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Abstract: The advancements made in biomaterials have an important impact on oral tissue engineering,
especially on the bone regeneration process. Currently known as the gold standard in bone regeneration,
grafting procedures can sometimes be successfully replaced by a biomaterial scaffold with proper
characteristics. Whether natural or synthetic polymers, biomaterials can serve as potential scaffolds with
major influences on cell adhesion, proliferation and differentiation. Continuous research has enabled the
development of scaffolds that can be specifically designed to replace the targeted tissue through changes
in their surface characteristics and the addition of growth factors and biomolecules. The progress in tissue
engineering is incontestable and research shows promising contributions to the further development of
this field. The present review aims to outline the progress in oral tissue engineering, the advantages of
biomaterial scaffolds, their direct implication in the osteogenic process and future research directions.
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1. Introduction

Both the hard and soft oral tissues play a crucial role in the development and maintenance of the
main functions of the human body. Strongly exposed to various external destructive factors (trauma,
infections, malignancies), the loss or alteration of these tissues can negatively influence life quality.
The maxillofacial and oral cavity areas contain different complex tissues that can successfully benefit
from the great potential of biomaterials. The main criteria that can provide an excellent outcome
for regenerative medicine are represented by: 1. cells; 2. the existence of appropriate scaffolds and
biomaterials that can offer support for different cell types; 3. the addition of growth factors that can
contribute to survival and further cell differentiation [1].

In recent years, several biomaterials have successfully contributed to the compensation of
functional loss. These biomaterials have similar characteristics to the replaced tissue (corrosion rate,
biocompatibility, non-toxicity, specific degradation rate). The development of tissue engineering
technologies has achieved its goal regarding the implementation of novel approaches and alternatives
of biomaterials in order to replace the oral tissue. This multidisciplinary approach is based on several
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principles of biology, chemistry, mechanics and materials, in order to obtain the perfect alternative to
substitute the missing type of tissue.

The studies conducted in regenerative medicine aim to transform tissue engineering into one of
the most important research fields, with successful strategies in order to approach current health issues.
Biomaterials have gained a well-deserved place in dentistry and oral surgery, with a wide range of
applications in hard and soft tissue regeneration [2], tooth and pulp-dentin regeneration [3,4] and
salivary gland lesions [5].

Biomaterials involved in tissue engineering have been improved over the years, and the basic
characteristics—such as tissue related toxicity, physical and mechanical strength—have been upgraded.
The latest advancements in this field have ensured the achievement of ideal characteristics such as
resistance to corrosion [6], non-toxicity and non-carcinogenic properties, bioactivity and appropriate
mechanical strength compared to the surrounding tissue type [7].

From a health care perspective, the definition of a biomaterial refers to a natural or synthetic
material that can be placed into different living tissues without developing an immune reaction [8].
The continuous development of biomaterials needs to accomplish all the interaction mechanisms
that occur in different targeted organs, and to mediate cell proliferation and differentiation. Once
the biomaterial is placed into a specific tissue, its surface initiates a series of events that determine
an immediate interaction with the surrounding cells. This interaction results in the charging of the
biomaterial surface energy that will further become an adequate matrix for biomolecule adhesion [9].

With the aid of biomaterials, regenerative medicine has improved the field of tissue engineering.
Starting from the use of medical devices or grafts, the progress in this field has led to the development
of natural or synthetic biomaterial scaffolds. Biomaterials induce specific regenerative responses of the
cells through bioactive molecules, thus successfully replacing the missing tissue.

The advancement in biomaterials reached the third generation and managed to obtain scaffolds that
can induce specific cellular responses (adhesion, differentiation, proliferation) [8]. Further research has
been focused on the use of biomaterials as scaffolds, combined with growth factors and biomolecules,
in order to improve tissue response. Scaffolds serve as an extracellular matrix, a further 3D support for
the attachment of stimulated cells. In vitro and in vivo studies have been performed using various
biomaterials as scaffolds: natural biodegradable polymers, hydrogels, ceramics, bioactive glass and
synthetic polymers [9].

Multidisciplinary approaches were needed in order to obtain and stimulate the development of
different tissue structures with an appropriate functionality. The key to success is to provide a proper
microenvironment that ensures cell adhesion and differentiation. The coating of scaffolds with stem or
differentiated cells is a novel and promising method, with an increased degree of complexion, which
can also be used in the field of regenerative medicine. Despite the technological solutions provided,
scaffolds can sometimes determine immunogenic reactions, degradation and other complications.
The initial supposition—according to which, materials are incapable of determining tissue responses
and they can only physically substitute the missing tissue—has been proved invalid. The improvement
of materials ensured the possibility of physical changes and the existence of certain characteristics such
as chemical variability. These aspects prove the biological usage of biomaterials.

In the present review, we aim to outline the advancements made in the field of biomaterials
involved in tissue engineering. The characteristics of biomaterial scaffolds provided the possibility of
enhancing their chemical and biological properties, thus influencing cell adhesion, proliferation and
differentiation. The particularities of the scaffolds such as the surface, porosity and fiber architecture
play an important role in further tissue development. Moreover, the dentistry field currently benefits
from several alternatives for the oral soft and hard tissue regeneration management, thus successfully
improving treatment and surgical outcomes.
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2. Scaffolds Development: Generalities

Research in tissue engineering focuses on the improvements made in the field of biomaterials
which can support the development of further scaffolds used for regenerative purposes. Scaffolds are
the key players in tissue engineering through their numerous properties that can induce repair or
initiate regenerative processes in different tissue types (Table 1). They can be either natural or synthetic
materials that have also been successfully introduced in dental medicine, proving their applicability.
The biological properties ensured their usage for multiple purposes such as repairing or stimulating
the regenerative process in muscles, bones, nerves, mucosa and skin [10].

Table 1. Main properties of biomaterial scaffolds used in regenerative medicine [11].

Properties Importance
Biocompatibility The scaffolds should not determine rejection responses from the body
Non-toxic/Non-carcinogenic Their components or degradation products should not cause biological responses
Chemical stability Chemical alterations should not occur, at least during the regenerative process

Mechanical properties must complete tissue requirements; resistance and weight
should also be similar

Adequate chemical surface The surface characteristics should favor cell adhesion, differentiation and proliferation
Shape, dimension and design They should fit in the targeted tissue, stimulating the regenerative process
Absorbable, with an adequate degradability rate in concordance with the tissue
regenerative/repair process

Mechanical properties

Absorbability and degradability

A scaffold is described as a three-dimensional biomaterial block, with different designs, which
promotes and intermediates multiple functions, such as cell adhesion, due to the characteristics of its
surface. Scaffolds must also ensure an adequate environment for growth factors and nutrients in order
to stimulate cell differentiation and proliferation. Their degradability rate must provide enough time
for tissue regeneration [12].

Scaffolds may be represented by natural or synthetic biomaterials, as long as their main
properties influence tissue regeneration by assuring the adequate function of the surrounding cells [13].
The advantage of using biomaterial scaffolds is represented by the fact that a proper tissue response is
generated. Biomaterial scaffolds can also successfully substitute autografts or allografts, surpassing
their limited indications [13]. Basically, the improvements in this field—especially regarding the
development of scaffolds—aim to induce a proper signal in the surrounding tissue cells, through the
addition of growth factors, thus generating a cellular response that mediates the differentiation process.

Scaffolds represent key components for interaction with cells, mainly through their structure, that
develops an extra-cellular matrix [14-17]. Beside the fact that scaffolds are responsible for delivering
growth factors and cytokines, their composition and structure play a crucial role in scaffold—cell
interactions [17-19]. The scaffold—cell interaction is influenced by the pore structure of the scaffold’s
surface, one of the characteristics that mediates cell adhesion and differentiation. This characteristic is
also implicated in providing the cells with the development of a vascular support [14,16,17]. Studies
have shown the involvement of the scaffold’s architecture—including the pore interconnectivity and
design—in the success of the regenerative process. Moreover, the cell response is influenced by the
chemical characteristics of the surface and by hydrophilicity [20-22]. The cell adhesion potential is
increased in the presence of a high hydrophilic surface [23,24].

Biomaterials suitable for scaffolds can be divided into different categories based on their nature:
natural-based polymers, synthetic-based polymers, ceramics, hydrogels, bioactive glass. The natural
polymer’s category includes collagen, chitosan, gelatin and alginate, which are rapidly gaining
popularity in the tissue engineering field due to their high biocompatibility [10]. When analyzing
the interactions between a natural polymeric scaffold and the targeted tissue, the pore size, porosity,
chemical surface changes and fibrous structure have incontestable implications. Synthetic polymers
are represented by polylactic acid, polyglycolic acid and polylactic-co-glycolide [10]. These types of
synthetic polymers possess different biomechanical properties, chemical surfaces and degradation
rates associated with various cellular responses.
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Scaffold biomaterials must have a specific configuration, 90% porous, with strict pore diameters
and connections, which allow cells to adhere and proliferate, generating new tissue and developing a
proper vascular system [25]. Although researchers aimed to create the ideal biomaterial that could
fulfill all the criteria, biocompatibility and non-toxicity remain the primary desirable properties of a
biomaterial scaffold [26]. The importance of generating a non-inflammatory reaction remains the first
step for the initiation of the regenerative process. The absorption rate of the biomaterial scaffold is an
important aspect that must be taken into consideration, as it must permit a sufficient period of time
for the tissue to regenerate and completely regain its normal functions [27]. The studies conducted
until now have proved the fact that the elasticity of the scaffold increases with its volume, but, the
increase in volume produces reduced permeability, with important consequences on the porosity of the
biomaterial scaffold. This suggests that, in order to obtain a high resistance and elasticity, cell adhesion
will be influenced by the porosity alterations [28]. All the advantages and disadvantages of various
biomaterials must be considered in order to identify the most suitable one for a certain type of tissue.

3. The Development of Angiogenesis

Regenerative medicine is focused on the successful integration of biomaterial scaffolds. This success
is guaranteed by a proper vascularization development in specific areas, ensuring the bidirectional
transport of growth factors, nutrients and the formation of novel tissue cells [29]. Cell adhesion and
survival are the key players in obtaining novel tissue. The prior implantation of various cells and
growth factors onto the scaffold surface, before its placement, creates a favorable environment for
further cell proliferation and differentiation.

Angiogenesis is defined by the formation of novel blood vessels from pre-existing ones and
it involves numerous mechanisms that are coordinated by endothelial growth factors, signaling
molecules and specific extracellular matrix proteins [30]. Several studies focused on this issue mention
the addition of growth factors and signaling molecules on biomaterial scaffolds [30-32]. However,
the growing problem regarding their exact time of action and efficiency still remains, as the rapid
degradability and uncontrolled release represent two of their disadvantages.

The advancements in biomaterials ensured the development of different materials with angiogenic
actions stimulated by their own degradation [33-37]. Several studies have been performed in this field
and angiogenic actions have been reported when using bioactive glass as a scaffold [38]. These aspects
have been reviewed by Gorustovich et al. [39]. Bioactive glass has been shown to possess angiogenic
effects in both bone and soft tissue engineering [29,40-42].

The addition of growth factors (such as vascular endothelial growth factor and fibroblast growth
factor) is essential for the formation of neovascularization due to the involvement of these molecules in
developing a novel vascular system along with the already existing vessels [43]. The challenge consists
in the fact that, although these vessels are the key to success in regenerative medicine, their growth
requires permanent monitoring in order to avoid the appearance of vascular malformations [44,45].

Multiple studies were performed in order to identify the proper coating of biomaterial
scaffolds—which has adequate angiogenic effects—by promoting the vascular endothelial growth factor.
The study conducted by Day et al. [46] was focused on quantifying the effect of bioglass on the fibroblast
population and concluded that in the case of bioglass-coated scaffolds, fibroblasts were stimulated to
secrete an increased amount of vascular endothelial growth factor. This fact resulted in an increased
vascularization development, compared with the control group without bioglass-coated scaffolds.

4. Oral Bone Tissue Engineering

Bone tissue is described as a complex structure, mostly consisting of hydroxyapatite and collagen [47].
Although it has an increased regenerative potential, in some cases, such as large defects, surgery is
necessary in order to correct and properly stimulate the regenerative process. The conventional
approach to solving these cases involves the use of bone grafts (autografts, allografts or xenografts).
The tissue engineering industry and the improvements in the biomaterials field have overcome a
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series of disadvantages by introducing the use of polymers scaffolds (natural and synthetic), ceramics,
bioglass, cell coating and the addition of growth factors. Bone tissue engineering aimed to fulfill the
required characteristics of the bone augmentation process, by using different matrices and combining
biomaterials in order to obtain a favorable environment for the adhesion, proliferation and differentiation
of osteoblasts. The key to success in bone tissue engineering consists in the scaffold’s properties,
its customization, biomechanical properties and added signaling factors that will influence osteoinduction
and osteogenesis [48].

The term “’scaffold” refers to the development of a biomaterial with the main purpose of acting
as a support surface, thus creating a favorable environment that can restore the physiological and
histological characteristics of the injured tissue [49-51].

Three-dimensional scaffold printing allows for the addition of growth factors that can be distributed
at different levels. A study performed by Philippi et al. [52] showed that the cells applied onto the
bone morphogenic protein underwent osteogenic and differentiation processes, while the cells that
were placed in the outer part showed no differentiation process. The facts that growth factors have
a shortened in vivo lifespan and that the biomechanical properties of the scaffold must be well
documented, are two aspects that must be taken into consideration. Other types of cells that showed
great potential in the regenerative process are the mesenchymal stromal cells, the adipose tissue-derived
stem cells and the oral cavity mesenchymal stromal cells. The integration of these types of cells on
biomaterial scaffolds in in vitro studies showed an increased potential in the biofabrication of bone
tissue [53].

A variety of biomaterials have been introduced in bone tissue engineering, thus developing a wide
category of scaffolds. Ceramics (calcium phosphate and tricalcium phosphate) are very popular due to
their similar properties to the bone tissue. Bioactive glass, zirconium oxide and silicon dioxide are
other examples of ceramics used in bone tissue engineering. Out of the synthetic polymers, polylactic
acid, polylactic-co-glycolic acid and polycaprolactone have attracted researchers’ interest. The natural
category of polymers: chitosan, collagen, alginate, gelatin or glycosaminoglycans, represents a popular
option in regenerative medicine.

Oral bone tissue engineering must overcome certain challenges related to the oral region, in order to
obtain the perfect regenerative biomaterial. An important issue that should be taken into consideration
is the fact that the biomaterial is exposed to the oral environment, which includes the presence of
various pathogens. Due to this aspect, the fabrication of the biomaterial scaffold should consider
several issues regarding its antimicrobial properties, the release of bioactive factors and degradation
ratio [54].

The improvements in science and biomaterials have introduced a novel category of materials,
known as smart materials, with a variety of applications [55]. These materials are characterized by
reproducible and stable variations of at least one characteristic when in contact with exogenous stimuli
(shape memory materials, conductive polymers, temperature-responsive polymers) [56].

The target of bone tissue engineering and regenerative medicine based on biomaterials is to
develop proper scaffolds that can fulfill all the characteristics required by certain tissues in order to
promote cell adhesion, proliferation, differentiation and angiogenesis. Biomaterials for bone tissue
engineering must stimulate and properly replace the physiochemical characteristics of the surrounding
tissue through a special design that creates an adequate environment.

5. Advancements in Biomaterial Scaffolds

5.1. Natural Polymers

Chitosan represents a deacetylated form of chitin that originates from the exoskeleton of crustaceans.
It is a copolymer made of D-glucosamine and N-acetyl-D-glucosamine bonds and g bonds [57]. Certain
enzymes such as lysozyme, lipases and glycosaminidases are responsible for the depolymerization
of chitosan [58]. From a structural point of view, chitosan resembles glycosaminoglycans and has an
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important role in cell-to-cell adhesion through collagen fiber interactions. During its depolymerization
process, chitosan has major antimicrobial actions, and it is described as having excellent biocompatibility
with all types of tissues. A study performed by Moorthi et al. [59] concluded that although chitosan
has an important osteoconductive property, it displays a low osteoinductive action. It manages to
control the proliferation of osteoblasts and mesenchymal cells and it is implicated in the initiation
of the neovascularization process. All chitosan’s properties are due to its chemical groups (amino
and hydroxyl). Biodegradability, absorption and solubility rates are characteristics given by the
amino groups, thus transforming chitosan into an appealing option for tissue engineering [60,61].
An advantage of this natural polymer is its high molecular weight, making it a strong viscosity agent
and allowing it to act as a pseudoplastic biomaterial in an acid medium [62]. The molecular weight and
the degree of deacetylation are two main properties that influence the biodegradation characteristics of
this material. Both in vitro and in vivo experiments have shown that, in case of a higher molecular
weight, the biodegradation process is slower [63].

In tissue engineering, the use of chitosan permits the development of specific scaffolds that can
offer support and successfully induce the regenerative process. Also, one of the most important
characteristics is the scaffold’s porosity. A high porosity scaffold allows proper cell adhesion and
proliferation and ensures an adequate surface for the cells to adhere and create connections through
the surrounding existing pores. The correct pore distribution facilitates proliferation and the pore
connections provide an environment for cell growth and for products’ interchange [11]. The mechanical
properties of the chitosan scaffolds represent a disadvantage, mainly because the membranes are brittle
and rigid, with low resistance. In order to overcome these shortcomings, crosslinking agents are used
in order to build an improved scaffold with more efficient mechanical properties.

The use of chitosan in tissue engineering and repairing is due to the fact that it is easily processed
in multiple forms such as fibers, sponges, hydrogels and films. The ability to provide different shapes,
in order to be placed in various locations, makes this type of biomaterial very popular. Its chemical
structure is similar to some polysaccharides and has the possibility to undergo changes in order to suit
different host tissue types [11].

Based on its biological and physiochemical properties, the use of chitosan scaffolds in bone tissue
regeneration is appealing. Its matrix offers an increased biocompatibility and also creates a favorable
environment for cell interactions, making it one of the first-choice materials [64,65]. Chitosan matrices
can undergo changes when using different osteoinductive materials, such as calcium phosphate,
calcium sulfate [66,67] and hydroxyapatite [68]. The goal is to obtain an osteogenic effect based on the
addition of organic and inorganic materials [69].

Studies were performed regarding the evaluation of chitosan composites in osteoblast cultures,
and an in vitro analysis on the interaction of the MC3TC cell line with chitosan and tripolyphosphate
membrane showed the same results as in the controls. Chitosan composites with calcium phosphate
showed a significant release of morphogenic protein type-2, proving an increased compatibility of
these biomaterials with osteoblasts [66,70] (Table 2). On experimental models, chitosan scaffolds were
analyzed for their potential in the bone regeneration segment and the use of chitosan hydrogel proved
to have an effective regenerative potential [71]. Other similar results were reported in cases where
chitosan and hydroxyapatite were used to fill a bone defect, showing a larger number of osteogenic
markers in the experimental group [72]. Chitosan and nanohydroxyapatite composites gained interest
in tissue engineering due to their ability to determine an osteogenic response in osteoblasts. Some
studies also reported an increased bone regeneration rate in rabbits that were evaluated by tomography
after 8 weeks [73].

Collagen scaffolds are another type of natural polymer with an important action on osteoblasts,
creating a favorable environment for their adhesion. Once the colonization of osteoblasts occurs,
the degradation of the collagen scaffold is initiated, and the cells will entirely replace the material
(Table 2). A study performed by Wang et al. [74] evaluated the regeneration of an extraction socket
in dogs. The study was based on the use of two different composites and the results showed that
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in the group in which collagen scaffolds were used, the process of osteogenesis was better than in
the other group, but the mechanical properties were worse [74]. Ber et al. [75] based their study on
different changes in collagen following the addition of other materials. Their conclusion was that
collagen scaffolds underwent changes following dehydrothermal treatment and that carbodiimide
crosslinking showed a more effective potential for cell adhesion and proliferation. A lower cell
proliferation was found in collagen scaffolds treated with glutaraldehyde. An increased proliferation,
as well as the initiation of the mineralization process, was found in the group represented by calcium
phosphate-treated collagen [75].

Alginate is a natural polysaccharide, widely used as a biomaterial, with a great potential to be
used as a scaffold. Moreover, it has numerous properties—such as biocompatibility, non-toxicity;,
biodegradability—which are responsible for its absent immune response [47]. Over time, alginate
found its use in the food industry, biomaterials for orthopedic purposes [76] and in the field of tissue
engineering. Alginate scaffolds originate from a cross-linking process that mostly uses calcium-based
substances which transform alginate into a hydrogel. Its success in tissue engineering is a consequence
of the addition of various cells and growth factors on scaffolds, thus facilitating the regeneration
rate. Alginate scaffolds, wound dressing materials that contain bioactive molecules [77-79] and
transplantation of stem cells have improved the tissue engineering industry [80]. Currently, it has
proved its contribution in angiogenesis and in the delivery of growth factors or other substances [81,82].
This biomaterial has shown its efficiency through its properties, out of which the molecular weight,
concentration and purity play a key role in regenerative medicine by influencing cell adhesion,
proliferation and differentiation. Studies have shown that alginate scaffolds with high molecular
weight and improved mechanical properties act as proper scaffolds for hard tissue engineering [47]
(Table 2). The influence on the cell population is influenced by adding different substances to alginate
hydrogel scaffolds. Rubert et al. [83] conducted a comparative study in which the action of alginate
hydrogel scaffolds and hyaluronic acid on the bone tissue was evaluated. Although alginate and
hyaluronic acid have similar characteristics, the results showed that alginate hydrogels had a greater
influence in inducing cell adhesion and proliferation, determining an increase in the level of osteocalcin
and alkaline phosphatase in comparison to the hyaluronic acid group [83]. It appears that the significant
impact on the osteogenic process is justified by the carboxylic acid contained in the alginate scaffolds.

5.2. Synthetic Polymers

Synthetic polymers have several advantages compared to the natural ones. Some of these
advantages are represented by the controlled degradation rate and by the size and weight that can
be designed to properly fit into the targeted tissue. As these types of scaffolds can be changed for a
particular design, their mechanical strength and degradation rate can be adjusted in order to obtain
maximum performance. Synthetic polymers were designed for the development of proper scaffolds
for bone tissue engineering. They are saturated poly-a-hydroxy esters such as polylactic acid (PLA),
polyglycolic acid (PGA) and polylactic-co-glycolide (PLGA). The advantage of using these polymers
lies in the fact that they are characterized by different properties and their mechanical strength and
biodegradation are sometimes higher than those of natural ones [10]. There are noticeable differences
between the three categories of synthetic polymers—PGA being a more hydrophilic polymer with
an increased degradation rate, while PLA has more hydrophobic characteristics. Polyglycolic acid
has three forms: PLLA, PDLA and PDLLA. The copolymerization of these polymers results in more
efficient biochemical characteristics, and an increased mechanical strength and degradation rate [84].
Polylactic-co-glycolide is a synthetic polymer that has proved its efficiency in bone regeneration studies.
The success of the polymeric scaffolds consists in their structural architecture, porosity, and the chemical
characteristics of the surface. All of these aspects have a major impact on the cellular response (Table 2).
In a study performed by Woo et al. [85], PLLA scaffolds were modified by increasing their nanofibers,
with important effects on the osteoblastic differentiation and biomineralization rate. Another study
performed by Badami et al. [86] evaluated the fibrous PLA scaffold surface in comparison to the smooth
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one and concluded that the fibrous PLA scaffold surface has a greater potential for cell adhesion, with
influences on osteogenic differentiation. The importance of the pore size was outlined by several
studies that have shown an increased degree of adhesion and proliferation of osteoblasts on scaffolds
with pore sizes ranging between 400 and 600 pm and with a high porosity [87,88]. In this case,
osteoblasts’ proliferation occurred on both surfaces of the scaffold, as well as in the inner part-due
to its large pores—while in the cases of PLGA scaffolds with smaller pore sizes, osteoblasts adhered
only onto the surface [88]. One of the advantages of synthetic polymers is represented by the fact that
their surface can be changed in order to create a favorable environment. Several studies concluded
that modifying the surface of PLGA scaffolds and etching them with NaOH, improves their surface
characteristics and roughness [89]. Other means to improve the surface are through changing the PCL
scaffold surface by etching it with a solvent based on acetone 90%, resulting in an enhancement of
the surface characteristics along with an increased osteogenic differentiation [90]. In other studies,
the scaffold’s surface was subjected to O, plasma treatment and the results showed an important cell
adhesion, proliferation and differentiation process, in cases of PCL and PLLA scaffolds that underwent
this type of surface treatment [91,92]. Another approach in improving the cell adhesion rate through
surface alteration is by coating the PLLA scaffolds’ surfaces using laminin, gelatin and cholesterol.
In all of these cases, the results showed that cell adhesion and proliferation was higher [93,94].

In synthetic polymer scaffolds, the pore size and porosity are important parameters related to
tissue engineering. Structure is also one of the main elements that influences the adhesion, proliferation
and differentiation of specific cells. The interconnectivity of the pores is also an important aspect that
permits cell nutrition, vascularization and oxygen diffusion [95]. The scaffold’s surface modification
has a proven direct influence on cell adhesion, migration, proliferation and differentiation.

Table 2. Of scaffolds used in bone tissue engineering.

Type of Scaffold Properties References
Chitosan + Alginate Increased apatite deposition, efficient protein absorption [96]
Chitosan + Carboxymethyl cellulose ~ Stimulates biomineralization [97]
Chitosan + gelatin Increases biomineralization and decreases the degradation rate [98]
Chitosan + alginate Stimulates differentiation and mineralization [99]
Chitosan + collagen Increases the vascularization rate [100]
Collagen Increased biocompatibility, non-toxic, easy to manipulate and deliver [101,102]

growth factors
Polylactic acid Absorbable {;yﬂthehc polymer, variable degradation rate, [103,104]
low mechanical strength
N Absorbable synthetic polymer, rapid degradation, )
Polyglycolic acid low mechanical strength [103,104]
. S Control surface, pore size and morphology of the scaffold, i
Polylactic-polyglycolic acid growth factor delivery, hydrophobic [84,104]
Polylactic-polyglycolic acid Improved cell adhesion, proliferation and differentiation [105]
PLLA Increased cell adhesion and proliferation [106]
PLLA Increases osteoblast differentiation, influences biomineralization [107]
PCL Promotes osteogenic differentiation, cell proliferation and infiltration [108]

Most of the scaffolds contain a single pore size or porosity type, but native biological tissues are
characterized by a layered pore size architecture. A major goal of tissue engineering scaffolds is to
resemble the native tissues, by using the biomimicry concept. Solutions to best match the natural tissue
pattern have been offered by high-resolution 3D printing of different polymers. A novel concept in
the fabrication of porous polycaprolactone-based functionally grated scaffolds—using EHD-jet 3D
printing technology—might represent an option [109].

5.3. Stem Cells Carriers

The combination of various biomaterials with stem cells represents the future in regenerative
medicine. Combining the structural and mechanical properties, biocompatibility and degradation
degree with stem cells offers the possibility to achieve a proper environment for the osteoinductive
process. Researchers report a positive outcome for in vitro testing, but further research needs to be



Materials 2019, 12, 2296 9of 16

performed in order to describe all the molecular actions which occur. The goal is represented by the
association of different biomaterial scaffolds with stem cells in order to obtain certain cell responses.
The use of collagen scaffolds and stem cells has been studied in vitro, in vivo on animals and also in
human clinical trials. Kawase et al. showed that this type of scaffold promoted cell adhesion and
proliferation while being used for periodontal treatment [110]. In other studies, the combination of
synthetic scaffolds, PDLLA and collagen respectively, has important effects on the differentiation of
mesenchymal stem cells. Similar results have been reported for the PDLLA and gelatin combination
scaffold [111].

According to Engler et al., microenvironments play an important role in stem cell lineage
specification. Naive mesenchymal stem cells are shown to specify lineage and commit to phenotypes
sensitive to tissue elasticity. Soft matrices that mimic the brain are neurogenic, stiffer matrices that
mimic muscle are myogenic, and rigid matrices that mimic collagenous bone prove osteogenic.
Reprogramming of these lineages is possible during the initial week in culture, but afterwards the
cells commit to the lineage specified by matrix elasticity. These facts have significant implications in
understanding the physical effects of the in vivo microenvironment and also for therapeutic uses of
stem cells [112].

Bone marrow stromal cells have proven suitable for repairing defects and damages. On the other
hand, many biometric materials are used to improve and correct the body defects. Nanofibers are widely
used in tissue engineering, as scaffolds in wound healing and wound dressing. Chitosan/polyethylene
oxide nanofibers can be a suitable replacement for routine wound coverages. A study conducted by
Rahimi et al. presents a combination of these methods and concludes that combining two treatment
methods leads to better results, when tissue engineering and cell therapy are involved [113].

Further research is required in this field in order to fully understand and associate cellular
responses to this category of scaffolds.

5.4. Novel Scaffold Design and Concepts

Due to the fact that the main property which qualifies a scaffold for bone tissue engineering is its
biocompatibility, natural polymer-based scaffolds consisting in proteins, polysaccharides, minerals,
growth factors, etc., and the interaction between scaffolds and cells, have to be considered in the first
place. Encouraging future perspectives of natural polymer-based scaffolds for bone tissue engineering
must be mentioned [114].

The field of bone tissue engineering is constantly developing—more and more variants of scaffold
design and conception are becoming available. Among the newest ones, the biomimetic porous
scaffolds based on triply periodic minimal surfaces (TPMS)—which involve optimization to match the
elastic properties of human’s bone—have been described by Vijayavenkataraman et al. [115].

Several design methods for TPMS scaffolds have been mentioned in the literature, which are able
to satisfy multiple requirements including porosity, Young’s modulus, and pore size. Three different
applications of TPMS: tissue specific scaffolds, scaffolds for stem cell differentiation and functionally
graded scaffolds with biomimetic functional gradients are assessed by Vijayavenkataraman et al. in
their study [115].

With the advent of 3D printing, a new era has begun. Many scaffolds are now fabricated using 3D
printing methods and especially 3D bioprinting, which is a promising and useful technology.

One of the biggest challenges for 3D bioprinting is dentistry. Because of the complexity and the
multicellular interaction, the challenges in this area are great. Recently, progress has been made in 3D
printing of biocompatible materials, seed cells, and supporting components into complex 3D functional
living tissue, but, for now, 3D bioprinting remains limited to the regeneration of dental pulp and the
tooth germ [116].

Drug functionalized scaffolds are intended for improving the local delivery of osteoprotective
drugs, in order to reduce the loading dose and the unwanted systemic complications. Poly-(e)
caprolactone (PCL)-laponite-strontium ranelate composite scaffold was studied by Prabha et al. It has



Materials 2019, 12, 2296 10 of 16

been proven to support growth and osteogenic differentiation of human marrow-derived stromal stem
cells. The in vitro and in vivo experiments showed its possible applications in bone regeneration in
the fields of orthopedics and dentistry [117].

The influence of static or dynamic magnetic fields on biological systems suggested new
opportunities in tissue engineering, namely magnetic scaffolds. D’Amora et al. analyzed the effect of
the application mode of a time-dependent magnetic field on the behavior of human mesenchymal
stem cells seeded on 3D additive-manufactured poly(3-caprolactone)/iron-doped hydroxyapatite
nanocomposite scaffolds. It has been proven that extremely low frequency improves the proliferation,
synthesis and secretion of growth factors, stimulating angiogenesis and promoting bone formation [118].
The above-mentioned research may be considered as a preliminary approach to analyzing the effects of
the application of an external time-dependent magnetic field in conjunction with 3D nanocomposite
magnetic scaffolds, and could open new perspectives for the application of magnetic fields and
cell-laden scaffolds for bone tissue engineering.

5.5. Our “Future Perspectives”

Obviously, scaffolds belong to the future of the osteoinductive mechanism. The perfect scaffold
does not yet exist, but a quality one involves passing the clinical situation and regenerative response
through the receptors and activating physiological mechanisms similar to those produced by osteoclasts,
osteocites and osteoblasts (Figure 1). Scaffolds that mimic the structure and composition of bone tissue
and cells play an important part in bone tissue engineering applications.

Osteoblasts

Osteo-modulators

Osteo-modulators
Osteocites

Bone tissue/

scaffolds

Osteo-modulators
Osteoclasts

Figure 1. Schematic representation of the mechanisms involved.

6. Conclusions

Regenerative medicine and tissue engineering have come a long way, and their advantages ensure
the opportunity to stimulate healing or the replacement of tissues with a biocompatible alternative. The
development and advancements in the biomaterials field have achieved successful outcomes in relation
to cell adhesion, proliferation and differentiation. Because of the maxillofacial region’s complexity,
which implies important challenges for tissue engineering, the biomaterials used need to fulfill certain
biological characteristics, mechanical properties and osteinductive processes. The complete elucidation
of the interactions between cells and biomaterial scaffolds leads to promising outcomes in bone
regeneration. Whether natural or synthetic polymers, the main properties regarding biocompatibility,
non-toxicity and chemical surface characteristics need to promote and enhance a proper integration
process. The advantages and disadvantages of various scaffolds require evaluation in order to obtain
efficient results. Using and combining biomaterial scaffolds with growth factors and biomolecules
represents the key element for cell stimulation and development of vascularization. Natural polymers
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can serve as scaffolds due to their biocompatibility and osteinductive action, but their usage depends
on their mechanical properties. Synthetic polymers have a well-controlled surface, composition and
physiochemical characteristics that transform them into appealing choices in bone tissue engineering.
Several up-to-date choices are available, such as 3D-printed functionally grated or magnetic scaffolds.
Currently, modern medicine lacks the optimal scaffold to suit every clinical situation. In various clinical
cases, scaffold selection must be based on the documented interactions between various biomaterials
and targeted cell types. Despite the numerous challenges, the use of biomaterial scaffolds in bone
engineering offers a wide perspective and opportunity to overcome the current grafting gold standard.
The objective is to develop compatible choices for a vascularized, mechano-chemical and functionally
appropriate tissue replacement.

Author Contributions: All authors have equal contributions.
Funding: This research received no external funding.

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

References

1. Li, G,; Zhou, T, Lin, S,; Shi, S.; Lin, Y. Nanomaterials for Craniofacial and Dental Tissue Engineering. J. Dent.
Res. 2017, 96, 725-732. [CrossRef] [PubMed]

2. Goyal, B,; Tewari, S.; Duhan, J.; Sehgal, PK. Comparative evaluation of platelet-rich plasma and guided
tissue regeneration membrane in the healing of apicomarginal defects: A clinical study. J. Endod. 2011, 37,
773-780. [CrossRef] [PubMed]

3.  Huang, G.T. Pulp and dentin tissue engineering and regeneration: Current progress. Regen. Med. 2009, 4,
697-707. [CrossRef] [PubMed]

4. Ohara, T, Itaya, T.; Usami, K.; Ando, Y.; Sakurai, H.; Honda, M.].; Ueda, M.; Kagami, H. Evaluation of scaffold
materials for tooth tissue engineering. |. Biomed. Mater. Res. A 2010, 94, 800-805. [CrossRef] [PubMed]

5. Langer, R.; Vacanti, ].P. Tissue engineering. Science 1993, 260, 920-926. [CrossRef] [PubMed]

6.  Anderson, ].M. The future of biomedical materials. |. Mater. Sci. Mater. Med. 2006, 17, 1025-1028. [CrossRef]

7. Fassina, L.; Saino, E.; Visai, L.; Schelfhout, J.; Dierick, M.; Van Hoorebeke, L.; Dubruel, P.; Benazzo, E,;
Magenes, G.; Van Vlierberghe, S. Electromagnetic stimulation to optimize the bone regeneration capacity of
gelatin-based cryogels. Int. |. Immunopathol. Pharmacol. 2012, 25, 165-174. [CrossRef]

8. Bhat, S.; Kumar, A. Biomaterials and bioengineering tomorrow’s healthcare. Biomatter 2013, 3, e24717.
[CrossRef]

9.  Gilbert Triplett, R.; Budinskaya, O. New Frontiers in Biomaterials. Oral Maxillofac. Surg. Clin. 2017, 29,
105-115. [CrossRef]

10. Jafari, M.; Paknejad, Z.; Rezai Rad, M.; Motamedian, S.R.; Eghbal, M.].; Nadjmi, N.; Khojasteh, A. Polymeric
scaffolds in tissue engineering: A literature review. J. Biomed. Mater. Res. Part B 2017, 105, 431-459. [CrossRef]

11.  Rodriguez-Vazquez, M.; Vega-Ruiz, B.; Ramos-Zuiiiga, R.; Saldafia-Koppel, D.A.; Quifiones-Olvera, L.F.
Chitosan and Its Potential Use as a Scaffold for Tissue Engineering in Regenerative Medicine. Biomed. Res.
Int. 2015, 2015. [CrossRef] [PubMed]

12.  Langer, R; Tirrell, D.A. Designing materials for biology and medicine. Nature 2004, 428, 487-492. [CrossRef]
[PubMed]

13. Lizarbe, M.A. Sustitutivos de tejidos: De los biomateriales a la ingenieria tisular. Rev. Real Acad. Cienc. Exact.
Fis. Nat. 2007, 101, 227-249.

14. O’Brien, EJ.; Harley, B.; Yannas, 1.V.; Gibson, L.J. The effect of pore size on cell adhesion in collagen-GAG
scaffolds. Biomaterials 2005, 26, 433—441. [CrossRef] [PubMed]

15. Motamedian, S.R.; Hosseinpour, S.; Ahsaie, M.G.; Khojasteh, A. Smart scaffolds in bone tissue engineering:
A systematic review of literature. World J. Stem Cells 2015, 7, 657-668. [CrossRef] [PubMed]

16. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26,
5474-5491. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/0022034517706678
http://www.ncbi.nlm.nih.gov/pubmed/28463533
http://dx.doi.org/10.1016/j.joen.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21787487
http://dx.doi.org/10.2217/rme.09.45
http://www.ncbi.nlm.nih.gov/pubmed/19761395
http://dx.doi.org/10.1002/jbm.a.32749
http://www.ncbi.nlm.nih.gov/pubmed/20336748
http://dx.doi.org/10.1126/science.8493529
http://www.ncbi.nlm.nih.gov/pubmed/8493529
http://dx.doi.org/10.1007/s10856-006-0439-5
http://dx.doi.org/10.1177/039463201202500119
http://dx.doi.org/10.4161/biom.24717
http://dx.doi.org/10.1016/j.coms.2016.08.011
http://dx.doi.org/10.1002/jbm.b.33547
http://dx.doi.org/10.1155/2015/821279
http://www.ncbi.nlm.nih.gov/pubmed/26504833
http://dx.doi.org/10.1038/nature02388
http://www.ncbi.nlm.nih.gov/pubmed/15057821
http://dx.doi.org/10.1016/j.biomaterials.2004.02.052
http://www.ncbi.nlm.nih.gov/pubmed/15275817
http://dx.doi.org/10.4252/wjsc.v7.i3.657
http://www.ncbi.nlm.nih.gov/pubmed/25914772
http://dx.doi.org/10.1016/j.biomaterials.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15860204

Materials 2019, 12, 2296 12 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chang, H.I; Wang, Y. Cell Responses to Surface and Architecture of Tissue Engineering Scaffolds.
In Regenerative Medicine and Tissue Engineering—Cells and Biomaterials; Eberli, D., Ed.; IntechOpen: Rijeka,
Croatia, 2011; pp. 569-588.

Puppi, D.; Zhang, X.; Yang, L.; Chiellini, F.; Sun, X.; Chiellini, E. Nano/microfibrous polymeric constructs
loaded with bioactive agents and designed for tissue engineering applications: A review. . Biomed. Mater.
Res. B Appl. Biomater. 2014, 102, 1562-1579. [CrossRef] [PubMed]

Melchels, FP,; Barradas, A.; Van Blitterswijk, C.A.; De Boer, J.; Feijen, J.; Grijpma, D.W. Effects of the
architecture of tissue engineering scaffolds on cell seeding and culturing. Acta Biomater. 2010, 6, 4208—4217.
[CrossRef]

Grover, C.N.; Gwynne, ].H.; Pugh, N.; Hamaia, S.; Farndale, R.W.; Best, 5.M.; Cameron, R.E. Crosslinking
and composition influence the surface properties, mechanical stiffness and cell reactivity of collagen-based
films. Acta Biomater. 2012, 8, 3080-3090. [CrossRef]

Tang, Z.; Black, R.; Curran, J.; Hunt, J.; Rhodes, N.; Williams, D. Surface properties and biocompatibility of
solvent-cast poly [e-caprolac-tone] films. Biomaterials 2004, 25, 4741-4748. [CrossRef]

Kenar, H.; Kocabas, A.; Aydinli, A.; Hasirci, V. Chemical and topographical modification of PHBV surface to
promote osteoblast alignment and confinement. |. Biomed. Mater. Res. Part A 2008, 85, 1001-1010. [CrossRef]
[PubMed]

Goddard, ].M.; Hotchkiss, J. Polymer surface modification for the attachment of bioactive compounds. Prog.
Polym. Sci. 2007, 32, 698-725. [CrossRef]

Alves, N.M.; Shi, J.; Oramas, E.; Santos, J.L.; Tomas, H.; Mano, J.E. Bioinspired superhydrophobic poly
(L-lactic acid) surfaces control bone marrow derived cells adhesion and proliferation. J. Biomed. Mater. Res.
Part A 2009, 91, 480—-488. [CrossRef] [PubMed]

Polo-Corrales, L.; Latorre-Esteves, M.; Ramirez-Vick, J.E. Scaffold design for bone regeneration. J. Nanosci.
Nanotechnol. 2014, 14, 15-56. [CrossRef] [PubMed]

Rezwan, K.; Chen, Q.Z.; Blaker, ].J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic
composite scaffolds for bone tissue engineering. Biomaterials 2006, 27, 3413-3431. [CrossRef]

Abukawa, H.; Papadaki, M.; Abulikemu, M.; Leaf, J.; Vacanti, ].P,; Kaban, L.B.; Troulis, M.]J. The engineering
of craniofacial tissues in the laboratory: A review of biomaterials for scaffolds and implant coatings. Dent.
Clin. 2006, 50, 205-216. [CrossRef] [PubMed]

Hollister, S.J.; Lin, C.Y.; Saito, E.; Schek, R.D.; Taboas, ].M.; Williams, ].M.; Partee, B.; Flanagan, C.L.;
Diggs, A.B.; Wilke, E.N.; et al. Engineering craniofacial scaffolds. Orthodont. Craniofac. Res. 2005, 8, 162-173.
[CrossRef]

Aguirre, A.; Gonzélez, A.; Navarro, M.; Castario, O.; Planell, J.A.; Engel, E. Control of microenvironmental
cues with a smart biomaterial composite promotes endothelial progenitor cell angiogenesis. Eur. Cell Mater.
2012, 24, 90-106. [CrossRef]

Adair, T.H.; Montani, ].P. Angiogenesis. Colloquium Series on Integrated Systems Physiology: From Molecule to
Function to Disease; Morgan & Claypool Life Sciences: San Rafael, CA, USA, 2010.

Holland, T.A.; Mikos, A.G. Biodegradable polymeric scaffolds. Improvements in bone tissue engineering
through controlled drug delivery. Adv. Biochem. Eng. Biotechnol. 2006, 102, 161-185.

Habraken, W.J.E.M.; Wolke, ].G.C.; Jansen, J.A. Ceramic composites as matrices and scaffolds for drug
delivery in tissue engineering. Adv. Drug Deliv. Rev. 2007, 59, 234-248. [CrossRef]

Hoppe, A.; Giildal, N.S.; Boccaccini, A.R. A review of the biological response to ionic dissolution products
from bioactive glasses and glass-ceramics. Biomaterials 2011, 32, 2757-2774. [CrossRef] [PubMed]

Wu, C,; Zhou, Y.; Xu, M.; Han, P.; Chen, L.; Chang, J.; Xiao, Y. Copper-containing mesoporous bioactive glass
scaffolds with multifunctional properties of angiogenesis capacity, osteostimulation and antibacterial activity.
Biomaterials 2013, 34, 422-433. [CrossRef] [PubMed]

Hoppe, A.; Jokic, B.; Janackovic, D.; Fey, T.; Greil, P.; Romeis, S.; Schmidt, J.; Peukert, W.; Lao, J.; Jallot, E.; et al.
Cobalt-releasing 1393 bioactive glass-derived scaffolds for bone tissue engineering applications. ACS Appl.
Mater. Interfaces 2014, 6, 2865-2877. [CrossRef] [PubMed]

Hoppe, A.; Mourifio, V.; Boccaccini, A.R. Therapeutic inorganic ions in bioactive glasses to enhance bone
formation and beyond. BioMater. Sci. R. Soc. Chem. 2013, 1, 254-256. [CrossRef]

Knowles, J.C. Phosphate based glasses for biomedical applications. J. Mater. Chem. R. Soc. Chem. 2003, 13,
2395-2401. [CrossRef]


http://dx.doi.org/10.1002/jbm.b.33144
http://www.ncbi.nlm.nih.gov/pubmed/24678016
http://dx.doi.org/10.1016/j.actbio.2010.06.012
http://dx.doi.org/10.1016/j.actbio.2012.05.006
http://dx.doi.org/10.1016/j.biomaterials.2003.12.003
http://dx.doi.org/10.1002/jbm.a.31638
http://www.ncbi.nlm.nih.gov/pubmed/17907245
http://dx.doi.org/10.1016/j.progpolymsci.2007.04.002
http://dx.doi.org/10.1002/jbm.a.32210
http://www.ncbi.nlm.nih.gov/pubmed/18985759
http://dx.doi.org/10.1166/jnn.2014.9127
http://www.ncbi.nlm.nih.gov/pubmed/24730250
http://dx.doi.org/10.1016/j.biomaterials.2006.01.039
http://dx.doi.org/10.1016/j.cden.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16530058
http://dx.doi.org/10.1111/j.1601-6343.2005.00329.x
http://dx.doi.org/10.22203/eCM.v024a07
http://dx.doi.org/10.1016/j.addr.2007.03.011
http://dx.doi.org/10.1016/j.biomaterials.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21292319
http://dx.doi.org/10.1016/j.biomaterials.2012.09.066
http://www.ncbi.nlm.nih.gov/pubmed/23083929
http://dx.doi.org/10.1021/am405354y
http://www.ncbi.nlm.nih.gov/pubmed/24476347
http://dx.doi.org/10.1039/C2BM00116K
http://dx.doi.org/10.1039/b307119g

Materials 2019, 12, 2296 13 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Day, R.; Boccaccini, A.; Shurey, S.; Roether, J.A.; Forbes, A.; Hench, L.L.; Gabe, S.M. Assessment of polyglycolic
acid mesh and bioactive glass for soft-tissue engineering scaffolds. Biomaterials 2004, 25, 5857-5866. [CrossRef]
[PubMed]

Gorustovich, A.A ; Roether, J.A.; Boccaccini, A.R. Effect of bioactive glasses on angiogenesis: A review of
in vitro and in vivo evidences. Tissue Eng. Part B Rev. 2010, 16, 199-207. [CrossRef]

Gerhardt, L.C.; Boccaccini, A.R. Bioactive glass and glass-ceramic scaffolds for bone tissue engineering.
Materials 2010, 3, 3867-3910. [CrossRef]

Arkudas, A.; Balzer, A.; Buehrer, G.; Arnold, I; Hoppe, A.; Detsch, R.; Newby, P; Fey, T.; Greil, P.; Horch, R.E.;
et al. Evaluation of angiogenesis of bioactive glass in the arteriovenous loop model. Tissue Eng. Part C 2013,
19, 479-486. [CrossRef]

Leu, A ; Stieger, 5.M.; Dayton, P; Ferrara, K.W.; Leach, ] K. Angiogenic response to bioactive glass promotes
bone healing in an irradiated calvarial defect. Tissue Eng. Part A 2009, 15, 877-885. [CrossRef]

Cross, M.].; Claesson-Welsh, L. FGF and VEGF function in angiogenesis: Signalling pathways, biological
responses and therapeutic inhibition. Trends Pharmacol. Sci. 2001, 22, 201-207. [CrossRef]

Vikkula, M.; Boon, L.M.; Mulliken, ].B.; Olsen, B.R. Molecular basis of vascular anomalies. Trends Cardiovasc.
Med. 1998, 8, 281-292. [CrossRef]

Drake, CJ.; Little, C.D. Exogenous vascular endothelial growth factor induces malformed and hyperfused
vessels during embryonic neovascularization. Proc. Natl. Acad. Sci. USA 1995, 92, 7657-7661. [CrossRef]
[PubMed]

Day, R.M. Bioactive glass stimulates the secretion of angiogenic growth factors and angiogenesis in vitro.
Tissue Eng. 2005, 11, 768-777. [CrossRef] [PubMed]

Venkatesan, J.; Bhatnagar, I.; Manivasagan, P.; Kang, K.H.; Kim, S.K. Alginate composites for bone tissue
engineering: A review. Int. |. Biol. Macromol. 2015, 72, 269-281. [CrossRef] [PubMed]

Tang, D.; Tare, R.S.; Yang, L.Y.; Williams, D.F.; Ou, K.L.; Oreffo, R.O. Biofabrication of bone tissue: Approaches,
challenges and translation for bone regeneration. Biomaterials 2016, 83, 363-382. [CrossRef]

Khojasteh, A.; Motamedian, S.R.; Rad, M.R.; Shahriari, M.H.; Nadjmi, N. Polymeric vs hydroxyapatite-based
scaffolds on dental pulp stem cell proliferation and differentiation. World ]. Stem Cells 2015, 7, 1215-1221.
[CrossRef]

Jonathan Hatton, J.; Roy Davis, G.; Mourad, A.H.; Cherupurakal, N.; Hill, R.G.; Mohsin, S. Fabrication of
porous bone scaffolds using alginate and bioactive glass. J. Funct. Biomater. 2019, 10, 015. [CrossRef]
Yaremenko, A.; Lysenko, A.; Ivanova, E.; Vilesov, A.; Galibin, O.; Petrov, N.; Kirillov, P. Prospectives for using
artificial scaffolds in oral and craniofacial surgery: Literature review. Cell. Ther. Transplant. 2018, 7, 21-26.
[CrossRef]

Phillippi, J.A.; Miller, E.; Weiss, L.; Huard, J.; Waggoner, A.; Campbell, P. Microenvironments engineered by
inkjet bioprinting spatially direct adult stem cells toward muscle and bone-like subpopulations. Stem Cells
2008, 26, 127-134. [CrossRef]

Zhu, W,; Liang, M. Periodontal ligament stem cells: Current status, concerns and future prospects. Stem Cells
Int. 2015, 2015, 972313. [CrossRef] [PubMed]

Smith, B.T.; Shum, J.; Wong, M.; Mikos, A.G.; Young, S. Bone Tissue Engineering Challenges in Oral &
Maxillofacial Surgery. In Engineering Mineralized and Load Bearing Tissues; Advances in Experimental Medicine
and Biology; Bertassoni, L., Coelho, P, Eds.; Springer: Berlin, Germany, 2015; pp. 57-78.

Ribeiro, C.; Sencadas, V.; Correia, D.M.; Lanceros-Méndez, S. Piezoelectric polymers as biomaterials for
tissue engineering applications. Colloids Surf. B Biointerfaces 2015, 136, 46-55. [CrossRef] [PubMed]
Orciani, M.; Fini, M.; Di Primio, R.; Mattioli-Belmonte, M. Biofabrication and Bone Tissue Regeneration:
Cell Source, Approaches, and Challenges. Front. Bioeng. Biotechnol. 2017, 5, 17. [CrossRef] [PubMed]
Jayakumar, R.; Nagahama, H.; Furuike, T.; Tamura, H. Synthesis of phosphorylated chitosan by novel method
and its characterization. Int. J. Biol. Macromol. 2008, 42, 335-339. [CrossRef] [PubMed]

Logith Kumar, R.; Keshav Narayan, A.; Dhivya, S.; Chawla, A.; Saravanan, S.; Selvamurugan, N. A Review
of Chitosan and its Derivatives in Bone Tissue Engineering. Carbohydr. Polym. 2016, 151, 172-188. [CrossRef]
[PubMed]

Niranjan, R.; Koushik, C.; Saravanan, S.; Moorthi, A.; Vairamani, M.; Selvamurugan, N. A novel injectable
temperature-sensitive zinc doped chitosan/-glycerophosphate hydrogel for bone tissue engineering. Int. J.
Biol. Macromol. 2013, 54, 24-29. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biomaterials.2004.01.043
http://www.ncbi.nlm.nih.gov/pubmed/15172498
http://dx.doi.org/10.1089/ten.teb.2009.0416
http://dx.doi.org/10.3390/ma3073867
http://dx.doi.org/10.1089/ten.tec.2012.0572
http://dx.doi.org/10.1089/ten.tea.2008.0018
http://dx.doi.org/10.1016/S0165-6147(00)01676-X
http://dx.doi.org/10.1016/S1050-1738(98)00024-3
http://dx.doi.org/10.1073/pnas.92.17.7657
http://www.ncbi.nlm.nih.gov/pubmed/7543999
http://dx.doi.org/10.1089/ten.2005.11.768
http://www.ncbi.nlm.nih.gov/pubmed/15998217
http://dx.doi.org/10.1016/j.ijbiomac.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25020082
http://dx.doi.org/10.1016/j.biomaterials.2016.01.024
http://dx.doi.org/10.4252/wjsc.v7.i10.1215
http://dx.doi.org/10.3390/jfb10010015
http://dx.doi.org/10.18620/ctt-1866-8836-2018-7-1-21-27
http://dx.doi.org/10.1634/stemcells.2007-0520
http://dx.doi.org/10.1155/2015/972313
http://www.ncbi.nlm.nih.gov/pubmed/25861283
http://dx.doi.org/10.1016/j.colsurfb.2015.08.043
http://www.ncbi.nlm.nih.gov/pubmed/26355812
http://dx.doi.org/10.3389/fbioe.2017.00017
http://www.ncbi.nlm.nih.gov/pubmed/28386538
http://dx.doi.org/10.1016/j.ijbiomac.2007.12.011
http://www.ncbi.nlm.nih.gov/pubmed/18279950
http://dx.doi.org/10.1016/j.carbpol.2016.05.049
http://www.ncbi.nlm.nih.gov/pubmed/27474556
http://dx.doi.org/10.1016/j.ijbiomac.2012.11.026
http://www.ncbi.nlm.nih.gov/pubmed/23201776

Materials 2019, 12, 2296 14 of 16

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Foda, N.H.; El-Laithy, H.M.; Tadros, M.I. Implantable biodegradable sponges: Effect of interpolymer complex
formation of chitosan with gelatin on the release behavior of tramadol hydrochloride. Drug Dev. Ind. Pharm.
2007, 33, 7-17. [CrossRef]

Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603-632. [CrossRef]
Singh, D.K.; Ray, A.R. Biomedical applications of chitin, chitosan, and their derivatives. ]. Macromol. Sci. C
Polym. Rev. 2000, 40, 69-83. [CrossRef]

Chen, X.G.; Zheng, L.; Wang, Z.; Lee, C.Y.; Park, H.J. Molecular affinity and permeability of different
molecular weight chitosan membranes. J. Agric. Food Chem. 2002, 50, 5915-5918. [CrossRef]

Ge, S.; Zhao, N.; Wang, L.; Yu, M,; Liu, H,; Song, A.; Huang, J.; Wang, G.; Yang, P. Bone repair by periodontal
ligament stem cell-seeded nanohydroxyapatite-chitosan scaffold. Int. ]. Nanomed. 2012, 7, 5405-5414.
[CrossRef] [PubMed]

Zhang, J.; Liu, G.; Wu, Q.; Zuo, J.; Qin, Y.; Wang, J. Novel mesoporous hydroxyapatite/chitosan composite for
bone repair. . Bionic Eng. 2012, 9, 243-251. [CrossRef]

Weir, M.D.; Xu, H.H.K. Osteoblastic induction on calcium phosphate cement-chitosan constructs for bone
tissue engineering. J. Biomed. Mater. Res. A 2010, 94, 223-233. [CrossRef] [PubMed]

Dahlan, K.; Dewi, S.U.; Nurlaila, A.; Soejoko, D. Synthesis and characterization of calcium phosphate/chitosan
composites. Int. ]. Basic Appl. Sci. 2012, 12, 50-57.

Zo,SM,; Singh, D.; Kumar, A.; Cho, Y.W.; Oh, TH.; Han, S.S. Chitosan-hydroxyapatite macroporous matrix
for bone tissue engineering. Curr. Sci. 2012, 103, 1438-1446.

Anitha, A.; Sowmya, S.; Kumar, PT.S.; Deepthi, S.; Chennazhi, K.P; Ehrlich, H.; Tsurkan, M.; Rangasamy, J.
Chitin and chitosan in selected biomedical applications. Prog. Polym. Sci. 2014, 39, 1644-1667. [CrossRef]
Ma, S.; Chen, Z.; Qiao, F; Sun, Y,; Yang, X.; Deng, X.; Cen, L.; Cai, Q.; Wu, M.; Zhang, X.; et al. Guided
bone regeneration with tripolyphosphate cross-linked asymmetric chitosan membrane. . Dent. 2014, 42,
1603-1612. [CrossRef]

Kim, S.; Bedigrew, K.; Guda, T.; Maloney, W.J.; Park, S.; Wenke, J.C.; Yang, Y.P. Novel osteoinductive
photo-cross-linkable chitosan-lactide-fibrinogen hydrogels enhance bone regeneration in critical size
segmental bone defects. Acta Biomater. 2014, 10, 5021-5033. [CrossRef]

Kang, Y.H.; Shin, S.H.; Kim, K.C. Osteoconductiveeffectof chitosan/hydroxyapatite composite matrix on rat
skull defect. Tissue Eng. Regen. Med. 2011, 8, 23-31.

Lee, ].S.; Baek, S.D.; Venkatesan, J.; Bhatnagar, I.; Chang, HK,; Kim, H.T,; Kim, S.K. In vivo study of
chitosan-natural nano hydroxyapatite scaffolds for bone tissue regeneration. Int. J. Biol. Macromol. 2014, 67,
360-366. [CrossRef]

Wang, Y.F.; Wang, C.Y.; Wan, P.; Wang, S.G.; Wang, X.M. Comparison of bone regeneration in alveolar bone
of dogs on mineralized collagen grafts with two composition ratios of nanohydroxyapatite and collagen.
Regen. Biomater. 2016, 3, 33—40. [CrossRef] [PubMed]

Ber, S.; Torun Kose, G.; Hasirci, V. Bone tissue engineering on patterned collagen films: An in vitro study.
Biomaterials 2005, 26, 1977-1986. [CrossRef] [PubMed]

Lee, K\Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106-126.
[CrossRef] [PubMed]

Rabbany, S.Y.; Pastore, J.; Yamamoto, M.; Miller, T.; Rafii, S.; Aras, R.; Penn, M. Continuous delivery of stromal
cell-derived factor-1 from alginate scaffolds accelerates wound healing. Cell Transpl. 2010, 19, 399-408.
[CrossRef] [PubMed]

Wiegand, C.; Heinze, T.; Hipler, U.C. Comparative in vitro study on cytotoxicity, antimicrobial activity, and
binding capacity for pathophysiological factors in chronic wounds of alginate and silver containing alginate.
Wound Repair Regen. 2009, 17, 511-521. [CrossRef] [PubMed]

Murakami, K.; Aoki, H.; Nakamura, S.; Takikawa, M.; Hanzawa, M.; Kishimoto, S.; Hattori, H.; Tanaka, Y.;
Kiyosawa, T.; Sato, Y.; et al. Hydrogel blends of chitin/chitosan, fucoidan and alginate as healing-impaired
wound dressings. Biomaterials 2010, 31, 83-90. [CrossRef] [PubMed]

Barralet, J.; Wang, L.; Lawson, M.; Triffitt, ].; Cooper, P.; Shelton, R. Comparison of bone marrow cell growth
on 2D and 3D alginate hydrogels. ]. Mater. Sci. Mater. Med. 2005, 16, 515-519. [CrossRef]

Jay, S.M.; Saltzman, WM. Controlled delivery of VEGF via modulation of alginate microparticle ionic
crosslinking. J. Control. Release 2009, 134, 26-34. [CrossRef]


http://dx.doi.org/10.1080/03639040600975188
http://dx.doi.org/10.1016/j.progpolymsci.2006.06.001
http://dx.doi.org/10.1081/MC-100100579
http://dx.doi.org/10.1021/jf020151g
http://dx.doi.org/10.2147/IJN.S36714
http://www.ncbi.nlm.nih.gov/pubmed/23091383
http://dx.doi.org/10.1016/S1672-6529(11)60117-0
http://dx.doi.org/10.1002/jbm.a.32665
http://www.ncbi.nlm.nih.gov/pubmed/20166217
http://dx.doi.org/10.1016/j.progpolymsci.2014.02.008
http://dx.doi.org/10.1016/j.jdent.2014.08.015
http://dx.doi.org/10.1016/j.actbio.2014.08.028
http://dx.doi.org/10.1016/j.ijbiomac.2014.03.053
http://dx.doi.org/10.1093/rb/rbv025
http://www.ncbi.nlm.nih.gov/pubmed/26816654
http://dx.doi.org/10.1016/j.biomaterials.2004.07.007
http://www.ncbi.nlm.nih.gov/pubmed/15576172
http://dx.doi.org/10.1016/j.progpolymsci.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22125349
http://dx.doi.org/10.3727/096368909X481782
http://www.ncbi.nlm.nih.gov/pubmed/19995484
http://dx.doi.org/10.1111/j.1524-475X.2009.00503.x
http://www.ncbi.nlm.nih.gov/pubmed/19614916
http://dx.doi.org/10.1016/j.biomaterials.2009.09.031
http://www.ncbi.nlm.nih.gov/pubmed/19775748
http://dx.doi.org/10.1007/s10856-005-0526-z
http://dx.doi.org/10.1016/j.jconrel.2008.10.019

Materials 2019, 12, 2296 15 of 16

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Moya, M.L.; Cheng, M.H.; Huang, J.J. The effect of FGF-1 loaded alginate microbeads on neovascularization
and adipogenesis in a vascular pedicle model of adipose tissue engineering. Biomaterials 2010, 31, 2816-2826.
[CrossRef]

Rubert, M.; Alonso-Sande, M.; Monjo, M.; Ramis, ].M. Evaluation of alginate and hyaluronic acid for their
use in bone tissue engineering. Biointerphases 2012, 7, 44. [CrossRef]

Gentile, P; Chiono, V.; Carmagnola, I.; Hatton, P.V. An overview of poly (lactic-co-glycolic) acid (PLGA)-based
biomaterials for bone tissue engineering. Int. . Mol. Sci. 2014, 15, 3640-3659. [CrossRef] [PubMed]

Woo, KM.; Jun, J.H.; Chen, VJ.; Seo, J.; Baek, J.H.; Ryoo, HM.; Kim, G.S.; Somerman, M.].; Ma, P.X.
Nano-fibrous scaffolding promotes osteoblast differentiation and biomineralization. Biomaterials 2007, 28,
335-343. [CrossRef] [PubMed]

Badami, A.S.; Kreke, M.R.; Thompson, M.S,; Riffle, ].S.; Goldstein, A.S. Effect of fiber diameter on spreading,
proliferation, and differentiation of osteoblastic cells on electrospun poly (lactic acid) substrates. Biomaterials
2006, 27, 596-606. [CrossRef] [PubMed]

Pamula, E.; Filova, E.; Bacakova, L.; Lisa, V.; Adamczyk, D. Resorbable polymeric scaffolds for bone tissue
engineering: The influence of their microstructure on the growth of human osteoblast-like MG 63 cells.
J. Biomed. Mater. Res. Part A 2009, 89, 432-443. [CrossRef] [PubMed]

Pamula, E.; Bacakova, L.; Filova, E. The influence of pore size on colonization of poly (L-lactide-glycolide)
scaffolds with human osteoblast-like MG 63 cells in vitro. J. Mater. Sci. Mater. Med. 2008, 19, 425-435.
[CrossRef] [PubMed]

Smith, L.L.; Niziolek, PJ.; Haberstroh, K.M.; Nauman, E.A.; Webster, T.J. Decreased fibroblast and increased
osteoblast adhesion on nano-structured NaOH-etched PLGA scaffolds. Int. ]. Nanomed. 2007, 2, 383-388.
Kumar, G.; Waters, M.S.; Farooque, T.M.; Young, M.E,; Simon, C.G., Jr. Freeform fabricated scaffolds with
roughened struts that enhance both stem cell proliferation and differentiation by controlling cell shape.
Biomaterials 2012, 33, 4022—-4030. [CrossRef] [PubMed]

Liu, W.; Zhan, J; Su, Y.; Wu, C.; Ramakrishna, S.; Mo, X.; Al-Deyab, S.S.; El-Newehy, M. Effects of plasma
treatment to nanofibers on initial cell adhesion and cell morphology. Colloids Surf. B Biointerfaces 2014, 113,
101-106. [CrossRef] [PubMed]

Jeon, H.; Lee, H.; Kim, G. A surface-modified poly (E-caprolactone) scaffold comprising variable nanosized
surface-roughness using a plasma treatment. Tissue Eng. Part C Methods 2014, 20, 951-963. [CrossRef]

Koh, H.; Yong, T.; Chan, C.; Ramakrishna, S. Enhancement of neurite outgrowth using nano-structured
scaffolds coupled with laminin. Biomaterials 2008, 29, 3574-3582. [CrossRef]

Mashhadikhan, M.; Soleimani, M.; Parivar, K.; Yaghmaei, P. ADSCs on PLLA/PCL hybrid nanoscaffold and
gelatin modification: Cytocompatibility and mechanical properties. Avicenna J. Med. Biotechnol. 2015, 7,
32-38. [PubMed]

Somo, S.I.; Akar, B.; Bayrak, E.S.; Larson, ]J.C.; Appel, A.A.; Mehdizadeh, H.; Cinar, A.; Brey, EM. Pore
interconnectivity influences growth factor-mediated vascularization in sphere-templated hydrogels. Tissue
Eng. Part C Methods 2015, 21, 773-785. [CrossRef] [PubMed]

Sowjanya, ].A.; Singh, J.; Mohita, T.; Sarvanan, S.; Moorthi, A.; Srinivasan, N.; Selvamurugan, N. Biocomposite
scaffolds containing chitosan/alginate/nano-silica for bone tissue engineering. Colloids Surf. B Biointerfaces
2013, 109, 294-300. [CrossRef] [PubMed]

Sainitya, R.; Sriram, M.; Kalyanaraman, V.; Dhivya, S.; Saravanan, S.; Vairamani, M.; Sastry, T.P;
Selvamurugan, N. Scaffolds containing chitosan/carboxymethyl cellulose/mesoporous wollastonite for
bone tissue engineering. Int. J. Biol. Macromol. 2015, 80, 481-488. [CrossRef] [PubMed]

Kavya, K.C; Jayakumar, R.; Nair, S.; Chennazhi, K.P. Fabrication and characterization of
chitosan/gelatin/nSiO2 composite scaffold for bone tissue engineering. Int. ]. Biol. Macromol. 2013,
59, 255-263. [CrossRef] [PubMed]

Kim, H.L; Jung, G.Y,; Yoon, ].H.; Han, J.S; Park, YJ.; Kim, D.G.; Zhang, M.; Kim, D.]. Preparation
and characterization of nano-sized hydroxyapatite/alginate/chitosan composite scaffolds for bone tissue
engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 54, 20-25. [CrossRef] [PubMed]

Zhang, Q.; Hubenak, J.; Iyyanki, T.; Alred, E.; Turza, K.C.; Davis, G.; Chang, E.I.; Branch-Brooks, C.D.;
Beahm, E.K.; Butler, C.E. Engineering vascularized soft tissue flaps in an animal model using human
adipose-derived stem cells and VEGF+PLGA/PEG microspheres on a collagen-chitosan scaffold with a
flow-through vascular pedicle. Biomaterials 2015, 73, 198-213. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biomaterials.2009.12.053
http://dx.doi.org/10.1007/s13758-012-0044-8
http://dx.doi.org/10.3390/ijms15033640
http://www.ncbi.nlm.nih.gov/pubmed/24590126
http://dx.doi.org/10.1016/j.biomaterials.2006.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16854461
http://dx.doi.org/10.1016/j.biomaterials.2005.05.084
http://www.ncbi.nlm.nih.gov/pubmed/16023716
http://dx.doi.org/10.1002/jbm.a.31977
http://www.ncbi.nlm.nih.gov/pubmed/18431773
http://dx.doi.org/10.1007/s10856-007-3001-1
http://www.ncbi.nlm.nih.gov/pubmed/17607515
http://dx.doi.org/10.1016/j.biomaterials.2012.02.048
http://www.ncbi.nlm.nih.gov/pubmed/22417619
http://dx.doi.org/10.1016/j.colsurfb.2013.08.031
http://www.ncbi.nlm.nih.gov/pubmed/24060934
http://dx.doi.org/10.1089/ten.tec.2013.0701
http://dx.doi.org/10.1016/j.biomaterials.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25926950
http://dx.doi.org/10.1089/ten.tec.2014.0454
http://www.ncbi.nlm.nih.gov/pubmed/25603533
http://dx.doi.org/10.1016/j.colsurfb.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23668983
http://dx.doi.org/10.1016/j.ijbiomac.2015.07.016
http://www.ncbi.nlm.nih.gov/pubmed/26188305
http://dx.doi.org/10.1016/j.ijbiomac.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23591473
http://dx.doi.org/10.1016/j.msec.2015.04.033
http://www.ncbi.nlm.nih.gov/pubmed/26046263
http://dx.doi.org/10.1016/j.biomaterials.2015.09.024
http://www.ncbi.nlm.nih.gov/pubmed/26410787

Materials 2019, 12, 2296 16 of 16

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Evans, N.D.; Gentleman, E.; Polak, ].M. Scaffolds for stem cells. Mater. Today 2006, 9, 26-33. [CrossRef]
Simion, M.; Misitano, U.; Gionso, L.; Salvato, A. Treatment of dehiscences and fenestrations around dental
implants using resorbable and nonresorbable membranes associated with bone autografts: A comparative
clinical study. Int. J. Oral Maxillofac. Implant. 1997, 12, 159-167.

Kumar, V.A,; Caves, ]. M.,; Haller, C.A,; Dai, E.; Liu, L.; Grainger, S.; Chaikof, E.L. Acellular vascular grafts
generated from collagen and elastin analogs. Acta Biomater. 2013, 9, 8067-8074. [CrossRef]

Matsuno, T.; Omata, K.; Hashimoto, Y.; Tabata, Y.; Satoh, T. Alveolar bone tissue engineering using composite
scaffolds for drug delivery. Jpn. Dent. Sci. Rev. 2010, 46, 188-192. [CrossRef]

Kim, S.J.; Jang, D.H.; Park, W.H.; Min, B.M. Fabrication and characterization of 3 dimensional PLGA
nanofiber/microfiber composite scaffolds. Polymer 2010, 51, 1320-1327. [CrossRef]

Barradas, A.M.; Lachmann, K.; Hlawacek, G.; Frielink, C.; Truckenmoller, R.; Boerman, O.C.; van Gastel, R.;
Garritsen, H.; Thomas, M.; Moroni, L.; et al. Surface modifications by gas plasma control osteogenic
differentiation of MC3T3-E1 cells. Acta Biomater. 2012, 8, 2969-2977. [CrossRef] [PubMed]

Wang, J.; Ma, H,; Jin, X.; Hu, J; Liu, X,; Ni, L.; Ma, PX. The effect of scaffold architecture on odontogenic
differentiation of human dental pulp stem cells. Biomaterials 2011, 32, 7822-7830. [CrossRef] [PubMed]
Kantawong, F; Burgess, K.E.; Jayawardena, K.; Hart, A.; Riehle, M.O.; Oreffo, R.O.; Dalby, M.].; Burchmore, R.
Effects of a surface topography composite with puerariae radix on human STRO-1-positive stem cells.
Acta Biomater. 2010, 6, 3694-3703. [CrossRef] [PubMed]

Vijayavenkataraman, S.; Zhang, S.; Lu, W.; Fuh, J. Electrohydrodynamic-jetting (EHD-jet) 3D-printed
functionally graded scaffolds for tissue engineering applications. ]. Mater. Res. 2018, 33, 1999-2011.
[CrossRef]

Kawase, T.; Yamanaka, K.; Suda, Y.; Kaneko, T.; Okuda, K.; Kogami, H.; Nakayama, H.; Nagata, M.;
Wolff, L.H.; Yoshie, H. Collagen-coated poly(L-lactide-co-e-caprolactone) film: A promising scaffold for
cultured periosteal sheets. |. Periodontol. 2010, 81, 1653-1662. [CrossRef] [PubMed]

Zhang, W.; Frank Walboomers, X.; van Kuppevelt, TH.; Daamen, W.F; Bian, Z.; Jansen, J.A. The performance
of human dental pulp stem cells on different three-dimensional scaffold materials. Biomaterials 2006, 27,
5658-5668. [CrossRef] [PubMed]

Engler, A.].; Sen, S.; Lee Sweeney, H.; Dische, D.E. Matrix Elasticity Directs Stem Cell Lineage Specification.
Cell 2006, 126, 677-689. [CrossRef]

Rahimi, M.; Emamgholi, A.; Seyyed Tabaei, S.J.; Khodadoust, M.; Taghipour, H.; Jafari, A. Prospectives of
chitosan nanofiber/film scaffolds with bone marrow stromal cells in tissue engineering and wound dressing.
Nanomed. J. 2019, 6, 27-34.

Titorencu, I.; Albu, M.; Nemecz, M.; Jinga, V.V. Natural Polymer-Cell Bioconstructs for Bone Tissue
Engineering. Curr. Stem Cell Res. Ther. 2017, 12, 165-174. [CrossRef]

Vijayavenkataraman, S.; Zhang, L.; Zhang, S.; Ying, J.; Fuh, H.; Feng Lu, W. Triply Periodic Minimal Surfaces
Sheet Scaffolds for Tissue Engineering Applications: An Optimization Approach toward Biomimetic Scaffold
Design. ACS Appl. Bio Mater. 2018, 1, 259-269. [CrossRef]

Ma, Y,; Xie, L.; Yang, B.; Tian, W. Three-dimensional printing biotechnology for the regeneration of the tooth
and tooth-supporting tissues. Biotechnol. Bioeng. 2019, 116, 452—468. [CrossRef]

Prabha, R.D.; Nair, B.P; Ditzel, N.; Kjems, J.; Nair, P.D.; Kassem, M. Strontium functionalized scaffold for
bone tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 94, 509-515. [CrossRef]

D’Amora, U.; Russo, T.; Gloria, A.; Rivieccio, V.; D’Anto, V.; Negri, G.; Ambrosio, L.; De Santis, R.
3D additive-manufactured nanocomposite magnetic scaffolds: Effect of the application mode of a
time-dependent magnetic field on hMSCs behavior. Bioact. Mater. 2017, 2, 138-145. [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/10.1016/S1369-7021(06)71740-0
http://dx.doi.org/10.1016/j.actbio.2013.05.024
http://dx.doi.org/10.1016/j.jdsr.2009.12.001
http://dx.doi.org/10.1016/j.polymer.2010.01.025
http://dx.doi.org/10.1016/j.actbio.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22522130
http://dx.doi.org/10.1016/j.biomaterials.2011.04.034
http://www.ncbi.nlm.nih.gov/pubmed/21663962
http://dx.doi.org/10.1016/j.actbio.2010.02.038
http://www.ncbi.nlm.nih.gov/pubmed/20302977
http://dx.doi.org/10.1557/jmr.2018.159
http://dx.doi.org/10.1902/jop.2010.100194
http://www.ncbi.nlm.nih.gov/pubmed/20629552
http://dx.doi.org/10.1016/j.biomaterials.2006.07.013
http://www.ncbi.nlm.nih.gov/pubmed/16916542
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.2174/1574888X10666151102105659
http://dx.doi.org/10.1021/acsabm.8b00052
http://dx.doi.org/10.1002/bit.26882
http://dx.doi.org/10.1016/j.msec.2018.09.054
http://dx.doi.org/10.1016/j.bioactmat.2017.04.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Scaffolds Development: Generalities 
	The Development of Angiogenesis 
	Oral Bone Tissue Engineering 
	Advancements in Biomaterial Scaffolds 
	Natural Polymers 
	Synthetic Polymers 
	Stem Cells Carriers 
	Novel Scaffold Design and Concepts 
	Our “Future Perspectives” 

	Conclusions 
	References

