Chapter 3
MSCs and Innovative Injectable Biomaterials
in Dentistry

Ines Fasolino, Maria Grazia Raucci, and Luigi Ambrosio

3.1 Introduction

The dentistry health is critical to ensure life quality. Oral cavity defects often raise
risk of several disorders including heart diseases [1]. As life expectancy increases
the requirement for new bone substitute for tooth is growing very rapidly in the last
decade. As a result, there is a great request of biomaterials with detailed properties
such as anti-inflammatory, antibacterial and regenerative properties [2]. Currently
people with a greater loss of alveolar bone has a risk 6.6 times higher of suffering
from heart attack and stroke compared to people who have a healthy mouth. This
correlation is more significant in younger people and may be more direct because
mouth microorganisms are able to spread easily to the heart. The disorders caused
by mouth microorganisms concern especially heart valve defects (such as mitral
valve prolapse) because the germs are located directly on the valve, turning a trivial
infection of the mouth in a much more serious disease such as endocarditis [3].
Another important direct binding between the heart and the mouth is the pain. The
toothache is considered one of the most severe pain. It is well known that all particu-
larly strong pain stimuli can cause a narrowing of the blood vessels. This reduces
the normal blood supply to the heart. Vasoconstriction leads to increased blood pres-
sure and may increase the risk of heart damage. It is necessary to prevent infections
and dental problems that can cause intense pain, especially in the presence of risk
factors for cardiovascular disease. Tooth loss is caused by periodontitis (i.e., a
severe inflammation of the periodontium), advanced carious lesions, age-related
alternations, or cancer [4]. Hence, the therapy of oral (traumatic and degenerative)
diseases which lead to tooth loss including alveolar resorption is crucial. Oral dis-
orders include periodontal disease that is an infectious, complex, multifactorial,
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chronic inflammatory disease of supporting periodontal tissues. Periodontal chronic
inflammation not only damages the bone morphology but also leads to the reduction
in bone height [5]. Different issues are associated to chronic periodontal disease:
loss of attachment due to destruction of periodontal ligament, loss of adjacent sup-
porting bone, a period of rapid destruction localized. In the case of deep intrabony
defects the regeneration is difficult to attain because anatomy impedes the accessi-
bility and obstructs the integration of the grafted material into the physiological
architecture [6]. The oral surgery is yet considered the first approach to treat tooth
degenerative diseases. In recent years, considerable attention has been given to
regenerative medicine and tissue engineering in order to replace oral tissues. In this
context, the main challenge in tissue engineering is to introduce biomaterial-based
techniques which stimulate stem cell response in terms of oral tissue regeneration.
Repair of dental pulp and periodontium is considered an enormous clinical chal-
lenge since human teeth have a very limited capacity to regenerate [7]. Teeth regen-
eration needs a big knowledge of the cellular and molecular events linked to
odontogenesis. It is well known that mesenchymal cells give rise to the dental pulp,
the dentin-secreting odontoblasts, and the periodontal ligament cells that anchor the
tooth to the surrounding alveolar bone. As a result, the dental pulp is capable to
generate a connective tissue that conveys vascularization and innervation and hosts
stem cells, as well as the dentin [4]. Root growth, cementum matrix deposition, and
periodontium formation occur simultaneously to dental pulp innervation [8]. Dental
pulp integrity is crucial because it provides trophic support, sensation, and defense
against the various pathogens; in fact, devitalized teeth are subject to severe compli-
cations that cause tooth fragility and fracture [9]. Hence, the maintenance of dental
pulp vitality has a prominent role in endodontic clinics (Fig. 3.1).

Current regenerative therapies in dentistry involve biomaterials and implants
with still questionable efficacy and durability [10]. Moreover, these treatments do
not preserve the appropriate physiological function of the tooth organ. For this rea-
son, there is an increasing need for new techniques based on biomaterial enabling a
balance between new dental tissue formation and unaltered physiological functions
of the tooth organ [11]. The endodontic surgery plays a key role in the treatment of
traumatic or degenerative diseases that lead to a tissue loss and utilizes techniques
that have been improved over time.

Since 1990s, numerous materials for supporting cell attachment, growth, and dif-
ferentiation, as well as novel stem cell sources and bioactive molecules are identified
and tested in order to improve tissue regeneration after lesions due to trauma and/or
diseases. In this context, scaffolds in regenerative dentistry can repair dental tissue
damaged by inflammation and/or trauma. Inflammation often causes pulp necrosis
thus promoting the death of odontoblasts and tooth fracture. The tooth structure is
hard to regenerate for the presence of dentin. In fact the dentin is a substance pro-
duced only by odontoblasts and consequently dentin-like tissue can be released only
by odontoblast-like cells. The researchers developed new experimental models for
dentin-like tissue regeneration through the combination of three key elements for
tissue regeneration, namely, stem cells, bioactive molecules (e.g., growth factors),
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Fig. 3.1 Overview of chapter—injectable materials to stimulate tooth regeneration

and scaffolds [12]. Scaffolds mimicking extracellular-matrix endow mechanical
support, promote biological response and regulate bioactive molecule effects [13].

A wide variety of polymer scaffolds—both synthetic (e.g., poly[lactic] acid) and
natural (e.g., collagen), ranging from macroporous structures obtained through salt
leaching/solvent casting and gas foaming, to nanofibrous scaffolds processed via
electrospinning, self-assembly, and phase-separation—have been realized for
regeneration of the pulp-dentin complex [14—16]. In regenerative medicine, medical
devices are usually realized on the basis of a particular approach that utilizes spe-
cific bioactive, biodegradable synthetic or natural scaffolds combined with cells
and/or biological molecules, to replace damaged tissue site. In medical research
over the past 50 years, different biomaterials in order to replace tissue function,
have been identified. Starting from 1950s, there was a predominant use of metal
implants and associated devices with a good effectiveness on local tissues.
Throughout the 1970s and 1980s, there was a wide use of polymers and synthetic
materials for enhancing cell biological responses. Recently, there has been an
increasing interest in the design of both natural and degradable scaffolds. These
scaffolds are gaining more functions over the time. They are becoming: in three
dimensions, structurally more acceptable, able to totally regenerate tissue [17].

At first tissue engineering proposed the use of platelet concentrates, which
favored and accelerated the post-surgical with a lot of benefits for patients. These
platelet concentrates have been enriched with growth factors that promote tissue
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regeneration. Many authors have emphasized the advantages of the use of growth
factors in tissue repair processes. The first studies were published on the use of
growth factors (GFs) contained in platelet gel, called Platelet-Rich Plasma (PRP),
which required a complex and expensive protocol for its production [18, 19]. The
evolution of the PRP was the PRGF (Plasma Rich in Growth Factors) containing a
higher concentration of growth factors. Moreover, the PRGF has produced by using
a procedure relatively faster. Marrelli et al. have shown that the filling with PRF of
a large osteolytic cavity promoted complete bone reformation [20]. Tatullo et al.
have demonstrated the osteoinductive potential of PRF related to neoangiogenic
ability and concentration of GFs that promoted the totipotent cell migration and
activation of pre-osteoblastic cells present in the surgical site [21]. In fact, PRF
when used as a membrane or as a grafting material promotes cell events such as
osteoblast proliferation leading to mineralized tissue formation [22]. The latest dis-
coveries related to the use of scaffolds and/or stem cells in regenerative endodontics
have been focused on injectable materials synthesis because these materials, besides
inducing cell response in terms of proliferation, adhesion and differentiation, are
capable of controlling growth factor delivery and angiogenesis more effectively
than other materials. Gelatin produced by the partial hydrolysis of collagen plays a
pivotal role as biomaterial for tissue regeneration due to its useful properties such as
biodegradability, biocompatibility and anti-immunogenicity [12]. Recent findings
showed that also alginate and/or chitosan (natural polymers) are useful to achieve
injectable biomaterial based scaffold for clinical applications aimed to regenerate
teeth including dentinal-wall-thickening, root maturation, and, in the same cases,
the formation of reparative cementum-like tissue [23, 24].

3.2 Mesenchymal Stem Cells: Tools for Tissue Regeneration
in Dentistry

Many research studies have been performed on MSC capability of generating sev-
eral tissue types including oral tissue. It was widely reported that MSC isolated
from bone marrow in combination with scaffolds and growth factors promote bone
repair in several in vivo and in vitro experimental models [25]. These studies dem-
onstrated that MSC residing in the oral cavity represent a source for formation of
new connective tissues such as dentin, cementum and periodontal ligament [26].
Nowadays the frontier of regenerative medicine is represented by the individuation
of the ideal scaffold that enhances MSC residing response in terms of cell growth,
spreading, adhesion and differentiation. Phenotypically, MSCs express the CD13,
CD29, CD44, CD59, CD73, CD90, CD105, CD146 and STRO-1 surface antigens,
and they do not express CD45 (leukocyte marker), CD34 (the primitive hematopoi-
etic progenitor and endothelial cell marker), CD14 and CD11 (the monocyte and
macrophage markers), CD79 and CDI19 (the B cell markers), or HLA class
IL. Investigations on MSC from oral origin began in 2000 and oral tissues appear



3 MSCs and Innovative Injectable Biomaterials in Dentistry 47

Fig. 3.2 Cell-material interactions—hMSCs after 21 days on scaffold biomaterials for tooth
regeneration

simply available for dentists and a rich source for mesenchymal stem cells [27].
Most recent approaches aimed to tissue regeneration are performed by using MSCs
taken from sites that are even more accessible and rich in stem cells: the oral cavity
represent an important source of MSCs due to its easily accessibility to the surgeon.
In oral cavity tissue regeneration exists naturally thanks to the ability of stem cells
to renew themselves indefinitely and differentiate into multiple more specialized
cell phenotypes. However, these regenerative mechanisms decrease with age and
cells lose the capacity to repair damaged tissues [28].

The regenerative medicine introduced the combination of biomaterials, growth
factors and stem cells for avoiding the lack of “self-renewal” in damaged tissue
[29]. Recently, different materials with optimal physical and mechanical features
have been identified. These biomaterial-based scaffolds used in tissue engineering
approaches, have been produced using natural or synthetic polymers that are bio-
compatible and biodegradable. Scaffold properties are crucial for enhancing MSC
biological response (Fig. 3.2). Furthermore, the stem cells for regenerative medicine
should comply with the following features: they should be in abundant number, they
should be able to differentiate in multiple cell lineages, they can be isolated by mini-
mally invasive procedure, produced according to GMP (Good manufacture Practice)
and transplanted safely [30, 31].

In the last decade, three main types of stem cells useful for tissue repair were
identified: (1) the embryonic stem cells derived from embryos (ES); (2) the adult
stem cells that are derived from adult tissue; and (3) the induced pluripotent stem
@iPS) cells that have been produced artificially via genetic manipulation of the
somatic cells [32]. ES and iPS cells are pluripotent stem cells because they can dif-
ferentiate into all types of cells from all three germinal layers. By contrast, adult stem
cells are multipotent because they can only differentiate into a restricted number of
cell types. It is well known that each tissue consists of a specific area named “stem
cell niche” containing adult stem cells. The first time MSCs were isolated from bone
marrow by Friedenstein et al. in 1974 [33]. Currently, MSCs can be isolated from
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different tissues such as peripheral blood, umbilical cord blood, amniotic membrane,
adult connective, adipose and dental tissues [34]. Mesenchymal stem cells (MSCs)
represent an advantageous therapeutic option for dental defects in presence of spe-
cific biomaterials that can manipulate the fate of stem cells leading to high quality
tissue regeneration [35]. Nowadays, in bone tissue engineering, encapsulating the
cells within hydrogel biomaterials is the major challenge because stem cell encapsu-
lation in hydrogels prevents also the host pro-inflammatory response. Besides con-
trolling the fate of stem cells, the biomaterials play a key role in regulating MSC
physiological functions such as survival and host immune system control [36].

It is well known that pro-inflammatory mediators such as TNF-a (tumor necrosis
factor alpha) and IFN-y (Interferon gamma) induced down-regulation of osteogen-
esis thus inhibiting MSC-mediated bone regeneration [37]. Hence, by using encap-
sulating hydrogel biomaterials is possible to protect MSCs from the host immune
cell/cytokine insult and regulate the crosstalk between immune cells and MSCs. For
this purpose several preclinical immunocompromised animal models have been car-
ried out for testing different types of scaffolds and stem cell sources in association
with growth factors [12].

Most studies [38, 39] are focus on modification of the scaffold to enhance odon-
togenic differentiation and biomineralization. At present the effect of matrix stiff-
ness on MSC fate in terms of odontogenic differentiation is still largely unclear.
However, a study of Engler et al. showed that the elasticity of the matrix influences
the differentiation of MSCs into osteoblast-like-phenotype in an ascending manner,
with the stiffest matrices supporting MSC differentiation to osteoblasts [40].
Recently, MSC-like cells exhibited a tumorigenic potential but they might lose car-
cinogenic activities, implanting them safer into humans [41]. For this purpose, in a
recent research the generation of iPSCs by combining primary human gingival
fibroblasts and episomal plasmid vectors has been assessed. Such iPSCs could rep-
resent a promising source of stem cells in order to evaluate SC potential for future
clinical applications.

Numerous investigations for evaluating the in vivo application of MSCs isolated
from the oral cavity were carried out on animal models. MSCs isolated from the gin-
giva showed self-renewal and multipotent differentiation capacity similar to that of
MSCs [42]. Moreover, MSCs isolated from the salivary glands could generate the sali-
vary gland duct cells as well as mucin and amylase producing acinar cells in vitro [43].
In addition, MSCs isolated from peri-osteum are able to differentiate into bone tissue
cells [44]. Unlike bone marrow that is a not easily accessible tissue, the orofacial tis-
sues are the most accessible stem cell sources. MSCs can be isolated also from periapi-
cal cysts (hPCy-MSCs) thus overcoming surgical methods or tooth or pulp extraction
[45]. MSCs obtained from the periapical cysts can be simply expanded and represent
a promising source of adult stem cells in dentistry for oral tissue regeneration.

Hence, stem cell-based therapies are very promising long-term alterative in den-
tistry since they could restore dental tissues keeping structural integrity and physi-
ological functions of teeth. In vivo studies confirmed the successful of stem
cell-based therapies in dentistry not only in animal models but also in humans. Stem
cells could be used for several applications in dentistry such as reestablishment of
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dental pulp vitality and new dentin formation. The use of stem cell-based strategies
has started to be applied in endodontic clinics. The main goal after tooth loss would
be the regeneration of an entire tooth by using stem cell-based approaches. The
distinction of various dental stem cell populations as well as their behavior after
transplantation in ectopic sites keys a pivotal role in applying these novel approaches.
Moreover, the innervation and vascularization control stem cell niche homeostasis,
thus influencing stem cell fate and behavior [46]. Despite the limitations related to
the translation of stem cell-based approaches into the clinics, these emerging strate-
gies represent the future of dentistry that will benefit millions of patients worldwide.
Due to the limitations of cell injection therapy, the investigation of biological mech-
anisms underlying tissue regeneration is of primary importance. In oral regenerative
medicine the most likely candidate for such therapies remains the human oral
mucosa-/gingiva-derived MSCs due to their immunomodulatory and anti-
inflammatory properties. In fact, MSCs can modulate the intensity of immune
response by inducing T-cell apoptosis, which have a great therapeutic potential in
terms of antinflammatory effect when utilizing biomaterials for tissue engineering
applications [28]. In order to generate a new oral tissue MSCs will be isolated,
expanded in culture and finally seeded within or onto a natural or synthetic scaffold
that can reproduces the shape of the newly forming tissue and then the newly formed
“organoid” can be transplanted into the patient. Another opportunity is to directly
implant acellular scaffolds into the oral defect thus the body cells can populate the
scaffold to form the new tissue in situ. In this context, many authors have high-
lighted a relevant synergistic role of biological molecules for cell-based therapies in
order to achieve properly functioning dental tissue regeneration.

3.3 Injectable Scaffolds in Dentistry: State of Art

3.3.1 Injectable Polymeric Scaffolds

No single implantable scaffold involved in the functional regeneration of the pulp-
dentin complex exists. Tissue-engineering-based strategies for regenerative end-
odontics include very promising injectable-based scaffold. Injectable biomaterials
allow the incorporation and the release of therapeutic agents, such as antimicrobial
and anti-inflammatory drugs thus promotingoral cavity disinfection, as well as bio-
active molecules that can trigger stem cell differentiation to aid in regeneration of
the pulp-dentin complex. More recently, injectable electrospun-based scaffolds [47]
have also shown an excellent structural stability over time, with better chances for
overcoming the adaptation issue associated with initial testing of macroporous scaf-
folds [14, 15]. Notably, the use of injectable hydrogel polymers shows advantages
compared to the use of non-injectable scaffolds because of their capability of intra-
canal delivery, which allows stem cell niche formation [16, 48]. Moreover, drugs
such as antibiotics may also be incorporated into injectable hydrogel polymers, thus
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treating oral cavity infections. In addition, growth factors may be encapsulated into
hydrogels laded to the neovascularization and regeneration of tissues relevant to the
dentin-pulp complex [49, 50]. Recently several evidences on potential clinical
impact of a very promising hydrogel-based nanofibrous scaffold named Puramatrix™
have been reported. Puramatrix™, is a hydrogel bioactivated through a peptide that,
upon interaction with physiological conditions, polymerizes and forms a biodegrad-
able nanofiber hydrogel scaffold [16]. This mechanism favors clinical application
that requires not only a biocompatible matrix, but also that can be rapidly formed. It
was shown that Puramatrix™ supports dental pulp stem cell survival and prolifera-
tion in vitro [48]. The commercially available peptide hydrogel scaffold
PuraMatrix™, a synthetic matrix comprising a repeated polymer of four amino
acids (R-A-D-A) and water, supported the development of a capillary network when
the HUVEC are co-cultured with DPSCs. Furthermore, several reports have demon-
strated that the HUVECs had an inducing effect on mineralization by the DPSCs
due to a direct cell—cell contact of HUVECs with osteoblasts. In vivo studies con-
firmed that the transplantation of PuraMatrix™ allows the partial regeneration of
pulp-like tissue within the root canals. PuraMatrix™ hydrogel, through a pre-vascu-
larization process, can enhance vascularization within a cell construct, because the
regeneration of full-length pulps is inhibited when only the apical region is available
for vascular connection. Hence, injectable systems like PuraMatrix™ is particularly
attractive for clinical translation of dental pulp regeneration, because it can be easily
realized with growth factors or drugs and cells by simple mixing. Moreover,
PuraMatrix™ can conform to the variable shape of the pulp chamber, following
injection [51]. In the design of the scaffold for dental pulp tissue engineering, to
overcome the disadvantages associated to the use of natural biopolymer gels (col-
lagen, Matrigel, PuraMatrix, and hyaluronic acid), which do not tune the mechani-
cal properties independently from matrix composition and architecture, semisynthetic
hydrogels have been realized. For example, PEG-fibrinogen (PF) based scaffold is
able to retain mechanical properties by the addition of cross-linker that controls the
hydrogel cross-linking degree, while maintaining a constant fibrinogen backbone.

These mechanical properties of PEG-fibrinogen confer to the structure biofunc-
tional features that influence adhesion, proliferation and differentiation of dental
stem cells and progenitors. Collectively, the injectable PF hydrogels are cytocom-
patible and determine an increase of odontogenic differentiation but lesser extent of
proliferation. Notably, the injectable PF hydrogels are able to upregulate Col I gene
expression, one of the most important components of extracellular matrix (ECM) of
the demineralized dentin. These PF properties suggest that hydrogels as scaffolds
can support the formation of new tubular dentin and pulp tissue complex for dental
pulp regeneration [52].

Subperiosteal tunnelling injection is a method that allows bone regeneration in a
minimally invasive manner. However, because of the poor plasticity of most of the
injectable bone substitute materials used for this protocol the technique has not been
used widely. To overcome this problem in a recent study authors have been devel-
oped an injectable, sol-gel reversible thermosensitive alginate hydrogel. The flow-
able material obtained by using sol-gel transformation was injected in vivo through
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a syringe needle into tissue and at body temperature, in situ the biomaterial turned
into a gel form and was stable on the bone surface. Alginate based hydrogel showed
a degradation time of 28 days matching osteogenesis and retains RhBMP-2 through
an electrostatic interaction thus providing sustained thBMP-2 release. BMP-2 in
presence of this alginate based-hydrogel stored its bioactivity, increased the ALP
activity of hBMSCs until day 15 and promoted mineralization processes. Also
marker of mature osteoblasts such as osteopontin and osteocalcin were induced in
presence of alginate hydrogel and BMP-2 [53].

In recent studies, it is reported that also scaffolds made of chitosan form a dentine-
pulp complex in vivo [24] in presence of stem cells and hydroxyapatite (HA).

In a specific study, porous chitosan/collagen scaffolds were manufactured by
using a freeze-drying process, and then were loaded with the plasmid vector encod-
ing human bone morphogenetic protein-7 (BMP-7) gene. These scaffolds in vitro
and in vivo enhanced dental stem cell response in terms of oral tissue regeneration.
In particular, chitosan/collagen-based scaffolds enhanced DPSCs differentiation
toward an odontoblast-like phenotype in vitro and in vivo. Moreover chitosan/
collagen-loaded with the plasmid vector encoding human bone morphogenetic pro-
tein-7 (BMP-7) gene showed good properties as substrate for gene delivery [54].

3.3.2 Injectable Calcium Phosphate Scaffolds

Since 1982 calcium phosphate cements (CSCs) have been investigated extensively
as injectable bone replacement biomaterials due to their successful properties. In
fact, CSCs possess a chemical composition similar to the mineral component of
bone, a proven biocompatibility, osteoconductive capabilities and fast setting times
(<5 min). Moreover, CPCs showed higher solubility than apatite and resorb more
rapidly. Thus, CPCs have attracted considerable attention in recent years for ortho-
pedic and cranio-maxillofacial applications [55].

In this context, some authors have proposed the regeneration of the periodontium
using the enamel matrix (EMD) derivative in combination with injectable bone
cements. By combining EMD and CaP is possible to obtain a synergistic effect,
stimulating both soft periodontal tissue healing and bone regeneration. This model
is cost-effective and especially easy to apply in patients [56]. In order to obtain fast
resorption of the grafts, the CaP cement was tuned with a low molecular PLGA. In
this device, CaP appeared to act much like a “membrane” in supplying wound sta-
bilization. Besides as wound stabilizer, CaP is the major determining factor of
cementum formation and bone regeneration due to its osteoconductive properties.
Because the use of an injectable calcium phosphate cement accelerates bone
formation, the combination with EMD is a promising curative strategy for bone tis-
sue regeneration in the periodontium [56].

Another experimental study in dogs demonstrated for the first time that the use
of an injectable bone substitute, composed of a calcium phosphate ceramic and a
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polymeric carrier, favors bone regeneration around dental implants immediately
placed into fresh extractions sockets [57].

After calcium phosphate-based ceramics such as hydroxyapatite (HA), beta-
tricalcium phosphate (f-TCP) and the HA/B-TCP association that replaced bone
autografts thanks their chemical composition closely related to that of bone mineral,
a ready-to-use injectable bone substitute (IBS) based on an association of BCP
granules with a cellulosic hydrogel has been developed [58]. This IBS has been
ranked among innovative biomaterials with osteoconductive properties in tooth
bone regeneration. The effectiveness of IBS is comparable to that of conventional
implants placed after a 3-month healing period thus encouraging its use in clinics.
Furthermore, IBS confirmed its osteoconductive potential because the newly formed
bone contains the same Ca and P values as in basal bone. Thus, IBS may satisfy
immediate implantation requirements. Hence, the advantages of an injectable bone
substitute (IBS) appear to be clear because these composite biomaterials are able to
promote bone regeneration immediately placed after tooth extraction [59]. For this
reason, injectable composite biomaterials are becoming of primary importance for
clinical applications such as socket filling and pre-implant reconstruction. Novel
cell aggregate-loaded macroporous scaffolds combining the osteoinductive proper-
ties of titanium dioxide (TiO,) with hydroxyapatite-gelatin nanocomposites
(HA-GEL) for regeneration of craniofacial defects were also approached. An in vivo
study showed the applicability of these macroporous (TiO,)-enriched HA-GEL
scaffolds because they were able to promote osteointegration and newly formed
bone tissue production in a craniofacial defect model [60].

3.3.3 Injectable Polymeric Scaffolds for Dentin Reconstitution

The most difficult challenge in tooth regeneration is to reconstitute dentin tissue.
Dentin problems involve the entire adult population and about 60—70% of the pedi-
atric population because of the prevalence of dental caries [61]. In the tooth, the role
of dentin is crucial because dentin provides strong mechanical support and protec-
tion to delicate dental pulp tissue. When dentin is damaged loses its structural integ-
rity, the pulp is exposed and may be affected by periodontitis, and other infections
[62]. Current dental treatments to cure dentin disorders include pulp capping and
root canal therapy [63]. However, these treatments cause several side effects such as
tooth discoloration, increased brittleness, and tooth loss [64]. Therefore, novel alter-
native dentin repair therapies are highly required. Dentin is hard to regenerate
because dentin matrix is only secreted by odontoblasts, a terminal differentiated cell
type. This cell population is present in a limited number and is complicated to iso-
late. Tissue engineering suggests for dentin regeneration the use of stem cells that
can differentiate under odontogenic stimuli. For this purpose, porous scaffolds have
been explored as a biomimetic odontogenic microenvironment to guide stem cell
differentiation in odontoblastic-like phenotype cell lines. New approaches to replace
damaged dentin include dental pulp stem cells (DPSCs), stem cells from the apical
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part of the papilla (SCAPs), and stem cells from human exfoliated deciduous teeth
(SHED) in presence of a favorable microenvironment consists of a beneficial scaf-
folding for the cell attachment, proliferation and differentiation. To facilitate bio-
logical response in terms of cell seeding, adhesion and differentiation, scaffolds
have to possess specific features such as high porosity and a high interconnection of
pores thus scaffold can better mimic ECM [65]. Natural biomaterials such as gela-
tin, collagen, chitosan, and hyaluronic acid have been investigated for oral tissue
regeneration but they present disadvantages due to their physical properties such as
a poor mechanical behavior and uncontrolled degradation kinetics. To overcome the
drawbacks of natural biomaterials, synthetic polymers with tailored degradation
rates and high processability are increasingly introduced in tissue engineering.
Hence, three-dimensional (3D) macroporous and nanofibrous PLLA scaffolds with
a high porosity and well-interconnected pores have been realized for enhancing
hDPSCs odontogenic differentiation [66]. Injectable formulations are preferable for
dentin defects due to the small defect size and irregular defect shape. To this end,
the clinical translation of stem-cells in presence of injectable scaffolds for dental
pulp regeneration has been approached. The authors demonstrated that stem cells
from exfoliated deciduous teeth (SHED) mixed with Puramatrix™ (peptide hydro-
gel) after 7 days, or when mixed with recombinant human Collagen (rhCollagen)
type I after 14 days and injected into the root canals of human premolars can gener-
ate a functional dental pulp. After subcutaneous implantation in immuno-deficient
mice self-assembling peptide hydrogel (Puramatrix™) and rhCollagen type I
induced pulp-like tissues formation that consist of odontoblasts capable of generat-
ing new tubular dentin throughout the root canals. Surprisingly, newly formed tissue
showed similar cellularity and vascularization of control human dental pulps.
Moreover, the new-engineered pulp was capable of generating new dentin. The self-
assembling peptide hydrogel (Puramatrix™) and rhCollagen type-I scaffold with-
out surrounding tooth structure was not able to promote odontoblastic differentiation
because is necessary dentin-derived signaling molecules [67, 68]. Interestingly,
scaffolds increased expression of dentin sialophosphoprotein (DSPP) that is the first
marker of odontoblastic differentiation. DSPP overexpression predicted mineraliza-
tion processes [69]. Furthermore, the physical properties of the scaffold directly
contributed to dental pulp tissue regeneration. Dentin stimulation plays a key role in
dental pulp regeneration because dentin contains functional pro-angiogenic factors
and chemotactic factors that induce blood vessels generation [70].

For dental tissue engineering, an injectable scaffold is more effective than an
implantable 3D bulk scaffold because dental defects are often small and have irregu-
lar shapes. Porous microspheres are proposed as injectable cell carriers for tissue
repair [71]. In fact, in a study novel injectable microspheres (NF-SMS) made of
biodegradable and biocompatible poly (L-lactic acid)-block-poly (L-lysine) copoly-
mers were tested as a cell carrier to regenerate dentin [65]. The biomimetic nanofibrous
feature and the porous structure of the NF-SMS significantly improved hDPSC bio-
logical response in terms of cell attachment, proliferation and odontogenic differen-
tiation. The diameter of NF-SMS pores is around 10-20 pm in order to facilitate the
cell infiltration into the internal space. The high interconnection of pores enhanced
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cell-cell interaction thus promoting the activation of several differentiation pathways.
Consequently cell-cell interactions, DSPP expression and odontoblast maturation
were observed. Notably, NF-SMS increased not only DSPP expression but also the
levels of other important osteogenic markers such as ALP, an early marker of osteo-
genic differentiation, that regulates organic and inorganic phosphate metabolism
[71]. The expression of OCN an important late marker of mineralization during
odontogenic differentiation was induced by NF-SMS. Several research studies
reported the effect of various scaffolds, such as gelatin, collagen sponge, porous
ceramics or fibrous titanium meshes, on hDPSCs in order to form a connective tissue
than a dentin-like tissue [65], but in presence of NF-SMS the largest newly formed
tissue volume was obtained. In conclusion, the injectable NF-SMS seems to create a
microenvironment useful for hDPSC proliferation, odontogenic differentiation, and
dentin tissue regeneration. Hence, NF-SMS showed features useful for clinical appli-
cations as an injectable cell carrier with high potential for dentin repair [71].

3.4 The Sol-Gel Approach to Prepare Calcium Phosphate
Injectable Biomaterials

Sol-gel method has recently attracted much attention because is capable of improv-
ing chemical homogeneity of the resulting HA compared to conventional methods
such as solid state reactions, wet precipitation, and hydrothermal synthesis. In fact,
the sol-gel approach improves the conditions for the synthesis of HA thus providing
a much better structural integrity compared to the defects related to plasma spraying
method [72]. Moreover, the lower temperature, used during the process, allows the
inclusion of thermolabile drugs and bioactive molecules (i.e. growth factors, pep-
tides, dendrimer, antibiotics) in the variously shaped materials [72]. Furthermore,
hybrid organic-inorganic materials may be formed through sol-gel method by using
three different approaches. The first one is based on the dissolution of organic mol-
ecules in a liquid sol-gel [72]. The second one consists of the impregnation of a
porous gel in the organic solution. In the third approach, the inorganic precursor
either already has an organic group or reactions occur in a liquid solution to form
chemical bonds in the hybrid gel. The sol-gel process consists of four steps: (1) the
evolution of inorganic networks, (2) formation of colloidal suspension (sol), (3) the
gelation of the sol to form a network in a continuous liquid phase (gel) and (4) the
“aging” step (the sol-gel derived material expulses the liquid phase). Variously
porous materials may be formed by sol-gel technique and the pore size depends on
such factors as time and temperature of the hydrolysis and the kind of catalyst used.
The sol-gel method is useful for the synthesis of hydroxyapatite (HA)-based inject-
able materials due to the possibility to obtain nanoparticles that are able to rapidly
improve the stability at the artificial/natural bone interface [72]. Hydroxyapatite has
long been among the most studied biomaterials for medical applications due to both
its high biocompatibility and for being the main constituent of the mineral part of
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Fig. 3.3 Distribution of hydroxyapatite in the polymeric matrix by using sol-gel technique—
hybrid materials

bone and teeth [73]. To overcome the limitations related to the preparation of HA by
using sol-gel process such as the possible hydrolysis of phosphates, the high cost of
the raw materials, a strict pH control, the vigorous agitation and a long time for, is
possible to use a non-alkoxide based sol-gel approach where the calcium and phos-
phate precursors are calcium nitrate tetrahydrate and phosphorous pentoxide,
respectively [72]. Organic-inorganic composite materials such as PCL/HA can be
synthetized by sol-gel method. Sol-gel process allows mixing at molecular-level
calcium and phosphorous precursors with the polymer chains in order to obtain
composites having enhanced dispersion and exhibiting good interaction between the
inorganic phase and the polymer matrix. A homogeneous distribution of nanoscale
hydroxyapatite particles in the polymeric matrix by using sol-gel technique was
observed (Fig. 3.3). This homogeneous distribution of nanoscale hydroxyapatite
particles enhanced the bioactivity and the ability in bone repair of composites. In
fact, these materials were able to increase osteoblast adhesion, proliferation and to
inhibit osteoclast functions [72]. In addition, metals coated with nanoscale hydroxy-
apatite particles induced new bone formation compared to conventional apatite.
Innovative injectable composite materials based on hydroxyapatite containing
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strontium (Sr-HA) and carbon nanotubes (CNTs) as a reinforcing component for the
treatment remodeling compromised bone have been developed. Besides the conven-
tional processes to produce HA-CNT composite materials, innovative techniques
such as sol-gel have been approached to obtain an increasing of the bone mineral
density and a decreasing of bone resorption by strontium intake [2]. It is well known
that Strontium (Sr) plays a key role both in the stimulation of bone formation and in
the reduction in bone resorption. Moreover, Sr is able to enhance the bioactivity and
biocompatibility of biomaterials. Conventional processes to produce HA-CNT com-
posite materials are based on physicochemical blending methods including ball
milling [74] and mixing in solvent [75]. Initially, the sol-gel method was used in the
preparation of silicate from tetraethylorthosilicate (TEOS, Si(OC,Hs),), which is
mixed with water and a mutual solvent, to form a homogeneous solution. Recently,
new reagents are appeared, so novel inorganic oxides and hybrid organic-inorganic
materials can be synthesized using this methodology. Furthermore, the sol-gel tech-
nology provides the opportunity of working at lower temperature during the synthe-
sis thus preventing mechanical degradation of substrates and/or of thermolable
drugs and growth factors. Therefore, the literature reported that the sol-gel process
leads to a high-quality HA coating after heat treatment at lower temperatures. The
synthesis of HA requires a correct molar ratio of 1.67 between Ca and P in the final
product. A number of combinations between calcium and phosphorus precursors
were employed for sol-gel HA synthesis. However, calcium phosphate (CaP) mate-
rials show limited compressive strength and their uses are limited to non-stress-
bearing applications exactly as maxillofacial surgery, or the repair of craniofacial
defects and dental fillings [2]. On this basis, recent research studies are aimed to
investigate the synthesis of an injectable composite material based on hydroxyapa-
tite containing strontium (Sr-HA) and CNTs as a reinforcing component (Fig. 3.4).
CNTs as a reinforcing component showed no acute toxicity and a good effect on the
attachment and spreading of osteoblast cells [76]. Nayak et al. [77] have also shown
that surface roughness of CNT thin films may show effects on proteins adsorption
on the material surface thus improving biological response in terms of proliferation
and differentiation of hMSCs into bone lineage. Moreover, a recent study [78]
reported that MWCNT (multiwalled carbon nanotubes) has beneficial effects on
inhibition of osteoclastic bone resorption in vivo and through the suppression of
essential transcription factors involved in osteoclastogenesis in vitro. The injectable
strontium-modified CaP gels reinforced with CNT material are able to induce osteo-
genic marker expression such as the phosphatase activity (ALP) that is one of the
most widely used markers for osteogenic differentiation and is considered a neces-
sary prerequisite for the onset on mineralization [2]. Furthermore, the expression of
some bone-related molecules such as OPN and OCN was promoted in presence of
the injectable strontium-modified CaP gels reinforced with CNTs thus confirming
the ability of these biomaterials to support MSC differentiation toward the osteo-
blast-like phenotype [79]. These results suggest potential applications in regenera-
tive endodontics of injectable hydrogels that can be dispersed inside a closed, small
space, such as the root canal system. Injectable biomaterials can be involved also in
angiogenic processes because they promote cell-cell and cell-extracellular matrix
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Fig. 3.4 Injectable
Sr-modified calcium
phosphates

cross-talk. This function plays a key role in pulp regeneration because these inject-
able scaffolds may create an interaction between DPSCs (Dental Pulp Stem Cells)
and HUVECs (Human Umbilical Vein Endothelial Cells) thus remodeling of capil-
lary-like structures. However, it is difficult to fabricate a stable vascular network in
vitro because ECs (Endothelial Cells) require specific environment elements, such
as a specific pH range, signaling molecules, and growth factors, for their survival,
proliferation, migration, and vascular morphogenesis.

3.5 Conclusions

The main challenge of the biomedical sciences is to regenerate all tissue types start-
ing from an initial stem cell line by using innovative scaffolds. This goal is opening
the door to new stem cells based therapies for tissue regeneration. New therapies
based on combination of scaffold and stem cells could ameliorate the expectation of
quality of life in more than two billion of patients undergone to a regenerative sur-
gery. In dentistry, the aim is to simply replace damaged or degenerated tissues with
MSCs from dental and oral sources. Hence, the use of injectable biomaterials is
particularly attractive for dental pulp and bone tissue engineering, as they can be
easily formulated with growth factors, drugs and cells by simple mixing. In conclu-
sion, the tunable of injectable biomaterials makes them appropriate for induction of
odontogenic differentiation and mineralization of human dental MSCs.
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