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Preface

Future Directions of Modern Dentistry: Dental-derived Stem
Cells, Autologous Biomatrices and Injectable Biomaterials

Dentistry is going through a period of profound change. The old conception of the
dentist collides with the modern view of dental science. The future challenges of
modern dentistry are focused on regenerative medicine, with a particular interest on
stem cells and biomaterials. Nowadays, it is very common to hear about stem cells
and regenerative medicine; however, they are fairly recent concepts, therefore still
not well understood. Moreover, they often create in the inexperienced reader several
highly suggestive but unrealistic ideas, such as that stem cells are a kind of magical
remedy that defies the laws of physiology and biology. Instead, it is important to
have a correct point of view of regenerative medicine, particularly in the emerging
field of regenerative dentistry.

Stem cell research is a growing part of biomedical research aimed at regenerating
damaged or lost tissues and organs.

Although the ability to self-regenerate shown by some tissues, such as the liver,
was already reported in 460 B.C. by Aeschylus in the Promethéus desmotes, the
definition “Stammzelle”, the German translation of “stem cells” was reported in the
scientific literature by Ernst Haeckel in 1868.

Maximow is commonly reported to be the first scientist of the modern age to
discuss “stem cells” in a lecture held at a special meeting of the Berlin Hematological
Society on 1 June 1909; however, the term “stem cell” has been used in earlier
publications (Ramalho-Santos M, Willenbring H. On the origin of the term “stem
cell”. Cell Stem Cell. 2007 Jun 7;1(1):35-8).

Starting from 1932, the query “stem cell” on PubMed, the most used scientific
search engine worldwide accessing primarily the MEDLINE database of references
and abstracts on life sciences and biomedical topics, shows over 169,000 scientific
contributions on this topic. The impressive number of articles is rapidly growing
with a particular boost over the recent years, proving the great interest of the scien-
tific community on this subject.
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Recently, dental tissues have also been reported as an accessible source of mes-
enchymal stem cells, introducing the innovative and engaging topic of the dental-
derived stem cell research (Mao JJ, Prockop DJ. Stem cells in the face: Tooth
regeneration and beyond. Cell stem cell. 2012;11:291-301).

The pioneer of the study of dental-derived stem cells (DDSCs) is Stan Gronthos,
who first described in 2000 the stem cells in dental pulp, defining them as dental
pulp stem cells (DPSCs) (Gronthos S, Mankani M, Brahim J, Robey PG, Shi
S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo. Proceedings
of the National Academy of Sciences of the United States of America.
2000;97:13625-13630).

After the isolation of DPSCs, other dental and periodontal tissues have been
found to be rich in stem cells, such as human exfoliated deciduous teeth (SHED),
periodontal ligament (PDLSCs), apical papilla (SCAP) and dental follicle (DFSCs)
(Tatullo M, Marrelli M, Paduano F. The regenerative medicine in oral and maxillo-
facial surgery: the most important innovations in the clinical application of mesen-
chymal stem cells. Int J Med Sci. 2015 Jan 1;12(1):72-7).

Basic research has been highly stimulated by these discoveries in the field of
dental-derived stem cells research. One of the most authoritative experts on DDSCs
is Gianpaolo Papaccio, who has contributed high-quality studies, supported by his
great ability to communicate the results of basic research to the entire scientific
community, focusing on the potential of these findings on clinical applications in
dentistry and maxillofacial surgery (Papaccio G, Laino G. First International
Meeting on “Stem Cell Applications in the Craniofacial Region”. J Cell Physiol.
2006 Sep;208(3):473-5).

Following the example of Papaccio and colleagues, the interaction between den-
tists, maxillofacial surgeons and biologists has developed new professional profiles,
opening a new section of modern dentistry, namely, regenerative dentistry.

As aresult of this interest in the field of oral tissue regeneration, several research
groups have carried out numerous experiments to exploit the intraoral tissues as a
source of stem cells, characterized by an easy surgical access and minimal morbid-
ity of the donor site. In fact, following the discovery of DPSCs, in the scientific
literature significant studies have been reported about the ability of these cells to
differentiate towards the main cell phenotypes. These studies have undoubtedly
confirmed the excellent quality of such cells in the field of regenerative dentistry,
but they also stimulated the research towards alternative sources.

In 2013, Marco Tatullo, Massimo Marrelli and Francesco Paduano published a
scientific article describing a newly discovered source of stem cells: the human
periapical dental cysts; this discovery came from a clinical observation, concerning
the heightened capability of odontogenic cysts to recur in the same location, if not
eradicated completely (Marrelli M, Paduano F, Tatullo M. Cells isolated from
human periapical cysts express mesenchymal stem cell-like properties. Int J Biol
Sci. 2013 Nov 16;9(10):1070-8). Following rigorous research, Tatullo et al. isolated
the human periapical cyst-mesenchymal stem cells (hPCy-MSCs). These cells pos-
sess high proliferative potential, self-renewal ability and the potential to differenti-
ate into osteoblast-like, adipocyte-like cells in vitro; furthermore, in a recent paper
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hPCy-MSCs also showed the ability to differentiate into neural/glial cells for cell-
based therapies aimed at treating neurologic diseases (Marrelli M, Paduano F,
Tatullo M. Human periapical cyst-mesenchymal stem cells differentiate into neuro-
nal cells. J Dent Res. 2015 Jun;94(6):843-52. doi: 10.1177/0022034515570316).

After a couple of years, in 2015, in a multicenter study carried out by Giorgio
Mori, Lorenzo Lo Muzio, Maria Grano and other collaborators, MSCs were iso-
lated in the dental bud. Dental Bud Stem Cells (DBSCs) were described as a prom-
ising source for bone regeneration of stomatognathic as well as other systems (Di
Benedetto A, Brunetti G, Posa F, Ballini A, Grassi FR, Colaianni G, Colucci S,
Rossi E, Cavalcanti-Adam EA, Lo Muzio L, Grano M, Mori G. Osteogenic differ-
entiation of mesenchymal stem cells from dental bud: Role of integrins and cadher-
ins. Stem Cell Res. 2015 Nov;15(3):618-28). Several academic groups have
performed extensive research on MSCs from dental tissues, such as the group of
Roberto F. Grassi and colleagues (Ballini A, De Frenza G, Cantore S, Papa F, Grano
M, Mastrangelo F, Tete S, Grassi FR. In vitro stem cell cultures from human dental
pulp and periodontal ligament: new prospects in dentistry. Int J Immunopathol
Pharmacol. 2007 Jan-Mar;20(1):9-16. Review). The group of Enrico Gherlone and
Filiberto Mastrangelo performed several studies on tissue regeneration, by using
MSCs, with a translational approach, thus creating interest in readers even less close
to cell biology (Mastrangelo F, Quaresima R, Grilli A, Tettamanti L, Vinci R,
Sammartino G, Tete S, Gherlone E. A comparison of bovine bone and hydroxyapa-
tite scaffolds during initial bone regeneration: an in vitro evaluation. Implant Dent.
2013 Dec;22(6):613-22). The group of Rajiv Saini and Andrea Ballini worked on
bone regeneration improved by DPSCs under low-level laser irradiation. The low-
level laser therapy (LLLT) has also been demonstrated to be a useful aid in bone
regeneration, because of its activity on MSCs, as described by the Indo-Italian
group reported above (Ballini A, Mastrangelo F, Gastaldi G, Tettamanti L, Bukvic
N, Cantore S, Cocco T, Saini R, Desiate A, Gherlone E, Scacco S. Osteogenic dif-
ferentiation and gene expression of dental pulp stem cells under low-level laser
irradiation: a good promise for tissue engineering. J Biol Regul Homeost Agents.
2015 Oct-Dec;29(4):813-22).

The cell manipulation and the production of large quantities of MSCs have always
constituted one of the major limitations in the use of this technology on the patient.
In this light, regenerative medicine has developed, on a parallel track, a great interest
in endogenous growth factors capable of promoting tissue regeneration and improv-
ing the quality of healing. The platelet concentrates have played a very interesting
role since the Robert Marx studies on PRP (Marx RE. Platelet-rich plasma (PRP):
what is PRP and what is not PRP? Implant Dent. 2001;10(4):225-8). The PRP had
many advantages, but also some disadvantages, such as the need to manipulate the
blood with anticoagulants. This technical necessity has made it difficult to use in
dental surgeries. The breakthrough in the use of platelet concentrates was the discov-
ery of “platelet-rich fibrin” (PRF). Joseph Choukroun and colleagues first described
this innovative platelet concentrate. PRF showed the ability to trap both platelets and
growth factors released by them, in a complex three-dimensional network; such high
presence of fibrin allowed PRF to act as an autologous biocompatible matrix, able to
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treat some soft tissues injures and to improve the grafting of bone defects. Currently
Choukroun PRF is a widely used aid in regenerative dentistry, along with the latest
generation of biomaterials (Dohan DM, Choukroun J, Diss A, Dohan SL, Dohan AJ,
Mouhyi J, Gogly B. Platelet-rich fibrin (PRF): a second-generation platelet concen-
trate. Part I: technological concepts and evolution. Oral Surg Oral Med Oral Pathol
Oral Radiol Endod. 2006 Mar;101(3):e37-44).

Studies on DDSCs have stimulated the search for the ideal biomaterials to use as
cell scaffold.

Antonio Apicella and his research lab carried out several researches on biomate-
rials used in dentistry. These studies have developed composite biomaterials, capa-
ble of simulating the bone structure, while still maintaining great biocompatibility;
furthermore, the interaction between engineers of materials and dentists has
increased in silico analysis about the biomechanical behavior of dental prostheses,
as demonstrated by studies with finite element models (Schiraldi C, D’ Agostino A,
Oliva A, Flamma F, De Rosa A, Apicella A, Aversa R, De Rosa M. Development of
hybrid materials based on hydroxyethylmethacrylate as supports for improving cell
adhesion and proliferation. Biomaterials. 2004 Aug;25(17):3645-53).

The main limitation to the use of scaffolds was their morphology, often incom-
patible with the bone defects with complex shape.

The recent literature has reported several studies on biomaterials adaptable to
anatomical sites with complex morphology. The latest studies on hydrogels have
deeply modified the clinical approach to the use of biomaterials, overcoming the
limit of the shape of the surgical receiving site. In this context, an interesting inno-
vation is represented by the development of new strategies for scaffold release; in
fact, this action has always been flawed by the operator-dependent variability; the
National Research Council group headed by Luigi Ambrosio has developed an
innovative approach to the release of the scaffold in the surgical site, thanks to the
“injectable scaffold” concept. This method allows you to have more control in the
filling of bone defects during regenerative surgery; in addition, it recreates the
complex morphology of the bone defect with high precision (Raucci MG, Alvarez-
Perez M, Giugliano D, Zeppetelli S, Ambrosio L. Properties of carbon nanotube-
dispersed Sr-hydroxyapatite injectable material for bone defects. Regen Biomater.
2016 Mar;3(1):13-23).

The future of dentistry is a challenge that must be accepted today. The dentist can
no longer be a figure with skills limited to clinical or surgical branches related to the
oral district. Future directions of modern dentistry are leading towards dental-
derived stem cells, autologous biomatrices and injectable biomaterials, as widely
described in this book by the most authoritative researchers who first understood the
importance of enhancing the dental science. The take-home message that I would
like to leave to the reader is that the future of today is the past of tomorrow; there-
fore we must always be receptive to innovations and curious with respect to basic
research.

Crotone, Italy Marco Tatullo
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Chapter 1
Dental Pulp Stem Cells: What’s New?

Agnieszka Arthur, Songtao Shi, and Stan Gronthos

1.1 Tooth Development and Injury

Understanding the developmental processes required during tooth formation is an
essential step to regenerate or repair a tooth-like structure; or tissues associated with
teeth, such as pulp, dentin, cementum, periodontal ligament (PDL) or even alveolar
bone. Predominantly two cell types, the oral epithelial cells and the cranial neural
crest derived ectomesenchymal cells give rise to the tooth during development [1,
2]. Precise temporal and spatial expression of inductive signals (such as bone mor-
phogenic proteins (BMPs), fibroblast growth factors (FGFs), Sonic Hedgehog (SH),
and Wnt molecules) is required for the epithelial-mesenchymal interactions for
tooth formation [3-5]. The oral epithelium gives rise to ameloblasts which form the
outer layer of enamel. The ectomesenchymal cells that contain the dental pulp stem
cells (DPSC) give rise to the remaining tooth structures. Odontoblasts synthesis an
extracellular matrix (ECM) comprised predominantly of collagen type I and other
matrix proteins to form the template for mineralised dentin. The cellular processes
of odontoblasts remain within the dentin tubules, while the cell bodies reside in the
pulp tissue [6, 7]. The central pulp chamber is formed by the ectomesenchymal cells
comprising fibrous tissue, while neural and vascular networks invade the chamber
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Fig. 1.1 The structure and components of a mature human tooth maintained in the alveolar bone.
Interactions between epithelial and ectomesenchymal cells give rise to the tooth during develop-
ment. The (a) enamel is formed from ameloblasts that are epithelial derived. The ectomesenchymal
cells give rise to odontoblasts that synthesis the (b) mineralised dentin. The cellular processes of
the odontoblasts lay perpendicular within the (b") dentin tubules, while the (b”) cell bodies reside
within the (¢) pulp chamber. The ectomesenchymal cells give rise to the fibrous tissue within the
(¢’) pulp chamber, while the (d) neural and (e) vascular networks invade from the (f) apical fora-
men. The dental pulp stem cells (DPSC) reside in (g) perivascular niches within the pulp

from the apical foramen. The tooth itself is stabilised within the alveolar bone socket
by a fibrocellular stratum of PDL, which interacts with specialised connective tissue
fibers (Sharpey’s fibers) that extend between cementum the alveolar bone socket [8]
(Fig. 1.1).

Teeth are rigid structures that are relatively durable and hard, however bacterial
infection, mechanical or chemical insults leading to attrition, congenital defects or
cancers can cause inflammation and subsequently pain. Conventional root canal
treatment for the remove of the damaged tissue followed by the use of synthetic
implants or compounds ensues for the repair or restoration of damaged dental tis-
sue. Alternatively pulp capping is also used to protect any remaining living pulp;
however compounds currently used in clinical practice can often lead to inflamma-
tion and necrosis of the pulp tissue [9]. These restorative procedures have been used
because damaged enamel cannot be regenerated, as the ameloblasts that form the
enamel during development subsequently undergo apoptosis. Recently it was shown
that mouse perivascular stem cells appear to assist in protecting the pulp from the
external environment by producing a mineralised dentin-like material [10].
Importantly, the underlying dentin and dental pulp demonstrate limited self-repair
in humans [11]. However, it was the identification DPSC in 2000 [12] that has
resulted in the expansion of cellular-therapy based reparative approaches for end-
odontic regenerative medicine.
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1.2 The Identification of Dental Pulp Stem Cells: How Far
We Have Come

DPSC and stem cells from human third molars or exfoliated deciduous teeth [13]
are mesenchymal stem-like cell populations. They are derived from disaggregated
pulp tissue with the ability to generate clonogenic adherent cell clusters called col-
ony forming units-fibroblastic (CFU-F) as described for bone marrow derived MSC
[12, 14-16]. These DPSC when cultured ex vivo have the capacity to form mineral-
ized deposits [12, 15], physiologically similar to hydroxyapatite crystal globular
formation found in native dentine. Furthermore, using the xenogeneic transplanta-
tion system ex vivo expanded SHED and DPSC transplanted with a hydroxyapatite/
tricalcium phosphate (HA/TCP) carrier developed vascularized fibrous pulp tissue,
a well-defined layer of odontoblast-like cells, mineralized dentin-like material, con-
sistent with the structure of dentin in human teeth; with the processes extending into
tubular structures [12, 15]. Furthermore, the odontoblast-like cells and the pulp
were of donor origin [12, 15, 17, 18]. These seminal studies clearly establish the
regeneration capacity of DPSC into differential tissue, maintaining epigenetic
memory of their tissue of origin.

Elegant studies using the mouse incisor model reported that stem cells within
pulp originate from periarterial cells and are maintained by the neurovascular bun-
dle niche [19]. Transgenic reporter mouse models and lineage tracing studies clearly
showed that the release of sonic hedgehog (shh) from the trigeminal nerves that
infiltrate the tooth active Glil. Glil is expressed by the quiescent stem cells that line
the arterioles; these quiescent stem cells have been shown to regulate odontogene-
sis. Furthermore, the study demonstrated that the Glil* cells that surround the neu-
rovascular bundle niche are the most primitive population of MSC important for
homeostasis and repair and can give rise to all MSC populations in culture.
Interestingly, these stem cells did not express the normal MSC markers such as
CD146, CD105 and Scal. It was the NG2* pericyte cells, a subpopulation of MSC-
like population derived from the Glil+ cells, that where required for repair but not
homeostasis [19]. Interestingly, a third population of multipotent Schwann cells was
identified of neural crest origin, derived from peripheral nerve-associated glia. The
study indicated that these multipotent Schwann cells were able to yield dental pulp
cells and odontoblasts during tooth development, maturation and regeneration [20].

Notably, other MSC-like populations have also been identified in human teeth.
These include apical pulp derived cells (APDC), isolated from immature apices [21]
; stem cells from the apical papilla (SCAP), isolated from the apical papilla of per-
manent immature teeth [22] ; and PDL stem cells (PDLSC) [23]. While this book
chapter will focus on the use of DPSC for endodontic regeneration, certainly other
cell types, including bone marrow derived MSC, PDLSC, adipose derived stem
cells are also being investigated for their endodontic regenerative capacity [24].

Importantly, DPSC lack cell surface expression of various immune helper anti-
gens and exhibit the capacity to modulate immune/inflammatory responses, analo-
gous to that described for other MSC-like populations [25-28]. Therefore, DPSC
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have the potential to be used as an off the shelf allogeneic preparation for bioengi-
neering applications, in contrast to autologous stem cells; where appropriate storage
and production of allogeneic DPSC can be maintained on a clinical scale allowing
for better quality control processes and lower costs of manufacturing [29].

1.3 The Use of DPSC in Regenerative Medicine

The grand challenge in endodontic regenerative medicine is the generation or recon-
struction of a functional dentine/pulp complex in the form of a living functional root
(reviewed by [30, 31] ). The primary focus in this chapter is to highlight current
approaches being developed for the bioengineering and repair of dental pulp regen-
eration and tooth reconstruction, including alveolar bone reconstruction to improve
dentition. A number of strategies are employing multi-disciplinary approaches com-
bining different models and harnessing our knowledge of DPSC, biomaterials and
growth factors for directed tissue engineering.

Early work in the bioengineering field demonstrated that it was possible to regen-
erate a tooth-like structure from a suspension of single cells derived from the tooth
bud of either pig or rat origin [32]. These organoid structures consisted of a pulp-
like chamber, dentin, odontoblasts, cementoblasts, and enamel, demonstrating for
the first time the presence of both epithelial and ectomesenchymal cell types. Others
have further expanded on this concept by generating a three-dimensional (3D) bio-
engineered tooth germ that recapitulated a functional tooth when transplanted into
a tooth cavity within the alveolar bone in an adult mouse [33]. Importantly, the
bioengineered teeth retained the correct tooth structure for mastication and were
responsive to noxious stimuli, demonstrating neural and vascular infiltration. Other
investigations have examined DPSC in vitro, using 3D models of epithelial invagi-
nation into the mesenchyme [34] and matrigel DPSC-spheroid systems, to explore
the molecular basis of cell survival, cavitation and organogenesis [35]. Taken
together, these advances have paved the way for developing novel bioengineered
organ replacements as potential regenerative therapies for endodontic applications.

1.3.1 Characteristics of Scaffolds Required for Endodontic
Applications

One of the main technological challenges being addressed by bioengineers involves
understanding the interactions between DPSC and 3D scaffolds, where the surfaces
need to mimic the physiologically in vivo environment in order to allow for correct
cell-cell and cell-ECM crosstalk, attachment, growth, proliferation and differentia-
tion. Given the large body of work in this field a summary of the different properties
required for the regeneration of the dentine/pulp complex and tooth structures have
been outlined in Fig. 1.2.



1 Dental Pulp Stem Cells: What’s New? 5

Pulp Regenerath
SDF1
Pumu- L-"'

Aginate micosoheres |l eieeeres TGip1 \
Pluronic® F127 Hydrogel FGF2 +
\ HyStam™.C ." | BMP2 {

\
\ NFSMS

7 Solid Seaffolds
Collagen type 1 \
DPLC + MUVEC Chitosan \
Oral epahebal celly / (.esl::n *;'noﬂ;!
on

Cther Culture Conditions Silcon |
eapenit snmulston \ Folymers textles |
\c(::mn( '-‘l;m thesty \ nanchbrous gelatin /

Wypant \ Pltelet-neh fivan ,/

PULA
\\ HYAFE-11™ //

B Tooth Reconstruction

/ Solid Scaffolds \

Bociramic \

TERDOM \
Sileon 1

sessssnns Bovoot watem I

................ HATCP

\ 30 printing
Fitsrin glue

\ &:..““.: /

Fig. 1.2 Schematic representation of the bioengineering approaches to recapitulate a pulp-like
structure or tooth reconstruction. The schematic represents a summary of the individual (solid
lines) or multifaceted (dashed lines) approaches employed to regenerate (a) the pulp tissue or (b)
tooth like structure using DPSC from various animals in proof-of-principle studies.(a) Dental pulp
regeneration has encompassed the use of numerous biomaterials to generate an injectable or solid
scaffold for the appropriate delivery of DPSC. The scaffolds or DPSC may have been loaded with
specific bioactive molecules; co-cultured or pre-conditioned prior to transplantation. (b)
Bioengineering approached for tooth reconstruction require greater structural rigidity that mimics
the architecture of the tooth, as such the solid scaffolds and bioactive molecules vary to those uti-
lised in pulp regeneration. Additionally, computer aids have been utilised to assist in the process
(NF-SMS nanofibrous spongy microspheres, SDF-1 stromal derived factor 1, VEGFR2 vascular
endothelial growth factor receptor 2, BMP2 bone morphogenic protein 2, CTGF connective tissue
growth factor, MgP magnesium phosphate, PLLA poly-L-lactic, acid, DMP dentin matrix acidic
phosphoprotein 1, ESTPs ethylenediaminetetraacetic acid-soluble tooth proteins, 7TDM treated
dentin matrix, DDM demineralised dentin matrix, HA/TCP hydroxyapatite/tricalcium phosphate,
CAD/FEA computer aided design (CAD) and finite element analysis (FEA)
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Important aspects being considered in the fabrication or choice of scaffold is the
physical structure of the target tissue such as surface topography and the biocompat-
ibility, including the nature of the polymer, moulding ability and swelling, porosity,
cationic nature and degradation rate [36—38]. The porosity or pore size of scaffolds
is also an important factor for the formation of the correct 3D structures, while pro-
viding the right surface topography for cell attachment and transfer of nutrients.

Collart-Dutilleul and colleagues have demonstrated that porous silicon scaffolds
are a promising nanostructured biomaterial for tissue engineering. It ideally mimics
ECM environment properties, to support cell attachment, development and migra-
tion in vitro [39, 40]. The composition (nanopourous or mesoporous) and treatment
of the silicon influence its function [41]. Poly-L-lactic acid (PLLA), which has pre-
viously been shown to produce a de novo pulp like structure [42] is ideally used at
150-425 pM pore size [43]. Chitosan, obtained from shellfish, is being used more
in current scaffold constructs due to its non-toxic natural polymer structure, where
it has been successfully used for regenerative purposes in other tissue systems [44].
Alginate, is another natural polymer that is degradable, which also appears to main-
tain DPSC viability and promote osteogenesis in vitro [45]. Furthermore, graphene
oxide-based substrates have previously been shown to promote osteogenesis in
addition to enriching physical and mechanical properties of biomaterials. It has also
been demonstrated that these substrates are that not cytotoxic, maintain cell viabil-
ity with increased proliferation, attachment and expression of genes expressed dur-
ing mineral formation [46].

Multifaceted or hybrid approaches are favoured tissue engineering options com-
bining the appropriate scaffold with ECM components, growth factors or chemical
signals required for dental formation. One novel alternative biocompatible scaffold,
is the FDA approved resorbable hydrophobic fabrics. The textile fibre is knitted
from polyglycolic acid (PGA) braided multifilaments or polydioxanone (PDO)
monofilaments, respectively, providing different roughness to the surface on which
the cells attach [36]. The scaffold was also functionalised with either chitosan or
peptide arginine-glycine-aspartic acid (RGD).This preliminary study demonstrated
that functionalised PGA multifilament scaffolds were conducive to DPSC survival,
cell adhesion and viability, although, in vivo biocompatibility analysis is still
required [36]. Others have tried decellularised bone ECM in conjunction with a
hydrogel scaffold to provide the stimulatory environmental cues for osteo/odonto-
genic differentiation in addition to growth factors (FGFb and EGF) to enhance
osteogenic differentiation [47].With the same concept in mind, demineralised den-
tin matrix (DDM) has also been investigated. This organic material has been shown
to release key osteogenic growth factors such as BMP2, bFGF and TGF-f1 stimu-
lating cell proliferation, migration and osteogenic differentiation of porcine DPSC
in vitro. Interestingly, implants of porcine DPSC with HA/TCP carrier demonstrated
greater osteo-conductive ability than with DDM. However, greater DSPP gene and
protein levels were identified in DDM implants, suggesting that the DDM environ-
ment provided cues for a dentin-specific phenotype [48]. These observations
underscore the importance of directing the right kind of tissue architecture during
the regenerative process.
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The potential of a biomimetic hybrid scaffold with the controlled release of
chemical components is another concept currently being investigated. This study
combined a nanofibrous gelatin with magnesium and phosphate (NF-gelatin/MgP)
to demonstrate enhanced proliferation, differentiation and biomineralisation of
hDPSC both in vitro and in vivo ectopic transplant studies [49]. Bakopoulou and
colleagues also utilised multi-faceted approaches for the regeneration of dentin tis-
sue in vitro, investigating DPSC, dual scaffolds and morphogens [50].The dual scaf-
fold composed primarily of a zinc-doped, Mg-based bioceramic scaffold, was
amalgamated with human treated dentin matrices (hTDMs).The hTDM constructs
were comprised of the crown of impacted third molars from health donors and a
source for dentinogenic-related growth and morphogenetic factors. DPSC were
then spotted inside this hybrid scaffold in the presence or absence of growth factors
DMP1 and BMP2. This multifaceted scaffold supported long-term DPSC attach-
ment and viability. While the controlled release of elements including Mg?*, Ca*",
Si** and Zn**, was non-toxic to the DPSC and the release of DMP1 and BMP2
enriched hydroxyapatite formation [50].

Other investigators have used hybrid scaffolds utilizing of silicon. Mineral triox-
ide aggregate (MTA), is a calcium silicate based cement used in a number of end-
odontic applications including regenerative applications. Calcium silicone based
materials developed for endodontic applications show good cell biocompatibility. Si
ions released from calcium silicate based material are essential to the formation and
calcification of mineralised tissues and promotes angiogenesis in dental pulp cells
[51]. It has now been shown that MTA enhances DPSC proliferation, which corre-
lates with Wnt/B-catenin signalling [52]. The Si released from polycaprolactone
(PCL)/submicron bioactive glass (SmBG) hybrid scaffold has been developed for
pulp and dentin tissue regeneration, in a proof-of-principle in vitro study [53].
Furthermore, the preparation/treatment of the damaged tissue allowing for favour-
able regeneration is also an aspect to consider. Galler and colleagues have shown
that the treatment of dentin discs with EDTA prior to seeding with DPSC enhances
cell attachment, migration and mineralisation capacity [54].

1.4 Bioengineering Approaches for Pulp Regeneration

One of the main issues faced in endodontics is infection arising from either micro-
bial, chemical, thermal or mechanical insult. Infection can result in irreversible pulp
disease caused by pulp necrosis and disrupted dentin formation; subsequently
resulting in an enlarged pulp chamber or an opened apical foramen. Currently the
function of the damaged dental pulp cannot be restored, and as such root canal treat-
ment becomes the only viable option, resulting in permanent devitalization of the
tooth. This can result in the loss of structural integrity of the remaining tooth and
potential re-infection. Therefore, the development of novel regenerative therapies
for the repair or regeneration of the pulp tissue is essential. However, the challenges
faced when attempting to regenerate a pulp structure include the differentiation into
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functional odontoblasts, their capacity to form dentin on established dentin, the cor-
rect ECM composition allowing vascularisation and nerve innervation of the pulp
tissue and potential reinfection.

Endeavours thus far have utilised scaffolds, bioactive molecules, and stem/pro-
genitor cells individually and in combination with some success. One study demon-
strated that the release of bioactive molecules (heparin, sucrose, VEGF, TGF-B1
and FGF2) from a hydrogel scaffold and dentin conditioning influenced cell fate
determination [55]. Other reports in recent years have opted for a versatile inject-
able scaffold that is biodegradable when addressing dental pulp regeneration or
even a scaffold-free system (Fig. 1.2 and Table 1.1). These scaffolds range from
self-assembling hydrogels, gelatine, to commercially available
Puramatrix™,Pluronic®F127 Hydrogel and HyStem™-C [55-65].

The eradication of any infectious material within the damaged tissue has been
addressed with the use of calcium hydroxide or antibiotic pastes. However, adverse
effects on the endogenous dental pulp cells [66, 67] and PDL fibroblasts [68] have
been documented with antibiotic pastes. Therefore, there needs to be a balance
between optimal and efficient antibiotic administration, while sustaining the physi-
ological function of the stem cells [69-71]. With the expansion of the endodontic
regenerative field and use of scaffolds for delivery of stem cell populations, it has
been proposed that perhaps the slow release of antibiotics from a scaffold-based
system would reduce cell toxicity and inhibitory effect on DPSC proliferation [72].
An alternative approach is an injectable scaffold, such as the Pluronic®F-127 hydro-
gel, an FDA approved delivery system that is non-toxic, while supporting osteo-
genic and adipogenic differentiation in vitro [57].

Another pressing issue in pulp regeneration is the maintenance of an adequate
blood supply following transplantation; to sustain nutrient transfer and thus survival
of the implant. As the invasion of endogenous blood vessels is slow, the implant
relies on the diffusion of oxygen from surrounding capillaries. Therefore a number
of studies have focused on the pre-vascularisation or enhanced vascularisation dur-
ing transplantation to improved functional integration. One study addressed this
issue by developing a system whereby endothelial (HUVEC) and DPSC are co-
transplanted with or without a scaffold [73]. Their strategy was to develop a scaffold-
free system that consisted of co-culturing endothelial human HUVEC with human
DPSC to provide a physiologically relevant system for dental pulp regeneration.
The in vitro studies established that DPSC:HUVEC co-cultures produced large
amounts of mineral in odonto/osteogenic assays, which correlated with ALP expres-
sion when compared to DPSC only samples. Furthermore, the addition of DPSC
with HUVEC cells stabilized the vessel-like structures generated in matrigel assays
[73]. In subsequent studies, the researchers fabricated scaffold-free microtissue
spheroids of DPSC that were pre-vascularised by HUVEC [60]. These microtissues
were transplanted into empty tooth-root slices that were subcutaneously trans-
planted into immunocompromised mice. The study reported evidence of a vascula-
rised pulp-like structure that consisted of odontoblast-like cells lining the dentin,
with cellular processes extending into dentinal tubules following 4 weeks post
transplantation [59]. The interaction between DPSC and HUVEC also attenuated
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ECM deposition; which enhanced the stabilisation of the microenvironment [59].
These microtissues were constructed with agarose, however, more recent studies
have utilised an injectable scaffold (PuraMatrix™) [58, 62]. PuraMatrix consists of
the amino acid sequence R-A-D-A in an aqueous solution that self assembles/poly-
merises instantly into nanofibers upon exposure to physiological concentrations of
salts, thus providing a biodegradable scaffold [56, 58].This is ideal for pulp regen-
eration to access the pulp though the apex of the root. A proof-of-principle study
highlighted that human DPSC survived and proliferated when cultured with
Puramatrix™, where DPSC also expressed putative odontogenic genes following
21 days culture in a 3D tooth slice model [56]. In a similar study, SHED were
injected into the root canal of a human tooth delivered with either PuraMatrix™ or
a human recombinant collagen type I matrix [62].This study demonstrated that the
engineered pulp within the root canals resembled endogenous pulp, although the
matrix was less dense. However, the vascularity and cellularity between engineered
and endogenous pulp was similar.GFP labelled and tetracycline staining also con-
firmed that newly formed dentin was derived from the transplanted SHED cells
[62]. Collectively, these findings provide promising results for future pulp
regeneration.

Dissanayaka and colleagues have taken this research one step further with their
co-culture studies, addressing not only odontogenic differentiation by DPSC, but
also enhanced neovascularisation by the endothelial counterpart [58].
Co-transplantation of hDPSC:HUVEC in the PureMatrix™ hydrogel identified that
DPSC could instigate the vascular network formed by HUVECs through the release
of VEGF within 4 weeks post transplantation. Conversely, the co-culture to hDPSC
and HUVEC enhanced the ECM composition, vascularisation and mineralisation
within the transplant than the transplants consisting of DPSC alone [58].
Alternatively, a canine study performed orthotopic transplantation of a novel canine
DPSC sheet and plate-rich fibrin (PRF) granules complex into the root canal in a
canine pulpectomy model. Eight weeks post transplantation a dentin-pulp like com-
plex had formed, which was vascularised by the transplanted DPSC as evidenced by
positive BrdU staining [74]. This study suggests that the slow release of a number
of growth factors, including VEGF from the PRF granules contributed to the
increase in vascularisation in the regenerated pulp complex.

The underlying signalling mechanisms responsible for DPSC differentiation into
vascularized endothelial cells is of particular interest [64, 75, 76]. The use an antag-
onist inhibitor of VEGF-A and shRNA knockdown of VEGF2A in DPSC in both
in vitro and in vivo transplant experiments clearly demonstrated that the vascular
differentiation of DPSC was VEGFR2 dependent [75]. The signalling mechanism
by which VEGFR2 induces vasculogenic differentiation of DPSC and SHED was
mediated by Wnt/p-catenin signalling [76]. Studies by Nor et al. utilised both
in vitro and in vivo tooth slice/PLLA scaffold transplant study to investigate vascu-
logenic differentiation potential of DSPC or SHED. These findings elegantly
showed that VEGFR2 induces the vasculogenic fate of DPSC and SHED via
activation of the canonical Wnt/p-catenin signalling pathway, with the use of growth
factors, inhibitors and gene silencing [76].
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Pre-treatment of DPSC under hypoxic conditions has also been shown to insti-
gate the expression of VEGF and subsequently enhance vascularisation following
transplantation [64]. This study utilised an injectable nanofibrous spongy micro-
sphere system (NF-SMS) for the delivery of hDPSC that were pre-cultured in a
normoxic or hypoxic bio-reactor and subsequently injected into pulpectomized rab-
bit molars and implanted into immune compromised mice or injected into a rat
pulpectomy model. Both experiments resulted in enhanced pulp regeneration and
vascularisation when compared to DPSC alone, scaffold alone or DPSC with scaf-
fold under normoxic conditions [64]. While the origin of the vascularised tissue was
not determined in this study, the observations highlight the regenerative efficiency
of priming cells prior to transplantation. Interestingly, Yang and colleagues demon-
strate that both the transplant and host contribute to blood vessel formation in the
regenerated pulp tissue [77]. Furthermore, the study also demonstrated the impor-
tance of SDF-1 for DPSC migration and pulp regeneration. Other studies have
shown that DPSC express high levels of the chemokine CXCL12 or stromal derived
factor 1 [78], which is a known potent mitogen for vascular tube formation and
endothelial cell migration [79]. Collectively, these findings demonstrate the impor-
tance of understanding the physiological properties of the tissue being regenerated
and harnessing our understanding of the basic cell biology in the regenerative
process.

The majority of in vivo transplant studies have demonstrated the ability to regen-
erate the appropriate dentin-pulp-like complex using a range of scaffolds. However,
the percentage of cell survival and the level of stem cell maintenance, following
implantation remains to be determined. There is considerable conjecture on this
topic, where transplanted cells could not be detected after 6 weeks post-
transplantation in the mandible [80]. However, another study was able to harvest
DPSC following ectopic transplantation, and show that these cells retained their
MSC-like properties in vitro. They were still able to undergo colony formation and
osteogenic differentiation, although they were somewhat hampered compared to
freshly isolated DPSC. These DPSC, which contributed to the regeneration of a
pulp-like structure, were isolated 60 days post subcutaneous transplantation into
immunocompromised mice [81]. These findings are in accord with seminal studies
demonstrated the self-renewal capacity of human DPSC using a serial ectopic xeno-
genic transplantation model [17]. Human DPSC were isolated by fluorescence acti-
vated cell sorting from primary transplants, expanded ex vivo then re-transplanted
into immunocompromised mice. These secondary transplants were also able to gen-
erate a dentine-pulp-like structure similar to the primary transplants, comprised of
odontoblasts and organised collagen fibers of human origin [17]. Collectively, these
observations suggest that while some of the transplanted cells contribute to regen-
eration of a pulp-like structure, the stemness of a minor fraction of transplanted
cells is also retained. Furthermore, the scaffold in which the DPSC reside may also
contribute to their survival, regenerative potential and no doubt self-renewing
capacity. However, a number of studies have commented on the regenerative tissues
formed in scaffold only controls, with the potential of endogenous cells contributing
to the regenerated tissue [74].
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Studies conducted by the Nakashima et al. have established a good manufactur-
ing practice protocol for isolating DPSC subsets based on their migratory response
to G-CSF (labelled MDPSC) in a canine model [82, 83].They reported that there
were few differences between young and aged MDPSC, with respect to their prolif-
eration, migration, anti-apoptotic, angiogenic and neuronal properties, with similar
regenerative potential in an ectopic tooth transplantation model [82]. However
regeneration of the pulpectomised tissue was reported to be less in aged dogs [82]
than in the young dogs [84]. These observations imply that perhaps the regeneration
potential is also dependent of the age of the host. Interestingly, these studies showed
that transplanted MDPSC did not directly contribute to the tissue regeneration, but
rather were thought to have released trophic factors that inhibited apoptosis and
stimulated migration and proliferation of host stem cells [83, 84]. These findings
suggest that the host environment influences the regenerative process [82].The dis-
crepancies in DPSC survival and contribution to the regenerated tissue proposes
that the environmental factors, such as the scaffold/biomaterial used for DPSC
delivery and the location of transplant need to be taken into account when assessing
cell survival and involvement in tissue regeneration.

1.5 Bioengineering Approaches for Tooth Reconstruction

The approach to dentine/whole tooth regeneration is distinctly different to that of
pulp regeneration, and as such, alternative strategies and materials vital for the pro-
cess are required (Fig. 1.2). Furthermore, it is also important to keep in mind the
composition of the mineral that is produced by the stem cell population used in the
dentin regenerative process [85].

Preliminary studies assessing the feasibility of whole tooth regeneration have
employed mass spectrometry to identify soluble proteins expressed within the
human adult tooth, denoted as ethylenediaminetetraacetic acid-soluble tooth pro-
teins (ESTPs) [86]. In vitro studies demonstrated that the ESTPs selectively
enhanced odontogenesis of cultured DPSC but not bone marrow or adipose derived
MSC-like cells. In vivo xenografts were also performed, composed of human DPSC
and murine apical bud tissue treated with ESTP, encapsulated in fibrin glue prior to
being implanted under the renal capsule of immunocompromised mice. The con-
structs demonstrated enhanced formation of dentin structures 4 weeks post-
transplantation. Similar experiments utilized mouse embryonic tooth-forming
primordia treated with ESTPs, encapsulated in fibrin glue and implanted under the
renal capsule of immunocompromised mice. These experiments showed the ESTP
promoted the formation of teeth that were morphologically similar to normal teeth,
demonstrated the utility of using a dual-pronged approach for endodontic tissue
engineering [86].

Another approach to tooth reconstruction is using 3D printing to generate a scaf-
fold that encompasses the three distinct structures required for a stable tooth struc-
ture (phase A. Cementum/dentin interface, B. PDL, C. Alveolar bone [87]. This
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multiphase scaffold also consisted of the release of specific bioactive molecules
within each phase that was specific to the formation of the appropriate tissue struc-
ture (amelogenin, CTGF and BMP2, respectively) [87]. While this was a proof-of-
principle study using both in vitro and in vivo models, these findings provide new
insight into potential endodontic regenerative strategies.

The construction of the scaffold has also been considered as a potential require-
ment for appropriate pulp-dentin regeneration. Qu and colleagues demonstrated that
the stiffness of the scaffold influences the differentiation/mineralization capacity of
DPSC whereby high stiffness of a 3D nanofibrous gelatin (NF-gelatin) scaffold
resulted in bio-mineralization following osteogenic induction in vitro, while low
stiffness promoted a soft pulp-like tissue. As such the researchers created a scaffold
consisting of both high and low stiffness called S-scaffold with the successful
regeneration of a pulp-dentin like complex following ectopic implantation into nude
mice [88].

Another critical component to tooth regeneration is the formation of a stable and
integrative root. Previous studies have reported that autologous dental stem cells
were able to bioengineer tooth roots (bio-root) [89, 90]. However, the use of autolo-
gous dental stem cell preparations is dependent on various factors including patient
age, oral health status, availability of viable tooth samples. Research efforts are now
moving towards the use of allogeneic DPSC as a more readily available source of
stem cells, where bio-root development has previously been reported to be viable
using allogeneic PDSC and DPSC combined in a HA/TCP scaffold [91]. In a com-
parative study using miniature pigs, it was shown that bio-root regenerated teeth
displayed similar tooth composition and functional ability to dental implants in vivo
[92]. Tooth root restoration, has also been investigated using computer-aided design
(CAD) modelling and finite element analysis (FEA).This study utilized a swine
model to demonstrate that dental follicle cells seeded onto a treated dentin matrix
(TDM) scaffold improved tooth root restoration, with sustained masticatory func-
tion for 3 months [93]. Furthermore, resin based materials are now been considered
as an alternatives to ceramic based scaffolds for restorative dentistry. Indeed, four
resin based biomaterials have been assessed to have no adverse effects on DPSC
viability, morphology, the cytoskeleton of the cells or the production of the main
ECM components [94]. However, the utility of these compounds in whole tooth
regeneration remains to be determined.

1.6 Concluding Remarks and Future Directions

This chapter highlights the various approaches that have been undertaken in end-
odontic regenerative medicine, ranging from pulp, dentin, tooth root and total tooth
regeneration. These investigations have assessed natural and synthetic biomaterials
to determine suitable scaffold systems to maintain and enhance DPSC viability,
attachment, migration and differentiation into the required structures to sustain den-
tal repair or regeneration. Bioactive molecules including growth factors/mitogens,
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matrix molecules, ions and transcription factors that are involved for tooth develop-
ment are also being assessed as mediators of tissue regeneration. Furthermore, the
field is moving towards the use of “off the shelf”” allogeneic DPSC preparations for
clinical scale manufacturing, due to their accessibility, immunomodulatory proper-
ties and lack of cell surface expression of immune helper antigens.

It is clear that a considerable amount of work has been conducted over the last
two decades with regards to endodontic regenerative medicine. There is a greater
appreciation that a multifaceted approach to dental tissue bioengineering is essen-
tial, whether by combining scaffolds with bioactive molecules and DPSC, and/or in
conjunction with multiple cell types.

Future developments could employ the use of induced pluripotent stem cells
(iPSC) derived from dental pulp [95-97], PDL [98], gingival [99] and other acces-
sible tissues to be used for mineral [100], PDL [24] and potentially dentin-pulp
regeneration. Importantly, it has been demonstrated that iPSC-derived MSC-like
cells [101] exhibit similar multi-differentiation and immune-modulatory properties
akin to primary MSC-like populations [102], which is clinically useful to generate
an allogeneic source of cells for regenerative therapy. However, the safety and effi-
cacy of using iPSC-MSC in a clinical setting due to issues concerning the efficiency
of specific lineage differentiation and tumour formation requires rigorous assess-
ment in vitro and in vivo [97, 103].
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Chapter 2
Platelet Rich Fibrin “PRF” and Regenerative

Medicine: ‘The Low-Speed Concept’

Joseph Choukroun, Alexandre Amir Aalam, and Richard J. Miron

2.1 Introduction

The multidisciplinary field of tissue engineering has tackled a wide variety of medi-
cal challenges over the years with the aim to predictably repair, regenerate or restore
damaged and diseased tissues [1-4]. Defects frequently encountered are commonly
produced by a variety of underlying conditions caused by congenital abnormalities,
injury, disease and/or the effects of aging [1-4]. Many strategies have since been
adapted to regenerate these tissues. One of (if not the) key component during the
regenerative phases during wound healing is the absolute necessary for ingrowth of
a vascular blood source capable of supporting and contributing to cellular function
and the future development and maintenance of nutrients across this newly created
blood supply [5]. Although normal biomaterial and tissue engineered scaffolds are
typically avascular by nature, over 15 years ago a series of proposed motifs intro-
duced blood concentrates as a regenerative modality in order to improve the vascu-
lar network to obtain successfully regenerated soft or hard tissues where lack of a
blood supply was often at the forefront of the defect [5].

Wound healing is a complex biological process that includes the active participa-
tion of numerous cell types, a matrix consisting of extracellular matrix as well as
soluble factors capable of facilitating regeneration. By nature, these are normal
healing events that take place in response to normal tissue injury involving a cascade
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of complex, orderly and elaborate events [6]. Numerous studies have already dem-
onstrated that the delivery of multiple growth factors in a well-controlled manner
can enhance bone formation [7-9]. Generally, the events related to wound-healing
are divided into four overlapping phases including hemostasis, inflammation, pro-
liferation and remodeling [7-9]. One of the key players during these phases have
been platelets, cells that have been shown to be important regulators of hemostasis
through vascular and fibrin clot formation [6]. Ongoing studies over the past decades
have revealed platelets are the responsible cell-type for the activation and release of
important biomolecules including platelet-specific proteins and growth factors
including platelet-derived growth factor (PDGF), coagulation factors, adhesion
molecules, cytokines/chemokines and angiogenic factors capable of stimulating the
proliferation and activation of cells involved in wound healing including fibroblasts,
neutrophils, macrophages and mesenchymal stem cells (MSCs) [10]. For these rea-
sons, it was proposed in the 1990s that platelet concentrates could be utilized and
centrifuged to reach supra-physiological doses to achieve wound healing and tissue
regeneration by facilitating angiogenesis. While numerous studies have previously
demonstrated that the delivery of multiple growth factors can enhance new tissue
formation, it has since been shown that more importantly blood vessel formation is
tightly coupled with tissue regeneration, and that the ideal scenario for tissue
regrowth is to deliver a multitude of growth factors designed to induce angiogenesis
and tissue regeneration simultaneously in order to produce a vascularized remod-
elled/regenerated tissue fully vascularized and able to sustain itself long-term.
Leading to the science behind platelet concentrates, a group of research begun to
investigate platelet concentrates for tissue wound healing and regeneration in medi-
cine beginning in the 1990s.

2.1.1 Brief History of Platelet Concentrates

Although recently the use of platelet concentrates have gained tremendous momen-
tum as a regenerative autologous source of growth factors utilized in various field of
medicine (especially due to the more recent development of platelet rich fibrin
(PRF)), it is important to note that their utilization spans over two decades in sur-
gery [11]. It was originally proposed that leading to their preparation, a belief that
concentrated platelets derived from autologous sources could be collected in plasma
solutions later to be utilized in surgical sites could potentially release supra-
physiological doses of growth factors capable of promoting local healing [12, 13].
Further work in the 1990s led to the popular working name ‘platelet rich plasma’
(PRP) which was introduced in the 1990s in dental medicine [14—16]. Since the
goal of PRP was to collect the largest and highest quantities of growth factors from
platelets, PRP was fabricated with a protocol lasting over 30 min of centrifugation
cycles and requiring the use of anticoagulants to prevent clotting. The final compo-
sition of PRP contains over 95% platelets, known cells responsible for the active
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secretion of growth factors involved in initiating wound healing of various cell types
including osteoblasts, epithelial cells and connective tissue cells [14, 17].

Following a few years of use with PRP, several limitations were observed. Since
the technique and the preparation required the additional use of bovine thrombin or
CaCl, in addition to coagulation factors, it was found that these drastically reduced
the healing process during the regenerative phase. Furthermore, the entire protocol
was technique sensitive with several separation phases lasting sometimes upwards
of 1 h making it inefficient for everyday medical purposes. Since PRP is liquid in
nature, it was originally required as an agent to be combined with various other
biomaterials, most notably bone grafting materials. Interestingly, very recent data
from our laboratories has shown that growth factor release with PRP is released
very early in the delivery phase whereas a preference would be to deliver growth
factors over an extended period of time during the entire regenerative phase as
opposed to a quick short burst [18-20]. All these limitations have led to the emer-
gence of a second generation of platelet concentrates which takes advantage of the
fact that without anti-coagulants, a fibrin matrix that incorporates the full set of
growth factors trapped within its matrix and slowly released over time could be
achieved [21]. Furthermore, PRF (which was later renamed leukocyte PRF or
L-PRF) contains white blood cells, which have been shown to be key contributors
to wound healing later described in this chapter.

2.1.2 From PRP to PRF

Due to the reported limitations of PRP mainly derived from anti-coagulant incor-
poration, further research led by Dr. Joseph Choukroun in the early 2000s was
focused at developing a second-generation platelet concentrate without utilizing
anti-coagulation factors [22]. As such, a platelet concentrate lacking coagulation
factors could be harvested from the upper layer of centrifugation tubes following
single centrifugation cycles of 12 min at 2700 rpm (750 g). This formulation was
termed platelet rich fibrin (PRF) owing to the fact it contained a fibrin matrix fol-
lowing centrifugation [23-26]. PRF (leukocyte-PRF or L-PRF) additionally con-
tains white blood cells (WBCs) within the fibrin matrix; necessary cells involved in
the wound healing process by improving defense immunity and secreting a large
quantity of growth factors (Fig. 2.1) [27-32]. It’s interesting to note that since
WBCs are a combination of neutrophils and macrophages, they are always one of
the first cell-types found in wounded infection sites as well as the first cell types in
contact with biomaterials and thus play a major role in phagocytizing debris,
microbes and necrotic tissue as well as directing the future regeneration of these
tissues through release of cytokines and growth factors. As depicted in Fig. 2.2,
macrophages areone of the three key cells found in PRF derived from the myeloid
lineage (WBCs) and secrete a wide range of growth factors including transforming
growth factor beta (TGF-beta), PDGF and vascular endothelial growth factor
(VEGF) (Fig. 2.1). These cells, in combination with neutrophils and platelets, are
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Fig. 2.1 Natural components of PRF include (1) cell types (platelets, leukocytes and red blood
cells), (2) a provisional extracellular matrix three-dimensional scaffold fabricated from autologous
fibrin (including fibronectin and vitronectin) as well as (3) a wide array of over 100 bioactive mol-
ecules including most notably PDGF, VEGF, IGF, EGF, TGF-beta and BMP2 (reprinted with per-
mission from Miron et al. 2016)
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Fig. 2.2 Fibrin clot in the tube after centrifugation

the main players in tissue wound healing and together (as opposed to solely with
platelets in PRP) are able to further enhance new blood vessel formation (angiogen-
esis) which subsequently leads to new bone and tissue formation [23-26, 29]. To
date, numerous studies have investigated the regenerative potential of PRF in vari-
ous medical situations. With respect to tissue engineering, it has long been
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proposed that in order to maximize the regenerative potential of various bioactive
scaffolds, three components are essential to improve tissue repair including (1) a
three-dimensional matrix capable of supporting tissue ingrowth, (2) locally har-
vested cells capable of influencing tissue growth and (3) bioactive growth factors
capable of enhancing cell recruitment and differentiation within the biomaterial
surface. With respect to PRF, all three of these properties are met whereby (1) fibrin
serves as the scaffold surface material, (2) cells including leukocytes, macrophages,
neutrophils and platelets attract and recruit future regenerative cells to the defect
sites and (3) fibrin serves as a reservoir of growth factors that may be released over
time from 10 to 14 days. Below we summarize these three components in sections
and explain the rational of each.

1. Major Cell Types in PRF
A. Platelets

Platelets are one of the cornerstone cells found in PRF and the cells that were
first collected in previous versions of platelet concentrates including
PRP. Interestingly, in PREF, platelets are theoretically trapped massively within the
fibrin network and their three-dimensional mesh allowing their slow and gradual
release and associated growth factors over time [20]. Recent research has shown
that blood alone is enough to drastically improve wound angiogenesis and tissue
regeneration [33].

Platelets are constantly being formed in the bone marrow from megakaryocytes.
They are discoidal and anuclear structures by nature and their lifespan is typically
in the range of 8—10 days. Their cytoplasm contains many granules whose contents
are secreted at the time of activation. Alpha-granules contain many proteins, both
platelet specific (such as b-thromboglobulin) and non-platelet specific (fibronectin,
thrombospondin, fibrinogen, and other factors of coagulation, growth promoters,
fibrinolysis inhibitors, immunoglobulins, etc.) that have been shown to possess
many functions during wound healing [34, 35]. Moreover, the platelet membrane is
a phospholipid double layer into which receptors for many molecules are inserted
(collagen, thrombin, etc.) and act to improve wound healing. Activation is funda-
mental to initiate and support haemostasis because of aggregation on the injured site
and interactions with various coagulation mechanisms [34, 35].

B. Leukocytes

Leukocytes are the other major cell type found in PRF playing a prominent role
in wound healing. Interestingly, the major difference between PRF (which has since
been renamed L-PRF specifically due to its high leukocyte content) apart from the
fact anti-coagulants are not utilized in PREF, is the fact that both PRP and PRGF (first
generation platelet concentrates) either do not or contain very low numbers of leu-
kocytes. The literature dealing with platelet concentrates often ignores the impact of
leucocytes on tissue wound healing. Several studies have already pointed out the
key role of leucocytes, both for their anti-infectious action and immune regulation
[36-38]. Apart from their anti-infectious effect, leucocytes produce large amounts
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of VEGF and PDGF amongst other growth factors. Additional VEGF, which stems
from leucocytes, might be crucially important for the promotion of angiogenesis.
The amount of white cells in PRF has been determined at around 50% and newer
formulations of PRF have further shown ways to collect a higher number of
leukocytes.

Interestingly, studies from basic sciences have revealed the potent and large
impact of leukocytes on tissue regeneration [30, 32]. They additionally release
growth factors and play a large role in immune defense, but also serve as key regula-
tors controlling the ability for biomaterials to adapt to new environments. For
instance, studies conducted following extraction of third molars has shown that a
tenfold decrease in third molar osteomyelitis infections was detected simply by
placing PRF scaffolds into extraction sockets [39]. Furthermore, in a separate study,
patients receiving PRF report having less pain and requiring less analgesics when
compared to control, most notably due to the defense of these immune cells prevent-
ing infection, promoting wound closure and naturally reducing swelling and pain
felt by these patients [40].

Recent research has further shown that macrophages (derived from the white
blood cell lineage with leukocytes) are the necessary driving force for new bone
formation [41-45]. It has been shown that in certain in vitro culture conditions with
osteoblasts, removal of macrophages led to a 23-fold decrease in osteoblast miner-
alization, drastically and convincingly demonstrating the pronounced impact of
macrophages and WBCs in bone biology [43]. Furthermore, it has been shown that
monocytes and macrophages are one of, if not the most important cell type during
biomaterial integration into host tissues [46]. Therefore, the influence of leukocytes
derived from PRF matrixes should not be under-estimated as numerous basic and
animal studies have recently pointed to their vast importance in wound healing and
tissue regeneration and long-term integration.

2. Platelet Rich Fibrin—PRF: A Natural Fibrin Matrix and Its Biological Properties

While PRF was first developed in France by Choukroun et al. in 2001 [22]. The
lack of an anticoagulant made it so that the fibrin clot begins to form during the
centrifugation process and when centrifugation tubes are removed, a fibrin clot can
be observed as depicted in Fig. 2.2. Naturally this technology requires a centrifuge
and a collection system present within the office since anti-coagulants are not uti-
lized, clotting forms rapidly. Therefore, centrifugation must take place within sec-
onds after blood harvesting. The original PRF protocol was first established with a
very simple protocol: A blood sample is taken without anticoagulant in 10-mL tubes
which is immediately centrifuged at 750 g for 12 min. The absence of anticoagulant
implies the activation in a few minutes of most platelets of the blood sample in con-
tact with the tube walls and the release of the coagulation cascades. Fibrinogen is
initially concentrated in the upper layer of the tube, before the circulating thrombin
transforms it into fibrin. A fibrin clot is then obtained in the middle of the tube, just
between the red corpuscles at the bottom of the tube and the acellular plasma at the
top (PPP) (Fig. 2.2).
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As previously mentioned, the success of this technique entirely depends on the
speed of blood collection and its subsequent transfer to the centrifuge. Indeed, with-
out anticoagulants, the blood samples start to coagulate almost immediately upon
contact with the tube glass, and it takes a minimum of a few minutes of centrifuga-
tion to concentrate fibrinogen in the middle and upper part of the tube. Quick han-
dling is the only way to obtain a clinically usable PRF matrix. If the duration
required to collect blood and launch centrifugation is overly long, failure will occur.
By driving out the fluids trapped in the fibrin matrix, practitioners will obtain very
resistant autologous fibrin membranes.

2.2 What Is Fibrin?

Fibrin is the activated form of a plasmatic molecule called fibrinogen. This soluble
fibrillary molecule is massively present both in plasma and in the platelet alpha-
granules and plays a determining role in platelet aggregation during haemostasis. It
is transformed into what resembles a biological glue capable of consolidating the
initial platelet cluster, thus constituting a protective wall during coagulation. In fact,
fibrinogen is the final substrate of all coagulation reactions. Being a soluble protein,
fibrinogen is transformed into an insoluble fibrin by thrombin while the polymer-
ized fibrin gel constitutes the first healing matrix of the injured site [47]. Studies
from basic science have also pointed to the fact that fibrin alone (fabricated from
various sources) is able to act as a provisional matrix allowing cell invasion and tis-
sue regeneration [48-50].

3. Cytokines

Cytokines and growth factors have been observed released in high number from
platelet alpha granules after clotting. They are active through specific cell receptors
and play a predominant role in wound healing. One interesting finding that was
recently discovered later described in this chapter is the effect of centrifugation
times and speeds on growth factor release from PRF clots, most likely as a result in
a higher number of leukocytes and more loosely dense PRF clot allowing better
growth factor release from the PRF matrix over time. Below we describe the most
commonly reported growth factors found in PRF.

— TGFb-1: Transforming growth factor b (TGFDb) is a vast superfamily of more
than 30 members known as fibrosis agents [51, 52]. The reference molecule from
the TGFb superfamily is TGFb-1. In vitro research has demonstrated its effects
are extremely variable according to the amount applied, the matrix environment
and cell type in which applied. For example, it has been shown that it could
stimulate the proliferation of osteoblasts just as easily as it could cause their
inhibition [53]. Although its effects in terms of proliferation are highly variable,
for the great majority of cell types, it constitutes the most powerful fibrosis agent
among all cytokines and the growth factor commonly released from autogenous



28 J. Choukroun et al.

bone during tissue repair and remodeling [52]. In other words, it induces a mas-
sive synthesis of matrix molecules such as collagen! and fibronectin, whether by
osteoblasts or fibroblasts. Thus, although its regulation mechanisms are particu-
larly complex, TGFb-1 can be considered as an inflammation regulator through
its capacity to induce fibrous cicatrisation.

— PDGF: PDGFs (platelet-derived growth factors) are essential regulators for the
migration, proliferation, and survival of mesenchymal cell lineages. According
to the distribution of their specific receptors, they are able to induce stimulation
in these cells. This position of regulation node plays a fundamental role during
the embryonic development and all tissue remodelling mechanisms. For this rea-
son, PDGFs play a critical role in the mechanisms of physiologic healing and
have been commercially available in a recombinant source (thPDGF-BB) and
FDA approved for the regeneration of various defects in medicine and dentistry.
Interestingly, PDGF is naturally produced and accumulated in high quantities in
PRF clots and are considered one of the important released molecules over time
from PRF.

— VEGTF: Vascular endothelial growth factor was previously isolated as the most
potent growth factor leading to angiogenesis of tissues [54]. It has potent effects
on tissue remodelling and the incorporation of VEGF alone into various bone
biomaterials have demonstrated increases in new bone formation, thereby point-
ing to the fast and potent effects of VEGF [54].

— The IGF axis: Insulin-like growth factors (IGFs) I and II are positive regulators
of proliferation and differentiation for most cell types, which act as cell-protective
agents [55]. Although these cytokines are cell proliferative mediators, they also
constitute the major axis of programmed cell death (apoptosis) regulation, by
inducing survival signals protecting cells from many apoptotic stimuli. Moreover,
even though IGFs are released during platelet degranulation, they are initially
massively present in blood circulation [55].

The combination of these three properties including (1) host cells, (2) a three-
dimensional fibrin matrix and (3) cytokine and growth factor release from PRF
membranes acts to synergistically lead to a fast and potent increase in tissue

regeneration.

2.3 Introducing the Low-Speed Concept

It is now more known that the most important factor for stimulation is not the
amount of growth factors released but the maintenance of a low and constant gradi-
ent of growth factor delivery to the milieu. As the use of PRF has seen a continuous
and study increase in regenerative medicine, there was great interest to determine if
the clinical situations could be improved by optimizing centrifugation protocols to
alter the PRF matrix. This hypothesis was derived from the fact that cells within the
original PRF matrix were surprisingly found gathered at the bottom of the PRF
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matrix [56]. Therefore it was found that centrifugation speeds (which naturally push
cells towards the bottom of centrifugation tubes whereas the PRF is collected from
the top one third) would benefit from slower speeds (g-force) to prevent from driv-
ing the cells downwards. This hypothesis was confirmed by a classical study by
Ghanaati and co-workers whom showed that by decreasing centrifugation speeds
from 2700 rpm (750 g) to 1300 rpm (200 g), a more optimal formulation of PRF
could be created with a higher number of leukocytes more evenly distributed
throughout the PRF matrix [56]. This new formulation of PRF was given the work-
ing name Advanced-PRF or A-PRF and is deemed natural evolution from over
13 years of research from the original L-PRF. It is now recognized that evidently the
leukocytes were being pushed out of the fibrin clots unnecessarily down to the bot-
tom of centrifugation tubes. More recently, it has further been shown in a recent
study published in the Journal of Periodontology (August 2016) that both centrifu-
gation speed and time could be reduced to further enhance growth factor release and
cell performance from A-PRF.

One of the primary proposed reasons for a slower release of growth factors over
time is the ability for the fibrin matrix to hold proteins within its fibrin network as
well contain cells capable of further releasing growth factors into their surrounding
micro-environment [57-61]. Therefore, if centrifugation protocols are optimized to
contain more cells (most notably leukocytes), then evidently they will subsequently
release more growth factors over a 10 day period as well as contribute to tissue
defence, and biomaterial integration all factors necessary to further enhance tissue
regeneration.

Another interesting observation has been that since centrifugation speeds have
been drastically decreased from the first version of L-PREF, it was observed also that
a liquid version of PRF could be obtained with even lower centrifugation speeds.
This new formulation was given the working name ‘Injectable-PRF’ or I-PRF due
to its hypothesized ability to be injected into defects or be combined with other
biomaterials such as bone grafts or barrier membranes (in a similar fashion to PRP
however without use of anti-coagulants) further improving tissue regeneration.
While ongoing research is continuously underway, this new formulation of I-PRF
has been shown to contain an increase in leukocytes and mesenchymal progenitor
cells have also been detected utilizing lower centrifugation speeds which have been
decreased from 2700 to 700 RPM (750 g to 60 g) for only 3 min. Below we sum-
marize the effects of these two new formulations of ‘smart’ blood concentrates on
leukcocyte number and VEGF growth factor quantity (Fig. 2.3).

1. Advanced Platelet Rich Fibrin: A-PRF

Considerable evidence has been accumulating demonstrating the pronounced
and marked impact of white cells on vascularization and bone formation [36].
Furthermore, granulocytes have been shown to play an additional role on vascular-
ization and improve the function of monocytes whom have been described by Soltan
et al. to be the so-called “super cells for bone regeneration” [62]. Both cells are
found in higher concentrations in A-PRF. Our understanding of the role of g-force
on the loss of white cells during the spin cycle guided for new protocols to reduce
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Fig. 2.3 Higher number of leucocytes and VEGF found in PRF centrifuged at lower g-forces.
Figures adapted from (Choukroun J. et al. Injectable Platelet Rich Fibrin: A smart blood concen-
trate achieved by the low speed concept. J.Cell Communication Signaling in revision)

the rpm to maintain a higher amount of white cells in the fibrin matrix. Furthermore,
the introduction of a special glass tube that induced a more rapid clotting allowed a
marked reduction in centrifugation time from 12 to 14 min down to 8 min, further
reducing the lost number of leukocytes from high centrifugations speeds and times.
This new fibrin clot is richer in white blood cells (Fig. 2.3), with a fibrin matrix that
is less dense allowing the invasion and penetration of incoming cells to repopulate
the matrix in an ongoing more rapid process [56]. The newer formulation of PRF
(A-PRF+) has been shown to increase growth factor release of TGF-betal,
PDGF-AA, PDGF-AB, PDGF-BB, VEGEF, IGF and EGF (Fig. 2.4). Furthermore, it
has subsequently been shown that gingival fibroblasts in contact with A-PRF pro-
duce higher collagen levels and a significantly higher cell migration towards
A-PRF+ was observed when compared to either PRP or L-PRF (Fig. 2.4).

2. Injectable Platelet Rich Fibrin: i-PRF

With the same concept of non-additive platelet derivatives, i-PRF was developed
to fulfil the goal of acting as a regenerative agent that could be delivered in liquid
formulation by drawing blood rapidly in a specific centrifugation tube at a very low
speed of 700 rpm (60 g) for an even shorter centrifugation time (3 min). Here the
objective was to centrifuge without anti-coagulants nor additives, yet maintain the
ability to separate two layers as depicted in Fig. 2.5. This new formulation can be
utilized for a variety of procedures including mixing with bone grafts to form a
stable fibrin bone graft for improved handling after a short period of time (1-2 min)
which improves graft stability (as can be envisioned during sinus lifting procedures
with bone grafting materials to improve graft stability by avoiding the migration of
granules into the maxillary cavity). Subsequently, I-PRF alone can be used for a
variety of procedures when utilized alone including knee injections for the manage-
ment of osteoarthritis, temporo-mandibular joint disorders as well as various proce-
dures in facial aesthetics to improve collagen synthesis naturally. The principle for
I-PRF remains the same—it contains a larger proportion of leukocytes and blood
plasma proteins due to the ‘low-speed concept’; known inducers of vascularization
and thus speed the rate at which wound healing can take place.



2 Platelet Rich Fibrin “PRF” and Regenerative Medicine: ‘“The Low-Speed Concept’ 31

ol Ly ad %%k
£
[
58
2 7]
[=1)
£ e
= E 1 = -
3%
T
e
— o r
Y Q Q Q
S QQL Q= QQ-
s < o
b TGF-B1 - sum
40000 -
2
3
E‘: i *%
3E 30000 _
Ss
g 2 20000 - (— APRF+ |
i
;3% 10000 - T =
u.- .'r..........T.........."l‘#..........#
= . P # _
= 0 T . e . I ; _

15min 60 min 8 hrs 1day 3days 10days

Fig. 2.4 Higher number of gingival fibroblast cell migration from A-PRF when compared to PRF
and PRP as well as higher growth factor released from the slow speed concept. (a) The cell migra-
tion assay shows a higher gingival fibroblasts migration from A-PRF when compared to PRF and
PRP, (b) it is observable a higher growth factor (TGF-betal) release when the slow speed concept
is performed. Adapted with permission from Kobayashi et al. [2016]: Optimized Platelet Rich
Fibrin with the Low Speed Concept: Growth Factor Release, Biocompatibility and Cellular
Response. Accepted for publication in Journal of Periodontology (not yet online)

2.4 Clinical Use of PRF and Indications

The clinical uses of PRF have exploded across many fields of medicine and den-
tistry over the past 15 years since its original development. Most notably, PRF has
had a major impact in soft tissue regeneration as well as various indications in den-
tistry where PRF can be utilized as a fast and easy procedure to aid in the regenera-
tion of various common bone and soft tissue defects often encountered in daily
clinical practice.

Our group recently performed two extensive systematic review articles to eluci-
date the effects of PRF on (1) soft tissue wound healing and (2) its use in dentistry.
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Fig. 2.5 The newer formulation of I-PRF is a liquid formulation of PRF found in the top 1 mL
layer of centrifugation tubes following a 700 rpm spin for 3 min. This liquid can be collected in a
syringe and re-injected into defect sites or mixed with biomaterials to improve their bioactive
properties

In total 164 articles were screened for soft tissue wound healing and publications
were divided into (1) in vitro, (2) in vivo and (3) clinical studies. In summary, it was
found that 86% of all included articles found a significant increase in tissue wound
healing and regeneration when PRF was used when compared to their respective
controls. Most notably however, the use of PRF has remarkably now been utilized
in over 20 different clinical procedures in medicine and dentistry; 7 of which com-
ing from the oral and maxillofacial region. In the dental field, the most commonly
utilized use of PRF is for the treatment of extraction sockets [39, 63—65], gingival
recessions [66—68] and palatal wound closure [69—71] with PRF being additionally
utilized for the repair of potentially malignant lesions [72], regeneration of peri-
odontal defects [73], hyperplastic gingival tissues [74] and in conjunction with
periodontally accelerated osteogenic orthodontics [75]. In general medicine, the
use of PRF has been successfully utilized for hard-to-heal leg ulcers including dia-
betic foot ulcers, venous leg ulcers and chronic leg ulcers [76-80]. Furthermore,
PRF has been utilized for the management of hand ulcers [81], facial soft tissue
defects [82], laparoscopic cholecystectomy [83], in plastic surgery for the treatment
of deep nasolabial folds, volume-depleted midface regions, facial defects, superfi-
cial rhytids and acne scars [84], induction of dermal collagenesis [85], vaginal pro-
lapse repair [86], urethracutaneous fistula repair [87, 88], during lipostructure
surgical procedures [89], chronic rotator cuff tears [90] and acute traumatic ear
drum perforations [91]. Thus, there is evidently growing use of PRF for the treat-
ment of various medical procedures due to its ability to (1) speed revascularization
of defect tissues and (2) to serve as a three-dimensional fibrin matrix capable of
further enhancing wound healing.

Furthermore, a second systematic review focused only on the regenerative poten-
tial of PRF in dentistry found that of roughly 200 articles that were investigated
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Fig. 2.6 PREF clots formed to either make membranes or PRF plugs

(only clinical studies), the most commonly utilized uses of PRF were shown to be
for (1) guided bone regeneration procedures and extraction socket healing, (2) sinus
lift procedures, (3) for the treatment of gingival recessions and (4) for intrabony and
furcation defect regeneration. Of all the known clinical applications of PREF, it is
known that PRF accelerates tissue cicatrisation due to enhanced neovascularization
and ability to defend against an infectious environment found in the oral cavity.

When it comes to soft tissue management and maturation utilizing PRF, three
key elements have been encountered. PRF is able to simultaneously support the
development of angiogenesis, immunity and epithelial coverage. Fibrin has been
shown to act as the natural scaffold guiding angiogenesis which consists of the for-
mation of new blood vessels inside the wound. Thus, the requirement of an extracel-
lular matrix scaffold that allows the migration, division, and phenotypic change of
endothelial cells has been clearly demonstrated leading to faster angiogenesis.
Furthermore, the angiogenic property of PRF may further be partially explained by
the high number of trapped cytokines found within the fibrin mesh. Here a variety
of cytokines and ECM proteins have been found within PRF providing structural
and functional support for the cells and tissues involved in the regeneration process
consisting of several molecules including collagen, proteoglycans, heparin sulfate,
chondroitin sulfate, hyaluronic acid, elastin, fibronectin, and laminin. A few plasma-
derived proteins such as fibrin, thrombospondin, and fibronectin have also been
reported as provisional ECM.

Regarding the clinic use of PRF in daily dental practice, PRF scaffolds may be
utilized as both a tissue matrix/scaffold (provisional ECM) with the ability to simul-
taneously release growth factors over a 10 day period. The clots are prepared in a
PRF metallic box which allows the slight compression of their clots into membranes
or plugs to be later utilized as depicted in Fig. 2.6.

1. Socket Preservation

The most often utilized application for PRF in dental practice has been in the
management of extraction sockets [39, 64, 92, 93]. After extraction, the socket may
be filled with PRF plugs as depicted in Fig. 2.7 by utilizing the philosophy “as much
as you can” into the extraction socket. Since PRF is a natural matrix including vari-
ous wound healing cell-types, it provides the ability to increase and speed tissue
regeneration. This technique furthermore does not necessitate the use of having to
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Fig. 2.7 PRF plugs that have been utilized to fill an extraction socket followed by appropriate
suture for PRF stability. After a 3 month healing period, new bone formation taking place prior to
implant bed preparation

use another barrier membrane or other biomaterials to cover the flap as the PRF
scaffolds may be left exposed. Sutures are simply used for stabilization purposed of
the PRF matrix within the socket. Primary closure is not necessary as the material
in the socket is fully natural. Over time, the fibrin matrix is transformed into new
tissue: bone in the socket and soft tissue at the surface. The healing of the site is
completed after 3 months. Further advantages of using PRF for socket preservation
is the fact that reports have shown that PRF reduces osteomyelitits infections in
third molar extraction sites approximately tenfold and decreases the amount of pain
and analgesics taken as reported by patients [39, 64, 92, 93].

2. Sinus Lift

The principle for the use of PRF for sinus lifting is quite the same as for socket
preservation, it acts as a provisional matrix of ECM proteins which provide quick
vascularization due to its simultaneous incorporation of autologous growth factors.
Here, PRF can be utilized alone or mixed with a bone grafting material. In such
combination cases, PRF membranes may be cut into small fragments with scissors
and mixed with a bone grafting material. However, as in the sockets, PRF is often
utilized alone and many reports now point to the fact that PRF can act as a sole
grafting material when utilized (1) during sinus lifting procedures with simultane-
ous implant placement and (2) preferably in narrow sinus [94-96]. Furthermore,
PRF may be utilized for the repair of Shneiderian membranes, or to close the maxil-
lary window during lateral sinus lifting procedures (Fig. 2.8).
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Fig. 2.8 Implant placement into the sinus in combination with PRF. Notice the new bone forma-
tion taking place around the apical portion of implants after a 6 month healing period

Fig. 2.9 Gingival recession of upper canine treated with PRF alone. Notice the excellent wound
healing properties of PRF following a 6 month healing period with revascularization of the under-
lying soft tissues

3. Soft Tissue Management: Gingival Recession Regeneration

The treatment of gingival recessions with PRF has also been a highly utilized
regenerative procedure used by many periodontists. Over ten clinical studies have
now shown that in Miller Class I and II defects, PRF can be utilized as a sole grafting
material often carrying the ability to replace connective tissue grafts harvested from
the palatal sites [67, 97-108]. Therefore, PRF may be used an alternative graft mate-
rial for treating multiple adjacent recessions of the gingiva without a requirement of
a second surgical site thereby reducing patient morbidity. In such procedures, it has
commonly been reported that although PRF has the ability to significantly improve
root coverage to similar levels as CTG, one remaining limitation is it does not neces-
sarily improve the thickness of keratinized tissue. Therefore, in clinical situations



36 J. Choukroun et al.

Fig. 2.10 Multiple
gingival recession of upper
8 maxillary teeth treated
with PRF alone. Notice the
excellent root coverage of
all teeth treated with PRF
following a 6 month
healing period with great
keratinized tissue

where keratinized tissue is lacking, PRF may then be combined with a CTG in order
to improve tissue thickness while simultaneously improving tissue revascularization
and regeneration (Figs. 2.9 and 2.10).

4. Intrabony Defect Regeneration with PRF

Another area of research receiving much attention in recent years has been
regarding the use of platelet concentrates for periodontal regeneration of intrabony
and furcation [59, 60, 73, 109-116]. As such, PRF alone or combined with bone
grafts has also been utilized in a number of clinical studies showing improved
results when compared to controls alone. Recent evidence suggests that PRF alone
can be utilized for intrabony defect as successfully as various leading bone grafting
materials including demineralized freeze-dried bone allografts (DFDBA) [117].
Furthermore, PRF has been shown in three studies to significantly improves the
regeneration of Class II furcation defects [118-120].

2.5 Conclusion

The use of PRF in regenerative medicine has now seen a huge increase in its use
across many fields of medicine due to its ease of use and low-associated costs while
providing a completely autologous source of growth factor delivery. Furthermore,
recent advancements in our understanding of the regenerative potential of PRF has
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further allowed modifications to the centrifugation speeds and times (A-PRF) to
further enhance its regenerative potential and bring to clinical practice a liquid for-
mulation that is injectable during use (I-PRF).

After more than 15 years of research and more than 450 publications available in
Medline, there continues to be growing evidence and support for its use. Future
strategies are continuously being developed to further improve the clinical out-
comes following regenerative procedures utilizing platelet concentrates.
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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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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
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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



3 MSCs and Innovative Injectable Biomaterials in Dentistry 51

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 (rh