDNA has been shown
to increase the fluorescence intensity of the bands on the agarose gel [36], which was lowered or
prevented in lipoplexes compared to naked pDNA. The presence of bands with lower fluorescence
intensity for GS-based NPs at N/P ratio of 2.5 and DOTAP-based at N/P ratios of 2.5 and 5
revealed the partial compaction of pDNA. This result is in agreement with zeta potential
measurement for these ratios of NPs, which showed lower values of surface charge and uncomplete
neutralization. The DNA retardation was increased for higher N/P ratios and DNA migration was
fully inhibited when the N/P ratios increased to 5 and 10 for GS-based NPs and to 10 for DOTAP-

based NPs, which indicated the complete complexation of pDNA conceivably owing to higher
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zeta potential values. It can be concluded that GS, as compared to DOTAP, possessed superior
capacity in compacting DNA since less DNA migration was observed when complexed with GS-
based NPs compared with DOTAP-based NPs at the same N/P ratio.

For successful gene transfer, a gene delivery system should be able to overcome enzymatic
degradation in addition to compacting and transporting DNA to the target cells; unbound DNA
have been shown to be easily degraded by DNase, whereas nanoparticles revealed the potential to
protect DNA from enzymatic digestions [36]. As shown in figure 3.1. D, DNase | treated-naked
pDNA migrated out of the well and were completely degraded, while pDNA within formulations
was not degraded by the enzyme and remained intact. This indicated that liposomes were able to
protect pDNA against enzymatic digestion. The best N/P ratios of the formulations in term of
condensation and protection were 5 and 10 for GS-based NPs and 10 for DOTAP-based NPs.
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Figure 3.9. Comparative analysis of lipid-based nanoparticles based on assessment of their
physico-chemical properties. (A, B) Particle size and zeta potential measured by dynamic light
scattering indicated a statistically significant decrease in the size of lipoplexes and an increase in
their surface charge by increasing nitrogen to phosphate (N/P) ratios in both gemini surfactant
(GS)- and DOTAP-based nanoparticles (NPs). Error bars represent mean+SEM of repeats (***
p<0.001). Experiments were performed in triplicates. (C) Representative transmission electron
microscopy (TEM) image of GS-based lipoplexes at N/P ratio of 5 showing assembly of
nanoparticles with bilayer morphologies. (D) DNA compaction and protection against enzymatic
digestion in lipoplexes visualized by agarose gel electrophoresis revealed the suitability of the N/P
ratio of 5 and 10 for GS-based NPs and N/P ratio for 10 in DOTAP-based NPs.
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3.4.3. Cytotoxicity assay

Cytotoxicity of gene delivery systems is of great importance for assessing the efficiency of the cell
transfection and gene expression. To evaluate cellular toxicity of lipid-based formulations at
different N/P ratios compared to Lipofectamine as a positive control, MTT assay was carried out
48 hours after cell transfection. As depicted in figure 3.2. A, cell viability was diminished by
increasing N/P ratio. The N/P ratio of 10 in both GS- and DOTAP-based formulations showed the
highest cytotoxicity, while the N/P ratios of 2.5 and 5 showed significantly lower cytotoxic effects.
This is in agreement with other studies reporting that cytotoxicity of liposomes will increase upon
increasing the amount of the cationic lipid; in fact, toxicity of cationic liposomes was found to be
the result of the interactions between their positively charged head groups (quaternary ammonium
in GS and trimethylammonium in DOTAP) and negatively charged molecules in cells which could
disrupt cellular functions and the integrity of the cellular components [32,37]. It has been reported
that once pDNA is completely neutralized by cationic surfactants or lipids, no further lipidic
molecule binds to lipoplexes; the remaining lipids form free micelles or free liposomes in the
environment which can compete with lipoplexes to bind or enter cells and cause toxicity in
formulations with high N/P ratios [20,38].

Lipofectamine 2000, the commercially available liposome for gene delivery, showed a high level
of cytotoxic effects compared to GS- and DOTAP-based formulations at all N/P ratios except ratio
10 of GS-based NPs. However, no significant difference was observed between cells transfected
with empty vector (p)CMS-EGFP) or Thx1 pDNA using lipofectamine which revealed that the
toxic effects was not due to the insertion of Tbhx1 gene fragment into the pPCMS-EGFP plasmid. It

also showed that the expressed TBX1 protein did not cause any toxicity.
3.4.4. Evaluation of in vitro Thx1 gene expression

In vitro transfection activity of lipid-based formulations was assessed by measuring Thx1 gene
expression using gRT-PCR 48 hours after cell transfection. As shown in figure 3.2. B, the level of
the up-regulation of Thx1 mMRNA was contingent upon not only the type of the lipid composition
used in the formulations but also on the N/P ratios. An increase in Thx1 levels was observed in
cells transfected with lipoplexes carrying Thx1l pDNA. The transfection efficiency increased at
higher N/P ratio in both GS- and DOTAP-based lipoplexes. NPs prepared at N/P ratio of 10
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showed, in both GS- and DOTAP-based NPs, the highest level of Thxlexpression as compared
with other ratios. However, the N/P ratios of 2.5 and 5 in DOTAP-based NPs did not show a
significant increase in Thx1 gene expression compared to both control and cells which were
transfected using Lipofectamine, whereas the N/P ratio of 10 in DOTAP-based NPs showed such
significant increase. Additionally, GS-based NPs consistently revealed significantly higher levels
of Thx1 mRNA expression compared to DOTAP-based NPs with the same N/P ratios (P<0.001)
and Lipofectamine (P<0.001). Moreover, empty plasmid without Thx1 insertion (b CMS-EGFP),
when delivered by using Lipofectamine, showed no increase in Tbx1 gene expression indicating
that the up-regulation observed in other groups was induced by successful delivery of Thx1 gene
into cells mediated by lipid-based formulations.

Similar to cellular toxicity, cell internalization and transfection efficiency have been reported to
be influenced by physico-chemical properties of cationic liposomes such as particle size, surface
charge, morphology, stability and lipid composition [39,40]. Moreover, it has been reported that
positively charged NPs displayed superior cellular interactions and a higher extent of cell
internalization, which occurs through clathrin-mediated endocytosis, as compared with negatively
charged NPs, which employs caveolae-mediated pathway, or neutral particles [41-43]. Higher
density of positive charges on the surface of NPs was found to result in a greater level of cellular
uptake with a faster speed [44]. Cationic liposomes, in particular, showed enhanced effectiveness
of cellular uptake and thus greater intracellular bioavailability when they had higher positive
charges [45]. As a result, the higher Thx1 gene expression observed in the cells treated with higher
N/P ratios of both GS- and DOTAP-based NPs could be due to the higher surface charge and the
smaller size of particles.

In the case of lipid composition, cationic lipids have reported to play an essential role in cellular
uptake, whereas DOPE as a fusogenic lipid has shown to be involved in the fusion between lipid
particles and plasma membrane, is influential for cell internalization [46]. Given the constant
concentration of DOPE in all formulations, the difference observed in Thx1 gene expression could
be only attributed to the effect of the cationic lipid content and composition.

Cellular uptake of majority of lipoplexes including DOTAP/DOPE-based lipoplexes was found to
occur via clathrin-mediated endocytosis [47], while GS-based NPs were shown to be taken up
through either clathrin- or caveolin-mediated endocytosis [48]. As mentioned above, GS-based

NPs at all N/P ratios exhibited significantly higher levels of Thx1 gene expression compared to
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DOTAP-based NPs and commercial Lipofectamine 2000. This finding was in agreement with
other studies that showed the superior potential of gemini liposomes for in vitro gene transfer than
DOTAP and Lipofectamine, conceivably due to a suitable balance among rigidity and fluidity of
gemini lipids [49], which were found to be important parameters for wrapping pDNA and
interaction with cell membrane [50,51]. The low critical micelle concentration of gemini lipids
compared to the monovalent counterparts might be another possible reason for their higher
transfection ability, which could be resulted from the higher stability of complexes during the
delivery of gene as well [20].

According to the physico-chemical and biological characterizations of NPs, the N/P ratio 5 of GS-
based NPs was selected as the optimal formulation to deliver Thx1 encoding genes into dental
epithelial stem cells to induce ameloblast differentiation. Although the N/P ratio of 2.5 of GS-
based NPs revealed the lowest cellular toxicity, it was unable to condense and protect pDNA
properly and it showed a relatively low level of Tbx1 mRNA expression. On the other hand, the
N/P ratio of 10 of GS-based NPs showed a greater transfection ability, but its high level of

cytotoxicity made it unfavorable for the in vitro cell differentiation.

(A) (8)
207 —_— 1800 pee
— [X¥]
LY —_rr—
1600 T
bt LEX]
c 1400 777
= ras
80 2 1200 77
5 5
Q @ 1000
= 60 o
a 3
= 2 800
z g
401 S 600
=
]
= 400
20
200
o
* B IR 5 9
& w&d“ 4,4-\ ] ® s o
© <4 &
a’f\ & é’?&\ GS-based NPs  DOTAP-based NPs
& q&y &
v oF O

Figure 3.10. Comparative analysis of lipid-based nanoparticles at different N/P ratios and
Lipofectamine, as a positive control, based on the assessment of their biological activities in HAT-
7 cells transfected with Thx1 encoding gene 48 hours after transfection. (A) Viability test
performed by MTT assay showing relatively low cytotoxic effects of gemini surfactant (GS)- and
DOTAP-based nanoparticles (NPs) at ratios of 2.5 and 5 compared to Lipofectamine. (B) Thx1
MRNA expression measured by gRT-PCR which was higher in cells transfected with Thx1 gene
using GS-based NPs compared to DOTAP-based NPs and Lipofectamine. Error bars represent
mean+SEM of repeats (*statistically significant results indicated in the graphs and * represents
comparison vs control group and # reflects comparison among different groups determined in the
graphs, ***, ### p<0.001, **, ## p<0.01, *, # p<0.05). Experiments were performed in triplicates.
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3.4.5. Expression of ameloblast differentiation markers

To examine the effect of Thx1 transfection on dental epithelial stem cell differentiation, control
and Tbx1-transfected cells were cultured for up to 28 days and the expression of ameloblast
differentiation markers, including enamel matrix proteins, proteinases and calcium signalling-
related markers, were assessed using immunocytochemistry (Figure 3.3) and gRT-PCR (Figure
3.4 and 5). Tbx1 mRNA expression was significantly up regulated at days 2 (P<0.001), 4 (P<0.05),
7 (P<0.05), 14 (P<0.05); it was the highest at day 2 then decreased over time (Figure 3.4. A). This
confirmed that Thx1 transfection successfully resulted in Thx1 upregulation in HAT-7 cells. At
day 28, no statistically significant difference was observed between Thx1-transfected cells and
control. This could be due to the fact that transiently transfected cells were able to express the gene
of interest only for a limited period of time. Dentin sialophosphoprotein (DSPP) is a protein
expressed not only in odontoblasts but also in ameloblasts during the presecretory phase, and it
plays an essential role in the development of newly-formed enamel at the dentino-enamel interface
(junction) [52,53]. No significant difference was observed in Dspp mMRNA expression in Thx1-
transfected cells compared to control (Figure 3.4. B). Enamel matrix proteins including AMELX,
AMBN and ENAM are secreted during secretory stage of amelogenesis and undergo degradation
during transition and maturation stages [54]. AMELX is the most abundant protein of the enamel
(80-90% of all enamel proteins), which regulates the nucleation, growth and alignment of crystals
as well as the organization of the prismatic patterns and the thickness of enamel [55-57].
Amelogenin expression was stronger in Tbx1-transfected cells compared to control group at the
14- (P<0.001) and 28-day (not statistically significant, P>0.05) timepoints. In addition, the level
of AMELX expression decreased in Thx1-transfected cells from days 14 to 28, while it increased
in control cells (Fig. 3. A-C). This might suggest that Thx1-transfected cells transitioned from the
secretory phase to the maturation phase between these two time points while control cells were
still in the secretory stage. A previous study showed that electroporation of Tbx1 gene into the
dental epithelium led to up-regulation of amelogenein expression indicating that the expression of
AMELX is under control of Thx1 expression [10]. Thus, another possible reason for up-regulation
of AMELX expression at only day 14 could be the increased expression of Tbx1 that was observed
at day 14 and not at day 28 (Figure 3.4. A). AMBN is the second abundant matrix protein after

amelogenin (5-10%) and acts as a cell adhesion molecule and is needed for proliferation and
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differentiation of ameloblasts [56,58,59]. The mMRNA levels of ameloblastin were significantly
lower in Thx1-transfected cells compared to control following 2 and 4 days of culture, whereas no
significant difference was observed after 7, 14 and 28 days (Figure 3.4. C). ENAM is a
glycoprotein considered the largest, least abundant protein in the enamel matrix (3-5%) which
regulates the aggregation of amelogenin into nanospheres and controls crystal nucleation and
growth [54-56,60]. The Enam mRNA expression level was slightly lower in Thx1-transfected cells
compared to control cells; however, the difference was not statistically significant (Figure 3.4. D).
Amelotin (AMTN) is another ameloblast marker that accumulates in the basal lamina layer
between cells and minerals once it is secreted, and it contributes to the cell-matrix attachment
[5,61,62]. It also enhances the hydroxyapatite (HAp) mineralization and controls the organization
and morphology of minerals [63]. AMTN expression was reported to be up-regulated during both
the transition phase [62] and the maturation stages [64]. AMTN immunostaining was negative in
control group at days 14 and 28. In contrast, AMTN was expressed in Thx1-transfected group at
day 14 and disappeared at day 28 (Figure 3.3. D-F). No AMTN expression during maturation stage
at day 28 could be detected probably due to the absence of basal lamina in in vitro models as
compared to in vivo events occurring during ameloblast differentiation and enamel formation in
which AMTN accumulates in basal lamina, as mentioned above. Proteinases also play a pivotal
role in enamel formation through eliminating of the enamel matrix proteins which help with
reaching to the high degree of enamel mineralization [65]. KLK4 is a proteolytic enzyme secreted
during the transition and maturation steps of the enamel formation to degrade the partially
hydrolyzed proteins in the organic matrix [54,66]. KLK4 protein expression was higher in Thx1-
transfected cells compared to control group at days 14 (P<0.01) and 28 (not statistically significant,
P>0.05). In addition, the highest level of KIk4 mRNA expression was observed in Thx1-transfected

cells at day 28, compared to other time points (Figure 3.5. A). Calcium ions (Ca?*) play an essential

role in enamel calcification and crystal nucleation and growth [67]. Ca2* release-activated Ca2*
(CRAC) channels are considered the major route for Ca?* influx into cells [68]. Calcium release-
activated calcium channel protein 1 (ORAI1) is a protein existing in the plasma membrane that
makes the pores of CRAC channels [69] and it is up-regulated during the maturation stage [70].
Once it is activated by stromal-interacting molecule (STIM1), ORAI1 enables Ca?* ion influx [71].
ORALI1 protein was expressed significantly higher in Thx1-transfected cells compared with control
group at day 14 (P<0.01). The levels of expression increased in both Thx1-transfected cells and
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control groups at day 28 and the difference between these groups was not significant (Figure 3.3.
D-F). Consistently, the Orail mRNA expression in Tbxl1-transfected cells was increased
significantly from day 2 to day 7 (P<0.01), when the expression level was significantly higher in
Thbx1-transfected cells compared to control cells (P<0.01), whereas no significant difference was
observed between Thx1-transfected cells and control cells at days 2, 4, 14 and 28 (Figure 3. 5. B).
STIML1 is a transmembrane protein in the endoplasmic reticulum which is expressed in maturation
ameloblasts and acts as a dynamic sensor for Ca?* [68,72,73]. It detects the drop in the level of
Ca?* stored in endoplasmic reticulum and then it directly binds to ORAIL in plasma membrane
which activates Ca?* ion channels in order to balance Ca?* level [74,75]. A significant increase in
Stiml mRNA expression was observed in Thx1-transfected group with respect to control cells
following 28 days of culture (P<0.001). The highest level of Stiml mRNA expression in Thx1-
transfected cells was at day 28, compared to other time points (Figure 3.5. C). Alkaline phosphate
(Alp) is a marker of ameloblast differentiation which is indispensable for induction and progression
of enamel matrix mineralization and is mainly expressed during the late stage of enamel formation
[25,76,77]. The Alp mRNA expression was significantly up-regulated in Thx1-transfected cells
compared to control cells at day 4, 7, 14, while no significant difference was observed at day 2 and
28. Moreover, the Alp expression level was highest at day 14 with respect to other time points
(Figure 3.5. D). Taken together, these results confirmed that gemini surfactant-based Thx1
transfection can differentially promote the expression of ameloblast differentiation markers and
enhance enamel secretion, maturation and mineralization. Thus, our system could be used to guide

the differentiation of dental epithelial stem cell into enamel-forming ameloblasts.
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Figure 3.11. Immunocytochemical analysis of Thx1-transfected HAT-7 cells compared to control
cells after 14 and 28 days of culture. Transfection of HAT-7 cells with Thx1 encoding gene
significantly enhanced the levels of amelogenin (AMELX) and kalikrein-4 (KLK4) protein
expression (A, B, C) and amelotin (AMTN) and calcium release-activated calcium channel protein
1 (ORAI1) protein expression (D, E, F) after 14 days of culture. No significant difference was
observed in expression of AMELX, KLK4 (C), AMTN and ORAI1 (F) between control and Thx1
transfected group at day 28. Error bars represent mean+SEM of repeats (*statistically significant
results indicated in the graphs, ***p<0.001, **p<0.01, *p<0.05). Experiments were performed in
triplicates. The expression of markers was quantified by measuring mean fluorescent intensity in
five randomly selected areas in each image.
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Figure 3.12. Effect of transfection of HAT-7 cells with Thx1 encoding gene on mRNA expression
of Tbx1 and secretory ameloblasts markers at different time points (days 2, 4, 7, 14 and 28)
analyzed by quantitative real time polymerase chain reaction (QRT-PCR). Thx1 mRNA expression
was significantly increased at day 2, 4, 7 and 14 in Tbx1-transfected cells compared to control and
the level of expression decreased overtime (A), No significant difference was observed in
expression of Dspp (B) and Enam mRNA (D) between Thx1-transfected cells and control groups.
The expression of Ambn (C) was down-regulated after 2 and 4 days of culture with no significant
difference at days 7, 14 and 28. Experiments were carried out in triplicates. Error bars represent
mean+SEM of repeats (*statistically significant results indicated in the graphs and * represents
comparison vs control group and # reflects comparison among different groups determined in the
graphs, *** ### p<0.001, **, ## p<0.01, *, # p<0.05). Thxl, T-boxl; Dspp, Dentin
sialophosphoprotein; Ambn, Ameloblastin; Enam, Enamelin.

96



_‘
2
"
b
B
N
=
N
—
o
=2
“
x

w
)

25, [ ——
Y =3 Control

2.0 B Tixi-transfected cells

++ [ Control
W ThHx7-transfected cells

N
1

154

1.0

=
1

Relative Orai1 expression

Relative Kik4 expression

o
I

% ™ A S ® 9 ~ A RS ®
Time (davs) Time (days)
#22 = {D) (11,
7] — 50_
3 Control
* W Thxi-transfected cells

G}

#E

w
)

33 Control

404 Bl 7Hxi-transfected cells

[~
L
(2]
<
1

-
L

= [&]

=3 o

1 L

Relative Aip expression

Relative Stim1expression

o
o
I

v 1 A A P v L] A a P
Time (days) Time (days)

Figure 3.13. Effect of transfection of HAT-7 cells with Thx1 encoding gene on the mRNA
expression of maturation ameloblasts markers at different time points (days 2, 4, 7, 14 and 28)
analyzed by quantitative real time polymerase chain reaction (QRT-PCR). Significant up-
regulation of maturation markers including Klk4, at day 28; Orail, at day 7; Stim1, at day 28; Alp,
atdays 4, 7, 14 shows that transfection of HAT-7 cells with Tbx1 enhances differentiation of dental
epithelial stem cell into ameloblasts. Experiments were carried out in triplicates. Error bars
represent mean+SEM of repeats (*statistically significant results indicated in the graphs and *
represents comparison vs control group and # reflects comparison among different groups
determined in the graphs, ***, ### p<0.001, **, ## p<0.01, *, # p<0.05). KIk4, Kalikrein-4; Stim1,
Stromal-interacting molecule; Alp, Alkaline phosphate.

3.4.6. Evaluation of the effect of Tbx1 upregulation on mineralization

To evaluate the effect of Thx1 transfection on mineralization, ALP, Alizarin Red S and von Kossa
staining was carried out. HAT-7 cells transfected with Thx1 expressed higher level of ALP
expression compared to non-transfected cells at days 14 and 28 (Figure 3.6. A-1, 2). It was
historically suggested that ALP is involved in enamel formation to stimulate mineralization by
providing the phosphate ions or by eliminating the inorganic pyrophosphate PPi, which can have
inhibitory impact on enamel mineralization. Other studies reported that stratum intermedium (SI)
cells, which are situated next to ameloblasts, secreted ALP which transported phosphate ions or
nutrients from blood supply to the enamel organ [78]. The higher ALP expression in Thx1-

transfected cells after 14 days demonstrated that mineralization started in this group earlier than
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control cells, which were still in the secretory phase and expressed a very low level of ALP. In
addition, transfected cells showed increased ALP expression from day 14 to day 28, which could
indicate an increase in mineralization over time and the terminal differentiation of ameloblasts.
HAT-7 cell line was shown to elevate ALP activity and express amelogenin and ameloblastin
proteins when differentiated into ameloblast-like cells [23]. A previous study reported an increase
in differentiation of HAT-7 cells, with enhanced ALP activity and greater mineralization, after
being treated with a high concentration of full-length recombinant human amelogenin (rh-AMEL)
[79]. Thus, this evidence suggested that the higher ALP expression in Thx1-transfected cells

showed increased ameloblast differentiation compared to control cells.

In addition, calcium deposition and mineralized nodule formation were assessed by Alizarin Red
S (Figure 3.6. A-3, 4) and von Kossa staining (Figure 3.6. A-5, 6), respectively [80]. Positive
Alizarin Red S (red) and von Kossa (black/brown) staining indicated the deposition of calcium
and calcium phosphate; respectively [81], after 14 and 28 days of culture in both control and Thx1-
transfected cells, which increased with culture time showing the time dependent mineralization.
However, the staining intensity was in a much lower extent in control cells as compared to Thx1-
transfected cells, and strongest staining level was observed in Thx1-transfected cells at day 28.
According to previous reports, the color of mineralized nodules visualized by von Kossa staining
could be a determinant of the state of differentiation in osteoblasts; the semi-differentiated cells
were observed to be stained in light-brown color and fully differentiated cells in dark-brown or
black [82]. Accordingly, our results revealed that HAT-7 cells were semi-differentiated at day 14,
while they became fully differentiated at day 28 and the proportion of fully differentiated cells
were higher in Thx1-transfected cells compared to control group. Mineralized nodule formation
was remarkably increased in HAT-7 cells when transfected with Thx1 encoding gene juxtaposed
with control cells after 14 and 28 days of culture. Thus, these results indicated that Thx1
transfection could enhance or accelerate ameloblast differentiation and mineralization of dental

epithelial stem cells.

3.4.7. Observation of cell morphology and mineral deposition in 2D cell culture models

In order to observe the morphology of cells and the deposition of minerals, SEM analysis was
performed at day 14 and 28. At day 14 (Figure 3.6. B-1), control and Thx1-transfected HAT-7 cells
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showed round or cobblestone morphologies as it was reported in a previous study [83]. In addition,
the nanometer-sized amorphous globular particles, but not the mineralized nodules, were observed
on the surface of the cells that seemed to be the amorphous calcium phosphate as the initial phase
of crystals [84]. At day 28 (Figure 3.6. B-2), both groups deposited calcified nodules and
mineralized crystals. However, the morphology of nodules was different in Thx1-transfected cells
compared to control group as they were more extensive, which implied the effect of Thxl
transfection on enhancing formation and growth of mineralized nodules by HAT-7 cells.

Day 14 Day 28

Al

Tbx1-transfected cells Control Thx1-transfected cells

cells

Tbx1-transfected
cells

Tbx1-transfected

Figure 3.14. (A) alkaline phosphatase (ALP) staining and mineral deposition visualized by
Alizarin Red S and von Kossa staining in control and Tbx1-transfected cells after 14 and 28 days
of culture. Thx1-transfected HAT-7 cells showed higher levels of ALP expression (1, 2) and
calcium (3, 4) and calcium phosphate (5, 6) deposition than control cells, indicating the accelerated
induction of ameloblast differentiation and mineralization by Tbx1 gene delivery to cells. (B)
Scanning electron microscopy (SEM) images of Thx1-transfected HAT-7 cells compared to
control cells after 14 (1) and 28 (2) days of culture in conventional 2D models showed that Thx1
transfection promoted the formation and the growth of mineralized nodules.
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3.4.8. Characterization of GeIMA

The successful methacryloyl-functionalization of gelatin was confirmed by FTIR-ATR and
'HNMR analyses. In FTIR-ATR spectra (Figure 3.7. A), the peaks at 3297 cm, 2934 cm?, 1082
cmtin GelMA (3276 cm™, 2938 cmtand 1080 cmtin gelatin) were associated to O-H stretching,
C-H stretching and C-H bending, respectively. The peaks seen at 1523 cm™ were related to C-N
stretching and N-H bending. Amide I and Il bands were also observed at 1631 cm™ and 1523 cm
Lwhich were linked to C=0 stretching and N-H bending, respectively. The changes in the C-H
stretching and C-H bending regions were as a result of grafting the methacryloyl groups to the
lysine groups of gelatin [85-87]. The tHNMR spectra of unmodified gelatin and GelMA are shown
in figure 3.7. B. The spectrum of the GelIMA exhibited two new peaks in the range of 5.3 and 5.5
ppm which were attributed to acrylic protons of methacrylate groups, and a new peak at 1.8 ppm,
which was assigned to the methyl groups of grafted methacrylate groups while such signals were
absent in the spectrum of the unmodified gelatin. The smaller peak observed at 2.9 ppm in GeIMA
spectrum compared to gelatin, revealed the functionalization of lysin groups by methacrylate
groups. Therefore, the tHNMR spectra proved that the primary amino groups of gelatin has been

successfully substituted with methacrylate groups [88,89].
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Figure 3.15. Characterization of gelatin methacrylate (GeIMA) and unmodified gelatin by Fourier
Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) and proton nuclear magnetic
resonance (*HNMR) showed that gelatin is chemically modified with methacrylate groups. (A)
FTIR-ATR spectra of GelMA and gelatin revealed changes in the C-H stretching and C-H bending
regions at 2934 cm™ and 1082 cm which were owing to methacryloyl-functionalization (B)
IHNMR spectrum of GelMA exhibited the new peaks at 5.3 and 5.3 ppm, attributed to protons of
methacrylate groups, a new peak at 1.8, assigned to methyl protons of grafted methacryloyl groups,
and the smaller peak at 2.9 ppm, corresponded with lysin groups functionalized with methacryloyl,
confirming successful substitution of primary amines by methacrylate groups in GelIMA.
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3.4.9. Evaluation of the cell morphology and mineral deposition in the 3D cell culture models

To observe the morphology of the cells and crystals in 3D culture, SEM analysis was carried out
ondays 7, 14 and 21. Control and Thx1-transfected cells encapsulated in GelMA hydrogels showed
a rounded morphology at all time points (Figure 3.8). Similar observation was reported by a
previous study that HAT-7 cells exhibited a round morphology when co-cultured with dental pulp
stem cells in collagen I/chitosan hydrogels [90]. At day 7 (Figure 3.8. A), both control and Thx1
over-expressing HAT-7 cells revealed the formation of nanosized-spherical clusters of minerals
on them. In addition, the ribbon-like structures with short lengths were appeared on the surface of
the Thx1-transfected cells at this time point, whereas such structures were not observed on the
control cells. Likewise, such globular structures were observed on control and Thx1-transfected
cells at day 14. The ribbon-like crystals that were seen on cells over-expressing Thx1 had greater
lengths at day 14 compared to day 7 (Figure 3.8. B). At day 21, control cells revealed the formation
of rod-like crystals (Figure 3.8. C-2), while the Thx1-transfected cells showed the deposition of
elongated crystals with random orientations and variant morphologies including ribbon-, rod-,
(Figure 3.8. C-4) and prims-like structures (Figure 3.8. D-1). However, the number of the
elongated crystals were much higher in Thx1-transfected cells compared to control cells. In
addition, figure 3.8. D-2, 3, 4 showed the contribution of organic matrix, either from the gelatin in
the GelMA hydrogel or from enamel organic matrix produced by HAT-7 cells to the elongated
growth of crystals. Dental enamel mineralization has been proposed to occur in the enamel organic
matrix because of the flowing steps. First, the calcium and phosphate ions are transported from
ameloblasts into the matrix [91]. The initial solid phase, amorphous calcium phosphate (ACP), is
spontaneously precipitated from ion clusters [92]. ACP are formed as spherical nanoparticles (20-
200 nm) with a short-range order that are unstable and undergo transformation into ribbon- or
plate-like octacalcium phosphate (OCP) which acts as a precursor of the apatite [91,93,94].
Subsequently, OCP crystals grow lengthwise and their morphology changes into rod- or prims-
like crystals, through interactions of amelogenin with the side faces of the crystals [95,96]. Finally,
OCP crystals undergo hydrolysis and are transformed into more stable apatite crystals [92].
Accordingly, it seemed that control cells were able to deposit ACP mineral phase at day 7 and 14
and OCP or apatite crystals at day 21. On the other hand, Thx1-transfected cells could deposit the
ACP, OCP crystals at day 7 and 14, while OCP crystal elongation and transformation into apatite
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crystals occurred at day 21. It is worth mentioning that such elongated crystals were not observed
in 2D culture (Figure 3.6. B), which might be due to the fact that the GelMA hydrogel could assist
with crystal nucleation and growth by providing the gel like environment similar to the enamel
organic matrix as previously reported [97,98]. Altogether, Tbx1 transfection could accelerate and
enhance enamel mineralization which further confirmed the results of ALP, Alizarin Red S and
von Kossa staining and SEM images in 2D culture (Figure 3.6).
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Figure 3.16. Scanning electron microscopy (SEM) images of Tbx1-transfected HAT-7 cells
encapsulated in gelatin methacrylate (GelIMA) hydrogel compared to control cells after 7 (A), 14
(B) and 21 (C, D) days of culture revealing that Tbx1 transfection could accelerate and promote
enamel mineralization. Ribbon-, rod- and prism-like structures are shown with red, yellow and
blue colored arrows, respectively.

3.5. Conclusions

In this study, we have developed and optimized a non-viral gene delivery system based on gemini
surfactants as an effective tool to transfer T-box1 encoding gene into the dental epithelial stem cell
line, HAT-7, in order to induce ameloblast differentiation. Our findings suggested that T-box1

gene delivery into HAT-7 cells could differentially regulate the expression of ameloblast markers
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and enhance mineralization in vitro. Further studies including additional in vitro assays as well as
ex vivo culture and in vivo implantation are needed to further evaluate the potential of this system
for clinical applications. The optimized T-box1 gene delivery system presented in this study is
being integrated into the co-culture with dental pulp stem cells using 3D-printed dual compartment
scaffolds to combine the differentiation-inducing effect of T-box1 overexpression with epithelial-
mesenchymal interactions to synergistically guide dental epithelial stem cells towards enamel-like
tissue formation and appropriate interface to underlying dentin. Taken together, this work suggests
that T-box1 gene delivery using gemini surfactant-based nanoparticles can be used as an efficient
tool for the induction of ameloblast differentiation and enamel formation. This promising approach
provides a foundation for tissue engineering approaches to repair defective enamel and might offer
a translational potential for clinical restorative dentistry to improve best practices for dental caries

treatments.
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4.1. Abstract

Tissue engineering offers a great potential in regenerative dentistry and to this end, three
dimensional (3D) bioprinting has been emerging nowadays to enable the incorporation of living
cells into the biomaterials (such a mixture is referred as a bioink in the literature) to create
scaffolds. However, the bioinks available for scaffold bioprinting are limited, particularly for tooth
tissue engineering, due to the complicated, yet compromised, printability, mechanical and
biological properties simultaneously imposed on the bioinks. This paper presents our study on the
development of a novel bioink from carboxymethyl chitosan and alginate for bioprinting scaffolds
for enamel tissue regeneration. Carboxymethyl chitosan was used due to its antibacterial ability
and superior cell interaction properties, while alginate was added to enhance the printability and
mechanical properties as well as to reg2ulate the degradation rate. The bioinks with three mixture
ratios of alginate and carboxymethyl chitosan (2-4, 3-3 and 4-2) were prepared, and then printed
into the calcium chloride crosslinker solution (100 mM) to form a 3D structure of scaffolds. The
printed scaffolds were characterized in terms of structural, swelling, degradation, and mechanical
properties, followed by their in vitro characterization for enamel tissue regeneration. The results
showed that the bioinks with higher concentrations of alginate were more viscous and needed
higher pressure for printing; while the printed scaffolds were highly porous and showed a high
degree of printability and structural integrity. The hydrogels with higher carboxymethyl chitosan
ratios had higher swelling ratios, faster degradation rates, and lower compressive modulus. Dental
epithelial stem cell line, HAT-7, could maintain high viability in the printed constructs after 1, 7
and 14 days of culture. HAT-7 cells were also able to maintain their round morphology and secrete
alkaline phosphatase after 14 days of culture in the 3D printed scaffolds, suggesting the capacity
of these cells for mineral deposition and enamel-like tissue formation. Taken together, alginate-
carboxymethyl chitosan has been illustrated suitable to print scaffolds with dental stem cells for

enamel tissue regeneration.

4.2. Introduction

Tooth decay or dental caries is one of the most common infectious diseases that can cause the

breakdown of dental enamel [1]. The current approach to treat tooth decay includes removing the

parts of the tooth affected by dental caries and replacing them with the artificial dental restoration
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materials. However, given the limitations associated with dental restoration materials such as
inability to mimic the structural and functional characteristics of the native dental tissue, a great
deal of attention has been attracted towards developing novel alternative approaches to treat dental
caries [1]. Bio-fillings that can be produced by dental stem cells could offer an ideal solution to
biologically regenerate/restore the affected dental tissues [1]. Tooth tissue engineering is a new
promising technique that employs three main elements of dental stem cells, scaffolds and signaling
factors to produce the bioengineered dental tissues to repair the damaged teeth [2]. Among
different scaffold fabrication methods, three-dimensional (3D) printing has a great potential to
fabricate customized scaffolds, based on the magnetic resonance imaging or computerized
tomography scans taken from the patient [3], and offers the incorporation of living cells and growth
factors in the printed scaffolds [4—7]. During the process of scaffold fabrication using extrusion-
based 3D printing, cells are incorporated into a biomaterial called bioinks, that are usually
hydrogels, and then the cell-laden bioink is dispensed in a layer by layer fashion to fabricate
constructs with the desired design [8]. Development of suitable bioinks that possess printability,
and mechanical and biological properties that support cell functions such as cell attachment,
proliferation and migration and the formation of new tissue is a key element to fabricate 3D printed
constructs to provide a suitable microenvironment for successful applications in tissue engineering
[9,10]. Bioinks also need to become crosslinked quickly, before or after printing, to retain their
shape fidelity and have decent mechanical properties and degradation rate [10-12]. Various
hydrogels based on biomaterials of natural (e.g. alginate, agarose, hyaluronic acid, chitosan,
dextran, collagen, gelatin and fibrin) and synthetic (e.g. polyethylene glycol (PEG), PEG diacrylate
(PEGDA)) origins have been used in dental tissue engineering applications [13]. However, there
is a remarkable lack of hydrogel bioinks that have been primarily developed for bioprinting dental
cells [14]. Thus, this study aimed to address this emerging need for bioinks for dental tissue

engineering.

Chitosan is a cationic polysaccharide extracted from chitin that exhibits remarkable inherent
properties such as antimicrobial and mucoadhesive characteristics and biocompatibility that make
it a suitable biomaterials for various biomedical applications [15]. In particular, the antimicrobial
properties of chitosan offer promises for dental applications [15,16]. In addition, the presence of

positively charged amino groups in chitosan enables this polymer to interact with cell membrane
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and also bind to growth factors, glycosaminoglycans and DNA [17-20]. Thus, chitosan has been
reported to improve cell adhesion, proliferation, and differentiation and offers promises for
biopriting and tissue engineering applications [21-23]. However, the application of chitosan
hydrogels as bioinks for 3D printing applications is still under investigation [10]. Chitosan is
soluble only in acidic solution that limits its application for bioprinting due to the incompatibility
of cells with acidic environment [24,25]. Carboxymethyl chitosan (CMC) is a water-soluble
derivative of chitosan that can be used as a bioink for cell printing. Nevertheless, CMC itself is not
considered a good candidate for bioink owing to its extremely high degradation rate [25]. In
addition, CMC possess poor mechanical properties, which makes the fabrication of scaffold
structures challenging [26]. Several studies have attempted to develop CMC-based bioinks by
blending CMC with other polymers [25]. Alginate (Alg) is a non-toxic and non-immunogenic
natural polymer [27] that has been used in various biomedical applications including peptide or
protein delivery [28-30], wound dressing [31] and cell encapsulation [32-34]. Alginate has been
widely used in bioprinting [35-39] due to its fast gelation through ionic crosslinking in the
presence of divalent ions [40]. However, alginate has shown slow degradation kinetics and limited
cell interaction properties [27]. To address the limitations of alginate and carboxymethyl chitosan
as a single component bioinks, we developed a novel two-component bioink composed of these
two polymers with improved characteristics including good printability, proper degradation rate,
enhanced mechanical properties, increased cell affinity and antibacterial properties [41].
Furthermore, similar to alginate, carboxymethyl chitosan is also able to become crosslinked with
calcium ions [42]. While both alginate and carboxymethyl chitosan have been employed as bioinks
alone [43,44] or in mixture with other polymers [25,45-54], the suitability of mixture of Alg and
CMC as a bioink has not been studied for bioprinting, neither their applications to tooth tissue
engineering. Herein, we for the first time investigated the suitability of alginate-carboxymethyl
chitosan bioinks for both bioprinting and tooth tissue engineering applications. We examined the
effect of the weight ratio of alginate and carboxymethyl chitosan (Alg4%-CMC2%, Alg3%-
CMC3%, Alg2%-CMC4%) on structural and mechanical properties of 3D printed scaffolds as well
as their swelling ability, degradation rate and biological properties for the encapsulation of a rat

dental epithelial stem cell line (HAT-7) and it potential application for enamel regeneration.
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4.3. Materials and methods

4.3.1. Preparation of hydrogel solutions

Medium viscosity sodium alginate powder (Cat. no. A2033, Sigma Aldrich, St. Louis, Missouri,
US) and carboxymethyl chitosan powder (Cat. no. sc-358091, Santacruz Biotechnology, Dallas,
Texas, USA) were dissolved in distilled water and mixed under magnet stirring at room
temperature to prepare 2% (w/v) alginate-4% (w/v) carboxymethyl chitosan (Alg2%-CMC4%),
3% (w/v) alginate-3% (w/v) carboxymethyl chitosan (Alg3%-CMC3%) and 4% (w/v) alginate-
2% (wi/v) carboxymethyl chitosan (Alg4%-CMC2%) solutions.

4.3.2. 3D printing of alginate-carboxymethyl chitosan hydrogel

Scaffolds were designed and sliced using Magics13 Envision TEC (V13, Materialise) software
and Bioplotter RP (V3, EnvisionTEC GmbH, Gladbeck, Germany) software. 31 layers of cuboid
scaffolds with the latticed structure (10mmx 10mm X 5mm) were fabricated by using a
pneumatic 3D Bioplotter (EnvisionTEC GmbH, Gladbeck, Germany) with 1 mm distance between
strands and 0°-90° strand orientation. Prior to printing, the wells of 12-well plates were treated
with 0.1% (w/v) polyethyleneimine (PEI, M.W. 60,000, Cot. no. J61270, Alfa Aesar, Tewksbury,
MA, USA) solution and incubated in the incubator at 37 °C for 24 hours. Then, the PEI was
removed, and 50 mM calcium chloride (CaClz, Cat. no. 223506, Sigma Aldrich) solution
containing 0.1% (w/v) PEI was added to the wells. Hydrogel solutions were printed at a needle
speed of 20 mm/sec and at a certain extrusion pressure (Alg2%-CMC4% for 0.2 bar, Alg3%-
CMC3% for 0.4 bar, Alg4%-CMC2% for 0.7 bar) through 27-guage tapered needles with an inner
diameter of 200m in the crosslinker bath. After printing, the cross-linking bath was replaced with
the fresh 100 mM CaCl.. After 10 minutes, the calcium chloride solution was removed, and the
scaffolds were rinsed with distilled water twice and kept in distilled water for further analysis.
Strand size and pore size were measured using image J software (version 2.3.0/1.53f, NIH,
Bethesda, Maryland, USA) as the strand dimeter and the space between two adjacent strands.

Strand printability and pore printability were also calculated using the following equations [55]:

Ds — Dexp

, ility = 1 —
Strand printability Ds

4.1)
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p intability (Pr) = (Pore perimeter)* s
ore printabiity W= 16 X pore area (4-2)

4.3.3. Swelling and degradation test

The ability of the 3D printed scaffolds to uptake water was assessed by swelling test. The printed
scaffolds (15 layers) were freeze-dried and were weighed to record the initial dry weight (Wai).
The scaffolds (n=3) were immersed in phosphate buffer saline (PBS) and incubated at 37°C and
5% COz2. At different times (Day 1, 7, 14, 21), the samples were taken from PBS and blotted with
a kimwipe tissue paper (Kimberly-Clark Professional, Irving, Texas, US) to eliminate the residual
PBS and then the swollen weight was recorded (Ws). The scaffolds were freeze-dried and weighed
to record the final dry weight (War). For each time points, the swelling ratio (SR) and remaining

weight were calculated using the following equations:

Ws —Wwdi

Swelling ratio (SR) = Wdi (4.3)
. . wdf
Remaining weight (%) = wadi > 100 (4.4)

4.3.4. Mechanical test

The mechanical properties of the 3D printed scaffolds (13 layers, 10mmx 10mm X 2mm) were
assessed by uniaxial unconfined compression test using Biodynamic 5010 (BOSE, Eden Prairie,
Minnesota, USA) testing machine under speed rate of 0.01 mm/s after 24 hours incubation in
distilled water. The test was performed in a wet state at room temperature in the air without
immersing in water during the experiment five times for each group (n=5). Samples were
compressed for the maximum displacement of 70% of the scaffolds thickness. The elastic modulus

was calculated by measuring the slope of the linear part of the stress-strain curves for each scaffold.
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4.3.5. Microstructural evaluation of the 3D printed hydrogel scaffolds

The microstructure of the 3D printed scaffolds was assessed by scanning electron microscopy
(SEM). 3D printed scaffolds were freeze-dried and then sputter coated with a chromium film using
a sputter coater (Q150T ES, Quorum Technologies, Laughton, East Sussex, UK) and then imaged
under a field scanning electron microscope (SU8010, Hitachi, Chiyoda, Tokyo, Japan).

4.3.6. 3D imaging using Synchrotron Radiation-based X-Ray for visualizing 3D printed
hydrogel scaffolds

External geometry and porous structure of the interior of the 3D printed scaffolds were visualized
by Synchrotron Radiation-based X-Ray imaging technique at the 05B1-1 beamline at the Canadian
Light Source (CLS). Hydrogel scaffolds (31 layers, 10 mmx10mmx5 mm) were printed and kept
in CaClz for four days and then immersed in distilled water in a 15 ml conical centrifuge tube and
fixed with Styrofoam. Then, samples were imaged using filtered white beam with a detector placed
0.2 m from the sample using the Optique Peter White Beam microscope (Lentilly, France) with
the pixel size of 3.6 um. 3000 projections were acquired during each CT scan with an exposure
time of 20 milliseconds per projection. Strand and pore size were measured using 6 different

images for each group of the scaffolds.
4.3.7. Cell culture

HAT-7 cells (kindly provided by Dr. Hidemitsu Harada, Iwate Medical University, Iwate, Japan)
[56] were cultured in DMEM/F12 (1:1), HEPES medium (Cat. no. 11330-032, Gibco®, Invitrogen,
Carlsbad, California, USA) supplemented with 10% fetal bovine serum (FBS, Cat. no. 12483-020,
Gibco®, Invitrogen) and 1% antibiotic (Penicillin-Streptomycin 100X solution, 10,000 units/mL
Penicillin/10,1000 ug/mL Streptomycin, Cat. no. SV30010, Hyclone™, Logan, Utah, US) and
incubated at 37°C and 5% CO2. Medium was changed every 2 days.

4.3.8. Bioprinting of HAT-7 cell-laden hydrogel scaffolds

Alginate and carboxymethyl chitosan powders were sterilized by being exposed to UV light for 90

minutes. Then, hydrogel solutions were prepared by mixing the Alg and CMC powders in saline
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solution under sterile condition. 12-well cell culture plates were coated with autoclaved PEI
solution (0.1% w/v) in the incubator 24 hours prior to printing. After two passages, cells were
trypsinized, counted and mixed in the sterile hydrogel solutions at a final cell density of 6x10°
cells/ml. The cell incorporated hydrogel solutions were loaded into the bioplotter syringe and 2-3
layers of cell-laden scaffolds were printed into the autoclaved 50 mM CaCl: crosslinking bath
containing 0.1% PEI. After printing, the printing bath was replaced with 100 mM CacCl: solution
to further crosslink scaffolds for another 10 minutes. Then, scaffolds were rinsed with culture
medium three times and immersed in culture media containing 10% FBS and 1% antibiotics and
cultured in the incubator at 37°C and 5% CO:..

4.3.9. Assessment of cell viability using live/dead assay

Viability of HAT-7 cells within the 3D printed scaffolds were evaluated after 1, 7 and 14 days of
culture using the LIVE/DEAD Cell imaging kit (Cat. no. R37601, Invitrogen, Thermo Fisher
Scientific, USA) according to the manufacturer’s instructions. Briefly, cell-laden scaffolds were
stained with the mixed green/red dye and incubated for 15 minutes in the incubator at 37°C and
5% COz, followed by imaging using fluorescent microscope (EVOS M5000 Cell Imaging System,
Thermo Fisher Scientific). The number of live (green) and dead (red) cells were measured by using

image J and viability was calculated by the following equation:

(number of live cells)
(number of live cells + number of dead cells)

%Cell viability = (4.5)

4. 3.10. Observation of cell morphologies in 3D printed scaffolds

After 14 days of culture, the morphology of the HAT-7 cells within the 3D printed hydrogel
scaffolds was observed using SEM. Cell incorporated scaffolds were washed with PBS twice and
immersed in 2.5% glutaraldehyde solution prepared in PBS for 2 hours. The constructs were then
rinsed with PBS and distilled water three times each. Afterwards, the scaffolds were lyophilized,
and sputter coated with thin layer of chromium and imaged using the same field scanning electron

microscope as previously mentioned.
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4.3.11. Alkaline phosphatase staining

After 14 days of culture, 3D printed cell-laden constructs were rinsed with PBS twice and cells
within the constructs were fixed and permeabilized using BD Cytofix/cytoperm™
fixation/permeabilization kit (Cat. no. 554714, BD Biosciences, San Jose, California, USA). In
brief, constructs were incubated in the fixation and permeabilization solution for 30 minutes at
4°¢C, followed by washing with 1x BD Perm/Wash™ buffer twice and rinsing with PBS twice.
Then, alkaline phosphatase (ALP) expression in the cell-laden constructs was detected using
SIGMAFAST™ BCIP®/NBT detection kit (Cat. no. B5655, Sigma-Aldrich). The staining reagent
was prepared according to the manufacturer’s instructions and added to the constructs and
incubated for 24 hours at 37 °C under dark condition. Then, constructs were imaged using a

microscope light microscope (EVOS M5000 Cell Imaging System, Thermo Fisher Scientific).
4.3.12. Statistical analysis

All data are given as mean+standard deviation. Statistical analysis was performed using one-way
ANOVA followed by the post-Tukey test using GraphPad Prism 5 (GraphPad Software, San

Diego, California, USA). A p value < 0.05 was considered statistically significant.
4.4. Results
4.4.1. 3D printing of alginate-carboxymethyl chitosan

To investigate the influence of alginate and carboxymethyl chitosan concentrations in hydrogel
solution on printability, three different compositions including Alg2%-CMC4%, Alg3%-CMC3%,
Alg4%-CMC2%, were printed using 200 um needle at the same needle speed of 20 mm/s (figure
4.1). The total polymer concentration in the hydrogel solutions was kept constant at 6% (w/v). In
addition, the crosslinker concentration and crosslinking time was kept at 200 mM and 10 minutes,
respectively. It was observed that the Alg2%-CMC4% hydrogel solution required lowest extrusion
pressure (0.2) to be dispensed as strands as compared to Alg3%-CMC3% and Alg4%-CMC2%
hydrogel solutions that needed 0.4 and 0.7 bar dispensing pressure, respectively. This showed that
the concentration of alginate polymer in the Alg-CMC blend hydrogels has a larger impact on the
viscosity of the ink and thereby on the extrusion pressure required to dispense ink out of the nozzle.
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Figure 4.17. (A) Macroscopic view of 31 layers (10mmx 10mm X 5mm) of alginate-
carboxymethyl chitosan (Alg-CMC) scaffolds. (B, C) Macroscopic and microscopic images of
extruded strands printed using different pressure (0.2 bar for Alg2%-CMC4%, 0.4 bar for Alg3%-
CMC3%, 0.7 bar for Alg4%-CMC2%) at the same needle speed of 20 mm/s.

The strand size, pore size, strand printability and pore printability of the printed strands were
determined after printing two layers (figure 4.2). The strand size was found to be significantly
higher (p<0.001) in Alg3%-CMC3% (0.570+0.035mm) and Alg4%-CMC2% (0.588 +0.029mm)
scaffolds as compared to Alg2%-CMC4% (0.340+0.060 mm). However, no significant difference
was observed in the strands size of Alg3%-CMC3% and Alg4%-CMC2% scaffolds. In addition,
significantly smaller pore sizes (p<0.001) were observed in Alg3%-CMC3% (0.492+0.037mm)
and Alg4%-CMC2% (0.453 +0.029mm) scaffolds as compared to Alg2%-CMC4% (0.716+0.054
mm). Although strand printability in all groups was higher than the acceptable range which was
previously reported to be around 0.9-1.1 [55], their pore printability was in this range (figure 4.2.
C, D).
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Figure 4.18. Comparative analysis of stand size (A), pore size (B), strand printability (C), pore
printability (D) in 3D printed scaffolds with varying concentrations of alginate and carboxymethyl
chitosan (Alg2%-CMC4%, Alg3%-CMC3%, Alg4%-CMC2%). Error bars represent mean+SD of
repeats. *Statistically significant results indicated in the graphs, ***p<0.001.

4.4.2. Microstructural evaluation of the 3D printed hydrogel scaffolds

The microstructure of the 3D printed hydrogels was observed under SEM (figure 4.3) showing
that the scaffolds were printed as highly porous structures with well-defined intersections as
designed. It was observed that scaffolds with higher ratios of CMC had smaller filament size and
were able to maintain the pores with better square shaped morphology and large sizes during

printing step.
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Figure 4.19. The scanning electron microscopy (SEM) of the 3D printed hydrogels at three
different alginate-carboxymethyl chitosan weight ratios showed the highly porous structure of the
scaffolds.

4.4.3. 3D visualization of the scaffolds using synchrotron-based X-ray imaging

The 3D structure of the 3D printed hydrogels was visualized with synchrotron-based X-ray
imaging. As shown in figure 4.4. A. 1, the multilayers of the hydrogel scaffolds were successfully
printed with high structural integrity and stability. Figure 4.4. A. 2 revealed the lattice internal
structure of the scaffolds. Hydrogel scaffolds with higher percentage of CMC (Alg2%-CMC4%
and Alg3%-CMC3%) could maintain the square-shape of pores better than Alg4%-CMC2%
hydrogels which is in agreement with the SEM images. Alg4%-CMC2% hydrogels showed a
significantly larger strand size compared to Alg2%-CMC4% and Alg3%-CMC3%, which occupy

a larger space between strands and resulted in significantly smaller pore size (figure 4.4. B).

123



(A)

Alg2%-CMC4%

Alg3%-CMC3%

Alg4%-CMC2%
265
(1) (2)
®) 600, F 05, b———o
.—.
—~ 500 < 0.4+ .
= 400+ £ 03-
N 4 =
® 300 : % 021
& 200 : s z
3 100 : o 0.14
0 ? - T 0.0- oy v
so ‘o \o g s\ £
& o #° 5 8
\‘0 .\Ko g\f' é;\ 65\ R
& & L S

Figure 4.20. (A) 3D visualization of 3D printed hydrogels composed of three different mixture
ratios of alginate to carboxymethyl chitosan (Alg-CMC) using synchrotron-based X-ray imaging
(1) 3D reconstruction, (2) top view of the scaffolds. (B) Quantified structural properties of the

scaffolds including strand and pore size measured form the top view images of the scaffolds using
image J.
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4.4.4. Swelling and degradation test

The ability of 3D printed hydrogel scaffolds to uptake water was characterized by measuring the
swelling ratio at different time points. As shown in figure 4.5. A, the swelling ratio of Alg2%-
CMC4% (28.12+1.282) was significantly higher (p<0.01) than Alg3%-CMC3% (23.47+1.249)
and Alg4%-CMC2% (23.50+0.319) at day 1. At day 7, the swelling ratio of all three groups
(Alg2%-CMC4%: 40.25+3.742, Alg3%-CMC3%: 40.96+1.975, Alg4%-CMC2%: 39.94+1.065)
was significantly increased compared to that of the same groups at day 1 (p<0.01 for Alg2%-
CMC4% and p<0.001 for Alg3%-CMC3% and Alg4%-CMC2%). However, there was no
significant difference between the swelling ratios of all three groups at day 7. At day 14, the
swelling ratio of Alg2%-CMC4% (35.69+1.643) was significantly lower than Alg3%-CMC3%
(43.164+1.079, p<0.01) and Alg4%-CMC2% (39.44+1.520, p<0.05). The difference between
swelling ratios of Alg3%-CMC3% and Alg4%-CMC2% was also significant (p<0.05). At day 21,
Alg4%-CMC2% scaffolds showed a significantly higher (p<0.05) swelling ratio (43.58+0.713)
compared to Alg2%-CMC4% (30.38+6.723). However, no significant difference was observed
between swelling ratio of Alg3%-CMC3% (35.49+0.339) and those of two other groups. Both
Alg2%-CMC4% and Alg3%-CMC3% reached to their maximum swelling ratio at day 7, however,
the swelling ratio of Alg4%-CMC2% was in its highest level at day 21.

In vitro degradation of scaffolds was assessed after 1-, 7-, 14- and 21-days incubation in PBS
(figure 4.5. B). At all time-points, the remaining weight in Alg2%-CMC4% was lower compared
to Alg3%-CMC3% and Alg4%-CMC2% except at day 1 that no significant difference was
observed between Alg2%-CMC4% and Alg3%-CMC3%. The remaining weight of Alg2%-
CMC4% scaffolds was significantly (p<0.01) decreased from 94.1+2.33 at day 1 to 68.42+4.946
at day 14 and 69.60+8.273 at day 21. No significant difference was observed between remaining
weight at day 1 and day 7 (82.55+4.930). Likewise, the remaining weight of Alg3%-CMC3%
scaffolds was significantly decreased at day 21 (86.97+4.201) compared to day 1 (101.8+3.149,
p<0.001), day 7 (94.68+1.723, p<0.05) and day 14 (95.23+0.204, p<0.05). The weight of Alg4%-
CMC2% scaffolds remained unchanged during 21 days of degradation test with no significant
difference between their remaining weights recorded at different time points. It can be concluded

that the higher concentration of CMC lead to higher degradation rate. Figure 4.5. C shows Alg3%-
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CMC3% and Alg4%-CMC2% scaffolds maintained their shape in PBS until day 21; however,
Alg2%-CMC4% scaffolds were partially degraded and lost their shape to some extent.
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Figure 4.21. (A) swelling ratio, (B) remaining weight of 3D printed scaffolds with varying
concentrations of alginate and carboxymethyl chitosan (Alg2%-CMC4%, Alg3%-CMC3%,
Alg4%-CMC2%). (C) Images of the 3D printed scaffolds after being crosslinked in CaCl2
solutions for 10 minutes (Day 0) and degraded scaffolds after 21 days incubation in PBS.

4.4.5. Mechanical test

To investigate the effect of alginate and carboxymethyl chitosan concentrations on mechanical
performance of the 3D printed scaffolds, uniaxial mechanical test was performed. The stress-strain
curves shown in figure 4.6. A indicated that the compressive stress enhanced as the content of the
alginate to carboxymethyl chitosan in the ink increased. In addition, the Alg2%-CMC4% scaffolds
showed the lowest Young’s modulus of 6.320+1.339 kPa (figure 4.6. B). By increasing the
concentration of alginate and decreasing the concentration of carboxymethyl chitosan, the Young’s
modulus of the scaffolds significantly enhanced to 26.02+3.663 kPa for Alg3%-CMC3% and

57.08+6.162 kPa for Alg4%-CMC2%. Thus, it was observed that Alg4%-CMC2% exhibited the
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highest elastic modulus among all three groups with 2.2- and 9-fold increase as compared to
Alg3%-CMC3% and Alg2%-CMC4%, respectively.
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Figure 4.22. Characterization of mechanical properties of 3D printed scaffolds with three different
concentrations of alginate and carboxymethyl chitosan (Alg2%-CMC4%, Alg3%-CMC3%,
Alg4%-CMC2%). (A) stress-strain curves obtained from uniaxial compression test, (B)
compressive modulus calculated from the slope of the linear region of the stress-strain curves
showing increase in mechanical properties of the scaffolds with increase in concentration of
alginate to chitosan.

4.4.6. Assessment of cell viability using live/dead assay

To investigate the compatibility of cells with hydrogel compositions and printing process,
live/dead staining was carried out after 1, 7 and 14 days of in vitro culture. The viability of HAT-
7 cells bioprinted in the Alg-CMC hydrogel scaffolds and representative live/dead images are
shown in figure 4.7. HAT-7 cells cultured in all three groups of scaffolds revealed a high cell
viability (>80%) at all time points. High percentage of cell viability in all groups of bioinks on day
1 suggests the negligible cytotoxic impact of printing process. In addition, viability of cells

increased over time which can be due to the proliferation of cells in 3D printed scaffolds.
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Figure 4.23. Fluorescent images of HAT-7 cells in 3D printed scaffolds with varying
concentrations of alginate and carboxymethyl chitosan (Alg2%-CMC4%, Alg3%-CMC3%,
Alg4%-CMC2%) after 1 (A), 7 (B) and 14 (C) days of in vitro culture examined by live-dead
staining. (D) The quantitative analysis of cell viability in printed constructs at different time points.

4.4.7. ALP staining

To evaluate the capacity of HAT-7 cells for mineralization, ameloblast differentiation and enamel
formation when cultured in 3D printed alginate-carboxymethyl chitosan constructs, alkaline
phosphatase staining was performed. As shown in figure 4.8, a strong expression of alkaline

phosphatase was detected in HAT-7 cell-laden constructs (Alg4%-CMC2%) when cultured for 14
days.
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Figure 4.24. Alkaline phosphatase staining of HAT-7 cells in 3D printed alginate4%-
carboxymethyl chitosan2% scaffolds after 14 days of culture.

4.4.8. SEM analysis

After 14 days of culture, cell morphology and mineral deposition in 3D printed scaffolds were
assessed by SEM. As shown in figure 4.9, HAT-7 cells exhibited their normal round morphology
in 3D printed scaffolds at all three different concentrations of alginate and carboxymethyl chitosan.
In addition, the amorphous globular structures were observed on the cell surface, indicating the
initiation of mineralization and ameloblast differentiation.
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Figure 4.25. Scanning electron microscopy (SEM) images of HAT-7 cells in 3D printed scaffolds
with varying concentrations of alginate and carboxymethyl chitosan: (A) Alg2%-CMC4%, (B)
Alg3%-CMC3%, and (C) Alg4%-CMC2% after 14 days of in vitro culture.
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4.5. Discussions

Loss of dental tissues or the whole tooth caused by factors such as tooth decay, trauma, genetic
and periodontal diseases is a major health care issue that could have serious physiological and
psychological impacts on those affected [57]. Regeneration of dental tissues with aesthetic and
functional properties close to native tissues that can provide a permanent solution for tooth damage
or loss is the ultimate goal in regenerative dentistry [1]. Tissue engineering could offer such
promising solution to regenerate damaged dental tissues including enamel [1]. Scaffolds are one
of the main elements for tissue engineering that need to possess desirable physical (swelling,
degradation, mechanical) and biological characteristics to support the new tissue formation [58].
Extrusion based 3D bioprinting has been broadly used to create 3D tissue constructs that allows
spatially controlled patterning of biomaterials and cells [59]. One of the essential factors for the
successful tissue regeneration is the selection of the scaffold materials. In this study, we used
alginate-carboxymethyl chitosan as a hydrogel bioink for 3D extrusion bioprinting to combine the
good printability of alginate with antibacterial and biological properties of carboxymethyl chitosan
that have been shown to be desirable for dental tissue applications [27,60]. Another benefit of the
binary blend of alginate-carboxymethyl chitosan as the bioink is the formation of dual crosslinked
hydrogels. In fact, both polymers can form hydrogel via physical crosslinking in the presence of
calcium ions. In addition, the amino group of the CMC is able to form ionic bonds with carboxyl
group of alginate [47,61]. The interpenetrating polymer network is formed in the dual crosslinked
Alg-CMC hydrogels due to the entanglement of two polymer networks leading to the retention of
both hydrogel components in the bioink [62]. The mixture ratio of these two components in the
bioink was altered to find the suitable concentration in terms of printability, degradation, swelling,
mechanical and biological properties. Different mixture ratios of the ink required different amount
of pressure to overcome the surface tension of the hydrogel solution owing to their varying
viscosities. The hydrogel solutions with higher viscosity was found to provide better extrusion
uniformity and allows the printed structures to retain their shape and have higher mechanical
stability, which is more favorable for printing tall and complex structures; nevertheless, they can
cause increase in shear stress that can negatively influence cell survival and functions [63,64]. On
the other hand, hydrogel solutions with low viscosity can cause low printability, non-uniform cell

distribution and fast cell settling [64]. Among three different groups of hydrogel solutions, the one
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with the lowest concentration of alginate (Alg2%-CMC4%) showed the lowest viscosity and
thereby needed lowest extrusion pressure. Alg2%-CMC4% group also showed a better strand
printability, smaller strand size and larger pore size. It might be due to the fact that all groups of
hydrogel solutions were printed with the same speed. The speed could be adjusted for each solution
to prevent extra deposition of the hydrogel and have the strands with the same range of strand
diameter, pore size and strand printability. However, all groups of hydrogel solutions showed the
acceptable pore printability. As discussed previously, to find the proper printing parameters, both
strand and pore printability, and not only one of them, are required to be considered [55]. Another
important parameter that needs to be taken into consideration when fabricating complex constructs
using 3D printing is the ability to print multiple layers [44]. The alginate-carboxymethyl chitosan
hydrogels with all three mixture ratios showed the ability to be printed as multilayered structures

with relatively straight strands.

The SEM images of 3D printed scaffolds showed the suitability of the porous constructs for cell
functions, exchange of nutrients and oxygen and tissue formation. The microstructural observation
of the scaffolds was in agreement with another study showing that the addition of CMC to
alginate/gelatin makes constructs with better well-defined pores [47]. In addition, the 3D structure
of the full thickness of the scaffolds visualized by synchrotron-based X-ray imaging showed the
structural stability and integrity of the alginate-carboxymethyl chitosan scaffolds. Swelling
behavior, degradation rate and mechanical properties are the essential physical characteristics of
the scaffolds that are important for successful tissue regeneration. Hydrogel solutions with higher
concentration of CMC showed the higher swelling ratio, after 1 day incubation in PBS, and a faster
degradation rate and lower mechanical properties. Swelling behavior of the hydrogels is a
detrimental parameter for the exchange of nutrients and metabolic wastes in the hydrogel matrix
[65]. The increased swelling ratio by increasing the amount of CMC in the hydrogel could be
attributed to the lower crosslinking density, as a result, the mobility of the polymer chains is less
restricted leading to a higher level of water retention [66]. In addition, the presence of amino
groups in the constructs with higher concentration of CMC could increase the swelling capacity of
the hydrogel [67]. Degradation rate of the scaffolds needs to be long enough to provide supports
for cell growth and extracellular matrix secretion and then the hydrogels need to be gradually

degraded after tissue formation [47,68]. It was also previously reported that the degradation rate
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of the alginate-carboxymethyl gels is contingent upon the swelling ratio in a fashion that gels with
higher swelling ratio forms a polymer network that is less compact with ionic crosslinking and
have a faster degradation rate [69]. In addition, CMC was found to have an very high degradation
rate which can cause faster degradation of the hydrogel scaffolds with higher amount of CMC
[25]. Mechanical properties of hydrogels is another important parameter that allows the scaffold
to maintain their shape and greatly influences tissue regeneration and cell behaviours such as
viability, spreading, proliferation, and differentiation [14,47,70]. Mechanical properties of the
hydrogels depend on the crosslinking density, the type of crosslinking mechanism, the nature of
the polymer [71]. Additionally, strand diameter and porosity of 3D printed scaffolds affect
mechanical properties in a way that scaffolds with thicker strands have lower porosity and higher
mechanical properties [4]. The mechanical properties of scaffolds with higher amount of CMC
(Alg2%-CMC4%) was significantly lower as compared to two other groups, which can be due to
the inherently poor mechanical properties of pure CMC [72], a lower degree of crosslinking, less
tight polymeric network, and smaller strand size and higher porosity. In addition to the structural
integrity and mechanical stability, 3D bioprinted scaffolds should be able to support printed cells
to maintain their normal morphology, viability, and functionality (including cell attachment,
proliferation, differentiation, and matrix production) [73,74]. Live/dead assay results showed that
all groups of 3D bioprinted scaffolds could support the viability and possibly proliferation of HAT-
7 cells with minor cytotoxic effect from printing process. Nature of the polymer, polymer
concentration, the type of crosslinker, crosslinking time, crosslinker concentration, cell type and
density, shear stress during printing process, which depends on several factors such as needle size
and extrusion pressure, were found to have significant impacts on cell survival/damage
[4,33,75,76]. In this study, the type and concentration of crosslinker, crosslinking time, cell type
and density, needle size were kept constant. Although the bioprinted scaffolds with higher
concentration of alginate (Alg3%-CMC3% and Alg4%-CMC2%) needed a higher extrusion
pressure to be extruded, they did not show a lower cell viability as compared to Alg2%-CMC4%.
Previous studies have reported the use of multi-component bioinks containing alginate and
carboxymethyl chitosan for bioprinting of different cell types including human neural stem cells
[48], bone marrow mesenchymal stem cells [47,51], and pluripotent stem cells [52], human
osteogenic sarcoma cells [49]. Another study showed that Alg-CMC hydrogel scaffolds that were

fabricated by Ca?* crosslinking, without being 3D printed, and then seeded with cells could support
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cell growth and proliferation for neural tissue engineering applications [42]. However, no study
investigated the potential of the Alg-CMC-based hydrogels for fabrication of 3D bioprinted dental
stem cells-laden constructs. SEM images revealed that Alg-CMC bioink could provide a favorable
environment for HAT-7 cells to retain their round morphology and attach to the scaffolds and be
guided towards mineralization and differentiation, which are essential for the enamel-like tissue
formation. This is in agreement with a previous study reporting the round morphology of the HAT-
7 cells when co-cultured with dental pulp stem cells in biphasic scaffolds composed of chitosan-
collagen I hydrogels where their viability and proliferation were supported [77]. ALP staining of
bioprinted HAT-7 cells further confirmed the mineralization potential of Alg-CMC bioink.

4.6. Conclusions

Development of bioinks that fulfill the requirements (printability, mechanical and biological
properties) for successful 3D cell printing is greatly required, particularly for tooth tissue
engineering. In this study, a novel bioink was successfully developed by combining desirable
biological and antibacterial characteristics of carboxymethyl chitosan with excellent printability
and proper mechanical and degradation properties of alginate for potential use in enamel
regeneration. Alginate and carboxymethyl chitosan were mixed in three ratios and were printed
using 3D extrusion printing while being crosslinked in calcium chloride crosslinker solution. Our
findings showed that alginate-carboxymethyl chitosan blend hydrogels have good printability,
suitable swelling ability, degradation rate and mechanic al properties and were able to provide a
favorable microenvironment for dental epithelial stem cell line, HAT-7, to maintain their viability
and functional properties. The highly porous structure of the scaffolds showed their ability to
facilitate diffusion of nutrients and wastes. Further studies on in vitro culture of cell-laden scaffolds
in differentiation media could validate the suitability of the alginate-carboxymethyl chitosan
bioink for dental enamel tissue regeneration. Taken together, we suggest that alginate-
carboxymethyl chitosan is a promising candidate to be used as bioink for enamel tissue

engineering.
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5.1. Abstract

Injectable hydrogels, as a carrier, offer great potential to incorporate cells or growth factors for
dental tissue regeneration. Notably, development of injectable hydrogels with appropriate
structures and properties has been a challenging task, leaving many to be desired in terms of
cytocompatibility, antibacterial and self-healing properties, and the ability to support dental stem
cell functions. This paper presents our study on the development of a self-cross-linkable hydrogel
composed of oxidized alginate and carboxymethyl chitosan, and its characterization, as a cell
carrier to incorporate dental epithelial cell line (HAT-7 cells), for dental enamel regeneration in
vitro. Oxidized alginate was synthesized with 60% theoretical oxidation degree using periodate
oxidation and characterized by Fourier Transform Infrared spectroscopy and proton nuclear
magnetic resonance spectroscopy and UV-Vis absorption spectroscopy. Then, hydrogels were
prepared at three varying weight ratios of oxidized alginate to carboxymethyl chitosan (4:1, 3:1
and 2:1) through Schiff base reactions, which was confirmed by Fourier Transform Infrared
spectroscopy. The hydrogels were characterized in terms of gelation time, swelling ratio,
structural, injectability, self-healing, antibacterial properties, and in vitro characterization for
enamel regeneration. The results indicated that hydrogels with higher ratio of oxidized alginate
had faster gelation time and lower swelling ability. Hydrogels formed highly porous structures and
were able to be injected through a 20-gauge needle without clogging. The injected broken pieces
of the hydrogels could be rapidly reformed into a single piece, showing the self-healing property
of the hydrogels. The hydrogels also showed antibacterial properties against two cariogenic
bacterial: Streptococcus mutans and Streptococcus sobrinus. HAT-7 cellsshowed a high viability
in the hydrogels which was not affected by the extrusion pressure during injection. Also, HAT-7
cells encapsulated in the hydrogels showed alkaline phosphatase production and mineral
deposition and maintained their round morphology after 14 days of in vitro culture. In summary,
this study has illustrated that the oxidized alginate-carboxymethyl chitosan hydrogels could be

used as injectable a cell carrier for dental enamel tissue engineering.

5.2. Introduction

Dental caries is the most common oral disease caused by microbial biofilm which results in enamel
damage and demineralization, cavity formation and tooth destruction [1,2]. Loss of enamel
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forming cells, ameloblasts, after tooth eruption causes enamel to have no capacity to self-
regenerate [3]. Thus, developing innovative approaches to regenerate dental enamel are needed to
tackle the loss of dental enamel tissue [4]. Tissue engineering has shown a remarkable promise as
a therapeutic option in restorative dentistry to regenerate damaged or lost dental tissues [5,6].
Tooth tissue engineering employs three main elements including dental stem cells, scaffolds, and
growth factors to reconstruct new dental tissues that resemble the structure and function of the
native tissue [5,7,8]. Scaffolds are frameworks that guide cells to grow into the desired tissue and
growth factors modulate cellular activities. Scaffolds ideally require to be biocompatible and have
a controllable biodegradability and mimic the extracellular matrix of the natural tissues and
provide 3D environments for cells that facilitate cell attachment, proliferation, and differentiation
[9,10]. Dental enamel is developed through amelogenesis process during which enamel crystals
are grown in a gel-like organic matrix secreted by ameloblasts [11]. Hydrogels have been used as
models for enamel mineralization due to their capacity to mimic the in vivo enamel matrix and
they have shown to promote regrowth of enamel crystals and to form enamel-like structures
[12,13].

Injectable hydrogels have shown a great potential as cell carriers or delivery systems for
biomolecules in regenerative medicine and cancer treatment [14-17]. Injectable hydrogels can be
formed in situ and have beneficial properties over pre-formed hydrogels, that are shaped before
being applied to the target site, given the morphology, size, and complexity of the dental tissues’
structures [18-20]. These advantages include the minimally invasive procedure for applying
injectable hydrogels to the defected site leading to reduced risk of infection and decreased patient
discomfort, their capacity to fill defects with irregular shapes; they also facilitate the incorporation
of cells and growth factors into the hydrogel solution prior to injection [18-20]. An injectable
hydrogel system contains hydrophilic polymers of natural or synthetic origins which undergo in
situ gelation, via physical or chemical crosslinking methods, and form three dimensional networks
that can absorb a large amount of water or biological fluids [21,22]. Although physical crosslinking
such as ionic or thermo gelation occurs in a milder condition, physically crosslinked hydrogels
often suffer from low mechanical properties [23]. Chemical crosslinking takes place via chemical
reactions that form covalent bonds in the polymeric network such as photo-polymerization or

enzyme polymerization and develops hydrogels with more stability, slower degradation rate, and
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higher mechanical properties [23-25]. The photo-initiators and UV light that are used during
photo-polymerization can have cytotoxic effects and cause cell death [26]. Chemical crosslinkers
such as glutaraldehyde are highly toxic to cells that could limit their applications for developing
in situ forming injectable hydrogels [27]. The Schiff-base reaction is a chemical crosslinking
mechanism that occurs between aldehyde and amino groups of polymers [28]. As this reaction
does not involve any chemical crosslinker or other external stimulation, it is considered non-toxic
to cells [27,29]. Also, the conventional injectable hydrogels lack the ability of quick restoration
and protecting loaded cells from the damage caused by mechanical forces; as a result, they can
lose their functionality and structural integrity [30]. On the other hand, the dynamic Schiff base
crosslinking confers self-healing properties to the hydrogels which allow them to spontaneously
recover following damage and protect cells from the damage associated with the injection pressure
or other external mechanical forces [30,31]. Therefore, a new generation of in situ forming
hydrogels that possess both injectability and self-healing properties has been developed to better
address the requirements for biomedical applications [30,32]. Although the injectable hydrogel
with self-healing ability have been used for drug/cell delivery [30,33-36] and wound healing
[37,38], their application as dental cell carriers has not yet been investigated for the regeneration
of dental tissues. As inspired, this study aimed to develop alginate-based injectable hydrogels as a

cell carrier for dental enamel regeneration.

Alginate is a natural anionic polysaccharide that has been widely used in dental impression and
tissue engineering applications owing to its appealing biocompatibility and its ability to be gelled
under mild conditions in the presence of divalent cations [14,17,39]. However, alginate has low
cell attachment properties and low degradation rate [40]. Alginate can be modified through
oxidation reaction using periodate that converts the hydroxyl groups in the backbone of alginate
to aldehyde groups [14,17,41]. Oxidized alginate has reported to have higher biocompatibility and
faster degradation in aqueous environments [40,42]. In addition, oxidized alginate is capable of
self-crosslinking with amino containing polymers such as gelatin and carboxymethyl chitosan
through Schiff base reaction to generate in situ forming hydrogels [41,42]. Carboxymethyl
chitosan is a water-soluble derivative of chitosan that has antibacterial activity, high
biocompatibility and cell interaction properties, which make them suitable for tissue regeneration
applications [43-46].
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Oxidized alginate and carboxymethyl chitosan have been reported to undergo self-crosslinking
process through Schiff base reaction upon mixing allowing them to form covalently crosslinked
hydrogels, that are more stable compared to ionically-crosslinked hydrogels, with injectable, self-
healing and antibacterial properties [29,47]. This defined the basis of this study to develop an
injectable self-healing hydrogel composed of oxidized alienate and carboxymethyl chitosan for
dental enamel regeneration. First, oxidized alginate was synthesized using sodium meta periodate,
followed by chemical characterization and oxidation degree determination. Then, the hydrogels
were prepared at three different weight ratios of oxidized alginate to carboxymethyl chitosan. The
properties of hydrogels were evaluated in terms of gelation time, swelling ratio, chemical and
morphological characterizations. Also, the injectability, self-healing and antibacterial properties
of the hydrogels were assessed. The suitability of self-cross-linkable hydrogels for enamel
regeneration was evaluated by the encapsulation and in vitro culture of dental epithelial stem cell
line, HAT-7, followed by assessment of cell viability, cell morphology and mineral formation in

the cell-laden hydrogels.

5.3. Materials and methods

5.3.1. Synthesis of oxidized alginate

Oxidized alginate was synthesized according to a previously reported protocol [48,49]. Two gram
of sodium alginate powder (Cat. no. A2033, Sigma-Aldrich, St. Louis, Missouri, US) was
dispersed in 10 mL ethanol. Then, 1.28 g of sodium metaperiodate (Cat.no. 20504, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) was dissolved in 10 mL water (the molar ratio of
sodium periodate to repeating units of alginate=0.6 to produce oxidized alginate with 60%
theoretical degree of oxidation) and added to the alginate dispersion drop by drop and was
continuously stirred at room temperature in the dark for 6 hours. The reaction stopped by adding
2 mL ethylene glycol (Cat. no. 324558, Sigma-Aldrich) and stirred for another 30 minutes. The
mixture was then dialyzed against water using Seamless Cellulose Dialysis Tubing (molecular
weight cut-off 12 kDa, Cat. no. S25645B, Fisher Scientific) with several changes of water. The
oxidized alginate solution was freeze-dried for 3 days and kept at 4 °C until used. To characterize
the composition of oxidized alginate and unmodified alginate, Fourier Transform Infrared (FTIR)
spectroscopy was performed by using an IHluminatIR 1l inVia Reflex (Smiths Detection, Danbury,
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Connecticut, US) equipped with an attenuated total reflectance (ATR) objective. The successful
synthesis of oxidized alginate was confirmed by proton nuclear magnetic resonance spectroscopy
(*HNMR, Bruker Avance 500 MHz spectrometers, Billerica, Massachusetts, US). Oxidized
alginate and alginate were dissolved in deuterium oxide and were transferred into NMR tubes and

the spectra were taken at room temperature.
5.3.2. Determination of oxidation degree

The oxidation degree of synthesized oxidized alginate was determined by UV-Vis absorption
spectroscopy [50]. The 20% (w/v) potassium iodide (KI, Cat. no. P4101, Fisher Scientific) and 1%
(wi/v) starch solutions (Cat. no. S516, Fisher Scientific) in buffer phosphate (pH7) were mixed in
1:1 volume ratio to prepare the indicator solution. One mL of oxidation reaction mixture prior to
adding ethylene glycol was diluted to 250 mL distilled water. Three mL of diluted solution was
added to 1.5 mL of indicator solution and then 0.5 mL of distilled water was added to the solution.
The absorbance of the diluted solution was measured at 486 nm to determine the concentration of
the sodium metaperiodate in the sample using the standard curve created for sodium periodate
solutions. The consumed amount of the periodate was calculated by subtracting the amount of
sodium periodate before and after oxidation reaction. The oxidation degree (OD) of alginate was

calculated using the following equation [51]:

my,xXn

OD (%) =

x 100 (5.1)

m

Muw is the molecular weight of the repeating units of sodium alginate that is equal to 198 g/mol. m
is the initial amount of sodium alginate (g). n is the amount of sodium periodate (mol). To calculate
the theoretical oxidation degree, the initial amount of sodium periodate (mol) is considered as n,

while for the actual oxidation degree n is considered as the consumed amount of sodium (mol).

5.3.3. Self-cross-linkable Hydrogel formation

Three different concentrations of oxidized alginate (10%, 15% and 20% (w/v)) and a 7.5% (w/v)
carboxymethyl chitosan (CMC, Cat. no. sc-358091, Santacruz Biotechnology, Dallas, Texas,
USA\) solutions were prepared in phosphate buffered saline (PBS) separately under stirring at room

temperature. Then, each concentration of oxidized alginate solutions was gently mixed with
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carboxymethyl chitosan solution at a fixed volume ratio of 60:40 (v/v%) to obtain hydrogel
solutions with three different weight ratios of 4:1, 3:1 and 2:1 (table 1). Hydrogel solutions were

then placed in 37 °C to allow gelation through self-crosslinking occurs.

Table 5.4. Labels for different hydrogel groups based on their compositions.

Label Weight ratio Final Total polymer
concentration (w/v%) | concentration (w/v%o)
OAlg CMC OAlg CMC
OAIlg:CMC (4:1) 4 1 12 3 15
OAIg:CMC (3:1) 3 1 9 3 12
OAIlg:CMC (2:1) 2 1 6 3 9

5.3.4. Gelation time

Gelation time of self-crosslinked oxidized alginate/carboxymethyl chitosan was determined by the
tube inversion method [30]. Briefly, hydrogel solutions with the compositions described above
were prepared in 15 mL glass vials and placed in 37 °C. Gelation of hydrogels were monitored by
inverting the tube at 37 °C and the gelation time was recorded when hydrogel solutions stopped

flowing.

5.3.5. Chemical characterization of self-crosslinked hydrogels

To evaluate the crosslinking between oxidized alginate and carboxymethyl chitosan, FTIR
spectroscopy was performed using the hydrogel sample with highest concentration of oxidized
alginate (OAIg:CMC (4:1)). Briefly, hydrogel samples were prepared as described before and were
crosslinked at 37 °C according to the gelation time measured by tube inversion test and then was
instantly placed in -80 °C and lyophilized for 24 hours. The spectra of lyophilized hydrogels were
recorded using the same instrument as previously mentioned and were compared with oxidized

alginate and carboxymethyl chitosan.
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5.3.6. Swelling test

Crosslinked hydrogels were immersed in PBS solution and allowed to completely swell. After
incubating and equilibrating the samples at 37 °C for 24 hours, hydrogels were removed, and
swollen weights (Ws) were measured, and samples were dried under vacuum and dry weights were

measured (Wad). Swelling ratio was calculated according to the following equation:

Swelling ratio= (Ws- W)/ W4y (5.2)

5.3.7. Microstructural observation of the self-cross-linkable hydrogels

The morphology of the hydrogels was analyzed scanning electron microscopy (SEM). The self-
crosslinked hydrogels were lyophilized at -50 °C and placed on the aluminum stubs and sputter
coated with a thin layer of gold using a sputter coater (Q150T ES, Quorum Technologies,
Laughton, East Sussex, UK). Samples were imaged under vacuum using a field scanning electron

microscope (SU8010, Hitachi, Chiyoda, Tokyo, Japan).

5.3.8. Injectability and self-healing assays

The injectability of the hydrogels was assessed using a previously reported method [52,53]. The
hydrogel with OAIlg:CMC ratio of 2:1 was chosen as an example. OAlg and CMC solutions were
added to a 5 mL glass vial and vortexed to obtain a homogenous mixture and allowed the sol-gel
transition occurs. After gelation, the disk-shaped hydrogel was loaded into a 3 mL syringe and was
injected through a 20-gauge needle to write four letters “ABCD” on a glass microscope slide. In
addition, the hydrogels were injected into a 10 mL beaker and then after injection, the beaker
containing the injected hydrogel was kept at 37 °C for 10 minutes to allow hydrogels to be self-
healed. The photos of the one single piece of hydrogel were taken to record the self-healing

property. The stability of the self-healed hydrogels was assessed by immersing them in PBS.

5.3.9. Antibacterial properties

To assess the antibacterial properties of the OAIg-CMC hydrogels, the inhibition zone test [54]
was performed using two common cariogenic bacteria found in dental plaque biofilm,

Streptococcus mutans and Streptococcus sobrinus. Both bacterial strains were incubated in
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Bacto™ Brain Heart Infusion broth (BHI, 237500, Becton, Dickinson and Company (BD), New
Jersey, United States) at 37 °C overnight to obtain the bacterial suspensions. Then, 200 uL of
bacterial suspensions (Streptococcus mutans, 106 CFU/mL and Streptococcus sobrinus, 10°
CFU/mL) were uniformly spread on the surface of agar plates (BBL™ Brain Heart Infusion Agar,
Cot.no. 211065 BD), followed by placing 200 uL of hydrogel samples at all three OAlg:CMC
ratios. After incubation for 24 hours at 37 °C, the inhibition zones were measured using image J
software (version 2.3.0/1.53f, NIH, Bethesda, Maryland, USA).

5.3.10. In vitro evaluations of self-cross-linkable hydrogels
5.3.10.1. Cell culture

HAT-7 cells (kindly provided by Dr. Hidemitsu Harada, Iwate Medical University, Iwate, Japan)
[55] were cultured in DMEM/F12 (1:1), HEPES medium (Cat. no. 11330-032, Gibco®, Invitrogen,
Carlsbad, California, USA) supplemented with 10% fetal bovine serum (FBS, Cat. no. 12483-020,
Gibco®, Invitrogen) and 1% antibiotic (Penicillin-Streptomycin 100X solution, 10,000 units/mL
Penicillin/10,1000 ug/mL Streptomycin, Cat. no. SV30010, Hyclone™, Logan, Utah, US) in a

humidified incubator. Medium was changed every 2-3 days.
5.3.10.2. Cell encapsulation in self-cross-linkable hydrogels

Oxidized alginate and carboxymethyl chitosan powder were sterilized by being exposed to UV
light for 90 minutes. Then, oxidized alginate (10%, 15% and 20% (w/v)) and 7.5% (w/v)
carboxymethyl chitosan solutions were prepared in PBS separately under stirring under sterile
condition. HAT-7 cells were sub-cultured twice, counted and then resuspended in the 7.5%
carboxymethyl chitosan solutions. Cell-containing CMC solution were mixed with oxidized
alginate solutions at a volume ratio of 40:60 (v/v%) to obtain hydrogel solutions with weight ratios
of 4:1, 3:1 and 2:1 and a final cell density of 400,000 cells/mL for live dead assay and 6x10°
cells/mL for alkaline phosphatase and alizarin red S staining and SEM analysis. Hydrogel solutions
were inserted in the wells of cell culture plates and kept in 37 °C to be crosslinked through Schiff
base reaction. Next, culture media supplemented with 10% FBS and 1% antibiotics was added to

the cell-laden hydrogels and kept in the incubator. Medium was changed every 2-3 days.
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5.3.10.3. Cell viability assessment

To investigate the effect of hydrogel composition and extrusion pressure during injection on cell
viability, live/dead assay was performed using the LIVE/DEAD Cell imaging kit (Cat. no. R37601,
Invitrogen, Thermo Fisher Scientific, USA) according to the manufacturer’s instructions at days
0, 1 and 3. Briefly, 50 microliters of the hydrogel encapsulating HAT-7 cells were either injected
to the wells of the 96 well cell culture plates using 20-gauge needles or mixed in the wells of 96
well plates with pipette tips. After 2, 24 and 72 hours of culture at 37 °C, cell-laden hydrogels were
washed with PBS and stained with the mixed green/red dye. After 15 minutes incubation at room
temperature, constructs were imaged using fluorescent microscope (EVOS M5000 Cell Imaging
System, Thermo Fisher Scientific). The number of live (green) and dead (red) cells were quantified

by using image J software and viability was calculated by the following equation:

(number of live cells)

%Cell viability =
¥oCell viability (number of live cells + number of dead cells)

(5.3)

5.3.10.4. Alkaline phosphatase staining

HAT-7 cells were cultured within oxidized alginate-carboxymethyl chitosan hydrogels for 14 days
and then stained by alkaline phosphatase staining (ALP) to detect the expression of alkaline
phosphatase as a marker of ameloblast differentiation. Cell-laden constructs were rinsed with PBS
twice and cells encapsulated in the hydrogels were fixed and permeabilized using BD
Cytofix/cytoperm™ fixation/permeabilization kit (Cat. no. 554714, BD Biosciences, San Jose,
California, USA) by incubating the constructs in the fixation and permeabilization solution for 30
minutes at 4 °C. Cell-encapsulated hydrogels were washed with 1x BD Perm/Wash™ buffer and
then with PBS, twice each. Then, alkaline phosphatase expression in cell-laden constructs was
detected using SIGMAFAST™ BCIP®/NBT detection kit (Cat. no. B5655, Sigma-Aldrich). The
ALP staining reagent was prepared by dissolving 1 tablet from SIGMAFAST™ BCIP®/NBT
detection kit (Cat. no. B5655, Sigma-Aldrich) in 10 mL of distilled water as instructed by the
manufacturer. Cell-laden constructs were incubated in ALP staining reagent at 37 °C under dark
condition for 24 hours. Cell-encapsulated hydrogels were then visualized under a microscope light

microscope (EVOS M5000 Cell Imaging System, Thermo Fisher Scientific).
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5.3.10.5. Alizarin red S staining

After 14 days of culture, HAT-7-encapsulated oxidized alginate-carboxymethyl chitosan
hydrogels were stained with alizarin red S staining to assess mineralization and calcium deposition.
Cells within the hydrogels were fixed and permeabilized as previously described. Then, 2%
Alizarin red S (pH 4.2, Cat. no. sc-205998, Santa Cruz Biotechnology, Dallas, Texas, USA) was
added to cell-laden constructs and incubated for 5 minutes at room temperature. Cell-laden
hydrogels were then rinsed with distilled water twice and imaged using the same light microscope

as mentioned above.

5.3.10.6. Observation of cell morphologies in the self-crosslinked hydrogels

After 14 days of culture, the morphology of cells and the mineral deposition in the self-crosslinked
hydrogels were examined by scanning electron microscopy (SEM). Cell encapsulated hydrogels
with all three oxidized alginate to carboxymethyl chitosan weight ratios were rinsed with PBS
twice and fixed with 2.5% v/v glutaraldehyde in PBS for 2 hours. After washing with PBS and
distilled water, three times each, samples were kept at -80 °C and then freeze-dried. The
lyophilized call-laden hydrogels were sputter coated with a chromium film with a sputter coater

and imaged using the same scanning electron microscope as previously mentioned.
5.3.11. Statistical analysis

All data are presented as mean+standard deviation and were analyzed statistically using one-way
ANOVA and the post-Tukey test by GraphPad Prism 5 (GraphPad Software, San Diego,
California, USA). A p value < 0.05 was considered statistically significant.

5.4. Results

5.4.1. Synthesis of oxidized alginate

Sodium alginate was synthesized through oxidation reaction using sodium metaperiodate. During
this reaction, hydroxyl groups on carbons 2 and 3 (C2 and C3) present in the monomeric units of

unmodified alginate are oxidized which leads to the cleavage of C2-C3 bond and the formation of
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aldehyde groups in each oxidized repeating units [50]. The synthesized oxidized alginate was
characterized by FTIR and *HNMR. FTIR spectra of unmodified alginate and oxidized alginate
(shown in figure 5.1) exhibited the characteristic peaks at 1605 and 1405 cm* which are attributed
to asymmetric and symmetric stretching modes of carboxyl groups, respectively [56].The broad
peak appeared at 3267 cm in the spectrum of alginate is corresponded to stretching vibration of
hydroxyl groups (-OH), which became weaker and narrower in the spectrum of oxidized alginate
[49]. The peaks at 815 and 1078 cm™* in the spectrum of alginate are related to symmetrical C-O-
C stretching that were reduced in the spectrum of oxidized alginate [56]. In addition, the new peak
related to symmetric vibration of aldehyde groups was not observed at 1735 cm™ in the FTIR

spectrum of oxidized alginate [56].

The 'H NMR spectrum of oxidized alginate showed two new signals at 5.3 and 5.6 pp which are
assigned to the hemiacetalic protons that confirms the successful synthesis of oxidized alginate
(figure 5.2) [57]. The new signal at 4.2 ppm in the spectrum of oxidized alginate is correlated to

the proton of the oxidized guluronic acid unit in the backbone of the polymer [57].
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Figure 5.26. Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) of alginate
and synthesized oxidized alginate highlighted the modification of alginate by the addition of
aldehyde groups.
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Figure 5.27. Proton nuclear magnetic resonance spectroscopy (*H NMR) spectrum of alginate and
synthesized oxidized alginate further confirmed the successful synthesis of oxidized alginate.

5.4.2. Determination of oxidation degree

After oxidation reaction, the oxidation degree was determined to be 59.33% by measuring the

quantity of consumed sodium periodate using UV-vis absorption spectroscopy.
5.4.3. Self-cross-linkable hydrogel formation

The chemical crosslinking of hydrogels through Schiff base reaction was assessed by FTIR. As
shown in figure 5.3, the peak at 1729 cm™ is related to the free aldehyde groups in oxidized alginate
that was not appeared in the FTIR spectrum of oxidized alginate shown in figure 5.1. A new peak
was observed at 1621 cm™ in the spectrum of OAlg-CMC hydrogels which is related to Schiff base
C=N bonds [58] that was merged with the C=0O stretching vibrations of carboxylate in
carboxymethy| chitosan observed at 1586 cm™ [59].
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Figure 5.28. Chemical characterization of self-crosslinked oxidized alginate-carboxymethyl
chitosan hydrogel with the weight ratio of 4:1 using Fourier Transform Infrared-Attenuated Total
Reflectance (FTIR-ATR) showed the imine bond formation as a result of Schiff base reactions.

5.4.4. Gelation time

Gelation time is considered the required time for hydrogels to form and complete crosslinking
[60]. Figure 5.4. A shows gelation time of self-crosslinked hydrogels for various weight ratio of
oxidized alginate and carboxymethyl chitosan. The higher weight ratio of oxidized alginate in the
hydrogel led to a shorter gelation time. The gelation time was decreased from 4.7 min for
OAIlg:CMC (2:1) ratio to 2.3 min for OAIlg:CMC (4:1), which could be due to the higher
concentration of aldehyde groups for Schiff base reaction which accelerates the crosslinking
reaction and gel formation. Hydrogels with quick gelation time are crucial for clinical application

of injectable hydrogels as they can facilitate filling the defected region [60].
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Figure 5.29. (A) Gelation time and (B) swelling ratios of self-crosslinked oxidized alginate-
carboxymethyl chitosan hydrogels. Increase in weight ratios of oxidized alginate to carboxymethyl
chitosan decreased the gelation time and swelling ratio of the hydrogels. Error bars represent
mean+SD of repeats (*statistically significant results indicated in the graphs, ***p<0.001,
**p<0.01, *p<0.05). Experiments were performed in triplicates.

5.4.5. Swelling test

The quantity of water absorbed into the self-crosslinked hydrogels was determined by swelling
test after 24 hours incubation in PBS. As shown in figure 5.4. B, swelling ratio significantly
decreased by increasing the weight ratio of oxidized alginate and carboxymethyl chitosan. The
swelling ratio of hydrogels is contingent upon crosslinking density in a manner that hydrogels with
higher crosslinking density have lower swelling ratio [61]. The higher weight ratio of oxidized
alginate provides more available aldehyde groups to react with amino groups for Schiff-base
reaction which lead to formation of more imine bonds and thus increase in crosslinking density,

which lowered the swelling ratio [61]..
5.4.6. Morphological observation of self-crosslinked hydrogels

Cross-sectional morphology of the hydrogels observed under SEM showed interconnected and

porous structures with the pores on the micron scale (figure 5.5). The hydrogels with higher ratio
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of OAlg showed smaller pore sizes, higher porosity, and a less homogenous distribution of pore

size.

Figure 5.30. Scanning electron microscopy (SEM) images of self-crosslinked oxidized alginate-
carboxymethyl chitosan hydrogels at three different weight ratios after lyophilization showed the
highly porous structure of the hydrogels.

5.4.7. Injectability and self-healing assays

To test the ability of the self-cross-linkable hydrogels for potential applications as injectable cell
delivery systems, hydrogels, after gelation (figure 5.6. A, B, C), were extruded through a 20-gauge
needle. As shown in figure 5.6. D, the four letters “ABCD” were successfully drawn using the
hydrogels. In addition, figure 5.6. E demonstrates that OAIg-CMC hydrogels were able to be
injected through the 20-gauge needle into the 10 mL glass beaker without clogging. After 10
minutes, the pieces of the injected hydrogels could be recovered rapidly through re-crosslinking,
which resulted in the re-formation of a single piece hydrogel (figure 5.6. F, G). In addition, the

self-healed hydrogels could maintain their structure when immersed in PBS (figure 5.6. H).
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Figure 5.31. The injectability and self-healing assessments of the self-cross-linkable hydrogels at
oxidized alginate to carboxymethyl chitosan weight ratios of 2:1. (A, B) The sol-gel transition of
the hydrogel. (C, D) The formed disk-shaped hydrogel was placed in a 3 mL syringe and used as
ink to draw the letters “ABCD” (E) Hydrogels were able to be extruded through the 20-gauge
needle without clogging into a 10 mL beaker. (F, G) The injected hydrogel fragments were self-
healed and reformed a single piece after 10 minutes incubation at 37 °C. (H) Immersion of the
self-healed hydrogel in PBS that shows the stability and integrity of the hydrogel after self-healing.

5.4.8. Assessment of antibacterial properties

Antibacterial properties of the hydrogels were assessed against Streptococcus mutans and
Streptococcus sobrinus by measuring the inhibition zone in which no bacterial growth was
observed. As shown in figure 5.7, hydrogels at all OAlg:CMC ratios showed the growth inhibition
against both Streptococcus mutans and Streptococcus sobrinus. Hydrogels with the OAlIg:CMC
weight ratio of 3:1 exhibited a significantly larger inhibition zone compared to the weight ratio of
4:1 and 2:1which indicates the higher antibacterial effects of this groups towards Streptococcus
mutans (figure 5.7. A). However, no significant difference was observed between three different

groups of hydrogels against Streptococcus sobrinus (figure 5.7. B).
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Figure 5.32. The assessment of antibacterial activity of self-crosslinked hydrogels at three
different weight ratios of oxidized alginate to carboxymethyl chitosan. Hydrogels showed the
inhibition of bacterial growth against (A) Streptococcus mutans and (B) Streptococcus sobrinus.
Error bars represent mean+SD of repeats (*statistically significant results indicated in the graphs,
*p<0.05). Experiments were performed in triplicates.

5.4.9. Live/dead assay

The viability of HAT-7 cells in the OAIlg-CMC hydrogels was assessed using live/dead assays
after 0, 1 and 3 days. HAT-7 cells loaded hydrogels were injected through a 20-gauge needle in a
96 well plate. As shown in figure 5.8, the extruded hydrogel pieces were self-healed and became
one piece hydrogel. Both non-injected and injected HAT-7 cells showed a high cell viability over
80% indicating the cytocompatibility of the self-crosslinked hydrogels and no negative effect of
extrusion pressure during injection on cell survival at all three time points.
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Figure 5.33. Live/dead staining of HAT-7 cells encapsulated in self-crosslinked oxidized alginate-
carboxymethyl chitosan hydrogels at different time points (Days 0, 1 and 3) showed no significant
difference in the viability of the injected cells compared to non-injected cells. Error bars represent
mean+SD of repeats (*statistically significant results indicated in the graphs, *p<0.05).
Experiments were performed in triplicates.

5.4.10. Mineralization assays

After 14 days of culture, the capacity of HAT-7 cells cultured in self-crosslinked hydrogels to
differentiate into enamel-producing ameloblasts and deposit calcium was assessed by alkaline
phosphatase and alizarin red S staining, respectively. As shown in figure 5.9. B, C, cell
encapsulated in self-cross-linkable hydrogels with all three different OAIg-CMC weight ratios
stained positive with ALP and alizarin red S. However, no significant difference was observed
between the three groups of hydrogels.
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Figure 5.34. In vitro culture of the dental epithelial stem cell line (HAT-7) in self-crosslinked
oxidized alginate-carboxymethyl chitosan hydrogels with three weight ratios of 2:1, 3:1 and 4:1
for 14 days. (A) Observation of cell morphology in cell-laden hydrogels using optical microscopy.
(B) Alkaline phosphatase and (C) Alizarin red S staining of HAT-7 cells in self-crosslinked
hydrogels, indicating the initiation of mineralization and ameloblast differentiation.

5.4.11. SEM analysis of cell-laden hydrogels

The morphology of the HAT-7 cells cultured in self-crosslinked hydrogels for 14 days was
observed by SEM analysis. As shown in figure 5.10. A, B, HAT-7 cells maintained their round
morphology in self-crosslinked hydrogels after 14 days of culture. Moreover, figure 5.10. B1-3
showed the appearance of ribbon-like structures and rod-like crystals on the surface of HAT-7
cells. These observed mineralized structures could indicate that HAT-7 cells started to differentiate

into ameloblast.
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(B)

Figure 5.35. Scanning electron microscopy (SEM) images of HAT-7 cells encapsulated in self-
cross-linkable oxidized alginate-carboxymethyl chitosan hydrogel with weight ratio of 2:1(A1-3)
and 4:1 (B1-3) after 14 days of in vitro culture showed the round morphology of HAT-7 cells and
initiation of the mineral formation. (2) and (3) are the magnified image of (1) and (2).

5.5. Discussion

Recent advances in the field of tissue engineering offer remarkable promises for the invention of
innovative treatment options in dentistry to regenerate lost or diseased dental tissues [62,63].
Selection of biomaterials, stem cells, and growth factors, as well as the scaffold design, have a
critical impact on the clinical outcome of the regenerative therapies [62]. In situ forming hydrogels
have become one of the promising scaffold platforms for dental tissue regeneration due to their
beneficial characteristics such as minimally invasiveness filling the irregular-shaped defects [18].
One of the chemical crosslinking reactions to produce the injectable hydrogel systems is based on
Schiff base reactions [64]. This reversible chemical reaction occurs upon mixing the aqueous
solutions of two polymers, one of which contains aldehyde groups and the other has amine
functional groups, and form imine bonds [64,65]. Schiff base reaction enables the possibility of in
situ gelling process under physiological condition that is highly desirable [65]. Schiff base
crosslinking avoids the use of any additional external crosslinking agents, which often exhibit
cytotoxic effects and could be released to the body as the hydrogel degrades [66]. In addition, the
generation of non-toxic products as a result of this reactions further ensures the suitable

biocompatibility of hydrogels formed through Schiff base reactions [65]. One of the concerns
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associated with hydrogel scaffolds is that their structural and functional integrity is prone to be
ruptured under destructive factors such as external mechanical forces or chemical erosion, which
may lead to the need for frequent replacement [67,68]. Schiff base reaction-based hydrogels
possess intrinsic self-healing properties due to the dynamic crosslinking networks which allow
them to self-repair when they are exposed to destructive factors; thus, they improve patients’
convenience [67—69]. Due to this unique property, when the imine linkages in the hydrogel
network are broken, the amino groups on the disrupted site reacts with the available aldehyde
groups that are in contact with them and form Schiff-base bonds again quickly [65]. The injectable
hydrogels that are self-healable can repair any damage exerted to the hydrogel quickly, which
support and protect encapsulated cells and drugs, while in the injectable hydrogels that do not have
this characteristic, the damage from mechanical forces can disrupt the in situ crosslinking [65].
Some of the commonly used polymers for the formation of Schiff base reaction-based hydrogels
include oxidized alginate/gelatin or collagen [49,70-72], oxidized alginate/carboxymethyl
chitosan [29,73-76], oxidized hyaluronic acid/gelatin [77], oxidized hyaluronic acid/glycol
chitosan [78] oxidized dextran/gelatin [79]. The present study aimed to develop in situ forming
hydrogels composed of oxidized alginate and carboxymethyl chitosan and investigate their
suitability for the use as dental stem cell carriers for enamel tissue regeneration. Although self-
cross-linkable oxidized alginate-carboxymethyl chitosan hydrogels were previously developed for
different applications including wound healing, drug delivery and bone tissue engineering [29,73—
76], this is the first study on its application for dental tissue regeneration. The first step was to
modify alginate through periodate oxidation to have aldehyde functional groups required for Schiff
base crosslinking. The periodate as the oxidant cleaves the vicinal glycols in the alginate backbone
to form dialdehyde groups and generate oxidized alginate; one molecule of sodium meta-periodate
was reported to be consumed per a-glycol group [80]. Several factors have been reported to affect
the oxidation reaction which include periodate/alginate ratio, alginate concentration, reaction
medium, reaction time [56,81]. Increase in the periodate/alginate ratio and alginate concentration
were found to increase the degree of oxidation [50,56]. The aqueous solutions of alginate, even at
low concentrations, have very high viscosity and produce the small quantity of oxidized alginate,
whereas alginate dispersion in ethanol-water reaction medium was found to be able to produce
large quantity of oxidized alginate with higher reaction yield and lower volume of the solvent

[48,81]. In addition, the oxidized alginate synthesized in ethanol-water mixture showed a higher
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crosslinking efficiency for hydrogel formation with amino group containing polymers [81]. The
degree of oxidation was reported to be increased as the time of the oxidation reaction increases in
a manner that the increase in degree of oxidation is fast in the beginning of the reaction and then
the reaction becomes slow in both water and ethanol/water as reaction media [49,81]. According
to these studies, 6 hours reaction time is enough for having a high yield of oxidation reaction. In
this study, sodium alginate was oxidized by sodium periodate (the molar ratio of sodium periodate
to repeating units of alginate=0.6) in ethanol-water (1:1) mixture for 6 hours. FTIR
characterization revealed that the characteristic peaks of alginate at 1605 and 1405 cm are still
present in the spectrum of oxidized alginate indicating that the oxidation reaction has not influence
the carboxyl groups in the backbone of alginate [56]. The narrower OH stretching peak in the
spectrum of oxidized alginate showed the contribution of the hydroxyl group in the oxidation
reaction [49]. The reduced symmetrical C-O-C stretching in the spectrum of oxidized alginate
compared to alginate showed the cleavage of the alginate chains as a result of oxidation reaction
[56]. The absence of new peak ascribed to aldehyde groups could be due to the reaction between
free aldehyde groups and hydroxyl groups of neighboring uronic acid subunits which results in
hemiacetal formation as previously reported in other studies [56,82]. The appearance of new
signals in the *H NMR spectrum of oxidized alginate at 4.2, 5.3 and 5.6 ppm further confirmed the
modification of alginate with aldehyde groups [57]. The oxidation degree is defined as the number
of C2-C3 bonds that are cleaved and converted to aldehyde groups [83]. Two major approaches
have been used to determine the oxidation degree of alginate [84]. Here, the degree of oxidation
was calculated by the method that involves measuring the consumption of the sodium periodate in
the oxidation reaction. The actual oxidation degree was 59.33% which is in the similar range
reported in previous studies [40,50]. In the next step, hydrogels were prepared by mixing the
aqueous solutions of oxidized alginate and carboxymethyl chitosan followed by incubation at 37
°C. The kinetics of crosslinking through Schiff base reaction were found to be contingent upon the
pH, temperature and the type and content of amine and aldehyde groups in the polymers [35,85].
The properties of the hydrogel depends on the oxidation degree, and the ratio of aldehyde- to
amino-containing polymers [35,48,86]. Thus, in this study, we aimed to modulate the properties
of the hydrogels including gelation time, swelling ability by varying OAlg:CMC ratios. Chemical
composition of self-crosslinked hydrogels with the Alg:CMC ratio of 4:1, that was expected to
have higher crosslinking density and thus showing stronger peak related to Schiff base linkages,
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was investigated using FTIR. The appearance of a new peak at 1621 cm™ representing the imine
bonds indicated the successful Schiff base crosslinking [58]. The observation of the peaks
corresponded to aldehyde groups at 1729 cm in the spectrum of the hydrogel, and not in the
spectrum of oxidized alginate, could be due to the difference in the moisture content of the samples,
as previously reported in other studies [84]. Gelation time is one of the most essential aspect of
injectable hydrogels that need to be taken into consideration [35]. It should be slow enough to
allow the homogenous mixing of cells or biomolecules and fast enough to prevent the hydrogel
precursor to move away from the injection site [35,87]. In this work, the gelation time were 280.7+
21.08, 164.3+6.028 and 138.3+7.638 for hydrogels with OAIg:CMC ratios of 2:1, 3:1 and 4:1,
respectively. All hydrogels showed relatively short gelation time that are believed to be beneficial
for clinical applications and provide convenience for patients and clinicians [85]. The hydrogel
with OAIg:CMC ratio of 4:1 was found to have the fastest gelation time, which could be due to
the higher aldehyde content and thus higher crosslinking density compared to hydrogels with
OAIg:CMC ratio of 3:1 and 2:1. Swelling ratio is another essential aspect of hydrogels which
shows the ability of hydrogels to absorb body fluids and to allow the diffusion of nutrients and
metabolites [88]. The composition and crosslinking of the hydrogel are the factors affecting the
swelling ability of hydrogels [89]. In this study, the hydrogels with highest ratio of oxidized
alginate showed the lowest swelling ratio. This finding is in consistent with previous reports
showing that Schiff base reaction-based hydrogels with higher aldehyde content provide more
crosslinking sites which hinder water absorption into the hydrogel network structure which lead to

decrease in the swelling ratio [86].

Porosity, pore size and interconnectivity are the important morphological characteristics of tissue
engineering scaffolds which influence the migration and proliferation of cells as well as tissue
formation [90,91]. SEM images showed the highly porous structures of hydrogels which indicates
the ability of hydrogels to support tissue formation. The high pore interconnectivity of the
hydrogels that was observed in the images suggested facilitating the exchange of nutrients [27]. In
addition, the pore size of the hydrogels are in the range of the size of the most mammalian cells,
on the micron scale, which suggests the suitability of the hydrogels for supporting cell proliferation

[92]. The wider range of porosity distribution and smaller pore size observed in hydrogels with
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higher concentration of OAIlg could be attribute to faster gelation time and higher crosslinking

density.

The injectability test of the hydrogels showed their potential to be used to encapsulate cells
homogenously and to be directly injected to the defect site [53]. The self-healing assays of the
hydrogels confirmed the spontaneous ability of the OAIg-CMC hydrogels to repair themselves
quickly once they are fractured under external forces which help them to keep their structural

stability and mechanical strength [53].

The zone inhibition test revealed the antibacterial activity of the OAIg-CMC hydrogels at all three
different mixture ratios towards Streptococcus mutans and Streptococcus sobrinus, that are known
as two main bacterial that contribute to the enamel demineralization [93]. The antibacterial activity
of the hydrogels could be attributed to the presence of chitosan and Schiff base reaction. The
previous studies have reported the antibacterial and antibiofilm activities against cariogenic
microorganisms including Streptococcus mutans and Streptococcus sobrinus [94,95]. The
antibacterial effect of chitosan is due to the electrostatic interactions between the positive charges
of amino groups in chitosan and the negatively charged bacterial walls [96]. In addition, it was

found Schiff base reactions significantly increased the antimicrobial effects of chitosan [54,97].

The live/dead assay revealed that self-cross-linkable hydrogels provide a favorable 3D
environment for cell survival without cytotoxic effects. No decrease in the viability of cells within
the injected hydrogels was observed compared to hydrogels that were formed by mixing the
hydrogel components in the wells without injection. This was in agreement with other studies
reporting no cell damage after being extruded in self-healing injectable carboxyethyl chitosan and
oxidized alginate from a syringe through the 21-gauge needle [30]. It was previously reported that
although oxidized alginate has slight cytotoxic effect compared to alginate, the crosslinking of
OAIlg with CMC decreased the cellular toxicity due to the consumption of free aldehyde groups in

OAlg in the crosslinking reactions [74].

Alkaline phosphatase is known as a marker of enamel matrix mineralization [98] that was found
to be expressed in all groups of self-crosslinked hydrogels after 14 days of culture indicating their

ability in supporting differentiation and function of dental epithelial stem cells. The HAT-7 cells

166



encapsulated in all groups of the self-cross-linkable hydrogels were stained positively with alizarin
red S which is a common technique for detection of the calcium deposition [99]. The absence of
the difference in the intensity of ALP and alizarin red S staining between the three groups of
hydrogels might be due to the absence of differentiation inducing factors in growth media. SEM
images of HAT-7 cells encapsulated in self-crosslinked hydrogels after 14 days of in vitro culture
showed the ability of these cells to retain their normal round morphology inside the hydrogels.
This is consistent with another study that reported the round morphology of HAT-7 cells in
chitosan-collagen I hydrogels [100]. In addition, the formation of rod- and ribbon-like structures
on the cell surface observed in the SEM images further confirmed the initiation of mineralization
and differentiation of dental epithelial stem cells which is in agreement with the ALP and alizarin
red staining results. Together, SEM images and ALP and alizarin red staining results demonstrated
the ability of self-crosslinked hydrogels to support mineralization and enamel-like tissue

formation.

5.6. Conclusions

Injectable hydrogels have a great application potential in the field of dental tissue regeneration.
However, the conventional hydrogel-based cell carrier systems are often made from toxic
crosslinkers and are prone to be damaged during injection or under mechanical forces leading to
cell death or loss. In this work, injectable self-healing hydrogels were prepared by Schiff-base self-
crosslinking reactions between aldehyde groups in oxidized alginate and amino groups in
carboxymethyl chitosan and characterized to study their suitability for enamel tissue engineering
application. The properties of the hydrogels were tuned by changing the oxidized alginate to
carboxymethyl chitosan weight ratio. Hydrogels were quickly formed under five minutes which
make them suitable for clinical applications. The gelation time and swelling degree of the
hydrogels decreased as the weight ratio of oxidized alginate to carboxymethyl chitosan increased.
The highly porous structure of the hydrogels suggested their ability to support cell migration and
proliferation and to facilitate nutrient exchange. The self-cross-linkable hydrogels showed the self-
healing ability after injection due to their dynamic imine bonds. The antibacterial performance of
the hydrogels against cariogenic bacteria showed their potential to be used as cell carrier system
and decrease the risk of bacterial infection during the tissue regeneration. Dental epithelial stem

cell line, HAT-7 cells, maintained highly viable when encapsulated and injected within the self-
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cross-linkable hydrogels, which suggested the suitability of the hydrogels for cell delivery vehicle
and injection cell therapy. In addition, the self-cross-linkable hydrogels were able to support HAT-
7 cells to maintain their round morphology and deposit minerals. Further studies are required to
investigate the differentiation and mineralization of HAT-7 cells cultured in the self-cross-linkable
hydrogels in the presence of differentiation media. Moreover, ex vivo and in vivo studies could be

done to evaluate the suitability of the in situ forming hydrogels for clinical applications.
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Chapter 6. Conclusions and future perspectives

6.1. Concluding remarks

Tissue engineering, as a rapidly developing field, holds a great potential for the regeneration of
dental tissues. The commonly used clinical treatments for the repair of tooth damage or loss have
several limitations. Briefly, synthetic materials used as dental fillings lack the vital properties of
native dental tissues. There are still a number of research issues that need to be addressed in order
to create the scaffolds and/or constructs that resemble both structural and functional features of the
native enamel. Currently, there is a lack of bioink that have good printability, and favorable
mechanical and biological characteristics, and injectable hydrogels with self-healing, antibacterial
properties that are designed for the regeneration of dental enamel. A large number of transcription
factors and growth factors have been identified to be essential for natural tooth development.
However, the efficiency of genes encoding such signalling molecules to induce ameloblast
differentiation and enamel formation has not yet been fully explored. The gene delivery systems
that have been specifically designed for the transfer of genes encoding siglaning factors for the
regeneration of dental tissues are limited. By addressing some of the issues, this study aimed to
develop methods for enamel regeneration in vitro based on gene therapy and tissue engineering

principles. The main conclusions drawn from this study are summarized below:

- Physicochemical and biological characteristics of lipid/pDNA complexes (or lipoplexes)
could be optimized by varying the ratio of cationic lipid nitrogen to pDNA phosphate (N/P
ratio). Both gemini surfactant- and DOTAP-based nanoparticles with higher N/P ratios
have shown smaller particle size, more positive surface charge, better DNA compaction
and protection, superior transfection efficiency (resulting in higher Thx1 mRNA
expression) but also higher cytotoxicity.

- Gemini surfactant-based lipoplexes showed higher level of Thx1 upregulation compared to
DOTAP-based lipoplexes.

- Based on the physicochemical and biological characterization of lipoplexes, gemini
surfactant-based lipoplexes with a N/P ratio of 5 was found to provide high level of Thx1

upregulation with relatively low cytotoxicity and thus was selected as the optimal
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formulation to transfer Thx1lgene into dental epithelial stem cells to induce ameloblast
differentiation.

Tbx1 gene delivery to dental epithelial stem cells using optimized gemini surfactant-based
nanoparticles could promote more robust ameloblast differentiation by regulating the
expression of the ameloblast markers and enhancing mineral deposition.

The gelatin methacrylate hydrogel-based 3D culture systems were able to support calcium,
deposition and formation of mineralized nodules and elongated crystals which may be due
to mimicking the gel-like environment that exist during the mineralization of the native
enamel.

The novel two-component bioink composed of alginate and carboxymethyl chitosan was
printed as multilayer scaffolds with highly porous structures. Among the three mixture
ratios, the ones with higher concentrations of alginate were more viscous and needed higher
pressure to be extruded. The 3D printed hydrogel scaffolds with higher carboxymethyl
chitosan ratios had higher swelling ratios, faster degradation rates, and lower compressive
modulus. Alginate-carboxymethyl chitosan scaffolds supported both high cell viability,
with negligible cytotoxic effect of printing process, and the initiation of mineralization and
ameloblast differentiation.

In situ forming hydrogels were prepared by mixing oxidized alginate and carboxymethyl
chitosan hydrogels solutions. The weight ratios of oxidized alginate to carboxymethyl
chitosan (OAIlg:CMC) were found to play an important role in physicochemical properties
of scaffolds. Hydrogels with higher OAIlg:CMC ratios had faster gelation time and lower
swelling ratio. The OAIg-CMC hydrogels showed injectability, self-healing properties and
could inhibit the growth of cariogenic bacteria. Injectable OAlg-CMC hydrogels could also
support cell viability as well as the initiation of mineralization and ameloblast
differentiation.

All hydrogel-based scaffolds that were characterized in this work, gelatin methacrylate, 3D
printed  alginate-carboxymethyl  chitosan and in situ forming oxidized
alginate/carboxymethyl chitosan hydrogels, could provide a favorable environment for

cells and support dental epithelial stem cell functions.
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6.2. Directions for future work

By extending the present research, the following studies would be of interest and promising

for future work in this field.

- The physico-chemical characterization of lipoplexes that was carried out in this study could
determine the essential requirements for the design of an efficient gene delivery system. In
the future, additional characterizations such as the assessment of colloidal stability of
lipoplexes in salt- and serum-containing media, pDNA loading efficiency, the evaluation
of pDNA conformational change and condensation by circular dichroism spectroscopy and
atomic force microscopy, may provide further information about other properties of the
lipoplexes.

- The biological characterization of lipoplexes that was performed in this study could
provide information about the cytotoxicity and mMRNA expression of the target gene after
transfection that allowed the selection of the optimal formulation. In the future, the
biological characteristics of lipoplexes could be further evaluated with the investigation of
cellular uptake and subcellular distribution of the lipoplexes.

- The extensive in vitro assessment of ameloblast differentiation and mineral deposition after
Thbx1 transfection that was carried out in this study could provide basic evidence about the
formation of enamel-like tissue. In the future, the quantitative evaluation of mineralization
level using Raman spectroscopy, energy dispersive spectroscopy, X-ray micro-computed
tomography or synchrotron X-ray imaging, could further verify the promoting effect of
Tbx1 upregulation on enamel mineralization. In addition, the evaluation of cell
proliferation after transfection could provide additional information about the effect of
Tbx1 upregulation on other dental epithelial stem cell functions.

- There are a wide range of transcription and growth factors involved in ameloblast
differentiation and enamel formation. In this study we only considered investigated the
effect of Thx1 gene. To overcome this limitation and better mimic natural enamel
development, a combination of transcription for growth factors could be used to induce
enamel secretion in dental epithelial stem cells.

- In this study, the gelatin methacrylate hydrogels were used for 3D culture of Tbxl

transfected-dental epithelial stem cells based on the parameters found in papers such as the
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polymer concentration and UV exposure time. Further characterization of hydrogels
including the assessment of mechanical properties, degradation rate, swelling behavior, the
effect of UV exposure time or polymer concentration on cell functions is recommended.
The physico-chemical characterization of the 3D printed alginate-carboxymethyl chitosan
and in situ forming oxidized alginate-carboxymethyl chitosan hydrogels that was
conducted in this study determined some of the essential properties of the scaffolds as cell
carriers. In the future, additional characterizations including more comprehensive
printability tests for 3D printed alginate-carboxymethyl chitosan hydrogels to obtain
structures with the same range of strand and pore size that more closely resemble the
designed structure, rheological evaluation of the hydrogels and mechanical test under a
dynamic condition is recommended.

The biological characterization of 3D printed alginate-carboxymethyl chitosan hydrogels
and the in situ forming alginate-carboxymethyl chitosan that was carried out in this thesis
could provide the basic information about the suitability of these hydrogel-based scaffolds
for enamel regeneration. Additional in vitro assays are required to further study the
behavior of dental epithelial stem cells such as proliferation, differentiation, and
mineralization in the hydrogels. In addition, the cell-laden hydrogel scaffolds were cultured
in growth media in this study. It is highly recommended to study enamel-like tissue
formation within the hydrogel constructs in the presence of differentiation media.

The stiffness of the hydrogels was found to have an important regulatory effect on stem
cells differentiation. It is recommended to investigate how cell behavior such as
proliferation, ameloblast differentiation and mineralization is affected by matrix stiffness
and to find a hydrogel system with the optimum stiffness for enamel formation.
Hydrogels without cells can be used as control groups for ALP and alizarin Red S staining
of cell-laden hydrogels.

In this dissertation, 3D printed scaffolds were fabricated from hydrogels alone which
inherently have poor mechanical properties, structural stability, and integrity. Combining
hydrogels with other thermoplastic polymers such as polycaprolactone (PCL) that possess
high mechanical properties could overcome this limitation. PCL provides the mechanical
and structural strength for the structure and hydrogels allows the incorporation of cells and

growth factors in the 3D printed PCL/hydrogel structures.
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The epithelial-mesenchymal interactions were found to be vital for the development of
dental enamel and whole tooth. Thus, it is recommended to investigate the ameloblast
differentiation of dental epithelial stem cells co-cultured with dental pulp stem cells in a
3D printed dual compartment scaffold that are separated with a nanofibrous membrane that
allows cell-cell communication without cell migration.

Combination of boosting dental epithelial stem cells with Tbx1 gene delivery and
encapsulating the Thx1-transfected cells in the hydrogel with optimum stiffness, and co-
culture with dental pulp stem cells in a dual compartment scaffold could allow the
production of optimum enamel formation in vitro.

HAT-7 cells that have been used in this study is a dental epithelial cell line derived from
rat. The duration of tooth development in rodents is different from humans which might
affect the concentration of Tbx1, and the duration required for ameloblast differentiation
and mineralization. To overcome these difficulties, dental epithelial stem cells derived
from human can be used to better optimize Thx1 gene delivery system and hydrogel-based
cell carriers.

The clinical feasibility of enamel tissue engineering might be challenging due to the
available cell sources for dental epithelial cells that can be expanded and yield a sufficient
number of cells.

Finally, the results obtained from this dissertation are promising for the development of
enamel-like tissue in vitro. However, in vitro models do not closely mimic the
complications of the in vivo conditions. Thus, the evaluation of the regenerative potential
of the optimized Tbx1-gene delivery system and hydrogel-based scaffolds in animal
models or even in vivo caries models could provide the correlation between in vitro and in
vivo studies and assess clinical relevance. The long-term goal of this work will be to
directly transplant the Tbx1-transfected cells to fill cavity and/or repair a enamel defect or
to fabricate bio-enamel generated in the lab and integrated into a specialized scaffold with

regenerative potential that can be placed into the patient’s tooth and fill a cavity.
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