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Abstract: Tissue engineering and/or regenerative medicine are fields of life science exploiting
both engineering and biological fundamentals to originate new tissues and organs and to induce
the regeneration of damaged or diseased tissues and organs. In particular, de novo bone tissue
regeneration requires a mechanically competent osteo-conductive/inductive 3D biomaterial scaffold
that guarantees the cell adhesion, proliferation, angiogenesis and differentiation into osteogenic
lineage. Cellular components represent a key factor in tissue engineering and bone growth strategies
take advantage from employment of mesenchymal stem cells (MSCs), an ideal cell source for tissue
repair. Recently, the application of extracellular vesicles (EVs), isolated from stem cells, as cell-free
therapy has emerged as a promising therapeutic strategy. This review aims at summarizing the
recent and representative research on the bone tissue engineering field using a 3D scaffold enriched
with human oral stem cells and their derivatives, EVs, as a promising therapeutic potential in the
reconstructing of bone tissue defects.
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1. Introduction

The development of the vertebrate skeleton was described at physiological and histological level
at the end of the 19th century. The vertebrate skeleton develops from three distinct embryonic lineages:
Neuronal crest cells contribute to the craniofacial skeleton, sclerotome cells from somites give rise
to axial skeleton and lateral plate mesoderm forms the appendicular component. Bones provide
a mechanical and protective function, and also represent the housing for blood-forming marrow
and serve as a reservoir for mineral ions or as a site for the regulation of calcium ion homeostasis.
The properties of bone tissue do not persist constant with age; in fact they change during a life,
increasing and decreasing in some of the functional aspects [1,2].

Physiological bone remodeling is a highly coordinated process, responsible for bone resorption
and formation, and is necessary to repair damaged bone and to maintain mineral homeostasis. Bone
remodelling is a series of well-orchestrated biological events that are regulated by complex interactions
between the various cell types found in bone, primarily osteoblasts, osteoclasts and osteocytes. In detail,
osteoblasts, originated from mesenchymal stem cells, are the bone-forming cells, composed of 6% of
the total bone resident cell population, and are located along the bone surface; instead, osteocytes
composed of 95% bone cellular niche are the most abundant and long-living cells with a lifespan of
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decades. These cells are known for their crucial role in bone formation and resorption. Contrary to
osteoblasts, osteocytes are easily identified in a bone section due to their dendritic shape and localization
within small lacuna spaces in the hard mineralized bone matrix. Cell morphology varies between
rounded and elongated shapes depending on the bone type [3]. In recent years, new approaches for
de novo skeletal tissue formation have been developed in the tissue engineering and regenerative
medicine fields.

In last decades, many researchers focused their attention on stem cells isolated from the human
oral cavity due to their easy access, multipotent differentiation potential and high proliferation
ability [4–6]. Oral stem cells originate from neural crests and represent a transient population of
embryonic pluripotent stem cells that are induced at the lateral margins of the neural plate and migrate
extensively to populate a variety of tissues [7].

The presence of a scaffold constituted by biocompatible materials, alone or associated with stem
cells, represents a fundamental element in tissue engineering and/or regenerative medicine applications.
In fact, a large variety of implant devices have increased the quality of life of millions of people.
The advancement of technology and the development of innovative medicine lead to continuous
increase of the diversity of biomaterials. Biomaterial is any substance or a combination of substances,
natural or synthetic, that can be used independently as a part of a system to increase or replaces tissues
and organs of the body. Recently, the development of 3D printing biomaterials, including poly (lactide)
(3D-PLA), enriched with human mesenchymal stem cells (hMSCs) and/or their derivatives, such as
extracellular vesicles (EVs), has been achieving promising results, in particular in bone regeneration in
calvaria defects, in association with an enhanced vascularization offering a novel regulatory system
in osteo-angiogenesis evolution. EVs, shed by almost all cell types, appear as a new promising tool
in the biomedical field for the function in which they transport target molecules. EVs have a huge
potential as a tool for cell-free therapy in bone tissue metabolism and regeneration. EVs can be used as
a therapeutic agent by themselves or as delivery systems. Mesenchymal stem cells (MSCs) are one
of the most promising sources of EVs, especially exosomes. Mainly, MSCs are easy to obtain from
all human tissues and they have a high ex vivo expansion capacity compatible with immortalization
without compromising their therapeutic efficacy. These two facts are essential to establish a scalable
and long-term source of well-characterized EVs. In addition, their immunomodulatory effect gives
them and their derived EVs important features in autologous and allogenic therapeutic applications [8].

This review aims at summarizing the main strategies reported to date on the function of
biomaterials enriched with human oral stem cells and/or their derivatives such as extracellular vesicles
(EVs) as promising tools to improve bone tissue regeneration and repair [9].

2. Morphological Features and Phenotypic Characterization of Human Oral Stem Cells

Stem cells from oral tissue are clonogenic cells with self-renewal and multi-lineage
differentiation abilities for a variety of cell types including neural cells, adipocytes, endothelial
cells and odontoblasts [10,11].

To date, six different human dental stem cells have been described in the literature: Human dental
pulp stem cells (DPSCs), human exfoliated deciduous teeth stem cells (SHED), human periodontal
ligament stem cells (PDLSCs), human apical papilla stem cells (APSCs), human dental follicle stem
cells (DFSCs) and human gingival mesenchymal stem cells (GMSCs) [12,13].

Primary cultures of oral stem cells are colonies of bipolar fibroblastoid cells with oval nuclei
containing two or three nucleoli. Comparisons amongst DPSCs, SHEDs, PDLSCs and BMSCs (bone
marrow stromal cells) have demonstrated that DPSCs, SHEDs and PDLSCs maintain a higher growth
potential in comparison to BMSCs [14]. Commonly, a limited used of stem cells could be related to
the fact that they do not propagate in vitro for long periods. Recent studies, specifically focused on
dental stem cells, have demonstrated their excellent stability and plasticity, without compromising
their normal karyotype, even after 60 population doublings. It has also been established that the
expansion period should not be longer than 20 to 40 population doublings [15,16]. Our research group
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developed a serum-free culture system for the in vitro expansion of oral stem cells in order to use them
in clinical application [17].

Clinical applications of cell therapy represent a complex challenge due to the difficulty of operating
under strict good manufacturing procedures. It is not only necessary to validate the safety of the
proposed approach but also, first and foremost, its feasibility, without compromising the safety of the
patients and its reproducibility for the clinical application [18,19].

Our study was focused on hPDLSCs and autologous and easily obtainable cell populations
showing the essential features for human clinical use.

They are collected by scraping of the alveolar crest and/or the horizontal fibers of the periodontal
ligament tissue without morbidity for patients. The xeno-free culture maintained the characteristic
immunophenotype as well as the cells grown in mediums that contain animal sera, usually foetal
bovine serum (FBS), and cells also maintained the multipotent ability and their ex vivo expansive
potential. They also were capable of differentiating into adipogenic, osteogenic and chondrogenic
lineages. The proliferation rate of hPDLSCs, expanded under animal-serum free conditions, was
significantly increased when compared to the hPDLSCs cultured with standard a medium containing
FBS. The morphological features were similar to the typical MSCs shape, showing a fibroblastoid
morphology with evident nuclei and nucleoli.

Cell in vitro senescence during manipulation, considered a fundamental to the clinical use, is
one other major point to be considered. The maintenance of low grade of senescence large-scale
expansion of MSCs is very crucial for stem cell transplantation. The continuous passages of adult
MSCs for a longer period may affect the embryonic stemness properties, including the proliferation
and potential differentiation ability [20]. In our recent study, we demonstrated that MSCs, derived
from oral tissues, are able to maintain the gene expression of embryonic markers and proteins involved
in the proliferation at long-term passage cultures, till passage 15 [21].

In our cellular model, stem cells derived from oral tissues, in particular hPDLSCs, hDPSCs and
hGMSCs, were considered; the expression of surface antigen markers related with the MSC features;
the degree of cell proliferation rate remained unchanged when compared to stem cells at passages 2
and 15. The analyses of senescence marker expression have demonstrated the safety of transplanting
long-term cultured MSCs for stem cell therapy [21].

In clinical trials for stem cell therapy, it is necessary and helpful to study the expression of
embryonic stem cell markers; however, stem cells are required in large quantity to accomplish any
clinical trials. Thus, multiple subcultures from the starting cells are needed to obtain the optimal cell
number for transplantation; then a simple manipulation and various in vitro passages are needful.
Nevertheless, the properties of stemness, including the proliferation and differentiation ability, as well
as genetic modifications, over time, can be modulated in the prolonged culture of these dental and
other adult MSCs [22,23].

Eleuterio et al. displayed that hDPSCs, hPDLSCs and hBMSCs share similar expression profiles on
common cell surface antigens. DPSCs, PDLSCs and human BMSCs lack the expression of hematopoietic
markers such as CD14, CD18, CD24, CD34 and CD45 and they expressed CD29/integrin beta-1 cell
surface receptor, CD44, CD90, CD73, CD105 and CD150 cell surface glycoproteins, CD59 glycoprotein
and CD166 transnmembrane glycoprotein [24–26].

Taking PDLSCs as an example, they showed a cell population able to differentiate into neural
and mesodermal tissue [26], in particular into osteoblast/cementoblast-like cells, adipocytes and
chondrogenic cells [27]. Recently, our research group reported that hPDLSCs expressed neural protein
markers as Nestin and GAP-43 according to their neural crest origin. GAP-43 is expressed in glial cells
of the nervous system and in the periodontal Ruffini endings, in which it has an important role in nerve
regeneration/development processes [28,29]. Pizzicannella et al. demonstrated that PDLSCs could be
induced to differentiate in endothelial cells and also in cardiomyocytes expressing sarcomeric actin and
cardiac troponin T as cardiac cell markers [30]. Other authors reported the possibility of generating
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islet-like cells from PDLSCs expressing endoderm- and pancreas-related genes [31]. Moreover, the
differentiation into retinal ganglion-like cells has been demonstrated in PDLSCs [32] (Figure 1).
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The in vivo and in vitro experiments have demonstrated that the hPDLSCs are the master regulator
of osteogenic differentiation. The hPDLSCs used in combination with different biomaterials were
able to promote a bone regeneration process for the treatment of bone loss and ossification defects
caused by senescence or accidental or surgery trauma. In fact, in our previous work we demonstrated
that different types of biomaterials enriched by hPDLSCs and grafted in bone defects of mouse
calvaria enhanced the bone regeneration process through the commitment and the induction of the
differentiation of host cells [33].

Recently, Gingiva-derived MSCs (GMSCs), a novel type of multipotent MSCs showing potential
self-renewing multipotent differentiation into several cell lineages and immunomodulatory capacities,
has been described [34,35]. GMSCs attract an increasing consideration for their easy isolation, stable
phenotype, normal karyotype, high proliferative capacity and telomerase activity after long-term
culture [36]. GMSCs and PDLSCs are considered to be optimal candidates for tissue engineering
and cell-based therapies [37]. For this reason the present review was focused on GMSC and PDLSC
populations as stem cells used in bone skeletal segment reconstruction.

Nevertheless, oral MSC-based therapy is limited by the potential risk of unpredictable cell
proliferation and differentiation. To avoid these risks, cell-free therapy appears as a promising
strategy [38]. This cell-free therapy evidenced fewer side effects than MSC transplantation. Furthermore,
MSC-derived EVs pass through capillaries more easily, whereas MSCs are too large to circulate through
capillaries and a small proportion of them integrate in a perivascular niche.

3. Biogenesis and Characterization of EVs

EVs have huge potential as a tool for cell-free therapy in regenerative medicine. For instance,
MSC-derived EVs are able to promote cell viability, proliferation, angiogenesis and immune responses.
Exploiting the paracrine effects of stem and progenitor cells without having to administer living,
replicating, potentially multipotent cell populations is an advantage in regard to safety, regulation
and complexity. MSC-derived EVs are likely to obtain the osteogenic goal via modulating the cells
and cytokines implicated in bone metabolism. In this review we summarized the function of EVs
and MSCs in bone metabolism and regeneration. Recently, the development of biomaterials with the
addition of stem cells gave promising results for the treatment of bone defects [39].
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Nowadays, nano-sized vesicles, called extracellular vesicles (EVs), isolated from different cell
sources represent a new tool for a regenerative and therapeutic approach to tissue regeneration
applications [40]. For this reason, the International Society for Extracellular Vesicles (ISEV) has
published position statements outlining criteria for defining these complex bioactive nanoparticles [41].
The latest research showed that EVs are associated with bone metabolism, bone healing and a potential
capacity for mineralization [42]. Extracellular vesicles (EVs) are lipid bilayer-bound vesicles generated
by cells with the property of being involved in intercellular communication. Released membrane
vesicles from eukaryotic cells, as exosomes, microparticles, microvesicles and apoptotic bodies, can be
retained as a dynamic extracellular vesicular compartment, strategic for their paracrine or autocrine
biological effects in tissue metabolism [43]. In particular, EVs and their soluble secretory products, also
called ‘secretome’, contain abundant proteins, nucleic acids, lipids and a pool of soluble cytokines; they
seem to act as biomarkers in many cell functions [44]. Due to their size (50–1000 nm), EVs can circulate
in the human body and in particular are present in most biological fluids. EVs are currently classified
into three main types determined by their different biogenesis machinery. In brief, the first category is
represented from exosomes, vesicles formed in multivesicular bodies (MVBs) and secreted by cells
when MVBs fuse with the cytoplasmic membrane. The size of exosomes ranges between 50 and 150
nm, with density sizes from 1.15 to 1.19 g/mL. On the contrary, microvesicles (MVs) are generated
through budding of the cell membrane. They show heterogeneous sizes ranging from 50 to 1000 nm
with densities from 1.12 to 1.16 g/mL. A last category of EV subtypes consists of apoptotic bodies that
are formed during the cell apoptotic process. Despite EVs’ promise of diagnostic and therapeutic
applications, effective and pure isolation is still a problem that should be overcome. Specific protein
markers for EVs have been planned so that isolation and verification could be easier. In fact, many
markers in EVs have been evidenced, such as: Endosomal sorting complexes required for transport
(ESCRT), system components (such as TSG101 and Alix) [45], tetraspanin proteins (such as CD9 and
CD63) and some Rab small GTPase participating in the biogenesis of EVs (such as Rab27a, Rab27b and
Rab35) [44]. Recently, EVs from GMSCs have been characterized through multiparametric analysis
and they have been used in functionalizing the scaffold for bone tissue regeneration [9].

The DLS analysis of gingival EVs evidenced the presence of a heterogeneous population of EVs,
spanning from 100 to 1200 nm. In particular, two main dimensional populations could be identified, the
average diameter of the first population being 93 ± 24 nm and that of the second population being 1200
± 400 nm with a ζ-potential of −10.7 ± 0.9 mV. Scanning microscopy analysis highlights the presence
of a large number of globular EVs of different dimensions with a central depression, thus confirming
previous reports on the shape of EVs as well as DLS data [46]. Moreover, human GMSC-derived EVs
showed specific markers, such as: CD9, CD63, CD81, TSG101.

Functionalization of the EVs has not only enriched their functions, but also broadened their
biomedical applications [47]. EVs can be functionalized to improve their performance using
polyethylenimine (PEI), a synthetic polymer that covers EV surface. In our previous study, published
by F. Diomede et al, the properties of collagen membrane-engineered scaffolds enriched with hPDLSCs
and EVs or with hPDLSCs and PEI-EVs in bone regeneration through in vitro and in vivo evaluations
were studied.

The study suggested that EVO enriched with hPDLSCs and PEI-EVs is capable of inducing bone
regeneration. In particular, PEI-EVs played a key role in the activation of the osteogenic regenerative
process. Indeed, the presence of PEI-EVs improved the mineralization process and induced an extensive
vascular network, suggesting an osseointegration process. These data encourage a deep investigation
of PEI-EVs in order to use them in bone tissue regeneration in combination with different types of
scaffolds and SCs (Figure 2) [48].
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Figure 2. Extracellular vesicle (EV) and polyethyleneimine (PEI)-engineered EV (PEI-EV)
characterization. (A1,A2) Atomic force microscopy pictures of EVs and PEI-EVs. (Table) Average
size and ζ-potential of EVs and PEI-EVs. (B1,B2) Confocal laser scanning microscopy observations of
fluorescent stained EVs cultured with GMSCs. (C1,C2) Confocal laser scanning microscopy observations
of fluorescent stained PEI-EVs cultured with GMSCs. (D) Western blot showing the positivity for CD9,
CD63, CD81 and TSG101. figure published in reference [9].

4. Clinical Potential and Current Progress of Biomaterials and Human Oral Stem Cells in Bone
Tissue Regeneration

The primary characteristics of bone tissue engineering involve the chemical composition and
geometry of the scaffold designed to improve osteogenic differentiation; in fact, many studies have
been carried out to better understand the role of biomaterials in the biochemistry and physiology of
the bone tissue formation and vascularization. In particular, the use of scaffolds represents an integral
part of bone tissue engineering, the composition and surface topography can have distinct effects
on the local mediator production operated by cells, leading to downstream autocrine and paracrine
regulation not only into neighboring cells, but also in cells that may be distant from the device [49,50].
Moreover, geometric characteristics can modulate the cell responses to local and systemic regulatory
agents, in part through changes in the phenotypic expression and maturation state. All biomaterials,
used for bone regeneration, should enhance bone growth directly in contact with the biomaterial
surface from the surrounding bone (osteoconduction), but it should also be capable of inducing
osteoinduction. An osteoinductive biomaterial should be able to recruit osteoprogenitor cells and
transform an undifferentiated mesenchymal cell into an osteoblast [51]. Furthermore, It should allow
colonization by the host blood vessels and be biocompatible and resorbable [52].

To understand the biological effects of the properties of biomaterials on biological functions, how
these materials with manageable properties (e.g., compositional/degradable dynamics, mechanical
properties, 2D topography and 3D geometry) can control cell behaviors (e.g., cell adhesion, spreading,
proliferation, cell alignment and the differentiation or self-maintenance of stem cells) and tissue/organ
functions needs to be taken into considerations [53,54].

These devices must have some fundamental features including biocompatibility, biodegradability,
mechanical strength and matrix properties. Therefore, the novel design of three-dimensional printing
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biomaterials that could be used as bone substitutes considered to induce minimal or no immune
response and promote implant/tissue interaction have been encouraged [55]. In bone tissue regeneration
the ability to obtain an architectural reconstruction of efficient bone, during bone trauma, osteoporosis,
arthritis, osteonecrosis and periodontitis, still remains an important goal. To enhance the bone repair
process, the inflammatory response needs to be activated, while in the late bone remodeling the
adaptive immune response is required.

Biomaterial remains a fundamental actor of this process, influencing the cell/tissue interactions,
and its application still remains a promising strategy in bone tissue regeneration.

As extensively reported in the literature, several materials are currently used and widely studied
for the construction of the scaffolds able to sustain the bone regenerative process [56].

In this review we focused our attention on two biomaterials: 3D-PLA and EVO membrane. In detail,
the role of PLA in the regenerative medicine field is due to its biodegradability, biocompatibility, thermal
plasticity and suitable mechanical properties [52]. The 3D-PLA was obtained from three-dimensional
printing, which allows fabrication of complex scaffold designs with different interconnections, porosity
and pore shapes that were previously difficult to build. In this review, we reported five innovative
original designs of 3D-PLA scaffolds printed and their filament/pore sizes have been characterized.

The EVO membrane is a high-consistency dense collagen fiber derived from equine mesenchymal
tissue. The major characteristics of this material are its maximum adaptability to hard and soft tissue,
easy and secure suturability of nearby tissue, ample stability and sufficient protection of underlying
grafts. In the tissue engineering field, the use of biomaterials enriched with mesenchymal stem cells is
a new approach to promoting the reconstruction of bone critical defects [9].

The ability of cells to differentiate and adhere to biomaterials was affected by the mechanical
properties of the scaffold, such as fiber width, porosity and matrix stiffness [57]. In particular, to
induce cell osteogenic differentiation, harder scaffolds, composed by synthetic polymers, showed the
best performances [56]. On the other hand, many studies demonstrated that a favorable regenerative
microenvironment is created by ECM-based scaffolds, which lead to tissue remodeling and act as
a template for the restoration of the bone tissue and other types of tissues [58]. The practice with
ECM-based scaffolds displayed several advantages, such as low immunogenicity, differentiation
and angiogenesis processes. Moreover, ECM scaffolds with a three-dimensional structure provide
a mechanical support for the surrounding cells, constructing a favorable microenvironment that
promotes cell adhesion and commitment during tissue regeneration, maintaining the original geometry
and flexibility of the area regenerated [58].

Collagen-based materials are widely used during surgical and in postoperative surgical processes,
and they can also have many other applications in different fields due to their primary role in the
healing/regeneration process. Collagen has often been chosen in the tissue engineering field for its many
advantages, e.g., its high biocompatibility, its low antigenicity with the main endogenous tissues and its
biodegradability [59]. This protein is used in different forms such as sponges, injectable gels, films and
membranes [60]. In particular, the collagen membranes, widely used in bone tissue engineering for their
several positive effects, are able to promote the wound healing process, to reinforce a compromised tissue
and to guide bone tissue regeneration in large skeletal defects [61]. The collagen-based materials can
be considered an interface between natural and synthetic molecules, which are capable of stimulating
the bone formation process in a damaged area [62].

Some molecules or ions were incorporated into bone scaffolds in order to provide a favorable
microenvironment for MSC differentiation and also in order to enhance blood vessels and bone
formation [63]. Collagen membranes can enrich with different bioactive molecules and stem cells in
order to ameliorate and facilitate the healing process. For future clinical translation, it is mandatory to
improve the efficacy of bone tissue-engineered scaffolds with cells and/or their secreted molecules,
as well as the determination of the best biomaterial and optimal cell manipulation [64].

The most used synthetic and biodegradable scaffolds are PCL, PLGA and PLA scaffolds as
well as their copolymers [65,66], especially PLA for its biodegradability, biocompatibility, thermal
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plasticity and suitable mechanical properties [67]. PLA can be used as a filament for three-dimensional
printing, which allows the development of a complex scaffold designed with different interconnections,
porosity and shape [68]. The absorbable polymers used in bone tissue engineering must ensure
mechanical stability while degrading, thus keeping defect site stability during bone regeneration.
Moreover, 3D-PLA printed scaffold biomaterial provided the best mechanical stability over time during
their degradation [9].

Exceptionally intriguing are the data showing the upregulation of particular genes reported to be
involved in osteoblast differentiation activated through TGF-β signaling, and these genes were found
to be expressed at higher levels in 3DPLA + PEI-EVs + hGMSCs compared to hGMSCs [69].

In vitro and in vivo analysis evidenced that the EVO membrane with a high-consistency dense
collagen fiber derived from equine mesenchymal tissue enriched with hPDLSCs and PEI-EVs is able to
promote a bone-regeneration process for the treatment of calvarium and ossification defects caused
by accidental or surgery trauma. In particular, PEI-EVs had a significant role in the activation of the
osteogenic process [48] (Figure 3).

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 14 

 

The most used synthetic and biodegradable scaffolds are PCL, PLGA and PLA scaffolds as well 

as their copolymers [65,66], especially PLA for its biodegradability, biocompatibility, thermal 

plasticity and suitable mechanical properties [67]. PLA can be used as a filament for 

three-dimensional printing, which allows the development of a complex scaffold designed with 

different interconnections, porosity and shape [68]. The absorbable polymers used in bone tissue 

engineering must ensure mechanical stability while degrading, thus keeping defect site stability 

during bone regeneration. Moreover, 3D-PLA printed scaffold biomaterial provided the best 

mechanical stability over time during their degradation [9]. 

Exceptionally intriguing are the data showing the upregulation of particular genes reported to 

be involved in osteoblast differentiation activated through TGF-β signaling, and these genes were 

found to be expressed at higher levels in 3DPLA + PEI-EVs + hGMSCs compared to hGMSCs [69]. 

In vitro and in vivo analysis evidenced that the EVO membrane with a high-consistency dense 

collagen fiber derived from equine mesenchymal tissue enriched with hPDLSCs and PEI-EVs is able 

to promote a bone-regeneration process for the treatment of calvarium and ossification defects 

caused by accidental or surgery trauma. In particular, PEI-EVs had a significant role in the activation 

of the osteogenic process [48] (Figure 3). 

 

Figure 3. Collagen-based membrane in vivo functional evaluation. (A) Real time-PCR graph of 

BMP2/4 expression in different experimental groups after six weeks of in vitro culture (n = 3). (B) 

Western blot analysis of BMP2/4. Immunofluorescence staining of BMP2/4 showed the presence of 

the protein in semithin section samples obtained after six weeks of grafting in rat calvaria in (C) EVO, 

(D) EVO + hPDLSCs, (E) EVO + EVs, (F) EVO + EVs + hPDLSCs, (G) EVO + PEI-EVs and (H) EVO + 

PEI-EVs + hPDLSCs. Magnification: ×20; C, mouse calvarium; *, EVO. figure published in reference 

[48]. 

In our previous studies, collagen-derived membranes were used. The evolution (EVO; Tecnoss 

Dental, Giaveno, Italy) three-dimensional membrane is a high-consistency dense collagen fiber 

derived from equine or bovine mesenchymal tissue. It was reported as a sterile dried membrane 

with smooth and microrough surfaces; its surface geometry has been observed through scanning 

electron microscopy. This membrane showed a high adaptability to hard and soft tissue, easy and 

secure suturability of nearby tissue, ample stability and sufficient protection of underlying grafts; 

these features allow the use of this material in different surgical procedures, making this technology 

easy to work in vivo or to manipulate in vivo [70]. 

Figure 3. Collagen-based membrane in vivo functional evaluation. (A) Real time-PCR graph of BMP2/4
expression in different experimental groups after six weeks of in vitro culture (n = 3). (B) Western blot
analysis of BMP2/4. Immunofluorescence staining of BMP2/4 showed the presence of the protein in
semithin section samples obtained after six weeks of grafting in rat calvaria in (C) EVO, (D) EVO +

hPDLSCs, (E) EVO + EVs, (F) EVO + EVs + hPDLSCs, (G) EVO + PEI-EVs and (H) EVO + PEI-EVs +

hPDLSCs. Magnification: ×20; C, mouse calvarium; *, EVO. figure published in reference [48].

In our previous studies, collagen-derived membranes were used. The evolution (EVO; Tecnoss
Dental, Giaveno, Italy) three-dimensional membrane is a high-consistency dense collagen fiber derived
from equine or bovine mesenchymal tissue. It was reported as a sterile dried membrane with smooth
and microrough surfaces; its surface geometry has been observed through scanning electron microscopy.
This membrane showed a high adaptability to hard and soft tissue, easy and secure suturability of
nearby tissue, ample stability and sufficient protection of underlying grafts; these features allow the
use of this material in different surgical procedures, making this technology easy to work in vivo or to
manipulate in vivo [70].
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Collagen-based materials are of extreme importance for tissue engineering and regenerative
medicine due to their structure and high similarity to the main bone matrix components in vivo.
Collagen membranes were reported to induce osteogenesis in situ [71].

Collagen is resistant to the proteolysis, although the peptide bonds in a triple helix are occluded
from enzyme active sites, single-stranded regions are cleaved by matrix metalloproteinases (MMPs).
High biocompatibility and intrinsic biodegradability by endogenous collagenases makes exogenous
collagen ideal for use in biomedical applications [72]. Other than collagen-based membranes, several
collagen-based biomaterials are used in clinical practice, such as collagenized porcine bone xenografts,
biocompatible, bioabsorbable and also osteoconductive granule formulations both already tested
in in vitro and in in vivo animal models [73]. Moreover, composites formed by porous sponge-like
collagen, HA composites with ratios of 80:20 and 50:50, showed good biocompatibility and biomimetic
properties and promoted adhesion and proliferation of MSCs, including hPDLSCs [74]. PDLSCs
loaded on a biomimetic intrafibrillarly mineralized collagen scaffold exhibited excellent regeneration
properties showing deposition of new bone with normal architecture and vascularization [75].

An EVO scaffold membrane, implanted in rat calvaria, did not present immunogenic effects;
as previously demonstrated, after six weeks a porcine cortico-cancellous scaffold is able to induce the
secretion of the extracellular matrix from numerous cells with fibroblast-like morphology [48].

Nowadays, the ability to increase osteoblast commitment using in vitro exosomes originating
from mineralizing osteoblasts through the upregulation of β-catenin has been explored [76].

Exosome-functionalized β-TCP scaffold promotes bone repair and regeneration in a rat model
of calvaria bone defects, opening a new strategy in the use of SC-secreted products as a potential
therapeutic approach [77]. For instance, engineered polyethylenimine (PEI) EVs improved the
mineralization process and induced an extensive vascular network in rat calvaria. PEI is a synthetic
polymer with high cationic charge density due to the presence of protonatable amino groups [78]. PEI is
generally used to deliver DNA molecules and small oligonucleotides. Furthermore, PEI showed in an
in vitro model low toxicity and high biological activity after 24 h of treatment. This effect was likely due
to PEI’s capacity to form non-convalent complexes with the DNA, which can be efficiently taken up by
cells through endocytosis [78]. In our scientific project, EVs complexed with PEI are a strategic feature
to induce bone regeneration, exhibiting a positive effect on cell morphology and gene transcription.
These data support a new concept of personalized therapy, in which EVs and PEI-EVs may be collected
by hPDLSCs and hGMSCs isolated from the patient, and which showed no immunorejection and
infections once applied to the scaffold. Bone tissue engineering relies on the development of a vascular
system designed for the delivery of oxygen and nutrients and also able to clear cell debris. This
process, called angiogenesis, is regulated through a complex system of molecular signals as microRNAs
(miRNAs), short noncoding RNAs composed of 20–22 nucleotides, which play an important role in the
regulation of protein levels involved in the transduction of angiogenic signals [79,80]. In particular,
miR-210 is involved in the inhibition of the expression of tumor suppressive genes and in the induction
of cell proliferation and also plays a significant role in the regulation of angiogenesis correlated to
VEGF expression [79]. PDLSCs grown in the three-dimensional inorganic bovine bone substitute
showed an upregulation of miR-210 and VEGF. These results evidence that granules can be considered
not only an adequate biocompatible three-dimensional biomaterial granules, but also an effective
inductor of miR-210 and VEGF in the early steps of the bone-regeneration process. On the other hand,
the 3D-COL enriched with hPDLSCs and PEI-EVs may promote bone regeneration of calvaria defects,
and also presents an increase in vascularization evidenced through the upregulation of the vascular
endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR2) [39].

The full treatment promotes the replacement of the damaged or non-functional tissues and
the reconstruction of bone large skeletal defects caused by anomalies due to the effect of both soft
and hard tissues by trauma and by bone recessions from tumors and cysts, or even by congenital
disorders; the development of biomaterials functionalized with molecules or cell derivatives represents
a socioeconomic need and a promising novel approach.
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Biomaterials enriched with MSCs are capable of inducing bone regeneration. In particular,
oral-derived stem cells, an alternative source of MSCs, represent a novel application in regenerative
medicine, not only in dental restoration but also in other diseases. In fact, MSCs from oral tissues,
presenting stem cell-associated cell surface markers, can be considered an interesting accessible
autologous platform of stem cells. Moreover, dental MSCs, originating from neural crests, express
embryonic stemness markers, which influence their multilineage differentiation potentials in vitro.

Oral-derived MSCs cultured in serum-free conditions do not interfere with their self-renewal and
differentiation processes. They also present several advantages, such as large clinical-scale production
of numerous competent stem cells without showing in vitro senescence for the passage from basic to
translational research in transplantation, immune-therapy and regenerative medicine. In particular,
the use of cell derivatives, as EVs or functionalized EVs, as PEI-EVs, played a key role in the activation
of the osteogenic regenerative process, avoiding the direct use of stem cells with all their concerns.
PEI-EVs improved the mineralization process and induced an extensive vascular network, suggesting
an osseointegration process. These data encouraged a deep investigation of PEI-EV or MSC derivatives
in order to use them in bone tissue regeneration in combination with different types of scaffolds and
MSCs aimed at reaching a stem cell-free therapy approach.

Safety aspects must be highlighted from various perspectives (e.g., donor, recipient, product,
manufacturing, clinical application). EVs will be considered biological medicinal products; it is
anticipated that new rules explicitly regulating EV-based therapies are not needed. Existing European
guidance on biological active substances covers the manufacturing and clinical evaluation of novel
EV-based therapeutics. The demonstration of the safety and efficacy of novel drugs is a challenge for
developers and clinical investigators.

5. Conclusions

The treatment for serious fractures and critical size bone defects requires the assistance of the tissue
engineering field. For this reason, the identification of novel therapeutic strategies, which will lead to
improved patient outcomes, are urgently needed. Hence, tissue engineering employs a combination of
stem cells and their derivatives (EVs), biomaterials/scaffolds, to repair damaged bone and to enhance
bone regrowth. This review aims at summarizing the recent and representative research in the bone
tissue engineering field using different biomaterials such as 3D-PLA and EVO membrane alone and/or
enriched with oral mesenchymal stem cells and their derivatives that can be used as a promising
therapeutic approach in the reconstructing of bone tissue defects.

Funding: “This research was funded by OT ex60% Research Funds of University “G. d’Annunzio”,
Chieti-Pescara (OT60/2017).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Florencio-Silva, R.; Sasso, G.R.D.; Sasso-Cerri, E.; Simoes, M.J.; Cerri, P.S. Biology of Bone Tissue: Structure,
Function, and Factors That Influence Bone Cells. Biomed. Res. Int. 2015. [CrossRef] [PubMed]

2. Boskey, A.L.; Coleman, R. Aging and bone. J. Dent. Res. 2010, 89, 1333–1348. [CrossRef] [PubMed]
3. Calejo, I.; Costa-Almeida, R.; Gomes, M.E. Cellular Complexity at the Interface: Challenges in Enthesis

Tissue Engineering. Cell Biol. Transl. Med. 2019, 1144, 71–90.
4. Paduano, F.; Marrelli, M.; Amantea, M.; Rengo, C.; Rengo, S.; Goldberg, M.; Spagnuolo, G.; Tatullo, M.

Adipose Tissue as a Strategic Source of Mesenchymal Stem Cells in Bone Regeneration: A Topical Review on
the Most Promising Craniomaxillofacial Applications. Int. J. Mol. Sci. 2017, 18, 2140. [CrossRef] [PubMed]

5. Nocca, G.; Calla, C.; Martorana, G.E.; Cicillini, L.; Rengo, S.; Lupi, A.; Cordaro, M.; Gozzo, M.L.; Spagnuolo, G.
Effects of Dental Methacrylates on Oxygen Consumption and Redox Status of Human Pulp Cells. Biomed.
Res. Int. 2014. [CrossRef] [PubMed]

6. Spagnuolo, G.; Codispoti, B.; Marrelli, M.; Rengo, C.; Rengo, S.; Tatullo, M. Commitment of Oral-Derived
Stem Cells in Dental and Maxillofacial Applications. Dent. J. 2018, 6, 72. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2015/421746
http://www.ncbi.nlm.nih.gov/pubmed/26247020
http://dx.doi.org/10.1177/0022034510377791
http://www.ncbi.nlm.nih.gov/pubmed/20924069
http://dx.doi.org/10.3390/ijms18102140
http://www.ncbi.nlm.nih.gov/pubmed/29027958
http://dx.doi.org/10.1155/2014/956579
http://www.ncbi.nlm.nih.gov/pubmed/24693541
http://dx.doi.org/10.3390/dj6040072
http://www.ncbi.nlm.nih.gov/pubmed/30551556


Int. J. Mol. Sci. 2019, 20, 4987 11 of 14

7. Ibarretxe, G.; Crende, O.; Aurrekoetxea, M.; Garcia-Murga, V.; Etxaniz, J.; Unda, F. Neural crest stem cells
from dental tissues: A new hope for dental and neural regeneration. Stem Cells Int. 2012, 2012, 103503.
[CrossRef] [PubMed]

8. Garcia-Manrique, P.; Matos, M.; Gutierrez, G.; Pazos, C.; Blanco-Lopez, M.C. Therapeutic biomaterials based
on extracellular vesicles: Classification of bio-engineering and mimetic preparation routes. J. Extracell Vesicles
2018, 7, page. [CrossRef]

9. Diomede, F.; Gugliandolo, A.; Cardelli, P.; Merciaro, I.; Ettorre, V.; Traini, T.; Bedini, R.; Scionti, D.; Bramanti, A.;
Nanci, A.; et al. Three-dimensional printed PLA scaffold and human gingival stem cell-derived extracellular
vesicles: A new tool for bone defect repair. Stem Cell Res. Ther. 2018, 9, page. [CrossRef]

10. Trubiani, O.; Toniato, E.; Di Iorio, D.; Diomede, F.; Merciaro, I.; D’Arcangelo, C.; Caputi, S. Morphological
Analysis and Interleukin Release in Human Gingival Fibroblasts Seeded on Different Denture Base Acrylic
Resins. Int. J. Immunopath. Ph. 2012, 25, 637–643. [CrossRef]

11. Diomede, F.; Zini, N.; Pizzicannella, J.; Merciaro, I.; Pizzicannella, G.; D’Orazio, M.; Piattelli, A.; Trubiani, O.
5-Aza Exposure Improves Reprogramming Process Through Embryoid Body Formation in Human Gingival
Stem Cells. Front Genet 2018, 9, 419. [CrossRef] [PubMed]

12. Trubiani, O.; Ballerini, P.; Murmura, G.; Pizzicannella, J.; Giuliani, P.; Buccella, S.; Caputi, S. Toll-Like Receptor
4 Expression, Interleukin-6,-8 and Ccl-20 Release, and Nf-Kb Translocation in Human Periodontal Ligament
Mesenchymal Stem Cells Stimulated with Lps-P-Gingivalis. Eur. J. Inflamm. 2012, 10, 81–89. [CrossRef]

13. Park, Y.J.; Cha, S.H.; Park, Y.S. Regenerative Applications Using Tooth Derived Stem Cells in Other Than
Tooth Regeneration: A Literature Review. Stem Cells Int. 2016. [CrossRef] [PubMed]

14. Ivanovski, S.; Gronthos, S.; Shi, S.; Bartold, P.M. Stem cells in the periodontal ligament. Oral Dis. 2006, 12,
358–363. [CrossRef] [PubMed]

15. Avinash, K.; Malaippan, S.; Dooraiswamy, J.N. Methods of Isolation and Characterization of Stem Cells from
Different Regions of Oral Cavity Using Markers: A Systematic Review. Int. J. Stem Cells 2017, 10, 12–20.
[CrossRef] [PubMed]

16. Paduano, F.; Marrelli, M.; White, L.J.; Shakesheff, K.M.; Tatullo, M. Odontogenic Differentiation of Human
Dental Pulp Stem Cells on Hydrogel Scaffolds Derived from Decellularized Bone Extracellular Matrix and
Collagen Type I. PloS ONE 2016, 11, e0148225. [CrossRef] [PubMed]

17. Chase, L.G.; Lakshmipathy, U.; Solchaga, L.A.; Rao, M.S.; Vemuri, M.C. A novel serum-free medium for the
expansion of human mesenchymal stem cells. Stem Cell Res. Ther. 2010, 1, page. [CrossRef] [PubMed]

18. Banfi, A.; Muraglia, A.; Dozin, B.; Mastrogiacomo, M.; Cancedda, R.; Quarto, R. Proliferation kinetics and
differentiation potential of ex vivo expanded human bone marrow stromal cells: Implications for their use in
cell therapy. Exp. Hematol. 2000, 28, 707–715. [CrossRef]

19. Salvade, A.; Belotti, D.; Donzelli, E.; D’Amico, G.; Gaipa, G.; Renoldi, G.; Carini, F.; Baldoni, M.; Pogliani, E.M.;
Tredici, G.; et al. GMP-grade preparation of biomimetic scaffolds with osteo-differentiated autologous
mesenchymal stromal cells for the treatment of alveolar bone resorption in periodontal disease. Cytotherapy
2007, 9, 427–438. [CrossRef]

20. Yu, J.; He, H.; Tang, C.; Zhang, G.; Li, Y.; Wang, R.; Shi, J.; Jin, Y. Differentiation potential of STRO-1+ dental
pulp stem cells changes during cell passaging. BMC Cell Biol. 2010, 11, 32. [CrossRef]

21. Diomede, F.; Rajan, T.S.; Gatta, V.; D’Aurora, M.; Merciaro, I.; Marchisio, M.; Muttini, A.; Caputi, S.;
Bramanti, P.; Mazzon, E.; et al. Stemness Maintenance Properties in Human Oral Stem Cells after Long-Term
Passage. Stem Cells Int. 2017, 2017, 5651287. [CrossRef] [PubMed]

22. d’Aquino, R.; Graziano, A.; Sampaolesi, M.; Laino, G.; Pirozzi, G.; De Rosa, A.; Papaccio, G. Human postnatal
dental pulp cells co-differentiate into osteoblasts and endotheliocytes: A pivotal synergy leading to adult
bone tissue formation. Cell Death Differ 2007, 14, 1162–1171. [CrossRef] [PubMed]

23. Dhanasekaran, M.; Indumathi, S.; Lissa, R.P.; Harikrishnan, R.; Rajkumar, J.S.; Sudarsanam, D.
A comprehensive study on optimization of proliferation and differentiation potency of bone marrow
derived mesenchymal stem cells under prolonged culture condition. Cytotechnology 2013, 65, 187–197.
[CrossRef] [PubMed]

24. Menicanin, D.; Mrozik, K.M.; Wada, N.; Marino, V.; Shi, S.T.; Bartold, P.M.; Gronthos, S.
Periodontal-Ligament-Derived Stem Cells Exhibit the Capacity for Long-Term Survival, Self-Renewal,
and Regeneration of Multiple Tissue Types in Vivo. Stem Cells Dev. 2014, 23, 1001–1011. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2012/103503
http://www.ncbi.nlm.nih.gov/pubmed/23093977
http://dx.doi.org/10.1080/20013078.2017.1422676
http://dx.doi.org/10.1186/s13287-018-0850-0
http://dx.doi.org/10.1177/039463201202500310
http://dx.doi.org/10.3389/fgene.2018.00419
http://www.ncbi.nlm.nih.gov/pubmed/30349553
http://dx.doi.org/10.1177/1721727X1201000109
http://dx.doi.org/10.1155/2016/9305986
http://www.ncbi.nlm.nih.gov/pubmed/26798366
http://dx.doi.org/10.1111/j.1601-0825.2006.01253.x
http://www.ncbi.nlm.nih.gov/pubmed/16792719
http://dx.doi.org/10.15283/ijsc17010
http://www.ncbi.nlm.nih.gov/pubmed/28531913
http://dx.doi.org/10.1371/journal.pone.0148225
http://www.ncbi.nlm.nih.gov/pubmed/26882351
http://dx.doi.org/10.1186/scrt8
http://www.ncbi.nlm.nih.gov/pubmed/20504289
http://dx.doi.org/10.1016/S0301-472X(00)00160-0
http://dx.doi.org/10.1080/14653240701341995
http://dx.doi.org/10.1186/1471-2121-11-32
http://dx.doi.org/10.1155/2017/5651287
http://www.ncbi.nlm.nih.gov/pubmed/28469672
http://dx.doi.org/10.1038/sj.cdd.4402121
http://www.ncbi.nlm.nih.gov/pubmed/17347663
http://dx.doi.org/10.1007/s10616-012-9471-0
http://www.ncbi.nlm.nih.gov/pubmed/22729554
http://dx.doi.org/10.1089/scd.2013.0490
http://www.ncbi.nlm.nih.gov/pubmed/24351050


Int. J. Mol. Sci. 2019, 20, 4987 12 of 14

25. Menicanin, D.; Bartold, P.M.; Zannettino, A.C.W.; Gronthos, S. Identification of a Common Gene Expression
Signature Associated with Immature Clonal Mesenchymal Cell Populations Derived from Bone Marrow and
Dental Tissues. Stem Cells Dev. 2010, 19, 1501–1510. [CrossRef] [PubMed]

26. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef]

27. Pan, K.; Sun, Q.; Zhang, J.; Ge, S.; Li, S.; Zhao, Y.; Yang, P. Multilineage differentiation of dental follicle cells
and the roles of Runx2 over-expression in enhancing osteoblast/cementoblast-related gene expression in
dental follicle cells. Cell Proliferat 2010, 43, 219–228. [CrossRef]

28. Mammana, S.; Gugliandolo, A.; Cavalli, E.; Diomede, F.; Iori, R.; Zappacosta, R.; Bramanti, P.; Conti, P.;
Fontana, A.; Pizzicannella, J.; et al. Human gingival mesenchymal stem cells pretreated with vesicular
moringin nanostructures as a new therapeutic approach in a mouse model of spinal cord injury. J. Tissue Eng.
Regen. Med. 2019. [CrossRef]

29. Maeda, T.; Ochi, K.; Nakakura-Ohshima, K.; Youn, S.H.; Wakisaka, S. The Ruffini ending as the primary
mechanoreceptor in the periodontal ligament: Its morphology, cytochemical features, regeneration,
and development. Crit. Rev. Oral Biol. M. 1999, 10, 307–327. [CrossRef]

30. Pizzicannella, J.; Diomede, F.; Merciaro, I.; Caputi, S.; Tartaro, A.; Guarnieri, S.; Trubiani, O. Endothelial
committed oral stem cells as modelling in the relationship between periodontal and cardiovascular disease.
J. Cell. Physiol. 2018, 233, 6734–6747. [CrossRef]

31. Lee, J.S.; An, S.Y.; Kwon, I.K.; Heo, J.S. Transdifferentiation of human periodontal ligament stem cells into
pancreatic cell lineage. Cell Biochem Funct. 2014, 32, 605–611. [CrossRef] [PubMed]

32. Ng, T.K.; Yung, J.S.Y.; Choy, K.W.; Cao, D.; Leung, C.K.S.; Cheung, H.S.; Pang, C.P. Transdifferentiation of
periodontal ligament-derived stem cells into retinal ganglion-like cells and its microRNA signature. Sci. Rep.
2015, 5, 16429. [CrossRef] [PubMed]

33. Diomede, F.; Merciaro, I.; Martinotti, S.; Cavalcanti, M.F.X.B.; Caputi, S.; Mazzon, E.; Trubiani, O. miR-2861
IS INVOLVED IN OSTEOGENIC COMMITMENT OF HUMAN PERIODONTAL LIGAMENT STEM CELLS
GROWN ONTO 3D SCAFFOLD. J. Biol. Regul. Homeost. Agents 2016, 30, 1009–1018. [PubMed]

34. Umezaki, Y.; Hashimoto, Y.; Nishishita, N.; Kawamata, S.; Baba, S. Human Gingival Integration-Free iPSCs;
a Source for MSC-Like Cell. Int. J. Mol. Sci. 2015, 16, 13633–13648. [CrossRef] [PubMed]

35. Wada, N.; Wang, B.; Lin, N.H.; Laslett, A.L.; Gronthos, S.; Bartold, P.M. Induced pluripotent stem cell lines
derived from human gingival fibroblasts and periodontal ligament fibroblasts. J. Periodontal. Res. 2011, 46,
438–447. [CrossRef] [PubMed]

36. Chen, X.; Chen, Y.; Hou, Y.; Song, P.; Zhou, M.; Nie, M.; Liu, X. Modulation of proliferation and differentiation
of gingivaderived mesenchymal stem cells by concentrated growth factors: Potential implications in tissue
engineering for dental regeneration and repair. Int. J. Mol. Med. 2019, 44, 37–46. [PubMed]

37. Seo, B.M.; Miura, M.; Gronthos, S.; Bartold, P.M.; Batouli, S.; Brahim, J.; Young, M.; Robey, P.G.; Wang, C.Y.;
Shi, S. Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364,
149–155. [CrossRef]

38. Harrell, C.R.; Fellabaum, C.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Molecular Mechanisms
Responsible for Therapeutic Potential of Mesenchymal Stem Cell-Derived Secretome. Cells 2019, 8, 467.
[CrossRef] [PubMed]

39. Pizzicannella, J.; Gugliandolo, A.; Orsini, T.; Fontana, A.; Ventrella, A.; Mazzon, E.; Bramanti, P.; Diomede, F.;
Trubiani, O. Engineered Extracellular Vesicles From Human Periodontal-Ligament Stem Cells Increase
VEGF/VEGFR2 Expression During Bone Regeneration. Front. Physiol. 2019, 10, 512. [CrossRef] [PubMed]

40. Beez, C.M.; Haag, M.; Klein, O.; Van Linthout, S.; Sittinger, M.; Seifert, M. Extracellular vesicles from
regenerative human cardiac cells act as potent immune modulators by priming monocytes. J. Nanobiotechnol.
2019, 17, 72. [CrossRef]

41. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Thery, C. Specificities of secretion and uptake of exosomes and
other extracellular vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9–17. [CrossRef] [PubMed]

42. Liu, M.; Sun, Y.; Zhang, Q. Emerging Role of Extracellular Vesicles in Bone Remodeling. J. Dent. Res. 2018,
97, 859–868. [CrossRef] [PubMed]

43. Gyorgy, B.; Szabo, T.G.; Pasztoi, M.; Pal, Z.; Misjak, P.; Aradi, B.; Laszlo, V.; Pallinger, E.; Pap, E.; Kittel, A.;
et al. Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles. Cell Mol. Life Sci.
2011, 68, 2667–2688. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/scd.2009.0492
http://www.ncbi.nlm.nih.gov/pubmed/20128661
http://dx.doi.org/10.1073/pnas.240309797
http://dx.doi.org/10.1111/j.1365-2184.2010.00670.x
http://dx.doi.org/10.1002/term.2857
http://dx.doi.org/10.1177/10454411990100030401
http://dx.doi.org/10.1002/jcp.26515
http://dx.doi.org/10.1002/cbf.3057
http://www.ncbi.nlm.nih.gov/pubmed/25187163
http://dx.doi.org/10.1038/srep16429
http://www.ncbi.nlm.nih.gov/pubmed/26549845
http://www.ncbi.nlm.nih.gov/pubmed/28078846
http://dx.doi.org/10.3390/ijms160613633
http://www.ncbi.nlm.nih.gov/pubmed/26084043
http://dx.doi.org/10.1111/j.1600-0765.2011.01358.x
http://www.ncbi.nlm.nih.gov/pubmed/21443752
http://www.ncbi.nlm.nih.gov/pubmed/31017269
http://dx.doi.org/10.1016/S0140-6736(04)16627-0
http://dx.doi.org/10.3390/cells8050467
http://www.ncbi.nlm.nih.gov/pubmed/31100966
http://dx.doi.org/10.3389/fphys.2019.00512
http://www.ncbi.nlm.nih.gov/pubmed/31114512
http://dx.doi.org/10.1186/s12951-019-0504-0
http://dx.doi.org/10.1038/s41556-018-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/30602770
http://dx.doi.org/10.1177/0022034518764411
http://www.ncbi.nlm.nih.gov/pubmed/29566346
http://dx.doi.org/10.1007/s00018-011-0689-3
http://www.ncbi.nlm.nih.gov/pubmed/21560073


Int. J. Mol. Sci. 2019, 20, 4987 13 of 14

44. Zhang, P.; Yeo, J.C.; Lim, C.T. Advances in Technologies for Purification and Enrichment of Extracellular
Vesicles. SLAS Technol. 2019. [CrossRef] [PubMed]

45. Odorizzi, G. The multiple personalities of Alix. J. Cell Sci. 2006, 119, 3025–3032. [CrossRef]
46. Sharma, S.; Rasool, H.I.; Palanisamy, V.; Mathisen, C.; Schmidt, M.; Wong, D.T.; Gimzewski, J.K.

Structural-Mechanical Characterization of Nanoparticle Exosomes in Human Saliva, Using Correlative AFM,
FESEM, and Force Spectroscopy. Acs Nano 2010, 4, 1921–1926. [CrossRef] [PubMed]

47. Zhu, L.; Xu, N.; Zhang, Z.L.; Zhang, T.C. Cell derived extracellular vesicles: From isolation to functionalization
and biomedical applications. Biomater. Sci. 2019, 7, 3552–3565. [CrossRef]

48. Diomede, F.; D’Aurora, M.; Gugliandolo, A.; Merciaro, I.; Ettorre, V.; Bramanti, A.; Piattelli, A.; Gatta, V.;
Mazzon, E.; Fontana, A.; et al. A novel role in skeletal segment regeneration of extracellular vesicles released
from periodontal-ligament stem cells. Int. J. Nanomed. 2018, 13, 3805–3825. [CrossRef]

49. Sundelacruz, S.; Kaplan, D.L. Stem cell- and scaffold-based tissue engineering approaches to osteochondral
regenerative medicine. Semin Cell Dev. Biol. 2009, 20, 646–655. [CrossRef]

50. Scioli, M.G.; Bielli, A.; Gentile, P.; Cervelli, V.; Orlandi, A. Combined treatment with platelet-rich plasma
and insulin favours chondrogenic and osteogenic differentiation of human adipose-derived stem cells in
three-dimensional collagen scaffolds. J. Tissue Eng. Regen. Med. 2017, 11, 2398–2410. [CrossRef]

51. Sanz, M.; Dahlin, C.; Apatzidou, D.; Artzi, Z.; Bozic, D.; Calciolari, E.; De Bruyn, H.; Dommisch, H.;
Donos, N.; Eickholz, P.; et al. Biomaterials and regenerative technologies used in bone regeneration in the
craniomaxillofacial region: Consensus report of group 2 of the 15th European Workshop on Periodontology
on Bone Regeneration. J. Clin. Periodontol. 2019, 46, 82–91. [CrossRef] [PubMed]

52. Khan, W.S.; Rayan, F.; Dhinsa, B.S.; Marsh, D. An Osteoconductive, Osteoinductive, and Osteogenic
Tissue-Engineered Product for Trauma and Orthopaedic Surgery: How Far Are We? Stem Cells Int. 2012,
Unsp 236231. [CrossRef]

53. Li, Y.; Xiao, Y.; Liu, C. The Horizon of Materiobiology: A Perspective on Material-Guided Cell Behaviors and
Tissue Engineering. Chem. Rev. 2017, 117, 4376–4421. [CrossRef] [PubMed]

54. Cervelli, V.; Lucarini, L.; Spallone, D.; Palla, L.; Colicchia, G.M.; Gentile, P.; De Angelis, B. Use of platelet-rich
plasma and hyaluronic acid in the loss of substance with bone exposure. Adv. Skin Wound Care 2011, 24,
176–181. [CrossRef] [PubMed]

55. Schmelzeisen, R.; Schimming, R.; Sittinger, M. Making bone: Implant insertion into tissue-engineered
bone for maxillary sinus floor augmentation - a preliminary report. J. Cranio Maxill Surg. 2003, 31, 34–39.
[CrossRef]

56. Sun, J.; Vijayavenkataraman, S.; Liu, H. An Overview of Scaffold Design and Fabrication Technology for
Engineered Knee Meniscus. Materials 2017, 10, 29. [CrossRef] [PubMed]

57. Vijayavenkataraman, S.; Shuo, Z.; Fuh, J.Y.H.; Lu, W.F. Design of Three-Dimensional Scaffolds with Tunable
Matrix Stiffness for Directing Stem Cell Lineage Specification: An In Silico Study. Bioengineering 2017, 4, 66.
[CrossRef] [PubMed]

58. Yi, S.; Ding, F.; Gong, L.; Gu, X. Extracellular Matrix Scaffolds for Tissue Engineering and Regenerative
Medicine. Curr. Stem Cell Res. Ther. 2017, 12, 233–246. [CrossRef]

59. Maeda, M.; Tani, S.; Sano, A.; Fujioka, K. Microstructure and release characteristics of the minipellet, a
collagen-based drug delivery system for controlled release of protein drugs. J. Control. 1999, 62, 313–324.
[CrossRef]

60. Chattopadhyay, S.; Raines, R.T. Review collagen-based biomaterials for wound healing. Biopolymers 2014,
101, 821–833. [CrossRef]

61. Rosenthal, F.M.; Kohler, G. Collagen as matrix for neo-organ formation by gene-transfected fibroblasts.
Anticancer Res. 1997, 17, 1179–1186. [PubMed]

62. Doillon, C.J.; Silver, F.H. Collagen-Based Wound Dressing - Effects of Hyaluronic-Acid and Fibronectin on
Wound-Healing. Biomaterials 1986, 7, 3–8. [CrossRef]

63. Park, J.Y.; Shim, J.H.; Choi, S.A.; Jang, J.; Kim, M.; Lee, S.H.; Cho, D.W. 3D printing technology to control
BMP-2 and VEGF delivery spatially and temporally to promote large-volume bone regeneration. J. Mater
Chem. B 2015, 3, 5415–5425. [CrossRef]

64. Petite, H.; Viateau, V.; Bensaid, W.; Meunier, A.; de Pollak, C.; Bourguignon, M.; Oudina, K.; Sedel, L.;
Guillemin, G. Tissue-engineered bone regeneration. Nat. Biotechnol. 2000, 18, 959–963. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/2472630319846877
http://www.ncbi.nlm.nih.gov/pubmed/31088199
http://dx.doi.org/10.1242/jcs.03072
http://dx.doi.org/10.1021/nn901824n
http://www.ncbi.nlm.nih.gov/pubmed/20218655
http://dx.doi.org/10.1039/C9BM00580C
http://dx.doi.org/10.2147/IJN.S162836
http://dx.doi.org/10.1016/j.semcdb.2009.03.017
http://dx.doi.org/10.1002/term.2139
http://dx.doi.org/10.1111/jcpe.13123
http://www.ncbi.nlm.nih.gov/pubmed/31215114
http://dx.doi.org/10.1155/2012/236231
http://dx.doi.org/10.1021/acs.chemrev.6b00654
http://www.ncbi.nlm.nih.gov/pubmed/28221776
http://dx.doi.org/10.1097/01.ASW.0000396302.05959.d3
http://www.ncbi.nlm.nih.gov/pubmed/21422842
http://dx.doi.org/10.1016/S1010-5182(02)00163-4
http://dx.doi.org/10.3390/ma10010029
http://www.ncbi.nlm.nih.gov/pubmed/28772388
http://dx.doi.org/10.3390/bioengineering4030066
http://www.ncbi.nlm.nih.gov/pubmed/28952545
http://dx.doi.org/10.2174/1574888X11666160905092513
http://dx.doi.org/10.1016/S0168-3659(99)00156-X
http://dx.doi.org/10.1002/bip.22486
http://www.ncbi.nlm.nih.gov/pubmed/9137468
http://dx.doi.org/10.1016/0142-9612(86)90080-3
http://dx.doi.org/10.1039/C5TB00637F
http://dx.doi.org/10.1038/79449
http://www.ncbi.nlm.nih.gov/pubmed/10973216


Int. J. Mol. Sci. 2019, 20, 4987 14 of 14

65. Gugliandolo, A.; Diomede, F.; Cardelli, P.; Bramanti, A.; Scionti, D.; Bramanti, P.; Trubiani, O.; Mazzon, E.
Transcriptomic analysis of gingival mesenchymal stem cells cultured on 3D bioprinted scaffold: A promising
strategy for neuroregeneration. J. Biomed. Mater. Res. 2018, 106, 126–137. [CrossRef] [PubMed]

66. Shum, A.W.T.; Mak, A.F.T. Morphological and biomechanical characterization of poly(glycolic acid) scaffolds
after in vitro degradation. Polym Degrad Stabil 2003, 81, 141–149. [CrossRef]

67. Lopes, M.S.; Jardini, A.L.; Maciel, R. Poly (lactic acid) production for tissue engineering applications. Procedia
Eng. 2012, 42, 1402–1413. [CrossRef]

68. Adachi, T.; Osako, Y.; Tanaka, M.; Hojo, M.; Hollister, S.J. Framework for optimal design of porous scaffold
microstructure by computational simulation of bone regeneration. Biomaterials 2006, 27, 3964–3972. [CrossRef]

69. Diomede, F.; Gugliandolo, A.; Scionti, D.; Merciaro, I.; Cavalcanti, M.F.; Mazzon, E.; Trubiani, O. Biotherapeutic
Effect of Gingival Stem Cells Conditioned Medium in Bone Tissue Restoration. Int. J. Mol. Sci. 2018, 19, 329.
[CrossRef]

70. Chevallay, B.; Herbage, D. Collagen-based biomaterials as 3D scaffold for cell cultures: Applications for
tissue engineering and gene therapy. Med. Biol. Eng. Comput. 2000, 38, 211–218. [CrossRef]

71. Taguchi, Y.; Amizuka, N.; Nakadate, M.; Ohnishi, H.; Fujii, N.; Oda, K.; Nomura, S.; Maeda, T. A histological
evaluation for guided bone regeneration induced by a collagenous membrane. Biomaterials 2005, 26,
6158–6166. [CrossRef] [PubMed]

72. Postlethwaite, A.E.; Seyer, J.M.; Kang, A.H. Chemotactic attraction of human fibroblasts to type I, II, and III
collagens and collagen-derived peptides. Proc. Natl. Acad. Sci. USA 1978, 75, 871–875. [CrossRef]

73. Guirado, J.L.C.; Fernandez, M.P.R.; Negri, B.; Ruiz, R.A.D.; de-Val, J.E.M.S.; Gomez-Moreno, G. Experimental
Model of Bone Response to Collagenized Xenografts of Porcine Origin (OsteoBiol (R) mp3): A Radiological
and Histomorphometric Study. Clin Implant Dent. R 2013, 15, 143–151. [CrossRef] [PubMed]

74. Ning, L.; Malmstrom, H.; Ren, Y.F. Porous Collagen-Hydroxyapatite Scaffolds With Mesenchymal Stem Cells
for Bone Regeneration. J. Oral Implantol. 2015, 41, 45–49. [CrossRef] [PubMed]

75. Zhang, C.; Yan, B.X.; Cui, Z.; Cui, S.J.; Zhang, T.; Wang, X.D.; Liu, D.W.; Yang, R.L.; Jiang, N.; Zhou, Y.H.; et al.
Bone regeneration in minipigs by intrafibrillarly-mineralized collagen loaded with autologous periodontal
ligament stem cells. Sci. Rep.-Uk 2017, 7, 10519. [CrossRef] [PubMed]

76. Cui, Y.; Luan, J.; Li, H.; Zhou, X.; Han, J. Exosomes derived from mineralizing osteoblasts promote ST2 cell
osteogenic differentiation by alteration of microRNA expression. FEBS Lett. 2016, 590, 185–192. [CrossRef]
[PubMed]

77. Zhang, J.Y.; Liu, X.L.; Li, H.Y.; Chen, C.Y.; Hu, B.; Niu, X.; Li, Q.; Zhao, B.Z.; Xie, Z.P.; Wang, Y.
Exosomes/tricalcium phosphate combination scaffolds can enhance bone regeneration by activating the
PI3K/Akt signaling pathway. Stem Cell Res. Ther. 2016, 7, 136. [CrossRef] [PubMed]

78. Zuber, G.; Dauty, E.; Nothisen, M.; Belguise, P.; Behr, J.P. Towards synthetic viruses. Adv. Drug Deliver. Rev.
2001, 52, 245–253. [CrossRef]

79. Beyer, S.; Fleming, J.; Meng, W.; Singh, R.; Haque, S.J.; Chakravarti, A. The Role of miRNAs in Angiogenesis,
Invasion and Metabolism and Their Therapeutic Implications in Gliomas. Cancers 2017, 9, 7.

80. Pizzicannella, J.; Cavalcanti, M.; Trubiani, O.; Diomede, F. MicroRNA 210 Mediates VEGF Upregulation in
Human Periodontal Ligament Stem Cells Cultured on 3DHydroxyapatite Ceramic Scaffold. Int. J. Mol. Sci.
2018, 19, 3916. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/jbm.a.36213
http://www.ncbi.nlm.nih.gov/pubmed/28879677
http://dx.doi.org/10.1016/S0141-3910(03)00083-1
http://dx.doi.org/10.1016/j.proeng.2012.07.534
http://dx.doi.org/10.1016/j.biomaterials.2006.02.039
http://dx.doi.org/10.3390/ijms19020329
http://dx.doi.org/10.1007/BF02344779
http://dx.doi.org/10.1016/j.biomaterials.2005.03.023
http://www.ncbi.nlm.nih.gov/pubmed/15885767
http://dx.doi.org/10.1073/pnas.75.2.871
http://dx.doi.org/10.1111/j.1708-8208.2011.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/21453393
http://dx.doi.org/10.1563/AAID-JOI-D-12-00298
http://www.ncbi.nlm.nih.gov/pubmed/23574526
http://dx.doi.org/10.1038/s41598-017-11155-7
http://www.ncbi.nlm.nih.gov/pubmed/28874877
http://dx.doi.org/10.1002/1873-3468.12024
http://www.ncbi.nlm.nih.gov/pubmed/26763102
http://dx.doi.org/10.1186/s13287-016-0391-3
http://www.ncbi.nlm.nih.gov/pubmed/27650895
http://dx.doi.org/10.1016/S0169-409X(01)00213-7
http://dx.doi.org/10.3390/ijms19123916
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Morphological Features and Phenotypic Characterization of Human Oral Stem Cells 
	Biogenesis and Characterization of EVs 
	Clinical Potential and Current Progress of Biomaterials and Human Oral Stem Cells in Bone Tissue Regeneration 
	Conclusions 
	References

