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Abstract: Injectable biomaterials scaffolds play a pivotal role for dental tissue regeneration, as such
materials are highly applicable in the dental field, particularly when compared to pre-formed scaffolds.
The defects in the maxilla-oral area are normally small, confined and sometimes hard to access.
This narrative review describes different types of biomaterials for dental tissue regeneration, and also
discusses the potential use of nanofibers for dental tissues. Various studies suggest that tissue
engineering approaches involving the use of injectable biomaterials have the potential of restoring
not only dental tissue function but also their biological purposes.
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1. Injectable Biomaterials for Dental Tissue Engineering

This is a narrative review, which discusses the state of the science of injectable biomaterials for
dental tissue engineering from a theoretical and contextual point of view. Biomaterials, which can
be either synthetic, natural and pure or composite materials play an important role in dental tissue
engineering to interface with surgical procedures and cell biology [1,2], and also include injectable
biomaterials which can serve as stem cell carriers and supramolecular hydrogels, as well as in
situ gelling hydrogels [3–5]. The modern design of micro-carriers can accomplish biodegradability,
biocompatibilities, as well as offer required features for improving biological responses [2,6–8].

Injectable scaffolds play an important role in tissue regeneration since they provide numerous
advantages over pre-formed scaffolds [9] and are used for regeneration of craniofacial and dental
tissues, which consist of alveolar bone, temporo-mandibular joint, periodontal ligament, dentin,
and pulp [5,10–12]. Various studies [13–16] have concluded that tissue engineering approaches
involving the use of biomaterials replace missing or damaged craniofacial and dental structures, as well
as restore their biological purposes.

2. Classification of Hydrogels

Hydrogels are broadly classified based upon their original sources, preparation method
and physico-chemical behaviour, such as crosslinked, interpenetrating network, chemical and stimuli
responsive and protein-based hydrogels, as depicted in Figure 1. This review provides a brief insight
of the classification of prominent hydrogel systems which have attracted biomaterials scientists over
a past few years.
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Figure 1. Hydrogels based on the different properties such as source, physical properties, crosslinking,
ionic charge, response and degradability Reprinted from [17] with permission from Elsevier.

Conventionally, based upon crosslinking, hydrogels are classified into two distinct categories:
physically crosslinked and chemically crosslinked hydrogels [17].

2.1. Physically Crosslinked Hydrogels

Hydrogels prepared by physically crosslinked methods are usually reversible gels and are
relatively easy to produce without any crosslinking agents during synthesis process. The crosslinking
agents may affect the integrity of components (cells/proteins) entrapped into the hydrogel system
and need to be removed before hydrogel application. Moreover, hydrogels formed with non-covalent
bonds may be moldable, permitting a better defect filling ability. This leads to an increased demand of
physically crosslinked hydrogels in the field of biomaterials and tissue engineering [18].

2.2. Chemically Crosslinked Hydrogels

The chemically crosslinked hydrogels are stable elements as the covalent bonds exist in between
the polymer chains. These hydrogels do not dissolve in any solvent until the covalent crosslinked
points are weakened. The chemically crosslinked hydrogels are mechanically strong and depend upon
the nature of chemical bonds existing between building blocks and crosslinks [18]. Different methods
to develop such hydrogels are discussed below:

a) Radical polymerization: Swelling is an important characteristic of the hydrogel system and it can
be regulated by the number of crosslinking agents incorporated into the system. Crosslinkers of
predetermined properties result in the formation of stimuli-sensitive materials. Natural, synthetic
and semi-synthetic polymers are considered to design hydrogels via this route [19].

b) Chemical reaction of complementary groups: The functional groups OH, NH2 and COOH present
in a polymer make it water soluble and can be modulated to develop a hydrogel. Establishment
of covalent bonds between the polymer chains is generally achieved by functional groups
and complementary reactivity interaction, such as, amine-carboxylic acid reaction by Schiff
base formation.
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c) Ionic interaction: Crosslinked polymer systems generated by the inclusion of di or tri-valent
counter ions falls in this category. The underlying principle is the gelling of polyelectrolytic
solution with oppositely charged multivalent ions. For example, alginate—a polysaccharide
with glucuronic and mannuronic acid residues can be crosslinked with calcium ions by ionic
interactions at room temperature and physiological pH. Alginate hydrogels are used as templates
to encapsulate living cells and release protein. The ionotropic hydrogels tend to degrade under
physiological conditions [20].

d) Crystallization: Aqueous solution of water-soluble polymer such as polyvinyl alcohol (PVA)
when stored at room temperature forms stable gel. Interestingly, aqueous solution of PVA upon
freeze-thawing tends to form a highly elastic and strong gel. The gel characteristics depend on
molecular weight of PVA, concentration of the polymer in water, temperature, freezing time
and number of freezing cycles [21].

2.3. Interpenetrating Network Hydrogel

Based upon preparation method, hydrogels are classified as homo-polymers, co-polymers,
semi-interpenetrating networks and interpenetrating networks and are described below:

a) Homo-polymeric hydrogels: Network of polymers derived from single monomer species consist of
basic structural units. Homopolymers may possess crosslinked skeletal structure which depends
upon monomer nature and polymerization technique. For example, polyethylene glycol (PEG)
hydrogels are smart and drug delivery matrices due to their responsive nature to the external
stimuli [22].

b) Co-polymeric hydrogels: These hydrogels contain two or more dissimilar monomeric species,
among which at least one is a single hydrophobic monomeric constituent assembled in block,
randomly or alternating structural configuration along chain of polymeric network.

c) Semi-interpenetrating network (semi-IPN): A linear polymer penetrating into another crosslinked
network without chemical bonding is termed as semi-IPN. This network is capable of preserving
rapid kinetic response rates with respect to pH or temperature due to lack of restricting
interpenetrating network. The hydrogels possess modified pore size and exhibit slow release
of drug. The network consists of both covalent and ionic bonds. The covalent bonds maintain
three dimensional (3–D) structures of the hydrogels whereas the ionic bond imparts mechanical
strength and pH responsive nature [23].

d) Interpenetrating network (IPN): This is an intimate combination of two different kinds of
polymers of which one is crosslinked or generated in immediate presence of other polymers.
The interlocked structural property of crosslinked IPN system ensures stability and morphology
of the hydrogels. These hydrogel templates have appreciable mechanical strength, controlled
porosity, physico-chemical and mechanical properties leading to efficient drug loading [24].

2.4. Chemical and Stimuli Responsive Hydrogels

These hydrogels are environmentally sensitive and a smart hydrogel system as they experience
unusual changes in the network structures, growth factors, permeability and mechanical properties in
response to the environmental stimuli. Physical stimuli include light, temperature, pressure, magnetic
and electric fields, mechanical stress and chemical stimuli such as pH, chemical agents and ionic
factors, that are responsible in changing polymer chain/solvent interactions at the molecular level.
The dual responsive hydrogel is a network of two stimuli responsive factors in a single hydrogel
system and biochemical stimuli hydrogel responsive to ligand, enzyme and antigen have also shown
potentialities in biomaterials field [25].

a) pH responsive hydrogels: These hydrogels with ionic pendant groups response to environmental
pH change and have the ability to accept or donate protons. This leads to volume transition to
create osmotic swelling force by generating electrostatic repulsive forces in between the ionized
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groups. pH responsive hydrogels can further be classified as anionic hydrogels with pendant
group of carboxylic or sulfonic acid and cationic hydrogels with pendant groups of amines.
The degree of swelling of these hydrogels depend on many factors-concentration, crosslinking
density, hydrophobicity or hydrophilicity, ionic charge and degree of ionization [25,26].

b) Temperature responsive hydrogels: The change of temperature in the surrounding fluid determines
the swelling ability of these hydrogels and can be classified as positive or negative responsive
system. Positive temperature hydrogels contract and release solvent from their templates when
the temperature is below the upper critical solution temperature (UCST). As the temperature reaches
above the UCST, the hydrogel starts swelling. These hydrogels tend to shrink at lower temperature
due to complex structure formation by hydrogen bond. At high temperature, the structure
dissociates due to hydrogen bond breakage. Similarly, these hydrogels are retrogressive at negative
temperature. The thermosensitive hydrogels undergo sol-gel phase transition instead of change in
volume at critical solution temperature. Methyl cellulose and hydroxypropyl methylcellulose are
excellent example of temperature responsive polymer. Generally, hydrogels formed by IPN are
thermo-sensitive and swell at high temperature and shrink at low temperature. Kotono et al. [26]
reported polyacrylic acid (PAA) and polyacrylamide (PAAm) as positively thermo-sensitive
hydrogels. The hydrogel swelling is reversible corresponding to step-by-step temperature
change which has effect on release rate of model drug ketoprofen from monolithic device.
Overall, the swelling response can be assessed in co-ordination with temperature variation to
study the behaviour of hydrogels [27]. The shortcomings of thermo-sensitive hydrogels are
non-biodegradability and non-biocompatibility of monomers and crosslinkers which may produce
carcinogenic and toxic effects [17]. It is however possible to conceive more biocompatible
hydrogels by grafting thermo-responsive polymers, such as poly (N-isopropylacrylamide),
to polysaccharides [28].

c) Glucose responsive hydrogels: These hydrogels are used for diabetes treatment. They act as
glucose sensing carriers in order to trigger insulin release. Such “bio-smart” matrix is engineered
by coupling molecular recognition with actuation, which is mainly composed of hydroxyethyl
methacrylate (HEMA) and polymethyl acrylate (PMA). Reduction of system’s local pH converts
gluconic acid by glucose oxidase in close proximity of oxygen leading to increased swelling
of cationic hydrogels, hence release insulin from the system. These gels are promising but
exhibit slow response and fail to go back to original conformation while responding to glucose
concentrations [29].

2.5. Protein Based and Antigen-Responsive Hydrogels

These hydrogels are fabricated with definite sequences, composition and molecular weight
by utilizing recombinant DNA technology for biomaterials, tissue engineering and drug delivery
purposes. Kopecek and Yang [30] demonstrated crosslinked protein based hydrogel which contains
coiled coil triblock co-polymer at the end and water soluble polypeptide domain at the centre.
On the other hand, antigen-responsive hydrogel is designed by antigen grafting on hydrophilic polymeric
backbone for delivering biomacromolecules at the target site. Miyata et al. [31] reported grafting of
antigen with corresponding antibody by introducing crosslinks to the polymer network to develop
an antigen-responsive hydrogel. Binding in antigen helps to trigger noticeable change in hydrogel
volume. This hydrogel exhibits shape memory characteristics and allow protein permeation through
the hydrogel structure with change of antigen concentration [31]. Figure 1 denotes the classification of
hydrogels based on the above-mentioned properties.

3. Bioengineering Techniques or Approaches that Facilitate Dental Pulp Regeneration

Different authors [32,33] have found that that the cell homing approach, which does not involve
the ex vivo culture of autologous cells is the best, most useful and cost-effective strategy for pulp
regeneration in dental tissue engineering. Pulp regeneration has become a reality and has been
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facilitated through molecular and developmental biology or experimental embryology, as well as
the biomimetic principles, which mimics the biological processes [34–37].

Aurrekoetxea et al. [38] stated that cell homing approaches provide an alternative to cell transplantation
for dental pulp/dentin regeneration. Tziafas [39] found that regenerative pulp therapy can be used as
a bioengineering method or approach that will significantly facilitate pulp regeneration. Regenerative pulp
therapy aims at reconstituting the range/continuum of the normal tissues at the pulp–dentine boundary by
controlling the tissue-definite processes of tertiary dentinogenesis [35,40–42]. In addition, there are several
cellular-based tissue engineering approaches that are proven to be appealing and successful thus suitable to
replace the traditional surgical and restorative techniques. These latest approaches include the development
and use of novel treatments employing several biological compounds along with the cell-based therapies.
The approaches are based on the capability of dental pulp and periodontium regeneration through
application of molecular biology, stem cell, and material science [38,43].

The use of growth factors and injectable biomaterial scaffolds has accelerated clinical translation
and enhanced dental tissue engineering. Based on the scale and purpose of dentin and dental pulp,
regenerative endodontics is expected to be the best biological approaches/solutions in regenerative
dental medicine [44–46]. Additionally, Marí-Beffa et al. [47] stated that endodontics is concerned
with the adoption of cell therapy strategies to treat periapical and pulpal diseases. Cell therapy
focuses on reconstructing the natural micro-environments, which regulates the activities of dental stem
cells [48–50].

In vivo approaches can be used to regenerate pulp tissue, thus facilitating pulp regeneration in dental
tissue engineering. In vivo approaches encompass the delivery of various allogenic and autologous
stem cells, as well as proper scaffolds fused with definite growth factors into root canals to facilitate
dental tissue regeneration [51–55]. Regarding the tissue-engineering strategies, active recruitment of
endogenous cells (such as progenitor/stem cells) into root canals (cell homing) can be used to regenerate
pulp tissues to accelerate clinical pulp tissue regeneration or pulp tissue engineering. Moreover, the use
of most common therapy known as the root canal or endodontic treatment is the best approach for
dental pulp regeneration [34,35,56,57].

Mao et al., [44] found that endodontic therapies including regenerative endodontic therapy used
in dental tissue engineering facilitate effective regeneration of dental pulp. In addition, regenerative
endodontic therapy can also be used in primary and secondary canal treatment, and is effective
in treating infections or trauma, which involves periapical lesions, dental pulp and dentin [58–61].
On the other hand, two authors (e.g., [15,62,63]) found that the best strategy that facilitates pulp
regeneration involves the amalgamation of disinfections and debridement of infected root canal
systems, using and integrating extracellular matrix molecules as well as tissue-definite stem cells.

3.1. Potentials Injectable Scaffolds Materials

Scaffolds used for tissue reconstruction in dental tissue engineering have significant characteristics
such as excellent mechanical and physical properties, vascularization, lower immunogenicity, positive
bioactivity and biodegradability without release of toxin or harmful products. They should also
demonstrate the ability to remove by-products from the cells easily or effectively, allow diffusion
and penetration of nutrients, growth factors as well as cells [45,64–66]. Scaffolds used for dental
tissue engineering applications have unique distinctions based on their mechanical behaviours.
Tissue engineering necessitates rigid scaffolds, which can reproduce the architecture and size of
the tissues to be reconstructed/rebuilt [10,14,67]. On the contrary, in the periodontal apparatus
of the tissue engineering, as well as in the pulpodentinal complex, because of their smaller sizes
and difficulties to get into the receiving sites, the approach presently comprises injectable and soft
scaffolds. As a result, the biomaterials utilized to form scaffolds are grouped based on the synthetic
and natural sources, or according to the physical steadiness (soft or rigid) [68,69]. Figure 2 represents
the schematic diagrams of different biomaterials used for periodontal disease treatment.
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Figure 2. Schematic diagram of different biomaterials as (a) injectable hydrogels, (b) micro-nanoparticles,
(c) natural polymers seeded with periodontal ligament (PDL) cells and (d) natural/synthetic scaffolds
for periodontal disease treatment. Reprinted from [70] with permission from Taylor & Francis Online.

Various synthetic polymers are used to create rigid scaffolds such as poly-propylene fumarates,
poly-hydroxyalkenoates (PHAs), as well as polyhydroxylacids, whereas majority of natural polymers
are utilized mainly in soft matrices [71–73]. Apart from scaffold methods, there are other scaffold free
methods that are used for dental tissue engineering, which include:

1. Conventional method: This method includes root canal disinfection via irrigation, intra-canal
dressing application by using antibiotic pastes, introducing mechanical irritation of remaining
pulp/periapical tissues to provoke bleeding into the root and mineral trioxide aggregation (MTA)
placement on to the blood clot.

2. Classical tissue engineering approach:

a) Periodontal regeneration: such as the cell sheet technology that includes a non-invasive
method, which uses a thermos-responsive polymeric material for example, poly
N-isopropyacrylamide (PIPAAm) [74].

b) Pulp reconstruction: Regarding pulp regeneration, the scaffold free approach involves:
(i) endogenous stem cells from resident dental pulp/periapical tissue, growth factors
and chemo-attractants to induce migration, proliferation and differentiation of cells
and (iii) injectable bioactive scaffolds to initiate cell mediated degradation that is replaced
by natural extracellular matrix (ECM) [75].
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3.2. Periodontitis and Treatment Objectives

Periodontitis, a common disease in the dental field is an inflammatory response initiated by
plaque micro-organisms. Periodontitis involves a cascade of inflammatory process which progressively
destroys tooth supporting tissues such as gingival, periodontal ligament, alveolar bone and root
cementum [76].Clinical explanation of periodontitis defines the proportion of the site which bleeds on
probing and number of proportion of teeth with depth of probing (>4 and >6 mm) and of teeth (>3
and >5 mm). Biofilm consisting of micro-organism community remains embedded on tooth surface
and gingival sulcus. To maintain appropriate dental health, biofilm accumulation and aggregation need
to be discouraged. This is primarily accomplished by using dentifrice, such as compounds including
abrasives, detergents and antimicrobials, along with mechanical tooth brushing. Untreated periodontitis
causes increased mobility of tooth, loss of tooth and may also lead to irreversible destruction of
periodontium. All these factors hinder normal mastication, food intake and aesthetics [77].

Periodontal health is necessary for successful comprehensive dentistry. In order to achieve long
time therapeutic comforts and predictable treatment, active periodontal infection need to be controlled
before initiating restoration of implant dentistry [78]. The proper treatment plan concerned with
the establishment and maintenance of oral health includes need of emergency pain and acute infection
treatment as

a) Removal of affected teeth;
b) Non-surgical followed by surgical periodontal pocket therapy techniques;
c) Endodontic therapy and occlusion correction including orthodontic therapy;
d) Need of prosthetic replacement for teeth abutments in case of fixed prosthesis;
e) Aesthetic consideration in periodontal therapy;
f) Therapy sequences.

The distinct stages periodontal assessment and treatment is demonstrated in Figure 3.
Based upon these treatment plans, several models were developed for the purpose of periodontal

treatment [79]. Among different models, the two most established models are briefly discussed below:
Model 1: Periodontal treatment planning: The treatment undergoes in four distinct phases:

systemic therapy phase of smoking, counselling, cause related therapy-hygiene phase of periodontal
therapy, cause related therapy with corrective phase i.e., measure to take up periodontal surgery,
endodontic therapy and maintenance/care therapy.

Model 2: Periodontal treatment planning: Here, the treatment is divided into following phases:

(i) Preliminary phase: (a) Emergency purpose: dental/periapical and periodontal and (b) hopeless
teeth extraction followed by provisional replacement.

(ii) Non-surgical phase: (a) Plaque control and patient awareness/education, (b) removal and planning
of root followed by correction of prosthetic irritation factors, (c) excavation and restoration of
caries, (d) antimicrobial treatment and occlusion therapy and (iv) minute orthodontic movement
and provisional splinting.

(iii) Response to non-surgical phase: Pocket depth-gingival information and plaque, calculus
and caries investigation.

(iv) Surgical Phase: Periodontal therapy with implant placement and endodontic treatment.
(v) Restoration period: (a) Final restoration with fixed and removable prosthodontic appliances

and (b) response to restorative process.

Apart from all these factors, some of the important sequences involved are:

(i) Emergency treatment which include root canal extraction to treat abscessed teeth and treatment
of periodontal defects.

(ii) Antimicrobial therapy which is utilized mostly at local site in periodontics. This includes regular
mouth wash and delivery of antimicrobials locally into the periodontal pockets.
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(iii) Diet control is also an essential means for periodontitis preventing program. Deficiency of
iron, zinc, vitamin B12, C or D needs to be addressed from the start of periodontal treatment.
Patients suffering from diabetes should undergo medication and diet therapy to make them
aware of periodontal treatments.

(iv) Patient education and motivation: Patients should understand the treatment plans initiated by
the doctors to learn and practice oral hygiene measures for proper maintenance of teeth [79].Int. J. Mol. Sci. 2020, 20, x FOR PEER REVIEW  8  of  35 
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If the periodontitis is not advanced, invasive procedure is considered as the primary treatment
mode as:

a) Scaling: It eliminates bacteria and tartar from the surface of the tooth and beneath the gums with
the help of instruments, ultrasonic device or laser.

b) Root planning: It helps in smoothening of the root surface and does not permit further growth of
bacteria and tartar. It prevents inflammation and fastens gum re-attachment to the tooth surface.

c) Antibiotics: Oral as well as tropical antibiotics prevents the spread of bacterial infection.
This includes mouthwash followed by gel insertion containing antibiotics to be applied in
between the spaces of the gums and teeth. Such gels can also be applied into the pockets after
deep cleaning.



Int. J. Mol. Sci. 2020, 21, 3442 9 of 34

With advanced periodontitis, the gum tissue is pulled away from teeth allowing additional
bacteria to be built up at the affected site and cause severe infection. The treatment of advanced
periodontitis involves:

a) Flap pocket reduction surgery: It involves cleaning of periodontal pockets to allow exposure of
the root for better scaling and root planning. In this case, the underlying bone can be re-contoured
before suturing of gum tissue.

b) Soft tissue grafts: These include the removal of small portions of tissue from the palate by utilizing
donor tissue and constructing it on to the affected site. This prevents gum recession and covers
up the exposed roots.

c) Bone grafting: This procedure is taken into consideration when periodontitis is featured with
destruction of tooth root by the surrounding bone. Bone grafts serve as a platform for bone
re-growth [80].

Various tissue regenerative approaches such as the use of bone grafts along with growth factors
and occlusion barrier membranes have been proposed to restore lost tooth supporting tissue. Some of
these approaches achieved partial success in repairing and regenerating damaged periodontal tissue,
but the outcomes are still unpredictable. Even, the gold standard bone grafts have a failure rate of 30%
in maxillofacial and craniofacial surgeries apart from limited availability and donor site morbidity.
Periodontal tissue has the ability to regenerate itself, thus, substantial efforts in the tissue engineering
field have been carried out to overcome limitations arising with periodontitis treatment.

Bioactive Scaffolds: Hydrogels for Periodontal Regeneration

Hydrogels or more specifically injectable hydrogels can serve as potential biomaterials for pulp
and periodontal regeneration. Self-assembling peptides are often modulated into nanofibers due to
electrostatic and hydrophilic-hydrophobic interactions. Such self-assembled peptides trap water
and form gels. The peptide enriched template based on matrix-metalloproteinase 2-sensitive enzyme
cleavage site and tripeptide arginine-lycin-aspartic acid (cell adhesion motif) along with growth factors
bind by heparin enacts as suitable hydrogel system for periodontitis regeneration. Such growth factors
include GF β1, vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 2 (bFGF 2).

Xu et al. [81] designed an injectable and thermosensitive hydrogel made of chitosan/ β sodium
glycerophosphate (β-GP)/ gelatine blend to terminate alveolar bone resorption, anti-inflammation
and regeneration of periodontitis and is depicted in Figure 4. The sol-gel transition of the blend
occurred at body temperature. These hydrogels have the ability to release aspirin and erythropoietin
to induce anti-inflammatory effects and guide tissue regeneration. The releasing profile suggested that
the released materials were non-toxic both in vitro and in vivo, thus demonstrating potentialities of
the hydrogel system in periodontits treatment applications. Yan et al. [82] suggested the preparation
and in vivo evaluation of enzymatically solidified chitosan hydrogel to treat intrabony periodontal
defects. These hydrogels are highly biocompatible and biodegrable. Tan et al. [83] used hydrogelator
NapFFY to combine with SDF-1 and BMP 2 to fabricate supramolecular hydrogel. The bioactive
factors (VEGF, platelets derived growth factors) released from hydrogels promoted reconstruction of
periodontal tissue in rat model by affording sufficient and continuous stimuli. These hydrogels could
replace bone transplantation in the clinic in future to repair periodontal bone defects and periodontically
accelerated osteogenic orthodontics. Moreover the combination of bioactive glass nanoparticles in these
thermosensitive hydrogels could be also a possibility to enhance the osteoconductive of such biomaterial.
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3.3. Natural Polymers as Scaffold Materials

3.3.1. Fibrin as Scaffold Materials

Fibrin gel is prepared by the reaction between commercially purified allogenic fibrinogen
and thrombin which are the key proteins involved in blood clotting [84]. Fibrinogen is basically
a rod-shaped protein which has three pairs of polypeptide chains connected by disulphide bonds.
It plays a major role in haemostasis, platelets attachment and aggregation. Fibrinogen to fibrin gel
transformation includes different distinct steps: (i) thrombin cleaves out fibrinogen to tiny fibrino
peptides α2, β2 and γ2, (ii) thrombin solution in presence of calcium ions stimulates Factor XIII to
form transglutaminase-Factor XIIIa and (iii) Factor XIIIa catalysation crosslinks fibrinopeptides to
transform to fibrin network which is the hydrogel [85]. Fibrin crosslinks also play an important role as
the crosslinking of fibrin clots by Factor XIIIa increases the stability of clot via increased clot stiffness
and deformation resistance by decreasing susceptibility to degradation. Factor XIII is an inactive
precursor which circulates in plasma and activates fibrinogen by proteolytic cleavage using thrombin,
thus, denoted as XIIIa. Fibrinopeptide release plays a huge role in maintaining overall fibrin structure
than XIIIa crosslinking [86].

Fibrin is used to develop biological polymers scaffolds used in the tissue bioengineering. Fibrin on
its own or the combination of fibrin with other materials offers very efficient scaffold materials that can
apply to the stem cells or the primary cells to induce regeneration of adipose tissues, cardiac tissues,
liver, ocular, nervous tissues, skin, bones, cartilages, tendons, and ligaments. Hence, fibrin is one of
the most versatile bioengineering materials with a vast potential of application to facilitate dental
regeneration, wound healing and tissue regeneration. There are various forms of prepared fibrins.
For instance, autologous plasma may be useful in developing the fibrin. The autologous plasma is
a readily available material in the form of engineered microbeads and glue [87,88]. Flanagan et al. [89]
found that using fibrin as a cell carrier material in various tissue engineering applications leads to
autologous and mechanically stable structures, which undergoes noteworthy tissue development
in vivo. Fibrin can also be used as an autologous scaffold biomaterial to develop implantable structures
that can be used in dental engineering or dentistry.

Commercially available fibrin gel product is mainly designed for the purpose of tissue/organ
regeneration. Thus, thrombin of higher concentration (approximately 10–100 U/mL is used to prepare
gelation as short as possible by considering the clotting time. A comparatively longer time of
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gelation and adequate strength are necessary for the fibrin gel to be utilized as an injectable scaffold.
Thus, injectable properties, handling convenience, cell entrapment and cell growth performance are
considered to optimize gelation condition [90]. Zhao et al. [85] optimized the fabrication and gelation
condition of fibrin gel to develop commercially available hydrogel for cell entrapment and delivery.
It is reported that the fibrin glue polymerization fastens with the increase of thrombin concentration.
According to gelation mechanism, fibrinopeptide concentration and fibrin gel monomer play vital roles
in the clotting time. With the increase of concentration of thrombin, there is the production of more
fibrinopeptides per unit by the fibrinogen cleavage, leading to shorter clotting time. The thrombin is
greatly influenced by temperature as fibrinopeptide formation per unit is high at higher temperature.
Additionally, the fibrin gel structure is strongly influenced by the gelation kinetics i.e., the time of
clotting. Thus, as the thrombin concentration increases, the gelation time fastens, resulting in more
fibrous structure of fibrinogen hydrogels. The stability of hydrogel is also influenced by the gelation.
The crosslinked fibrin gel has the ability to resist thermal disintegration after gelation. The crosslinking
structure of hydrogels depends upon thrombin concentration. With higher concentration of thrombin,
the crosslinked fibrin gelexhibits more organized and complete crosslinking structure and enables
stronger ability to resist shrinkage, leading to high water uptake. This water uptake property of
hydrogel favors free exchange of nutrients for hydrogel system for cell delivery purpose [14,91].

Kretlow et al. [92] conducted a study to establish the possible biomaterials that can be injected
to achieve the regeneration of complex tissues. Injectable biomaterials, especially those gathered
from aqueous solutions serve as excellent carriers for cells and other bioactive elements can be
used for dental tissue engineering. Rajangam and An [93] found that fibrin (Fbn) and fibrinogen
(Fbg) can be used as scaffolds because they tend to achieve uniform cell distribution, a higher cell
seeding efficiency and uniform cell distribution, as well as it has the ability to migrate, proliferate,
and differentiate into definite organs/tissues by secreting ECM (extracellular matrix)to generate tissues.
Therefore, fibrin is an ideal material as a scaffold biomaterial for dental tissue engineering applications.
Fibrin (Fbn) and fibrinogen (Fbg) has been developed into different scaffolds due to their nano and micro
characteristics. Various scaffolds including nanoporous or microporous scaffolds i.e., hydrogels, [94],
nanofibers [95], nanoparticles [96], microfibers [97], microtubes [98], and microspheres [99] have been
formulated for different tissue engineering uses such as dental tissue engineering. Fibrin and fibrinogen
scaffoldsplay an important role in the initial phases of wound repair and hemostasis, as well as blood
clotting. They are also natural provisional extracellular matrix. Fibrinogen has a higher affinity
towards biomolecules, for example, tissue-inductive cytokines, fibroblast growth factors (FGFs), as well
as vascular endothelial growth factors (VEGFs); therefore, it can be used as injectable biomaterial
scaffold for dental tissue engineering [6,100,101]. Fibrinogen offers a favourable surface for cellular
proliferation and attachment comprising a 3D fibrous structural support as well as nano-textured
surfaces that includes a fibrous network for cell to cell interaction, cell matrix or cell signalling [102].
On the other hand, fibrin gel is used as an injectable biodegradable scaffold in dental tissue engineering
because it offers numerous benefits, such as, it degrades in controllable way, supports better cell
attachment, and exhibits great biocompatibility features [103]. Particularly, in dental or other tissue
engineering, fibrin and fibrinogen-based scaffolds induce formation of extracellular matrix production,
which provides support to connective tissues, for example, skin, blood vessels, nerves, tendons, bones,
ligaments and cartilage [93,100,104,105].

3.3.2. Use of Chitosan as the Scaffold Material

Chitosan, a natural biomaterial is purified from chitin whose major source remains mostly
crustacean’s (crab and shrimp) exoskeleton. Chitosan consists of N-acetyllucosamine and glucosamine
co-polymer units. This polymer is antibacterial, biocompatible and is generally combined with different
bioactive matrices to induce osteoconductive properties into them. These unique properties of chitosan
have led to exploit it particularly in bioengineering and tissue engineering field and also in regenerative
medicine [106].
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Chitosan can be tailored in different formats as gels, scaffolds, fibres etc. Chitosan’s properties
depend mostly on its molecular weight and its degree of acetylation. The extraction source and procedure
involved in acetylation determine the polymer’s final properties. The deacetylation strength influences
the physico-chemical and biological properties of the polymer as well. At low pH, the pH versatility of this
polymer results in amine groups protonation, thus, exhibiting a polycationic nature. Chitosan amine tends
to deprotonate at higher pH, hence, promotes intermolecular interactions to form film, fibres, scaffolds
and gels. Various chemical modifications along with crosslinking can improve mechanical, biodegradable
properties and cell affinity of chitosan. This polymer also acts as an excellent antimicrobial agent
and exhibits high degree of biocompatibility in the animal model, hence, can be adapted conveniently to
develop implantable biomaterials. Chitosan is considered as an emerging and potential biomaterial for
dental application due to its antimicrobial, biocompatible properties, bioactivity and ability to blend
with other materials [107].

Chitosan based composites (CBCs) are used to tailor local drug delivery system with appropriate
contact time, mechanical characteristics and sustained drug release profile, while keeping intimate
contact with the oral mucosa. Chitosan microspheres have been fabricated to initiate active release of
drug at pathological sites [108]. This polymer has been widely explored for drug delivery for DNA,
small interfering RNA (siRNA), growth factors and different drugs. Oral administration of chitosan is
found to be non-toxic in nature [109]. Chitosan as nano-particles and films help to deliver antibiotics
such as metronidazole and nystatin to treat periodontal tissues in situ with fungal infection and oral
mucositis. Thiolated based chitosan formulation is entrapped in muco-adhesive patches to cure dental
caries by sustained antibacterial medicament release, thus, inhibiting cariogenic Streptococcus mutans
growth [110], and these systems offers also the advantage of being pH-sensitive. Hydroxyapatite (HA)/
chitosan blend acts as antibacterial medicaments and dentifrices for oral environment. Chitosan has
also exhibited effective plaque control element in vitro by causing inhibition of particular dental plaque
pathogens such as Actinobacillus actinemycetecomitans, S. Mutans and P. Gingivalis [111].

Chitosan is also considered as a favourable matrix for periodontal tissue regeneration.
Few investigations accounted for the development of chitosan membranes impregnated with bioactive
material-HA, calcium phosphate variants such as tricalcium phosphate (TCP) α and β to treat
periodontitis. Also bioactive glass nanoparticles have been combined with chitosan to produce
composite membranes for periodontal regenerationThe characteristic features of these blends are
also improved by adding crosslinkers such as glutaraldehyde and genipin into the blend to improve
mechanical properties (elastic modulus, toughness and hardness) of the composite chitosan blend
membranes. Chitosan/HA has been extensively investigated by Oliveira et al. [112] as layer by layer
chitosan/HA composite materials using rapid prototyping system. Chavanne et al. [113] worked
on similar pattern and fabricated porous cylindrical templates for the treatment of periodontitis.
Qasim et al. [114] has utilized freeze gelation technique to fabricate core layer boosting material as
mechanically strong, biocompatible and porous chitosan/HA membranes using ascorbic and acetic
acid as solvents. A bioceramic layer of unique crystallinity was detected on the matrix with a chitosan
backbone. Such a graded condition is required for tissue implant interface.

Chitosan has also been explored as dentifrices for dental tissue engineering purposes.
Ganss et al. [115] has reported commercially available chitosan dentifrices which is non-fluoride in
nature and reduce loss of tissue. Such dentifrices hinder erosion of dental matrix and enamel which is
attributed to cationic nature of this polymer coupled with low pH. For human enamel regeneration,
chitosan-based formulations have been taken into account by imparting organic amelogenin delivery
at the enamel defect sites. Ruan et al. [116] used chitosan hydrogel to transport amelogenin to
rejuvenate aligned crystal structure. The polymer generates a protective effect against the secondary
caries with respect to antibacterial characteristics and does not influence orientation of enamel crystal.
For adhesion and dental binding, antioxidant chitosan hydrogels with β-carotene and nystatin were
investigated to validate delivery of robust dentine bonding system with improved mechanical strength
(sheer bond of 38 MPa after 24 h and 20 MPa after 6 months).
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Biomimetic dental restorative materials are widely investigated nowadays for clinical application.
The most common material used for this purpose is glass ionomer cements (GICs) (fluoroaluminosilicate
glass powder with PAA liquid) which forms a chemical attachment with the calcified tooth tissue.
GICs have favourable physico-chemical properties, antibacterial effects, biocompatibility, sustained
fluoride release and high affinity for tooth structure (enamel dentine). But GICs are associated with
poor fracture toughness and insufficient bulk-filled restoration. Thus, chitosan is often combined with
GICs to improve the mechanical properties of the cement [117]. Petri et al. [118] reported enhanced
value of flexural strength of cement post blending of chitosan polymer which has also increased
fluoride ions leaching rate from the set materials. These blends have immense potential in the field of
bioactive dental restorations as well as regenerative endodontics especially in case of pulp therapy.

Chitosan is also explored widely as coating dental implants. The polymer coating has positive
effect on the surface and bone interface by alteration, morphological, mechanical and biological
factors. For example, chitosan coating tends to change elastic modulus, thus minimizing mismatch
between the alveolar bone and implant surface by reducing the stress concentration area. Additionally,
such coating potentially provides various medicaments, such as antibiotics for local drug delivery
around the implant area [119].

Stem cell transplantation strategy has an immense potential in the dentistry field and can alleviate
oral conditions by treating periodontal diseases using embryonic stem cell (ESCs) and adult dental stem
cells to induce pluripotent stem cells (iPSCs) in regenerating tooth. Researchers have found that chitosan
acts as an important carrier for chitosan-mediated stem cell repair [120]. Yang et al. [121] reported
utilisation of dental pulp stem cells grown effectively on collagen-chitosan blend system in order to
form dentine-pulp complex. Chitosan, thus, is considered as one of the most promising biomaterials for
dental applications which range from restorative dentistry to engineered dental scaffolds to periodontal
complex healing. Very little clinical data is available on dental clinical applications for this specific
polymer. There is further necessity of research, especially in in vivo studies as well as clinical trials for
the chitosan-based membranes [107].

3.3.3. Use of Alginate as the Scaffold Material

Alginate is an anionic polysaccharide or specifically salt of alginic acid and is usually isolated from
brown algae. Alginate is composed of (1–4) linked β-D mannuronate and C-5 epimer α-L-guluronate
residues and can be crosslinked with divalent metal ions to produce water soluble hydrogels
which permits their immense use in the dental field [122].

Diniz et al. [123] developed an injectable and biodegradable scaffold made of oxidised alginate
microbeads encapsulated with periodontal ligament as well as gingival mesenchymal stem cells.
The stem cells were incorporated into the alginate hydrogel in vitro. The scaffold system exhibited high
swelling ability and osteo-differentiation and adipo-differentiation. There was a formation of an HA-like
crystalline structure in the microbeads which confirmed the potential application of the scaffold for dental
application. Devillard et al. [124] fabricated collagen/alginate based stem cell composite scaffolds for
the purpose of endodontics regeneration. One of the major issues regarding inflammation in the dental
implantology is peri-implantitis. To solve this purpose, silver lactate incorporated RGD-coupled
alginate hydrogel system with stem cells was tailored with excellent antimicrobial properties against
Aggregatibacter actinomycetemcomitans [123].

Alginates are easy to use and well tolerated by patients, thus, it can be used extensively for primary
prosthetics, orthodontics and design imprints. In dentistry, alginates are prepared as powder which when
mixed with water form soft paste and delivered readily into the oral cavity for impression detection.
The alginates available in the market for dental impression are of two types: fast setting (hardening time
of 1–2 min) and normal setting (setting time of 2–5 min). These impression materials are easy to use
and have favourable setting time [125]. Sancilio et al. [126] demonstrated fabrication of alginate/HA based
nanocomposite scaffolds for possible dental pulp biomineralization and differentiation. HA encourages
inorganic reinforcement with alginates and the osteoconductive component of the blend system.
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Generally, human dental pulp stem cells (DPSCs) are capable of differentiating in multiple lineages.
The authors have aimed to verify mineralization and differential potentialities of human DPSCs
seeded on to the synthesized scaffolds. DPSCs expressed osteogenic differentiation related markers
and promoted deposition of calcium as well as biomineralization onto alginate/HA scaffold matrices.
Dobie et al. [127] investigated utilization of alginate hydrogels to present TGF β1 to dentin pulp
complex to signal reparative processes. Alginate hydrogels were applied to cultured human and initiate
upregulated dentin matrix secretion. The hydrogels also initiated odontoblast-like cell differentiation
on cut pulpal surfaces. Alginate hydrogels provided a suitable template to support dental regeneration
and to deliver growth factors to enhance natural regenerative ability of the dental pulp.

3.3.4. DNA/Protamine Complex as the Paste for Injectable Material for Dental Applications

Fukushima et al. [128] used a compound powder of DNA/protamine that was developed through
the reaction of DNA with a solution of protamine sulphate to develop injectable material for dental
applications. The mixture was stirred effectively to achieve new injectable material to use in dentistry
treatments. The powder generated was put under the kneading process to form a paste. The complex
was tested using the FT-IR technique. The result of the FT-IR measure revealed that the complex
formed had a viscosity of about 280.1 pas and a relatively porous structure [128,129]. As a result
of a needle 0.25 mm diameter easily passed through the paste. Therefore, the result confirmed that
DNA/Protamine paste had the desired viscosity to apply in the clinical field as a perfect injectable
biomaterial. In addition, the paste complex revealed to be capable of delaying the growth rates of
Staphylococcus aureus and the Porphyromonas gingivalis for a short time. However, the paste complex
was unable to kill or inhibit the growth and multiplication of bacteria [128,129].The disk from the paste
indicated the mild response of the tissue that later degraded because of implantation to the soft tissues.
As such the result suggests that the DNA/protamine paste is an excellent biodegradable material.
Thus, the material is recommended for use as an injectable scaffold through using syringes to repair
defected tissues, guided tissue regeneration (GTR) and guided bone regeneration (GBR) dentistry
treatments [128,130].

3.3.5. Chitosan-Hyaluronic Blend Hydrogel

Miranda et al. [107] investigated about hydrogel acquired from chitosan-hyaluronic and its
applications in periodontal tissue engineering. The freeze-drying technique was used to collect
the chitosan and hyaluronic acid hybrid. Miranda and others argue that developing periodontium for
treating periodontitis is a very crucial challenge. In the study, a modified hyaluronic acid together
with chitosan developed the chitosan-hyaluronic acid hybrid (CS-HA) hybrid. The CS-HA hybrid
generated a perfect scaffold material for periodontal tissue regeneration. The study concluded that
hydrogel acquired from chitosan-hyaluronic can be used to create scaffolds that is used to support
osteoblasts, gingival, cementoblasts and support the periodontal fibroblast cells, as well as used for
periodontal tissue engineering [107].

The chitosan-hyaluronic acid hybrid hydrogel can be used as scaffold material for dental tissue
engineering. The chitosan-hyaluronic acid hybrid hydrogel can also be used to address osteoblasts,
gingival, cementoblasts and supports the periodontal fibroblast cells [131]. Natural polymers are
utilized in synthesis of injectable hydrogel for tissue regeneration such as in dental tissue engineering.
The use of the chitosan–hyaluronic acid (CS/HA) hydrogel in periodontal tissue engineering prevents
any complications and promotes effective dental tissue regeneration [132]. Hydrogel acquired from
chitosan–hyaluronic and its applications in periodontal tissue engineering and hyaluronic acid-based
scaffolds is used in controlling cell response and constructing ultimate tissue engineering products,
for example, in dental tissue or other tissue engineering applications [133]. On the other hand,
hyaluronic acid is a commonly used natural materials used to fabricate scaffolds as hydrogels [134,135].
The hydrogel scaffolds are used to regulate inflammation responses, cell angiogenesis, migration, as
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well as differentiation of cells, and thus they are ideal scaffold materials for tissue engineering due to
its non-toxic degradation and excellent biocompatibility features [136,137].

3.4. Synthetic Polymer as Scaffold Material

3.4.1. Emdogain and Its Use in Dental Field

Enamel matrix derivative (EMD) is a commercially available biomaterials which is mainly used
for the treatment of intrabony periodontal defects and to restore soft tissues. The protein EMD is
extracted from unerupted porcine tooth buds and it contains amelogenin (90%) and small amount of
ameloblastin, enamelin, tuftelin and few other nanomelogenin proteins. The major application of EMD
is to stimulate newly periodontal attachment formation for acellular cementum, periodontal ligament
(PDL) and alveolar bone. EMD also has the ability to induce regeneration of the periodontal tissue.
It is the most widely studied biomaterials in dentistry and has also been extensively used in surgical
procedures such as root end resection with guided tooth tissue regeneration [138]. Besides, EMD is
applicable in various disciplines of dentistry such as implantology, traumatology, endodontics as well as
wound care. The versatility of EMD lies in its application to treat and promote dentin tissue formation
by regulating dentin sialoprotein, TGF-β, collagen and bone morphogenetic protein (BMP) expression.
EMD or the commercially named Emdogain is supplied in sterile aqueous propylene glycol alginate
(PGA) solution. This PGA solution facilitates Emdogain application on to root surfaces which are
exposed during periodontal surgery [139]. Figure 4 shows the effect of emdogain in combination of
bone graft to treat intrabony defects. Figure 5 represents the clinical image of a deep intrabony defect
and its subsequent healing (X-ray images) after treatment with EMD along with a bone graft.Int. J. Mol. Sci. 2020, 20, x FOR PEER REVIEW  16  of  35 
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Heijil et al. [141] demonstrated that the tropical application of Emdogain on defected root surfaces
associated with the intrabony defects during modified widman flap (MWF) surgery promoted improved
gain of radiographic bone as well as clinical attachment compared to placebo surgery in the same
patient. On the other hand, few researchers have pointed out the concerns regarding viscous nature of
EMD which may not prevent flap collapse. EMD along with grafting material was tested to overcome
this potential limitation [140]. Al Hezaimi et al. [142] found that EMD is more efficient in case of
reparative dentin formation as compared to calcium hydroxide [Ca(OH)2] and takes direct part in
pulp capping procedure. One of the most important and promising application of EMD is to promote
regeneration of functional PDL after avulsed teeth avulsion and replantation [143].

In terms of revascularization, Nakamura et al. [144] utilized EMD as intracanal medication in
animal (rat) model to find out its efficiency in inducing apical periodontitis treatment. The teeth treated
with EMD exhibited a rising level of TGF-β1, BMP-2 and cementum regeneration around root apex
after two weeks when compare to control animals. EMD has the capability to modulate osteogenic
environment by minimising RANKI and by increasing production of osteoblastic osteoprotegerin.
EMD has positive influence on cementoblast activity and is found to be one of the best materials
for inducing human tooth germ stem cell proliferation and differentiation as compared to Ca(OH)2

and MTA. Besides, EMD has been successfully used to treat large periradicular lesions of endodontic
origin located adjacently to dental implants with regressive peri-implantitis [145]. Sarnast et al. [146]
found that regressive peri-implantitis (basically, an endodontic infection from neighbouring teeth) can
be treated by initiating infected tooth apicoectomy with dental implant decontamination. This treatment
can be performed by EMD application which aids in periapical lesion healing.

Palioto et al. [147] evaluated the attachment, proliferation, differentiation and expression of
collagen Type Iin PDL fibroblasts that are stimulated by EMD/ insulin-like growth factor 1(IGF-1)
in a time dependant manner. Keila et al. [148] investigated that in rat model, osteogenic capacity
of bone marrow and mineralized nodule formation are enhanced by EMD. The growth, adherence
and metabolic activity of PDL significantly increased with the addition of EMD which resulted in
the conversion of pluripotent immortalized mouse myoblast cell line (C2C12) mesenchymal cells
differentiation pathway into osteoblast lineage.

Schwarz et al. [149] investigated EMD effect on human osteosarcoma cell line (Saos-2) osteoblast
proliferation, differentiation and viability on titanium implants. EMD was found to enhance SaSo2
osteoblast viability and stimulated fibroblast growth factor 2 expression but simultaneously minimised
alkaline phosphatase expression.

3.4.2. Pegylated Gel of Fibrin

PEG is suitable for providing a temporary matrix [150]. Galler et al. [14] examined the use of
PEGylated gel of fibrin in the bioengineering of stem cells of the dental system, and found that stem
cells acquired from the postnatal systems can offer useful structures for the specific part of a tooth
after an in vivo transplantation. On the other hand, stem cells acquired from the postnatal systems
can offer useful structures for the specific part of a tooth after an in vivo transplantation. Scaffolds
that are compatible with stem cells of the dental systems can also be used in tissue engineering
in dentistry [151,152]. Honda et al. [153] reviewed the use and performance of adult dental cells
and postnatal cells in dental tissue or tooth regeneration, and found that postnatal cells can be applied
in the tissue engineering to regenerate dental systems, which acts as a great innovative approach.
The authors also proposed the use of biological strategies to reaerate dental or tooth root using postnatal
dental cells. PEGylated fibrin material is suitable material that can be used in the dental stem cells.
Fibrin is a bipolar material that plays very crucial roles in the wound healing process and homeostasis.
However, one of the key advantages of fibrin is that it degrades easily. Thus, to address the issue of
degradation, fibrin is modified with “polyethylene glycol” (PEG), resulting in the formation of a hybrid
material that facilitates the cell delivery in dental tissue engineering [154].In their study, Galler et al. [14]
combined the PEGylated hydrogel of fibrin with the stem cells acquired from the periodontal ligament
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or the pulp. The in vivo study of transplantation provided vascularized connective tissue that simulates
the dental pulp. Their findings show that that fibrin facilitates growth and development of stem cells
through differentiation, and thus can be used in dental tissue engineering to facilitate dental pulp
regeneration. Moreover, the use of vascularized connective tissue, which simulates the dental pulp
and fibrin facilitates growth as well as development of stem cells through differentiation, and the use
of PEGylated materials will also facilitate the regeneration of dental pulp, dentin and tooth root [155].

3.4.3. Suitability of the Synthetic and Natural Biomaterials (Poly-Lactic Acid and Collagen)

Studies [156–159] found that various synthetic and natural biomaterials are also suitable for
application in dental tissue engineering, especially for the pulp. Moreover, injectable biomaterials,
stem cells, poly (lactic acid)-based biomaterials, collagen and hydrogen are also suitable for dental
tissue engineering. Tissue engineering that focuses on the dental pulp possibly succeeds after insertion
of the stem cells gathered from the pulp and the combined with the scaffold materials that are inserted
inside the emptied root canal. The common materials applied for this treatment are the collagen also
known as poly (lactic) acid [157].

However, the use of these materials faces the challenge due to difficulties in insertion or in
the modification to fit into narrow spaces of the pulp. As a result, there is the need for other materials
which are simple to insert and to modify [45,160]. Currently, there are new hydrogel materials that
contain some bioactive component have been proven effective because one can modify the elements to
fit specified use thus establish an optimized result [161].

In their study, Galler et al., [156] tested different natural hydrogels alongside other synthetic
materials which were tested in order to find the most suitable material to steer the engineering of
the dental pulp. The study used two forms of polyethylene glycol and compared the contents to fibrin,
collagen, and the self-assembling peptide. Galler et al. [156] assessed the viability of the stem cells used
in developing the test materials after two weeks. Further, the study used the specific cells landed with
growth factors acquired from the dentin got inserted to a root of the human tooth, which was implanted
subcutaneously to mice that are immune compromised [156]. The study finding revealed that the process
of in vitro culturing of the cell represented a significant difference in relation to the type of scaffolds.
It also indicated that viability in natural material was higher than that of the synthetic materials.
On the other hand, the in vivo experiments revealed significant differences in terms of the scaffold’s
rate of degradation, the formation of soft tissues, vascularization, and the type of differentiation that
resemble the odontoblasts cell differentiation [156]. Various studies [45,67,156,162,163] found that
fibrin is the most suitable material because it enhanced the generation of the pulp resembling tissues
and facilitated the odontoblasts cell differentiation at the cell dentin interface. The use of fibrin is
the most suitable naturally occurring material because it has superior abilities compared to the synthetic
scaffolds in terms of viability, also in terms of tissue generation or formation.

3.4.4. Endodontics: Hydrogels for Pulp Regeneration

Endodontics procedure is defined as a biologically based system designed to replace defected
dentin, root structure and complex pulp-dentin cells. During the development of an embryonic tooth,
a cranial neural crest develops dental epithelium and ectomesenchymal cells originating from dental
epithelium to give rise to dental papilla. During embryogenesis, differentiated ectomesenchymal cell
aggregation or odontoblasts secrete primary dentin surrounding the dental pulp. The dental pulp
is soft tissue placed in tooth core containing nerve and blood vessels subjected to chemical, thermal,
mechanical and bacterial insults. Generally, infection in the pulp chamber due to bacterial infection
may cause serious damage including tooth fracture and failed root canal treatment (RCT) [164].

Endodontic tissue regeneration is based on the principle of conventional regenerative medicine.
The regenerative endodontics involves research concerned with the use of growth factors, stem cells,
organ tissue culture as well as tissue engineered matrix. Generally, highly structured mechanically
strong 3-D scaffolds provide excellent support to the cells used in any area of body including bone
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where a tailored scaffold is needed to provide physical support. However, in case of root canal
treatment or more specifically for pulp complex regeneration, strong scaffold cannot be placed to
deliver structural support to the tooth. Thus, engineered pulp tissue is administered as 3-D soft
templates such as polymer hydrogel.

Injectable hydrogels are considered as outstanding biomaterials for therapeutic cell and bioactive
molecules delivery for guided dental tissue engineering, especially for pulp complex regeneration
applications. Hydrogels possess tuneable tissue-like characteristics, controlled degradation and release
features, easy adaptability in clinical settings for minimal invasive surgery and shape conformation
ability, i.e., to conform 3-D defects upon gelling. Endodontic tissue engineering is based on the principle
of conventional regenerative medicine. In regenerative endodontics, injectable hydrogels have shown
feasibility of delivering dental pulp stem cells, supporting template-like enamel derivatives and growth
factors (FGF-2, BMP-1, SDF-α1) to support dentin pulp complex formation. Controlled release of growth
factors from dentin is an important defence mechanism against dental injuries [165]. These growth
factors are trapped in dentin template at the time of dentinogenesis and are retained at the site as
quarantined” molecules.

Hydrogels made of natural polymers are highly biocompatible, inexpensive, readily available
and easy to tailor by applying simple and cost-effective techniques. They have been investigated as
injectable scaffolds worldwide for dentin-pulp complex regeneration. Some of the natural polymers
include chitosan, collagen, gelatine, alginate and hyaluronic acid. The applications of these polymers
in pulp regeneration are described briefly below.

Feng at al. [166] demonstrated that the granular 3-D chitosan scaffolds fabricated by freeze-drying
technique support neural differentiation of dental pulp stem cells (DPSCs). Chitosan hydrogel exhibits
good conductivity and forms suitable template for cell attachment, survival and differentiation.
Moussa et al. [167] have also investigated the mechanical characteristics of collagen and found that its
intrinsic mechanical property is sufficient for dental pulp regeneration and can further be improved
by incorporation calcium phosphate ceramic. Ishimatsu et al. [168] examined the effect of controlled
release of fibroblast GF-2 as different doses from gelatine hydrogel to regenerate dentin-pulp complex.
The released doses of this specific growth factor influenced calcified tissue structure regenerated inside
dentin defects as the gelatine hydrogel supported osteodentin. Fujiwara et al. [169] utilized alginate
scaffolds to transplant subcutaneous HDPCs in nude mice back. After six weeks post implantation,
subcutaneous formation of radio-opaque calcified bodies was noticed. The isolated ondoblast-like
cells lead to the initiation of dentin-like hard tissue formation. On the other hand, Inuyama et al. [170]
investigated the effects of hyaluronic acid matrices as endodontics from amputated dental pulps for
rat molars in vivo. The dentin defects treated with hyaluronic acid hydrogels exhibited a cell-rich
recognizing tissue structure denoting the possibility of further study of this polymer for dental
pulp regeneration.

On the other hand, synthetic hydrogels possess finely tuned characteristics—biodegradability
and high reproducibility with little batch to batch variation. The commonly used synthetic hydrogels
for dental pulp regeneration: polylactic acid (PLA) and polyglycolic acid are described briefly.
Scaffolds made of these polymers are conductive for seeding stem cells such as SHED and DPSCs.
Stem cells were found to differentiate into odontoblast-like cells on these hydrogels, leading to
endothelial cell stimulation to generate tissues resembling dental pulp and dentin. Mooney at al. [171]
demonstrated a technique to fabricate new pulp-like tissue structures by utilizing cultured cells
and synthetic ECM. Fibroblasts were seeded on polyglycolic acid-based materials and the cells were
found to adhere, proliferate and differentiate to form neo-tissue after 60 days of culture to mimic
natural pulp. Buurma et al. [172] reported that HDPs and gingival fibroblasts attached to polyglycolic
acid matrix survived when implanted subcutaneously in mice. These transplanted cells secreted
collagen type I and cellular fibronectin.

Cordeiro et al. [173] investigated importance of vascularised soft connective pulp-like tissue
and new tubular dentin formation when SHED was firmly seeded in PLA hydrogels. The matrices
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were incorporated in the tooth slice and transplanted subsequently in nude mice. The resulting
tissue exhibited almost similar architecture of natural dental pulp. Besides, supramolecular hydrogels
are next-generation biomaterials to be used for dental pulp regeneration. These materials are 3-D
entities prepared synthetically from crosslinking agents that bond via hydrogen bond or Vander Waals
interaction to form desired hydrogel. The injectable supramolecular hydrogels can be potentially
used for dental tissue engineering, owing to their efficiency in delivering therapeutics like bioactive
molecules and cells in a sustained and controlled manner.

3.4.5. Endodontics: Platelet Rich Fibrin (PRF) for Pulp Regeneration

Platelet rich fibrin (PRF) is a fibrin matrix in which the platelet cytokines and cells are wedged to
serve as a resorbable matrix following their release after a stipulated time. PRF was used initially in
oral implantology, but, it has also shown wide application in pulp regeneration. PRF is considered
as an appropriate scaffold material and a promising tool for regenerative endodontics due to its
ability to control differentiation of stem cells and deliver growth factors in sustained and controlled
manner. Platelet rich plasma (PRP)/PRF combined with collagen membranes was used extensively
for periodontal ligament and alveolar bone regeneration as guided tissue in periodontics and oral
surgery [174].

Yang et al. [175] demonstrated the importance mixing of fibrin glue with PRF as matrix seeded
with dental bud cells for dental regeneration applications. PRF is rich in tissue growth factor-β (TGF-β)
and platelets derived growth factor (PDGF) and has major roles in angiogenesis and hard tissue regeneration.
Moreover, dental bud cells grown on PRF/PRP templates were found to regenerate a complete tooth
along with enamel, dentin, cementum, pulp, blood vessels as well as PDL. Jayalakshmi et al. [176]
utilized PRF along with β-TCP to treat periapical cyst and significant and progressive radiographic bone
regeneration was noticed. Keswani et al. [177] reported that PRF might serve as an ideal template for
the revascularization of necrotic pulp of immature permanent teeth as PRF is rich in growth factors,
thus enhancing proliferation and differentiation of cells for tissue in-growth. Bains et al. reported
the application of PRF to manage iatrogenic perforation of pulpal floor in furcation area of the mandibular
root (molar) due to biocompatible and autologous nature of PRF and MTA [178].

Shivashankar et al. [179] reported necrotic pulp featured tooth revitalization and open apex by
utilizing PRF. Huanget et al. [180] investigated the biological effects of PRF on human dental pulp
cells. PRF resulted in enhanced proliferation of dental pulp cell and osteoprotegerin (OPG) expression
in a time dependant manner. PRF also resulted in upregulated alkaline phosphate (ALP) activity.
The only disadvantage lying with PRF is its handling and manipulation to be placed into root canal.

3.4.6. Photopolymerizable Materials

Photopolymerizable and the biodegradable materials are getting popular with extended
use and applications in relation to the field of tissue engineering such as bone, teeth, liver,
and cartilages. The technology of photo-initiated polymer making has allowed the creation of injectable
photopolymerizable biomaterials that is for dental and other tissue engineering applications [181].
As such the process resulted in the creation of cells, and the conductive environment for growth that
facilitates the fabrication of the scaffold materials hence facilitates the complex structures. The elements
that result from this process range from the purely synthetic products such as the polyethylene
glycol, and others made wholly of natural polymers such as hyaluronic acid [182]. These natural
and synthetic polymers get mixed or reacted with specific functional groups that are targeted to cause
degradation on the enzymatic or the hydrolytic bond that make up the different polymer crosslinks or
the backbone [181]. Photopolymerizable biomaterials are used to develop injectable biomaterials used
for the production of scaffolding with multifaceted structures and deliver growth factors and cells for
dental tissue engineering. The photopolymerizable biomaterials are also used to deliver molecules
and drugs. Polymeric materials offer scaffolding to control the evolution and development and of
three-dimensional tissues in dental or other tissue engineering [183,184].
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3.4.7. Hybrid Bioceramics Materials Hydrogels

Various scaffolds such as polymeric scaffolds, natural polymers, synthetic polymer, self-assembling
materials, hydrogels, extra-cellular matrix, and the bioceramics materials are used in the dental field
as the materials for pulp tissue regeneration [10,185–187]. These materials can be used to form soft
connective tissues and new dentin during dental tissue engendering. In addition, peptides materials
are the most preferred materials for tissue engineering in dentistry due to their rotational design
properties. The peptide sequence plays a vital role in enabling control of the stiffness of the material; it
induces mineral nucleation and introduces the antibacterial activity, which promoted tissue regeneration
after dental surgery [162].In addition, the modern approaches of creating or generating pulp in dental
tissue engineering depends on the type of the scaffold materials such as collagen, chitosan, polyesters,
and hydroxyapatite [188].

Scaffolds can be used in dental pulp regeneration. Moreover, combining stem cells with the inductive
scaffold materials will optimize the regeneration of dentine pulp [151]. The use of self-assembling
hydrogels of peptides is an excellent example of the smart scaffold materials, for dental tissue engineering
applications because these materials can be easily customized and modified into desired shapes from
matrices. Additionally, the authors proposed the use of bio injectable engineering materials in dental
tissue engineering [189,190].

Nojoomi et al. [191] found that the most common biomaterials used in dental tissue engineering
include the natural polymers, synthetic polymer, self-assembling materials, hydrogels, extra-cellular
matrix, and the bioceramics materials. In another study, Mao et al., [44] found that the use of growth
factors and the new biomaterial scaffolds, which orchestrate the homing of host endogenous cells,
is the best cell transplantation approach that facilitates or accelerates dental tissue regeneration in
the dental tissue engineering field. On the contrary, Orellana et al. [131] argued that complex dentin-pulp
engineering should focus on considering and controlling the aspects such as the vascularization,
the growth factors involvement, matrix degradation, the interactions between the cells and the matrix,
the factor of mineralization, and the aspects of contamination control.

3.4.8. Using Calcium Phosphate Cements (CPCs) as Scaffold Material for Dental
and Bones Regeneration

Calcium phosphate cements (CPCs) are used as injectable scaffolds for dental tissue regeneration
engineering [192,193]. Simon, Guthrie and Wang [194] investigated how cement of calcium phosphate
(CPC) can be applied through injection to harden the in situ, and found that CPCs can be used for
craniofacial and dental application, especially in dental tissue engineering. Calcium hydroxide is
broadly used for direct pulp capping in the current clinical dental tissue engineering. Calcium hydroxide
is used for the regeneration of hard tissues and dental pulp tissues upon dental injuries. Moreover,
calcium hydroxide plays an important role in pulp capping therapy [195]. The current development
of new processing technologies in the production of calcium phosphate cement scaffolds focuses on
biological responses by putting more emphasis on the improvement of biological interactions of CPCs
with tissues and cells and tissues, and the use of CPCs in dental as well as bone tissue engineering.
Calcium phosphate cements are increasingly used in clinical uses, for example, in tissue engineering,
because of their advantages, which include mouldability, injectability, osteoconductivity and bioactivity
features [193,196–200].

In another study, Thein-Han et al. [201] examined the use of calcium phosphate cement mixed
with bio functional agents or factors and seeding of stem cells focused on treating dental repair
and the repair of the cranial facial bones. The study focused on incorporating biofunctional factors
or agents to CPC and to study the activity of the “human umbilical cord mesenchymal stem cells
(hUCMSC) seeding on biofunctionalized CPC for osteogenic differentiation. The authors developed
a method that used five different types of bioactive agent. The agents used in the study were RGD
(Arg-Gly-Asp) peptides, human-derived fibronectin (FN), extracellular Geltrex matrix, a concentrate
of human platelet, and an engineered fibronectin-like protein polymer. Additionally, the study used
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five different biofunctionalized CPC scaffolds. The fabricated structures include; CPC-Fn, CPC-FEPP,
CPC-RGD, CPC-platelets, and CPC-Geltrex. The study measured the activity hUCMSC proliferation,
attachment, synthesis, and osteogenic differentiation. The study finding revealed that the hUCMSC on
bioactivated CPCs indicated improved cell attachment, actin fibre expression, proliferation, mineral
synthesis, and osteogenic differentiation. In addition, the new CPCs developed included CPC-Fn,
CPC-FEPP, CPC-RGD, CPC-platelets that have improved properties compared to traditional materials
and the biofunctionalized CPC material greatly facilitates bone regeneration for dental and bone
applications. Based on their findings, Thein-Han, Liu and Xu, [201] recommended that calcium
phosphate cement (CPCs) can be used as an injectable scaffold biomaterial for bones regeneration,
and to regenerate dental pulp or tissues in dentistry applications or engineering.

4. Hydrogel Properties versus Cross-Linking Density

The polymer chains present in hydrogels are crosslinked with each other either physically or
chemically. Minute environmental condition changes such as pH, temperature, presence of enzyme
or ionic species, electric signal might elicit fast and reversible changes in the hydrogel system.
These changes usually take place at microscopic level as change in conformation, precipitation
and water content of hydrogel [202]. Few factors that are correlated with hydrogels versus crosslinking
density are as follows:

4.1. Swelling

The swelling kinetics of hydrogels are classified as Fickian (diffusion controlled) and non-Fickian
(relaxation controlled) swelling kinetics. The swelling kinetics is practically diffusion controlled when
water diffusion into hydrogels occurs at faster rate than polymer chain relaxation. The crosslinking
ratio is one of the best factors to influence swelling of hydrogels. The higher the crosslinking ratio,
the more the crosslinking agent is interlinked in the hydrogel network. The highly crosslinked hydrogel
system has a more organized and compact structure and tends to swell in small amounts as compared
to hydrogels with low or without crosslinking ratios. Generally, crosslinking hinders the polymer
chain mobility, thus, the swelling ratio is decreased. The chemical structure of hydrogel also influences
its swelling ratio [203].

4.2. Mechanical Properties

The mechanical strength of hydrogel is increased with the increase in crosslinking density,
leading to the formation of stronger and stiffer gels. The increase in crosslinking density also results
in lowering of percentage (%) elongation of the hydrogel. Hence, the hydrogel turns brittle in
nature. Many researchers have demonstrated co-polymerization with H-bonding increment within
the hydrogel system to attain desirable mechanical properties.

4.3. Biocompatible Properties

Synthetic hydrogel polymerization contains toxic elements derived from organic solvents,
emulsifiers, and stabilizer. Mostly, crosslinkers present immense challenges for in vivo biocompatibility.
Natural polymers are considered to have better biocompatibility over synthetic polymer-based
hydrogels. However, natural polymers incorporated with synthetic crosslinkers or initiators for
polymerization possess similar toxicity concerns such as that of the synthetic hydrogels [204].

5. The Application of Electrospun Nanofiber in Dental Fields

The electrospinning technique is one of the versatile techniques, which is very popular because of
its broad applications in the dental and medical areas. The electrospinning technique is focused on its
applications in tooth regeneration, healing and preventing diseases such as dental caries. The materials
used with the electrospun technique possess unique characteristics such as a higher surface area to
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volume ratios, have improved cellular interactions, and better protein absorption, and thus the enhanced
absorption that leads to good binding sites and enhanced cells reception [120,205]. Others found that
the use of various flexible biodegradable polymers (for example, PEG (poly (ethylene glycol), as well
as polyesters including polycaprolactone (PCL), poly (D,L-lactide-co-glycolide) (PLGA), poly(glycolic
acid) (PGA), poly(lactic acid) (PLA), as well their copolymers), as scaffolds (nanofibrous scaffolds)
increases enhances regeneration of dental tissues [53,206,207].Furthermore, Kim et al., [208] found
that nano-structured implants improved dental restoration and regeneration efficiencies as a result of
the structural similarities to that of an ECM (natural extracellular matrix).

Compared to collagen nanofibrous scaffolds made through integrin-intermediated procedure, the use
of polycaprolactone (PCL) and collagen-based nanofibrous scaffolds made via electrospinning integrating
bioactive glass nanoparticles to regenerate dentin-pulps enhances odontogenic and growth differentiation
from human dental pulp stem cells (hDPSCs) [208–211]. Electrospinning produces a complex geometry
of nanofibrous scaffolds used to effectively regenerate dentin-pulp complexes. The dentin-pulp complex
generation aims at restoring both physical and mechanical characteristics of the tooth structure in
dental engineering. Electrospun nanofibers significantly control the discharge/release of biomolecule
therapeutics (for example, growth factors), and adaptation with adhesive biomolecules (such as RGD
(arginylglycylaspartic acid) sequence and fibronectin), and also enhance the regeneration of dental
tissues. In addition, electrospun nanofibers offer mechanical functionalities and features biologically
that play a vital role in dental uses. Electrospun nanofibers can, therefore, be used to carry dental
resultant stem cells for optimal dental tissue regeneration for dental engineering applications. This is
because electrospun nanofibrous scaffolds are easy to fabricate, and have features such as fibre alignment
and control over scaffold size [212–215].

Electrospun nanofibers such as polymeric nanofibers or bioceramic nanoparticle-integrated
nanofibers are applied in dentistry. In addition, their flexibility and nanostructure have resulted
in highly promotive cell homing behaviours, leading to enhanced dental health [214]. In addition,
electrospun nanofibrous scaffold biomaterials including polycaprolactone is used to regenerate dental
tissues in dental tissue engineering, as shown in Figure 6 below.

Kuchler-Bopp et al. [217] examined the use of nanomaterial and the different application in tissue
engineering and found that nanomaterials are successfully solving the dental problems through tissue
engineering. On the other hand, nanofibers are preferred due to the ability to induce cell invasion
and promoting proliferation. In this regard, nanofibers are very attractive because they closely resemble
the extracellular matrix and have large pores thus suitable for bones, cartilages, and tooth regenerations
in tissue engineering.

Aurrekoetxea et al. [38] found that dental pulp stem cells is an alternative choice for dental pulp
regeneration and the dental pup stem cells can be used to solve dental pulp regeneration and its
related problems. People suffer from various dental defects due to diseases, trauma, and tumours.
As such, there has been the development of nanomaterial, which has excellent features of biomimetic
characteristics and great physiological and chemical properties. The properties of the nanomaterials are
very crucial in solving dental-related problems in tissue engineering because they facilitate cell growth
and stimulate the regeneration of dental pulp or tissues [68,218,219]. Li et al. [220] added that the most
common types of nanomaterial include the nanofibers, nanoparticles, nanosheets, and nanotubes.
Furthermore, nanoparticle and nanofibers are effectively used in the delivery system to transport
bioactive factors or agent in tooth and bone regeneration. In addition, nanoparticle and nanofibers
have an improved control regarding the release of the agent that causes degradation and accelerate
the of tissue regeneration [220]. Nanostructured scaffolds regulate cell mitigation, differentiation,
as well as proliferation, and offer closer structural support approximation for the cells leading to
the formation of functional tissues in tissue engineering applications. Nanomaterials are also used in
repairing and regenerating tissues in clinical applications or engineering [221,222].
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6. Summary

Biomaterials are mostly indispensable for dental application, mainly for periodontitis treatment,
endodontic pulp-dentin complex reconstruction and overall tooth regeneration. Soft biomaterials
such as hydrogels may have the potentialities to serve as cell encapsulating matrix. However,
a tooth should assume appropriate anatomical dimension and shape to function in the dentition [223].
An appropriate biomaterial in tooth generation should possess the following characteristics:

• Non-toxic, biocompatible and can undergo biodegradation;
• Allows biofunctionality of cells such as odontoblasts, ameloblasts, fibroblasts, cementoblasts,

vascular cells and neural endings;
• Fabrication of natural or synthetic polymers or combination of both as hydrogels (preferably

injectable hydrogels);
• Reasonable shelf life, can be sterilized and stored in clinical settings and key approach for clinicians.
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Generally, cell doctrine, scaffolds and biological signals are the principle guiding elements for
tissue engineering. The bioactive scaffolds consist of embedded bioactive molecules/cells to serve
the purpose. Transplantation and homing of cells are the scientific approaches of tissue regeneration.
The biomolecules such as proteins, peptides and RNA/DNA can be infused in vivo to establish new
environment to promote dental regeneration.

On the other hand, cell free approaches utilizing bioactive scaffolds, cells as well as growth factors
from dentin behave like chemoattractants for endogenous stem cells that reside in the periapical
region or in the surrounding healthy pulp tissue. These cells are expected to adhere, proliferate
and differentiate to give rise to new tissue, and thus the physiological tissue condition of dental pulp is
mimicked. Periodontal regeneration remains a seriously challenging task as the existing regeneration
techniques have not achieved predictable periodontal tissue regeneration in humans. The synergistic
combination of tissue engineering and nanomedicine has led to a remarkable progress in the periodontal
tissue engineering field. Several polymers such as chitosan, collagen, alginate and hyaluronic
acid as hydrogels have been investigated to promote successful guided tissue regeneration [224].
One of the most challenging aspects of establishing regenerative endodontic therapy is to determine
the optimization and integration of different component procedures to generate an outcome of
regenerated pulp-dentin complex. Comprehensive research programs and clinical applications are
required for the possible future regenerative endodontic procedures development [75]. However,
these studies need more investigation regarding in vitro and in vivo experiments to highlight their
potentialities in this promising field.
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109. Soran, Z.; Aydın, R.S.; Gümüşderelioğlu, M. Chitosan scaffolds with BMP-6 loaded alginate microspheres for
periodontal tissue engineering. J. Microencapsul. 2012, 29, 770–780. [CrossRef]

110. Pichayakorn, W.; Boonme, P. Evaluation of cross-linked chitosan microparticles containing metronidazole for
periodontitis treatment. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 1197–1202. [CrossRef]

111. Zhu, K.Y.; Merzendorfer, H.; Zhang, W.; Zhang, J.; Muthukrishnan, S. Biosynthesis, Turnover, and Functions
of Chitin in Insects. Annu. Rev. Entomol. 2016, 61, 177–196. [CrossRef]

112. Oliveira, J.M.; Rodrigues, M.T.; Silva, S.S.; Malafaya, P.B.; Gomes, M.E.; Viegas, C.A.; Dias, I.R.; Azevedo, J.T.;
Mano, J.F.; Reis, R.L. Novel hydroxyapatite/chitosan bilayered scaffold for osteochondral tissue-engineering
applications: Scaffold design and its performance when seeded with goat bone marrow stromal cells.
Biomaterials 2006, 27, 6123–6137. [CrossRef]

113. Chavanne, P.; Stevanovic, S.; Wüthrich, A.; Braissant, O.; Pieles, U.; Gruner, P.; Schumacher, R. 3D printed
chitosan / hydroxyapatite scaffolds for potential use in regenerative medicine. Biomed. Tech. Biomed. Eng.
2013, 58 (Suppl. 1). [CrossRef]

114. Qasim, S.B.; Najeeb, S.; Delaine-Smith, R.M.; Rawlinson, A.; Ur Rehman, I. Potential of electrospun chitosan
fibers as a surface layer in functionally graded GTR membrane for periodontal regeneration. Dent. Mater.
Off. Publ. Acad. Dent. Mater. 2017, 33, 71–83. [CrossRef]

115. Ganss, C.; Lussi, A.; Grunau, O.; Klimek, J.; Schlueter, N. Conventional and anti-erosion fluoride toothpastes:
Effect on enamel erosion and erosion-abrasion. Caries Res. 2011, 45, 581–589. [CrossRef]

116. Ruan, Q.; Siddiqah, N.; Li, X.; Nutt, S.; Moradian-Oldak, J. Amelogenin-chitosan matrix for human enamel
regrowth: Effects of viscosity and supersaturation degree. Connect Tissue Res. 2014, 55 (Suppl. 1), 150–154.
[CrossRef]

117. Wilson, A.D.; Kent, B.E. The glass-ionomer cement, a new translucent dental filling material. J. Appl. Chem.
Biotechnol. 1971, 21, 313. [CrossRef]

118. Petri, D.F.; Donegá, J.; Benassi, A.M.; Bocangel, J.A. Preliminary study on chitosan modified glass ionomer
restoratives. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2007, 23, 1004–1010. [CrossRef]

119. Luo, Y.; Teng, Z.; Li, Y.; Wang, Q. Solid lipid nanoparticles for oral drug delivery: Chitosan coating improves
stability, controlled delivery, mucoadhesion and cellular uptake. Carbohydr. Polym. 2015, 122, 221–229.
[CrossRef]

120. Zafar, M.S.; Khurshid, Z.; Almas, K. Oral tissue engineering progress and challenges. Tissue Eng. Regen. Med.
2015, 12, 387–397. [CrossRef]

121. Yang, X.; Han, G.; Pang, X.; Fan, M. Chitosan/collagen scaffold containing bone morphogenetic protein-7
DNA supports dental pulp stem cell differentiation in vitro and in vivo. J. Biomed. Mater. Res. Part A 2012.
[CrossRef]

122. Venkatesan, J.; Sukumaran, A.; Singh, D.; Kim, S.J. Recent Advances of Alginate Biomaterials in Tissue
Engineering. In Marine Polysaccharides; Jenny Stanford Publishing: Singapore, 2018; pp. 207–233.

123. Diniz, I.M.; Chen, C.; Ansari, S.; Zadeh, H.H.; Moshaverinia, M.; Chee, D.; Marques, M.M.; Shi, S.;
Moshaverinia, A. Gingival Mesenchymal Stem Cell (GMSC) Delivery System Based on RGD-Coupled
Alginate Hydrogel with Antimicrobial Properties: A Novel Treatment Modality for Peri-Implantitis.
J. Prosthodont. Off. J. Am. Coll. Prosthodont. 2016, 25, 105–115. [CrossRef] [PubMed]

124. Devillard, R.; Rémy, M.; Kalisky, J.; Bourget, J.M.; Kérourédan, O.; Siadous, R.; Bareille, R.;
Amédée-Vilamitjana, J.; Chassande, O.; Fricain, J.C. In vitro assessment of a collagen/alginate composite
scaffold for regenerative endodontics. Int. Endod. J. 2017, 50, 48–57. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jbiosc.2009.05.021
http://dx.doi.org/10.3390/ma10060602
http://dx.doi.org/10.1002/jbm.b.33516
http://dx.doi.org/10.1016/j.ejps.2013.08.029
http://dx.doi.org/10.3109/02652048.2012.686531
http://dx.doi.org/10.1016/j.msec.2012.12.010
http://dx.doi.org/10.1146/annurev-ento-010715-023933
http://dx.doi.org/10.1016/j.biomaterials.2006.07.034
http://dx.doi.org/10.1515/bmt-2013-4069
http://dx.doi.org/10.1016/j.dental.2016.10.003
http://dx.doi.org/10.1159/000334318
http://dx.doi.org/10.3109/03008207.2014.923856
http://dx.doi.org/10.1002/jctb.5020211101
http://dx.doi.org/10.1016/j.dental.2006.06.038
http://dx.doi.org/10.1016/j.carbpol.2014.12.084
http://dx.doi.org/10.1007/s13770-015-0030-6
http://dx.doi.org/10.1002/jbm.a.34064
http://dx.doi.org/10.1111/jopr.12316
http://www.ncbi.nlm.nih.gov/pubmed/26216081
http://dx.doi.org/10.1111/iej.12591
http://www.ncbi.nlm.nih.gov/pubmed/26650723


Int. J. Mol. Sci. 2020, 21, 3442 30 of 34

125. Cervino, G.; Fiorillo, L.; Herford, A.S.; Laino, L.; Troiano, G.; Amoroso, G.; Crimi, S.; Matarese, M.;
D’Amico, C.; Nastro Siniscalchi, E.; et al. Alginate Materials and Dental Impression Technique: A Current
State of the Art and Application to Dental Practice. Mar. Drugs 2019, 17, 18. [CrossRef] [PubMed]

126. Sancilio, S.; Gallorini, M.; Di Nisio, C.; Marsich, E.; Di Pietro, R.; Schweikl, H.; Cataldi, A.
Alginate/Hydroxyapatite-Based Nanocomposite Scaffolds for Bone Tissue Engineering Improve Dental Pulp
Biomineralization and Differentiation. Stem Cells Int. 2018, 2018, 9643721. [CrossRef]

127. Dobie, K.; Smith, G.; Sloan, A.J.; Smith, A.J. Effects of alginate hydrogels and TGF-beta 1 on human dental
pulp repair in vitro. Connect. Tissue Res. 2002, 43, 387–390. [CrossRef]

128. Fukushima, T.; Ohno, J.; Imayoshi, R.; Mori, N.; Sakagami, R.; Mitarai, M.; Hayakawa, T. DNA/protamine
complex paste for an injectable dental material. J. Mater. Sci. Mater. Med. 2011, 22, 2607–2615. [CrossRef]

129. Fukushima, T.; Ohno, J.; Hayakawa, T.; Imayoshi, R.; Kawaguchi, M.; Doi, Y.; Kanaya, K.; Mitarai, M.
Polycationic protamine for water-insoluble complex formation with DNA. Dent. Mater. J. 2010, 29, 529–535.
[CrossRef]

130. Nemeno, J.G.E.; Lee, S.; Yang, W.; Lee, K.M.; Lee, J.I. Applications and Implications of Heparin and Protamine
in Tissue Engineering and Regenerative Medicine. BioMed Res. Int. 2014, 2014, 936196. [CrossRef]

131. Orellana, S.L.; Giacaman, A.; Vidal, A.; Morales, C.; Oyarzun-Ampuero, F.; Lisoni, J.G.; Henríquez-Báez, C.;
Morán-Trujillo, L.; Concha, M.; Moreno-Villoslada, I. Chitosan/chondroitin sulfate aerogels with high
polymeric electroneutralization degree: Formation and mechanical properties. Pure Appl. Chem. 2018,
90, 901–911. [CrossRef]

132. Deng, Y.; Ren, J.; Chen, G.; Li, G.; Wu, X.; Wang, G.; Gu, G.; Li, J. Injectable in situ cross-linking
chitosan-hyaluronic acid based hydrogels for abdominal tissue regeneration. Sci. Rep. 2017, 7, 2699.
[CrossRef]

133. Hemshekhar, M.; Thushara, R.M.; Chandranayaka, S.; Sherman, L.S.; Kemparaju, K.; Girish, K.S. Emerging
roles of hyaluronic acid bioscaffolds in tissue engineering and regenerative medicine. Int. J. Biol. Macromol.
2016, 86, 917–928. [CrossRef] [PubMed]

134. Silva, C.R.; Babo, P.S.; Gulino, M.; Costa, L.; Oliveira, J.M.; Silva-Correia, J.; Domingues, R.M.A.; Reis, R.L.;
Gomes, M.E. Injectable and tunable hyaluronic acid hydrogels releasing chemotactic and angiogenic growth
factors for endodontic regeneration. Acta Biomater. 2018, 77, 155–171. [CrossRef] [PubMed]

135. Almeida, L.D.F.; Babo, P.S.; Silva, C.R.; Rodrigues, M.T.; Hebling, J.; Reis, R.L.; Gomes, M.E. Hyaluronic acid
hydrogels incorporating platelet lysate enhance human pulp cell proliferation and differentiation. J. Mater.
Sci. Mater. Med. 2018, 29, 88. [CrossRef] [PubMed]

136. Tsou, Y.H.; Khoneisser, J.; Huang, P.C.; Xu, X. Hydrogel as a bioactive material to regulate stem cell fate.
Bioact. Mater. 2016, 1, 39–55. [CrossRef]

137. Mitrousis, N.; Fokina, A.; Shoichet, M.S. Biomaterials for cell transplantation. Nat. Rev. Mater. 2018, 3, 441–456. [CrossRef]
138. Sculean, A.; Windisch, P.; Döri, F.; Keglevich, T.; Molnár, B.; Gera, I. Emdogain in regenerative periodontal

therapy. A review of the literature. Fogorv. Szle. 2007, 100, 220–232.
139. Pontoriero, R.; Wennström, J.; Lindhe, J. The use of barrier membranes and enamel matrix proteins in

the treatment of angular bone defects. A prospective controlled clinical study. J. Clin. Periodontol. 1999,
26, 833–840. [CrossRef]

140. Miron, R.J.; Sculean, A.; Cochran, D.L.; Froum, S.; Zucchelli, G.; Nemcovsky, C.; Donos, N.; Lyngstadaas, S.P.;
Deschner, J.; Dard, M.; et al. Twenty years of enamel matrix derivative: The past, the present and the future.
J. Clin. Periodontol. 2016, 43, 668–683. [CrossRef]

141. Heijl, L.; Heden, G.; Svärdström, G.; Ostgren, A. Enamel matrix derivative (EMDOGAIN) in the treatment of
intrabony periodontal defects. J. Clin. Periodontol. 1997, 24, 705–714. [CrossRef]

142. Al-Hezaimi, K.; Al-Tayar, B.; Bajuaifer, Y.; Salameh, Z.; Al-Fouzan, K.; Tay, F. A Hybrid Approach to Direct
Pulp Capping by Using Emdogain with a Capping Material. J. Endod. 2011, 37, 667–672. [CrossRef]

143. Wiegand, A.; Attin, T. Efficacy of enamel matrix derivatives (Emdogain) in treatment of replanted teeth—A systematic
review based on animal studies. Dent. Traumatol. Off. Publ. Int. Assoc. Dent. Traumatol. 2008, 24, 498–502. [CrossRef]
[PubMed]

144. Nakamura, Y.; Hammarström, L.; Lundberg, E.; Ekdahl, H.; Matsumoto, K.; Gestrelius, S.; Lyngstadaas, S.P. Enamel
Matrix Derivative Promotes Reparative Processes in the Dental Pulp. Adv. Dent. Res. 2001, 15, 105–107. [CrossRef]
[PubMed]

http://dx.doi.org/10.3390/md17010018
http://www.ncbi.nlm.nih.gov/pubmed/30597945
http://dx.doi.org/10.1155/2018/9643721
http://dx.doi.org/10.1080/03008200290000574
http://dx.doi.org/10.1007/s10856-011-4446-9
http://dx.doi.org/10.4012/dmj.2009-131
http://dx.doi.org/10.1155/2014/936196
http://dx.doi.org/10.1515/pac-2016-1111
http://dx.doi.org/10.1038/s41598-017-02962-z
http://dx.doi.org/10.1016/j.ijbiomac.2016.02.032
http://www.ncbi.nlm.nih.gov/pubmed/26893053
http://dx.doi.org/10.1016/j.actbio.2018.07.035
http://www.ncbi.nlm.nih.gov/pubmed/30031163
http://dx.doi.org/10.1007/s10856-018-6088-7
http://www.ncbi.nlm.nih.gov/pubmed/29904797
http://dx.doi.org/10.1016/j.bioactmat.2016.05.001
http://dx.doi.org/10.1038/s41578-018-0057-0
http://dx.doi.org/10.1034/j.1600-051x.1997.00833.x
http://dx.doi.org/10.1111/jcpe.12546
http://dx.doi.org/10.1111/j.1600-051X.1997.tb00253.x
http://dx.doi.org/10.1016/j.joen.2011.02.003
http://dx.doi.org/10.1111/j.1600-9657.2008.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/18821951
http://dx.doi.org/10.1177/08959374010150010201
http://www.ncbi.nlm.nih.gov/pubmed/12640753


Int. J. Mol. Sci. 2020, 21, 3442 31 of 34

145. Lin, S.; Mayer, Y. Treatment of a large periradicular lesion of endodontic origin around a dental implant with
enamel matrix protein derivative. J. Periodontol. 2007, 78, 2385–2388. [CrossRef] [PubMed]

146. Sarmast, N.D.; Wang, H.H.; Soldatos, N.K.; Angelov, N.; Dorn, S.; Yukna, R.; Iacono, V.J. A Novel Treatment
Decision Tree and Literature Review of Retrograde Peri-Implantitis. J. Periodontol. 2016, 87, 1458–1467.
[CrossRef]

147. Palioto, D.B.; Coletta, R.D.; Graner, E.; Joly, J.C.; de Lima, A.F. The influence of enamel matrix derivative associated with
insulin-like growth factor-I on periodontal ligament fibroblasts. J. Periodontol. 2004, 75, 498–504. [CrossRef]

148. Keila, S.; Nemcovsky, C.E.; Moses, O.; Artzi, Z.; Weinreb, M. In vitro Effects of Enamel Matrix Proteins on
Rat Bone Marrow Cells and Gingival Fibroblasts. J. Dent. Res. 2004, 83, 134–138. [CrossRef]

149. Schwarz, F.; Rothamel, D.; Herten, M.; Sculean, A.; Scherbaum, W.; Becker, J. Effect of enamel matrix protein
derivative on the attachment, proliferation, and viability of human SaOs2 osteoblasts on titanium implants.
Clin. Oral Investig. 2004, 8, 165–171. [CrossRef]

150. Schweikle, M.; Bjornoy, S.H.; van Helvoort, A.T.J.; Haugen, H.J.; Sikorski, P.; Tiainen, H. Stabilisation of
amorphous calcium phosphate in polyethylene glycol hydrogels. Acta Biomater. 2019, 90, 132–145. [CrossRef]

151. Dash, B.C.; Xu, Z.; Lin, L.; Koo, A.; Ndon, S.; Berthiaume, F.; Dardik, A.; Hsia, H. Stem Cells and Engineered
Scaffolds for Regenerative Wound Healing. Bioengineering 2018, 5, 23. [CrossRef]

152. Howard, D.; Buttery, L.D.; Shakesheff, K.M.; Roberts, S.J. Tissue engineering: Strategies, stem cells
and scaffolds. J. Anat. 2008, 213, 66–72. [CrossRef]

153. Honda, M.J.; Tsuchiya, S.; Shinohara, Y.; Shinmura, Y.; Sumita, Y. Recent advances in engineering of tooth
and tooth structures using postnatal dental cells. Jpn. Dent. Sci. Rev. 2010, 46, 54–66. [CrossRef]

154. Jiang, B.; Waller, T.M.; Larson, J.C.; Appel, A.A.; Brey, E.M. Fibrin-loaded porous poly(ethylene glycol)
hydrogels as scaffold materials for vascularized tissue formation. Tissue Eng. Part A 2013, 19, 224–234.
[CrossRef] [PubMed]

155. Bansal, R.; Bansal, R. Regenerative endodontics: A state of the art. Indian J. Dent. Res. 2011, 22, 122–131.
[CrossRef] [PubMed]

156. Galler, K.M.; Brandl, F.P.; Kirchhof, S.; Widbiller, M.; Eidt, A.; Buchalla, W.; Gopferich, A.; Schmalz, G.
Suitability of Different Natural and Synthetic Biomaterials for Dental Pulp Tissue Engineering. Tissue Eng.
Part A 2018, 24, 234–244. [CrossRef]

157. Narayanan, G.; Vernekar, V.N.; Kuyinu, E.L.; Laurencin, C.T. Poly (lactic acid)-based biomaterials for
orthopaedic regenerative engineering. Adv. Drug Deliv. Rev. 2016, 107, 247–276. [CrossRef]

158. Sadeghi-Avalshahr, A.; Nokhasteh, S.; Molavi, A.M.; Khorsand-Ghayeni, M.; Mahdavi-Shahri, M. Synthesis
and characterization of collagen/PLGA biodegradable skin scaffold fibers. Regen. Biomater. 2017, 4, 309–314.
[CrossRef]

159. Mekala, N.; Baadhe, R.; Parcha, S.R. Review on Engineering Biomaterials in Tissue Engineering Application.
Recent Res. Sci. Technol. 2013, 4, 991.

160. Jansen, J.A. Engineering of dental tissues; reality or distant prospect. Saudi Dent. J. 2012, 24, 61–62. [CrossRef]
161. Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015,

6, 105–121. [CrossRef]
162. Galler, K.M.; D’Souza, R.N.; Hartgerink, J.D.; Schmalz, G. Scaffolds for dental pulp tissue engineering.

Adv. Dent. Res. 2011, 23, 333–339. [CrossRef]
163. Sammartino, G.; Dohan Ehrenfest, D.M.; Shibli, J.A.; Galindo-Moreno, P. Tissue Engineering and Dental

Implantology: Biomaterials, New Technologies, and Stem Cells. Biomed. Res. Int. 2016, 2016, 5713168.
[CrossRef] [PubMed]

164. Hägewald, S.; Spahr, A.; Rompola, E.; Haller, B.; Heijl, L.; Bernimoulin, J.P. Comparative study of Emdogain
and coronally advanced flap technique in the treatment of human gingival recessions. A prospective
controlled clinical study. J. Clin. Periodontol. 2002, 29, 35–41. [CrossRef] [PubMed]

165. Zein, N.; Harmouch, E.; Lutz, J.-C.; Fernandez De Grado, G.; Kuchler-Bopp, S.; Clauss, F.; Offner, D.; Hua, G.;
Benkirane-Jessel, N.; Fioretti, F. Polymer-Based Instructive Scaffolds for Endodontic Regeneration. Materials
2019, 12, 2347. [CrossRef] [PubMed]

166. Feng, X.; Lu, X.; Huang, D.; Xing, J.; Feng, G.; Jin, G.; Yi, X.; Li, L.; Lu, Y.; Nie, D.; et al. 3D Porous Chitosan
Scaffolds Suit Survival and Neural Differentiation of Dental Pulp Stem Cells. Cell. Mol. Neurobiol. 2014,
34, 859–870. [CrossRef]

http://dx.doi.org/10.1902/jop.2007.070199
http://www.ncbi.nlm.nih.gov/pubmed/18052713
http://dx.doi.org/10.1902/jop.2016.160219
http://dx.doi.org/10.1902/jop.2004.75.4.498
http://dx.doi.org/10.1177/154405910408300210
http://dx.doi.org/10.1007/s00784-004-0259-2
http://dx.doi.org/10.1016/j.actbio.2019.03.044
http://dx.doi.org/10.3390/bioengineering5010023
http://dx.doi.org/10.1111/j.1469-7580.2008.00878.x
http://dx.doi.org/10.1016/j.jdsr.2009.10.006
http://dx.doi.org/10.1089/ten.tea.2012.0120
http://www.ncbi.nlm.nih.gov/pubmed/23003671
http://dx.doi.org/10.4103/0970-9290.79977
http://www.ncbi.nlm.nih.gov/pubmed/21525690
http://dx.doi.org/10.1089/ten.tea.2016.0555
http://dx.doi.org/10.1016/j.addr.2016.04.015
http://dx.doi.org/10.1093/rb/rbx026
http://dx.doi.org/10.1016/j.sdentj.2012.03.001
http://dx.doi.org/10.1016/j.jare.2013.07.006
http://dx.doi.org/10.1177/0022034511405326
http://dx.doi.org/10.1155/2016/5713168
http://www.ncbi.nlm.nih.gov/pubmed/27073803
http://dx.doi.org/10.1034/j.1600-051x.2002.290106.x
http://www.ncbi.nlm.nih.gov/pubmed/11846847
http://dx.doi.org/10.3390/ma12152347
http://www.ncbi.nlm.nih.gov/pubmed/31344822
http://dx.doi.org/10.1007/s10571-014-0063-8


Int. J. Mol. Sci. 2020, 21, 3442 32 of 34

167. Moussa, D.G.; Aparicio, C. Present and future of tissue engineering scaffolds for dentin-pulp complex
regeneration. J. Tissue Eng. Regen. Med. 2019, 13, 58–75. [CrossRef]

168. Ishimatsu, H.; Kitamura, C.; Morotomi, T.; Tabata, Y.; Nishihara, T.; Chen, K.K.; Terashita, M. Formation of
dentinal bridge on surface of regenerated dental pulp in dentin defects by controlled release of fibroblast
growth factor-2 from gelatin hydrogels. J. Endod. 2009, 35, 858–865. [CrossRef]

169. Fujiwara, S.; Kumabe, S.; Iwai, Y. Isolated Rat Dental Pulp Cell Culture and Transplantation with an Alginate
Scaffold. Okajimas Folia Anat. Jpn. 2006, 83, 15–24. [CrossRef]

170. Inuyama, Y.; Kitamura, C.; Nishihara, T.; Morotomi, T.; Nagayoshi, M.; Tabata, Y.; Matsuo, K.; Chen, K.-K.;
Terashita, M. Effects of Hyaluronic Acid Sponge as a Scaffold on Odontoblastic Cell Line and Amputated
Dental Pulp. J. Biomed. Mater. Res. Part B Appl. Biomater. 2010, 92, 120–128. [CrossRef]

171. Lee, K.Y.; Mooney, D.J. Hydrogels for tissue engineering. Chem. Rev. 2001, 101, 1869–1879. [CrossRef]
172. Buurma, B.; Gu, K.; Rutherford, R.B. Transplantation of human pulpal and gingival fibroblasts attached to

synthetic scaffolds. Eur. J. Oral Sci. 1999, 107, 282–289. [CrossRef]
173. Cordeiro, M.M.; Dong, Z.; Kaneko, T.; Zhang, Z.; Miyazawa, M.; Shi, S.; Smith, A.J.; Nör, J.E. Dental pulp

tissue engineering with stem cells from exfoliated deciduous teeth. J. Endod. 2008, 34, 962–969. [CrossRef]
[PubMed]

174. Lv, H.; Chen, Y.; Cai, Z.; Lei, L.; Zhang, M.; Zhou, R.; Huang, X. The efficacy of platelet-rich fibrin as a scaffold
in regenerative endodontic treatment: A retrospective controlled cohort study. Bmc Oral Health 2018, 18, 139.
[CrossRef] [PubMed]

175. Yang, K.C.; Wang, C.H.; Chang, H.H.; Chan, W.P.; Chi, C.H.; Kuo, T.F. Fibrin glue mixed with platelet-rich
fibrin as a scaffold seeded with dental bud cells for tooth regeneration. J. Tissue Eng. Regen Med. 2012,
6, 777–785. [CrossRef] [PubMed]

176. Jayalakshmi, K.B.; Agarwal, S.; Singh, M.P.; Vishwanath, B.T.; Krishna, A.; Agrawal, R. Platelet-Rich Fibrin
with β-Tricalcium Phosphate-A Noval Approach for Bone Augmentation in Chronic Periapical Lesion:
A Case Report. Case Rep. Dent. 2012, 2012, 902858. [CrossRef]

177. Keswani, D.; Pandey, R.K. Revascularization of an immature tooth with a necrotic pulp using platelet-rich
fibrin: A case report. Int. Endod. J. 2013, 46, 1096–1104. [CrossRef]

178. Bains, R.; Bains, V.K.; Loomba, K.; Verma, K.; Nasir, A. Management of pulpal floor perforation and grade II
Furcation involvement using mineral trioxide aggregate and platelet rich fibrin: A clinical report. Contemp.
Clin. Dent. 2012, 3, S223–S227. [CrossRef]

179. Shivashankar, V.; Johns, D.; Vidyanath, S.; Kumar, M. Platelet Rich Fibrin in the revitalization of tooth with
necrotic pulp and open apex. J. Conserv. Dent. 2012, 15, 395–398. [CrossRef]

180. Huang, F.M.; Yang, S.F.; Zhao, J.H.; Chang, Y.C. Platelet-rich fibrin increases proliferation and differentiation
of human dental pulp cells. J. Endod. 2010, 36, 1628–1632. [CrossRef]

181. Nguyen, K.T.; West, J.L. Photopolymerizable hydrogels for tissue engineering applications. Biomaterials 2002,
23, 4307–4314. [CrossRef]

182. Ifkovits, J.L.; Burdick, J.A. Review: Photopolymerizable and degradable biomaterials for tissue engineering
applications. Tissue Eng. 2007, 13, 2369–2385. [CrossRef]

183. Lavik, E.; Langer, R. Tissue engineering: Current state and perspectives. Appl. Microbiol. Biotechnol. 2004,
65, 1–8. [CrossRef] [PubMed]

184. Ratner, B.D.; Bryant, S.J. Biomaterials: Where we have been and where we are going. Annu. Rev. Biomed.
Eng. 2004, 6, 41–75. [CrossRef] [PubMed]

185. Bhattarai, D.P.; Aguilar, L.E.; Park, C.H.; Kim, C.S. A Review on Properties of Natural and Synthetic Based
Electrospun Fibrous Materials for Bone Tissue Engineering. Membranes 2018, 8, 62. [CrossRef] [PubMed]

186. Chaudhari, A.A.; Vig, K.; Baganizi, D.R.; Sahu, R.; Dixit, S.; Dennis, V.; Singh, S.R.; Pillai, S.R. Future
Prospects for Scaffolding Methods and Biomaterials in Skin Tissue Engineering: A Review. Int. J. Mol. Sci.
2016, 17, 1974. [CrossRef]

187. Dhandayuthapani, B.; Yoshida, Y.; Maekawa, T.; Kumar, D.S. Polymeric Scaffolds in Tissue Engineering
Application: A Review. Int. J. Polym Sci. 2011. [CrossRef]

188. Bikharudin, A.; Wahyudi, S.T. Synthesis and Characterization of Hydroxyapatite-Collagen-Chitosan
(HA/Col/Chi) Composite Coated on Ti6Al4V. In IOP Conference Series: Materials Science and Engineering;
IOP Publishing: Malang, East Java, Indonesia, 2018; p. 012028.

http://dx.doi.org/10.1002/term.2769
http://dx.doi.org/10.1016/j.joen.2009.03.049
http://dx.doi.org/10.2535/ofaj.83.15
http://dx.doi.org/10.1002/jbm.b.31497
http://dx.doi.org/10.1021/cr000108x
http://dx.doi.org/10.1046/j.0909-8836.1999.eos107408.x
http://dx.doi.org/10.1016/j.joen.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18634928
http://dx.doi.org/10.1186/s12903-018-0598-z
http://www.ncbi.nlm.nih.gov/pubmed/30103724
http://dx.doi.org/10.1002/term.483
http://www.ncbi.nlm.nih.gov/pubmed/22034398
http://dx.doi.org/10.1155/2012/902858
http://dx.doi.org/10.1111/iej.12107
http://dx.doi.org/10.4103/0976-237X.101100
http://dx.doi.org/10.4103/0972-0707.101926
http://dx.doi.org/10.1016/j.joen.2010.07.004
http://dx.doi.org/10.1016/S0142-9612(02)00175-8
http://dx.doi.org/10.1089/ten.2007.0093
http://dx.doi.org/10.1007/s00253-004-1580-z
http://www.ncbi.nlm.nih.gov/pubmed/15221227
http://dx.doi.org/10.1146/annurev.bioeng.6.040803.140027
http://www.ncbi.nlm.nih.gov/pubmed/15255762
http://dx.doi.org/10.3390/membranes8030062
http://www.ncbi.nlm.nih.gov/pubmed/30110968
http://dx.doi.org/10.3390/ijms17121974
http://dx.doi.org/10.1155/2011/290602


Int. J. Mol. Sci. 2020, 21, 3442 33 of 34

189. Maisani, M.; Pezzoli, D.; Chassande, O.; Mantovani, D. Cellularizing hydrogel-based scaffolds to repair bone
tissue: How to create a physiologically relevant micro-environment? J. Tissue Eng. 2017, 8, 2041731417712073.
[CrossRef]

190. Wang, X.; Wang, J.; Guo, L.; Wang, X.; Chen, H.; Wang, X.; Liu, J.; Tredget, E.E.; Wu, Y. Self-assembling peptide
hydrogel scaffolds support stem cell-based hair follicle regeneration. Nanomed. Nanotechnol. Biol. Med. 2016,
12, 2115–2125. [CrossRef]

191. Nojoomi, A.; Tamjid, E.; Simchi, A.; Bonakdar, S.; Stroeve, P. Injectable polyethylene glycol-laponite composite
hydrogels as articular cartilage scaffolds with superior mechanical and rheological properties. Int. J. Polym.
Mater. Polym. Biomater. 2016, 66, 105–114. [CrossRef]

192. Xu, H.H.; Weir, M.D.; Burguera, E.F.; Fraser, A.M. Injectable and macroporous calcium phosphate cement
scaffold. Biomaterials 2006, 27, 4279–4287. [CrossRef]

193. Ginebra, M.P.; Canal, C.; Espanol, M.; Pastorino, D.; Montufar, E.B. Calcium phosphate cements as drug
delivery materials. Adv. Drug Deliv. Rev. 2012, 64, 1090–1110. [CrossRef]

194. Simon, C.G., Jr.; Guthrie, W.F.; Wang, F.W. Cell seeding into calcium phosphate cement. J. Biomed. Mater.
Res. A 2004, 68, 628–639. [CrossRef] [PubMed]

195. Ji, Y.M.; Jeon, S.H.; Park, J.Y.; Chung, J.H.; Choung, Y.H.; Choung, P.H. Dental stem cell therapy with calcium
hydroxide in dental pulp capping. Tissue Eng. Part A 2010, 16, 1823–1833. [CrossRef] [PubMed]

196. Ginebra, M.P.; Espanol, M.; Montufar, E.B.; Perez, R.A.; Mestres, G. New processing approaches in calcium
phosphate cements and their applications in regenerative medicine. Acta Biomater. 2010, 6, 2863–2873.
[CrossRef] [PubMed]

197. Mestres, G.; Le Van, C.; Ginebra, M.P. Silicon-stabilized alpha-tricalcium phosphate and its use in a calcium
phosphate cement: Characterization and cell response. Acta Biomater. 2012, 8, 1169–1179. [CrossRef]
[PubMed]

198. Zhang, J.; Liu, W.; Schnitzler, V.; Tancret, F.; Bouler, J.M. Calcium phosphate cements for bone substitution:
Chemistry, handling and mechanical properties. Acta Biomater. 2014, 10, 1035–1049. [CrossRef] [PubMed]

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

200. Felix Lanao, R.P.; Leeuwenburgh, S.C.; Wolke, J.G.; Jansen, J.A. Bone response to fast-degrading, injectable
calcium phosphate cements containing PLGA microparticles. Biomaterials 2011, 32, 8839–8847. [CrossRef]

201. Thein-Han, W.; Xu, H.H. Collagen-calcium phosphate cement scaffolds seeded with umbilical cord stem
cells for bone tissue engineering. Tissue Eng. Part A 2011, 17, 2943–2954. [CrossRef]

202. Kaczmarek, B.; Nadolna, K.; Owczarek, A. Chapter 6 - The physical and chemical properties of hydrogels
based on natural polymers. In Hydrogels Based on Natural Polymers; Chen, Y., Ed.; Elsevier: Oxford, UK, 2020;
pp. 151–172. [CrossRef]

203. Khan, S.; Ranjha, N.M. Effect of degree of cross-linking on swelling and on drug release of low viscous
chitosan/poly(vinyl alcohol) hydrogels. Polym. Bull. 2014, 71, 2133–2158. [CrossRef]

204. Paidikondala, M.; Wang, S.; Hilborn, J.; Larsson, S.; Varghese, O.P. Impact of Hydrogel Cross-Linking
Chemistry on the in Vitro and in Vivo Bioactivity of Recombinant Human Bone Morphogenetic Protein-2.
ACS Appl. Bio Mater. 2019, 2, 2006–2012. [CrossRef]

205. Zafar, M.; Najeeb, S.; Khurshid, Z.; Vazirzadeh, M.; Zohaib, S.; Najeeb, B.; Sefat, F. Potential of Electrospun
Nanofibers for Biomedical and Dental Applications. Materials 2016, 9, 73. [CrossRef] [PubMed]

206. Ikada, Y. Biodegradable Polymers as Scaffolds for Tissue Engineering. In Handbook of Biodegradable Polymers;
Springer: Kyoto, Japan, 2011; pp. 341–362.

207. Nayak, R.; Padhye, R.; Kyratzis, I.; Truong, Y.B.; Arnold, L. Recent advances in nanofibre fabrication
techniques. Text. Res. J. 2012, 82, 129–147. [CrossRef]

208. Kim, S.; Shin, S.J.; Song, Y.; Kim, E. In Vivo Experiments with Dental Pulp Stem Cells for Pulp-Dentin
Complex Regeneration. Mediat. Inflamm. 2015, 2015, 409347. [CrossRef] [PubMed]

209. Bae, W.J.; Min, K.S.; Kim, J.J.; Kim, J.J.; Kim, H.W.; Kim, E.C. Odontogenic responses of human dental pulp
cells to collagen/nanobioactive glass nanocomposites. Dent. Mater. 2012, 28, 1271–1279. [CrossRef]

210. Paino, F.; La Noce, M.; Giuliani, A.; De Rosa, A.; Mazzoni, S.; Laino, L.; Amler, E.; Papaccio, G.; Desiderio, V.;
Tirino, V. Human DPSCs fabricate vascularized woven bone tissue: A new tool in bone tissue engineering.
Clin. Sci. 2017, 131, 699–713. [CrossRef]

http://dx.doi.org/10.1177/2041731417712073
http://dx.doi.org/10.1016/j.nano.2016.05.021
http://dx.doi.org/10.1080/00914037.2016.1182914
http://dx.doi.org/10.1016/j.biomaterials.2006.03.001
http://dx.doi.org/10.1016/j.addr.2012.01.008
http://dx.doi.org/10.1002/jbm.a.20008
http://www.ncbi.nlm.nih.gov/pubmed/14986318
http://dx.doi.org/10.1089/ten.tea.2009.0054
http://www.ncbi.nlm.nih.gov/pubmed/20055661
http://dx.doi.org/10.1016/j.actbio.2010.01.036
http://www.ncbi.nlm.nih.gov/pubmed/20123046
http://dx.doi.org/10.1016/j.actbio.2011.11.021
http://www.ncbi.nlm.nih.gov/pubmed/22154863
http://dx.doi.org/10.1016/j.actbio.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24231047
http://dx.doi.org/10.1002/jbm.a.32665
http://dx.doi.org/10.1016/j.biomaterials.2011.08.005
http://dx.doi.org/10.1089/ten.tea.2010.0674
http://dx.doi.org/10.1016/B978-0-12-816421-1.00006-9
http://dx.doi.org/10.1007/s00289-014-1178-2
http://dx.doi.org/10.1021/acsabm.9b00060
http://dx.doi.org/10.3390/ma9020073
http://www.ncbi.nlm.nih.gov/pubmed/28787871
http://dx.doi.org/10.1177/0040517511424524
http://dx.doi.org/10.1155/2015/409347
http://www.ncbi.nlm.nih.gov/pubmed/26688616
http://dx.doi.org/10.1016/j.dental.2012.09.011
http://dx.doi.org/10.1042/CS20170047


Int. J. Mol. Sci. 2020, 21, 3442 34 of 34

211. Seonwoo, H.; Jang, K.J.; Lee, D.; Park, S.; Lee, M.; Park, S.; Lim, K.T.; Kim, J.; Chung, J.H. Neurogenic
Differentiation of Human Dental Pulp Stem Cells on Graphene-Polycaprolactone Hybrid Nanofibers.
Nanomaterials 2018, 8, 554. [CrossRef]

212. Al-Enizi, A.M.; Zagho, M.M.; Elzatahry, A.A. Polymer-Based Electrospun Nanofibers for Biomedical
Applications. Nanomaterials 2018, 8, 259. [CrossRef]

213. Law, J.X.; Liau, L.L.; Saim, A.; Yang, Y.; Idrus, R. Electrospun Collagen Nanofibers and Their Applications in
Skin Tissue Engineering. Tissue Eng. Regen. Med. 2017, 14, 699–718. [CrossRef]

214. Eireles, A.B.; Corrêa, D.K.; da Silveira, J.V.; Millás, A.L.; Bittencourt, E.; de Brito-Melo, G.E.; González-Torres, L.A. Trends
in polymeric electrospun fibers and their use as oral biomaterials. Exp. Biol. Med. 2018, 243, 665–676. [CrossRef]

215. Uyar, T.; Cokeliler, D.; Dogan, M.; Kocum, I.C.; Karatay, O.; Denkbas, E.B. Electrospun nanofiber reinforcement of dental
composites with electromagnetic alignment approach. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 62, 762–770. [CrossRef]

216. Seo, S.-J.; Kim, H.-W.; Lee, J.-H. Electrospun Nanofibers Applications in Dentistry. J. Nanomater. 2016, 2016,
5931946. [CrossRef]

217. Kuchler-Bopp, S.; Larrea, A.; Petry, L.; Idoux-Gillet, Y.; Sebastian, V.; Ferrandon, A.; Schwinte, P.; Arruebo, M.;
Benkirane-Jessel, N. Promoting bioengineered tooth innervation using nanostructured and hybrid scaffolds.
Acta Biomater. 2017, 50, 493–501. [CrossRef] [PubMed]

218. Gong, T.; Xie, J.; Liao, J.; Zhang, T.; Lin, S.; Lin, Y. Nanomaterials and bone regeneration. Bone Res. 2015,
3, 15029. [CrossRef] [PubMed]

219. Abou Neel, E.A.; Chrzanowski, W.; Salih, V.M.; Kim, H.W.; Knowles, J.C. Tissue engineering in dentistry.
J. Dent. 2014, 42, 915–928. [CrossRef]

220. 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]

221. Li, X.; Wang, L.; Fan, Y.; Feng, Q.; Cui, F.Z.; Watari, F. Nanostructured scaffolds for bone tissue engineering.
J. Biomed. Mater. Res. A 2013, 101, 2424–2435. [CrossRef]

222. McMahon, R.E.; Wang, L.; Skoracki, R.; Mathur, A.B. Development of nanomaterials for bone repair
and regeneration. J. Biomed. Mater. Res. B Appl. Biomater. 2013, 101, 387–397. [CrossRef]

223. Murray, P.E.; Garcia-Godoy, F.; Hargreaves, K.M. Regenerative endodontics: A review of current status
and a call for action. J. Endod. 2007, 33, 377–390. [CrossRef]

224. Bottino, M.C.; Pankajakshan, D.; Nör, J.E. Advanced Scaffolds for Dental Pulp and Periodontal Regeneration.
Dent. Clin. N. Am. 2017, 61, 689–711. [CrossRef]

© 2020 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/10.3390/nano8070554
http://dx.doi.org/10.3390/nano8040259
http://dx.doi.org/10.1007/s13770-017-0075-9
http://dx.doi.org/10.1177/1535370218770404
http://dx.doi.org/10.1016/j.msec.2016.02.001
http://dx.doi.org/10.1155/2016/5931946
http://dx.doi.org/10.1016/j.actbio.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28057509
http://dx.doi.org/10.1038/boneres.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/26558141
http://dx.doi.org/10.1016/j.jdent.2014.05.008
http://dx.doi.org/10.1177/0022034517706678
http://dx.doi.org/10.1002/jbm.a.34539
http://dx.doi.org/10.1002/jbm.b.32823
http://dx.doi.org/10.1016/j.joen.2006.09.013
http://dx.doi.org/10.1016/j.cden.2017.06.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Injectable Biomaterials for Dental Tissue Engineering 
	Classification of Hydrogels 
	Physically Crosslinked Hydrogels 
	Chemically Crosslinked Hydrogels 
	Interpenetrating Network Hydrogel 
	Chemical and Stimuli Responsive Hydrogels 
	Protein Based and Antigen-Responsive Hydrogels 

	Bioengineering Techniques or Approaches that Facilitate Dental Pulp Regeneration 
	Potentials Injectable Scaffolds Materials 
	Periodontitis and Treatment Objectives 
	Natural Polymers as Scaffold Materials 
	Fibrin as Scaffold Materials 
	Use of Chitosan as the Scaffold Material 
	Use of Alginate as the Scaffold Material 
	DNA/Protamine Complex as the Paste for Injectable Material for Dental Applications 
	Chitosan-Hyaluronic Blend Hydrogel 

	Synthetic Polymer as Scaffold Material 
	Emdogain and Its Use in Dental Field 
	Pegylated Gel of Fibrin 
	Suitability of the Synthetic and Natural Biomaterials (Poly-Lactic Acid and Collagen) 
	Endodontics: Hydrogels for Pulp Regeneration 
	Endodontics: Platelet Rich Fibrin (PRF) for Pulp Regeneration 
	Photopolymerizable Materials 
	Hybrid Bioceramics Materials Hydrogels 
	Using Calcium Phosphate Cements (CPCs) as Scaffold Material for Dental and Bones Regeneration 


	Hydrogel Properties versus Cross-Linking Density 
	Swelling 
	Mechanical Properties 
	Biocompatible Properties 

	The Application of Electrospun Nanofiber in Dental Fields 
	Summary 
	References

