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Summary
Regenerative medicine is an emerging field of biotechnology that combines various aspects of medicine including
cell and molecular biology, material science and bioengineering – to regenerate, repair or replace tissues. Bone
regeneration is a promising approach in dentistry and is
considered an ideal clinical strategy in treating diseases,
injuries, and defects of the maxillofacial area. Advances
in tissue engineering have resulted in the development
of innovative scaffold designs, complemented by the progress made in cell-based therapies. In vitro bone regeneration can be achieved by the combination of stem cells,
scaffolds, and bioactive factors. A possible improvement
in restoring damaged tissues may be achieved by load-

Introduction
Bone tissue engineering aims to restore tissues damaged due
to a trauma, diseases, or congenital abnormalities [1]. The
regeneration of facial skeletal tissues must consider ways to
ensure the recovery of aesthetic characteristics. Additionally,
the bone reconstruction should keep sufficient mechanical
strength to protect internal organs and support movements
enabling normal speech and masticatory functions [2].
Tissue engineering is a multidisciplinary field focused on
the development of materials and strategies by merging the
principles, methods and knowledge of chemistry, physics,
engineering and biology [3]. This approach involves three
fundamental elements: cells, scaffolds, and cell signaling,
which are vital for eliciting the essential response from a designed tissue-engineered system [4]. The principles of tissue
engineering have found widespread application in several
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ing the scaffolds with drug substances, as well as genetic material, growth factors or other proteins, promoting
the tissue regeneration. This review focuses on different
biomaterials currently used in dentistry, as potential scaffolds for bone regeneration when treating bone defects,
or in surgical interventions, including characteristics and
types of these scaffolds, and a literature review of local
antibiotic delivery by combined usage of scaffolds and
drug-delivery systems.
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branches of dentistry, such as periodontics, oral maxillofacial surgery, and implant dentistry. In implantology the
most frequently observed problems are the lack of adequate
bone tissue, proximity to important anatomical structures
(such as the maxillary sinus and the inferior alveolar nerve)
at the implantation site [5]. Multiple approaches to the
treatment and restoration of craniofacial bone defects exist
where tissue autografting and allografting are considered
the best options [6]. However, these strategies are associated with intrinsic drawbacks, including limited availability
of autologous grafts, and potential immunogenic rejection
when attempting allogeneic grafting. Tissue engineering
has been found to be a clinically relevant approach aiming
for the promotion of tissue regeneration in craniofacial
regions [7].
Tissue regeneration is a process which takes place after an
acute injury, and it can be achieved by the restoration or reCTT JOURNAL | VOLUME 7 | NUMBER 1 | MARCH-APRIL 2018
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pair of tissue structure. Formally speaking, the term regeneration refers to the complete reconstitution of lost or damaged
tissue, whereas repair means restoration of some original
structure followed by scar formation [8]. Relative contribution of regeneration and scarring of the tissue repairs depends on ability of the specialized tissue to regenerate, and
on the extent of injury. A promising approach is to induce
tissue regeneration at the defective site by introducing a solid
scaffold acting as artificial extracellular matrix (ECM) [9].
Its surface promotes cell attachment, their subsequent proliferation and differentiation. Biocompatibility of artificial
ECM is of great importance, since the surrounding cells find
a favorable microenvironment for their homing and proliferation within such a scaffold. It can be implanted into the
body as a cell-free scaffold, or it may be already supplied
with cells and/or growth factors, cytokines, and genetic material (bioengineered scaffolds). The latter has the advantage
by promoting faster tissue regeneration, especially in some
pathological conditions, when the tissue does not have inherent self-regenerating potential [10].
To overcome the drawbacks of particulate bone graft materials, the three-dimensional (3D) porous biodegradable
scaffolds have been introduced to dentistry clinics [11]. 3D
porous scaffolds can maintain the physical space necessary
for bone regeneration, thus not only preventing invasion of
undesired cells but also anchoring endogenous osteogenic
cells to induce cell in-growth and providing molecular environment for osteoblastic differentiation . The fabrication
of an ideal personalized scaffold of precise shape and size
has recently become possible with 3D bioprinting systems
(3DPs) [12]. Synthetic polymers, such as polycaprolactone
(PCL), are commonly used for the scaffold fabrication, because of their thermoplastic characteristics and suitable layer-by-layer processing of scaffolds by means of 3DPs [13].
In addition, PCL is a safe FDA-approved material for use
in drug delivery devices and implantation scaffolds. Due to
its biocompatibility and biodegradability, the PCL material
can be employed as a bone substitute to reconstruct alveolar
bones in the oral cavity [14].
Along with growth-promoting proteins, genes, and other
stimulatory factors, common antibiotics and anti-inflammatory drugs are of utmost importance for successful tissue
regeneration [15]. Antibiotic administration is fundamental
to reduce infection risks during the implantation procedure
and healing process, or to treat pre-existing infections. Anti-inflammatory drugs reduce inflammation at the site of
scaffold implantation, thus promoting the healing of damaged tissue [16].
Extensive literature available on this topic highlights, how
the most studied and suitable strategy involves the incorporation of drugs into scaffolds, or their encapsulation into
polymeric drug-delivery systems that can be combined with
the scaffold. In these terms, biodegradable polymers are potentially interesting and widely studied materials.
After a brief introduction, the following sections are dedicated to clarify the characteristics of scaffolds for bone regeneration and implantation in the maxillofacial region.
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Structure of the craniofacial bone
tissues
Orofacial structures are very unique in their development
and function. Craniomaxillofacial bones consist of cranial
and facial bones. Cranial bones enclose the brain and function mostly to protect it, whereas different facial bones such
as the maxillary and mandible act as load-bearing bones for
the dental region [17]. Bone consists of collagen fibers which
are mineralized by hydroxyapatite (HA) to give a crystal
structure and thus to provide mechanical strength. Osteoblasts differentiated from the bone marrow-derived mesenchymal stem cells (BMMSCs) regulate osteoid secretion and
bone mineralization. Before osteoid mineralization, 94% of
the osteoid is collagen fiber [18]. When the bone develops,
osteoid is mineralized by calcium apatite to form a HA-like
structure. Once the mineralization is complete, the calcified
bone is composed of 25% organic matrix, 70% mineral and
5% water [18]. Bones are highly vascularized to provide nutrients and oxygen to the bone cells and to remove debris in
the extracellular matrix. Other than osteoblasts, osteocytes
and osteoclasts also facilitate bone regeneration and remodeling. In general, orofacial tissues have limited and variable
capacity for regeneration [19].

Artificial scaffolds for bone tissue
regeneration
A scaffold for tissue regeneration is a structure which is able
to support and/or promote tissue regeneration. It should
possess a 3D and well-defined macro-architecture and micro-architecture with an interconnected pore network [20].
Bone tissue presents anisotropic behavior because its
strength depends on orientation of the applied load and
resistance to high pressure/loadings, and the resistance depends on the positioning of bone in the human body and its
size. For these reasons, specific scaffold structure, shape, and
composition may be useful, according to the bone restoring
needs. All these variables (shape, structure, and composition) should be balanced in order to find the combination
that perfectly matches with the properties and functions of
the damaged bone. This means a significant number of combinations among polymers, minerals, and other materials
need to be evaluated [10].
Critical issues related to allograft and autograft implants
are identified as high risk of infections, painful procedures
needed to harvest bone graft from the iliac crests, and long
post-operative recovery [21]. In addition, autograft and allograft implants are made of avascular and non-viable tissue;
they do not carry cellular components of bones, resulting in
a lack of bone remodeling. The rates of failure for these procedures are up to 25-35%, due to graft rejection induced by
the host immune system [22].
Even though metals are not biodegradable materials and do
not promote bone tissue regeneration, they are widely used
in implants for bone healing, and are worth mentioning.
The main advantages of metallic implants are stiffness and
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high load-bearing mechanical properties combined with an
absence of body immune response [23]. For these reasons,
they are used frequently in bone surgery for tissue restoration. The mostly used metals are titanium and its alloys, and
stainless steel; they seem to be useful, but require invasive
procedures for implantation [24]. Classic metal implants do
not promote osteoinduction or osteoconduction, and they
do not improve bone regrowth. The metal implants are often
withdrawn when bone healing is completed, implicating a
second surgery associated with pain, high risk of infection,
and further days of immobilization. Problems associated
with stress shielding, fatigue, and loosening of implant are
often noted with metal implants, leading to a second substitution surgery [25].
Biomaterials – namely biocompatible polymers, ceramic
and bioglass – have the advantages that they integrate into
the surrounding tissue without being rejected and minimize
host reactions at the implant site [26]. This is an important
property noted by many authors. Materials with these characteristics seem to accelerate tissue healing, and, moreover,
an explant surgical procedure is not required when polymeric scaffolds are used, as the biomaterial is reabsorbed, or
completely integrated with new tissue.
Scaffolds for bone regeneration can be made of diverse materials: polymers or polymers combined with calcium phosphate minerals as hydroxyapatite, or to other compounds,
such as single-walled or multi-walled-carbon nanotubes
[27]. They should meet all requirements of injectable products, such as sterility and apyrogenicity, because they are
intended for implantation into the human body. Biocompatibility is an unavoidable requirement of the product: if it is
a temporary scaffold, it should be biocompatible and bio-reabsorbable with controlled degradation and resorption rate.
They can also provide a controlled release of specific bioactive factors in order to enhance or guide the regeneration
events [28].
In the course of tissue regeneration, a biocompatible scaffold will allow cell adhesion and induce cell proliferation and
differentiation without triggering inflammatory responses
or immune rejection [29]. An ideal bone scaffold must have
three fundamental features: it should be osteogenic, osteoconductive, and osteoinductive. An osteogenic material can
generate bone tissue, which is a characteristic unique to
osteoblasts [30]. Thus, the “living” bone can be considered
only on the basis of a really osteogenic scaffold. Moreover, to
ensure that the osteogenicity is retained in bone grafts, the
transplant must be collected and used as quickly as possible to facilitate cell survival after surgical trauma [30, 31]. To
fabricate a bone scaffold, an ideal biomaterial must also possess other properties, such as being bio-inert, biocompatible,
bioactive, and biodegradable, possessing suitable mechanical
properties. Furthermore, the biomaterial should also be able
to withstand sterilization in order to avoid infections, and
be interconnected and demonstrate controlled porosity [31].
In addition, it should be able to undergo efficient resorption
in the course of bone regeneration. The scaffold-cell interaction must also ensure easy penetration, distribution, and
proliferation of seeded cells [31]. The biomaterial should
be 90% porous, with a suitable pore diameter to enable the

cells to penetrate the biomaterial, thus ensuring regrowth of
new bone tissue and its optimal vascularization. Finally, it is
also essential that the scaffold biomaterial must be efficiently resorbed, with the deposition of new bone tissue, so that
the new bone may replace it entirely, while maintaining the
shape and thickness [32]. Craniofacial scaffolds (having several applications in dentistry) must fill three-dimensionally
complex defects and provide adequate resistance to temporary load during regeneration [33].
Depending on their composition, polymer-based scaffolds
can be classified as natural scaffolds, synthetic scaffolds,
unblended scaffolds, and composite scaffolds [34]. The desired longevity of the polymeric scaffold implicates the use
of bio-inert or biodegradable polymers, and their stability
involves application of unblended or composite polymers,
whereas the desired cellular interactions guide the choice
of naturally- or synthetically-derived polymers [35]. The
materials most commonly used for tissue regeneration include calcium phosphate ceramics like hydroxyapatite (HA)
and beta-tricalcium phosphate (β-TCP), synthetic polymers
such as poly glycolic acid(PGA) and poly(lactic-co-glycolic)
acid (PLGA), and naturally occurring biodegradable polymers such as collagen, hyaluronic acid, silk fibroin, gelatin,
and chitosan [36].
Natural polymers have good biocompatibility, and they can
be easily modified and processed into various structures
[37]. However, their provenance from animal sources can increase the risk of pathogen transmission and immune rejection. Moreover, their poor mechanical strength does not assure whole protection of the seeded cells, slowing the healing
process and in the worst-case leading to implantation failure
[35]. An example is represented by collagen, which is used
unblended for cartilage regeneration and, in association with
other polymers or materials (composite scaffolds), for bone
tissue regeneration. Collagen, hyaluronic acid (HA), carboxymethyl cellulose (CMC), and chitosan are some of the most
studied natural polymers for bone regeneration [37].
The advantage of synthetic biodegradable polymer is their
versatile behavior. Their properties such as mechanical
strength and biodegradation rate depend on their molecular
weight and composition, which can be tailored according to
specific parameters. However, a lack of biological signalling
and the resulting deficiency of cell response are frequent critical issues of this type of polymers [10].
Synthetic polymer degradation is mainly driven by hydrolysis, while natural polymers are degraded mostly through
enzymatic pathways or combined with hydrolysis. The
most-studied and used synthetic polymers are poly-alpha-hydroxy acids and derivatives, polycaprolactone (PCL)
[38].

Stem cells in the scaffolds
The ability of a stem cell to differentiate into many different
cell types offers great potential in regenerative medicine [39].
Dependent on their original source, these cells are classified
as embryonic stem cells (ESCs) and adult stem cells, with
the former extracted from embryos developed from in vitro
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fertilized eggs, and the latter derived from adult tissue and
supported to maintain and repair the same tissue [40].
In general, the stem cells are divided into three main types
that can be utilized for tissue repair and regeneration:
1) the embryonic stem cells derived from embryos (ES);
2) the adult stem cells that are derived from adult tissue; and
3) the induced pluripotent stem (iPS) cells that have been
produced artificially via genetic manipulation of the somatic cells [41]. Human ESCs (hESCs), human BMMSCs
(hBMMSCs), and human umbilical cord-derived mesenchymal stem cells (hUCMSCs) have mostly been studied for
craniofacial tissue engineering. hESCs are harvested from
human embryos 5-7 days old, and do not normally exist in
the human body [42]. They fall under the pluripotent stemcell classification and have an ability to form three main
germ layers: endoderm, mesoderm and ectoderm [43]. They
possess the highest pluripotency level, and are able to proliferate quite rapidly. hBMMSCs and hUCMSCs are harvested
from bone marrow and the umbilical cord, respectively, and
have been extensively studied in the tissue-engineering field
[43]. Both cell lines are multipotent and can be differentiated into osteoblasts, chondrocytes, myoblasts, adipocytes,
fibroblasts and nerve tissues. hBMMSCs are considered to be
the current gold standard cell lines [44]. However, they have
certain drawbacks such as an invasive procedure to harvest
the cells, a limited number of cells, and lower self-renewal
and proliferation capacity due to patient aging and diseases
such as arthritis. To avoid these drawbacks, hUCMSCs can
be a good replacement [45].
Popular stem cell used in dental tissue engineering is the
periodontal ligament stem cells (PDLSC) which is extracted
from discarded teeth and has the potential to generate the
cementum and periodontal ligament-like structure. Studies
have shown that these stem cells also have the potential to
develop into the osteogenic and adipogenic tissues in vitro,
opening up multiple opportunities for tissue engineering
from dental-derived stem cells [46].

Scaffolds and drug delivery
Polymer matrix, or scaffold, represents a 3D platform that
may serve the dual purpose of cell support and cells/growth
factors (GFs)/drugs delivery [10]. Porosity is perhaps the
most important structural scaffold requirement, including
macropores (>50 nm, <300 nm) plausible for cell penetration
and tissue in-growth, and smaller pores such as micropores
(<2 nm) and mesopores (>2 nm, <50 nm) which allow nutrient transport and waste of metabolic products, permitting
cell growth. Whenever scaffolds are made of biodegradable
polymers, scaffold biodegradation also contributes to the
release of a loaded drug. Scaffold degradation rate is a very
important parameter to be set, in order to achieve suitable
control of drug release. Moreover, scaffold biodegradation
should be synchronized with the rate of tissue growth [10].
Enhanced functionality of these already complex matrices
has been achieved by incorporating drugs or drugs encapsulated into drug delivery systems [47]. The drug-releasing
scaffolds permit local delivery of an adequate dose of bioactive molecules for a desired period, minimizing active agent
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release to non-targeted sites, supporting and promoting tissue regeneration, which normally occurs over a long time
span [48]. From this viewpoint, TE can be viewed as a special
case of controlled drug delivery combined with scaffolding
materials. Drug-releasing scaffolds are new multifunctional
platforms able to achieve drug delivery to specific sites with
high loading rates and efficiency, and control the tissue regeneration process [48].
Cells can be seeded onto the 3D polymer scaffolds or
3D-porous matrix, in order to achieve an engineered tissue.
Moreover, cell delivery can also be achieved through their
microencapsulation, as commonly performed with alginate
microcapsules [49].
Depending on the incorporation method used and the biomaterial characteristics (as discussed above), drug release
rate may be controlled by various processes, such as diffusion, polymer erosion or degradation, and swelling of polymer followed by diffusion [10, 47]. Drugs release profile
can be altered by modifying polymer properties or adjusting physical and chemical properties of the scaffold such as
porosity, pore size, and shape, polymer crosslinking degree,
and degradation rate [48]. Additionally, drugs and cells can
be encapsulated into biodegradable particulate systems having the potential to be retained in specific tissues, providing
their sustained release [50].
Biomaterials for drug delivery can be designed in various
morphologies (e.g., micelles, vesicles, particles, tubes, scaffolds, or gels) and architecture (reservoirs or matrices) [51].
Drugs can be safely encapsulated in non-cytotoxic and biodegradable synthetic polymers such as polylactic acid (PLA),
polyglycolic acid (PGA), their copolymer polylactic-co-glycolic acid (PLGA), poly-ε-caprolactone (PCL), polyethylene,
polymethylmethacrylate (PMMA), or natural hydrogels such
as alginate, gelatin, fibrin, collagen, and chitosan [52,53].
Worth of note, many biomaterials used for drug delivery systems are the same as for scaffold manufacturing, creating a
perfect interaction between the areas of drug delivery and
tissue regeneration research [52].

Conclusion
This review article aims to discuss recent advances in craniofacial tissue engineering using polymeric scaffolds. Craniofacial tissue is the region that should meet highest demands
in tissue engineering, due to associated aesthetic and functional characteristics required. For the successful regeneration of complex tissue structures and restoration of aesthetic
characteristics, numerous biomaterials and scaffolds have
been used. Before deciding on biomaterials and scaffolds,
we need a good understanding of the complex anatomical
structures of craniofacial tissue. We discussed various scaffolds and their possible components used in recent studies.
The studies are addressed to finding biomaterials with properties suitable to support tissue regeneration, and to obtain
drug delivery systems which are able to modulate drug release. Such scaffold/drug delivery systems combine several
advantages such as:
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1) local drug delivery with improved bioavailability and reduced adverse effects with respect to systemic drug administration;
2) sustained drug release;
3) ability of combining two or more drugs in a single scaffold.
In the future an experimental study of the scaffolds as drug
and stem cell carriers is planned with evaluation of local antibacterial action and tissue regeneration.
No conflicts of interest are reported.
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Перспективы применения искусственных структур
(скаффолдов) в стоматологии и краниофациальной
хирургии: обзор литературы
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Резюме
Регенеративная медицина является развивающейся областью биотехнологий, сочетающая различные аспекты медицины, в том числе клеточную и
молекулярную биологию, материаловедение и биологическую инженерию для регенерации или замены тканей. Регенерация кости – перспективный
подход в стоматологии, и она рассматривается как
идеальная клиническая стратегия в лечении болезней, повреждений и дефектов максиллофациальной области. Успехи тканевой инженерии привели
к разработке инновативных опорных структур,
что дополняется прогрессом в клеточной терапии.
Регенерация кости in vitro может достигаться сочетанием стволовых клеток, опорных структур и
биоактивных факторов. Возможное улучшение процесса восстановления поврежденных тканей может
быть достигнуто путем нагрузки скаффолдов лекарственными веществами, а также генетическим материалом, факторами роста или другими белками,

способствующими восстановлению ткани. Данный
обзор сосредоточен на различных биоматериалах,
применяемых в стоматологии, в качестве потенциальных скаффолдов (субстратов) для регенерации
кости при лечении костных дефектов или хирургических вмешательствах. В частности, рассматриваются характеристики и типы таких структур, а также обсуждается литература о локальной доставке
антибиотиков при комбинированном применении
скаффолдов и систем доставки лекарственных препаратов.

Ключевые слова
Краниофациальная хирургия, скаффолд, тканевая
инженерия, стволовые клетки, доставка препаратов.
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