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Chapter 1
Introduction to Application of Biomedical 
Engineering in Dentistry

Lobat Tayebi

“Good fences make good neighbors” …“Why do they make good neighbors?”… 
“Something there is that doesn’t love a wall”….“He says again, Good fences make 
good neighbors” [1].

These are scattered verses from an American poet Robert Frost (1874–1963) in 
his famous poem Mending Wall (published in 1914, North of Boston by David 
Nutt). In this poem, there is a stone wall between two farms. Farmer 1 asked his 
neighbor in the spring mending-time to reconstruct the wall. Farmer 2 wondered if 
he should. The dialogue continued between them with repeating the verse by Farmer 
2 “Something there is that doesn’t love a wall” followed by the insisting of Farmer 
1 relying on the proverb of “Good fences make good neighbors!”

It is interesting that the story still continues between groups of Farmer 1 and 
Farmer 2 after more than a hundred years. Do we need a wall? “That is the ques-
tion.” We don’t know who is right in farms and livestock grazing, but we do know 
that in today’s dentistry. “Something there is that doesn’t love a wall” [1].

More broadly, in today’s science, technology, and medicine, each field is trying 
to touch the concept of interdisciplinary. Do we need the interdisciplinary approach 
to succeed? Perhaps not. Do we need the interdisciplinary approach to be modern, 
progressive, and advanced? Definitely yes.

Modern dentistry tries its best to take advantage of linking with other fields, 
especially biomedical engineering. This book aims to present some of these 
efforts. Biomedical engineering, itself, is known as an exceedingly multidisci-
plinary field spanning biology, material science, physics, chemistry, engineering, 
and medicine. The recent progress in biomedical engineering significantly impacts 
many relevant areas. Such impacts on dentistry are the focus of this book, in which 
an interdisciplinary document is presented, that relates biomedical engineering 
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and dentistry by introducing the recent technological achievements in engineering 
with applications in dentistry.

The book will begin by studying the biomaterials in dentistry and materials used 
intraoperatively during oral and maxillofacial surgery procedures. Next, it will con-
sider the subjects in which biomedical engineers can be influential, such as three- 
dimensional (3D) imaging, laser and photobiomodulation, surface modification of 
dental implants, and bioreactors. Hard and soft tissue engineering in dentistry will 
be discussed, and some specific and essential methods such as 3D printing will be 
elaborated. Presenting particular clinical functions of regenerative dentistry and tis-
sue engineering in the treatment of oral and maxillofacial soft tissues is the subject 
of a separate chapter. Challenges in the rehabilitation handling of large and local-
ized oral and maxillofacial defects are severe issues in dentistry, which will be con-
sidered to understand how bioengineers help with treatment methods in this regard.

Recent advances in nanodentistry will be discussed followed by a chapter on the 
applications of stem cell-encapsulated hydrogel in dentistry.

Periodontal regeneration is a challenging issue in dentistry and, thus, is going to 
be considered separately to understand the efforts and achievements of tissue engi-
neers in this matter.

Oral mucosa grafting is a practical approach in engineering and treatment of tis-
sues in ophthalmology, which is the subject of another chapter. Microfluidic 
approaches became more popular in biomedical engineering during the last decade; 
hence, one chapter will focus on the advanced topic of microfluidics technologies 
using oral factors as saliva-based studies. Injectable gels in endodontics is a new 
theme in dentistry that bioengineering skills can advance its development, specifi-
cally by producing clinically safe and effective gels with regeneration and antibac-
terial properties. Engineered products often need to be tested in vivo before being 
clinical in dentistry; thus, one chapter is dedicated to reviewing applicable animal 
models in dental research. The last chapter will cover the progress on the whole 
tooth bioengineering as a valuable and ultimate goal of many dental researchers.

Reference

 1. Frost, R. (1914). North of Boston. Henry Holt. New York
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Chapter 2
Biomedical Materials in Dentistry

Fahimeh Sadat Tabatabaei, Regine Torres, and Lobat Tayebi

1  Introduction

Biomedical materials are biomaterials intended to be in long-term contact with 
biological tissues. Based on the American National Institute of Health definition, a 
biomaterial is “any substance or combination of substances, other than drugs, syn-
thetic or natural in origin, which can be used for any period, which augments or 
replaces partially or totally any tissue, organ or function of the body, to maintain or 
improve the quality of life of the individual” [1]. This definition does not comprise 
materials such as orthodontic brackets, impression materials, gypsum, waxes, 
investment materials, finishing materials, irrigants, bleaching materials, or 
instruments.

The biomaterials used in dentistry can be classified into metals, ceramics, poly-
mers, and composites (Fig. 2.1), which will be the focus of this chapter.

2  Metallic Biomaterials

Due to the inherent characteristic of metallic bonds, metals and alloys have high 
density, thermal and electrical conductivity, strength, and hardness.
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In dentistry, metals and their alloys are used for direct restorations as dental 
amalgams or for indirect restorations as casting alloys or dental implants (Fig. 2.2).

2.1  Dental Amalgam

The primary goals of dental restorative treatment are to replace diseased or dam-
aged tooth structure and to restore function. Interest in the use of amalgam for the 
restoration of teeth dates back to the 1800s onward. Amalgam is a metal alloy, of 

Fig. 2.1 Metals, ceramics, and polymers in the periodic table

Metallic
Biomaterials in

Dentistry

Operative
Dentistry

Dental amalgam

Gold foil

Prosthodontics

Crown, bridge,
partial dentures

Implants

Fig. 2.2 Metallic biomaterials used in operative dentistry and prosthodontics
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which one of the components is mercury. Dental amalgam is the result of mixture of 
liquid mercury with amalgam alloy powder composed principally of silver, tin, and 
copper. Amalgam alloy is derived from the intermetallic compound Ag3Sn, and the 
powder can be lathe-cut (irregular-shaped) particles, spherical particles, or a combi-
nation of these. When the powder is mixed with mercury (about 40–50% by weight), 
it can be packed or condensed into a prepared tooth cavity. In the setting reactions 
of dental amalgam, a series of intermetallic compounds are formed. The reaction 
products of Hg with pure γ-phase (Ag3Sn) alloy are Ag4Hg5 (γ1) and Sn7-8Hg (γ2). 
The γ-phase does not react completely with mercury, and some of the original 
Ag3Sn remains as unreacted particles, which is the source of strength in dental 
amalgam. The γ2-phase is very weak, is prone to corrosion, deforms readily, and 
contributes to the static creep of amalgam. Because of these properties, extra copper 
(Cu) is incorporated either in the form of a second alloy powder mixed with the first 
(admixed alloy) or by coating of Ag3Sn alloy with Cu alloy (unicompositional 
alloy). These new generations are referred to as high-copper amalgams, in which 
the copper content of the alloy particles may be as high as 30% by weight. Increase 
in the copper content, which results in decrease of silver content, has a direct influ-
ence on the cost of product. It is of relevance to note that no γ2-phase is present in 
these new generations. At the end of the amalgamation reaction, little or no unre-
acted mercury remains, and reacted mercury is not easily released from the amal-
gam. Dental amalgam restorations are easy to manipulate and place, are able to 
withstand normal occlusal forces, and have a low cost. Some disadvantages, how-
ever, are that the material is silver-colored, sensitive to mixing technique, and sub-
ject to corrosion and does not have bonding properties. Additionally, amalgam 
restorations usually require larger cavity preparation to provide sufficient mechani-
cal retention, and there are regulatory concerns about amalgam disposal in the 
wastewater. Due to these disadvantages, especially the emerging concerns over its 
potential neurotoxic effects and environmental issues associated with waste amal-
gam disposal, clinical use of amalgam continues to decline [2, 3].

2.2  Alloys for Metallic Restorations

Besides dental amalgams, other alloys used in dentistry are casting dental alloys, 
wrought alloys, and solders. Cast alloys are melted and cast into the shape of a wax-
 up. These alloys could be in the form of noble metals, which are resistant to corro-
sion, or base–metal alloys like cobalt–chromium, nickel–chromium, stainless steel, 
titanium, and titanium alloys [4].

Wrought alloys—like those used in dental wire, endodontic posts and instru-
ments, orthodontic brackets, and stainless steel crowns and implants—are alloys 
that have been worked or shaped after casting by mechanical force, compression, or 
tension into a serviceable form for an appliance. Cold working applied during the 
shaping process results in a fibrous microstructure, increase in tensile strength and 
hardness, and decrease in ductility and resistance to corrosion in comparison to 

2 Biomedical Materials in Dentistry
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 corresponding cast structures. One of the promising biomaterials in this category is 
Ni–Ti, which has huge application in endodontics and orthodontics. This material 
possesses special characteristics, like shape-memory and superelasticity. Shape- 
memory permits shaping at a higher temperature, followed by deformation at a 
lower temperature, and a return to the original shape upon reheating. On the other 
hand, superelasticity is characterized by an extensive region of elastic activation and 
deactivation at a nearly constant bending moment [5–7].

Solders, which are used for joining metals together or repairing cast restorations, 
are gold-based or silver-based.

Alloys used as bases for porcelain have special formulations because they need 
to provide a firm bond to the applied porcelain via an oxide layer on the alloy sur-
face. Another important property is the thermal expansion of ceramic and alloy. A 
high difference in the coefficient of thermal expansion results in more expansion on 
heating and more contraction on cooling, which could increase the risk of fracture 
of ceramic during service [8].

Metal and alloys used in different fields of dentistry include inlays, onlays, and 
crowns in operative dentistry; crowns, bridges, implants, clasp wires, and solders in 
prosthodontics; wires and brackets in orthodontics; and files and reamers in 
endodontics.

2.3  Titanium in Implant Dentistry

The use of titanium dental implants rather than dentures or fixed bridges has changed 
the rehabilitation of patients in modern dentistry. Dental implants protrude through 
the mucosa as a suitable structure for supporting a denture, crown, or bridge. The 
rigidity of the implant structure is related to its dimensions, and the modulus of 
elasticity has an important role in its function. In fact, we can use materials with a 
high modulus of elasticity with smaller cross-sectional bulk, but these materials also 
are at risk of stress shielding. Currently, most dental implants are fabricated from 
titanium and its alloys, which are light and have adequate strength. The interfacial 
condition when bone grows to within 100 Å of the titanium surface without any 
fibrous tissue in this space is called osseointegration. Osseointegration would result 
in non-mobility of the implant and should be maintained over the long term. 
Attempts have been made to improve the efficacy and rate of osseointegration by 
techniques such as different designs and microtextures on the surface of the implant, 
coating the surface with hydroxyapatite, as well as coating with a layer of protein- 
containing drugs. The degradation of coatings over time could jeopardize the stabil-
ity of the interface in the long term [9, 10].

F. S. Tabatabaei et al.
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3  Polymeric Biomaterials

Polymers, which are long chain molecules consisting of many small repeating units 
(monomers), represent the largest class of biomaterials in dentistry and play a major 
role in most areas of dentistry. Covalent bonding along the backbone and the amount 
of cross-linking is responsible for the properties of polymers, such as low density, 
insulation, and flexibility. Figure 2.3 represents the polymeric biomaterials in differ-
ent fields of dentistry.

3.1  Bonding Agents

Bonding agents (adhesive systems) are used with composites to obtain a strong and 
durable bond to dentin and enamel. Three important components of bonding agents 
are etchant (conditioner), primer, and adhesive. Etchants are 30% to 40% phos-
phoric acid gels used for the demineralization of tooth structure. Primers are hydro-
philic monomers, oligomers, or polymers and act to improve wetting and penetration 
of the treated dentin. Adhesives have hydrophobic groups that polymerize and form 
a bond with the composite; they also contain a small amount of a hydrophilic mono-
mer to diffuse into the hydrophilic, primer-wetted dentin. These components can be 
combined to simplify the application of bonding agents. Bonding agents are classi-
fied as light-cured and dual-cured multi-bottle systems (fourth generation); 

Polymeric 
Biomaterials in 

Dentistry

Operative Dentistry

Bonding agents

Luting agents

Prosthodontics

Denture base, 
denture teeth

Maxillofacial 
prostheses

Obturation 
materials, sealers

Endodontics

Periodontics and
Surgery

Membranes, 
dressings, sutures

Fig. 2.3 Polymeric biomaterials in different fields of dentistry
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light- cured single-bottle systems (fifth generation); and self-etching systems (sixth 
and seventh generation). Fourth- and fifth-generation bonding agents are called 
total-etch (etch-and-rinse) systems. Universal bonding agents can be either total- 
etch or self-etch systems. Bonding agents may also contain fluoride to prevent sec-
ondary caries, chlorhexidine to prevent collagen degradation, antimicrobial 
ingredients like MDPB and paraben, or desensitizers such as glutaraldehyde 
[11, 12].

Bonding of resins to enamel involves its penetration into the porous surface of 
the etched enamel. This micromechanical bond results from adequate etching and 
drying of the surface. Composite resins may be applied directly to the etched enamel 
surface without using bonding agent. However, using unfilled resin may enhance 
the adhesive bond strength. Bonding to moist enamel could be achieved by using an 
enamel bonding resin containing primers and solvents. Bonding to dentin occurs 
through a complex mechanism involving wetting, penetration, and the formation of 
a layer of bound material at the interface between the restorative material and the 
substrate. Dentin bonding agents have an affinity for calcium or the organic collag-
enous component of dentin [13, 14].

3.2  Luting Agents

Luting agents are either provisional or permanent. Provisional cements (like 
zinc oxide–eugenol and noneugenol cements or calcium hydroxide pastes) have 
a relatively low strength. Permanent cements should seal the tooth/restoration 
interface, have a low film thickness, be resistant to disintegration and dissolu-
tion, have good esthetics, have high strength (both static and fatigue) and frac-
ture toughness, and have good wear resistance. These cements can be divided 
into those that set through an acid–base reaction (glass ionomer, resin-modified 
glass ionomer, zinc oxide–eugenol, zinc polycarboxylate, and zinc phosphate) 
and those that set by polymerization (resin cements, compomers, and self-adhe-
sive resin cements). Resin-modified glass ionomers and compomers may 
undergo both reactions. Some of the cements (like glass ionomer cements) are 
self-adhesive materials that bond to tooth structure via micromechanical and 
chemical bonding; therefore, there is no need for the application of bonding 
agents when placing GICs in cavities. Release of fluoride from cements and the 
capacity to recharge them could inhibit the progression of initial proximal car-
ies in adjacent teeth. Calcium aluminate/glass ionomer cement is a new cement 
which was shown to be bioactive due to its calcium content and high pH 
[15–17].
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3.3  Prosthetic Polymers and Resins

The part of the denture that rests on the soft tissues is termed the acrylic denture 
base. Denture-based material should be capable of matching the appearance of the 
natural oral soft tissues, should have a value of glass transition temperature (Tg) to 
prevent softening and distortion during use, should have good dimensional stability, 
and should have a low value of specific gravity and high value of thermal conductiv-
ity. Polymeric denture-based materials can be heat-processing polymers, autopoly-
merized polymers, thermoplastic blank or powder, light-activated materials, or 
microwave-cured materials. The major component is polymethylmethacrylate 
(PMMA). The set material can be considered a composite system in which residual 
PMMA particles are bound in a matrix of freshly polymerized material. Resin or 
acrylic teeth have good bonding with acrylic denture-based material. Occasionally, 
hard reline materials, tissue conditioners, or soft lining materials may be applied to 
the fitting surface of the denture base in order to improve the fit of the denture or 
enable traumatized soft tissues to recover. These materials also contain polymethyl-
methacrylate in combination with some monomers and plasticizers to perform their 
functions. Silicone elastomers and polyphosphazine fluoroelastomers are also avail-
able for use as denture soft lining materials. Hydrogels, which are biopolymers 
containing poly(N-substituted methacrylamides), can also be used as soft tissue 
conditioners. Acrylic resins and other polymers and copolymers—like latex, poly-
urethane, and silicone—are used for maxillofacial prostheses. New-generation 
color-stable resins, incorporation of antimicrobial agents, and nanoparticle- 
reinforced PMMA are recent advances in prosthetic materials [18–20].

3.4  Endodontic Obturation Materials

Endodontic biomaterials obturate the root canal system of teeth when the pulp tis-
suehas been destroyed.

Bulk-filling materials are based on a modified natural rubber gutta-percha or a 
polyester resin-based material. Gutta-percha is derived from latex as an isomer of 
trans-polyisoprene and can be produced in two crystalline forms, which are inter-
changeable depending on the temperature of the material. Currently there are differ-
ent forms of gutta-percha:

• Gutta-percha pellets or bars (e.g., Obtura system)
• Pre-coated core carrier gutta-percha (e.g., Thermafil)
• Syringe systems (use low viscosity gutta-percha) (e.g., Alpha Seal)
• Gutta flow: gutta-percha powder incorporated into a resin-based sealer
• Gutta-percha dissolved in chloroform/eucalyptol (e.g., Chloropersha and 

Eucopercha)
• Medicated gutta-percha (e.g., calcium hydroxide, iodoform, or chlorhexidine- 

containing GP points)
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Polyester resin (Resilon) based on a thermoplastic synthetic polyester may 
contain bioactive glass fillers and claims to release calcium and phosphate ions 
from its surface, stimulating bone growth [21].

Sealer cement fills the spaces between increments of the bulk-fill material and 
maintains the seal around the root filling. The most commonly used sealers are zinc 
oxide–eugenol and calcium hydroxide-based cements. There are also resin-based 
products, such as AH26, which are based on epoxy resins, contain formaldehyde, 
have antimicrobial action, and provide a good seal. Photocuring resin sealers are 
also used as sealants with the polyester bulk-fill materials and are typically a mix-
ture of hydrophilic difunctional methacrylates [22].

Castor oil polymer (COP) extracted from plants is a new material for use in den-
tistry as a biocompatible retrograde filling material. The chemical composition of 
this biopolymer consists of a chain of fatty acids. The body does not recognize it as 
a foreign body. In comparison to MTA and GIC, COP displays excellent sealing 
ability as a root-end filling material [23].

3.5  PEEK in Dentistry

PEEK, or polyether ether ketone (-C6H4-OC6H4-O-C6H4-CO-)n, is a tooth- 
colored semi-crystalline linear polycyclic aromatic polymer with mechanical prop-
erties close to human bone, enamel, and dentin. This biomaterial has many potential 
uses in dentistry as fixed restorations, dental implants, individual abutments, and 
removable prostheses. Due to its low Young’s (elastic) modulus, it may exhibit 
lower stress shielding than titanium dental implants although some literature 
reported nonhomogeneous stress distribution to the surrounding bone. Moreover, its 
poor wetting properties limit its osteoconductivity. Improving its bioactivity with-
out compromising its mechanical properties is challenging [24, 25].

3.6  Membranes and Polymeric Periodontal Biomaterials

Periodontitis can lead to the destruction of interfaces between the root cementum 
and alveolar bone, which constitute the periodontium. Isolation of periodontal 
defects through the use of a barrier to avoid epithelial and connective tissue migra-
tion into the defect led to the development of GTR/GBR membranes. The mem-
brane must also support bone cell infiltration from the bone defect side. A GTR/
GBR membrane should have proper physical properties and an acceptable degrada-
tion rate matching that of new tissue formation. According to degradation feature, 
GTR/GBR membranes can be divided into two groups: resorbable (such as polylac-
tic acid (PLA) and its copolymers, in addition to tissue-derived collagen) and non- 
resorbable (like titanium membranes, polytetrafluoroethylene (PTFE) reinforced 
with or without a titanium framework). The most commonly used membranes are 
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collagen-based or derived from the human skin, porcine skin, or bovine Achilles 
tendon. They are available in various forms, such as sheets, gels, tubes, powders, 
and sponges. Nevertheless, improvement of the biomechanical properties and 
matrix stability of native collagen is necessary. Research on new bioactive and mul-
tilayered membranes with the aim of biomolecule delivery (e.g., antimicrobials and 
growth factors) is underway. Polypeptide growth factors—such as platelet-derived 
growth factor (PDGF), enamel matrix proteins (Emdogain of porcine origin), and 
bone morphogenetic proteins (BMPs)—can mediate the periodontal regeneration. 
Nowadays, sustained drug delivery can be used in the periodontal regeneration pro-
cess. Arestin (PLGA microspheres containing minocycline) and Periochip (gelatin 
chip containing 2.5 mg of chlorhexidine (CHX) gluconate) are two examples of 
these products [26, 27].

Periodontal pack or dressing is another biomaterial used for wound protection in 
periodontal surgery to facilitate healing. Wonder Pak is a eugenol dressing contain-
ing antiseptic additives, such as thymol or septol, whereas Coe-pack does not con-
tain eugenol. Cyanoacrylates have also been used as periodontal dressings but are 
not very popular. Light-cured elastomeric resin is also available as a periodontal 
dressing material. Incorporation of antimicrobials into the unset gel is a method of 
delivering these agents in situ [28].

3.7  Sutures and Alternatives

Suture materials should have good physical and biological properties. The source of 
suture material can be natural (silk, collagen fibers from the intestine of healthy 
sheep or cows) or synthetic (polyglactin, polyglecaprone, polydioxanone (PDS)). 
Based on degradability, the sutures are either absorbable (catgut, PDS) or non- 
absorbable (silk). Hydrolysis of synthetic absorbable sutures does not cause any 
adverse tissue reactions. If hemostasis cannot be managed by sutures, fibrin glue 
can be used to arrest bleeding. It consists of fibrinogen and thrombin and acts faster 
than sutures. The fibrin sealant kit contains sealer protein concentrate (human) 
freeze-dried, fibrinolysis inhibitor solution, thrombin (human) freeze-dried, and 
calcium chloride solution. Liquid stitches, skin adhesives, or cyanoacrylates can be 
used as an alternative to sutures. Polymerization of the adhesive on contact with 
tissue fluids results in the formation of a thin layer that adheres to the underlying 
surface [29].

4  Ceramic Biomaterials

Ceramics are brittle, and inorganic/nonmetallic biomaterials, composed of metal–
oxygen ionic bonds. As they have no free electrons to conduct heat or electricity, 
they are poor thermal conductors. They have also excellent biocompatibility.

2 Biomedical Materials in Dentistry



12

4.1  Dental Ceramics

Due to their excellent esthetic value, ceramics have been used widely in restora-
tions. Dental ceramics can be classified into four major types: (1) traditional feld-
spathic (glassy or porcelain), (2) predominantly glass (glass dominated), (3) 
particle-filled glass (crystalline dominated), and (4) polycrystalline, which has no 
glass phase. Feldspathic ceramics (dental porcelain) are the most esthetic but 
weakest of the ceramics. They are made by mixing kaolin (hydrated aluminosili-
cate), quartz (silica), and feldspars (potassium and sodium aluminosilicates) and 
composed principally of an amorphous phase with embedded leucite crystals. 
These ceramics are primarily used as veneers for porcelain fused-to-metal (PFM) 
and all- ceramic restorations. Ceramic–metal restorations (PFM) consist of sev-
eral layers of ceramic (core [opaque], dentin [body], enamel) bonded to an alloy 
substructure. Figure  2.4 shows different techniques for fabrication of dental 
ceramics. In the dental laboratory, the physical process of fabrication of dental 
porcelains is sintering or stacking. In sintering, slurry of porcelain powder in 
water is applied to the alloy surface or ceramic core, and after condensation (the 
green state), the ceramic is fired (heating without melting). Glass-dominated 
ceramics (particle-filled glass) contain crystals like leucite or fluoroapatite. They 
have more strength than glassy ceramics and sufficient translucency, but they can-
not be used for posterior crowns or bridges. Pressing techniques (heat-pressing) 
are used in the dental laboratory for fabrication of these ceramics. In this tech-
nique, after wax-up, investing, and lost-wax process, a viscous mass of molten 
ceramic will be forced into the mold to get the desired final form. The composi-
tion of crystalline-dominated ceramics is crystalline 70% by volume. They 

Dental 
Ceramics

Sintered Ceramics

feldespathic

alumina based

lucite-reinforced

Heat-Pressed
lucite-based

lithium disilicate-based

Slip-
casted

alumina based

spinel-based

zirconia-based

Machinable 
Materials hard machining/soft machining

Fig. 2.4 Different techniques used for fabrication of dental ceramics
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contain crystals like spinel (MgAl2O4), zirconia (ZrO2), alumina (Al2O3), or 
lithium disilicate. Although not highly esthetic, they can be used as cores for 
anterior or posterior all-ceramic crowns. The fabrication method of these ceram-
ics is heat-pressing (for lithium disilicate) or infusion (slip casting). In slip cast-
ing, ceramic slurry is sintered, then a silica glass is infiltrated in the porous 
sintered ceramic, and the restoration is sintered again. Today, this technique has 
been replaced by machining. The newest and strongest ceramics are the polycrys-
talline ceramics (ceramic oxides), which are formed from alumina or zirconia 
(Procera). They cannot be used as esthetic veneers on alloys or teeth; however, 
because of their high strength, they can be used in posterior crowns and bridges. 
These ceramics are prepared from blocks by CAD/CAM.  Ceramic blocks for 
CAD/CAM can be conventional feldspathic porcelains, glass ceramics, and heat-
pressed or infiltrated with glass [30–34].

4.2  HA and Other Bioceramics

Hydroxyapatite (HA) [Ca10(PO4)6(OH)2], tricalcium phosphate (TCP) [Ca3(PO4)2], 
and biphasic calcium phosphate (consisting of HA with TCP) are common brittle 
materials used for craniofacial defects. Although porosity in these ceramics allows 
faster bony ingrowth, it also weakens them. HA is a natural component of enamel, 
dentin, cementum, and bone. This non-resorbable material could be applied in 
different situations, like periodontal osseous defects, ridge augmentation/implant 
placement, sinus elevation surgeries, etc. Substitution of strontium, carbonate, 
zinc, or silicates in the structure of HA could favor its dissolution and bioactivity 
or increase the strength of porous ceramics. Tricalcium phosphate (TCP) is similar 
to HA, but it is not a natural component of hard tissues, as it is converted in part 
to crystalline HA in the body. The resorption period of TCP is 3–24  months. 
Cerasorb is a commercial product of TCP, but there are also some products that are 
prepared from combinations of HA and TCP. These materials, based on porosity, 
could be dense, macroporous, or microporous. Based on crystallinity, these mate-
rials are classified as crystalline, amorphous, granular, or molded. Calcium phos-
phate material, derived from calcium-encrusted sea algae, has the hexagonal 
structure of HA and high bioactivity. Interconnected microporosity in this mate-
rial guides hard and soft tissue formation. Coraline is another ceramic material 
derived from the calcium carbonate skeleton of coral that has a three-dimensional 
structure similar to the bone. Calcium sulfate, or plaster of Paris, is a salt used for 
bone implantation. The resorption of calcium sulfate is rapid, and this drawback 
limits the application of the material in the oral and maxillofacial region. The 
addition of HA to this material provides osteoconductivity and sufficient strength. 
Cements based on calcium salts, phosphates, or sulfates have excellent biocom-
patibility and bone-repair properties without the need for delivery in prefabricated 
forms [35–37].
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4.3  Bioactive Glass

Bioactive glasses are materials consisting of a three-dimensional network structure 
of silica that have the capacity to form chemical bonds with apatite crystals in bone 
tissue and teeth via formation of apatite crystals on their surface. This material has 
appropriate strength, stiffness, and hardness but—like other glasses—is brittle and 
cannot be used in load-bearing areas. However, it can be used in some areas as 
powder, particles, or small monoliths. There are three different types of bioactive 
glass: (1) glasses based on silicates (SiO2), (2) glasses based on phosphates (P2O5), 
and (3) glasses based on borates (B2O3). Bioactive glass is a promising material in 
dentistry, since it has the ability to support bonding to biological tissue, to regener-
ate tissue, and to inhibit bacterial growth. Therefore, there are many studies on its 
ability to prevent loss of bone after tooth extraction, to regenerate tissue in peri-
odontal disease (as PerioGlass), to induce bone regeneration before denture replace-
ment, to reduce dental hypersensitivity, and to remineralize damaged dentin in 
combination with glass ionomer cement. Coating of titanium implants and fiber-
reinforced polymer composites for dental prosthetic devices is also considered in 
some studies. In addition, the formulation of toothpastes with bioactive glass could 
be helpful in the release of antibacterial, remineralizing, or desensitizing agents. 
All of the commercial products available in dentistry are based on the 45S5 Bioglass 
formulation [38, 39].

4.4  Endodontic Obturation Materials: MTA and Others

Calcium hydroxide [Ca(OH)2] is a strong base with a high pH that has been used 
in endodontics as an intracanal medication, sealer, and pulp-capping agent. This 
biomaterial is antibacterial, aids in the dissolution of necrotic pulp tissue, pro-
motes dentinal bridge formation, and preserves the vitality of the pulp. Some of 
the Ca(OH)2 formulations with lower pH values (9–10) produce a more uniform 
dentin bridge in comparison to higher pH (11–13) calcium hydroxide. As this 
material is used for a wide range of applications, it has various forms with differ-
ent setting times: fast setting and controlled setting (light cure) as a liner, slow 
setting as a pediatric obturating material or sealer, and non-setting as an intracanal 
medicament [40].

Mineral trioxide aggregate (MTA), which is chemically identical to Portland 
cement, is a strongly alkaline material. In its set condition, it is biocompatible and 
antimicrobial, can induce cementogenesis, and can provide a good seal at the root–
material interface. The effects of calcium hydroxide and MTA on stem cells are the 
subject of many studies. Other materials based on MTA include endo CPM sealer, 
viscosity enhanced root repair material (VERRM), and calcium-enriched mixture 
(CEM) cement. Bioaggregate, which is the modified version of MTA, is aluminum- 
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free and contains ceramic nanoparticles. Biodentin is another material containing 
calcium chloride and hydrosoluble polymer to shorten setting time. In addition, 
calcium phosphate cement (CPC) is a mixture of two calcium phosphate com-
pounds, one acidic and the other basic, and is under study as root-end filling and 
root repair material [41].

Minerals (ceramic in nature), like MTA, have good biocompatibility but also 
potentially contain toxic heavy metals. It seems that bioceramics (chemically 
bonded ceramic) are the future of root-end filling materials [42].

4.5  Zirconia in Dentistry

Zirconia, or zirconium dioxide (ZrO2), is a special ceramic that has been used in 
single-crowns, long-span fixed dentures, and root canal posts and as a subgingival 
implant material in dentistry. This ceramic is a white biomaterial, with reduced 
plaque affinity and resistance to chemical attacks. It is one of the best currently 
known biocompatible ceramic biomaterials. Zirconia consists of different crystal-
lographic forms at different temperatures: monoclinic (M) phase, tetragonal (T) 
phase, and cubic (C) phase. Addition of some amount of metal oxide, like yttria 
(yttrium trioxide, Y2O3) and ceria (cerium trioxide, Ce2O3), to zirconia can trans-
form pure zirconia into a partially stabilized zirconia called “tetragonal zirconia 
polycrystal (TZP),” which has high flexural strength and fracture toughness. Under 
stress, transformation of the tetragonal phase to the monoclinic phase, which is 
called transformation toughening, could inhibit crack propagation. However, it 
makes the implant susceptible to aging. Addition of higher amounts of yttrium 
oxide increases the amount of cubic phase, which results in zirconia ceramics with 
increased translucency. Restorations made of TZP are prepared by CAD/CAM 
(soft machining of pre-sintered blanks followed by sintering or hard machining of 
fully sintered blocks). Evidence shows that Y-TZP implants have osseointegration 
comparable to titanium implants and superior biocompatibility and esthetics. 
Nevertheless, high elastic modulus of zirconia (210  GPa) could result in even 
higher stress shielding than titanium implants. Moreover, there is not enough sci-
entific clinical data for recommendation of ceramic implants for routine clinical 
use [43, 44].

5  Composite Biomaterials

Composites are biomaterials consisting of two or more constituents, which when 
combined leads to a material with properties different from those of its individ-
ual components. Enamel, dentin, and bone are some examples of composites in 
the body.
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5.1  Resin-Based Composites

Resin composites are a mixture of resin phase and inorganic filler. The resins used 
are composed of methacrylate monomers. Depending on the resin matrix used, 
there are Bis-GMA-based, UDMA-based, and silorane-based dental composites. 
Fillers commonly used are quartz, fused silica, and many other types of glasses. 
Ormocers (organically modified ceramics) are fillers with molecule-sized hybrid 
structures that are used in the formulation of several commercial composites. 
Polyhedral oligomeric silsesquioxane (POSS) is another molecule-sized hybrid 
compound, which, like ormocer, provides a reinforcing function, but filler parti-
cles must also be included in the composite. Incorporation of fillers in resin com-
posite materials will linearly affect the properties like coefficient of thermal 
expansion, setting contraction, and surface hardness. A coupling agent will 
enhance bonding between the filler and resin matrix. Polymerization in resin 
composites occurs through free radical addition or a ring-opening mechanism. 
The method used to activate polymerization can be chemical (in self-curing com-
posites) or through a visible light source (in light-cured composites). Dual-cure 
materials have a self- curing mechanism but are also cured by light or heat. Based 
on the particle size distribution of fillers, there are different types of resin com-
posites. Conventional composites contain 60–80% (by weight) of filler in the 
particle size range of 1–50 μm. Microfilled composites contain fillers in the range 
of 0.01–0.1 μm (30–60% by weight). Hybrid composites that contain a blend of 
both conventional filler (75% by weight, 1–50 μm) together with some submicron 
fillers (8%, 0.04 μm average) enable filler loading of up to 90% by weight to be 
achieved. There are also nanocomposites with particles of less than 1 μm average 
diameter and filler loading of up to 79.5%. Highly viscous resin composites are 
classified as “packable” composites, while more fluid products are referred to as 
“syringeable” composites. Laboratory composites may be used to indirectly pre-
pare crowns, inlays, veneers bonded to metal substructures, and metal-free 
bridges. Pre-cured composites for in-office milling are also available. Low-
viscosity composite materials with adjusted filler distribution can be used as resin 
cements [45, 46].

5.2  Modified Composites and GIOMERS

Modified composites are resin–matrix composites in which the usual filler has been 
replaced by a glass that exhibits fluoride release. Setting of these biomaterials is the 
same as usual composites (often light-activated). In polyacid-modified composites 
or compomers, there is also the possibility of an acid–base reaction with the filler 
component, which may help in liberating fluoride. In these materials, the first reac-
tion is still a polymerization reaction. In GIOMERS, the acid–base reaction is 
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completed before blending the filler with resin. Partially or fully reacted fillers are 
blended with resin to form a composite structure. GIOMERS are single paste mate-
rials that set through light-activated free radical addition polymerization [47, 48].

5.3  Bone Augmentation Materials

Hard tissue grafts—such as autografts, allografts, xenografts, and alloplasts—are 
composite biomaterials used for bone regeneration. Allografts (like mineralized or 
demineralized freeze-dried bone allografts (FDBA)) refer to grafting between 
genetically dissimilar members of the same species. Generally, they are frozen, 
freeze-dried (lyophilized), demineralized freeze-dried, and irradiated. In contrast, 
xenografts (like Bio-Oss (bovine bone grafts)) are taken from a donor of another 
species. Studies show dentin as another composite biomaterial that could be used 
for bone augmentation [49].

A different composite of calcium hydroxide and polymer (like Bioplant) can be 
used for ridge preservation and augmentation [50].

6  Conclusion

Material science is an integral part of dentistry, and during the last decades, dental 
biomaterials have advanced rapidly. Some of these advances include biomimetic 
materials with the ability of mimicking nature; smart materials with the capability 
of showing different responses to change in temperature, pH, etc.; nanostructured 
materials with the capacity of modification of surface properties of different materi-
als; and tissue engineering through the use of biomaterials and cells for tissue 
regeneration.

The common feature of first-generation dental biomaterials was biological inert-
ness. The second generation intended to be bioactive and recruit specific interac-
tions with surrounding tissue. But these two generations of biomaterials could not 
change with physiological load and biochemical stimuli. It seems that repair and 
regeneration of tissues require a more biologically based method, and the third gen-
eration of biomaterials are cell- and gene-activated materials designed to regrow, 
rather than replace, tissues.

Interaction between biomaterials and new technologies like biotechnology, nan-
otechnology, and tissue engineering will have a huge impact on the future of 
dentistry.
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Chapter 3
Materials Used Intraoperatively During 
Oral and Maxillofacial Surgery Procedures

Mina D. Fahmy, Anish Gupta, Arndt Guentsch, and Andre Peisker

1  Introduction

The methods that currently exist for treating maxillofacial defects are not as robust 
as they could be. Moreover, large contributors to success are the surgeon’s skill and 
the patient’s own bodily reactions to materials used intraoperatively [1]. Often, 
patients are left with oral and maxillofacial defects or fractures, which range in size 
due to such things as congenital anomalies, acquired pathologies, and trauma. For 
instance, complete or partial resection in the midface or mandible due to oncologic 
surgery or following trauma requires the use of grafting materials, whether natural 
or synthetic, to resolve the void created. Further, bone graft materials are applied to 
congenital defects such as cleft palate, facial clefts, and facial asymmetries [2]. To 
enhance the effectiveness of such grafts, growth factors are used. Growth factors are 
steroid hormones or proteins that aid in cellular differentiation, proliferation, 
growth, and maturation. Growth factors may also have both inhibitory and stimula-
tory effects and have been shown to aid in the regeneration of bodily hard and soft 
tissues. Growth factors are also involved in a multitude of processes including mito-
genesis, angiogenesis, metabolism, and wound healing [3]. In this chapter, we place 
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emphasis on BMP, TGF, FGF, and PDGF. Within the realm of oral and maxillofacial 
surgery, oral implantology is becoming more popular among patients hoping to 
bridge gaps within their dentition for improvement in form, function, and esthetics. 
As will be discussed later in the chapter, there are a multitude of different implant 
systems and numerous types of implant materials, shapes, and coatings that are used 
at the surgeon’s preference and skill level [4]. This chapter will also explore differ-
ent options concerning inter-maxillary and mandible fractures and how to fixate 
with plates, and screws, either biodegradable or permanent, in an effort to speed 
healing and recovery.

2  Grafting and Growth Factors

2.1  Grafting

Recovery and maintenance of natural structures has been a great challenge within 
the realm of oral and maxillofacial surgery. For a number of years, autogenous bone 
has been the gold standard for grafting due to its osteogenic, osteoinductive, and 
osteoconductive properties. However, there are several drawbacks to using autoge-
nous bone including morbidity, availability, and inability to customize shape and 
potential resorption [5–8]. To date, the perfect grafting material has not been identi-
fied, as this may be very patient specific. This section focuses on autografts; how-
ever, properties of various bone grafts and bone substitutes will be discussed later in 
this chapter.

Autogenous grafts may include cortical, cancellous, or cortico-cancellous bone 
with multiple factors determining successful incorporation. The healing process of 
these grafts requires both osteoconduction and osteoinduction. Embryonic origin, 
extent of revascularization, biomechanical features, type of fixation, and availability 
of growth factors are all factors of significant importance for incorporation of autog-
enous bone grafts [9]. Albrektsson and colleagues used a rabbit model to investigate 
the survivability of both cortical and cancellous bone grafts. It was found that 
trauma to the graft compromised cell viability in addition to a lag in the revascular-
ization time, whereas the carefully handled graft revascularized and remodeled 
faster [10]. Furthermore, it was found that the cancellous bone grafts demonstrated 
a faster rate of revascularization than the cortical grafts [11–13]. More regarding 
grafting techniques will be discussed later in this chapter.

With regard to healing, it has been suggested that soft tissue pressure applied by 
the periosteum and/or the flap covering the graft may in fact increase the osteoclas-
tic activity [14, 15]. As will be discussed in more detail later in the chapter, rigid 
fixation, a technique often used in the operating room, is important for healing. 
Several studies have concluded that rigid fixation (Figs. 3.1 and 3.2) increases the 
survival rate of the graft [16, 17].
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2.2  Growth Factors Relevant to Surgery

Currently, researchers are investigating proteins and carriers for the delivery of 
growth factors (GFs): however, there are questions that exist with regard to the effi-
cacy of these materials [20]. GFs are present in bone matrix and plasma, albeit in 
low concentrations [21]. GFs are biological mediators that have been shown to help 
in the regeneration of the natural periodontium. They are key factors in cellular dif-
ferentiation, proliferation, and maturation. In addition, these GFs have been shown 
to have both stimulatory and inhibitory effects [3].

Fig. 3.1 Mandibular angle 
fracture with rigid fixation 
[18]

Fig. 3.2 Rigid fixation of 
mandibular fracture using 
plates and screws [19]
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2.2.1  Bone Morphogenetic Protein

In 1971, it was shown that protein extracted from demineralized bone matrix 
induced the formation of the bone. This extracted protein was named BMP [22]. 
BMPs can provoke local immediate action, bind to extracellular antagonists, or 
interact with the extracellular matrix proteins and, subsequently, target cells. 
Interestingly, BMPs can regulate morphogenesis during development while also 
inducing bone and cartilage formation [23]. In their work, Karsenty and Kingsley 
describe how BMPs form a large group of proteins, which affect migration, differ-
entiation, and cell growth. This protein group is the TGF-β superfamily [24, 25]. 
The TGF-β superfamily includes a number of proteins such as BMPs, osteogenic 
proteins, cartilage-derived morphogenic proteins, and growth differentiation factors 
[26]. Mesenchymal stem cells exhibit several BMP receptors [27] while also syn-
thesizing the BMP antagonists noggin, gremlin, follistatin, and sclerostin. The 
osteoconductive biomaterial BMP/hydroxyapatite has been used in oral and maxil-
lofacial surgery for contour augmentation by means of a macroporous delivery sys-
tem [28].

2.2.2  Transforming Growth Factor

TGF-β increases the chemotaxis as well as the mitogenesis of the osteoblast precur-
sors while also acting to stimulate osteoblast deposition of collagen matrix for 
wound healing and the regeneration of the bone [29]. TGF-β is produced by osteo-
blasts and is found at the highest concentration in platelets [30]. This growth factor 
stimulates the expression of bone matrix proteins [31] and moderates the break-
down activity of matrix metalloproteinases, among others [32]. The differentiation 
and proliferation of osteoblastic cells, along with the inhibition of osteoclast precur-
sor formation, may be attributed to TGF-β [33]. Unlike BMP, TGF-β does not have 
the capacity to induce ectopic bone formation [34]. During the healing of bone 
fractures, the release of TGF-β, BMP 1–8, and growth differentiation factors (GDFs) 
1, 5, 8, and 10 are plentiful [35]. Signaling molecules that are released after a bone 
fracture and during the progression of healing include pro-inflammatory cytokines, 
TGF-β superfamily, and other growth factors like PDGF, fibroblast growth factor, 
and insulin-like growth factors, as well as angiogenic factors such as vascular endo-
thelial growth factor, angiopoietins 1 and 2, and matrix metalloproteinases [36]. 
TGF-β is found in high amounts in PRP which will be discussed in a later section.

2.2.3  Platelet-Derived Growth Factor

PDGF has the important biological activity of initiating connective tissue healing 
while also increasing mitogenesis and macrophage activation [29]. PDGF is pro-
duced by monocytes, macrophages, osteoblasts, endothelial cells, and platelets [37]. 
There are three types of PDGF, including PDGF AB, AA, and BB, with PDGF BB 
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being the most biologically potent. In the early stages of fracture healing, PDGF 
plays a key role in acting as a chemotactic agent for inflammatory cells and as an 
inducer for osteoblasts and macrophages [34]. Hock and Canalis proposed that 
PDGF acts as a stimulant for osteoblasts, as well as osteoclast lineages, which may 
allow for decreased healing time [38]. As mentioned previously, PRP, which on its 
own will be discussed in a following section, is an autologous source of PDGF and 
TGF-β. Moreover, both of these growth factors play a primary role in the creation 
of platelet gels that, unlike fibrin glue, have a high concentration of platelets that 
release bioactive proteins necessary for tissue repair and regeneration .

2.2.4  Fibroblast Growth Factor

FGF may be produced by macrophages, mesenchymal cells, monocytes, chondro-
cytes, and osteoblasts. FGF is essential in the process of bone resorption and chon-
drogenesis [39]. Of the two isoforms that exist, α-FGF plays a key role in chondrocyte 
proliferation, while β-FGF is significant in the maturation of chondrocytes and bone 
resorption during the process of fracture healing, which often occurs after oral and 
maxillofacial surgery. Basic fibroblast growth factor (bFGF) is a growth factor that 
may be isolated from the pituitary glands of bovine [40]. bFGFs have also been 
isolated from a number of cells and tissues in tumors [3]. FGF-2 is considered a 
mitogen that has an effect on angiogenesis, thereby inducing a differentiation stimu-
lus for mesodermal cells. In the short term, FGFs prevent the mineralization of the 
bone; however, in the long term, they act to speed and support bone development 
[41]. This was shown in a study by Takayama and colleagues where topical applica-
tion of FGF-2 had a healing effect on bone fractures [42].

3  Growth Factor Enhancements

At the foundation of any surgical discipline is the science of wound healing. The 
oral and maxillofacial surgeon is usually blessed to work in an environment with 
rich vasculature; surgical and traumatic wounds tend to heal. But there will be com-
promised patients and ambitious reconstructive goals, and the surgeon will take any 
advantage given to assist his patient’s natural healing process.

As discussed previously, growth factors with cytokine-mediated healing have 
been shown to assist in the biological healing process. Many of these growth factors 
can be resultant from platelets, including PDGF, TGF, VEGF, and EGF [43]. 
Platelet-derived products have been used as early as the 1970s, starting with fibrin 
glue [44]. Fibrin adhesives are still commercially available today (e.g., Tisseel from 
Baxter Healthcare) and are primarily used for hemostasis of diffuse microvascular 
bleeding. Its use is well documented in multiple surgical specialties, including oral 
and maxillofacial surgery [45]. Fibrin glue evolved into other autologous platelet 
concentrates including PRP [46], platelet gel, and platelet-rich fibrin (PRF) [47]. 
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The literature reveals multiple studies with favorable treatment effects, not only 
in dentistry but also in orthopedics, dermatology, and ophthalmology [48]. 
Unfortunately, the literature has not come up with any consensus in terminology for 
platelet derivatives [49], and even less uniformity in their preparations, which likely 
accounts for inconsistencies in reported therapeutic effects.

3.1  The Biology of Wound Healing

Injury to tissue, whether surgical or traumatic, starts a cascade of events to allow 
wound healing. There are overlapping phases of inflammation, proliferation, and 
remodeling. The initial priority is to prevent hemorrhage, then prevent infection, 
and ultimately, restore the injured tissue [50]. The immediate reaction to injured 
tissue is vasoconstriction to limit bleeding. Coagulation factors are activated and 
multiple cascades are set into motion. A fibrin matrix is formed at the injured vas-
culature, and circulating platelets aggregate at the exposed subendothelium, creat-
ing a platelet plug. This plug functions not only for hemostasis but also orchestrates 
subsequent healing [51]. Activated platelets in the plug degranulate and create cel-
lular signals through cytokines and growth factors.

Entire chapters can be devoted to each individual component of the wound heal-
ing process. We will limit and simplify our discussion to the roles of fibrin and 
platelets.

Platelets are anuclear structures arising from bone marrow precursors. The 
platelet membrane contains receptors for many molecules, including thrombin, and 
the cytoplasm contains granules that are released on activation [52]. Fibrin is a 
fibrous protein, which is activated by thrombin. Activated platelets and resulting 
thrombin allow fibrin to form a cross-linked mesh with the platelet plug to finalize 
a blood clot.

3.2  Collection and Preparation of Platelet Derivatives

Platelet derivatives have few contraindications, specifically in patients with platelet 
counts less than 105/microliter, hemoglobin level less than 10 g/dL, or presence of 
active infections [53]. PRP has shown great variability in centrifugation protocol. 
Current PRP procedures start with the collection of whole blood in acid/citrate/
dextrose, which are then centrifuged. The red blood cells are removed, and the PRP 
then undergoes a second centrifugation step to obtain a supernatant of platelet-poor 
plasma (PPP) and the pellet of platelets. Growth factor release of the PRP happens 
with platelet activation from thrombin, either bovine thrombin or autologous throm-
bin obtained by adding calcium gluconate to the PPP. Thrombin is combined to the 
PRP and allows handling as a gel [48].

PRF is considered a second-generation platelet concentrate, notably with a 
simplified preparation in comparison to PRP.  Whole blood is collected without 
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anticoagulants and centrifuged to form a fibrin clot, which contains the platelets. As 
opposed to PRP where the activation of the platelets is due to thrombin, the PRF 
activation is a result of the centrifugation process itself. The PRF clot is homoge-
nous and is interpreted to have the cytokines incorporated into the fibrin mesh, 
allowing for an increased lifespan of these intrinsic growth factors and cell signal-
ing molecules [52]. The inflammatory markers present also indicate degranulation 
of the leucocytes, which may play a role in the reduction of infection [54].

3.3  Applications in Oral and Maxillofacial Surgery

Both PRP and PRF continue to be used and reviewed in the literature. The therapeu-
tic effects are not validated with multi-center randomized trials, and there still exists 
discrepancies in overall benefits. In the literature, benefits have been documented 
when platelet concentrates are used in multiple maxillofacial applications. In post- 
extraction sites, including third molars, healing times have been improved, with 
reduction of complications including alveolar osteitis [55–61]. However there are 
studies that show no significant benefit using scintigraphic evaluation [62]. Many 
studies discuss platelet concentrates used in combination with bone grafting for 
both reconstruction and for site preparations for dental implants. Studies showed 
accelerated healing, particularly of the soft tissue [63]. Reviews of the literature in 
regard to sinus augmentation show increased bone density [64] but no significant 
improvement in bone formation or implant survivability [65, 66]. In the setting of 
poor wound healing, we see applications of platelet derivatives in the setting of 
medication-related osteonecrosis of the jaws (MRONJ) and other oral mucosal 
lesions, with cautious interpretation of results suggesting benefits of their use [67–
70]. Successful treatment of alveolar cleft bone grafting has been shown by multiple 
teams [71–73].

In the temporomandibular joint (TMJ), platelet concentrates have been hypoth-
esized to help, given that the cartilage is avascular and has difficulty with self-repair. 
Bone growth was significantly improved in osteoarthritis in the rabbit model, with 
improved, but not significant, regeneration of the cartilage [74]. Injections of plate-
let concentrates into the TMJ have been shown to be effective for treatment of tem-
poromandibular osteoarthritis [75–77] and better than arthrocentesis alone [78]. 
However, it has been pointed out that growth factors associated with PRP, including 
VEGF, may be detrimental to cartilaginous healing [79].

3.4  Future Applications

The common complaint in the systematic reviews of PRP and PRF therapy con-
tinues to be a large discrepancy in preparation and use of platelet concentrates. 
Good evidence is available that there is a quantifiable increase in growth factors 
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when using platelet-rich products [80–83]. However, large multi-center trials 
need to be conducted to prove the efficacy of these treatments reliably and 
reproducibly.

4  Implantable Devices

4.1  Replacement of Teeth

Oral implants have become the sought-after method of treatment, which is scientifi-
cally accepted and well documented in the literature [84–86]. Oral implants were 
introduced some 30–40 years ago [87–89]. Since then, implants have revolutionized 
the concept of replacing missing teeth and improved the quality of life for patients 
[90, 91]. Today, there are over 1300 different implant systems worldwide. They vary 
in shape, dimension, bulk, surface material, topography, surface chemistry, wetta-
bility, and surface modification [92]. Titanium is the material most commonly used 
for oral endosseous implants, due to its mechanical strength, excellent biocompati-
bility, and osseointegration [93]. Some studies have reported regarding the clinical 
disadvantages of titanium, such as host sensitivity to titanium, electrical conductiv-
ity, corrosive properties, and esthetic concerns as a result of their dark-grayish col-
oring [94–96]. Furthermore, elevated titanium concentrations have been found in 
close proximity to oral implants [97] and in regional lymph nodes [98]. However, 
the clinical relevance of these facts is still unclear [99]. Ceramic materials have been 
suggested as a substitute to titanium for oral implants because of their esthetic ben-
efits and excellent biocompatibility in vitro and in vivo [100–102], great tissue inte-
gration, low affinity to plaque, and favorable biomechanical properties [103]. These 
ceramic materials have already been investigated and clinically used since approxi-
mately 30–40 years ago. The first ceramic material utilized was aluminum oxide 
[104, 105], and later, the Cerasand ceramic and the ceramic anchor implant were 
introduced [106, 107]. The physical and mechanical properties of alumina ceramics 
are high hardness and modulus of elasticity, which make the material brittle. In 
combination with the relatively low bending strength and fracture toughness, alu-
mina ceramics are vulnerable to fractures. Based on these drawbacks, there are no 
alumina implant systems remaining on the market [86, 108]. Currently, the material 
of choice for ceramic oral implants is zirconia (ZrO2), containing tetragonal poly-
crystalline yttria (Y2O3) (Y-TZP). In comparison to alumina, Y-TZP has a higher 
bending strength, a lower modulus of elasticity, and a higher fracture toughness [86, 
109, 110]. Through in vitro and in vivo studies, zirconia has become an attractive 
alternative to titanium for the fabrication of oral implants [103]. However, animal 
studies have indicated a better bone-to-implant contact with titanium implants than 
with Y-TZP implants [101, 111]. In addition, early failures were significantly higher 
for zirconia implants than for titanium implants [103].
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Surface topography is one of the important parameters for the achievement of 
osseointegration and can be classified into macro-, micro-, and nanoscale [112]. The 
three major modifications of macrotopography are screw threads (tapped or self- 
tapping), solid body press-fit designs, and sintered bead technologies. Recently, 
studies were mainly focused on micro- and nanogeometry. The osteoblast activity is 
significantly increased at 1–100 μm of the surface roughness compared to a smooth 
surface [113]. Increased surface roughness of dental implants can be achieved by 
machining, plasma spray coating, grit blasting, acid etching, sandblasting, anodiz-
ing, and applying a biomimetic coating, or other combinations of the several men-
tioned techniques [114–117] resulted in greater bone apposition [118] and reduced 
healing time [119].

4.2  Reconstruction of the Craniomaxillofacial Skeleton

Reconstruction of the craniomaxillofacial skeleton, resulting from resection of 
benign and malignant tumor, osteomyelitis, or osteoradionecrosis, still remains a 
challenge for the surgeon [120].

4.2.1  Natural Bone Grafts

Since the nineteenth century, autologous bone has been successfully used as bone 
substitute [121]. Different donor sites are described in the current literature. Intraoral 
donor sites include the symphysis of the mandible, mandibular ramus, and maxil-
lary tuberosity [122]. The common extraoral donor sites for non-vascularized bone 
grafts are the iliac crest and rib. The non-vascularized iliac crest graft is a treatment 
possibility for reconstruction of moderate mandibular defects [123], whereas the 
costochondral graft from the rib is used predominantly for condylar reconstruction 
[124, 125]. During the past decade, a variety of donor sites for vascular bone flaps 
and soft tissue have been recommended. The osteocutaneous radial forearm free 
flap [126, 127], fibular free flap [127, 128], scapula free flap [128], and iliac crest 
free flap [129] are the most commonly utilized donor sites for vascularized 
reconstruction.

Allogenic bone refers to the bone that is harvested from one individual and trans-
planted into another individual, both of the same species. Due to the limitations of 
autologous bone grafting, allogenic grafts are considered an effective alternative. 
Allografts, to a limited extent, can be customized by being machined and shaped to 
fit the defect. It can be available in a variety of forms, including cortical and cancel-
lous. The disadvantage, however, is that compared to autografts, they have a higher 
failure rate due to their immunogenicity [130, 131].

Xenograft bone has been taken from a donor of another species [122], usually of 
bovine origin. Mineral xenograft has been applied in oral and maxillofacial surgery 
for several years [132]. Demineralized bone, harvested from human donors, has 
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been frequently used in craniofacial reconstruction [133, 134]. The demineralization 
is achieved through the process of acidification, resulting in a matrix containing 
type I collagen and osteoinductive growth factors, predominantly BMP. Based on 
porosity, it can be easily formed and remodeled intraoperatively [135, 136].

4.2.2  Synthetic Bone Grafts

Craniofacial reconstruction using alloplastic implants has shown to be associated 
with low rates of infection and other types of morbidity [137]. Computer-aided 
designed and manufactured (CAD/CAM) titanium implants which are prefabricated 
are a reasonable option for secondary reconstruction [138]. The major disadvan-
tages are the thermosensitivity and limited possibility of intraoperative customiza-
tion [136]. Synthetically manufactured bioactive glass-ceramic is an option as a 
single CAD/CAM implant for craniofacial reconstruction with good clinical out-
comes. As opposed to titanium implants, it allows intraoperative remodeling and 
adjustment without thermosensitivity [139]. Calcium phosphates belong to the 
group of bioactive synthetic materials. The most commonly used are hydroxyapa-
tite, tricalcium phosphate, and biphasic calcium phosphate [140–142]. Calcium 
phosphates are osteoconductive, do not cause any foreign body response, and are 
nontoxic [136].

Hard tissue replacement (HTR)-sintered polymers consist of poly(methyl meth-
acrylate (pMMA), poly(hydroxyethyl methacrylate) (pHEMA), and calcium 
hydroxide. The porosity of the plastic allows for the indwelling growth of blood 
vessels as well as connective tissue [136]. HTR implants can be used for the recon-
struction of large defects of the cranio-orbital region when combined with simulta-
neous bone tumor resection [143]. The implants are fixated with titanium or 
resorbable plates and screws.

Polyetheretherketone (PEEK) is a synthetic material that has been used for a 
number of years in neurosurgery due to its excellent biocompatibility, good mechan-
ical strength, and radiographic translucency. In recent years, studies of maxillofacial 
reconstructions have been reported using PEEK for the construction of patient- 
specific implants [144–146]. The major disadvantage of computer-designed PEEK 
is its high cost [147].

Porous polyethylene (PPE) or high-density polyethylene (HDPE) is a linear 
highly compressed (sintered) aliphatic hydrocarbon. It is a biocompatible, durable, 
and stable material. Furthermore, it shows rapid surrounding soft tissue ingrowth 
without capsule formation around it [137, 148, 149]. PPE has proven to be a reason-
able alternative to PEEK as a material for craniofacial reconstructions. The use of 
this material seems to be safe and has minimal morbidity [149]. In summary, auto-
grafts are osteoconductive, osteoinductive, and osteogenic; however, they have 
limited availability and have donor-site morbidity. Allografts are osteoconductive 
and osteoinductive but are not osteogenic; they carry the same disadvantages as 
autografts with the addition of having disease transmission risk. Xenografts are 
osteoconductive, but not osteoinductive or osteogenic, and carry the potential for 
foreign body reaction. Alloplastic materials are osteoconductive but often costly [150].
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5  Maintenance of Structural Integrity and Fixation

5.1  Plates and Screws

Today, nearly all the metal plates and screws for the fixation of the craniomaxillofa-
cial skeleton consist of titanium and are stored in sets that can be re-sterilized. 
Titanium is the most biocompatible and corrosion-resistant metal and has an innate 
ability to fuse with human bone [151, 152]. Therefore, it has received much atten-
tion in the area of craniofacial reconstruction [153]. Prior to the use of titanium, 
several other materials were applied for craniofacial applications. These metals, 
which included stainless steel and vitallium, an alloy from cobalt, chrome, and 
molybdenum, have fallen out of favor because of their corrosion profile and/or lack 
of inertness [154, 155]. Furthermore, vitallium and stainless steel produce more 
artifacts on computed tomography scans and magnetic resonance imaging than tita-
nium [156–158]. There exist miniplates of different shapes with corresponding 
osteosynthesis screws of different lengths (Fig. 3.3) [159].

5.1.1  Midface

Osteosynthesis screws are also based on different systems. For the midface, osteo-
synthesis is based on systems 1.0, 1.3, 1.5, and 2.0. The numbers refer to the outer 
screw thread diameter in mm. Low profile plates are recommended for the infraor-
bital rim because the structural forces are not significant in this region. In contrast, 
increased stability with stronger implants is needed for the zygomaticomaxillary 
buttress where high masticatory forces are transmitted [160, 161].

Fig. 3.3 Postoperative 
x-ray of a complex midface 
fracture treated with 
several malleable fixation 
plates
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Depending on the size and location of the orbital defect, reconstruction can be 
achieved by using implants of various materials with different benefits and disad-
vantages. Currently, the ideal implant material for orbital reconstruction still remains 
unclear [153]. The use of silastic implants, bioactive glass, and porous polyethylene 
to bridge the bony defect has been extensively documented in the literature [162–
164]. In addition, titanium mesh (Fig.  3.4) or pre-shaped plates, such as the 3D 
titanium orbital plate, are applied in special cases [165, 166]. Biodegradable polyg-
lycolic acid [167] and polydioxanone [168] are options as resorbable alloplastic 
materials. Alternatively, autogenous transplants can be used [169–172]. Considering 
donor-site morbidity of autologous transplants and infections with nonresorbable 
materials, resorbable implants for reconstruction could be recommended [168].

5.1.2  Mandible

Different osteosynthesis plating systems are in use for application to the mandible. 
According to Arbeitsgemeinschaft für Osteosynthesefragen (AO)/Association for 
the study of Internal Fixation (ASIF) principles, the types of plates include mandi-
ble plates 2.0, locking plates 2.0, (locking) reconstruction plates, dynamic compres-
sion plates, and universal fracture plates [173–176]. Mandibular miniplates are 
designed to be used with monocortical screws (Fig. 3.5). Bicortical screws can be 
used for additional stability in selected cases. In approaches with limited space 
(e.g., condylar and subcondylar regions), plates of modified design, such as the 
compression plate, the trapezoid plate, or the delta plate, are applied [177, 178]. Lag 
screw osteosynthesis of fractures of the mandibular condyle is a method to combine 
functional stability with simple removal of osteosynthesis materials, without re- 
exposure of the temporomandibular joint region [179, 180].

Fig. 3.4 Postoperative 
x-ray of an orbital floor 
fracture treated with a 
titanium mesh
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5.1.3  Absorbable Materials

Absorbable osteosynthetic material is an option to make metal removal unnecessary 
[181]. A complete resorption occurs approximately 1 year in experimental models 
[182]. Further advantages are the absence of thermal sensitivity and radiological 
artifacts [136]. Use of bioresorbable miniplates has been suggested in the pediatric 
population because of possible growth disturbances associated with titanium-based 
hardware [183]. A variety of biodegradable implants are commercially available in 
the field of oral and maxillofacial surgery. Polymers of α-hydroxy acids as glycolic 
acid (PGA), L-lactic and D, L-lactic acids (PLLA, PDLLA), and their copolymers 
are the substances largely used as osteosynthesis materials [184–188]. These mate-
rials have proven clinical success throughout the world; however, there are some 
arguments against biodegradable fixation. The complications of biodegradable fixa-
tion are infections, foreign body reactions, malocclusions, and malunions [188]. 
Furthermore, the duration of surgery is more challenging and costly [187, 189].

6  Summary

Oral and maxillofacial surgery is an incredible and evolving field. Injuries, defects, 
and pathologies to the head, neck, and face, as well as hard and soft tissues of the 
oral region, are often taken care of by specialists extensively trained as oral and 
maxillofacial surgeons. As further research is completed and scientists continue 
exploration of materials and methods, techniques and strategies are altered to ben-
efit the patient in clinical settings. In this chapter, we focused on the use of different 
grafting materials, both natural and synthetic for bone regeneration and defect 
repair, growth factors that aid in healing and growth of tissues, as well as fixation 
devices used in the repair of maxillofacial bone fractures. The techniques discussed 
are effective; however, future work needs to be outlined in order to improve effi-
ciency and efficacy, both inside and outside of the operating room.

Fig. 3.5 Postoperative 
x-rays shows fracture 
fixation with six 
mandibular miniplates 2.0
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1  Introduction

Tissue engineering is a multidisciplinary approach developed in response to the need for 
regeneration of the diseased or lost tissues. It employs the principles of biology and 
engineering to produce vital replacements for the lost tissues and functional organs. Soft 
and hard tissue may be defective or lost due to trauma, congenital defects, or acquired 
diseases, such as cancer, and need a replacement. Bio-artificial organs are produced in 
the laboratory and then transferred to the vital environment of human body.

Emersion of tissue engineering science and significant advances in this field, par-
ticularly after the introduction of 3D printing technology, opened a new gate for repair 
and regeneration of body organs and tissues. The progresses made in this field have 
led to a wide range of regenerative treatments and, combining it with 3D printing, 
have provided feasibility of several tissue regenerations, completely specified for each 
patient. Imaging is in the front line of this process (Fig. 4.1). However, advances in 
tissue engineering have highlighted the need for further in vitro and clinical studies on 
the mechanism and outcome of these approaches using advanced diagnostic tools and 
techniques. Imaging is an efficient diagnostic method in this field, which currently 
plays a fundamental role in promotion of regenerative medicine. Imaging is a com-
monly used diagnostic modality that aims to detect normal anatomy and disease 
symptoms, as well as scientific and research surveys. The medical imaging science 
has been awarded two Nobel Prizes thus far in physiology and medicine for introduc-
tion of CT and MRI, which have revolutionized medical imaging.
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Despite the presence of complex imaging systems and techniques, the role of 
conventional imaging in provision of acceptable diagnostic information should not 
be underestimated. The conventional radiographic modalities are the premier diag-
nostic imaging techniques for many cases, which may be later accompanied by 
more complex, 3D imaging modalities, if required. Confirming the presence or 
absence of disease by 3D imaging is a basis for further molecular, immunologic, 
histologic, and genetic studies.

Several imaging techniques are employed in tissue engineering, such as CT, CBCT, 
micro-CT, MRI, ultrasound imaging, optical imaging, nuclear imaging (including 
positron-emission tomography and single-photon emission CT), multimodal imaging, 
photoacoustic microscopy, and other emerging technologies. Of all, the more popular 
modalities that have the highest application and are more easily accessible are dis-
cussed in this chapter. The basic knowledge acquired about the functional physics and 
application of these systems will be helpful in understanding the important terms used 
in imaging science and the function of other imaging modalities.

2  Computed Tomography (CT)

The basis of CT imaging is to record information obtained from the collimated, fan- 
shaped X-ray beams by the scintillation detectors in cross-sectional images. In fact, 
a CT image is a complex of transverse or trans-axial images captured perpendicular 

Fig. 4.1 Imaging, first step in 3D printing tissue engineering
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to the long axis of the body, and coronal and sagittal images are reconstructed by the 
combination of these transverse images. Efficient processing of all transverse pro-
jections by the computer and their superimposition yields a 3D reconstructed image 
of the scanned anatomical structures.

The CT scanner is a large, square-shaped apparatus known as the gantry, with a 
central circular hole. The patient lies on a bed that moves through the gantry for 
imaging. The X-ray tube and detectors are embedded inside the gantry. The gantry 
is the component of the CT machine that contains the X-ray tube, a row of detectors, 
a high-voltage generator, the patient bed, and mechanical components. These 
mechanical components support the afore-mentioned pieces, receive the orders sent 
from the console, and send the data to a computer after scanning to generate the 
image. The patient bed is made of materials with low atomic numbers, such as car-
bon fiber, in order to impede interference with the passage of the X-ray beam. It 
enables accurate positioning of the patient and smoothly moves through the gantry. 
In the first generations of CT machines, both the X-ray tube and detector simultane-
ously rotated around the patient, and this rotation combined with the mechanical 
movement of the gantry-generated CT images. The first generation of CT machines 
had pencil-shaped X-ray beams. From the second generation on, the X-ray beam 
type was changed to fan-shaped. The main advantage of second-generation CT 
scanners was enhanced speed and decreased scanning time, mainly as the result of 
using multiple rows of detectors.

In the third generation of CT scanners, the X-ray tube and detector both rotated 
around the patient; however, in the fourth generation, one row of detectors is sta-
tionary in circumference, and only the X-ray tube rotates around the patient. The 
fourth generation of CT scanners was introduced with the hope to resolve the ring 
artifact problem of the third generation. The image acquisition time in the third and 
fourth generations of CT scanners can be as rapid as a sub-second scale.

Irrespective of the geometric mechanism, detectors receive the attenuated radia-
tions of an axial slice. The patient moves through the gantry, and the same is repeated 
for the next adjacent slice until the entire volume of the respective area is scanned. 
This stop-start process takes several minutes.

In helical CT scanners, which are the currently used standard CT scanners, the 
X-ray tube and detector both rotate around the patient in a helical path, while the 
patient continuously moves through the gantry. This decreases the overall scanning 
time. The volume thickness scanned in each shot varies from 0.5 to 6.0 mm and 
can be manipulated by adjusting the collimator and selecting different rows of 
detectors [1, 2].

Multi-detector CT (MDCT) is a type of helical scanner, benefitting from 16, 64, 
or 128 rows of detectors positioned next to each other in a helical path for image 
acquisition. Thus, in one rotation, images are obtained from several slices at the 
same time. As a result, the scanning time is significantly shorter than that of single- 
slice systems [3]. Tens of thousands of detectors are present in each row. In addition 
to several rows of detectors, the high-processing capability of computers utilized in 
these systems is another paramount aspect, which is mandatory to process these 
abundant volumes of data (Fig. 4.2).
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Pitch is defined as the ratio of movement of bed after a complete 360° rotation of 
the X-ray tube to the volume thickness scanned in each shot (or width of the X-ray 
beam). If the slice thickness in a scan is 1 mm, and the movement of the bed after one 
full rotation of X-ray beam is 2 mm, then the pitch would be 2:1. This means that half 
of the respective volume will be exposed at the time of scanning. As the result, the 
patient radiation dose will decrease by half, in addition to the spatial resolution also 
decreasing. In the case of pitch >1:1, the interpolation algorithm is used to enhance 
the quality of reconstructed coronal and sagittal sections. This algorithm estimates 
the un-scanned thickness according to the two adjacent scanned thicknesses. Pitch 
>1:1 allows scanning of a larger volume within the same time period. In practice, the 

Fig. 4.2 MDCT; fan-shaped beam and multi-detector rows
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overall scanning time will decrease, which is important in uncooperative patients or 
in angiography. Pitch <1:1 increases the patient radiation dose due to superimposi-
tion of the scanned adjacent thicknesses. Pitch 2:1 is an acceptable ratio. The pitch in 
multi-slice helical CTs is practically 1:1.

Decreased scanning time translates to decreased motion artifacts due to inten-
tional movements of the patient or physiological movements, such as respiration 
and heartbeat. It is particularly substantial in children and trauma patients. However, 
the overall patient radiation dose increases in MDCT.

The X-ray beams are collimated twice in CT: once for the generation of fan- 
shaped beams prior to reaching the patient, which limits the exposed area and once 
after passing through the patient to decrease scattered radiation and improve image 
quality [1, 2].

The X-ray detectors collect the X-ray photons passed through the patient or 
object and convert them to an electric charge, which is later digitized. The CT detec-
tors are often of solid-state type and can support 0.625 mm pixel size. The routine 
matrices used in detectors have 512 × 512 or 1024 × 1024 pixels [4].

Pixels are data cells that form digital two-dimensional (2D) images. Voxel is 
defined as a thickness that volumizes the 2D pixels and depends on the tomographic 
slice thickness. The volumetric data are composed of separate voxel blocks. The 
pixel size is determined by the detector and the image reconstruction software. 
However, as stated earlier, the voxel length is determined by the width of the X-ray 
beam, which is affected by pre- and post-patient collimation. Generation of isotro-
pic cubic voxels enables image reconstruction in different planes, without losing 
resolution. Larger voxels require less X-ray dose and lower amperage (mA) but 
reduce image resolution. Although it has no effect on the general accuracy of mea-
surements and structural relationships, fine details, such as fractures, require smaller 
voxels for more accurate diagnosis [2].

Field of view (FOV) is the observable area on a reconstructed image. Increasing 
the FOV in a matrix with a fixed size proportionally increases the pixel size as well. 
However, increasing the size of the matrix in a constant FOV decreases the pixel 
size. A CT number or Hounsfield unit (HU) is allocated to each voxel, which deter-
mines its grayness or optical density and enables observation of images on a moni-
tor in the form of various shades of gray. CT number is determined by the coefficient 
of beam attenuation in the tissue and ranges from −1000 to +3000 for each pixel. 
The CT number of air is −1000, 0 for water, and + 3000 for dense bone. The HU 
usually ranges from −1000 to +1000 (Table 4.1).

Table 4.1 Hounsfield units 
of tissues

Tissue Hounsfield units

Air −1000
Fat −60 to −100
Water 0
Soft tissue +40 to +80
Bone +400 to +1000
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Displaying such a wide range on a monitor is not feasible; showing part of this 
range by window and level adjustment allows for visualization of a suitable range 
for interpretation [1, 2]. The window level and window width are two variables that 
enable observation of the desired range and level of densities. The window level is 
the CT number selected at the center of the chosen range of densities, and its selec-
tion depends on the type of tissue intended to be evaluated (hard or soft tissue). 
The window width is the selected range of gray shades to display [4]. A narrow 
range enables observation of fine differences between tissues with similar density 
and better displays the gray shades close to each other. In this regard, bone window 
shows a range of +400 to +1000 Hus, and soft tissue window indicates a range of 
+40 to +80 HUs.

An important preponderance of computer-generated images is that they allow 
alteration and reconstruction of images in different dimensions and generation of 
new images of different views without the need to re-expose the patient to ioniz-
ing radiation. Data obtained from numerous axial sections can be used to recon-
struct coronal and sagittal sections, or any other plane required as well as 3D 
integrated images, although these images do not have the same sharpness of axial 
views [5]. Higher-quality images are the result of thinner axial scans that are 
arranged consecutively or are superimposed, which consequently increases the 
patient radiation dose.

CT images visualize reconstructed 3D images in all three spatial planes and, in 
contrast to conventional radiography, do not have the limitation of superimposition 
of multiple structures. The contrast resolution of CT is much higher than that of 
plain radiography. To observe deep anatomical structures, outer layers of image can 
be removed by the software features. The reconstruction time is an important factor 
with regard to CT systems, which is defined as the time period from the end of 
imaging to image display and depends on the capabilities of the computer 
processor.

2.1  Image Reconstruction

2.1.1  Multiplanar Reformation (MPR)

MPR refers to 3D multiplanar reconstruction, which combines images of transverse 
sections to yield images in other different planes (Fig. 4.3).

2.1.2  Maximum Intensity Projection (MIP)

MIP is defined as selection of the highest pixel value along a hypothetical line and 
displaying only these pixels. The reconstruction is swift and yields the simplest 
shape of 3D images, enabling differentiation of vascular structures around tissues 
with high accuracy (Fig. 4.4).
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2.1.3  Shaded Surface Display (SSD)

SSD is detection of a narrow range of values of an object and displaying the same 
range in the form of organ surface (Fig. 4.5).

Fig. 4.3 CT, coronal view 
in MPR range

Fig. 4.4 MIP 
reconstruction of CT 
volume data

Fig. 4.5 SSD 
reconstruction of CT 
volume data
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2.1.4  Volume Rendered

The boundaries of the surface can be displayed clearly, and the image is rendered 
three-dimensional, which is referred to as volume-rendered image (Fig. 4.6) [1].

Fig. 4.6 (a) [6]: SSD; (b) [6], (c–e) volume rendering reconstruction of CT volume data
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2.2  Advantages of CT Compared to Conventional Radiography

Small differences in absorption of the X-ray beams could be detected in CT, which 
reveals the details of intracranial lesions and helps in better differentiation of the 
normal and diseased tissues.

The contrast resolution of CT imaging systems is excellent due to rejection of 
scattered X-ray beams by the pre-detector collimator. Both hard and soft tissues can 
be evaluated using CT, and images can be enhanced using intravenous contrast 
medium.

2.3  Advantages of MDCT Compared to Conventional Step- 
and- Shoot CT

MDCT has less motion blur and motion artifact, reduced overall scanning time, and 
decreased partial volume artifact. It also allows imaging of a larger volume of 
tissue.

2.4  Disadvantages of CT

CT imaging is costly. Consecutive slices and overlap highly increase the patient 
radiation dose. It has limited ability to visualize anatomical structures with low 
contrast due to noise of the system, and metal objects, such as metal dental restora-
tions, cause streak or star artifacts. Contrast media are contraindicated in some 
patients. CT also has limited availability [1, 2, 4].

2.5  Applications of CT

CT is the modality of choice for assessment of lesions involving the bone, such as 
tumors, cysts, and intraosseous infections.

It also enables assessment of the location, size, and extension of interosseous 
lesions.

It allows evaluation of intracranial conditions such as tumors, hemorrhage, or 
stroke. Intracranial or spinal trauma and traumatic injuries to complex craniofacial 
structures can be evaluated using CT.

Treatment planning for reconstructive craniofacial surgeries and correction of 
craniofacial deformities, guiding the fabrication of surgical stents or reconstructed 
models of CT images, evaluation of paranasal sinuses, tumor staging for benign and 
malignant lesions, and evaluation of temporomandibular joint are among other 
applications of CT.
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CT also enables assessment of the height and thickness of maxillary and 
 mandibular alveolar bone prior to implant placement. However, considering the 
increased availability and unique advantages of CBCT imaging systems, applica-
tion of CT for this particular purpose has recently decreased.

2.6  Rapid Prototyping

Rapid prototyping is a process through which data obtained from a 3D design by a 
software is converted to actual models. This process can be used for the fabrication 
of a model of an anatomical structure with its actual shape and dimensions. These 
models are used for treatment planning prior to maxillofacial surgeries. They also 
have applications in tumor resection, dental implant placement, distraction osteo-
genesis, and correction of deformities developed by trauma. They decrease the 
duration of surgery and anesthesia and increase the accuracy of procedures [2, 4, 5] 
(Fig. 4.7).

2.7  Tissue Engineering

Tissue engineering has promoted the applications of CT beyond diagnostic pur-
poses for diseases. One major advantage of CT in tissue engineering is provision of 
3D images. In anatomical maxillofacial defects, CT has been used to create a tem-
plate for the mirror image of the normal side to correct the anatomic anomaly of the 
malformed side.

Reconstruction of bony and cartilaginous structures of the temporomandibular 
joint (TMJ) is a major challenge in maxillofacial surgery due to the complex geo-
metric shape and function of the TMJ. CT has been used to design scaffolds for 
condylar reconstruction in animal models and has yielded promising results due to 
the combined use of 3D imaging, tissue engineering, and maxillofacial surgery [7]. 
CT has also been used to design scaffolds required for tissue regeneration in terms 
of morphological properties, external surface, and internal structure of the scaffold 
and porosities.

3  Cone Beam Computed Tomography (CBCT)

Since the use of the first generation of CBCT for angiography in 1982 (Mayo Clinic 
Biodynamics Research Laboratory), its applications in different fields of medicine 
have greatly increased. It has the highest application in dentistry and maxillofacial 
studies. Due to its numerous advantages, it is commonly used in dental clinical set-
tings, even for pediatric patients. In the recent years, the use of CBCT for obtaining 
diagnostic images of the oral and maxillofacial region has greatly increased 
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compared to conventional radiography. CBCT was introduced to dentistry aiming to 
replace the conventional CT and other 2D imaging modalities as an adjunct for 
diagnosis, treatment planning, and follow-up. Feasibility of imaging of hard tissue 
with high-resolution and low patient radiation dose led to great applicability of 
CBCT in orthodontics, maxillofacial surgery, dentoalveolar pathology, implantol-
ogy, and endodontics. The mean X-ray radiation dose in CBCT is 60–1000 μSv1 

1 Sievert (Sv) is the unit of equivalent dose (the biological effect of ionizing radiation) in the 
International System of Units (SI).

Fig. 4.7 Rapid prototyped 
patient-specific implant for 
mandible reconstruction 
[8]
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(for imaging of the mandible) with 10–70  seconds of irradiation time, which is 
much lower than the radiation dose of CT, which is 1320–3324 μSv [9].

Evidence shows that CT and CBCT are suitable for imaging of hard and soft 
tissue surfaces to allow anthropometric measurements due to their optimal accu-
racy, reliability, and repeatability [10–12]. However, it should be noted that the 
patient radiation dose in CBCT is higher than that of other commonly requested 
radiographies of the jaws, such as panoramic and/or periapical radiography. This is 
especially important in children. Through advances in technology, attempts have 
been made to decrease the patient radiation dose by decreasing the size of field of 
view (FOV) and the tube current-time product (mAs), without affecting the image 
quality [13].

Although theoretically it has been approximately two decades since the introduc-
tion of CBCT for clinical applications, the use of commercially available devices 
was accomplished by the advances in affordable X-ray tubes; high-quality, excep-
tionally accurate detectors; and powerful personal computers.

CBCT is a compact, faster, and safer version of conventional CT. The CBCT 
system has a gantry that contains the X-ray tube and detector. Scanning is per-
formed by one 360° rotation of a cone-shaped or pyramidal X-ray beam and detec-
tor against each other and around the object. The center of rotation is the center of 
region of interest, which is also the center of the final volumetric image (Fig. 4.8).

The detector is an important component of the scanning cycle, and its optimiza-
tion decreases the patient radiation dose. Spatial resolution and contrast resolution 
are important parameters with regard to CBCT detectors affecting image quality. 
CBCT systems use digital detectors to record image data.

Fig. 4.8 (a) Cone-shaped 
beam in CBCT; (b) scan 
volume
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During scanning, the system creates a set of projection data, which is similar to 
a series of cephalometric radiographs taken from different angles. The total amount 
of the acquired projection data depends on the rotation time, frame rate (number of 
projections scanned per time unit), and completion of trajectory arc. Higher number 
of projections increases the patient radiation dose but provides higher spatial resolu-
tion and better contrast resolution. However, it has no significant effect on linear 
accuracy of CBCT images. Such raw data is converted to volumetric data by com-
plex software algorithms such as filtered back projection, which can be evaluated in 
all three planes—axial, sagittal, and coronal. In contrast to CT, data reconstruction 
in CBCT can be implemented using personal computers.

The specific geometry of the radiation beam in CBCT increases the speed of 
image acquisition compared to MDCT; this results in saving time and decreasing 
motion artifact. In contrast to CT where axial sections are the most ideal images, all 
reconstructed CBCT images are equally sharp and show equivalent details of the 
scanned volume. CBCT scans can be obtained in seated, standing, or supine posi-
tion, depending on the type of system. In all systems, immobilization of the head is 
more important than its positioning.

FOV is a cylindrical or spherical volume that can be scanned by the CBCT 
system, which is determined by the beam collimation ability, geometry of the 
radiation beam, and detector size and ranges from a few centimeters in width and 
height to complete reconstruction of the head and face. FOV is constant in some 
CBCT systems, while some others allow selection of the size of FOV.  Larger 
FOVs enable observation of more structures but inflicts higher radiation dose to 
the patients. Limiting the FOV to the minimum size covering the region of interest 
minimizes the unnecessary patient radiation dose. Region of interest (ROI) is 
determined according to the reason for requesting imaging and personal character-
istics [2, 3].

Voxels play a fundamental role in spatial resolution and details of image and are 
isotropic in CBCT systems. Smaller voxels yield images with higher spatial resolu-
tion but have a higher noise, since they receive smaller amounts of X-ray beam. In 
such cases, radiation dose should be increased to preserve the diagnostic quality of 
image. Different CBCT systems may vary in terms of voxel size; consequently, they 
have different spatial resolution and image quality as well [5].

The exposure parameters, such as the kVp and mA, must be adjusted in accor-
dance with the diagnostic goals and size of patient; however, exposure parameters 
are constant in some CBCT systems. Motion artifact, which negatively affects the 
image quality, can be minimized by correct adjustment of these parameters in CBCT 
systems that allow adjustment of exposure parameters.

Aside from the voxel size, the size of focal spot, and geometric properties of the 
X-ray tube, object and detector relative to each other also affect the spatial resolu-
tion of imaging systems. However, due to a standard footprint of CBCT system, the 
distance from the detector to X-ray tube can be increased only to a limited extent.

The ability to show visible gray shadows is assessed with bit depth. A system 
with higher bit depth can show even the slightest differences in contrast. CBCT 
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systems can show the difference in gray shadows by 12 bits and higher. In addition, 
contrast, brightness, sharpening, filtering, and marginal algorithm enhancements 
can be performed on images. The acceptable time for data reconstruction is less than 
5 minutes.

Although CBCT has less radiation dose than CT, it is not used for routine diag-
nostic or screening purposes because of higher patient radiation dose than plain 
radiography. CBCT is essentially an adjunct diagnostic tool used as a supplement to 
conventional imaging modalities, and its use should have a logical justification 
based on clinical examination and patient history. The CBCT imaging dose may be 
decreased to 3 μSv depending on the required resolution and other modifying fac-
tors. This decreased dose is equal to the radiation dose of four bitewing radiographs. 
CBCT should not be avoided solely because of its higher radiation dose; in many 
cases for imaging of restricted volumes, the radiation dose of CBCT is equal to that 
of intraoral and panoramic radiographs.

3.1  CBCT Basic Formats for Image Reconstruction

3.1.1  Multiplanar Reformation (MPR)

Due to CBCT image isotropic nature, volumetric data in non-orthogonal cuts can be 
reconstructed. Volumetric CBCT data by default is displayed in two-dimensional 
images on axial, sagittal, and coronal planes with a default thickness. By scrolling 
through the image volume, different cuts can be observed. Oblique sections of the 
mandibular condyle or automatic panoramic reconstruction and cross-sectional 
images are different types of MPR reconstructions. Cross-sectional or para-axial 
images are perpendicular to the plane of the reconstructed dental arch and enable 
the assessment of the dental arch in the third dimension. These images are obtained 
in 0.5–1 mm thicknesses and demonstrate well the relationship of dental arch and 
inferior alveolar canal. This provides valuable information for dental implant sur-
gery (Fig. 4.9).

3.1.2  Ray Sum

The thickness of an orthogonal or MPR cut increases with accumulation of adjacent 
voxels. The simulated lateral cephalometric images are of this type, but their differ-
ence with the conventional type is in that they do not have magnification and 
parallax.
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3.1.3  Volume Rendering

In its indirect form, volumetric reconstruction is performed from the surface and the 
depth and is suitable for overall evaluation of craniofacial structures and anatomical 
relations. Surface rendering yields a solid image of the surface of a 3D volume, 
while volume rendering has a transparent view (Fig. 4.10).

In direct type, a certain intensity of voxels is selected, and the gray shadows 
above and below it are eliminated. MIP is a type of direct volume rendering that 

Fig. 4.9 (a) MPR view of CBCT for mandibular left third molar evaluation; (b) MPR view of 
CBCT for right maxillary ridge evaluation prior to dental implant insertion
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identifies the voxels with maximum intensity in a specific direction of scanned 
volume and eliminates the lower intensities. It is applied for identifying the location 
of impacted teeth, fractures, and soft tissue calcifications (Fig. 4.11).

3.2  Advantages of CBCT

CBCT enables multiplanar reformatting and observation of anatomical and patho-
logical structures in different planes. CBCT yields accurate geometric images, has 
high spatial resolution, is a smaller size, and has lower cost and faster scanning time 
than CT. CBCT does not have high technical sensitivity; if the patient is not accu-
rately positioned, the orientation can be later corrected by the software programs 
given that the region of interest is within the FOV. CBCT has high spatial resolu-
tion, and its submillimeter voxel size provides detailed resolution and enables 

Fig. 4.10 (a) MPR; (b, c) volume rendering CBCT image of an impacted maxillary canine
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observation of fine structures such as the periodontal ligament, root fractures, and 
root canals. In addition, CBCT has a considerably lower patient radiation dose com-
pared to CT, allowing for a big step forward in 3D imaging.

Streak artifacts due to metals, such as metallic dental restorations, decrease the 
quality of CT images, especially the adjacent bone. CBCT has significantly lower 
metal streak artifacts compared to CT.  CBCT images are less affected by beam 
hardening artifact generated by the presence of metal restorative materials and 
implants compared to MDCT. Also, CBCT has an easier application with the use of 
a personal computer. Furthermore, it is compatible with cephalometric planning and 
implant software programs. Although the soft tissue itself is not clearly visualized 
on CBCT images, its swelling or asymmetry, airways, and soft tissue calcifications 
can be evaluated and detected on CBCT scans.

Fig. 4.11 (a) MPR; (b) MIP; and (c) volume rendering view of a lifted sinus
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3.3  Limitations of CBCT

A major limitation of CBCT is that patients must remain still during scanning. It 
also has higher noise compared to CT.  Noise is defined as scattered radiation 
recorded by the detector that diminishes the quality of image. In contrast to CT, 
direct measurement of tissue density is not possible using CBCT. Although the HU 
that indicates tissue density can be determined using CBCT, it is actually a relative 
scale of density compared to other scanned tissues. However, in CT, this number can 
determine the nature of tissue. Soft tissue contrast of CBCT images is low, and 
compared to MDCT images, it illustrates soft tissues with lower quality. Thus, soft 
tissue tumors or extension of intraosseous tumors to soft tissue cannot be evaluated 
on CBCT scans. The temporomandibular joint disc cannot be determined precisely 
on CBCT scans either. For the latter, MRI is definitely a superior choice. However, 
airways and sinuses can be well observed on CBCT scans. Using cadmium telluride 
photon counting (CaTePC) sensors, the potential of soft tissue observation indepen-
dently of the hard tissue on CBCT scans exists, and the provided HU would deter-
mine the nature of tissue, similar to CT.

The presence of artifacts due to restorations or metal prosthesis in the oral and 
maxillofacial region can affect the quality of CBCT and CT images [14, 15]. In 
general, radiodense objects produce beam hardening or streak or star artifacts. 
However, they have lower frequency in CBCT compared to CT [2–5].

3.4  Applications of CBCT

3.4.1  Determining the Proper Location for Dental Implants

CBCT not only provides accurate information about the width and height of the 
alveolar bone; it is also useful in determining the location and spatial relationship of 
vital structures, such as the mandibular canal, mental foramen, incisive foramen, 
maxillary sinuses, and nasal cavity. Cross-sectional images provide valuable infor-
mation about the height and width of the alveolar bone and relationship to adjacent 
vital structures. Imaging of the dental arches, along with marked stents, provides an 
acceptable guide for correct dental implant placement. Quick measurement and 3D 
reconstruction enable confirmation of implant dimensions and angle of placement. 
Some software programs allow virtual implant placement and simulation of the final 
results displayed on the images. CBCT can also be used to predict the possible 
causes of failure and the need for bone grafting and post-implant assessments.

Implant placement adjacent to a pathologic lesion compromises implant progno-
sis; CBCT can detect these lesions. There are less metal artifacts due to dental 
implants on CBCT scans than CT. By downsizing the FOV, the patient radiation 
dose can be decreased. Due to these specifications, CBCT is now the imaging 
modality of choice for short-term assessments, such as evaluation of the accuracy of 
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implant placement and the required bone volume for maxillary sinus floor augmen-
tation before implant insertion. In addition to short-term assessments, CBCT is also 
used for long-term assessments to determine the success of treatment and the pro-
cess of osseointegration.

3.4.2  Inflammatory and Degenerative Diseases

CBCT is an efficient tool for assessment of periodontal and endodontic conditions 
and associated periapical lesions. In periodontal disease, detection of primary 
changes in bone affects the outcome of treatment. The conventional 2D images used 
for periodontal disease appraisal cannot detect reduction in bone density in the pri-
mary stages of periodontitis, the extent of bone destruction, nor lesions located in 
the buccal and lingual surfaces of teeth. CBCT has relatively overcome these limita-
tions. Periapical lesions with endodontic origin, root fracture, and extension of peri-
apical lesion to the surrounding tissues, such as sinuses, can be well detected and 
localized on CBCT images. Periapical and/or panoramic radiography are conven-
tionally used for diagnostic evaluation of marginal bone and periodontal space. 
Introduction of CBCT to dentistry enabled assessment of alveolar bone level and 
periodontal space in the buccolingual direction without image distortion and tissue 
superimposition. Thus, CBCT can be requested when conventional imaging cannot 
provide adequate diagnostic information [16–18].

3.4.3  Cysts and Tumors

CBCT provides valuable information about the extension of lesions and their prox-
imity to vital anatomical structures. CBCT does not have the limitations of pan-
oramic radiography, which provides 2D views with superimposition of multiple 
structures. MPR and 3D reconstruction enable more accurate assessment of the size 
of lesions in all three dimensions. Higher spatial resolution of CBCT images more 
accurately visualizes the bony margins of the lesions and better reveals the relation-
ship of lesions with the adjacent vital structures. It is also applicable for postopera-
tive follow-up.

3.4.4  Endodontics

Linear and curved measurements for efficient root canal therapy, identification of 
accessory canals and complex variations of the root canal system, detection of peri-
apical lesions irrelevant to teeth, detection of dentoalveolar trauma and root frac-
tures, detection of internal and external root resorption, and preoperative assessments 
of the apical region and evaluation of proximity to anatomical structures are among 
the applications of CBCT in this field [13, 19].
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3.4.5  Orthodontics

Detection of dental anomalies, angulation of teeth, location of impacted teeth, and 
their relationship with adjacent teeth are important for biomechanical orthodontic 
treatment planning. Preoperative assessments prior to insertion of mini-implants, 
assessment of bone width available for tooth movement in the alveolar bone, evalu-
ation of the temporomandibular joint, pharyngeal airways, 3D cephalometry, and 
3D observation of the soft and hard tissue boundaries have simplified treatment 
planning, treatment, and follow-up of orthodontic patients [13, 19].

3.4.6  Surgery

Evaluation of alveolar ridge contour changes after tooth extraction over time is 
another capability of CBCT. This technique has currently replaced previous meth-
ods, such as obtaining different sections of study casts and manual measurement of 
the thickness of the alveolar ridge at different steps of treatment. Compared to 
CBCT, inaccuracy and unreliability were the main shortcomings of previous tech-
niques for assessment of ridge contour before and after tooth extraction.

One of the most common applications of CBCT is to determine the exact loca-
tion of impacted teeth, particularly mandibular third molars, to prevent nerve inju-
ries and damage to adjacent structures. Localization of the mandibular canal is also 
imperative to decrease complications following maxillofacial surgery. MPR images 
can help in detecting the canal path and evaluating the presence of canals with two 
or more branches.

3.4.7  Dental Anomalies

Anomalies in size, shape, and location of teeth can be detected on CBCT images. 
Impaction of third molars and canine teeth is a type of dental anomaly that CBCT 
can aid in detecting and providing information about the accurate position, angula-
tion, and relationship with adjacent anatomical structures.

3.4.8  Temporomandibular Joint

CBCT provides accurate information about pathological changes of the temporo-
mandibular joint in both mandibular and temporal components. Although CBCT 
only visualizes the hard tissue of the joint, it would often suffice to detect most 
pathological conditions, such as osteophytes, erosion, traumatic bone injuries, and 
fractures.
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3.4.9  Paranasal Sinuses

CBCT has been widely implemented for imaging of paranasal sinuses, since it 
shows fine anatomical details of the bone and it has high isotropic spatial resolution 
and lower dose of X-ray beam compared to CT.

The natural contrast of the nasal cavity and paranasal sinuses surrounded by 
bony walls on CBCT images can help in detection of airway diseases. Assessment 
of maxillary sinuses is important for implant placement, as well as sinus patholo-
gies, qualitative and quantitative assessments, traumatic injuries, and extension of 
odontogenic lesions to the sinuses. CBCT can well reveal mucoperiosteal thicken-
ing and subsequent inflammatory changes, accumulation of calcifications, and scle-
rotic reactions.

3.5  Rapid Prototyping

CBCT images can not only serve as a visual guide for surgery but also enable fabri-
cation of actual models by providing visual data for the surgeons [2, 3, 5] (Fig. 4.12).

3.6  Tissue Regeneration

Radiographic evaluation of bone regeneration must be able to accurately record 
bone formation and degradation of bioscaffolds. CBCT is a reliable and well- 
documented technique for bioengineered bone imaging. Its main advantage is lower 
X-ray radiation dose compared to conventional CT [20].

Aimetti et al. utilized three-dimensionally evaluated bone remodeling follow-
ing ridge augmentation by the use of collagenated bovine-derived bone covered 
with a collagen membrane using CBCT. They evaluated postoperative changes in 
the test and control groups by linear and volumetric measurements made on 
superimposed pre- and postoperative CBCT images [21]. Araujo-Pires et al. used 
CBCT to study the efficacy of poly-DL-lactide-co-glycolide/calcium phosphate 
[22] scaffold for preservation of alveolar bone after tooth extraction. They also 
performed further histological assessments on the samples after CBCT, since the 
samples remained intact. Min et al. evaluated the performance of socket cap and 
socket cage for alveolar socket preservation after tooth extraction by linear analy-
sis using CBCT [23]. Al-Fotawei selected CBCT to assess the regeneration of 
critical-size mandibular bone defects using beta-tricalcium phosphate scaffolds 
along with stem cells [20].
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Fig. 4.12 Rapid prototyping by CBCT. Sockets have been prepared in left edentulous ridge of 
mandible by rapid prototyped three-dimensional printed replica of the donor tooth for autotrans-
plantation [24]
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4  Microcomputed Tomography (Micro-CT)

Micro-CT is a noninvasive imaging modality that provides high-resolution 3D 
images of 2D projections or slices of the target sample.

The first micro-CT system was introduced in the early 1980s to assess struc-
tural defects of ceramic materials. It had cone-shaped beams, and the object was 
rotated for 360° during scanning. It was later used for evaluation of bone structure, 
osteoarthritis, and trabecular structure of bone [25]. Many samples have been 
directly evaluated by micro-CT such as tooth, bone, ceramics, polymers, and bio-
material scaffolds. Advanced generations enable imaging of small living animals. 
Micro-CT is not destructive; thus, the internal structure of sample can be evaluated 
repeatedly without physical sectioning or application of toxic chemicals. The 
intact sample can later undergo other mechanical and biological tests. Thus, there 
would be no issue with regard to shortage of samples for further studies or various 
tests. High resolution and the ability to three-dimensionally reconstruct the images 
have made it a suitable choice for noninvasive imaging of different organs in pre-
clinical studies [26, 27].

Micro-CT is composed of an X-ray tube, a high-voltage power source, a collima-
tor, a customized stage with customized sample holder, a charge-coupled device/
phosphor detector, and a personal computer. The X-ray beam can be fan-shaped or 
cone-shaped. X-ray tube has a microfocal spot approximately 50 μm in size and 
benefits from high-resolution detectors. The intensity of X-ray beam depends on the 
voltage and current (amperage) of the tube. Recently, microfocused X-ray tubes 
have developed with the help of carbon nano-tubes for micro-CT, with a focal spot 
diameter of around 30 μm and high spatial-temporal resolution [25, 28]. At present, 
most micro-CT systems use third-generation scanning systems, in which both the 
X-ray tube and the detector simultaneously rotate around the object to scan it [28].

Three-dimensional imaging is performed in two ways:

 1. Desktop system

The bed with the object placed on it rotates, while the X-ray tube and detector 
remain still. The X-ray tube continuously exposes the subject, which rotates step by 
step, and the receptor captures a 2D image of each step of exposure. In 2D map of 
the pixels, each pixel is coded by a threshold value for the coefficient of attenuation, 
and then 3D reconstruction is performed in a personal computer. The attenuation 
coefficient is related to the material density. Thus, 2D maps reveal the phases of the 
material [27, 29].

 2. Live animal imaging.

The X-ray tube and detector both rotate. Noninvasive imaging provides valuable 
and practical information about the anatomy, pathology, and development of small 
laboratory animals, such as rodents [25, 28] (Fig. 4.13).

A noteworthy issue in application of micro-CT in vivo is the small animal radia-
tion dose. Radiation-induced injuries, immune response, and apoptosis following 
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X-ray radiation in micro-CT are observed in 0.1–0.5 Gy absorption doses. Unusual 
biological effects have also been reported in some cases, such as prevention of pro-
gression of type I diabetes in diabetic rats that received 0.5 Gy dose in one exposure. 
The important issue here is to consider the effects of radiation in longitudinal 
studies.

Most micro-CT systems use charge-coupled devices with phosphor screens and 
an optical or fiber optic lens to detect the X-ray beam that passes through the object. 
However, hydrogen amorphous silicon, amorphous selenium, and CMOS are still 
used. Currently, CMOS sensors are increasingly being used as an alternative to 
charge-coupled device detectors in micro-CT, because they have lower energy con-
sumption and less fabrication cost and can be miniaturized. However, high noise, 
lower sensitivity, and narrower dynamic range limit their application [28]. Two- 
dimensional projections are converted to 3D images using the filtered back projec-
tion algorithm, which is the most commonly used algorithm in micro-CT [25].

Micro-CT has the ability to provide images with 1 μm voxel size, which has 
higher spatial resolution than other imaging modalities. Very high collimated and 
monochromatic X-ray beam provide a spatial resolution around 1 μm and do not 
have the beam hardening artifact of polychromatic X-ray tube in the conventional 
micro-CT system. This imaging system is also known as the nano-CT. CT number 
is a traditional unit for measurement of attenuation coefficient, which is used in 
micro-CT systems as well. The current devices are under constant development to 
increase their speed, resolution, and applications in non-mineralized tissues.

The attenuation map obtained by the micro-CT can be used to help other imaging 
modalities, such as micro positron-emission tomography and micro single-photon 
emission computed tomography. This is referred to as multimodality imaging and is 
desirable for biological studies. In functional imaging, a combination of modalities 
can be efficiently utilized.

Spectral micro-CT is a new technique that uses a spectrum of X-ray density 
instead of unifying the entire spectrum.

Fig. 4.13 (a) Live animal imaging; (b) desktop system in micro-CT

A. Shokri et al.



67

The use of dual-energy X-ray for imaging decreases the Compton scattering and 
photoelectric effect. Phase-contrast micro-CT is another technique that comple-
ments micro-CT and is based on image detection through refracted X-ray phase 
shift. This technique provides a high-resolution image, even for soft tissue without 
using a contrast medium. The X-ray phase shift is proportionate to the tissue mass 
density. This method provides high-contrast images of the hard and soft tissues 
using micro-CT.

4.1  Advantages and Limitations of Micro-CT

Micro-CT has high spatial resolution and low cost and has various applications, 
making it a standard imaging modality for research purposes. However, low con-
trast of soft tissue and injuries caused by radiation limit its application to research 
imaging only. High-resolution demands high radiation dose and prolonged scanning 
time; this provides abundant volume of data. Micro-CT can also only be applied on 
small animals, such as small rodents. Another shortcoming of some micro-CT sys-
tems is that they still use polychromatic X-ray beam [27–29]. Lower energy beams 
are immediately attenuated; thus, the center of object is subjected to higher expo-
sure. Difficult thresholding and beam hardening are among other shortcomings of 
these systems.

4.2  Applications of Micro-CT

4.2.1  Evaluation of Enamel Thickness, Measurement of Dental 
Structures, and Assessment of Mineral Content

Evaluation of enamel thickness is often performed in anthropometric and human 
evolution studies, as well as studies on the effects of forces on teeth. CT does not 
provide accurate information about the enamel due to its low resolution for the 
enamel and dramatic effect on the enamel. Comparison of enamel thickness mea-
surements made on micro-CT scans with the actual values obtained by conven-
tional measurement methods confirms the accuracy and reliability of these 
measurements with high confidence interval. Aside from the total thickness, highly 
accurate surveys of slices from different areas of the enamel, dentin, and pulp are 
feasible. Micro-CT also enables 3D image reconstruction by the software. However, 
areas with very thin enamel thickness (100  μm) are difficult to detect and 
visualize.

Micro-CT enables quantitative measurement of the concentration of minerals 
in the bone, enamel, and dentin with >1% accuracy and 5–30 μm resolution. The 
advantages of micro-CT over other conventional techniques include noninvasive-
ness and constant slice thickness. It does not require physical sectioning of slices 
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that causes irregularities. Moreover, the thinnest slice thickness obtained by 
micro- CT depends on the size of X-ray beam, which is much thinner than the 
slices prepared by mechanical methods. Changes in mineral tooth structure caused 
by caries, etching, bleaching, and remineralization can be more accurately studied 
using micro-CT with this method [26].

4.2.2  Evaluation of Root Canal Morphology

Micro-CT enables observation of narrow canals, communication between canals, 
accessory canals, and several foramina. The conventional method of assessment of 
root canal morphology requires irreversible destruction of samples. Data obtained 
by the use of this imaging modality can be converted to 3D images and can be ana-
lyzed qualitatively and quantitatively. Some studies have used certain methods to 
calculate the area and volume of each root canal. It is also possible to eliminate the 
hard tissue on the image and observe the pulp chamber and root canals as radi-
opaque structures. Furthermore, it also enables assessment of the internal structure 
and morphology of teeth [26] (Fig. 4.14).

4.2.3  Biomechanics

Finite element modeling is a commonly used method to analyze physical phenom-
ena in terms of structure, liquid, and solid mechanics and biomechanics. The spatial 
shape of objects with a complex internal structure can be more accurately assessed 
in this method. Since teeth and bone have layered structure and anatomical shapes, 
CT reconstruction algorithms can be used efficiently for modeling of these complex 
structures. Foams, textiles, and nanofiber scaffolds can also be evaluated using this 
technique [27]. Micro-CT images can result in constructing finite element models 
with high accuracy. At present, micro-CT-based finite element method is commonly 
used due to optimal resolution and high accuracy.

Fig. 4.14 Root canal 
morphology evaluation by 
micro-CT
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After obtaining a micro-CT scan from the teeth, the enamel, dentin, and pulp can 
be segmented into different parts according to the pixel gray values or mineral den-
sity (Fig. 4.15).

4.2.4  Structure, Diseases, Development, and Adaptation of the Bone

Micro-CT enables noninvasive evaluation of bone geometry in several longitudinal 
studies on the same object. Skeletal diseases, such as osteoporosis, can be thor-
oughly evaluated using micro-CT. Micro-CT can also aid in assessment of models 
of disease emersion and consequences of various treatments. Additionally, skeletal 
micro-damage can be evaluated on micro-CT scans using a contrast medium. 
Micro-CT scans allow 3D evaluation of trabecular bone with 1–6 μm isotropic reso-
lution including trabecular thickness, the number of trabeculae, distance and distri-
bution pattern of trabeculae and trabecular spaces, the overall tissue volume, the 
trabecular bone score, the structure model index, trabecular relations, and bone den-
sity. It is superior to 2D histological assessment of bone. Micro-CT is the gold 
standard for quantitative evaluation of bone structure [29, 31].

Fig. 4.15 Micro-CT finite element model and experimental validation of trabecular bone damage 
and fracture [30]
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Micro-CT is a standard technique for evaluation of the effects of genomic factors 
on bone phenotype in animal models and can be used to simulate biomechanical 
behaviors of sample structures under complicated loading conditions using finite 
element analysis. Finite element models reconstructed using micro-CT enable eval-
uation of bone quality and micron-scale damage, evaluation of the effects of 
mechanical stimuli on bone regeneration, mechanical regulation of differentiation 
and remodeling, and detection of bone marrow liquid interactions through bone 
trabeculae [25, 26].

4.2.5  Implants

The success of implant depends on the quality of osseointegration between the tita-
nium surface of implant and the adjacent bone. Studies conventionally use histo-
morphometric analysis, which is destructive, limited, and unreproducible on the 
same sample. Micro-CT allows quantification and measurement of cortical and tra-
becular bone without these limitations and visualizes the quality and quantity of 
bone integrated with implant with excellent resolution. However, further studies are 
required to increase the accuracy and decrease the inherent metallic halation artifact 
caused by titanium [26].

4.2.6  Vascular Imaging

Vascular system studies using micro-CT with a spatial resolution smaller than 
50 μm and evaluation of 3D vascular connections are easier and more accurate than 
the conventional methods, such as the use of opaque polymers injected into the 
vessels.

The use of contrast medium enables observation of cardiovascular structures on 
a micron scale using micro-CT in vivo and ex vivo. Analysis of the vascular struc-
tures of animal models using micro-CT was first performed on the renal vascular 
system. At present, ex vivo angiography is used for 3D assessment of vasculariza-
tion in ischemic tissues. It also enables observation of major biological processes in 
the vasculature. The viscosity and radiopacity of the contrast medium used in micro-
 CT should be chosen precisely, because small size of the vessels and permeability 
of the arterioles and venules may allow perfusion of the contrast medium out of the 
vascular system.

Micro-CT can evaluate a 3D region of interest of the vascular system indepen-
dently of the other parts of the vasculature. In other words, it enables independent 
analysis of the upper extremities where arteriogenesis is dominant during revascu-
larization and lower extremities where angiogenesis is dominant.

Recent advances in contrast media for the micro-CT have enabled imaging of 
cardiovascular structures in  vivo. However, it has lower contrast resolution and 
quantitative functionality than micro-CT angiography ex vivo.
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4.2.7  Imaging with Contrast Medium

Radiopaque contrast media enables imaging of non-mineralized cartilaginous 
 tissues using micro-CT. The extracellular matrix of the sound cartilage has a high 
charge, which makes it capable of imaging. Sound articular cartilage has a high 
negative charge, while the interstitial fluid is positively charged. Thus, this complex 
has a neutral charge. In initial phases of osteoarthritis, the negative charge of the 
cartilage decreases. A negatively charged radiopaque contrast medium is used to 
balance the charge of cartilage, which enables assessment of the morphology and 
composition of cartilage using micro-CT. This technique is known as the equilib-
rium partitioning of ionic contrast agent via micro-CT or EPIC-μCT and is used for 
noninvasive longitudinal evaluation of cartilage degeneration [25]. The X-ray 
micro- and nano-focus CT can also be used for soft tissue imaging, accompanied by 
an opaque contrast medium. A large number of studies have focused on this topic 
recently. Opaque contrast media utilization is not confined to soft tissue diagnoses 
adjacent to the bone, such as bone marrow, adipocytes, and blood vessels, but can 
also be used for detection of tissue components, such as extracellular matrix, carti-
lage, adipocytes, and connective tissue. Osmium tetroxide, iodine potassium iodide 
(I2KI), and phosphotungstic acid (PTA) are among the most important opaque con-
trast agents [32–36].

4.2.8  Drug Delivery

Micro-CT has been utilized to design and evaluate the structure of materials, play-
ing the role of carriers in drug delivery (Fig. 4.16).

Fig. 4.16 Internal microtomographs of matrices before and after drug release [37]
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4.3  Rapid Prototyping

Micro-CT is a computational method, and different parameters can be calculated 
considering its hardware and software capabilities. Rapid prototyping is the result 
of such capabilities [38].

Evaluation of microstructure of materials in other fields of research is other 
applications of micro-CT, such as geosciences, medical device and pharmaceutical 
packaging, developmental biology, and toxicology. The type and origin of struc-
tures evaluated may vary and include tissue engineering scaffolds, human tissues, 
small laboratory animals (e.g., mouse and rabbit), goat, non-human primates, fish, 
shrimp, insects, human kidney stones, and fossils.

4.4  Tissue Engineering

Micro-CT meets the tissue engineering imaging requirements, which include non-
invasiveness, quantitative nature, and 3D design. The biomaterials used in tissue 
engineering must be able to meet the biomechanical and biological requirements of 
tissues and complex organs.

Scaffolds play an important role in tissue engineering and provide a supportive 
environment for other components. Scaffolds used in tissue engineering should be 
evaluated in terms of production of by-products, presence of adequate porosities 
with ideal size enabling distribution of cells and blood vessels, and optimal mechan-
ical properties. Quantitative assessment of scaffolds in micron-scale is imperative in 
terms of volume, surface area, strut width, porosity, surface area to volume ratio, 
inter-structural relations, and anisotropy for designing and fabrication of ideal scaf-
folds. Micro-CT can provide the required quantitative 3D data for this purpose. It 
allows meticulous evaluation of the internal structure of scaffolds, their mechanical 
and structural behavior, and their rate and mechanism of degradation over time. 
However, micro-CT is not appropriate for assessment of metal-containing scaffolds, 
because light and dark grainy artifacts mask the valuable details of image [27].

Micro-CT enables precise quantitative evaluation of the morphometry of miner-
alized tissues. This technique can provide high-resolution images for assessment of 
bone microarchitecture. It is also used in bone regeneration studies, since it enables 
volumetric assessment of complex tissue structures with different densities. 
Wongsupa et al. benefitted utilization of micro-CT to evaluate the tissues they had 
engineered. They appraised bone regeneration process with poly(ε-caprolactone) 
biphasic calcium phosphate scaffold accompanied by human dental pulp stem cells 
using micro-CT [39].

Micro-CT can be used to evaluate the efficacy of bone structures produced by 
tissue engineering for the formation of a biologic mineralized matrix ex vivo. In 
contrast to other methods of evaluation of bone formation, micro-CT quantifies 
mineralization over time in a 3D fashion, without damaging the samples. Moreover, 
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it enables assessment of bone formation by tissue engineering in animal models 
using micro-CT. Micro-CT systems with a fixed container and a rotating X-ray tube 
and detector are used for in vivo evaluation of small animals. Small animals are 
scanned under general anesthesia. Correct positioning of the animal, selection of the 
volume of interest, and radiation dose should be performed accurately [27, 38, 40].

5  Magnetic Resonance Imaging (MRI)

MRI is a non-ionizing and noninvasive modality with excellent capabilities for 
structural and functional imaging of the human body. In the oral cavity, it can be 
used for structural assessment of the tongue and vocal tract [41, 42].

To put it simply, what occurs in MRI is that radio waves are transmitted to a 
patient in a strong magnetic field. By discontinuing the transmission of radio waves, 
the human body emits electromagnetic signals, which are detected by the internal 
coil of the MRI device and converted to image according to the dissemination pat-
tern of hydrogen atoms (Fig. 4.17).

Protons, which have positive electrical charge, rotate diagonally around an axis, 
known as “spin,” and generate a magnetic field. Protons can be imagined as small 
dipolar magnets with a magnetic field. They are randomly oriented in space, but 
when placed in a strong, external magnetic field, they are aligned in parallel and 
non-parallel fashions referred to as the parallel or spin-up and antiparallel or spin- 
down fashion, respectively. The parallel protons have a lower state of energy, and 
higher number of protons are arranged in parallel compared to antiparallel fashion; 
however, this difference is low (Fig. 4.18).

In addition to diagonal spin, protons in an external magnetic field have preces-
sion movement, which is the oscillating movement of a proton along the external 
magnetic field in a conical path (Fig. 4.19). The higher the intensity of the external 
magnetic field, the higher the speed of oscillation and the frequency of this move-
ment, known as the precessional frequency or Larmor frequency. Parallel protons 

Fig. 4.17 Gradient magnetic field and coils to send and receive signals in the MRI device
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cancel the antiparallel magnetic forces, and since the number of spin-up protons is 
higher than that of spin-down protons, the net magnetization vector would be in the 
direction of the magnetic field.

If the magnetic force of a spin-up proton is divided into two components in the 
z and y or z and x axes, the components in the x and y axes of protons cancel each 
other, but the components aligned in the z axis collect and form a magnetization 

Fig. 4.18 (a) Protons 
aligned in magnetic field 
(b) and randomly 
orientated in the absence of 
magnetic field

Fig. 4.19 Spin and 
precessional movement of 
proton
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vector along the external magnetic field, which is known as the longitudinal 
 magnetization vector (Fig. 4.20). This vector is aligned in the external magnetic 
field direction, and in order to be detectable and measurable, it should change its 
direction in the external magnetic field. In other words, to measure the rate of mag-
netization, magnetization should be perpendicular to the external magnetic field 
direction, which is accomplished by radiofrequency (RF) pulses that should have a 
speed and frequency similar to the speed and frequency of protons. Given that the 
RF pulse frequency emitted from the coil of MRI system is similar to the Larmor 
frequency of protons, protons can receive energy from radio waves, which is 
referred to as resonance. This energy is spent to raise the level of energy of protons 
such that some of the spin-up protons become spin-down, and thus, the magnetiza-
tion in longitudinal direction decreases (Fig. 4.21). Moreover, the absorbed energy 
causes in-phase and in-step movement of protons. Resultantly, all transverse mag-
netization vectors are collected in x–y plane and result in the creation of a net 

Fig. 4.20 Longitudinal 
magnetization vector

Fig. 4.21 Decreased 
magnetization in 
longitudinal direction
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transverse magnetization vector (Fig. 4.22). Continuous movement of transverse 
magnetization vector induces an electric current in the receptor coil, which is the 
MRI signal. The magnitude of this signal is proportionate to the overall concentra-
tion of hydrogen nuclei (proton density) in a tissue and the degree to which hydro-
gen is bound within a molecule. Higher concentration of weakly bound hydrogen 
nuclei creates a stronger signal and a brighter image.

When the RF pulse is off, transverse magnetization starts to decay, which is 
known as transverse relaxation. Also, longitudinal magnetization increases again 
and gradually returns to its baseline state, referred to as longitudinal relaxation. The 
relationship of longitudinal magnetization with time after the RF pulse is switched 
off is known as the T1 curve, which indicates the energy emitted to the surrounding 
lattice from protons. However, with regard to transverse magnetization, protons that 
are in-phase and in-step become out of phase and random when the RF pulse is 
switched off. Thus, transverse magnetization gradually decreases. Reduction in lon-
gitudinal magnetization per unit of time is shown in T2 curve, which indicates spin- 
spin relaxation. T2 relaxation occurs five to ten times faster than T1 recovery. T1 
and T2 are inherent characteristics of the tissue and are constant for a specific tissue 
in a certain magnetic field.

Due to difficulty in determining the exact time of return of longitudinal magne-
tization to baseline state and elimination of transverse magnetization, T1 and T2 are 
defined as follows:

T1: Time required for the longitudinal magnetization to reach 63% of its baseline 
value.

T2: Time required for the transverse magnetization to decrease to 37% of its base-
line value.

Water and tissues, containing high amounts of water, such as cerebrospinal fluid, 
have long T1 and T2, while fat and tissues containing high amounts of fat, such as 
bone marrow, have a short T1 and shorter T2 in comparison to water. Pathological 

Fig. 4.22 Transverse 
magnetization vector
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tissues have higher water content than the adjacent healthy tissues, which enhances 
their detection on images. If molecules comprising the tissue are small and quickly 
movable, T1 would be long because energy transfer to lattice would be more diffi-
cult due to fast movement of small molecules. Impure liquids containing larger 
molecules have a shorter T2 because they have more discrepancies in internal mag-
netic fields of the material, which would cause greater differences in oscillation 
frequencies. This difference results in faster diphase of protons and shorter T2.

Some other terms need to be defined here:

Time to repeat (TR) is the time between sending two consecutive RF pulses. We set 
an example here to explain its significance. If two tissues have the same trans-
verse magnetization after sending the RF pulse, and adequate time is allowed for 
both tissues for decay of transverse magnetization and recovery of longitudinal 
magnetization until sending the second RF pulse, the signals generated by the 
two tissues would be equal. Thus, they could not be differentiated. However, due 
to the difference in nature of the tissues, the speed of decay of transverse magne-
tization in the two tissues would not be the same. Therefore, if the second RF 
pulse is sent in a shorter time, the longitudinal magnetization of the two tissues 
would be different from the baseline values; consequently, different signals are 
generated, and they could be differentiable. TR is the parameter indicative of 
longitudinal magnetization.

Echo time (TE) is the time period between the moment of sending the RF pulse and 
the moment of receiving the signal. The TE is the time after the application of the 
RF pulse when the MR signal is read. The shorter the TE time, the stronger the 
received signal from tissue would be. However, adequate time should be allowed 
for signal transmission, because if the TE is too short, the difference in the sig-
nals sent from two tissues would be too small to differentiate between them 
(Fig. 4.23).

Fig. 4.23 TR and TE
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TR determines the T1 relaxation, and TE controls the T2 relaxation at the time of 
signal collection. In other words, TE is responsible for T2-weighted images, while 
TR is responsible for T1-weighted images.

In signal-time curve, if the T1 and T2 curves of a specific tissue are combined, 
the longitudinal magnetization is tilted toward the horizontal plane during TR. It 
is the point at which, transverse magnetization decreases and the T2 curve 
initiates.

Since in long TR all tissues recover their longitudinal magnetization, if TR is 
long and TE is short, they produce equal or close signals, and difference in T1 of 
tissues would have no effect on signal intensity. Thus, they could not be differen-
tiable. Moreover, if TE is short, the difference in T2 of tissues would not have ade-
quate time to be revealed. Consequently, the obtained signal is neither T1-weighted 
nor T2-weighted; instead, it is affected by proton density of tissue. The tissue with 
greater protons would create a stronger signal.

With that same concept, in long TR and long TE, T2-weighted images would be 
obtained. On these images, tissues with long T2, such as cerebrospinal fluid and 
water, appear bright, while tissues with short T2, such as fat, are seen darker than 
water-containing tissues. T2-weighted images are used for detection of pathologies 
(Fig. 4.24).

In short TR and short TE, T1-weighted images are obtained. On these images, 
tissues with short T1 appear bright, while tissues with long T1 appear dark. 
T1-weighted images are often used for evaluation of anatomical structures.

Image contrast between different tissues depends on the internal tissue charac-
teristics, such as proton density, and T1 and T2 and external parameters, such as 
TE and TR.

Fig. 4.24 (a) T1; (b) T2 MR images in a coronal section
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Several sequences of change in strength or timing of RF pulses can be applied to 
tissues, which can suppress or emphasize the signals of different tissues [2, 43, 44].

5.1  Contrast Media

Contrast media in MRI are paramagnetic materials that shorten the T1 and T2 times 
and enhance proton relaxation. In other words, in a constant TR, higher signals are 
produced, and in a constant TE, lower signals are produced. In other words, the 
signal is enhanced in T1-weighted images, while the signal decreases in T2-weighted 
images. Thus, T1-weighted images are the imaging technique of choice after injec-
tion of contrast medium. Diffusion of contrast medium is not the same in different 
tissues. Thus, the signals obtained from different tissues are not equally affected. 
Normal tissues such as the vasculature with slow blood flow, sinus mucosa, and 
muscles are enhanced. The signal of tumoral tissues, infections, inflammations, and 
posttraumatic defects are further enhanced. Thus, they become brighter on post- 
contrast T1 images, and their differentiation from the adjacent normal tissues 
becomes easier. Using the contrast medium, tumoral tissues can be differentiated 
from the adjacent edema, which would be impossible to differentiate without con-
trast injection. Gadolinium compounds are the most commonly used contrast media. 
Another advantage of using contrast medium is that it decreases the TR and, thus, 
decreases the overall imaging time [2, 43, 44] (Fig. 4.25).

Fig. 4.25 T1, post-contrast MR images
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5.2  Spin Echo

If a 180° pulse is sent after a 90° RF pulse in TE/2 time, protons oscillate in a clock-
wise direction, and those with faster oscillation are positioned behind those with 
slower oscillation. When they reach each other, they become in-phase and produce 
a stronger magnetization and signal. This strong signal is referred to as spin echo. A 
180° pulse has twice the power or duration of a 90° pulse [43, 44].

5.3  Short Tau Inversion Recovery (STIR) and Fluid- 
Attenuated Inversion Recovery (FLAIR)

One benefit of MRI is imaging of the part of the body, while the signal emitted from 
another tissue in that specific region can be suppressed. This would eliminate the 
disturbances created by the specific tissue and its effect on the adjacent structures 
and results in a consequently stronger signal from the target tissue. Water and adi-
pose tissue are commonly suppressed tissues in clinical applications. Several tech-
niques are available for this purpose. However, their visual outcome is eventually 
the same. STIR minimizes the fat signals and enables better observation of adjacent 
structures. FLAIR minimizes the signal of fluids and makes better observation of 
tissues or pathologies adjacent to fluids, such as the cerebrospinal fluid possible [2, 
43, 44] (Fig. 4.26).

Fig. 4.26 Fluid-attenuated 
inversion recovery

A. Shokri et al.



81

5.4  Flow

Flow of liquids, such as blood flow in the human body, is another factor affecting 
the MR images. When the RF pulse is sent to one slice of the human body, trans-
verse magnetization is produced in the blood in that specific slice. However, by the 
time of receipt of the signal, the blood flow has moved the transverse magnetization 
in that slice, which may lead to no signal receipt and creation of a void on the image 
or signal reinforcement in the slice.

5.5  Determining the Section of Imaging

An external magnetic field is used for selection of the respective section for exami-
nation, which has different magnetic intensities at different parts, referred to as the 
gradient field. It is created by a gradient coil. Due to different intensities of the 
magnetic field, protons in different parts oscillate at different frequencies. Thus, to 
receive signal from each slice, the RF pulse suitable for that specific slice is used. 
The signal of this slice is received, and the location sending the signal is detected. 
Using a steep magnetic field gradient, signals can be received from different slices 
in the desired plane. The narrower the frequency domain of the RF pulse, the lower 
thickness of the imaged slice is. A steeper magnetic field gradient is used to decrease 
the slice thickness. By doing so, a narrower slice can be imaged with a constant RF.

Hydrogen, carbon-13, nitrogen-15, and oxygen-17 have active nuclei in terms of 
magnetic resonance. However, hydrogen nucleus is used for MRI because:

 1. It is abundantly found in the human body.
 2. It sends a stronger signal than other nuclei.
 3. It contains one proton and no neutron. Thus, considering the odd number of pro-

tons, the magnetic torque of protons is not neutralized [43, 44].

MRI is composed of several hardware components:

 1. A strong superconducting magnet. Its intensity and power are expressed in tesla 
(T). The intensity used in MRI is often 0.5–1.5 T, but it can range from 0.1 to 
4  T.  Systems with stronger magnetic fields have a higher SR but are more 
expensive.

 2. A Faraday cage to block interference of external radio waves.
 3. A coil for sending RF pulse and a coil to receive tissue signal. Some coils do 

both.

5.6  Advantages of MRI

MRI does not have ionizing radiation and does not have the risks of X-ray-based 
imaging systems.
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It is a noninvasive method of imaging and provides the best soft tissue images 
with the highest quality and resolution.

Also, direct multiplanar imaging is possible without the need to change the 
patient’s position.

5.7  Limitations of MRI

Limitations of MRI include that it is costly, has limited availability, has long scan-
ning time, and is difficult to perform in claustrophobic patients.

Additionally, there is a risk of dislocation and increased heat and damage in 
patients who have metals with ferromagnetic properties in their body, when placed 
in the strong magnetic field of MRI.

It has image distortion in the presence of metals, and the contrast medium used 
in MRI is contraindicated in some individuals, as there is a risk of adverse conse-
quences, such as nephrogenic cystic fibrosis in some patients with impaired renal 
function.

5.8  Applications of MRI

5.8.1  Imaging and Evaluation of Soft Tissue

Evaluation of component position and structure of the temporomandibular joint is 
an important application of MRI in the maxillofacial region. Chan et al. utilized this 
remarkable application of MRI in their study. They employed contrast-enhanced 
MRI method for the follow-up and determination of the regeneration rate of tem-
poromandibular joint disc following implantation of a reconstructed collagen tem-
plate in an animal model [45].

MRI can also aid in locating the mandibular nerve in cases where conventional 
imaging modalities cannot accurately determine its location.

5.8.2  Pathologies Involving the Soft Tissues

MRI can be used for assessment of lymph node involvement and perineural involve-
ment in malignancies. It also plays a fundamental role in the diagnosis of peripheral 
nerve lesions. Bendszus et al. highlighted the positive role of this technique in primary 
diagnosis of acute axonal nerve lesions and monitoring of nerve regeneration [46]. 
MRI can be helpful for detection of areas of ischemic tissues with regenerative ability 
for targeting of treatments supporting tissue recovery. Accordingly, Laakso et al. eval-
uated different MRI relaxation and diffusion tensor imaging parameters for detection 
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of areas with signs of regeneration in ischemic mouse skeletal muscles. Last but not 
least, MRI is used for evaluating invasion of intraosseous lesions to the adjacent soft 
tissues [47].

5.8.3  MR Spectroscopy

Superconducting magnets with higher field strengths (4–7 T) are used for magnetic 
resonance spectroscopy. Magnetic resonance spectroscopy evaluates the chemical 
composition of specific elements in a noninvasive manner. Spectroscopy combined 
with imaging can be used to assess the chemical and metabolic activity of specific 
areas. It provides valuable information about cellular physiology in vivo. Also, the 
course of specific diseases and the efficacy of some therapeutic procedures can be 
evaluated as such.

5.8.4  Cardiac Magnetic Resonance Imaging

Cardiac MRI is one of the most complex MRI techniques, which should not only 
compensate for the respiratory movements but must also consider unstoppable 
heartbeats. It provides information about the physiological function and anatomy of 
the heart [48].

5.8.5  Magnetic Resonance Angiography

It is a noninvasive method of blood vessels imaging to visualize and detect vascular 
abnormalities (Fig. 4.27).

Fig. 4.27 Magnetic resonance angiography
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5.9  Tissue Regeneration Appraisal

Kamei et al. evaluated the regeneration process of focal articular cartilage defect in 
the knee following injection of mesenchymal stem cells using MRI T2 mapping as 
an adjunct diagnostic tool [49].

Ribot et al. evaluated high spatial and temporal resolution 3D MR images to fol-
low the bone regeneration and vascularization in femoral bone defects of rats. They 
implanted three different biomaterials and compared the progress of healing in MR 
images with μCT and histologic observations. Findings of MR images were con-
firmed by μCT and histology, and it was concluded that MRI presents great  potential 
for evaluation of tissue-engineered bone and even an alternative for μCT and histol-
ogy in preclinical bone tissue engineering studies [43, 44].

Superparamagnetic iron oxide nanoparticle-labeled scaffolds have been devel-
oped, which make in vivo monitoring of location and function of implanted scaf-
folds more feasible by MRI. These MRI-visible scaffolds can be tracked in situ.

6  Summary

The use of 3D imaging technology plays a pivotal role in promoting the quality of 
different steps of tissue engineering from the fabrication of scaffold and biomateri-
als to long-term assessment of the success of used materials and adopted 
procedures.

The spatial scale of the obtained data varies from as small as micrometers to as 
large as the overall evaluation of a living creature, in addition to having applica-
tions both in vivo and in vitro; hence, the spectrum of 3D imaging is quite expan-
sive. Although advanced imaging modalities are superior to conventional imaging 
in many ways, a specific imaging modality alone cannot provide all the required 
information. For instance, CT can provide high-resolution anatomical and morpho-
logical information; however, it imposes the patient a high radiation dose. CBCT 
has a much lower radiation dose than CT, but it has limited ability in visualizing 
soft tissue. The imaging modality of choice must be selected according to its appli-
cability and the required information (Table  4.2). The nondestructive nature of 

Table 4.2 Summary of 3D imaging in dental and oral tissue engineering

Soft tissue 
illustration

Hard tissue 
illustration Imaging time Radiation dose Cost

CT Moderate Good High High High
CBCT Weak Good Low Lower than CT Lower than CT
μCT Moderate Excellent High High Lower than CT
MRI Good Weak High None High
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imaging systems is a great advantage in longitudinal studies, which allows 
 evaluation of changes in engineered tissues or materials used in tissue engineering 
in viable biological systems, which paves the way for further clinical applications. 
CT, CBCT, MRI, and micro-CT can be used in vivo. Due to higher applicability 
and availability, they are more commonly used for morphological assessments, and 
after imaging, samples remain intact for further studies. Some imaging systems 
have applications in  functional and molecular assessments, and their use in tissue 
engineering of the maxillofacial region is on the rise.
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Chapter 5
Application of Bioreactors in Dental 
and Oral Tissue Engineering

Leila Mohammadi Amirabad, Jamie Perugini, and Lobat Tayebi

1  Introduction

Increased rate of tooth loss and craniofacial trauma necessitate development of 
novel methods for regeneration of oral and dental tissues, including dentine-pulp 
complex, salivary glands, oral mucosa, connective tissues, temporomandibular 
joints (TMJ), periodontium, vascular, bone, cartilage tissues, and nerves. Scaffolds 
in tissue engineering can offer biomedical cues to the stem cells and thereby provide 
a new approach to tissue-engineered grafts.

In the engineering of oral tissues, the cells cannot penetrate into the center of 
three-dimensional scaffolds that are thicker than 100–200 μm. Even if the cells 
penetrate to the depth and spread homogeneously, after long periods in the cell cul-
ture, extracellular matrix (ECM) will accumulate throughout the scaffolds. In static 
culture, since the only way for transferring materials is diffusion, the nutrients and 
oxygen cannot penetrate sufficiently into the center of the scaffolds. Therefore, 
some cells move from the center to the peripheral region through chemotaxis. 
Accumulated cells at peripheral region secrete more ECM, which further impedes 
the diffusion of nutrients to the center region. This phenomenon causes cell necrosis 
and lack of tissue regeneration at the center of the scaffolds. To overcome this prob-
lem and make a larger homogenous engineered construct, fluid transport should be 
applied.

Bioreactors are engineered systems developed to provide a biologically active 
environment that delivers the nutrients and oxygen to the cells in the depth. The 
early systems of bioreactors were rotating wall, spinner flasks, and rocker bioreac-
tors, which provide mass transport of medium to the scaffolds and development of 
homogenous engineered tissues.
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In addition to homogenous distribution of cells and chemical factors, recapitulat-
ing the mechanical and electrical stimulation should also be established to make the 
fully functional engineered tissues. The next generation of bioreactors can impart 
such mechanical or electrical stimulations to the cells for developing engineered 
construct with more similarity to their native counterparts. The cells respond to 
these biophysical cues through modification of gene expression, production of 
ECM, etc. Each type of tissue requires specific stimulation on the basis of compre-
hensive recognition of its biological aspect. For example, shear stress enhanced 
regeneration of bone, cartilage, and blood vessels; torsional and tensile forces 
improved ligament differentiation; compressive forces increased chondrogenesis; 
and electrical impulses enhanced efficiency of nerve, cardiac, and skeletal muscle 
differentiation. Therefore, tissue-specific bioreactors should be applied according to 
biological cues of each kind of tissue.

Another important application of bioreactors is in vitro investigation of cellular 
interaction in tissue development by providing a specific microenvironment. The 
bioreactors should be designed to cover the microenvironment properties of target 
tissue we want to engineer.

In this chapter, first we focus on the key principles required for bioreactor design-
ing used in oral and dental tissue engineering. Here, we discuss the structural, 
mechanical, and electrical properties in the microenvironment of dental and oral 
tissues. Moreover, we will illustrate the materials and structural design, which are 
important in manufacturing the bioreactors to recapitulate the tissue microenviron-
ment. Subsequently, the different kinds of bioreactors with their different designs 
will be described. Eventually, an overview of bioreactors used in engineering of 
different dental and oral tissues is provided.

2  Bioreactor Design Requirements in Dental/Oral Tissue 
Engineering

Designed bioreactors can improve uniform distribution of the cells, delivering the 
nutrients and gases. Moreover, according to target tissue, they can provide control-
lable chemical and physical stimuli and, hence, information about the evolution of 
the tissues. Although the requirements for designing a bioreactor depend on its 
application, there are some universal principles.

Materials used to manufacture the bioreactors are very important factors. They 
should be sterilizable, bioinert, and biocompatible in 37 °C and humid atmosphere 
and have proper mechanical strength, chemical, and physical characteristics and 
structure.

Parts of the bioreactors that are in contact with culture medium should be steril-
izable by autoclaving and soaking in disinfectant, such as 70% ethanol, gamma, UV, 
and X-rays. Hence, the materials should be resistant in aforementioned sterilization 
methods. Furthermore, the materials should be bioinert without any leakage in the 
medium after sterilization. For example, among metals, stainless steel with chro-
mium ions is a bioinert material and easily autoclavable.
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The other characteristics of materials used in the bioreactors are opaque and 
transparent. To monitor the events which are happening in the bioreactor, the mate-
rial to create chambers should be transparent. Glass is a good candidate for this 
reason, but the difficulty of carving and manufacturing it to make specific shapes of 
chambers limits its usage. Plexiglass is another transparent material which can be 
carved easily into different shapes. But, the low stability of plexiglass against 
numerous cycles of sterilization limits its application.

Another characteristic of materials for making the components of bioreactors is 
flexibility. The pipes that transfer the medium between different chambers and 
O-rings, which prevent water leakage, should be flexible.

To transfer electrical stimulation and impulses to the cells and constructs in the 
bioreactors, some electrodes should be incorporated in the chambers. These elec-
trodes should be electrically conductive as well as biocompatible, bioinert, and seri-
alizable. Stainless steel 316, with its high resistance against acids and corrosion, is an 
electroconductive metal with good biocompatible trait. Aluminum, gold, and carbon 
rod electrodes are the other conductive materials used for electrical stimulation.

The bioreactors also should be designed to be easily and quickly assembled with-
out any contaminations. The sensor should be incorporated for monitoring oxygen 
and nutrient concentration, pH level, etc. For applying the mechanical and electrical 
forces, the motors, pumps, and devices should be designed to make stimulations 
with low intensity range, fit in an incubator, and work in humidified atmosphere and 
37 °C temperature. Moreover, bioreactors should have multiple chambers to repeat 
the experiments simultaneously and achieve statistically true results. In tissue engi-
neering using bioreactors, scaffolds are the usual constructs, which accelerate dif-
ferentiation and tissue engineering. Therefore, some elements should be designed in 
the bioreactor to restrain the scaffolds and constructs in an appropriate place.

Despite abovementioned parameters in designing bioreactors, detailed design 
parameters depend on the target tissue and our goal of study. For example, to make 
neural or muscular tissue, electrical stimulation can enhance making functional 
tissues, whereas electrical stimulation does not affect significantly bone regenera-
tion. Furthermore, for example, for investigation of hydrostatic pressure on the 
engineering of a specific tissue, flow perfusion should not be applied even with 
positive effect.

Although bioreactors can make some similar stimuli in the body, it is technically 
difficult to design and manipulate bioreactor systems that can recapitulate the physi-
cal/biological situation in tissues or organs due to the complexity of the structure of 
tissues and organs in the body. In the next section, we explain the structure, require-
ments, and work mechanisms of different types of bioreactors used in dental and 
oral tissue engineering.

3  Types of Bioreactors

A functional tissue construct is ordinarily achieved by applying some specific bio-
logical stimulation and cues, which recapitulate the crucial elements of the micro-
environment of cell niche. These stimulations could be shear stress, dynamic 
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compressive and torsional loads, flow-induced pressure, electrical impulses, etc. 
(Fig. 5.1). Each of this stimulation can be applied in vitro by designing specific tis-
sue bioreactor according to the target tissue. Here, we will describe the different 
bioreactor models that have ever been used in oral and dental tissue engineering.

3.1  Spinner Flask Bioreactors

In this kind of bioreactor, the engineered constructs are suspended or placed in the 
moving fluid through microcarriers or different holders (Fig. 5.2a, b) [1, 2], which 
is produced by a magnetic rod stirrer. The convective and turbulent flow in the 
media makes eddies and shear forces in the pores of scaffolds, and, thereby, diffu-
sion of the nutrients, gases, and wastes between the cells seeded at the center of the 
scaffolds and the surrounded bulk media. This diffusion of nutrients to the depths of 
the scaffolds allow uniform growth of the cells throughout the scaffolds. The vol-
ume of the spinner (or stirred-tank) flask bioreactor is between 100 and 8000 ml, 
and the speed of the stirrer runs at 40–80 RPM.

Fig. 5.1 Different types of stress

Fig. 5.2 Spinner flask bioreactors. (a) The scaffolds are placed in direct contact with the medium. 
(b) The scaffolds are placed in a holder where the scaffolds contact with media throughout the 
embedded holes in the lid and holder
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The rotation flow in the spinner flasks cannot recapitulate the natural niche of 
tissues. Moreover, the difficulties in handling and scaling limit the spinner flask 
bioreactor in the tissue engineering.

3.2  Rotating Wall Vessel Bioreactors

Like spinner flask bioreactors, this kind of bioreactor is used for transferring the 
nutrients, gases, and wastes between the engineered construct and bulk of the fluid. 
These bioreactors induce shear stress with fewer turbulence, which provided a bet-
ter controlled nutrient supply. In the rotating well vessel bioreactors, the cells, scaf-
folds, and other constructs are free to move in media between two concentric 
cylinders. The outer wall rotation (15–30 RPM) produces centrifugal force (Fc) and 
hydrodynamic drag force (Fd), which are in balance with gravitational force (Fg) 
(Fig. 5.3). As the cells in the scaffolds proliferate and the construct becomes heavier, 
the rotational speed of outer wall should be enhanced to counteract the force of 
gravity. Otherwise, the scaffolds lose their suspension and deposit at the bottom of 
the outer wall. Hence, a dynamic culture with mass transferring and low shear stress 
are made with this rotation. These bioreactors provide more homogenous cell distri-
bution in the scaffolds than static culture. In this kind of bioreactor, gas exchange 
occurs through a semipermeable membrane on the inner cylinder or a filter. The size 
of engineered constructs in this kind of bioreactor is small, which negatively affects 
their clinical usage.

3.3  Rocker Bioreactors

The rocker or wave bioreactors consist of a heavy-duty base unit, rocker tray, bag, 
and sensors (Fig. 5.4). The tray is mounted underneath the bag and applies rocking 
motion using a smooth waveform motion to help gas transferring, bubble-free aera-
tion, and minimize shear stress. Trays also include a heater and thermocouple. Bags 
are disposable and sterile chambers. The oxygen, pH, and temperature sensors are 
submerged in the bag of this bioreactor. Rocking angle and rate, bag volume, type, 
and geometry affect fluid flow and oxygen transfer efficiency. Indeed, the efficiency 
of mixing is directly related to rocking angle, rocking rate, and filling level. 
Moreover, with enhanced volume of the bag, the efficiency of mixing decreases [3]. 
The power input is another factor that is directly proportional to the angle and rate 
of rocking. The hydrodynamic cell stress is decreased by rocking rate. On the other 
hand, increasing the rocker rate causes effective transfer of the nutrient and oxygen, 
therefore enhancing cell growth. Some of bioreactors that are categorized in this 
kind of bioreactor group apply low-magnitude high-frequency motion to the con-
struct. Numerous studies have shown that this mechanical vibration influences 
regeneration of some tissue like bone through ERK1/2 activation [3, 4]. The 
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Fig. 5.3 Rotating wall vessel bioreactors

Fig. 5.4 Rocker bioreactors. Two kinds of rocker bioreactor designed for applying vibration with 
different intension
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vibration with low amplitude and low frequency recapitulates physiological 
processes such as walking and the pulsatile flow of blood. The vibration with a 
specific frequency and magnitude can induce bone and musculoskeletal regenera-
tion [5, 6]. Accordingly, nano−/microvibrational bioreactors are designed for this 
purpose. However, this bioreactor cannot mimic appropriately the milieu of tissue, 
which limits their use in engineering of different tissues.

3.4  Flow Perfusion Bioreactors

Although the previous described bioreactors can enhance the mass transferring at 
the center of the scaffolds, they still cannot mimic the microenvironment of tissues. 
Perfusion bioreactor systems may be more complicated to operate than the previous 
bioreactors by providing more controlled flow patterns. Flow perfusion bioreactors 
typically consist of a scaffold chamber, which connects to a reservoir thorough 
input and output tubes. A peristaltic pump can apply perfused flow in the chamber, 
recapitulating the releasing of nutrients and collecting of wastes throughout the 
blood vessels in the tissues. By using peristaltic pumps, since the medium does not 
contact with the pump elements, it is easy to maintain sterility.

Flow perfusion bioreactors are categorized into indirect or direct bioreactor. In 
the direct perfusion bioreactor, the scaffolds or constructs fit in the chambers and 
are kept in the path of media flow. This prevents the medium from flowing around 
the periphery, and, thereby, the medium perfuses into the interstices of the scaffolds 
and transfers shear stress to the cells. If the indirect perfusion bioreactor of the scaf-
folds or constructs does not fit in the chamber, the media pass around the scaffolds, 
causing a reduction in mass-transfer efficiency throughout the scaffolds. Among the 
rotating wall, spinner, rocker, and perfusion bioreactors, it has been proven that flow 
perfusion bioreactor provides the best biological fluid transport and homogenous 
cell distribution throughout the scaffolds in long-term cell culturing [3]. The peri-
staltic pumps make it possible to cultivate the large-sized engineered construct by 
enhancing mass transport.

Since perfusion systems need a large amount of cell culture medium to acceler-
ate circulating flow between chamber and reservoir, the secreted factors from the 
cells may be remarkably diluted and a large volume of growth factors is required. To 
surmount this problem, the medium can be exchanged partially to maintain the 
advantage of the conditional medium (Fig. 5.5a).

In indirect perfusion bioreactors, the medium pass easily preferentially around 
the constructs. While, in direct perfusion bioreactors, the medium is perfused 
throughout the cell/scaffold constructs because the constructs are fitted in the cham-
ber placed in a path of flow (Fig. 5.5b).
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3.5  Hydrostatic Pressure Bioreactors

In this kind of bioreactor, the cells are seeded on the scaffolds in static cell culture, 
then the cell-seeded scaffolds transfer to a hydrostatic chamber. A hydrostatic pres-
sure bioreactor includes various parts such as the chamber where the scaffolds are 
located, a piston that is controlled by an actuator, and a sterile impermeable flexible 
membrane which is placed between piston and media in the chamber (Fig. 5.6). 
Design diversity of hydrostatic pressure bioreactors includes a pressure piston, 
which pressurizes the chamber containing medium through a flexible and imperme-
able film and is controlled by a variable back pressure valve and an actuator.

3.6  Strain Bioreactors

This kind of bioreactor usually has been used in connective tissue and cardiac tissue 
engineering. In strain bioreactors, the way through which the strain force is trans-
ferred to engineered construct differs compared with compression bioreactor. The 
strain bioreactor system is composed of an actuator and a chamber where two 
anchors, including an actuating and fixed anchor, are located. The opposite ends of 

Fig. 5.5 Flow perfusion bioreactors. (a) Direct and (b) indirect perfusion bioreactor
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scaffolds are held by fixed and actuating anchors. When stretching starts, the actuat-
ing anchor starts moving outward, whereas the fixed anchor remains in place 
(Fig. 5.7). The scaffolds used in these bioreactors should be a flexible material, such 
as PDMS membrane. In piezoelectric scaffolds two electrically conductive and flex-
ible rods were placed on the two sides of scaffolds in a chamber. Whenever an 
electrical field is applied on these piezoelectric scaffolds, the scaffolds start stretch-
ing. This system could increase the Young’s modulus of the construct in cartilage, 
ligament, and tendon tissue engineering.

Fig. 5.6 Hydrostatic 
pressure bioreactors

Fig. 5.7 Strain bioreactor before and after stretching
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3.7  Compression Bioreactors

Compression bioreactors are the other commonly used bioreactors for applying 
static and dynamic loadings. The static compression bioreactor consists of a system 
supplying linear motion and a flat platen placed on the lid of a chamber, in which 
scaffolds are placed. This flat platen distributes the load on the cells seeded on the 
scaffolds. In dynamic compression bioreactors, the mass transfer applies the com-
pression load on the scaffold using the fluid flow. Compression bioreactor can 
enhance the aggregate modulus of cartilage and other connective tissue-like con-
structs [7].

3.8  Electrical Stimulation Bioreactors

Electrical stimuli are the other physical stimuli that are important for neural, skele-
tal muscle, and cardiac tissue engineering. The electrical field can be harnessed in a 
chamber of bioreactor by two electrical conductive rods placed at the two sides of 
the chamber, while a pulse generator produces the electrical field between two rods 
(Fig. 5.8) [8]. The scaffolds used in this kind of bioreactor are electrically conduc-
tive to transfer electrical signals to the cells seeded on the scaffolds.

3.9  Combined Bioreactors

Sometimes to make a fully functional construct, multiple physical stimuli should be 
applied on the engineering construct to recapitulate better the native microenviron-
ment of the tissue (Fig. 5.9). For example, a strain or hydrostatic bioreactor with 

Fig. 5.8 An eight-electrical stimulation bioreactor with two electrodes placed at the two ends of 
each chamber [8]
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added perfusion can deliver nutrients effectively along with applying mechanical 
stimuli [8–10]. Some bioreactors can also be designed for engineering of a specific 
tissue. For example, for vocal fold tissue, a combined tensile and vibrational biore-
actor was designed with similar vibrations and amplitude in human [11].

3.10  In Vivo Bioreactors

The previous described bioreactors are in  vitro and provide some electrical and 
mechanical stimuli for the cells ex  vivo. Nevertheless, in  vitro recapitulating all 
local biophysical cues in the microenvironment of the natural tissue and vascular-
ization are difficult. The body of organisms could be utilized as an in vivo bioreac-
tor, where multiple biophysical cues, even those unknown factors which could 
enhance regeneration, can be applied on the engineering construct. The history of 
using this kind of bioreactor dates back to the 1960s when the scientists implanted 
silicon molds in the rat as in vivo bioreactors to generate vascularized bone con-
struct [7]. Many small and large animal models can be used as in vivo bioreactors, 
such as rats, mice, and rabbits as small animals and sheep, mini pigs, and nonhuman 
primates as large animals. Using small animal is more common because their price 
and cost of maintenance are affordable. Moreover, this model requires only a small 
amount of materials, such as scaffolds and chemical. However, diffusional chal-
lenges in defects of the human cannot be simulated in small models, which make 
large animals more suitable in vivo bioreactors for therapeutic goals in human. In 
some defects, the defect position itself can be used as an in vivo bioreactor.

There are several important factors in using in vivo bioreactors such as prefabri-
cation site, time, and geometry. Each site in an organism has different progenitor 
cells, signaling molecules, vascularization capacity, and nerves. For implantation, a 

Fig. 5.9 Perfusion bioreactor combined with compression one
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site that most closely resembles the target tissue environment should be chosen. 
Moreover, the site should be accessible to the harness where less pain is felt and less 
inflammatory responses are produced. Time of implantation, when the development 
of the target tissue is at peak quality and quantity, is another important factor in 
using in vivo bioreactor. In tissue engineering of some constructs, the shape of the 
site of implantation is another prefabrication factor that can be designed to resemble 
the geometry of defect. For example, because geometric precision is a critical factor 
in facial bone tissue engineering, the site of in vivo bioreactor is considered the 
defect site in a patient, and, thereby, the scaffolds used are designed geometrically 
similar to defect site.

4  Applied Bioreactors in Dental/Oral Tissue Engineering

Engineering of 3D tissues needs transferring the materials throughout the engineer-
ing construct to make homogenous tissues. Hence, there is a requirement for biore-
actors in tissue engineering of different constructs. Oral and dental tissues include a 
large range of tissues, such as dentine-pulp complex, salivary glands, oral mucosa, 
connective tissues, temporomandibular joints (TMJ), periodontium, vascular, bone, 
cartilage tissues, and nerves. The engineering of this tissue in vitro requires nutri-
ents and gas delivery to the center of the construct, which could be achieved with 
the bioreactors. Here, the different bioreactors used in oral and dental tissue engi-
neering will be described, and the efficiency of each bioreactor in engineering of 
each tissue will be discussed.

4.1  Bone Tissue

In bone tissue engineering, the nutrients and gases should be transferred to recapitu-
late blood vessels in vitro using bioreactors that make flow fluid in the constructs. 
Spinner flask bioreactor, rotating wall vessels, rocker bioreactor, and flow perfusion 
bioreactor can make such fluid flow for the constructs with different efficiencies. 
Moreover, mechanical loads on the bone apply shear stress on the osteoblasts and 
osteoclasts, which cause enhancement in differentiation (gene expression of ALP, 
BMP2, RUNX2, ColI, osteocalcin, fibronectin, osteonectin) and Ca2+ deposition. 
Perfusion bioreactors have more effective flow fluid perfusion and fewer turbulence 
in comparison to spinner flask and rotating wall bioreactors. The studies showed 
that rotating wall vessels bioreactors with applying more effective flow fluid and 
less turbulence compared with spinner flasks induce bone formation more effec-
tively [12]. However, routine rocker bioreactors making high turbulence in the fluid 
are not good candidates for bone tissue engineering, yet rocker bioreactors with 
micro- and nano-vibration could be a useful instrument to enhance bone regenera-
tion [13, 14]. Moreover, the studies show that hydrostatic pressure resembling the 
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forces on the bones in the joints could enhance bone formation [15, 16]. Strain 
bioreactor is another type of bioreactor which could influence bone formation. 
Compression bioreactors are suitable bioreactors for bone reconstruction in vitro by 
recapitulating the compression forces on the bones of body. The studies showed that 
compression bioreactors could affect bone formation in vitro [17, 18]. Electrical 
stimulation is another factor that can affect bone formation [19, 20]. This electrical 
stimulation can resemble the electrical stimulation produced by neuron cells to 
induce bone regeneration. In the body, the progenitor cells of the bones and osteo-
cytes are exposed to different forces and conditions produced by previous described 
bioreactors. By combination of aforementioned bioreactors, the condition of tissues 
in the body could be fully recapitulated, and therefore the bone formation could be 
effectively improved. It has been shown that there are different unknown factors 
which could influence bone regeneration. To achieve such a situation with all known 
and unknown factors, in vivo bioreactors could be used. The studies show that these 
bioreactors could augment bone regeneration in constructs produced in the afore-
mentioned bioreactors [21, 22]. The different kinds of bioreactors and cell source 
are listed in Table 5.1.

4.2  Oral Cartilage, Tendon, and Ligament Tissue

Cartilage tissues in different places, such as between the mandibular condyle and 
fossa-eminence, spread loads, absorb hits, and lubricate and facilitate bony surface. 
Cartilage injuries due to traumas and tumors at temporomandibular joint (TMJ) 
result in quality reduction of life. Lack of vascular and neural tissues in such carti-
lage tissues causes minimal capacity to repair. The advancement in tissue engineer-
ing using bioreactors confers a promising approach for cartilage regeneration.

The cartilage tissue, for example, at TMJ disk, primarily consists of fibrochon-
drocytes. The meniscus in TMJ is one of fibrocartilaginous cartilage tissues, which 
disperses loads in the joint and therefore decreases bone friction. These kind of 
stratified cartilage tissues are composed of different layers with different types and 
amount of extracellular matrix. This structure is created due to biomechanical forces 
in microenvironment of the cells. Calcified layers at deeper sites are exposed to the 
lowest oxygen levels and highest hydrostatic pressures. Compressive loads at the 
center of disk cause chondrocyte accumulation, whereas the middle layer is exposed 
to compression loads, hydrostatic pressure, and higher oxygen levels. Compression 
loads cause radial expansion of the disk, and hence the peripheral sites of disk are 
exposed to tensile hoop stresses, leading to fibroblast aggregation [79]. Previous 
studies have shown that mechanic stimuli could induce cell proliferation and 
 chondrogenic differentiation [80]. Bioreactors that can provide these mechanical 
and oxygen stimuli in vitro are suitable for cartilage and other similar mechanosen-
sitive tissues. The compression-tension/relaxation bioreactors can provide desirable 
mechanical stimuli and perfusion on the engineering construct. Some bioreactors 
used in tissue engineering of cartilage tissues are listed in Table 5.2.

5 Application of Bioreactors in Dental and Oral Tissue Engineering
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5  Conclusion

To make the fully functional engineered oral and dental tissues, other factors should 
also be established, including homogenous distribution of cells, chemical factors, 
and recapitulating the mechanical and electrical stimulation. Bioreactors can 
improve uniform distribution of the cells, delivering the nutrients and gases, and 
apply different kinds of mechanical stimuli on the engineering constructs. However, 
oral and dental tissues are exposed to different kinds of unknown stimuli simultane-
ously that need to be discovered and investigated. This therefore requires designing 
more complex bioreactors based on geometry, different mechanical and physical 
stimulation in target tissue. Further studies are needed to discover the physical and 
mechanical factors affecting engineering oral and dental tissues and based on which 
suitable bioreactors will be manufactured.
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Chapter 6
Engineering of Dental Titanium Implants 
and Their Coating Techniques

Jonathan Wirth and Lobat Tayebi

1  Introduction

Implants provide a functional restoration of edentulous regions along the alveolar 
crest; thus, material selection should be durable for functional loading and biocom-
patible to achieve osseointegration. Long-term implant success is predicated on suc-
cessful osseointegration, which provides the secondary retention for the span of the 
implant. Osseointegration is defined as a functional ankylosis of a load-bearing arti-
ficial implant [1].

Titanium is a favorable biomaterial for dental implants because of its rigidity, 
biocompatibility, and hydrophilicity properties. It induces bioactivity via electro-
negative potential [2]. It is resistant to a variety of forces and maintains a similar 
coefficient of expansion to bone, making it an ideal post material for load bearing in 
dental implantology. Innate properties of titanium can be bolstered with use of coat-
ing techniques, manipulating the microenvironment of the surgical site upon place-
ment and through healing [3].

A controlled immune response, high rate of angiogenesis, and bioactivity are 
conducive to osseointegration; furthermore, the intimacy in which bone apatite is 
formed to the implant surface determines the seal of the implant, thus reducing 
incidence of bacterial adhesion [4]. A multitude of clinical presentations provide 
challenges to favorable wound healing conditions. Functionalization of titanium 
implant surfaces allows further control over osseointegration of the implant, provid-
ing wider patient selection for the restoration of function [4].

Surface modification is subdivided into two methodologies: additive and sub-
tractive [5]. Additive modifications include coating or impregnation of a material on 
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the titanium surface. Subtractive methods remove material to roughen the surface, 
increasing porosity. Grit blasting, etching, and ablation are some examples. These 
methods can be combined to adjust the interface of titanium, leaving a wide range 
of possibilities for functionalization and more dimension planning an implant 
design. This article will focus on additive surface modifications of titanium, their 
biomechanics, and schema.

The chapter will also discuss the benefits and limitations of coating techniques 
and coating substrates, both conventional and prospective. The article is organized 
by substrate, as coating techniques may be used for a variety of materials; thus, a 
brief overview of the scheme and application of coating methods is included, with 
explanation of the advantages and limitations of these methods. Prospective studies 
are compared with conventional techniques to emphasize the future study.

2  Overview

Surface coating may be organic, inorganic, or a combination of both [5]. Organic 
coats consist of polymeric or biomimetic films deposed at the surface. Inorganic 
coats in implantology often consist of metals or ceramics. These coats can be 
assembled at a molecular level, forming highly organized surface topographies at a 
nanoscale. Many of these materials, both organic and inorganic, accept nanoparti-
cles sterically or chemically, adding more control to a surface coating scheme. 
Furthermore, assembly of these coats may be implemented to be more inclusive, 
offering a multitude of alteration to the biochemistry at the implant surface.

Surface coats ideally adhere to the titanium implant surface in a stable and pre-
dictable manner after processing, exhibiting minimization of cytotoxicity and geno-
toxicity, efficacy of pharmaceutical reagent with optimal, sustained diffusion of 
incorporated pharmacy [4, 6]. Defects during processing may lead to premature, 
bulk fracturing of coat material in commercially used coating methods, such as 
plasma spraying, inducing undesired inflammation. Increased bond strength 
between the coat and implant reduces incidence of these unwanted outcomes. 
Ultimately, an ideal coat is conducive to apatite formation intimately adhering to the 
surface. Schematics for implant coats ideally allow intercalation of forming apatite 
or factor in metabolism of the coating material to reorganize the bone–implant inter-
face for optimal osseointegration [7].

Peri-implantitis in the first year of implant placement constitutes 10% of prema-
ture failures, rendering it the leading cause of implant failure [8]. Reinforcing 
implants with antimicrobial potential is accomplished with the sustained release of 
antimicrobial medications for long-term healing or weigh the competitive adher-
ence to the implant surface in favor of osteoblastic activity [9]. Antimicrobial medi-
cations can be bactericidal, bacteriostatic, or primers for immune response. 
Chemotaxis and the provision of an adherent media promote cell adhesion. These 
factors may be intrinsic properties of surface coating materials; however, nanopar-
ticles localized at the implant surface allow the opportunity to introduce reagents to 

J. Wirth and L. Tayebi



151

the surgical site. Because these nanoparticles are readily metabolized, they are often 
impregnated within a slowly metabolized matrix for sustained release overtime, lest 
they be exhausted prematurely. Materials such as hydroxyapatite (HA), graphene 
oxide, and chitosan offer the capacity to be impregnated by these nanoparticles 
[10–12].

3  Implant Coating Materials and Techniques

Biochemical substrates are biomimetic materials at the implant surface, creating a 
microenvironment that is primed for osseointegration. In conceiving these materi-
als, there is a focus in mimicry of pre-existing compositions for optimal biocompat-
ibility [13]. This can include the localization of plasma proteins and extracellular 
matrix (ECM) proteins to expedite wound healing, as well mimicry of bony archi-
tecture, which is accomplished by HA coating [14]. The challenge is in immobiliz-
ing and localizing these biochemical agents so that they aid in osseointegration 
reliably over time [15].

HA constitutes the inorganic matrix of bone, rendering a biomimetic environ-
ment on the surface of the implant. Localization of HA promotes bone morphogenic 
protein (BMP) in the area. Thus, HA is osteoinductive and improves the outcome of 
peri-implant osteogenesis. Clinical trials of full zirconia implants demonstrated fail-
ure due to its brittleness and inferior electronegative potential when compared to 
titanium [4].

Ideal coating methods for HA yield a high adhesion strength to the implant sur-
face HA in a thin, uniform layer [16]. Furthermore, HA’s capacity for drug delivery 
has prompted the investigation of coating mechanisms conducive to processing par-
ticles that would otherwise be disintegrated or denatured in processing. HA has 
multiple phases but is optimal in its crystalline phase; therefore, sintering is required 
for coating techniques that apply high heat and subject HA to phase changes [3].

Quercitrin is a naturally occurring flavonoid, demonstrating improved soft tis-
sue integration, as well as anti-inflammatory and antioxidant properties, mimick-
ing interleukin-1-beta. Excessive inflammation delays healing time; thus, optimized 
quercitrin-nanocoated titanium surfaces demonstrate enhanced mesenchymal stem 
cell recruitment and increased rate of osteoblast differentiation. This is supple-
mented by the inhibition of COX2 expression locally, decreasing PGE2. It also 
resolves inflammation through the reduction of oxidative stress at the surgical site. 
Furthermore, enhanced population of cellular activity at the implant site competes 
with bacteria, decreasing incidence of peri-implantitis [19]. Quercitrin demon-
strates positive effects on cells, encouraging expression of hard and soft tissues, 
and may be used in conjunction with other biomaterials to enhance the rate of 
osseointegration.

Chitosan is a stable, naturally occurring polysaccharide that promotes the expres-
sion of extracellular matrix proteins in osteoblasts and chondrocytes [12]. It is found 
in normal mammalian tissue, rendering it biocompatible. It contains a primary 
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amino group at the 2-position of each polymer subunit, allowing it to be easily 
conjugated [20]; thus, it may readily be used to deliver nanoparticles in conjunction 
with its intrinsic properties. In particular, conjugation with silver bolsters the chito-
san with the beneficial antimicrobial effects of silver. Chitosan is also compatible 
with various matrices, including HA and graphene [11, 20, 21].

Chlorhexidine (CHX) is widely used in dentistry as an effective, broad-spectrum 
antiseptic agent. While CHX readily adsorbs to the implant surface, it is rapidly 
depleted—acting as a short-term, localized antimicrobial. Modification of this agent 
to CHX hexametaphosphate (HMP) demonstrates aggregation to a porous implant 
surface that provides a more sustained release [9].

Inorganic substrates, especially metals, have intrinsic properties providing anti-
microbial effects. They also retain electronegative potential, promoting chemotaxis. 
Many of these materials can be conjugated onto a coating matrix to supplement it 
with these unique properties.

Niobium (Nb) is a biocompatible, anti-erosive element [22, 23] and can be 
applied to titanium in a single-phased subniobium with a conjugate atom. In this 
manner, a variety of Nb-based films may be produced with oxide, carbide, and 
nitride conjugates. Of these, NbC proves to be most optimal in vitro, forming a 
nanocomposite film with great protective efficiency [24], high corrosion resistance, 
and low coefficient of friction conducive to tribological performance when com-
pared to other Nb film types [25].

Magnetron sputtering (see Table  6.1) of Nb thin films results in amorphous, 
crack-free coats with good adherence [26].

Graphene oxide demonstrates good mechanical properties with high biocompat-
ibility and antibacterial properties. Its capacity for drug delivery and biosensing has 
garnered it recent attention in tissue engineering [27].

Graphene may be incorporated in HA coats to reinforce HA. This reinforced 
GO/HA coat exhibits enhanced physical properties when compared to HA alone 
[28]. It is also recipient to further addition of osteogenic materials [29].

PMMA transfer is used to coat graphene oxide in a uniform, minimally defective 
manner. A graphene sheet is seeded on polished Cu foil and treated with coated with 
a layer of PMMA.  This sample is etched to clear the copper, and the unreacted 
PMMA/graphene is fished with a hexagonal boron nitride and silicon dioxide chip. 
The PMMA is removed with an organic solvent and Ar/H2 environment. This new 
sample can be annealed to a target in an ultrahigh-vacuum chamber [30].

4  Immobilization

Immobilization describes the processes by which a biomolecular or nanoparticle 
substrate is arrested at a target surface. This can be accomplished via adsorption, 
covalent coupling, and physical entrapment. While whole growth factor proteins 
immobilized at the titanium surface demonstrate improved healing, research is 
focusing on the production of select GF peptide sequences, such as those that 
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promote growth [31, 32]. Nanoparticles, on the other hand, maintain well-researched, 
intrinsic properties which can contribute to chemistry of the coat. They can also be 
impregnated into implant surfaces and their coats to add additional chemical prop-
erties to the surface with negligible alteration to the surface topography [33].

Adsorption is the simplest method—the target is coated in a solution of proteins. 
This yields low surface loading; furthermore, immobilized substrate is easily 
exhausted.

Covalent coupling offers superior surface loading and improved control over the 
outcome of immobilization. Overall, nanocomposites, quercitrin, chitosan, and HA 
are all capable of covalent coupling. The substrate to be immobilized is limited by 
its interaction with the biomolecule to be linked.

Physical entrapment places the substrate in a physical barrier, such as a synthetic 
lacuna. HA provides a matrix in which physical entrapment of proteins and nanopar-
ticles can be planned. This process is less predictable, but the range of substrate is 
extensive, since immobilization is not dependent on chemical interaction.

4.1  Peptide Immobilization

Peptide utility in biomaterials provides accelerated synthesis with supplement of the 
specific peptide sequences conducive to desired osteoconductive effects. 
Antimicrobial peptides offer broad-spectrum potency against bacteria with lowered 
chance of resistance when compared to conventional antibiotics [34]. It is well doc-
umented that introduction of growth factors improves osteogenic effects.

Silanes are widely used cross-linkers for immobilizing bioactive peptide 
sequences. They also have the added effect of expressing osteogenic properties 
intrinsically [35].

4.2  Nanoparticles

Silver (Ag) is one of the most well-researched antimicrobials. In all metallic, silver 
nitrate and silver sulfadiazine configurations, this element demonstrates stable and 
broad antimicrobial properties, with low toxicity to patients [36].

Zinc oxide (ZnO) is a biocompatible material that demonstrates antimicrobial 
properties, with wide commercial use. Its proposed mechanism is adherence to the 
microbes surface, attracting hydrogen peroxides due to electrostatic forces [9, 37].

Copper oxide (CuO) demonstrates a low cost solution to providing an anti-
bacterial and antifungal nanocoat. They can be covalently localized to nanocom-
posites [38].

Al2O3 TiO2 nanotubes: One study found that osteoblast adhesion increases on 
nanophase metals when compared to conventionally sized particles [39]. TiO2 is 
intrinsically more electronegative when compared to HA and can be arranged in 
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nanotubes, which exhibit high surface-to-volume ratio when compared conventional 
roughening modifications. TiO2 also exhibits a more intimate bond than when com-
pared to conventional HA coats. Because apatite arranges itself at a nanoscale, com-
bined with the properties of the metal itself, uniform apatite precipitation is observed 
on the surface of nanofibrous surfaces, comparable to the intimacy of biointegration 
demonstrated in HA-coated biomaterials. Furthermore, the surface area to volume 
ratio is significantly improved over conventional grit blasting, improving bone 
bonding in vivo [40].

Positive template-assisted fabrication utilizes sol-gel deposition to deposit TiO2 
on a ZnO-nanorod template. This structure can be deposited to the implant surface 
and the ZnO selectively removed with chemical etchants, leaving the surface with 
the nanotubes only. This approach yields asymmetrical tubes with open ends [41].

Negative template-assisted fabrication utilizes an anodic aluminum oxide mem-
brane that consists of monodisperse cylindrical pores through which nanotubes are 
deposited via sol-gel deposition. The resulting nanotubes are even [41].

In anodization method, the implant is anodized in an aqueous solution contain-
ing 0.5–3.5 wt% hydrofluoric acid; the nanotubes arrange themselves in varying 
lengths, resulting in an amorphous matrix. The nanotubes are annealed to return 
them to their crystalline state, which can cause sintering of the nanotubes and thus 
the collapse of the nanotubular structure. Therefore, this method is sensitive to the 
annealing process [41].

Hydrothermal treatment is the process by which TiO2 particles are synthesized 
into nanotubes. Hydrothermal treatment of nanoparticles with NaOH breaks their 
bonds so they can reform as sheets. An HCL wash removes the electrostatic charge 
of the sheets, causing them to roll up into nanotubes. These nanotubes may then be 
used to coat implant surfaces. This method reports long reaction times with nano-
tubes of random alignment due to excessive intercalation from NaOH [41].

Nanocrystalline diamond particles are hard, inert, and highly thermally con-
ductive. Corrosion resistance and biotolerance lends it to providing a selective pro-
tective barrier, preventing the release of metals to the body. Nanocrystalline coats 
may provide osteoconductivity, antimicrobial properties, and corrosion resistance 
[42]. An animal study in the mandibles of pigs demonstrated immobilized BMP-2 
on nanocrystalline coats that were unaffected when exposed to radiation, which 
may preserve osteoinductive potential in irradiated bone [43]. They are also wear 
resistant, making them potential coats for load-bearing implants [44].

5  Discussion and Future Trends

Additive surface modifications are beneficial in that they offer control of localized 
chemistry while maintaining the properties that make titanium a favorable implant 
post-material [17]. The goal is to enhance the capacity for secondary retention, ulti-
mately leading to long-term implant success. To this end, adoption of wound- 
healing elements, especially in the form of fibroblast adoption and differentiation, 
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and antimicrobial activity are favorable [7]. Furthermore, reduction of inflammation 
at the surgical site expedites wound healing [19].

To this, the composition of surface coating is designed to enhance these proper-
ties. Research on surface coating lends itself to the capacity in which these materials 
may be combined for strategic enhancement of favorable local biochemistry over-
time [7]. Ideal coats are biomimetic matrices capable of releasing beneficial parti-
cles to the surgical site, promoting healing, and reducing incidence of inflammation 
and peri-implantitis.

The challenges of surface coating are derived from mechanical properties 
between the implant and coat interface. Alternatives to HA coating are being inves-
tigated due to its poor adherence to titanium. Because of this, TiO2 nanotubes pres-
ent as a prospective surface modification [41, 45].

Nanoparticles are unique in that their properties are intrinsic and may be incor-
porated to supplement a coating material. While they can readily impregnate the 
implant surface, a slowly dissolving matrix is preferable for sustained release. 
Optimization of this strategy drives research in supplementing coating materials, 
such as HA, TiO2, and graphene. Chemical conjugation and mechanical retention in 
synthetic lacunae are the approaches that facilitate this action.

Prospective Coating Materials The interaction of titanium with a variety of novel 
biomaterials is being investigated. Nanocomposites and their unique properties are 
influencing new schemes for additive surface modifications. Graphene demonstrates 
unique approach to drug delivery—its high surface area to volume ratio offers func-
tionalized capacity to surfaces to which it is applied [46]. This significant increase 
in surface area could have a multitude of implications for the future of surface modi-
fication. Graphene may be hybridized with metals and metal oxides. One study 
demonstrated graphene/zinc oxide nanocomposite films offer profound antimicro-
bial properties [47]. Research in hybridization of various other nanoparticles may 
offer more insight on the utility of this material. Currently, graphene lacks an effi-
cient method to be applied to three-dimensional, complex objects, such as a dental 
screw-retained implant. Nb as a surface coating has garnered interest in bioengi-
neering due to its biocompatibility and increased mitochondrial activity in compari-
son to cells cultured on titanium [48]. Furthermore, it has the capacity to form 
nanocomposites. Another study demonstrated intrinsic capacity of crystalline NbN 
and amorphous Nb2O5 coatings for cementoblast attachment [49]. Overall, gra-
phene forms as a monolayer with considerably more corrosive resistance than Nb 
nanocomposites. A comparison of graphene and Nb’s tribology may offer insight on 
the long-term properties of these materials in function [50]. TiO2 nanotubes can 
form a high surface area to volume ratio that increases at the surface of the implant, 
but not in the organization with which graphene coats are capable. However, the 
efficacy of TiO2 nanotubes as a surface treatment is well documented. Nanocrystalline 
diamond also has properties comparable to nanocomposites with similar capacity 
for covalent immobilization.

Prospects in coating schematics can be seen in the formulation of coats with 
multifunctionality [51]. Co-immobilization of a multitude of beneficial peptides 
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and nanoparticles allows a wide range of osteogenic and antimicrobial potential. 
Furthermore, coating materials can reinforce the mechanical properties of one 
another. One study successfully coated titanium implants with a HA/chitosan/gra-
phene coat [11]. Graphene reinforces the brittle nature of HA, while chitosan, along 
with its intrinsic properties, may be conjugated with nanoparticles for drug deliv-
ery. Delivery of this coating complex indicates the dimension with which additive 
modifications can enhance titanium implant success. The integrity of these materi-
als in coexistence is not well documented. While graphene may reinforce the integ-
rity of HA, stress testing with a multitude of these materials has little evidence. 
Nanocrystalline diamond demonstrates potential as a nanofiller in biopolymeric 
matrices [52]. Optimization and cross reactions between immobilized nanoparticles 
and peptides require further investigation. Histocompatibility of these materials 
should also be investigated. Further testing should be performed on the integrity of 
these materials in vivo. Both Nb and graphene can be deposited with similar meth-
odologies. It has been suggested that hybridization is possible, compounding their 
anticorrosive and osteoconductive properties [26]. Overall, the future of additive 
surface coating is focused on optimization of multifactorial coats that demonstrate 
antimicrobial and osteoconductive properties.

6  Summary

HA has continually been the most important material in coating of titanium implants. 
HA is being developed in new ways to adapt more dimensions for its applications. 
A more reliable, commercial method of coating dental implants with HA is under-
way. Ion magnetron sputtering is a promising delivery of a controlled, even coat 
with significantly improved bond strength when compared to conventional HA 
coating mechanisms. This coating method is still in development.

Research in nanocomposites and their unique properties will play a key role in 
the development of prospective coating schematics. Based on enhanced tribology 
and osteoconductive potential of Nb and graphene-based nanocomposites, they are 
worth investigating. These materials also offer many advantages to formulating drug 
delivery strategies in more organized manner. Currently, stress testing and animal 
studies have little evidence in these multifunctional coating schemes. Understanding 
how the materials interact with each other needs to be better understood.
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Chapter 7
Applications of Laser in Dentistry

Reza Fekrazad, Farshid Vahdatinia, Leila Gholami, Zahra Khamverdi, 
Parviz Torkzaban, Alexander Karkazis, and Lobat Tayebi

1  Introduction

The word “laser” indicates “light amplification by stimulated emission of radia-
tion,” which was first introduced by Gordon Gould in 1959. The output light from 
the laser device is in fact a beam of coherent, collimated, monochromatic, and 
high- density beams that stay narrow over great distances and well-focused on 
surfaces. The laser light can be absorbed, reflected, transmitted, or scattered in 
accordance with the output wavelength and tissue properties after contact with the 
surfaces [1, 2].

Clinical application of the laser was first introduced in 1960 by Maiman [2]. 
With this, the three most relevant properties that should be considered for clinical 
application include wavelength, power density, and application mode (pulse or con-
tinuous, contact or noncontact).

Generally, classification of laser types is based on the physical nature (such as 
gas, liquid, solid, or semiconductor), the type of active media (such as erbium: 
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yttrium aluminum garnet (Er: YAG)), and lastly, the degree of skin or eye injury [3]. 
Another common classification is the division of lasers into low-intensity and high- 
intensity groups. High-intensity lasers are known as surgical knives; their most 
important application is in tissue cutting. However, low-intensity lasers have wider 
therapeutic applications.

The first studies on low-intensity lasers indicate a positive effect of low-intensity 
radiation on hair growth and wound healing. Low-intensity lasers can cause both 
stimulatory and inhibitory responses, depending on the beam parameters. Today, the 
term “photobiomodulation (PBM)” is used rather than “low-intensity” lasers, which 
has a more precise and comprehensive meaning in the application of the therapeutic 
effects of electromagnetic waves [4].

The most commonly used laser systems in dentistry are presented in Fig. 7.1 and 
Table 7.1.

This chapter will first review the applications of PBM in regenerative dentistry 
including bone regeneration, wound healing, anti-inflammatory, pain therapy, nerve 
regeneration, and stem cells. Next, the chapter will focus on combination of laser 

Table 7.1 Most commonly used laser systems in dentistry

Laser Nature of active media Wavelength

Argon Gas 488, 515 nm
KTP Solid 532 nm
Helium-neon Gas 633 nm
Diode Semiconductor 635, 670, 810, 830, 980 nm
Nd:YAG Solid 1064 nm
Er,Cr:YSGG Solid 2780 nm
Er:YAG Solid 2940 nm
CO2 Gas 9600, 10,600 nm

Fig. 7.1 Two 
complementary laser 
wavelength (Er:YAG and 
Nd:YAG) in a single 
system
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therapy and nanotechnology in dentistry such as oral cancer therapy, laser-assisted 
antimicrobial photodynamic therapy using nanoparticles, and nanophotodynamic 
therapy in dental caries, periodontitis, and peri-implantitis.

2  Photobiomodulation in Regenerative Dentistry

PBM is a noninvasive and painless method, which has known stimulatory effects on 
growth and tissue regeneration, reduces inflammation and pain, heals wounds and 
aides in the proliferation of fibroblasts and chondrocytes, collagen synthesis, and 
neuronal regeneration [5, 6].

Phototherapy (including coherent and noncoherent light sources) is a type of 
interaction between light with low energy density and tissue cells without thermal 
effects. Hence, this category of laser radiation is called “soft therapy” or “cold 
laser.” PBM therapy (including low-level laser therapy/low-level laser irradiation) 
involves electromagnetic waves within the visible spectrum (or optical window 
380–700 nm) or near-infrared region (700–1070 nm) and a radiation power between 
10 and 500 mW or less than 250 mW. PBM therapy leads to the biomodulation of 
photophysical, photochemical, and photobiological reactions by affecting photore-
ceptors. Photochemical reactions can be produced as a result ATP synthesis and by 
exposure to visible light radiation or near infrared (NIR) on mitochondrial optical 
receptors. Additionally, photophysical reactions are caused by light radiation on 
calcium channels in the cell membrane.

Light absorption by the components of the respiratory chain produces short-term 
activation of the respiratory chain and oxidation of the NADH pool. Stimulation of 
oxidative phosphorylation subsequently leads to changes in the mitochondrial redox 
status, as well as the cytoplasm of the cell. The electron transfer chain provides 
increased levels of stimulatory forces to the cell by increasing the storage of ATP, 
thus increasing the electrical potential of the mitochondrial membrane and cytoplas-
mic alkalization, activating the synthesis of nucleic acids. Since ATP is a common 
form of energy for the cell, LLLT has the potential for stimulating normal cell func-
tion. By rising the respiratory metabolism of the cell, LLLT can also influence 
electrical- physiological properties of the cell, as demonstrated in Fig. 7.2 [7, 8].

2.1  Photobiomodulation and Bone Regeneration

PBM stimulates bone formation and regeneration by activating the proliferation and 
differentiation of osteoblasts and decreasing the activity of osteoclasts; furthermore, 
it increases the thickness of trabeculae and increases mineral deposition. In this 
regard, studies have shown that laser therapy can even affect orthodontic tooth 
movement or bone tissue repair around implants by stimulating bone remodeling. 
Based on bone cell biology findings, the expression of cytokines—such as the 
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receptor activator of nuclear factor-kappa-β (RANK)/RANK ligand (RANKL)/
osteoprotegerin (OPG)—following laser radiation can affect osteoclastogenesis. 
Both RANKL and OPG are cytokines from the tumor necrosis factor family and are 
produced through osteoblasts and bone marrow cells. RANKL and OPG stimulate 
and inhibit, respectively, the specific RANK receptors present on the surface of 
osteoclast progenitor cells and hence play a vital role in the regulation of bone 
resorption [10]. It should be noted that, basically, infrared lasers have a greater 
effect on bone regeneration than visible light lasers due to increased depth of pen-
etration within the bone tissue [11].

2.2  Wound Healing Effects of Photobiomodulation

PBM also plays a positive role in improving the speed of wound healing and scar 
tissue quality [12]. The ulcers can be classified into two categories based on the 
duration of repair: acute and chronic. Acute ulcers are caused by surgery or trauma—
the reparation process occurs within the expected timeframe and is uncomplicated. 
Conversely, chronic ulcers are not repaired in an optimal timeframe and are com-
monly associated with secondary complications.

The process of wound healing in the craniofacial region is based on a central 
physiological process that maintains tissue integrity. Proper healing process requires 

Fig. 7.2 The photobiomodulation effects on cellular metabolism. (Reuse with permission) [9]
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successful coordination of multiple phases, such as hemostasis, inflammation, cell 
migration, matrix synthesis, and remodeling [13]. The wound healing process 
begins at the onset of an injury. Infiltration of blood components and inflammatory 
cells (such as neutrophils) occurs in the early stages of wound healing. Lymphocytes 
and plasma cells infiltrate later on, beginning the important action of phagocytosis 
to remove foreign bodies, bacteria, and damaged tissue. Subsequently, wound re- 
epithelialization occurs through the migration and reproduction of epithelial cells 
with the origin of margins and center of the lesion. Also, fibroblasts migrate to 
damaged areas and begin to produce extracellular matrix. The final repair or final 
remodeling process is also accomplished through cross-linking and organized inter-
connections within the new collagen matrix [14].

Simultaneously, the presence of factors can interfere with wound healing, such 
as inadequate nutrition, necrotic tissue, foreign body, bacterial infection, interfer-
ence in blood circulation, lymphatic artery obstruction, systemic diseases, diabe-
tes, and physiological factors [15, 16]. Also, mitogenic factors, such as TGF-β 
(transforming growth factor beta), and cytokines, such as IL-6 (interleukin 6) and 
TNF-α (tumor necrosis factor alpha), play an important role in the process of 
wound healing [17].

Despite the inadequate understanding of the exact mechanism of PBM in wound 
healing, numerous laboratory and clinical studies have consistently pointed to the 
positive effect of laser irradiation on wound healing. The findings indicate that PBM 
stimulates cell proliferation and migration, induces the production of growth factors 
through keratinocytes and stromal cells, inhibits cell death, promotes/inhibits col-
lagen synthesis, helps to restore metabolism, and increases the expression of media-
tors—such as TGF-β1, PDGF-BB, and IL-8—in the wound fluid. However, in terms 
of the PBM’s harmful potential in wound healing, controlling factors, like wave-
length and radiation dosage, are critical for the success of PBM therapies. For 
example, some studies recommend a wavelength of 600–700 nm for treating super-
ficial tissues, while 780 and 950 nm are recommended for deep tissue treatment.

2.3  Anti-inflammatory and Pain Therapy 
of Photobiomodulation

As previously noted, one of the capabilities of PBM is its anti-inflammatory and 
analgesic effects, which can be used to reduce the oxidative stress in cases of chronic 
pain, diabetes, spinal cord injury, and also in the treatment of oral mucositis, espe-
cially those caused by chemotherapeutic complications.

Pain is a displeasing sensory and emotional experience resulting from actual tis-
sue injury or damage to another type of tissue. According to the definition by the 
Association for the Study of Pain, neuropathic pain is defined as “pain caused by a 
lesion or a disease of the somatosensory system” (www.iasp-pain.org).
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Based on physiotherapy sources, the use of low-intensity lasers is widely consid-
ered an effective method to treat pain. This therapeutic technique has advantages 
such as being noninvasive, low cost, and containing minimal side effects [18]. 
Although the exact mechanism of LLLT is unclear in pain reduction, several studies 
have indicated the treatment does in fact reduce pain. The effects of LLLT on pain 
relief are similar to NSAIDs (celecoxib, meloxicam, diclofenac) or corticosteroid 
(dexamethasone) application. Therefore, the most important theories related to the 
analgesic effect of LLLT are reduction of inflammatory mediators (such as prosta-
glandin E2, interleukin 1β, and tumor necrosis factor α), increased levels of endog-
enous opioids, and reduction of nerve cell permeation and ATP production. 
Inhibition of the signal transduction in the neuromuscular junction is another mech-
anism for reducing both myofascial pain and trigger points. Additionally, stimulat-
ing the neural regeneration process reduces pain after surgery and other inflammatory 
processes.

2.4  Nerve Regeneration and Photobiomodulation Therapy

The first studies on LLLT’s effect on damaged peripheral nerve regeneration date 
back to the late 1970s. Researchers continue to study the spinal cord and sciatic and 
crushed peroneal nerves using LLLT. The results of these studies indicate the posi-
tive effect of axonotmesis and neurotmesis, increased axonal metabolism, and 
decreased pain and inflammation. Today, the use of LLLT for the repair of postop-
erative neurological damage, such as lower alveolar nerve injury after wisdom 
tooth extraction or after orthogonal surgery of sagittal osteotomy, is also recom-
mended [19].

In addition to the effect of LLLT on cellular function, the production of nerve 
growth factor can also be regulated by laser radiation. Nerve growth factor is impor-
tant for the spread of sympathetic and sensory neurons and inhibition of apoptosis, 
especially in cases of damage to neural fibers [20, 21]. Also, the most important 
effects of PBM therapy on the nervous system include improving post-injury func-
tion, increasing the axonal diameter, increasing the thickness of the myelin sheath, 
reducing the infiltration of single cell nucleus cells, increasing the number of 
Schwann cells, increasing neurotrophic growth factors, and reducing dysesthesia 
[22]. In some studies, LLLT has been shown to increase the concentration of VEGF 
and NGF and, at the same time, reduce the expression of HIF-1α (hypoxia-induced 
factor 1 alpha), TNF-α, and IL -1β [23, 24].

2.5  Stem Cells and Photobiomodulation Therapy

Mesenchymal stem cells (MSCs), such as dental pulp stem cells (DPSCs), play a 
significant role in the future of regenerative medicine. Important features of MSCs 
include relative ease in cell culturing, limited immunogenicity, ability to suppress 
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immune activity, and multilineage ability. Hence, some laboratory studies have 
pointed to the positive effect of LLLT on the rate of proliferation and differentiation 
of MSCs. LLLT affects the expression of cellular genes by stimulating the cell pro-
liferation/inhibition of cell death, as well as producing extracellular matrix proteins 
[25]. PBM causes stem cell differentiation by stimulating cellular optical receptors. 
The absorption of visible light (380–700 nm) and NIR (700–1070 nm) by mito-
chondrial optical receptors activates the respiratory chain—specifically NADH 
dehydrogenase, cytochrome C reductase, oxidase, and ATP synthase [26, 27].

It is also understood that infrared radiation results in the transmission of biologi-
cal messages by activating ion channels, which increases cell membrane permeabil-
ity and changes the concentrations of Na+, K+, and Ca2+ ions across the cell 
membrane [28]. Theocharidou et al. showed that LLLI first increased the expression 
of Runt-related transcription factor 2 (RUNX2) and core-binding factor subunit 
alpha-1 (CBF-alpha-1) transcription factors and secondly increased Osterix expres-
sion—both of which are key factors in the process of differentiation of MSCs into 
bone marrow [25, 29]. Also, Manzano-Moreno et al. suggested that PBM signifi-
cantly increases the expression of early marker differentiation of osteoblasts such as 
ALP, Osterix, Runx2, and BMP-2 [30]. Other effects of PBM include the activation 
and augmentation of growth factor synthesis, such as FGF, VEGF, TGF-β1, and cell 
death. The findings of this study indicate improvement in biological function of 
stem cells involved in dental pulp regeneration following PBM therapy.

PBM therapy has also been studied on stem cells from human exfoliated decidu-
ous teeth (SHED). PBM therapy on the SHED culture medium has an effect on the 
induction of osteoblast differentiation and increases the expression and activity of 
alkaline phosphatase and dentin sialophosphoprotein, along with increasing colla-
gen synthesis. Furthermore, other findings from PBM therapy on deciduous teeth- 
derived stem cells have been shown to increase viability, proliferation, and 
production of inorganic tissue.

3  The Combination of Laser Therapy and Nanotechnology 
in Dentistry

The two new technologies of laser and nanotechnology have made a great impact on 
biomedical engineering. Simultaneous application of these two technologies has 
introduced many novel biomedical approaches to procedures, such as cancer treat-
ment and diagnosis, drug delivery and release, antimicrobial therapies, tooth hyper-
sensitivity treatments, and improvement in the adhesion of materials to dental 
structures.

The interaction of lasers with different chromophores and its photothermal prop-
erties, in combination with the new physical effect of nanoparticles as a result of the 
dominant quantum properties, rather than classical ones, may result in fascinating 
new therapeutic effects [31].
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3.1  Laser and Nanotechnology in Oral Cancer Therapy

Despite the great progress achieved in diagnosis and treatment of cancers in recent 
years, oral cancer is still considered a common malignant disease with low survival 
rates [32]. Since conventional treatments—like radiotherapy and chemotherapy—
have severe complications, researchers are searching for more effective alternative 
treatment strategies with fewer side effects. Lasers are a promising technology for 
diagnosis and treatment in various types of cancers, including oral cancers. One 
such use of lasers has been through laser ablation of head and neck tumors using 
image-guided technologies instead of conventional surgical procedures. The tumor 
is destroyed by inducing heat using a small laser fiber placed inside it. The destructed 
area is usually very small and concentrated only around the fiber; however, it might 
not be absolutely confined to the tumor tissue, with the possibility of unintentional 
heating and damage of nearby tissue.

Using the benefit of materials at the nanoscale, such as a larger surface area to 
volume ratio, new optical and magnetic characteristics, nanomaterials have been 
investigated to overcome many biological hurdles to cancer treatment. 
Nanotechnology-based detection and treatment of cancers have the prospective to 
replace extremely aggressive conventional cancer detection and treatment [32]. 
Nanobased medicine and the use of nanoparticles have been shown to be a much 
better strategy for cancer therapy with enhanced safety and efficacy. They can be 
preferentially targeted to the tumor and result in minimally invasive destruction of 
the tumor tissue upon laser irradiation [33].

The combination of these two fascinating technologies of laser and nanotechnol-
ogy has led to newly developed and encouraging phototherapeutics, known as pho-
tothermal therapy (PTT). This procedure combines two key components: light 
source (especially lasers with a spectral range of red and near-infrared (NIR) 650–
900 nm photonic window region with deep tissue penetration) and optical absorbing 
particles (which can be in the form of a nanoparticle) that transform the optical 
irradiation into heat [32]. The generated heat can cause cancer cell thermal ablation 
and permanent cell injury by loosening cell membranes and denaturing proteins 
while causing minimal toxicity to normal tissue.

Agents activated by NIR light are suitable for these treatments, since NIR radia-
tion is considered a favorable light source with its minimum absorption in human 
body chromophores and deep tissue penetration [34].

Noble metal nanoparticles, with their strong surface electric fields, enhance elec-
tromagnetic radiation absorption and scattering; these properties can potentially be 
used in designing new optically active agents used in molecular imaging and photo-
thermal cancer therapy [34].

Many different nanoscale photoabsorbers with precise control of size, shape, and 
surface functionalization are providing innovative paths to carry several diagnostic 
and/or therapeutic agents for improved result and fewer side effects. This has made 
controlled and directed damage of tumor tissues possible. Different designs of 
nanoparticles, such as nanorings, nanoshells, nanorods, nanopores, nanowires, and 
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nanocomposites carrying anticancer drugs, have been created and studied. When 
used with a laser wavelength matching their peak absorption, these particles can 
each have unique properties and applications [31].

In order to specifically direct nanoparticles and nanocarriers to malignant cells, 
various methods are used. First, conjugation with antibodies, such as anti-HER2 
and anti-EGFR, binds to overexpressed HER2 and EGFR on malignant cell cyto-
plasmic membranes and second, the use of macrophages as biocarriers for nanopar-
ticles [35, 36]. Elimination of tumors surrounding vital tissues is not easy due to 
unclear tumor margins, and cutting healthy tissue may also have unacceptable cos-
metic and medical outcomes. Hopefully, this new approach of targeted application 
of nanoparticles to cancer cells can provide great accuracy in such conditions [34].

Nanodiagnosis, nanoimaging, and nanotreatment strategies of oral cancer have 
been key research fronts with many highly cited papers in recent years, all showing 
promising results of successful elimination of cancerous tissue, along with better 
tumor contrast for imaging intentions and early diagnosis. Many studies—mainly in 
the form of in vitro and animal research—have been conducted in oral cancer ther-
apy. Some of the interesting studies are presented here.

In 2007, Huang et al. studied laser photothermal therapy (PTT) using conjuga-
tion of anti-EGFR antibodies to aggregated spherical gold nanoparticles and short 
near-infrared (NIR) laser pulsed irradiation in which oral cancer cells were specifi-
cally targeted. They observed that a laser threshold power 20 times lower than nor-
mal PTT was needed for photothermal destruction of cells with nanoparticle 
treatment. Destroyed cell count was quadratically dependent on the laser power. 
They considered the aggregated nanospheres as the reason for enhanced photother-
mal cell killing [37].

In a study by Fekrazad et al. in 2011, anti-HER2 immuno-nanoshells were stud-
ied for oral squamous cell carcinoma treatment. HER2-positive KB cells and HER2- 
negative HeLaS3 were bound to gold-silica nanoshells conjugated with anti-HER2 
(100 nm). Using an 810 nm laser, cells were irradiated at 4 W/cm2 for 2 min. They 
observed significant destruction of cells in the KB tumor cell cultures, while HeLaS3 
cells showed no evidence of cell damage or death.

In a more recent report by Fekrazad et al. in 2017, core-shell gold-coated iron 
oxide NPs (Au-IONPs) were developed as a multimodal nanoplatform to be 
employed as a magnetic resonance imaging (MRI) contrast agent and a nano-
heater for photothermal cancer therapy. Photothermal and cytotoxic effects of 
Au-IONPs on a KB cell line, derived from human oral epidermal carcinoma, 
were studied with laser irradiation with a 808 nm laser wavelength and 6.3 W/
cm2 for 5 min. Approximate cell death was 70%, which strongly depended on 
incubation period and the u-IONP concentration. There was more sensitive 
detection of cancer lesions using MRI (result from magnetic nanoparticles pres-
ent in the Au-IONP nanocomplex); furthermore, there was enhanced laser ther-
apy efficacy because of the presence of Au-NPs in the Au-IONP nanocomplex 
and due to the surface plasmon resonance effect, which makes them suitable for 
photothermal therapy [31].
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A recent 2018 in  vivo study by Lang Rao et  al. has successfully reported 
platelets as new carriers for gold nanorods (AuNRs) in photothermal therapy, 
using a gene- knockout mouse model. PLTs were loaded with nanorod electropora-
tion. The AuNR-loaded PLTs (PLT-AuNRs) inherited both the long blood circula-
tion and cancer targeting characteristics of PLTs and the photothermal aspect of 
AuNRs. After administration of AuNRs and laser irradiation of head and neck 
squamous cell carcinoma (HNSCC), growth was effectively inhibited. In addition, 
their results show that the PTT treatment increases PLT-AuNRs targeting the 
tumor and a special self-reinforcing effect of PLT-PTT resulting in enhancement 
of the PTT effects.

An important area of research is concerned with challenges still being faced in 
complete elimination of cancer cells in vivo and prevention of cancer cell migration; 
nanotechnology and laser research have also shown promising results in the field of 
metastasis prevention.

In an interesting study by Ali et al. in 2017, integrins were targeted using Arg- 
Gly- Asp (RGD) peptide-functionalized gold nanorods and 808 nm laser irradiation, 
which successfully inhibited human oral squamous cell carcinoma cell migration. 
AuNRs seem to be a more promising antimetastatic clinical treatment method com-
pared to small molecule drugs that target only a single protein [38].

The presence of cancer stem cells (CSCs) within the bulk of cancer cells is an 
important cause of cancer relapse, metastasis, drug resistance, and angiogenesis. In 
a recent 2018 study by Stapathy, a hybrid-nanoparticle (QAuNP) was formulated 
using quinacrine and gold to evaluate their anti-angiogenic and antimetastatic prop-
erties on Oral Squamous Cell Carcinoma (OSCC)-cancer stem cells [39].

These recent advances in nanotechnology and results of studies in cancer therapy 
with the novel method of nanophotothermal therapy have raised hope for successful 
noninvasive earlier diagnosis and treatment of cancers, especially in hard-to-treat 
areas, such as the head and neck region. In order to turn these results into clinical 
use, further animal studies and even clinical trials are needed. Effective clinical 
applications are hindered by challenges, such as high cost of these treatments, read-
ily available advanced technology, and even sometimes the need for versatile and 
direct light delivery systems in deeper tissues [40] .

3.2  Laser-Assisted Antimicrobial Photodynamic Therapy 
Using Nanoparticles

Caries and periodontal and endodontic diseases are considered important public 
health issues. Studies have proven that these biofilm-dependent oral diseases may act 
as infectious foci that could affect other physiological systems in the body. Prevention 
and cure of these conditions are therefore of great importance. Antimicrobial agents, 
especially antibiotics, have been successfully used to inactivate biofilm-state patho-
gens for many years. However, the dynamic pattern of antimicrobial resistance has 
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become a challenge of modern medicine worldwide, and effectiveness of antimicro-
bial drugs is gradually declining, while numbers of pathogens that are resistant to 
antibiotics are increasing worldwide. This calls for new treatment approaches that do 
not cause resistance. In the era of nanotechnology, antimicrobial nanomaterials seem 
to be a promising solution. Since the antimicrobial effect of NPs is through multiple 
biological pathways, they can be effective in broad species of microbes, and micro-
bial resistance seems to be very unlikely [41].

As previously mentioned, lasers have also brought dental science to a new level 
with their wide range of applications to the field. One very important property of 
laser irradiation is its antimicrobial effects, either through direct effects of laser light 
at different wavelengths on microorganisms and bacteria or by indirect effects and 
absorption of the light by specific chromophores as seen in antibacterial photody-
namic therapies (aPDT).

Photodynamic therapy is a nonthermal photochemical reaction, which requires 
three essential elements of light source: a dye, photosensitizer (PS), and oxygen. It 
was first proposed as an approach for cancer therapies. In this process, light is used 
to activate the nontoxic photosensitizers (PSs) localized in certain tissues. Singlet 
oxygen, free radicals, and reactive oxygen species (ROS) lead to the destruction and 
death of cells.

Antimicrobial photodynamic therapy (aPDT), or photodynamic inactivation 
(PDI), is a similar process applicable in bacterial, fungal, and viral infection treat-
ment. In dentistry, new PDT-based treatments of caries, candidiasis, periodontal 
disease, and mucosal and endodontic infections have been a topic of research in 
recent years.

Lasers with different wavelengths can be used as a light source to activate match-
ing photosensitizers (PS). PDT/PDI is a localized, selective, and safe method that 
does not disturb the flora at distant sites.

PDI treatment causes nonspecific killing of pathogens by ROS production; resis-
tance is unlikely with this method.

Although safety and efficiency are among the advantages of PDT, some PS mol-
ecules have shortcomings that affect their efficacy in vitro and in clinical situations. 
Many PDT photosensitizers usually have poor water solubility and also tend to 
aggregate in physiological conditions and aqueous environments. Efforts have been 
directed to improve delivery systems to overcome such deficiencies. Nanoparticles 
in PDT as a new modality may be a promising method of addressing these short-
comings [42].

Various kinds of nanoparticles have been developed as PS delivery vehicles with 
the potential of enhancing the photochemical effectiveness of PSs and improving 
aPDT results. These nanoparticles may be used in PDT a few different ways: as an 
accompaniment to a PS, as PS themselves, as nanocapsules loaded with a PS, or as 
particles that a PS has attached and bound to its surface. Therefore, they are either 
covalently bound to the nanostructure or encapsulated in them (Fig. 7.3).

A great number of studies have been completed on laser aPDT in dentistry. 
Nanobased antimicrobial photodynamic treatment in dentistry is a new growing 
research field with applications in bacterial-based diseases, such as dental caries, 
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periodontitis, peri-implantitis, and endodontic diseases, as well as in other fungi and 
viral-based oral infections. Here, we will review some of the recent studies in the 
field of combined nanotechnology and photodynamic treatments in dentistry.

3.3  Nanophotodynamic Therapy and Dental Caries

Dental caries is still a major health problem despite dental care improvements. It 
results from secretion of organic acids as a by-product of the metabolism of fer-
mentable carbohydrates by cariogenic bacteria, such as Streptococcus mutans, 
Streptococcus sobrinus, and Lactobacillus species [44].

Some of the recent studies have focused on combining nanotechnology with 
laser photodynamic therapy to enhance the photosensitizing effects on these 
 cariogenic bacteria. In 2016, Misba et al. studied the antibiofilm efficacy of tolu-
idine blue O (TBO) conjugated with silver nanoparticles (AgNP) on Streptococcus 
mutans. A 630 nm laser light was applied for 70 s (9.1 J/cm2). TBO-AgNP conju-
gates were able to inhibit biofilm formation, and a 4-log reduction in bacterial cell 
viability was observed. TBO-AgNP conjugates demonstrate greater phototoxic 
effects against S. mutans biofilm compared to TBO [45].

In 2017, Harris et  al. evaluated the effect of a novel selenium nanoparticle- 
enhanced toluidine blue photodynamic therapy on S. mutans. A 630 nm diode laser 
was used for irradiation and activation of SeNP-TBO and TBO against S. mutans 
biofilm and cells. The results were confirmed by spectroscopic and microscopic 
techniques, along with biofilm reduction assay. SeNP-mediated S. mutans antibiofilm 

Fig. 7.3 General PS loading approaches to be used in PDT. (Reuse with permission) [43]
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PDT was shown to be an efficient and novel alternative to TBO alone. After 24 h of 
incubation, the SeNP-TBO conjugate group showed a 60% inhibition of S. mutans 
biofilm formation and 32% loss in viability, which was higher compared to TBO—
with 20% and 22%, respectively [46].

In a recent report by Gholibeiglo et  al. in 2018 [47], nanocarriers—including 
graphene oxide (GO), GO-carnosine (Car), and GO-Car/Hydroxyapatite (HAp)—
were synthetized and loaded with indocyanine green (ICG). ICG is a photosensi-
tizer with a main drawback of poor stability and concentration-dependent 
aggregation. aPDT causes a remarkable decline in S. mutans strain count; further-
more, GO-ICG, GO-Car-ICG, and GO-Car/Hap-ICG significantly suppress the S. 
mutans biofilm formation by 51.4%, 63.8%, and 56.8%, respectively. ICG loading, 
stability, and inhibitory effects against S. mutans could be enhanced dramatically 
using the novel multifunctionalized GO nanocarrier. Interestingly, in the PCR 
results, S. mutans gtfB gene expression reduction was greater with NCs + laser than 
NCs alone.

Other than positive reports of nanobased aPDT, there is great potential for appli-
cation of this fascinating technology in operative dentistry. For instance, one of the 
many reasons for failure of dental restorations is secondary caries caused by bacte-
ria invading the margins of the restoration. In recent years, advancements in nano-
technology and photodynamic-based antibacterial therapy research in the field of 
restorative dentistry have not only focused on elimination of cariogenic bacteria but 
also attempt to produce smarter restorative materials. There have been attempts to 
overcome secondary caries caused by bacteria invading the margins of the restora-
tion and even promote regeneration of dental structures by loading them with pho-
toactive antimicrobial nanoparticles. Long et al. reported a successful production of 
this kind of materials in their recent study [48].

Photodynamic therapy targeting cariogenic bacteria shows great promise. The 
results of in vitro investigations are hopeful; however, a lack of trustworthy clinical 
trial evidence has not permitted photodynamic therapy to be established as an effec-
tive technique to prevent, control, and treat caries. More clinical and laboratory 
studies are needed for optimization of treatment parameters and for better explora-
tion of the anticariogenic potential of photodynamic therapy.

3.4  Nanophotodynamic Therapy in Periodontitis 
and Peri-implantitis

Periodontal pathogens cause inflammation and degeneration of gingiva, supporting 
bone and the periodontal ligament. This can lead to periodontal pockets that provide 
an ideal environment for the growth and proliferation of colonizing microorgan-
isms. These periodontal pockets contain as many as 400 species of bacteria that are 
organized in biofilms, which make their elimination even more difficult [49]. 
Photodynamic therapy has been a hot topic recently for nonsurgical periodontal 
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treatments. Although many positive results have been reported in periodontal aPDT 
in vitro and in vivo studies, clinically there still seems to be variations in treatment 
techniques and results.

Plaque-induced peri-implantitis is a similar inflammatory condition that influ-
ences soft and hard tissues neighboring an osseointegrated dental implant, which 
may lead to its failure. A variety of experimental studies have been performed to 
evaluate the treatment of peri-implantitis using adjunctive PDT—results indicate 
considerable promise [50] .

However, as mentioned for other oral infections, scientists have been working on 
designing better photosensitizing agents and studying new nanobased photosensi-
tizers to enhance photodynamic therapy efficacy in periodontal and peri-implant 
infections.

For instance, Nagahara et al. in 2013 studied ICG-loaded chitosan-coated nano-
spheres (ICG-Nano/c) as a photosensitizer for PDT on Porphyromonas gingivalis. 
A 0.5  W, 805  nm diode laser irradiation with 10% duty cycle for 3–100  ms, in 
repeated pulse (RPT) or continuous wave mode, was applied on cell cultures. The 
negative control was a nonirradiated group. After 7 days of culturing, bacterial CFU 
were counted in an anaerobic situation. ICG-Nano/c attached to P. gingivalis, and, 
with irradiation, a significant bactericidal effect was observed using these particles, 
especially with the RPT 100 ms irradiation, which also demonstrated the lowest 
increase in temperature.

In 2016, de Freitas et al. performed an in vitro and clinical study that used 
methylene blue-loaded polylactic-co-glycolic nanoparticles for aPDT in chronic 
periodontitis patients; results for this experiment were shown to be successful. In 
this study, dental plaque samples were treated with the aforementioned aPDT 
agent or simple methylene blue (25 μg/mL) and red 660 nm laser light 20 J/cm2 
in planktonic and biofilm phases. Clinical application of the MB-loaded nanopar-
ticles as an aPDT agent and an adjunct to scaling and root planning was also 
compared with SRP alone in a split-mouth design. The results showed a 25% 
greater elimination of bacteria compared to MB.  Clinically, both groups had 
similar results after 1 month; however, the aPDT group had better effects on gin-
gival bleeding index compared to Scaling and Root Planning (SRP) alone after 
3 months [51].

Although there are still only a limited number of reports on the combination of 
nano and laser in photodynamic therapy of periodontal and peri-implant infections, 
the results have been promising in this new field of nonsurgical periodontology. 
Nanobased aPDT studies in the field of biofilm-dependent and infectious oral dis-
eases are mainly focused on improving current photosensitizers or developing new 
formulations for targeted delivery vehicles. Hopefully in the near future, these 
in vitro studies will lead to clinical studies and evidenced-based therapeutic guide-
lines for use in clinical practice [52].
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4  Summary

Understanding the applications of low-intensity lasers and PBM, along with its 
accompaniment to nanotechnology, can be helpful for diagnosis, regeneration of 
damaged tissues, and treatment of malignancies. Rehabilitation and improvement of 
the function of tissues and organs is another advantage of laser technology in 
dentistry.

While many studies have investigated the role of low-intensity lasers in dentistry, 
the lack of applicable clinical protocols is still a major challenge of these studies. 
Echoing this sentiment, the World Association for Laser Therapy (WALT)—in the 
12th International Congress, Nice, 2018—decided to launch several systematic 
review studies under the supervision of a group of international researchers to intro-
duce the clinical protocols of PBM therapy for dentistry. Generally, clinicians’ 
access to a practical protocol in low-intensity laser radiation can lead to widespread 
advancements in the diagnosis and treatment of many oral and maxillofacial 
diseases.
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Chapter 8
Applications of Hard and Soft Tissue 
Engineering in Dentistry
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1  Introduction

It is vital that teeth and oral tissues are protected since they play a crucial role in 
human function. Strong masticatory stresses and physical changes can result in 
changes in oral tissues, such as dental caries and periodontitis [1]. As a therapeutic 
measure, the use of biomaterials has played a role in helping to repair damaged oral 
tissue. Concerns are arising from exposure to body fluids within the mouth leading 
to a degradation of the material. Moreover, potential cytotoxic and harmful products 
can be released through the use of products in the oral environment. Therefore, tis-
sue engineering has replaced more conventional biomaterial innovations.

Tissue engineering has been widely implemented to develop functional alter-
nates for the damaged tissues [2–12]. Tissue engineering application can be based 
on three components—the cell source, scaffold, and bioactive molecules [9, 11, 
13–19]. Research has been conducted with a vast amount of scaffold materials, such 
as natural polymers [20–29], natural silk [30], synthetic polymers [9, 15, 20, 31–
33], and ceramics [34], as an attempt to regenerate dental tissues. Tissue engineer-
ing has been developed to be effective with pulp-dentin complex regeneration [20], 
guided tissue regeneration [35], and tooth [36] and salivary glands [37].

The increasing amount of research regarding tissue engineering and regeneration 
has made it an emerging field. However, due to many complications and challenges, 
only a few products have been used for clinical applications. We hope that concepts 
regarding tissue engineering and their applications toward dentistry are made aware 
to the public, and challenges regarding these applications are faced.
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2  Tissue Engineering Strategies

Tissue engineering is poised to have a significant and exciting impact in the field of 
dentistry. As it relates to dentistry, bone, cartilage, dentin, dental pulp, salivary 
glands, skin, and oral mucosa can be bioengineered via three primary methods—
conduction, induction, and cell transplantation [38].

The conductive method employs the use of a polymeric barrier membrane, which 
seals off the intended area of tissue regeneration solely to cells that enhance tissue 
growth, while preventing unnecessary, or potentially harmful, cells from entering 
the site of the regeneration [38]. Nyman et al. demonstrated such a method, as they 
were able to enhance the growth of periodontal supporting cells while preventing 
gingival epithelial cells and connective tissue cells from entering the area of regen-
eration [39]. One significant benefit of this method is its ability to form bone in a 
well-controlled and usual manner [38].

Another approach to tissue engineering, known as the inductive method, sends 
biological messages to cells near the site of damage, facilitating the formation of 
new bone [38]. Urist demonstrated that BMPs can form new bone at places that 
 usually are unable [40]. This process is made possible through polymeric carriers 
transporting inductive factors, like bone morphogenic proteins (BMPs), to the 
desired site of regeneration [38]. Major polymers include collagen of animal origin 
and synthetic polymers of lactic acid and glycolic acid [38]. The speed and quantity 
at which inductive factors are released are dictated by the rate of carrier breakdown 
[41]. Discoveries in this area of research have led to the widespread production of 
BMPs, now enabling individuals with bone defects to regrow and heal such wounds 
successfully [38].

The last method is cell transplantation, which transplants cells cultivated in a 
laboratory into the desired target [38]. This method requires interaction and coop-
eration between a doctor, engineer, and a cell biologist [38]. First, an individual is 
biopsied by a doctor to acquire information regarding the cells present in the indi-
vidual [38]. Then, the biopsy is sent to the laboratory, where a cell biologist appro-
priately reproduces the specific cells [1]. Next, an engineer will fabricate a 
biodegradable polymeric scaffold, which is ultimately integrated with the cells of 
interest [38]. Finally, the scaffold is transplanted into the individual by the doctor 
[38]. After successful cell transplantation, the scaffold eventually breaks down but 
also guides the successful formation of healthy tissue [38].

The schematic representation of the cell-matrix tissue engineering strategy has 
been given in Fig. 8.1.

3  Application of Tissue Engineering in Dentistry

3.1  Tooth Regeneration

Whole tooth regeneration poses a difficult, yet vastly improving, area of research. 
Multiple studies have been performed with varying success in this area of study.
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Using tooth buds from the third molars of pigs, Young et al. were the first to 
successfully regenerate tooth structure containing enamel and dentin [43]. 
Biodegradable scaffolds containing pig tooth bud cells were transplanted into rats, 
and 20–30 weeks later, defined tooth structure was present, although the size of 
the tooth was very small [43]. Likewise, Duailibi et al. were able to regenerate 
teeth using tooth buds from rats [44]. Tooth bud cells were isolated from the rats 
between 3 and 7 days postnatally and grown in vitro for 6 days with polyglycolic 
acid (PGA) and polylactic- co-glycolic acid (PLGA) scaffolds [44]. It was deter-
mined that tooth bud cells isolated from rats 4 days postnatally and seeded onto 
PGA and PLGA scaffolds resulted in the most mature tooth structure [44]. Xu 
et al. designed a novel silk scaffold, with specified pore sizes of 250 and 550 μm, 
to facilitate the growth of tooth bud cells from a 4-day postnatal rat [45]. It was 
determined that scaffolds with pore sizes of 550 μm best supported the develop-
ment of osteodentin-like tissue and the intended tooth shape; however, no enamel 
was detected [45]. With a more unique approach, Nakao et al. placed epithelial 
and mesenchymal cells within collagen gel drops for 2 days, promoting growth 
before transplantation into mice; after 14 days, ameloblasts and odontoblasts were 
detected in the mice teeth [46].

Although many complex factors are required to achieve a structurally sound and 
morphologically acceptable tooth, research is currently progressing towards this 
desired outcome. Imagine a world where teeth can be regenerated with relative ease 
to replace missing teeth—it surely will be a revolutionary advancement.

Fig. 8.1 Schematic representation of cell-matrix tissue engineering strategy [42]
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3.2  Bone Tissue Regeneration

Bone damage is a serious health concern that may result from injuries, infections, 
and birth defects [38]. Conventional surgical methods—like autografts, allografts, 
and synthetic biomaterials—are not without their shortcomings; as a result, bone 
tissue regeneration has become an area of research interest to offset the inadequa-
cies of conventional bone repair methods [38].

All three primary methods of tissue engineering may be employed for successful 
bone regeneration [38]. Conductive and inductive methods may be used to regener-
ate areas of minor bone damage [38]. When conductive measures cannot sufficiently 
repair bone, BMPs are then inductively bioengineered [38]. Lastly, cell transplanta-
tion uniquely enables researchers to create large bony structures, like the mandible, 
before surgery. Bone precursor cells are cultured onto scaffolds with careful consid-
eration for the essential environment and factors needed for proper functioning. 
Gradually, the scaffold will break down, leaving bone shaped in the form of a man-
dible [38].

3.3  Cartilage Tissue Regeneration

Cartilaginous tissue has become an area of interest for researchers in developing 
cartilage transplantation methods, as this tissue has a limited ability to repair itself. 
Trauma and degenerative diseases, such as osteoarthritis, can lead to cartilage 
destruction, precisely at the temporomandibular joint (TMJ). Polymer scaffolds 
have been constructed to mimic the same mechanical properties as cartilage, lead-
ing to a novel discovery in cartilage reconstruction. At the forefront of this engineer-
ing project is the development of cartilaginous cell transplantation to counteract the 
limited regeneration capability of the tissue and its lack of inductive molecules. The 
newest technique in cartilage transplantation is to use cells without a carrier to 
repair small defects. Animal models have proven that new cartilaginous tissue relat-
ing to the maxillofacial region, such as the nasal septum and temporomandibular 
joint, can be scientifically engineered using biodegradable scaffolds to transplant 
these new cells [38].

The TMJ is a bilateral joint connecting the mandibular condyles and temporal 
bones of the skull, with a fibrocartilaginous disc between these two bones. This disc 
functions as the support of the joint and absorbs any stresses and trauma. Due to the 
complex structure of the TMJ, there are minimal treatment options available for the 
management of disorders relating to this joint. In 1991, Thomas et al. [47] produced 
the first in vitro cartilage tissue analog in an animal model by way of organ culture. 
The tissue produced had the same clinical appearance and physical properties of the 
TMJ disc; this experiment provided a method for in vivo autografting as an alterna-
tive way to treat TMJ disc problems. Three years later, Puelacher et al. [48] tested 
the effectiveness of the newly engineered tissue growth of the TMJ disc by placing 
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dissociated chondrocytes on a synthetic biodegradable polymer in vitro and then 
transplanting this into mice, and the resultant engineered cartilage was visualized. 
At the conclusion of the study, all implants that were seeded with the chondrocytes 
displayed hyaline cartilage, while still allowing the scaffolds to maintain their origi-
nal shape. This study proved the imminent possibility of scientifically engineered 
synthetic TMJ disc tissue.

The research conducted in the 1990s was followed by studies targeting TMJ tis-
sues. Abukawa et  al. [49] successfully reconstructed the mandibular condyle by 
using similar tissue-engineered bone constructs that were made by combining bio-
degradable polymers and porcine mesenchymal stem cells (pMSCs). Weng et al. 
[50] determined in their study that bone and cartilage composites can be success-
fully engineered to serve as substitutes to the mandibular condyle. The junction of 
bone and cartilage was proven to be similar to the common junction of these com-
posite tissues in articulating joints.

Although these studies have shown many advances in engineering synthetic TMJ 
disc tissue, the presence of multiple tissues on the TMJ (bone, cartilage, fibrocarti-
lage) presents a challenge. Researchers must be able to engineer the TMJ to with-
stand normal pressure and shock that the TMJ disc bears typically to have any 
reliable clinical application [1].

3.4  Enamel Regeneration

Enamel is the outer surface of a tooth; it is avascular, acellular, and non-vital, mak-
ing it a problematic tissue to attempt to regenerate. Enamel is subject to many forces 
to the tooth, such as chewing forces, temperature, pH, caries, bruxism, and chemical 
erosion. Ameloblasts, the enamel-forming cells, form a protective layer on the outer 
surface of the enamel before the eruption. However, at the eruption, ameloblasts are 
lost, therefore leaving behind a highly mineralized acellular enamel structure. Due 
to the difficulty in regenerating an acellular, avascular, and non-vital tissue, very 
little research has been published on tissue engineering of enamel. Therefore, the 
focus of enamel regeneration research is mainly concerned with the remineraliza-
tion of demineralized or defective enamel [1].

In a study conducted by Fan et al. [51], amelogenin was used with a modified 
biomimetic deposition method to remineralize the surface of etched enamel, form-
ing mineral layers containing hydroxyapatite crystals. Amelogenin was an essential 
modulator in the study, as it promoted bundle formation of fluoridated hydroxyapa-
tite as the dose was increased. The biomimetic synthesis of amelogenin-fluoridated 
hydroxyapatite crystals is one of the initial steps necessary in developing biomateri-
als that would be applied in future applications for enamel regeneration in restor-
ative dentistry. Although the research conducted in this study was novel in promoting 
remineralization of affected enamel in its earliest stage, producing enamel tissue 
itself is a significant challenge to researchers today. Many factors must be con-
sidered: the highly mineralized state of the enamel (96% mineralized); the 
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arrangement, morphology, and size (2–3 mm) of the hydroxyapatite crystals; and 
the acellularity of enamel. Additionally, ameloblasts originate from epithelial cells 
and require the differentiation of odontoblasts before they can form the enamel. 
This epithelial-mesenchymal interaction is very complex and necessary for ade-
quate enamel and dentin formation. Thus, although there has been some research 
conducted in the regeneration of the enamel, there are still many barriers present in 
achieving this new feat.

3.5  Dentin and Dental Pulp Regeneration

Animal and laboratory studies have successfully engineered dentin and dental pulp 
production. The biggest need for regeneration in this field of dentistry would be due 
to damage to the dentin and other structures in the dentin from tooth decay. Dental 
caries cause significant damage to the tooth structure, with the most insult to dentin. 
Caries is one of the most prevalent diseases in children and young adults; successful 
dentin regeneration through tissue engineering could be a potential future break-
through solution to this epidemic [38].

There are many approaches to engineer lost dentin and pulp. Even if the odonto-
blasts (dentin-producing cells) have been lost due to the carious process, these 
odontoblastic cells still can be regenerated, unlike ameloblasts (enamel-producing 
cells). Specific bone morphogenetic proteins can be utilized, allowing the newly 
synthesized odontoblasts to form new dentin. A study conducted by M. Nakashima 
[52] proved this hypothesis correct. Reparative dentin was developed in the cavity 
of an amputated pulp and capped with a bone morphogenetic protein, allowing for 
a cell-mediated immune response, resorption of the BMP, and vascular invasion. 
Four weeks post-op, osteodentinoblasts were found in the matrix, and other parts of 
the pulp were filled with pulpal tissue. It was determined that the osteodentine found 
in this study may be involved in the differentiation of odontoblasts into dentin and 
dental pulp. This study was followed by a survey conducted by Lianjia Y et al. [53]; 
it was determined that the primary inductive factor in odontoblast differentiation 
has not been identified, but BMP, which induces the formation of cartilage and bone 
when implanted in muscle tissue, is found in dentin matrix, hence the reason why 
BMPs are used in this area of research. BMP exists in odontoblasts, ameloblasts, 
and dentin matrix and induces the formation of osteodentin, as found in the previous 
study. Thus, BMP plays a tremendous role and could be the primary inductive factor 
in odontoblast differentiation.

In addition to dentin, the dental pulp can be scientifically engineered by using 
fibroblasts and synthetic polymer matrices. The ability to successfully apply regen-
erated dentin and pulp is a future breakthrough to restorative dentistry, as it can 
potentially be the solution to dental caries, a disease common to many around the 
world.
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3.6  Periodontal Tissue Regeneration

Periodontal disease is the result of accumulated bacterial biofilm and a subsequent 
inflammatory response that leads to the progressive destruction of the supporting 
tissues surrounding teeth and can eventually lead to tooth loss. Conventional ther-
apy aims to decrease bacterial loads to a level tolerable by the body, thereby halting 
the disease process and allowing periodontal tissues to heal. However, traditional 
treatment is unlikely to result in the regeneration of lost periodontal structures. 
Tissue engineering techniques are alternative or adjunct treatments aimed at regen-
erating lost periodontal tissues. As with other tissue engineering approaches, peri-
odontal tissue regeneration requires cells, growth factors, and scaffold or extracellular 
matrix. Effective treatment should result in the formation of cementum, ligament 
fibers, alveolar bone, and reattachment of the epithelial seal [1, 54].

A technique, termed guided tissue regeneration (GTR), involves the use of a 
physical barrier, either a resorbable (polylactic acid, polyglycolic acid, collagen) or 
non-resorbable (methylcellulose acetate, polytetrafluoroethylene) membrane that 
prevents the migration of the more rapidly forming epithelial and connective tis-
sues, providing a space for the migration of cells onto the affected root surface and 
promoting the formation of bone. There is no clinically significant difference 
between the use of resorbable and non-resorbable membrane [55]. GTR is an estab-
lished and widely used treatment for periodontal defects. Guided bone regeneration 
(GBR) is another technique used for the treatment of bone defects, such as dehis-
cence, apical fenestration, and socket defects [56].

Tissue engineering approaches may be improved by the use of bioactive mole-
cules or growth factors, which may result in better cell migration and behavior [57]. 
A study by Nevins et al. [58] demonstrated the effect of purified recombinant human 
platelet-derived growth factor BB (rhPDGF-BB) on Class II furcations and inter-
proximal intrabony defects. rhPDGF-BB incorporated into bone allograft resulted 
in histologically evident regeneration of the periodontal attachment apparatus, 
including new cementum and PDL, in four of the six interproximal defects and four 
of four furcation defects treated with PDGF. A subsequent randomized control trial 
demonstrated the safety and efficacy of rhPDGF-BB in the treatment of periodontal 
osseous defects, and the results showed a significant increase in the rate of CAL 
gain, reduced gingival recession at 3 months post-surgery, and improved bone fill at 
6 months [56].

3.7  Oral Mucosa Regeneration

Soft tissue defects are commonly repaired using autologous grafts taken from a dif-
ferent part of the patient’s own oral cavity. In these cases, rejection of the graft is not 
a risk, as the patient’s own tissue is used, yet autologous grafting is not without limi-
tations. Potential issues with autologous grafting include donor site morbidity, 
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tissue shortage, and retention of donor tissue characteristics. An alternative approach 
to oral mucosal regeneration is the use of tissue-engineered products, produced by 
cultured keratinocytes on dermal matrices in vitro [59].

Oral mucosal equivalents have been developed for clinical applications and for 
use in in vitro studies of biocompatibility, mucosal irritation, disease, and other fun-
damental oral biology phenomena [60]. Such equivalents have been used in the 
surgical reconstruction of the lips, oral vestibule, and tongue and have been pro-
posed for use in tissue engineering of other mucocutaneous structures [61].

3.8  Salivary Gland Regeneration

Salivary glands may be damaged by diseases such as Sjogren’s syndrome or radio-
therapy, as they are particularly sensitive to radiation. The loss of salivary gland 
tissue or function has a significant impact on quality of life for those affected indi-
viduals, as saliva has a vital role in aiding food digestion and moistening and pro-
tecting the oral mucosa. Hyposalivation can cause dysgeusia, dysphagia, increased 
dental caries, and increased incidence of candidiasis, among many other sequelae 
[38]. Currently available therapies, which include saliva substitutes and siala-
gogues, are mostly supportive and are often insufficient. Tissue engineering of 
glands could improve treatment but is complicated by the intricate anatomy and 
histology of salivary glands [1]. Inductive gene therapy has been used to treat sali-
vary gland deficiencies. The goals of this type of treatment include repair of hypo-
functional gland tissue, production of secretory transgene products, and induction 
of a phenotypic change in existing ductal epithelial cells. This approach has dem-
onstrated success in animal models [62]. In cases of extensive loss of salivary gland 
tissue, an alternative treatment is the transplantation of artificial salivary glands. 
This was demonstrated in a study by Baum et al. [63], in which synthetic salivary 
gland substitutes were developed from polymer tubes lined by epithelial cells. 
These devices could be grafted into buccal mucosa and would have the ability to 
deliver aqueous fluid into the oral cavity. These regenerative approaches have the 
potential to treat patients with insufficient saliva production due to salivary gland 
tissue dysfunction and/or destruction, thereby treating and preventing the sequelae 
of hyposalivation.

3.9  Temporomandibular Joint Regeneration

The temporomandibular joint (TMJ) is a bilateral synovial joint composed of, in 
part, a shock-absorbing fibrocartilaginous disc located between the mandibular con-
dyles and temporal bones of the skull. It is a complex structure consisting of many 
tissue types, including bone, cartilage, and ligament, which are bound posteriorly 
by blood vessels and nerves. There are only a few treatments available for the 
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management of TMJ disorders, including pharmacotherapy, physiotherapy, and 
surgical intervention. Tissue engineering has a potential application in the treatment 
of TMJ dysfunction resulting from degeneration [1].

A study by Thomas et al. [47] from 1991 reported the in vitro development of 
TMJ cartilage using type I collagen meshes to culture chondrocyte-like cells. The 
study indicated that the “resultant tissue analog had the clinical appearance and 
characteristics of the temporomandibular joint disc” and concluded that such an 
analog could alternatively be used in vivo for disc repair. Not long after, another 
study by Puelacher et al. [48] engineered the fibrocartilaginous disc of the TMJ. TMJ 
disc replacements were made by seeding dissociated chondrocytes on synthetic, 
bioresorbable polylactic (PLA) and polyglycolic (PGA) acid fiber scaffolds. The 
constructs were incubated in vitro and then transplanted into test animals. The scaf-
folds maintained their shape, and all implants seeded with chondrocytes showed 
gross evidence of histologically organized hyaline cartilage. This study demon-
strated the potential use of tissue-engineered cartilage grown on scaffolds in recon-
structive surgery of the TMJ and also in craniomaxillofacial, plastic, and orthopedic 
surgery.

Engineering of other TMJ tissues followed the previously discussed studies. 
Abukawa et al. [49] proposed the fabrication of bone to eliminate donor site mor-
bidity. Engineered constructs that closely resembled a modeled condyle were made 
using porcine mesenchymal stem cells and porous polymer scaffolds of biodegrad-
able PLGA. A study by Bailey et al. [64] compared engineered condylar cartilage 
made from human umbilical cord matrix (HUCM) stem cells and TMJ condylar 
chondrocytes seeded onto PGA scaffolds. Samples were cultured either in a medium 
containing chondrogenic factors or in a control medium. The HUCM constructs 
showed increased levels of biosynthesis and higher cellularity, demonstrating that 
the HUCM stem cells outperformed the TMJ condylar cartilage cells.

Another study by Schek et al. [65] demonstrated the engineering of osteochon-
dral implants using biphasic composite scaffolds to simultaneously generate bone 
and cartilage in discrete regions and a stable interface between cartilage and sub-
chondral bone. Due to the presence of multiple tissues in addition to the complex 
anatomy of the TMJ, tissue engineering to treat TMJ dysfunction is challenging. 
Additionally, for engineered constructs to have a clinical application, they must be 
biologically and mechanically functional and can remodel according to functional 
loading stresses.

4  Tissue Engineering: Challenges and Opportunities 
in Dentistry

Tissue engineering introduces the exciting possibility of replacing lost or damaged 
tissue. This could be a reality for practitioners and patients in the near future, but 
there are undoubtedly many challenges before this approach can be regularly 
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utilized clinically. There have been many significant contributions made to the 
literature, but still, relatively few tissue-engineered products have reached clinical 
trials, and applications are primarily limited to the skin, bone, cartilage, capillary, 
and periodontal tissue [66]. More research and interdisciplinary collaboration are 
still needed to shift clinical treatment from repair and reconstruction to regenera-
tion. Research to date has illuminated the fundamental processes of tissue engineer-
ing, but many issues remain, as tissue engineering is a field that involves many 
disciplines of the health sciences and bioengineering. This requires the collabora-
tion of many research groups and professionals, including but not limited to den-
tists, dental biomaterial experts, physicists, bioengineers, and biotechnologists [1].

Key challenges that the field of tissue engineering faces include the complexity 
and current lack of knowledge of oral tissues, tissue-specific problems, ethical con-
cerns of stem cell research, the cost-effectiveness of treatments using tissue- 
engineered products, regulation of such products, and the need for training and 
funding.

It is crucial to understand the composition of the tissue and how it is produced in 
nature before one can successfully engineer the tissues. An article by Zafar et al. [1] 
discusses an example of the challenging complexity of enamel, which is the hardest 
substance in the body due to its highly mineralized structure and is secreted by 
ameloblasts. Scientists are unable to stimulate ameloblasts to secrete enamel tissue 
in vitro with structure and properties similar to that of natural enamel. Besides, the 
enamel is acellular, avascular, and cannot remodel. Many tissue-specific challenges 
complicate tissue engineering efforts.

The use of stem cells brings up ethical concerns. Stem cells have great potential 
to reveal the mechanisms of cell and tissue development and differentiation. 
However, religious and legal dilemmas arise due to debates about when the cells in 
question are considered a human being, consent to donate biological materials, 
oversight of research, local and international regulations, and more. Also, these con-
cerns differ depending on geographical location, creating a limitation for research 
groups that develop partnerships and potentially involve the transport of biological 
materials across the globe [67].

Cost-effectiveness is inevitably a concern with any medical therapy on the mar-
ket. One must consider the costs of research and development and the comparative 
value of currently available treatments. These factors are essential to labs, patients, 
and practitioners alike. As the development of tissue-engineered products contin-
ues, the cost-effectiveness of these products is something to consider.

Biomaterials and the regulation of such materials are additional challenges. A 
fundamental component of tissue engineering is the use of scaffolds. While it does 
not yet exist, an ideal scaffold would match the mechanical, physical, and biological 
properties of the natural tissue of interest, be able to support the tissues’ cells 
throughout their lifespan, and be non-immunogenic and non-allergenic. Of course, 
infected or contaminated biomaterials cannot be used; however, maintaining a ster-
ile environment during the process of tissue engineering, which can take months, is 
very challenging. Conventional heat or chemical sterilization may harm cells and 
tissues or affect the integrity of scaffold materials [66].
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Last, as engineered tissue products become available, dental providers will need 
training and experience in the use of these products. This would require the intro-
duction of these materials in the dental school curriculum and additional continuing 
education courses for current practitioners to increase the familiarity of such treat-
ments among those in the profession. Additional specialty training in oral surgery 
and periodontology would need to be introduced, as the use of tissue-engineered 
products often involves surgical procedures. There is a need for interdisciplinary 
collaboration to further tissue engineering research efforts, as well as financial sup-
port via government funding agencies and private industry.

While there are still many barriers to the clinical use of tissue-engineered prod-
ucts, the possibilities grow with continued research and the contributions of many 
different groups around the globe. The paradigm shift from simple repair and recon-
struction to regeneration is an exciting prospect for the future of dentistry.

5  Conclusions and Future Trends

Although tissue engineering is an emerging field in the career of dentistry, many 
challenges must be faced before many applications can be clinically practiced. We 
must be able to solve how we can apply this type of technology as a whole into the 
field. Some of the major issues to this problem have come down to the cost of hav-
ing these applications available and how we are going to distribute and apply this 
technology in healthcare centers. There will also be a new rise of training programs 
to utilize this type of technology.

Moreover, ethical issues have arisen regarding tissue engineering. When apply-
ing this technology, the source of the cells, whether they are the patient’s own or 
donated, would need to be considered. Furthermore, the type of people receiving 
these therapies is questioned. Many concerns regarding the implementation of this 
technology exist and will take time for the application of this technology to be used 
in an actual clinical setting. Much research regarding the field is being accomplished 
at dental schools and postgraduate programs to make many more advances in this 
field. Using the basic sciences and incorporating that knowledge into a clinical set-
ting—such as in oral surgery, periodontics, and oral medicine—has been imple-
mented with the use of translational research. For practitioners, continuing education 
programs in the field of tissue engineering will allow a better understanding in this 
area, facilitating awareness of newer and better treatments.
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Chapter 9
3D Printing in Dentistry

Samaneh Hosseini, Majid Halvaei, Amin Ebrahimi, 
Mohammad Amin Shamekhi, and Mohamadreza Baghaban Eslaminejad

1  Introduction

Tissue loss due to diseases, genetic disorders, and traumas is a major global health 
problem. Lack of tissue in the oral-maxillofacial region may result in problems with 
severe tooth loss that involves several soft and hard tissues [1]. The oral cavity is 
composed of the maxilla (upper jaw), mandible (lower jaw), and teeth that create a 
natural, complex three-dimensional (3D) structure. A critical challenge in regenera-
tive dentistry is fabrication of functional 3D constructs for craniofacial reconstruc-
tion. There is an essential need to fabricate these complicated tissues in a controllable 
manner. Biomanufacturing methods used for regeneration of various dental struc-
tures are very limited and lead to tooth loss in most cases [2, 3]. High-level progres-
sive periodontitis changes alveolar bone morphology, resulting in loss of 
tooth-supporting tissues with subsequent tooth extraction. Socket preservation or 
alveolar ridge preservation (ARP) and strengthening with bone grafting materials 
are available methods to preserve resting bone following a tooth extraction in clinic 
[4, 5]. Computer-aided design (CAD) and computer-aided manufacturing (CAM) 
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are promising technologies to create customized structures. CAD and CAM are of 
interest in medicine because of their ability to produce a range of medical devices, 
orthopedic implants, and artificial tissues and organs [6]. CAD and CAM make it 
possible to produce reliable restorations that have accurate dimensions and a more 
consistent quality, in addition to reduced manufacturing time. Among the various 
medical fields, dentistry has greatly exploited CAD/CAM technologies. CAD/CAM 
can be used for various applications in dentistry that include maxillofacial implants, 
dental models, dentures, crowns, and tooth tissue engineering [7]. For example, 
crown and bridge restoration and dentures are routinely fabricated by a wax tech-
nique, and metal casting can be replaced by more rapid, cost-effective 3D printing. 
Here, we describe 3D printing approaches currently used in dentistry. We mainly 
focus on the application of 3D printing in regenerative dentistry and dental tissue 
engineering. This chapter also explores the importance of biomolecules and vascu-
lature in 3D-printed constructs.

2  3D Printing Methodology

Fabrication of 3D objects is one of the main challenges in industry and medicine. To 
date, different methods have been utilized to manufacture 3D objects. Along with 
the advances in computers, manually operated machines have been replaced by 
automated machines. CAD and CAM pave the way for minimizing operator error 
and help fabricate objects with higher repeatability. Briefly, in CAD/CAM, a 3D file 
is designed with different software (CATIA, SolidWorks, Maya, 3ds Max); 3D 
scanners provide this opportunity to create a primary 3D file. In addition to indus-
trial 3D scanners, medical imaging systems such as magnetic resonance imaging 
(MRI) for soft tissues, and computed tomography [8] and cone beam computed 
tomography (CBCT) for hard tissues, provide volumetric data to create 3D files of 
implants, prostheses, tissues, and organs. These files can be used directly or modi-
fied by software to give a final 3D CAD file. The CAD/CAM methods are divided 
into two main manufacturing groups, subtractive and additive. Below, we describe 
their subgroups and provide a detailed description of their applications in medicine 
and dentistry.

2.1  Subtractive Manufacturing (SM)

Subtractive manufacturing (SM) has a long history in dentistry. In the 1970s, Duret 
and Preston fabricated a fixed dental prosthesis by using a numerically controlled 
SM miller. In this method, a block of material undergoes a milling process to create 
a 3D structure. This process is very similar to carving a statue from a stone block. 
However, computer numerical controlled (CNC) machining is automated and per-
forms the carving by a milling mechanism via a computer. Various materials have 
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been used in dental milling, such as metals (Ti, Co-Cr) [9], ceramics (ZrO2) [10, 
11], and polymers (or composites) [12, 13]. Computer numerical controlled machin-
ing has been used to build personal anatomic implants, such as dental and craniofa-
cial prostheses, as well as crown and bridge restorations [11]. EpiBone uses this 
method to create anatomically viable bone structures. They first decellularize the 
bone tissue, then create an anatomic 3D structure with the use of a CNC milling 
machine, and eventually recellularize the tissue with a perfusion system. The resul-
tant product could be utilized as an anatomical, viable bone graft for craniofacial 
and orthopedic defects [14]. However, drawbacks related to the subtractive methods 
have hampered their extensive use in dental applications. The drawbacks include a 
high amount of wasted raw materials, macroscopic cracks due to machining, and 
limited precision fit. Fabrication of dental articles by CNC machining is a trouble-
some task due to the presence of overhangs and sharp corners.

2.2  Additive Manufacturing (AM)

Additive manufacturing (AM), which is often referred to as 3D printing, creates a 3D 
object with layer-by-layer addition of materials. Hull, the father of 3D printing, 
developed the first laser-based 3D printing method in the early 1980s [15]. Initial 
application of 3D printing in tissue engineering was reported in the mid-1990s [16–
18], while a 3D bioprinting method was developed in the early 2000s [19]. 3D bio-
printing is an exciting technology with tremendous potential to address critical issues 
in regenerative dentistry. Since the 3D bioprinting technique patterns cells and bio-
materials, selection of a proper material for 3D bioprinting is more difficult than 
conventional 3D printing. Cells are one of the printing components, and biological 
considerations are needed to select a proper bioink [20]. Among various 3D printing 
methods, the most popular for medical and dental applications are described below.

2.2.1  Laser-Based Methods

In laser-based methods, a laser beam with different powers, intensities, and dimen-
sions is applied to crosslink a resin, melt/sinter powder, or eject a microdroplet of 
material placed on a laser-absorbing layer.

Stereolithography (SLA) Stereolithography (SLA) is defined as the fabrication of a 
3D model from a light-sensitive material. This technique is a 3D photolithography 
method in which a liquid-like photopolymer is exposed to a specific wavelength 
range of light to initiate the polymerization process. The photopolymer undergoes a 
change in its mechanical properties and gives rise to a solid material. A laser beam 
scans a predefined area of the surface of the photopolymer vat and crosslinks this 
point by laser radiation. A 3D structure is fabricated by layer-by-layer iteration of 
this procedure. The SLA technique has been applied in tissue engineering (TE) to 
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fabricate a 3D structure with or without cells. Photosensitive biomaterials, such as 
poly(ethylene oxide) (PEO), polyethylene glycol diacrylate (PEGDA), and gelatin 
methacryloyl (GelMA), have been used in the SLA method to print a 3D scaffold 
[21, 22]. Although SLA is based on the photo-polymerization of photosensitive 
materials, ceramic materials like alumina combined with a photosensitive resin can 
be used. These ceramic materials are proper candidates for producing a dental 
crown framework [23, 24].

Selective laser melting (SLM) Selective laser melting (SLM) uses a laser beam to 
melt different materials, such as ceramics, polymers, and metal powders. Although 
SLM is akin to SLA, there are two main differences. First, the printing material in 
SLM is a powder instead of a photosensitive resin. Each layer is prepared by a roller 
prior to laser exposure. Second, the solidification mechanism is based on the melt-
ing of a powder in contrast to crosslinking of the photopolymer. Selective laser 
melting has been used to fabricate 3D metallic dental structures. Both Co-Cr and Ti 
are widely used to fabricate 3D dental structures and porous 3D implants by the 
SLM method [9, 25, 26].

Selective laser sintering (SLS) The selective laser sintering (SLS) method is simi-
lar to SLM, but differs in the fusion mechanism. In SLM, the powder particles reach 
their melting point and subsequently fuse together. In contrast, in the SLS tech-
nique, the powder particles do not melt; rather, they are heated with a laser beam to 
a critical temperature that enables the small particles of powder to fuse to each other 
at the molecular level. Various biomaterials can be utilized to manufacture 3D 
objects by SLS, such as polymers [poly(ε-caprolactone) (PCL) and polyamide] [27, 
28], metals (steel and titanium, alloys) [29–31], and ceramic powders [calcium 
phosphate-based materials and hydroxyapatite (HA)] [32]. The composite of a poly-
mer and a ceramic material would also provide an ideal biomaterial for hard tissue 
regeneration purposes [32–34].

Laser-assisted bioprinting (LAB) Laser-assisted bioprinting (LAB) is composed of 
a pulsed laser source, a ribbon coated with a printing material, and a receiving sub-
strate. The ribbon is normally composed of a transparent supportive layer, a laser- 
absorbing interlayer, and the printing material. Although there is no laser-absorbing 
layer, the printing material is thermosensitive. For bioprinting applications, it is 
recommended to use an interlayer in order to protect the encapsulated cells in the 
printing material from directly sensing the laser’s heat [35]. This technique is used 
to print biomaterials that have a high cell density and high precision pattering of the 
cell’s microenvironment [36–39].

2.2.2  Flash Technology

Digital light processing (DLP) is one of the most widely used 3D printing methods. 
In this technology, the 3D printing material is a photosensitive material similar to 
SLA. In DLP, each layer is cured by projection of a picture from a projector onto the 
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surface of the resin. The DLP technique has the capability to print 3D objects with 
the cells, in contrast to the SLS technique where cell printing is impossible due to 
its harsh conditions [40–44]. Biomaterials, such as PEGDA and GelMA, can be 
cured with visible light, which lack cytotoxicity and do not affect cell viability. In 
addition, DLP appears to be more convenient in terms of the precision and accuracy 
of dental models compared to the SLA technique [45].

2.2.3  Extrusion

Extrusion is extensively used in tissue engineering. The printing mechanism is 
layer-by-layer like other 3D printing techniques, yet nozzle-based. The most usable 
extrusion methods are fused deposition modeling (FDM) and dough deposition 
modeling (DMM).

Fused deposition modeling (FDM) A thermoplastic material, polylactic acid 
(PLA), is extruded from a heated nozzle and lies on the printing stage in the FDM 
method. After each layer is printed, the nozzle moves upward one step that is equal 
to the dimension of a printing layer. This process continues layer-by-layer until the 
formation of a 3D object is complete. Printing materials include PCL [46], PLA 
[47], or a mixture of a thermoplastic material with other materials (ceramics) [48, 
49]. Osteoplug™ and Osteomesh™ are 3D-printed and patient-specific skull and 
craniofacial implants printed by the FDM method [50].

Dough deposition modeling (DMM) Among 3D bioprinting methods, DMM is 
broadly used for tissue engineering applications. In this technique, a vast range of 
materials, such as polymers, metals, and ceramics, can be used to print a 3D object. 
Materials with proper mechanical and rheological properties are placed into a reser-
voir. The printing material extrudes through a nozzle under hydrostatic pressure that 
is generated by movement of a plunger through a syringe [51–53], by pneumatic 
pressure exerted over the printing material [54–57], or by rotation of a screw inside 
the reservoir where the rotation exudes the material [58, 59]. Viscosity, gelation 
time, thixotropic behavior, and the shape and dimensions of the nozzle determine 
the printing quality [60]. It is possible to combine two different methods, such as 
FDM and DMM, to print a 3D structure that has the desired mechanical and biologi-
cal parameters [52].

2.2.4  Jet Printing

Jet printing is one of the oldest methods used in tissue engineering. In the late 
1980s, researchers used the jet printing method to print the word “fibronectin” on a 
non-cell-adhesive substrate. Then, by patterning fibronectin and culturing cells over 
this substrate, they observed that these cells only attached to the patterned areas 
[61]. In 1994, cells and biomaterials were patterned on a substrate with the use of an 
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inkjet printer [62]. Inkjet printers use piezoelectric [63, 64] or thermal actuators [65, 
66] to eject droplets from their nozzles. The simplest mode of a jet printing tech-
nique directly prints a material layer-by-layer. In some cases, the printing material 
is photo-curable and it is necessary to crosslink each layer by exposing the layers to 
light. A suitable biomaterial for jet printing is PEG-GelMA, a UV crosslink material 
[67]. Jet printing can be used to print a powder that needs a binder to bind the pow-
der particles to each other. In this technique, as with SLS for patterning each layer, 
a layer of powder is initially prepared and then the binder solution is ejected from 
the nozzle [68]. Sajio et al. have used this technique to print maxillofacial 3D struc-
tures with calcium phosphate powder [69].

3  Biomaterials for 3D Printing in Dentistry

According to the 3D printing methodology, printing is normally accomplished via 
two approaches: an acellular structure that uses solid freeform fabrication (SLF), 
FDM, and stereolithography (SLA) or cell-containing constructs that use inkjet- 
based, extrusion-based, and laser-assisted bioprinting. The inks without cells are 
acellular inks, whereas the cell-containing inks are regarded as bioinks [70–72]. 
Biomaterials used for printing should mimic the natural environment of the host 
tissue in order to contribute to the function of those cells [73]. However, because of 
the various 3D printable materials used in biomaterial inks, precise matching of the 
materials to specific tissue types is a challenge. Understanding the structure- property 
relationship of the bioinks has led to construction of numerous specific tissues that 
have a variety of physical, mechanical, biochemical, and electrical properties [74].

Different types of materials, such as polymers, ceramics, and metals, are used for 
3D printing in dentistry. Selection of these materials strictly depends upon where 
they are to be precisely applied. For example, Ti and calcium phosphate have been 
used to fabricate maxillary and mandibular implants, whereas partial and complete 
dentures have been created with metals such as cobalt and ceramics like zirconia 
and alumina [75, 76]. Numerous natural biomaterials (collagen, fibrin, silk, chito-
san, hyaluronic acid, alginate, and agarose) and synthetic materials [PLA, 
poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), and PCL] have 
been used for tooth tissue engineering applications. Other synthetic materials 
include inorganic calcium phosphate materials, like HA or beta tricalcium phos-
phate (β-TCP), and composites of silicate and phosphate glasses [77]. Studies are 
underway to find the proper materials and bioinks for 3D printing.

The 3D-printed scaffolds used for tooth tissue engineering should fulfill general 
requirements of appropriate porosity, biodegradability, low immunogenic response, 
and angiogenesis capabilities. In load-bearing tissues, such as dental and maxillofa-
cial tissues, it is necessary to have high mechanical properties of the 3D-printed 
scaffolds to withstand the applied loads and in  vitro bioreactor maturation [78]. 
Thus, investigation of the fracture behavior of ceramic tissue scaffolds is of crucial 
importance [79]. Special architecture of the 3D-printed scaffolds, such as orientation, 
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pore size, and porosity, in addition to the types of biomaterials, strictly determines 
both physical and mechanical properties of the final product [80]. Polymer coating 
is an efficient approach used to improve the mechanical properties of 3D-printed 
scaffolds. The results have indicated that PCL coating enhances compressive 
strength and biocompatibility of 3D-printed HA scaffolds in bone tissue engineer-
ing applications [81].

Extracellular matrix (ECM)-derived scaffolds have attracted considerable atten-
tion for regenerative purposes. A hydrogel bioink made of dentin has been used for 
3D printing of cell-laden scaffolds in regenerative dentistry. Researchers developed 
a novel bioink composed of printable alginate (3% w/v) and dentin matrix where 
the higher percentage of dentin proteins considerably improved cell viability. 
Odontogenic differentiation of apical papilla (SCAP) stem cells considerably 
increased after addition of 100 μg/ml dentin soluble materials [82].

4  Incorporation of Cells and Biomolecules in 3D Printing

Limitations in 3D printing technology preclude incorporation of biomolecules and 
cells. For example, printing performed at high temperatures using organic solvents 
causes loss of biomolecule functionality and cell death. Advances in 3D printing 
technology and feasibility of low temperature 3D printing and development of a 
biocompatible structure that uses aqueous binder solutions and composite biomate-
rials provide proper circumstances with which to apply the biomolecules and cells.

The combination of signaling molecules with various materials in 3D printing 
that needs a cell-friendly requirement has changed the term of “3D printing” to 
“bioprinting.” Over the last decade, considerable progress has been made to develop 
AM procedures that process distinct biomaterials into predesigned 3D constructs. 
Thus, the constructs are becoming increasingly complex with incorporation of bio-
logical components [83, 84]. This approach remarkably affects the performance of 
the 3D constructs by adjustments to the biological, mechanical, drug delivery, and 
degradation properties. Regeneration of craniomaxillofacial injuries that are com-
prised of hard and soft tissues shows the crucial need for bioprinters [85].

5  Growth Factor (GF) and Drug Delivery Using 3D Printing

One application for dental tissue engineering is the regeneration of soft and hard 
oral tissues by using cells, scaffolds, and soluble molecules. There are a number of 
interesting approaches that can reconstruct craniofacial defects, including periodon-
tal, alveolar ridge, and large mandibular defects. Delivery of signaling and bioactive 
molecules, such as low-molecular-weight drugs, peptides, proteins, and oligonucle-
otides, is applied alone or in combination with engineered constructs in order to 
accelerate tissue regeneration. Numerous reports have confirmed the efficiency of 
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signaling molecules in cell-scaffold constructs [86]. Among all types of biological 
components, growth factors (GFs) are widely used to regenerate damaged tissues. 
Growth factors regulate a variety of cellular functions, including survival, prolifera-
tion, migration, and differentiation, via specific binding to their receptors on target 
cells [87]. In turn, they initiate signaling pathways that mediate tissue and organ 
development. Human tooth development is dependent on epithelial-mesenchymal 
interactions mediated by multiple signaling pathways that include bone morphoge-
netic proteins (BMPs), FGFs, Shh, and Wnt pathways [88]. Bone morphogenetic 
proteins, more precisely BMP-7 and BMP-2, are widely used for bone regeneration 
in maxillofacial reconstruction due to their osteoinduction and osteogenesis poten-
cies. Stromal cell-derived factor 1 (SDF-1) and platelet-derived GF (PDGF) are 
common GFs in dental applications (Table 9.1) [89, 90]. Although the mitogenic 
and chemotactic effects of GFs are apparent at extremely low concentrations, their 
sensitivity, low stability, and short half-life have prompted scientists to develop 
novel delivery methods to stringently control the release rate [91]. Numerous stud-
ies used GF in AM to create functional tissues. These sensitive polypeptides must 
be used under mild conditions in order to exert their effects on cellular functions. 
Among the different methods of AM, three methods of SLA, SLS, and direct metal 
laser sintering (DMLS) cannot be used to manufacture 3D constructs with biologi-
cal components due to high temperature, hard conditions, and potential for free 
radical production [92, 93]. Attempts that have used GF in 3D-printed constructs in 
order to regenerate dental tissues are discussed below.

Dental pulp regeneration Dental pulp, the only vascularized dental tissue, is a part 
of the endodontium comprised of living connective tissue and odontoblasts. 
Pulpectomy is a conventional endodontic therapy or root canal therapy for irrevers-
ible pulpitis [94, 99]. Over recent years, efforts in regeneration of dental pulp have 
focused on cell transplantation, which encounters clinical and commercialization 

Table 9.1 Application of growth factors (GFs) in 3D printing for dental applications

Growth 
factors Printing method Cells Material Target tissue Animal Ref.

BMP-7
SDF-1

3D layer-by- 
layer 
manufacturing

– PCL/
HA

Mandibular incisor 
regeneration

Rat [94]

BMP-7 3D wax printing HGFCs PCL/
PGA

Tooth-ligament 
regeneration

Nude 
mouse

[95]

BMP-7 3D wax printing PDLCs PCL 
fiber

Mandibular 
periodontal 
regeneration

Rat [96]

Amelogenin
CTGF
BMP-2

3D layer-by- 
layer deposition

DPSCs, 
PDLSCs, or 
ABSCs

PCL/
HA

Periodontium 
regeneration

Immune- 
deficient 
mice

[97]

BMP-7
SDF-1

3D layer-by- 
layer apposition

– PCL/
HA

Formation of 
alveolar bone, 
dentin-like tissue

Rat [98]
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barriers [100]. Among various AM methods, 3D bioprinting possesses advantages of 
precise control of pore size, stiffness, anatomic dimensions, and interconnectivity 
[101]. The use of GF would promote the ultimate goal of regeneration. Kim et al. 
generated anatomically shaped tooth scaffolds by 3D printing of the PCL/HA com-
posite. The scaffold microchannels were permeated with a blended cocktail of SDF-1 
and BMP-7 in a collagen gel solution. Their findings showed significantly higher cell 
infiltration and angiogenesis in the group that contained SDF-1 and BMP-7. In addi-
tion, they suggested that SDF-1 and BMP-7 had the capability to recruit multiple cell 
lineages, as evidenced by histological analysis. The combination of SDF-1 and 
BMP-7 has led to regeneration of tooth-like arrangements and periodontal integra-
tion after 9 weeks. SDF-1 is chemotactic for bone marrow progenitor cells and endo-
thelial cells (ECs), both of which are critical for angiogenesis [101].

Periodontium regeneration The periodontium tissue is composed of cementum, 
periodontal ligament (PDL), and alveolar bone. The PDL connects the alveolar 
bone root to the cementum, providing a tensile strength of less than 0.5 mm and 
support for mastication [102]. Although the development of multilayered scaffolds 
for bone-ligament regeneration with a 3D printer [96] does not appear to be a com-
plicated process, the generation of a 3D submicron scaled construct with GF loaded 
to precisely control fibrous PDL formation with specific corners remains a major 
challenge [103]. Thus far, different approaches have been proposed to deal with this 
challenge. Park et al. developed multiscale computational manufacture of a PCL- 
PGA hybrid scaffold with a treated tooth dentin slice by using a 3D wax printing 
system. The hybrid scaffold was subsequently filled with adenovirus encoding 
murine BMP-7 (AdCMVBMP-7), transduced primary human gingival fibroblast 
(hGF) cells, and human PDL (hPDL) cells and then implanted subcutaneously into 
a surgically created pocket on the dorsa of immunodeficient mice. The hybrid scaf-
fold with hPDL cells and osteogenic stimulation (BMP-7) enhanced regeneration of 
the multilayered periodontal complex and produced periodontium-like tissue 6 
weeks after implantation [95].

Lee et al. reported that biophysical cues and spatial release of bioactive cues led 
to periodontium regeneration. They fabricated multiphasic PCL/HA (90:10 wt %) 
scaffolds with different pore sizes (phases A, B, and C) that resembled the periodon-
tium tissue. Next, three recombinant human proteins (connective tissue GF, 
 amelogenin, and BMP-2) encapsulated in PLGA microspheres were delivered and 
time-released in the A, B, and C phases. Spatiotemporal delivery of amelogenin led 
to mineralization of dentin/cementum, connective tissue GF (CTGF)-stimulated 
bone marrow stromal cells, and PDL regeneration. BMP-2, as an osteoinductive 
agent, induced alveolar bone regeneration [97]. Despite the promising advance-
ments in dental regeneration, there is scant information about biological cues and 
biophysical parameters that would be considered crucial for the regeneration of the 
periodontium complex [96, 104].

Tooth regeneration A tooth is a complicated organ organized by a variety of 
soft (dental pulp) and hard (dentin, enamel, and cementum) tissues with different 
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regenerative capacities [105]. Re-mineralization of teeth can restore the injuries to 
a particular level; however, it cannot repair large defects. Maintenance and repair of 
human tooth enamel is one of the primary dental concerns. In contrast to enamel, 
dentin grows throughout life and growth can be initiated in response to stimuli, such 
as tooth failure or attrition by the odontoblasts of dental pulp [106]. Different 3D 
printing methods and various biomaterials, like collagen, agarose, alginate, PLA, 
and fibrin, have been utilized with dental mesenchymal stem cells (MSCs) to regen-
erate different parts of the teeth – dental pulp, dentin, the crown, and root [102]. 
Yildirim et al. fabricated a tooth-shaped 3D scaffold that consisted of PCL (80%) 
and HA (20%) with an SDF-1/BMP-7 cocktail to induce tooth-like structures in rat 
mandibular central incisors. The harvested scaffold showed the development of 
various dental tissues that included fresh formed alveolar bone, PDL-like tissue, 
dentin-like tissue, and dental pulp-like tissue with blood vessels after 9 weeks. 
Binding of SDF-1 to CXCR4, a chemokine receptor for ECs and bone marrow stem/
progenitor cells, led to angiogenesis. Additionally, BMP-7 triggered the phosphory-
lation of SMAD-1 and SMAD-5, which subsequently induced the transcription of 
numerous osteogenic/odontogenic genes that led to enhanced mineralization. 
Ultimately, the use of molecular cues instead of cell transplantation could represent 
a cost-effective cell homing approach in tooth regeneration [98].

6  Cells in 3D Printing

Tissue engineering approaches that use cell or gene deliveries have the capability to 
address existing challenges in regulating bone loss and enhance clinical alternatives 
for regeneration of intraoral bony tissues. Towards this goal, cells such as MSCs 
should be seeded in a precise and orderly manner onto the scaffolds. In classical 
tissue engineering approaches, cells are seeded onto polymeric scaffolds or natural 
porous biomaterials. The physical and mechanical properties of the scaffolds and 
their effects on cell viability and ECM secretion must be taken into consideration 
for scaffold-based approaches [107]. However, controlled positioning of cells is 
impossible in traditional tissue engineering approaches. 3D printing methods that 
provide a patient-specific anatomical bone defect scaffold with structural integrity 
have been used as a cell therapy and GF delivery platform to facilitate tissue restora-
tion. However, to achieve the ultimate goal of healing, the cell viability rate must be 
preserved at the highest level. Cell viability greatly depends on the 3D printing 
methods. Laser-assisted bioprinting, particularly DLP-based bioprinting, exhibits a 
very high viability rate in comparison to other methods (Table 9.2) [108].

According to the various printing methods, proper hydrogels (bioink) must be 
selected to preserve cell viability during the printing procedure. Bioink supports 
proliferation and physicochemical control of cell differentiation. It has been reported 
that fibrin and collagen are suitable bioinks for bioprinting of ECs [112]. For dental 
pulp cells, the dentin matrix is an appropriate biological reservoir for specific bio-
inks. Dental ECM consists of insoluble non-collagenous components, such as pro-
teoglycans, glycosaminoglycans, and chemokines, that support cell adhesion and 

S. Hosseini et al.



205

proliferation and possess high odontogenic differentiation potential [113]. The cell 
viability rate, regardless of regeneration plan and type of tissue, stringently depends 
on nature of the bioink and printing method.

Appropriate cell sources are needed to obtain the desired structure that mimics 
human tissue anatomy. For example, bone and dentin are analogous in their matrix 
protein formation, but their organ anatomies completely differ. Batouli et al. have 
demonstrated that bone marrow MSCs (BMMSCs) and dental pulp stem cells 
(DPSCs) have the capability to differentiate into osteoblast/odontoblast cells, 
though the dentinogenesis capability of these cells is different. Only DPSCs could 
directly generate a reparative dentin-like structure on the surface of human dentin 
[114]. Appropriate cell sources that have the adequate cell density and culture con-
ditions to obtain optimal craniofacial regeneration are challenges in tissue engineer-
ing and regenerative medicine. Cell spatial information in the desired tissue (cell 
location) is also crucial for functional tissue manufacturing. The utilized cell popu-
lation for premeditated differentiation (homogeneous/heterogeneous) and features 
of this cell population (stem/adult/progeny) can determine the cell fate in a 
3D-printed construct.

Various cell sources, particularly MSCs, have been used to direct bone/dental 
tissue regeneration in 3D-printed constructs. Mesenchymal stem cells are consid-
ered to be an appropriate type of stem cell due to their ability to differentiate into 
both osteoblasts/odontoblasts and ECs that support hematopoiesis [115]. 
Additionally, they can be isolated from dental tissues (dental pulp, PDL, dental fol-
licles, and dental apical papilla) and are the most promising sources of MSCs for 
regenerative dentistry [116]. Although most MSCs have common features, some are 
more specific for regeneration of dental defects. Table 9.3 lists the various types of 
MSCs used in 3D-printed constructs for dental tissue regeneration [97].

6.1  Dental Pulp Stem Cells (DPSCs)

Dental pulp stem cells are mesenchymal stem-like cell populations derived from 
adult third molars. They are clonogenic cells and highly proliferative and have the 
capability to give rise into odontoblast-like cells and form dentin−/pulp-like com-
plexes [121, 122]. In 2009, data from a successful clinical trial of alveolar bone 
regeneration that used DPSCs suggested that a DPSC/collagen sponge bio-com-
plex could completely restore human mandible bone defects [123]. Several 

Table 9.2 Comparison of the different bioprinting techniques [75, 109–111]

Parameters Extrusion Inkjet SLA LAB DLP

Cost Moderate Low Low High Moderate
Resolution 5 μm 50 μm 100 μm >500 nm 1 μm
Cell viability 40–80% >85% >85% >85% 85–95%
Speed Slow Medium Fast Medium Fast
Material choice Medium range Wide range Limited Limited Limited
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materials with diverse manufacturing methods have been used to estimate the 
regenerative potential of DPSCs. Hilkens et al. used 3D-printed HA scaffolds that 
contained either DPSCs or stem cells from the apical papilla (SCAPs) and their 
combination to evaluate the angiogenic capacity in an ectopic transplantation 
model of dental pulp regeneration. There were no significant differences among 
all cell-seeded 3D-printed scaffolds and the negative control in terms of amount 
of newly formed blood vessels 12 weeks after implantation into immunocompro-
mised mice compared to in vitro studies. These results were attributed to the scaf-
fold properties that could affect the cellular behaviors. Moreover, an adequate 
stem cell density within the best time frame would provide ideal environment for 
regeneration [117].

6.2  Stem Cells from Human Exfoliated Deciduous Teeth 
(SHED)

Human exfoliated deciduous teeth contain an MSC population that has the ability to 
generate adherent cell clusters and induce bone and dentin formation in vivo. Stem 
cells derived from  human exfoliated deciduous teeth (SHED) represent a more 
immature subpopulation that expand and proliferate more quickly in comparison 
with DPSCs or BMMSCs. These SHED are collected from the dental pulp of exfoli-
ated deciduous teeth [124, 125]. In contrast to DPSCs, SHED lack the capability to 
regenerate a complete dentin pulp-like tissue in vivo [126]. It has been reported that 
cultivation of SHED on an osteoconductive 3D-printed ceramic scaffold with a 

Table 9.3 Mesenchymal stem cells (MSCs) used in dental tissue regeneration with 3D printing

Cell type Type of scaffold Printing method Results Ref.

DPSCs & 
SCAPs

3D-printed HA 
construct

Stereolithography Vascularized pulp-like tissue and 
mineralized tissue formation 
occurred after 12 wks

[117]

SCAPs Alginate-dentin 
hydrogel

Extrusion Remarkable increase in ALP and 
RUNX2 at both protein and gene 
levels

[82]

SHED 3D-printed 
tricalcium 
phosphate paste

Inkjet Scaffold material itself promotes 
osteogenic differentiation of the 
cells, resulted in increased 
osteocalcin expression level

[118, 
119]

Shed PLA scaffold Fused deposition 
modeling (FDM)

Higher expression level of 
osteocalcin and osteonectin was 
observed on PLA scaffold

[92]

PDLSCs PCL scaffold 
embedded with 
PLGA 
microspheres

Extrusion Enhancement of CEMP1 mRNA 
expression and newly formed 
cementum-like layer. Activation 
of canonical Wnt signaling 
pathway in PDLSCs

[120]
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gradient distribution of porosity and phase composition resulted in enhanced cell 
adhesion and proliferation [118, 119]. In a recent work, Islam et al. proposed that 
the combination of a human SHED-PLA 3D-printed scaffold could be a convenient 
osteogenic filling material for regenerative dentistry [92].

6.3  Periodontal Ligament Stem Cells (PDLSCs)

The multiple properties of PDL stem cells (PDLSCs) include expression of 
cementum- associated markers and the ability to make mineralized nodules. They 
are considered potential cell sources for periodontitis regeneration. These cells play 
a key role in formation of new bone, cementum, and functional PDL in unhealthy 
periodontium [127, 128]. A study of subcutaneous cell transplantation has shown 
that PDLSCs created periodontal tissue-like tissue, including a PDL-like structure, 
while BMSCs and DPSCs formed bone-like tissue and dentin/pulp complex-like 
tissue, respectively [129]. Choe et al. attempted to fabricate a PCL scaffold embed-
ded with PLGA microspheres loaded with BMP-7/BMP-2/CTGF to evaluate the 
cementum layer formation potential of PDLSCs on extracted human dentin. After 
6 weeks, gene expression analysis of CEMP1, ColI, and BSP, as well as tissue for-
mation analysis, verified the cementum formation capability and showed the differ-
ent responses of PDLSCs to various GFs [120].

6.4  Stem Cells from the Apical Papilla (SCAP)

Stem cells from the apical papilla are widely applied in regenerative dentistry due 
to their remarkable characteristics. These cells have a high proliferation rate and 
STRO-1 expression, as well as mineralization and regeneration capabilities. In addi-
tion, SCAPs exhibit a higher expression of survivin and telomerase, two proteins 
that play a key role in cell proliferation [130]. Bakopoulou et al. have reported a 
significantly higher mineralization rate of SCAPs compared to DPSCs after osteo-
genic induction. In 2017, Athirasala et al. developed a novel alginate-dentin (1:1 
ratio) bioink and bioprinted SCAPs with the hybrid gel. The encapsulated SCAPs in 
alginate-dentin had a survival rate of 90% at 5 days after bioprinting. Differentiation 
of SCAPs encapsulated in the developed bioink resulted in increased ALP and 
RUNX2 activities. They observed that addition of soluble dentin matrix molecules 
at 1, 10, and 100 μg/mL concentrations led to a remarkable increase in ALP and 
RUNX2 expressions at both the protein and gene levels. These increases were dose-
dependent and confirmed that dentin ECM content (especially PGs and GAGs) 
could precisely control the spatial presentation of signaling factors, as well as cell 
interactions for engineering of the pulp-dentin complex [82]. Therefore, in addition 
to the importance of the cell type, other biological and non-biological components 
played a regulatory role in local regeneration.
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7  3D Printing Approaches for Vasculature in Tissue- 
Engineered Constructs

Angiogenesis is a critical parameter in tissue engineering that affects both design 
and manufacturing. The vascular network provides transport and exchange of nutri-
ents, biomolecules, wastes, and gases in a scaffold or tissue-engineered construct. 
Diffusion is considered to be a dominant mechanism for transportation of materials 
in small engineered tissues. Although this mechanism is for transporting materials, 
it is not an efficient method for human scale tissues. The formation of a vascular 
network is a fundamental phase during tooth development. Dental pulp is a highly 
vascularized tissue where blood capillaries traverse centrally through the pulp and 
extend towards the tooth crown. Rapid vascularization of the engineered dental pulp 
is required for pulp regeneration in root canal therapy. Thus far, numerous studies 
have utilized angiogenic GFs in a variety of delivery approaches; however, they 
could not fulfill the desired angiogenesis in 3D constructs. Advances in manufactur-
ing techniques and development of rapid prototyping methods have enabled 
researchers to create very complex 3D structures with distinct internal porosities. 
The 3D bioprinting methods provide the possibility of printing 3D structures with 
vascular networks for tissue engineering applications. The most important 3D print-
ing techniques used to create vascular networks in an engineered scaffold are 
described below. These techniques are especially useful for printing hydrogels 
where the diffusion of nutrition is decreased toward the center of scaffold.

7.1  Hollow Fiber Printing

This method is principally based on 3D patterning of hollow fibers instead of solid 
fibers. The hollow fibers enable perfusion of culture medium throughout a 
3D-engineered tissue, which enables the cells to survive inside the 3D structure for 
extended periods of time. A coaxial nozzle and proper materials are prerequisites to 
extrude hollow fibers from the printer head. The outer needle injects the printing 
material and the inner needle injects the crosslinker fluid. Ionic crosslink materials 
like alginate are appropriate. Since hollow fibers have low mechanical properties, it 
is essential to perform post-processing tasks. Once a single component ink, such as 
alginate, is used as a printing material, the final structure can be immersed into a 
CaCl2 bath to complete the crosslinking process [131–134]. The combination of 
other materials, such as thermos-responsive materials with suitable printing proper-
ties (e.g., gelatin), can improve the printing quality of the hollow fibers in an ionic 
crosslink material [135].

In another method, two different crosslinking mechanisms are applied to improve 
the final mechanical properties of the 3D structure. In this approach, the printing 
material is composed of an ionic crosslink material (alginate) and a covalently 

S. Hosseini et al.



209

crosslinked material (GelMA). The former acts as a pre-crosslink mechanism to 
form hollow fibers, whereas the latter renders the final mechanical strength of the 
structure [136]. In order to increase the efficiency of ionic crosslinking, we can use 
a multilayer needle that has three coaxial needles. In this nozzle, the middle needle 
injects the hydrogel, and both the inner and outer needles inject the ionic cross-
linker. Since the inner and outer surface of the fibers are in contact with the cross-
linker, the strength of the final fiber is higher relative to the method that has only 
inner crosslinking [136, 137].

7.2  Sacrificial Method

In the sacrificial method, one of the printing components is removed from the final 
structure. The sacrificial material acts as a supportive material that prevents the 
3D structure from collapsing when the main material is printing. Once the cross-
linking procedure is completed and the printed structure reaches a suitable 
mechanical strength, the supportive material is removed from the 3D structure. If 
cells are printed without hydrogel, cell-cell contact (fusion of printed aggregates) 
occurs before removal of the supporting material [138]. It is very important that 
the main structure be intact prior to removal of the supporting material. Thus far, 
various sacrificial materials have been introduced for tissue engineering applica-
tions. Physically reversible hydrogels, like thermos-responsive materials, appear 
to be suitable sacrificial materials and include Pluronic F127, which is mostly 
used in bioprinting. Pluronic F127 is a liquid at 4 °C, but forms a gel at 37 °C. We 
can print Pluronic F127 at 37 °C and remove it at 4 °C because of its physically 
reversible gelation mechanism [52, 56]. In addition, this technique can be 
employed to create micro-channels in microchip fabrication for microfluidic 
applications [139].

Carbohydrate glass is another sacrificial material that dissolves in culture 
medium after several minutes. After printing, the carbohydrate glass can be removed 
from the main structure by immersion in aqueous media where it forms a hollow 
vascular network [140]. Bertassoni et al. have mechanically removed a hydrogel- 
like agarose and used the hollow space as a channel for culture medium transporta-
tion under in vitro conditions [141, 142]. In a recent, important work, they used this 
technique to vascularize dental pulp tissue constructs. After the preparation of the 
root canal with endodontic files, a microchannel was created by a sacrificial agarose 
fiber via a 3D printing-inspired method. A cell-laden hydrogel was then located in 
the microchannel and photo-polymerized. After the polymerization of the hydrogel, 
the sacrificial fiber was removed to leave a hollow microchannel. Endothelial cells 
were seeded into the created microchannel to construct a pre-vascularized complete 
dental pulp tissue [82].
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7.3  Cell Spheroid-Based 3D Bioprinting

The assembly of a cell spheroid into 3D tissues was introduced to overcome the 
challenges associated with scaffold-based constructs in tissue engineering. Cyfuse 
Biomedical developed a cell spheroid-based 3D bioprinting method, known as the 
Kenzan method. Cell spheroids are manipulated with a robotic system and placed 
into microneedle arrays. This method is independent of the hydrogels as bioink or 
supportive materials. Once cell spheroids fuse to each other, the entire structure 
detaches from the microneedle array. This technique has the ability to directly gen-
erate cellular tube-like structures [143, 144]. The potential of a cell spheroid for 
angiogenesis and dental pulp regeneration has been investigated. Dissanayaka et al. 
used DPSCs and human umbilical vein endothelial cells (HUVECs) to create 3D 
scaffold-free microtissue spheroids that mimicked the microenvironment of dental 
pulp cells. They used agarose 3D petri dishes to fabricate the spheroids that could 
be replaced by 3D bioprinting.

7.4  Sprouting

Creation of microvascular networks is one of the main issues in 3D printing tech-
niques. These structures with some lithographic methods are achievable, though 
they cannot be used for bioprinting a scaffold. In this technique, a macro-vascular 
network is first printed and its cells are allowed to sprout toward each other and cre-
ate a complex microvascular network. It is important to use angiogenesis factors to 
promote ECs to create this microvascular structure [145, 146].

7.5  Direct Printing of Vessel-like Structures

3D printing techniques provide the possibility for direct printing of a vessel-like 
structure. In this method, one of the previously mentioned methods may be utilized 
in combination to form this structure [147]. The addition of a roller to an extrusion 
base 3D printer makes it possible to print hollow structures with multi-level fluidic 
microchannels. This technique helps to directly create a vessel-like structure for 
feeding cells inside a 3D structure [148].

Of note, different 3D printing methods are utilized to overcome the challenges 
related to vascularization. These methods facilitate the transportation of nutrition, 
oxygen, and wastes within a 3D object. Although these methods are useful, they 
only create pre-vascular networks and cannot mimic the microvascular network of 
native tissue. Thus, the necessity of using biochemical cues cannot be eliminated 
and the use of angiogenesis factors is inevitable. The combination of different meth-
ods will give better outcomes.
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8  Advances in 3D Printing for Dental Tissue Engineering

CAD/CAM and 3D printing have been applied in different fields of dentistry. 
Numerous attempts have been made with 3D printing to fabricate dental models, 
maxillofacial implants, and dental devices, such as crown and bridge restorations, 
and dentures [149, 150]. Other dental applications of CAD/CAM include prosth-
odontics, in addition to oral surgery applications such as endodontics, orthodontics, 
and dental bioengineering research (Fig. 9.1) [151].

3D printing has been used to fabricate proper scaffolds for dental tissue engi-
neering. Tissue engineering is a multidisciplinary field of research that combines 
the principles of biology, materials science, and medicine. Advances in tissue engi-
neering have sparked scientists’ hopes for organ and tissue repair, and it offers a 
regenerative strategy for dental tissues. Typically, several types of tissues, such as 
cartilage, bone, muscle, tendons, cranial sutures, temporomandibular joints (TMJ), 
salivary glands, periodontium, and teeth, are involved in oral cavity and craniomax-
illofacial injuries. The complexity of the tissues necessitates application of advanced 
scaffolds and medications, as well as strategies for regeneration of tissues and inter-
faces. Dental tissue regeneration is ideally focused on two purposes: regeneration of 
an entire tooth and regeneration of individual components such as dentin, enamel, 
cementum, pulp, alveolar bone, and PDLs [152, 153]. Tissue-engineered teeth 
should fulfill requirements of suitable physical and mechanical properties in 
order to withstand different deformational loadings and appropriate contacts with 

Fig. 9.1 Various applications of additive manufacturing in dentistry
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adjacent teeth. 3D printing plays an important role in design and mimicking the 
natural structures of the injured tissues. 3D-printed scaffolds have attracted consid-
erable attention due to patient-specific designs, high structural complications, and 
comparatively rapid, fully automated construction that is cost-effective. Fabrication 
of dental articles with diverse requirements is also available by AM. Dentin-like 
scaffolds have been constructed by the combination of 3D printing and biomineral-
ization [154]. The novel concept of four-dimensional (4D) printing of scaffolds for 
tissue engineering may soon be applied for tooth regeneration. Four-dimensional 
printing denotes 3D printing of shape memory materials. The printed object slowly 
converts into a shape after completion of printing and the fourth dimension is related 
to time [155].

There are a number of studies, particularly for additive manufacturing of peri-
odontium and tooth tissue engineering. With the combination of 3D-printed peri-
odontium scaffolds and native dentin pieces, complex tissues can be regenerated 
[156]. Pilpchuck et al. have succeeded in achieving an aligned collagenous tissue 
formation by using a 3D-printed scaffold combined with a micropatterned region in 
the preclinical setting [110].

3D-printed implants have been used in oral and maxillofacial sections. Patient- 
specific bones were prepared by CT. The results indicated incorporation of cells and 
GF would enhance the bone formation capability of the implanted scaffolds, due to 
induction of osteogenic activity [157]. Micro-CT was used in an attempt to fabricate 
a 3D-printed PCL patient-specific scaffold to treat a large periodontal osseous 
defect. The results showed complete restoration of the defective site 12 months after 
surgery [158]. Regarding the difficulties with traditional bone grafting materials, 
the 3D-printed implants are being considered as successful alternatives [159]. A 
long-term follow-up study in a clinical setting has revealed that 3D-printed titanium 
dental implants had an overall survival rate of 94.5% and an implant-crown success 
of 94.3% [75]. Restoration of the TMJ and involved bones was completely investi-
gated by using 3D-printed scaffolds and techniques. Bioprinting has been used for 
engineering craniofacial tissues and investigations of diverse tissues such as bone, 
periodontal complex, cartilage, and pulp of the craniofacial region [160, 161]. 
Numerous studies evaluated different aspects of bioprinting such as image process-
ing, bio-modelling, bioink, the bioprinting process, and bioreactors.

However, drawbacks related to these techniques include limited measuring cir-
cumstances due to existence of adjacent teeth, gingiva, and saliva, all of which 
cause difficulties in precise determination of the support margin [162]. This phe-
nomenon may cause an internal gap in the final product that is the space between 
the prepared teeth and the prosthesis. Recent developments in CBCT and optical 
scan technology, in particular, have revolutionized and are profoundly changing 
many aspects of restorative and implant dentistry. X-ray micro-CT is a noninva-
sive imaging method for evaluation of internal structures of the products. It has 
been used for efficient assessment of this gap [163, 164]. Micro-CT is usually 
combined with AM for fabrication of endoprosthetics, surgical guides, anatomical 
models, and tissue engineering scaffolds. The patient micro-CT is used to design 
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AM processes [165]. In a research, micro-CT and 3D printing have been used for 
preparation of dual architecture scaffolds with adjustment of fiber orientation for 
PDL tissue engineering [166]. In another attempt, AM has also been used to fab-
ricate surgical templates in complicated endodontic surgery. In a case report, a 
3D-printed surgical template was used to perform endodontic microsurgery on a 
57-year-old woman with symptomatic apical periodontitis. The customized surgi-
cal template was fabricated after CBCT imaging of the lesion site. Despite the 
time-consuming process of 3D printing, the surgical templates reduced the length 
of surgical process [167].

Investigations in the field of 3D printing are rapidly advancing to overcome cur-
rent obstacles. Recently, traditional 3D printing has been replaced by organ printing 
along with advances in bioprinting, micro-well-mediated tissue formation, cell 
sheet engineering, and self-assembled hydrogels that utilize cell aggregates as a 
building block to construct the complete organ [168]. Organ printing is assisted by 
CAD/CAM with self-assembly of tissue spheroids. Organ printing is not a one-step 
method, as bioreactors and other technologies are also needed. Computer-assisted 
design and bio-imaging techniques must be developed in order to construct a 
detailed blueprint that reflects the complexity of an organ. Next, bioink and bio- 
paper technologies are used to fabricate the bio-printer. Finally, maturation and 
monitoring are conducted in the bioreactors [169].

9  Summary

Customized implants and devices are a necessity in the dental industry. 3D printing 
can be considered as the only technology that provides this opportunity and thus can 
impact the dental industry in the near future. For example, fabrication of patient- 
specific crowns, removable prosthetic metal frameworks, and implants could pos-
sibly be created from digital data by dentists in their laboratories. In addition to 
customizations, advanced 3D printers would provide ease of manufacturing of any 
type of complicated geometry with versatile materials compared to conventional 
methods. 3D printings create highly detailed complex surface objects with minimal 
waste and cost-saving materials. Nevertheless, it is not accurate to assume that 3D 
printing does not have drawbacks. This technology currently costs a tremendous 
amount in terms of materials, equipment, and maintenance. High-resolution print-
ing methods are needed for fabrication of small objects with marginal fit. 3D print-
ing is indeed in its infancy, and further experiments are required to address and 
optimize the printing parameters to support accuracy of the 3D-printed structures. 
Finally, additional research in the clinical and preclinical settings is necessary to 
provide adequate evidence for successful 3D printing outcomes in humans.
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Chapter 10
Clinical Functions of Regenerative 
Dentistry and Tissue Engineering 
in Treatment of Oral and Maxillofacial 
Soft Tissues
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and Lobat Tayebi

1  Introduction

Over the last 20 years, soft tissue regeneration in the craniomaxillofacial region 
has attracted attention due to developments in allotransplantation techniques. 
The most common method employed for the restoration of different tissues (such 
as skin, muscle, the oral mucosa, and neurovascular bundles) includes the utiliza-
tion of local, regional, and distal flaps to fill and cover the area of the defect. 
However, there are several limitations associated with this technique including 
the lack of function, poor esthetics in the recipient site and donor site morbidity, 
immune responses, tissue interactions, and difficulties with capillary formation. 
Combining allotransplantation and tissue-engineered construct techniques has 
recently made significant improvements in multilayer soft tissue restoration [1–
4], which will be discussed in this chapter. More specifically, this chapter will 
discuss tissue engineering approaches in wound dressing as well as regeneration 
of the oral mucosa, skeletal muscle, osteochondral and nervous tissues of oral 
and maxillofacial region.
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2  Regeneration of the Oral Mucosa

The mucous membrane is comprised of stratified squamous epithelium that lines the 
inner surfaces of the digestive, urinary, and respiratory systems. The inner surface 
of the oral cavity is lined with a mucous membrane of ectodermal origin, comprised 
of both keratinized and non-keratinized tissues.

The oral mucosa extends to the vermillion border of the lips anteriorly and pos-
teriorly to the pharyngeal mucosa. There are differences, both physically and his-
tologically, within respective areas of the oral mucosa. The dorsal surface of the 
tongue is comprised of epithelial papillae, whereas the ventral surface of the 
tongue, floor of mouth, lips, cheeks, and vestibules are composed of non-keratin-
ized epithelium. Keratinized epithelium can be found in both the gingiva and hard 
palate [5].

The usage of autologous cells has replaced split-thickness skin grafts (STSG) 
due to recent improvements in mucosal layer restoration. STSG can be used for 
restoration of soft tissue defects throughout the body, including the oral cavity. The 
unique anatomy of skin and its composition of uneven keratinization, however, are 
not in accordance with the natural function of the oral mucosa [1, 6].

In order to regenerate the oral mucosa, the scaffolds used must be permeable to 
fibroblasts without inducing shrinkage and also biodegradable in a controlled man-
ner. The following are some examples of said scaffold: artificial extracellular matrix 
(ECM), protein-based scaffolds, synthetic materials, and hybrid scaffolds of both 
natural and synthetic matrices [7].

One of the most common strategies of classifying tissue-engineered oral mucosa 
(TEOM) substitutes is according to the type and number of reconstructed layers: 
mono-layered structures, such as epithelial sheets or dermal substitutes (made of 
allogeneic and acellular dermis or artificial matrices), and bilayered products, which 
combine epithelial sheets or dermal substitutes as a full-thickness graft (Fig. 10.1, 
Table 10.1) [8].

Ex Vivo-Produced Oral Mucosa Equivalent (EVPOME) is a type of dermal scaf-
fold, like AlloDerm, that keratinized autogenous epithelial cells can be cultured in 
it. This dermal scaffold can be used for the restoration of oral cavity defects that 
occur from trauma, tumors, and periodontal diseases. The utilization of autologous 
cells with the scaffolds can prevent immunosuppression or rejection [1, 2, 9]. 

Tissue Engineered 
Oral Mucosa 

(TEOM) Substitutes

Mono-layered
Epithelial Sheets

Dermal Substitutes

Bi-layered Epithelial Sheets + Dermal Substitutes

Fig. 10.1 Tissue-engineered oral mucosa (TEOM) substitutes diagram. The concept is from refer-
ence [8]
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EVPOME has been successfully employed in the restoration of keratinized gingiva 
and also in creating a musculocutaneous flap to restore the opening function of the 
oral cavity in animal models (Fig. 10.2) [2, 10].

Other biodegradable scaffolds, such as polylactide meshes, tendon collagen- 
glycosaminoglycan constructs, and collagen membranes, are used in restoration of 
autologous oral mucosa. Vicryl mesh is a type of absorbable construct that is applied 
in the area of mucosal regeneration, and due to its mesh-like structure, its potential 
for fibroblast migration and growth is not as successful when compared with 
collagen- based scaffolds [11].

3  Wound Dressing

A wound can be described as a type of anatomical-functional disruption within a 
tissue. Various factors will determine the extent and characteristics of a skin wound. 
These factors include genetic disorders, severe trauma (resulting from cold tem-
peratures, radiation, electricity, etc.), chronic diseases (such as diabetes and cardio-
vascular disease), and surgical procedures [12, 13].

Skin injuries are categorized into three types, based on the amount of layers 
involved: superficial, partial thickness, and full thickness. In superficial skin 

Table 10.1 Applications and important points of tissue-engineered oral mucosa (TEOM) 
substitutes. The concept is from reference [8]

Tissue-engineered oral 
mucosa (TEOM) 
substitutes Applications Important considerations

Epithelial sheets 
(cultured epidermal 
autografts)

Regeneration of large intraoral 
mucosa defects and full- 
thickness wounds

Time-consuming cell growth
Variable rates of engraftment
Difficult handling due to the thin, 
fragile cell layers
Severe wound contraction
Blister formation when exposed to 
minor shearing forces
Limited capacity to reconstruct 
epithelial structures

Dermal substitutes Full-thickness wounds Prevention of wound contraction 
and scarring
Providing physical support and a 
functional tissue with mechanical 
stability
Lack of epithelial-mesenchymal 
interactions

Epithelial sheets + 
dermal substitutes

Regeneration of intraoral 
mucosa defects and full- 
thickness wounds

The most common approach for 
producing a TEOM
Low immunogenicity in comparison 
to allogeneic fibroblasts and 
keratinocytes
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wounds, only the epidermal layers are damaged. Partial-thickness wounds pertain to 
those that have a greater depth of injury, which involves blood vessels, hair follicles, 
and sweat glands. The full-thickness type of skin injury is the most profound wound 
type that penetrates not only the epidermal and dermal layers but also the subcuta-
neous region [14].

Another method of classification of wounds is based on the healing time. Acute 
wounds completely heal in 12 weeks with minimal scar tissue formation. Chronic 
wounds have a prolonged healing time and may present as recurring. Arrested 
wounds are those that exist in an inflammatory condition. They possess an extensive 
amount of cytotoxic enzymes, oxygen-free radicals, inflammatory mediators, and 
matrix metalloproteases released by polymorphonuclear leukocytes [15–17].

Wound healing process and the manipulation of different methods to condense 
healing time have been studied extensively throughout history. Skin injury healing 
is dependent on the functions of various cells, such as fibroblasts, leukocytes, mono-
cytes, macrophages, endothelial cells, and epidermal cells. Other factors, such as 

Fig. 10.2 (a) Punch biopsy from the palate to obtain autologous keratinocytes. (b) EVPOME 
construct. (c) Preoperative view. (d) Recipient site of EVPOME graft. (e) EVPOME secured in 
position with multiple sutures, (f) 6-month postoperative follow-up with a significant gain of kera-
tinized gingiva [8]. (Surgery by Rodrigo Neiva. DDS, MS)
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cytokines and growth factors, also affect healing. The wound healing process occurs 
in four stages: hemostasis, inflammation, proliferation, and remodeling.

In the hemostasis stage, platelet aggregation and clot formation occur. During the 
inflammatory stage, macrophages and neutrophils stimulate an immune attack in 
the site of the wound. Then, granulation tissue formation, matrix deposition, angio-
genesis, and reepithelialization occur during the proliferation stage. The remodeling 
stage includes collagen deposition and formation, increased tensile strength, and 
wound contraction.

Skin wounds need dressings in order to prevent infection and to maintain proper 
functioning of the tissue. An ideal wound dressing is biocompatible, protects against 
trauma, prevents bacterial infections, absorbs secretions properly, applies sufficient 
pressure to prevent edema, and minimizes the amount of necrotic tissue. In addition, 
sufficient water vapor transmission rate (WVTR) is another important characteristic 
of an adequate wound dressing, which helps to improve healing and avoid adher-
ence of the wound to the dressing during dressing change [18–21].

Natural, synthetic, and combined origin wound dressings are produced in the 
form of films, sponges, hydrogels, and hydrocolloids. Due to their high biocompat-
ibility, biodegradability, and similarity to extracellular matrix (ECM), natural com-
pounds prevent immunological responses; thus they are a much more superior 
candidate for wound dressing compared to synthetic composites [17, 22].

Cellulose, chitosan, chitin, pullulan, starch, and β-glucan are examples of homo-
polysaccharide natural polymers that are used in wound dressings. The combination 
of biopolymers with metals, antibiotics, proteins, and other substances of bioactive 
origin can promote the wound healing process. Among various biopolymers, bacte-
rial cellulose and chitosan have been investigated the most.

Bacterial cellulose is low cost and possesses high water absorption capacity, 
high tensile strength, flexibility, and great biocompatibility. These characteristics 
make it a suitable polymer to be used in wound dressing. Disadvantages of bacte-
rial cellulose include lack of antibacterial activity and not being able to improve 
wound healing. Chitosan does possess antibacterial activity in addition to positive 
effects on fibroblast proliferation, collagen deposition, and hyaluronic acid synthe-
sis. Due to the benefits of chitosan that make up for the disadvantages of bacterial 
cellulose, it has been combined with bacterial cellulose and applied in wound 
dressings [17, 23, 24].

As mentioned previously, synthetic polymers are another type of polymers used 
in wound dressings that are classified into two groups: passive and active. Similar to 
gauze and tulle, passive synthetic polymer dressings are non-occlusive. They are 
used only to cover the wound and help with the regeneration of the covered area. 
Active synthetic polymer dressings, such as foams, hydrogels, or hydrocolloids, are 
occlusive or semiocclusive; they provide protection against bacterial infection 
(Fig. 10.3) [25, 26].
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4  Skeletal Muscle Regeneration

Muscles have different important functions, such as locomotion, prehension, masti-
cation, ocular movement, and metabolism regulation. Skeletal muscles consist of 
approximately 40% of the human body. They are exposed to various injuries, such 
as mechanical trauma, heat stress, neurological damage, myotoxic agents, ischemia, 
and other pathogenic conditions.

Mechanical trauma is the most common type of muscular injury. Due to the dis-
ruption in the integrity of the myofiber plasma membrane and basal lamina, it causes 
the entry of extracellular calcium into skeletal muscle cells. This leads to muscle 
protein disruption and necrosis [28–31].

In addition to traumatic injury, surgical and aesthetic treatments are also made 
essential due to conditions such as myopathies, radical and extensive tumor resec-
tions, and muscle denervation. Thus, 4.5 million surgical reconstructive procedures, 
due to traumatic injury, car accidents, cancer, ablation, and cosmetics, are performed 
annually [32, 33].

The natural regeneration process in muscular tissue occurs through swelling and 
hematoma formation resulting from inflammation and muscle degeneration activa-
tion. Following early muscle degeneration, muscle regeneration begins immediately 
by muscle stem cells.

The injured myofibers have healing potential, thus the contraction and metabo-
lism functions of natural cells can be restored again. The muscle-resident progeni-
tors and innate and adaptive immune cells play important roles in skeletal muscle 
regeneration.

Muscle stem cells (satellite cells or SCs), which are located in membrane- 
enclosed niches, between the sarcolemma (plasma membrane) and the basal lam-
ina surrounding muscular fibers, are the main cells in muscle tissue regeneration 
[31, 34–37].

The cells involved in skeletal muscle cell restoration are regarded as non-satellite 
stem cells and include mesenchymal stem/stromal cells (MSCs), PW1+/PAX7− 
interstitial cells (PICs), fibro/adipogenic progenitors/mesenchymal stem cells 
(FAPs/MSCs), muscle side population (SP) cells, and muscle resident pericytes.

Fig. 10.3 Interactive synthetic polymer dressings with antibacterial agents (a silk wound dress-
ing) [27]
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Following skeletal muscle injuries, activated SCs release chemotactic and pro- 
inflammatory cytokine factors. This leads to aggregation of monocytes and macro-
phages in the damaged area. Subsequently, activated SCs proliferate and migrate to 
the wound site and cause myoblasts production [37–40]. The adaptive method of 
skeletal muscle regeneration is performed using tissue engineering techniques, both 
in vivo and in vitro. In vitro, the skeletal muscle structure is prepared under the 
experimental conditions and then transplanted in the desired region. In vivo, the 
scaffolds are placed in the defect area and the injured tissue will be treated and 
regenerated in its place [41, 42]. The first in vitro skeletal muscle tissue culture was 
performed 100 years ago by Lewis and was created from a chicken embryo leg. 
Research in this area has continued in order to build large-scale muscle tissues with 
functional properties. In the early 1990s, Strohman et  al. grew the first three- 
dimensional (3D) muscle construct of myoblasts on a membrane in vitro.

Recently, in the study by Lam et al., it has been reported that aligned myotubes 
formed by the realignment of myoblasts on a micropatternal polydimethylsiloxane 
(PDMS) layer can transfer PDMS into a fibrin gel. This led to the formation of a 3D 
freestanding construct that provides higher muscle fiber content and greater capac-
ity for force production.

Nowadays, technological advancements have made the production of synthetics 
possible. Patterning techniques, as well as skeletal muscle tissue engineering 
(SMTE), have improved considerably. As a result, the following methods are the 
main techniques of in vitro muscle cell culturing [43]:

• Cell alignment by topography
• Cell alignment by surface patterning
• Cell alignment by mechanical stimulation
• Cell alignment by magnetic or electrical fields

In vivo, scaffolds consisting of synthetic polymers, such as polyglycolic acid 
(PGA) and poly-ε-caprolactone (PCL), are utilized, along with materials like decel-
lularized ECM. Additionally, natural polymers are utilized, like alginate, collagen, 
and fibrin [44–49].

5  Nerve Regeneration

Peripheral nerve injury treatment is a challenging therapy. Injuries of the oral and 
maxillofacial region are the most common requiring this kind of treatment. 
Contusion and compression injuries are common peripheral nerve injuries in the 
oral and maxillofacial region that frequently occur due to maxillofacial trauma, 
orthognathic surgery, dentoalveolar surgery, surgical removal of the impacted lower 
third molars, implant placement, and injection of local anesthesia [50].

After serious peripheral nerve injury and axon disruption, the terminal part of a 
damaged nerve enters a destruction process, termed Wallerian degeneration. In 
Wallerian degeneration, the destruction of the damaged terminal part of the nerve 
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creates adequate conditions necessary for axon and nerve regeneration [51–54]. At 
the same time, Schwann cells that are located in the terminal part of injured nerves 
differentiate into their non-myelinated phenotype and proliferate. Then, through the 
mechanisms of phagocytosis and macrophage aggregation in the damaged region, 
they clean the cellular debris and myelin resulting from Wallerian degeneration.

Subsequently, the Schwann cells align along their basement membrane in a tubu-
lar form, called bands of Büngner. Then, the regenerating axons are guided through 
this tubular canal into their target organ [55, 56].

In most cases, there is a need for surgical intervention to create and conduct 
proper contact between the two separated neural parts by autologous nerve trans-
plant or an engineered scaffold [57].

The most common method utilized in damaged nerve regeneration, when there is 
a gap between the separated parts in the nerve, is creating a contact between the 
injured parts with an autologous donor nerve. However, with this technique, the 
donor nerve is somewhat injured and a secondary scar is created at the surgery site.

In the past, autologous biological tubular structures, such as arteries, veins, 
inside-out vein conduits, skeletal muscle, and decalcified bone channels, were 
applied in the reconstruction of the injured terminal part of a nerve. Although cadav-
eric nerve allografts and xenografts are being used frequently, the results of auto-
grafts are much more preferable [58–60].

5.1  Tissue Engineering and Peripheral Nerve Regeneration

In recent years, the use of artificial nerve conduits based on tissue engineering tech-
niques has received considerable attention in regard to the reconstruction of the 
peripheral nerve system (PNS) and central nerve system (CNS). Compared with 
autografts, artificial nerve conduits have several advantages, including the avoid-
ance of a secondary surgery and scarring. In comparison to allografts and xeno-
grafts, composition and structure modifications are able to take place with artificial 
nerve conduits. In addition, they allow for a decreased rate of graft rejection 
(Fig. 10.4) [61, 62].

Nerve guides are tubular biomaterials that support the injured nerves and pro-
mote the regeneration along the lumen via regenerating nerve factors. The most 
common polymers utilized in nerve guides include polyglycolic acid (PGA), 
polylactide- co-glycolide, polylactide-co-caprolactone (PLCL), poly(2- hydroxyethyl 
methacrylate) or (PHEMA), and polyurethane (Fig. 10.5).

Another new method employed in the repair and regeneration in nervous system 
diseases (e.g., Parkinson’s, Alzheimer’s) is creating a 3D cell culture that simulates 
the function and growth of PNS cells. The main characteristics of 3D cell culture 
models are monitoring and evaluating possibilities of cell activity and accurate 
observation of the results under the controlled experimental condition.

M. R. Jamalpour et al.
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A proper 3D cell culture should provide the opportunity to regenerate the native 
ECM and promote cell migration, proliferation, and differentiation. Regeneration of 
the native ECM depends on four major elements. These elements include collagen 
and related molecules as structural parts (e.g., types I, II, III, IV, and V), non- 
collagenous glycoproteins (e.g., laminin, fibronectin, entactin, and vitronectin.), 
glycosaminoglycans (e.g., hyaluronic acid, dermatan, chondroitin, keratan, hepa-
ran), and proteoglycans (e.g., chondroitin sulfate, heparin sulfate) [65, 66]. The 
other essential element in 3D cell culture is a polymeric scaffold that provides 

Fig. 10.4 Schematic configurations of nerve scaffolds (a) and various compositions of tissue- 
engineered nerve grafts (b) [63]

Fig. 10.5 Tissue-engineered spiral nerve guidance conduit schematic [64]
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mechanical support to maintain the cell connection and growth in a three- 
dimensional space.

The polymers applied in the scaffold structures can be classified into two major 
categories: natural and synthetic. Collagen, hyaluronic acid (HA), silk, etc. are 
examples of natural polymers. Polyethylene glycol (PEG), poly-lactic-co-glycolic 
acid (PLGA), and poly-e-caprolactone (PCL) are the samples of synthetic polymers 
used in scaffold structures [57, 67].

5.2  Role of Stem Cells in Regeneration of Peripheral Nerves

Application of stem cells is a new method used in the regeneration and treatment of 
neural tissue injuries. Stem cells have the ability to differentiate into Schwann cells 
and affect the peripheral nerve regeneration by promoting myelinogenesis in heal-
ing axons through secretion of neurotrophic factor (e.g., nerve growth factor (NGF), 
brain-derived growth factor (BDNF), glial cell-derived neurotrophic factor (GDNF), 
NT-3 and NT-4/5), extracellular matrix formation, and moderation of the immune 
response. The mechanisms, however, are not known yet.

These cells, in the form of stem cells or Schwann-like differentiated cells in a 
cell-conditioned medium, possess the potential to be transplanted into patients. The 
stem cells can be transferred by synthetic or local injections. Also, it is possible to 
culture them on biological scaffolds (such as conduits or neural grafts without cells) 
and, subsequently, transplant them into the injured area [57, 68, 69].

In order to be applied in clinical experiments, the ideal stem cells should be eas-
ily extracted, expanded, and proliferated in a cell culture properly, survive in the 
host body, and show no tumorigenicity. Regarding these features, the adipose, cuta-
neous, hair follicle, and placental stem cells are suitable candidates for clinical 
applications [70, 71].

6  Osteochondral Tissue Engineering

Osteochondral defect healing is a challenging issue in clinical medicine due to the 
low efficiency of cartilaginous tissue to regenerate and heal. Osteochondral defects 
or damages can occur in any joint and affect the cartilaginous structure, the underly-
ing subchondral bone, or the interstitial tissues. Osteoarthritis, in addition to articu-
lar cartilage and subchondral bone tissue degeneration and loss, is a notable cause 
of cartilage and osteochondral defects. There are some drawbacks to methods utiliz-
ing autografts and allografts to treat osteochondral defects. Nowadays, techniques 
based on tissue engineering and biodegradable scaffolds, with or without cells and 
growth factors, are alternative methods.
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The major challenge in osteochondral tissue engineering is designing a struc-
ture with both satisfying physicochemical and biological properties to regenerate 
and replace the bone and cartilaginous tissues simultaneously. The advanced 
tissue- engineered grafts, such as monophasic, biphasic, triphasic, and gradient 
 configurations, have received attention in regard to the repair and regeneration of 
complex structures like osteochondral tissue. The designed grafts should simulate 
the cartilage and bone layer formation with an interdigitating transitional zone 
(i.e., bone- cartilage interface) (Fig. 10.6) [72–75].

In tissue and organ regeneration, porous scaffolds play a major role in maintain-
ing a temporary support for growth and controlled function of seeded cells. 
Therefore, various biodegradable polymers and calcium phosphate can be applied 
with bioactive factors to control stem cell differentiation. In addition, the 3D struc-
ture of porous scaffolds is an important factor in both cell adhesion and spatial dis-
tribution [76].

Different materials and compounds are utilized to maintain interactions and for-
mation of ECM during osteochondral regeneration. Therefore, bilayered scaffold 
designs with restorative capacity for both cartilage and subchondral bone are 
regarded as the most common technique in comparison to scaffolds composed of 
only cartilage or bone [77, 78].

The composition and biomaterials utilized in osteochondral regeneration should 
be able to simulate the extracellular matrix (ECM) and the complex function of the 
cells. In other words, because of the essential role of biomaterials in natural cell 
proliferation and growth, critical consideration must be taken when choosing their 
physical and chemical properties.

From a chemical perspective, natural polymers (e.g., collagen, gelatin, and chi-
tosan) provide sufficient biocompatibility and interaction with cell receptors, as 
well as minimize the risk of producing metabolized degradation products. However, 
synthetic materials have higher feasibility to control their composition and greater 
stability and reproducibility [79–81]. Some physical properties of structures used 
in osteochondral tissue engineering include the ability to tolerate stress in the site 
and the ability to support cell integration maintenance. The microstructure of the 

Fig. 10.6 Gross appearance of cartilage layer (a) and subchondral bone layer (b) of osteochondral 
implant and safranin O/fast green staining of the implant (c) [76]
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scaffold is important in the success of both chondrogenesis and osteogenesis. 
A porosity less than 300 μm improves cell growth and promotes the formation of 
capillaries. The interconnectivity (>100 μm) of scaffolds makes adequate cell colo-
nization possible [82–86].

7  Conclusion

In light of the findings of the aforementioned studies on tissue engineering capabili-
ties and 3D printing technology for the reconstruction of soft tissue in the oral and 
maxillofacial region, it can be concluded that the use of natural structures with 
autogenic cells is more efficient. However, the role of synthetic polymers in improv-
ing mechanical properties and controlling the biodegradability of scaffolds can also 
be helpful. Given the strength and manufacturing control of synthetic materials, and 
the biocompatibility and low immunogenicity of natural materials, combined syn-
thetic and natural polymer scaffolds seem to possess the best properties. In spite of 
the myriad of studies conducted in this area during the recent years, further animal 
and human studies are required in order to optimize clinical features and achieve 
reliable therapeutic outcomes.
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Chapter 11
Challenges in the Rehabilitation Handling 
of Large and Localized Oral 
and Maxillofacial Defects

Arash Khojasteh and Sepanta Hosseinpour

1  Introduction

Bone defects in the oral and maxillofacial region are caused mainly by trauma, various 
pathology and their surgical treatment, and congenital situations that have func-
tional, esthetic, and psychological effects on patients. These defects remain a major 
health problem that commonly challenges oral and maxillofacial surgeons, scien-
tists, and healthcare systems. Clinician scientists have been studying and applying 
various materials and methods to retrieve function and esthetic appearance. In this 
regard, the size of bony defects and possible radiotherapy in that specific region are 
the main restricting factors in order to achieve a successful bone reconstruction 
[1, 2]. The current chapter provides information regarding challenges in reconstruc-
tion of large and localized bone defects in oral and craniofacial sites.
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2  Bone Defects’ Classifications in Oral and Maxillofacial 
Region

2.1  Large Bone Defects

The success of bone regenerating process is closely correlated with the defect size, 
its location in oral and maxillofacial region, and patient’s health status and age [3]. 
Studies in animal models lead to the determination of a “critical-sized” defect 
(CSD) as a bony defect that cannot totally heal without additional intervention, like 
bone regenerative approaches, within the lifetime of the animal model or the time 
period of the scientific survey [3]. The diameter or size of a CSD depends on the 
species and is altered by anatomical site [4, 5]. For instance, in mice, the size of a 
CSD in the cranium is 4 mm [6], in rabbits is 15 mm [7], in rats is 8 mm [8], and in 
sheep is 20 mm [9] in diameter. However, due to thousands of considerations in 
human studies, the exact CSD for various anatomical regions is still unknown [10]. 
Hren and Milijavec reported that spontaneous >90% bone healing occurred even in 
30–50-mm-diameter mandibular defects after 12 months. The “6 cm rule” for defin-
ing a large bone defect has been accepted by many authors—for reconstructing 
bone defects larger than 6 cm, the best approach is to apply vascularized bone grafts 
(VBG). Although this rule may be helpful for classifying some oral and maxillofa-
cial bone defects, determining the critical size for classifying bone defect is closely 
related to its anatomic location. For instance, cranial bony defects commonly cate-
gorized into small-sized (less than 25 cm2), the medium-sized (25–200 cm2), and the 
large-sized (greater than 200 cm2) [11].

Another important aspect for classification of bone defects in oral and maxillofa-
cial region is the effect on the adjacent anatomical structures. For example, maxil-
lary defects have been classified by Brown and Shaw [12] into five different classes 
(Fig. 11.1). Class I shows the least defect area and class IV shows the largest affected 
area based on vertical dimension. If the defect includes orbital region in addition to 

Fig. 11.1 Various categories of maxillectomy and midface bony defects. Pink areas show the 
defect parts. (Reuse with permission) [12]
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maxillary bone, it will be considered as class V. Class VI defects consist of only 
nasomaxillary region without involvement of alveolar or palatal bones (Fig. 11.1).

Moreover, Brown et al. proposed one of the most comprehensive and appropriate 
classification systems [13]. They have reviewed existing evidence regarding man-
dibular defects classification and proposed a diagrammatic categorization which is 
depicted in Fig. 11.2.

Fig. 11.2 Mandibular bone defects categorization based on the mean (dark shading) and total 
(light shading) defect size. (Reuse with permission) [13]
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A mandibular continuity defect is a 2 cm or greater portion of bone loss in the 
mandible [14–16], which commonly occurs due to an acquired etiology, such as 
various pathologies or traumas [17–19]. Reconstruction of these defects is also a 
great challenge for oral and maxillofacial surgeons due to biomechanical forces 
present in this region and anatomical form of the bone [20–22]. In the following 
sections, comprehensive therapeutic charts will address each of these challenges.

2.2  Localized Bone Defects in Oral and Maxillofacial Region

2.2.1  Alveolar Bone Defects

Horizontal and Vertical Alveolar Defects

Nowadays, different classifications exist to describe alveolar ridge defects [23–25]. 
In this regard, there are various approaches. For instance, Seibert et al. categorized 
the alveolar bone defects according to the dimension that the resorption had 
occurred. Class I shows horizontal defects with the prevalence of 33%, followed by 
class II vertical defects (3%) and the most common frequent type, class III that is a 
mixed horizontal and vertical defect (56%) [24]. In addition, some other classifica-
tions were recommended by other researchers based on the morphology of the alve-
olar bone defects. CCARD approved and applied a three-part codes pattern at the 
8th European Consensus of the European Association of Dental Implantologists 
(BDIZ EDI) to depict the effect of the alveolar ridge as comprehensively as possible 
with a view to existing therapeutic approaches.

Khojasteh’s Classification for Alveolar Ridge

In a 2013 literature review, Khojasteh et al. accentuate the clinical impact of defect 
site properties for vertical ridge reconstruction and demonstrated that data about the 
condition of the initial vertical bone defect is not precisely incorporated in the exist-
ing evidence [26]. Thus, Khojasteh et al. proposed the first quantitative categoriza-
tion of alveolar bone defects by anticipating demand for reconstructing the 
deficiencies. In the Khojasteh et  al. classification, alveolar bony defects were 
divided into three groups based on the surrounding bony walls (A, two walls; B, one 
wall; and C, without wall) which can consists of classes I–III according to their 
width from greater than 5  mm, 3–5  mm, to smaller than 3  mm, respectively 
(Fig. 11.3) [26].
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Fenestration and Dehiscence

Fenestrations—derived from Latin word for “window”—is defined as secluded 
areas of denuded tooth root with the root surface only covered by periosteum and 
soft tissue, while the marginal bone over the area remains intact. Sometimes the 
buccal/labial covering bone is very thin and this denudation extends to the marginal 
bone. When the marginal bone is affected, the defect is called a dehiscence rather 
than fenestration [28]. Davies et al. [29] proposed that dehiscence is the absence of 
at least 4 mm of root covering bone that continues from the apical aspect to the 
marginal level of bone, whereas a fenestration is an isolated bone defect that resulted 
in an exposure of root surface. These defects can occur both in maxilla and mandi-
ble, and many studies have reported a wide range of prevalence among various 
populations, from 0.23% to 69.57% for fenestration and geographic distribution 
0.99–53.62% for dehiscence [30, 31].

2.2.2  Clefts

The American Cleft Palate–Craniofacial Association (ACPA) Reclassification 
Committee [32] proposed the most practical classification of clefts for surgeons.

In 1981, the ACPA Ad Hoc Committee on Nomenclature and Classification of 
Craniofacial Anomalies introduced a reclassification of craniofacial anomalies. The 
1981 Committee determined that the Kernahan and Stark Classification of 1958 
[33] and the ACPA Classification of 1962 [34] were better systems based on the 
literature, ease of use, and clarity of categorizing. The Kernahan “striped-Y” dia-
gram (Fig. 11.4) [35] was presented to simplify record keeping with a visual dia-
gram. Their striped Y which has been provided in Fig. 11.4 was also modified by 
Elsahy and Millard to be more appropriate in clinical practice [36, 37].

It is estimated that 3/4 of all CL/P patients have alveolar bone defects [38]. It is 
the alveolar cleft that will be discussed in this chapter. In fact, alveolar cleft creates 
a critical disruption of dentition and causes a collapsed alveolar segment. The major 

Fig. 11.3 ABC classification of alveolar bone defects. (a) panel depicts the defect surrounded by 
two walls indicated by black arrows. (b) panel shows a defect which only has one wall (black 
arrow), and panel (c) indicates a defect without any wall. Classes I–III were shown in the figure 
which refer to >5 mm (Cl I), 3–5 mm (Cl II), and <3 mm (Cl III). (Reuse with permission) [27]
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goal of bone reconstruction in clefts is to provide a normal facial and dental  function. 
Failing to rehabilitate and unite the maxillary bone leads to a poor function and 
significantly comprises the restoring process [39].

3  Treatment Approaches and Challenges

Application of autologous bone grafting is the current gold standard in both ortho-
pedic and cranio-maxillofacial bone repair [40]. Autogenous bone grafts are often 
easily available in surrounding tissues of the bone defect site. In addition, they can 
also be obtained from distant anatomical sites, such as iliac crest or rib. Extra col-
lected bone can even be stored for a long period of time by means of cryopreserva-
tion. The major risk related to autogenous bone grafts is postoperative infection 
leading to failure of the reconstruction, which requires further intervention later. 
Failure in the long-term outcome can also be observed as massive resorption of the 
regenerated bone [41]. Moreover, the main risks at the donor site consist of nerve 
injury, discomfort and pain, and postoperative wound infections. There are many 
risk factors that are related to the patient—such as poor nutrition, compromised 
immune system, weakened microcirculation after chemo-/radiotherapy, and smok-
ing—that can influence the regenerative treatment outcome [42]. Since the local 
sources for autologous grafts are restricted and other long-distance donor sites, like 
pelvic bones and limbs, cause serious and prolonged morbidity and discomfort, new 
methods for bone tissue engineering are being developed. Reconstruction of large 
bone defects are always a challenge and must meet high functional and esthetic 
requisites. Albeit autologous bone is preferred, bone substitutes—such as titanium, 
acrylic, polylactic acid [43], and hydroxyapatite (HA)—are available and have been 
used in many clinical investigations [44, 45]. Alloplastic alternatives are often used 
for specific indications. Patient-oriented regenerative approaches are becoming 
more common as custom-made applications fused with imaging technologies are 
gaining popularity [46]. By its nature, reconstruction in the oral and maxillofacial 
region is a highly individualized process, according to the location and type of bony 
defect. In addition, it is important to notice that success rate in treating small- or 
medium-sized defects by using conventional autogenous bone grafting method is up 
to 98% [47], but in the case of larger defects, autogenous custom-manufactured 
smart scaffolds and stem cells could provide new beneficial alternatives.

Fig. 11.4 Kernahan’s 
striped-Y design for cleft 
categories. (Reuse with 
permission) [35]
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3.1  Reconstruction of Large Bone Defects and Suggested 
Treatment Algorithm

3.1.1  Midface Region

Managing midface bone defects is among the most intricate and controversial 
regions for reconstruction. There are a wide range of treatment options from pros-
thetic obturators to pedicled-, free-, or non-vascularized bone grafts [48]. Nowadays, 
the application of pedicled flaps has decreased due to its restricted volume and 
reach. In addition, for large defects, obturators—especially in edentulous patients—
may be impractical or difficult to retain [49]. Prosthetic obturators are also inap-
propriate in orbital content, orbital floor, or soft tissue resected cases. On the other 
hand, various flaps and bone graft techniques have been described, but the best 
evidence-based treatment method is still being debated [50–53]. One of the basic 
challenges is that the defects are usually highly variable in shape and size due to 
their etiology, which is mainly oncologic resection or trauma. Moreover, these 
defects usually do not only involve the bony structures but also influence adjacent 
soft tissues. Thus, successful outcomes of reconstruction encompass a wide range 
of regenerative knowledge, craniofacial plating techniques, and comprehensive 
understanding of prosthetic rehabilitation. In Fig.  11.5, a suggested protocol for 
treatment of midface bone defects has been provided. This protocol is based on the 

Fig. 11.5 Reconstruction algorithm of midfacial bone defects according to the size of the defects 
(except alveolar and cleft bone defects)
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defect size and includes bony structures [53–55]. In this protocol, there are several 
considerations, the first of which is the condition of palatal bone, which is one of the 
main determinants of selecting the best suited plan for reconstruction [49]. The 
status of the orbital floor is also important; grafts, bony flaps, and implants are 
required in order to preserve eye’s function. For instance, if an extended maxillec-
tomy reaches to the orbital floor, a free flap is necessary to separate orbit, nasal 
cavity/sinuses, or even intracranial spaces.

3.1.2  Mandibular Defects

Although many advancements have been introduced in past decades—consisting of 
vascularized bone grafts, various reconstruction plates, osseointegrated dental 
implants, and computer-aided surgical planning—goals of reconstructing mandibu-
lar defects are not sufficiently addressed in one treatment modality, such as restor-
ing mastication and preserving temporomandibular joint function. A suggested 
algorithm for reconstructing large mandibular defects has been provided in Fig. 11.6. 
The size and type of defect play a pivotal role in the treatment planning [49, 53, 
56–59].

For selecting among various types of flaps for mandibular bone reconstruction, it 
is important to consider length of pedicle, adjacent soft tissue and skin, flap length, 
the capacity to accept dental implants, and donor site morbidity. The free fibula or 
iliac crest flaps are most reliably accepted flaps for this region [60]. The scapular 
free flap also can be applied for cases that require a decent amount of soft tissue 
adjacent to the bone. Although the radial osteocutaneous free flap may be used in 
cases with lack of sufficient local vessels in the recipient site, this flap is restricted 
by the thin provided bone and increased risk of fracture in the donor site (radial 
bone). The fibula free flap has the longest provided bone, along with reliable length 

Fig. 11.6 Reconstruction algorithm of large mandibular bone defects based on the size/type of the 
defects (except alveolar defects)
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and caliber of pedicle. This flap is a good choice in defects more than 6 cm requiring 
vascularized bone graft. However, for this selection, clinician should consider donor 
site availability and morbidity, risk for complications, and patient positioning. The 
specific location of the defect on mandibular bone also influences reconstructive 
decisions. For instance, bone defects in the anterior part of mandible involve para-
symphysis and symphysis regions. Moreover, posterior defects can involve condyle 
and temporomandibular joint which make the placement of titanium fixation plate 
more complicated. Nowadays, the gold standard method to rehabilitate continuity 
bone defects is vascularized grafts, due to its capability of maintaining blood supply 
to the graft and also the defect region. Vascularized bone grafting represents faster 
regeneration, lower infection risk, and greater resistance to radiation [61, 62]. 
However, vascularized bone grafting is an intricate method that requires high practi-
cal skill and specific technology and materials. Moreover, its disadvantages are 
longer surgery time, intensified blood loss, and increased cost [61, 62]. Thus, non-
vascularized bone grafts attempt to address these issues that consist of harvesting 
bone tissue from donor (the ilium, mandibular ramus, rib, etc.) [63–65]. Non- 
vascularized bone grafts application was successful in 84.7% for bone defects in 
craniofacial reconstructions. In addition, in a cohort investigation, 95% of vascular-
ized bone grafts were successful which was higher than non-vascularized bone 
grafts application with 72% promising results. One of the explanations of this fail-
ure of the non-vascularized grafts is the length of the recipient site (defect site), 
which shows the fact that large defects require alternative treatment approaches 
compared to small bony defects. In this regard, only 17% of bone grafts were failed 
in the smaller than 6 cm defects, whereas 75% of them were unsuccessful in greater 
than 12 cm defects. In addition, Pogrel et al. demonstrated a higher rate of failure in 
defects which are greater than 9 cm. They suggested the application of alternative 
tissue engineering approaches in these cases to ameliorate the results. Foster et al. 
compared vascularized bone versus non-vascularized bone grafts, reporting a total 
success rate of 88% for vascularized bone grafts and 68% for non-vascularized bone 
defects, of which there was 75% success rate for bone defects <6  cm, 44% for 
>6 cm, 46% for 6–10 cm, and 40% for 10–14 cm [63–65].

3.1.3  Cranial Defects

Reconstruction of cranial defects is crucial in order to conserve underlying impor-
tant anatomical structures—the brain and meninges. The cranium in adults does not 
have the capability to spontaneously regenerate, as it does in infancy. Hence, there 
is a need for more rapid and consistent reconstruction of the adult skull with auto-
grafts and bone substitutes. In 2013, Ugur et al. suggested a specific algorithm for 
clinicians to choose the best evidence-based therapeutic modality [11]. In this algo-
rithm, they categorized the best treatment according to the size of bone defect. For 
small (<25 cm2) or moderate defects (25–200 cm2), split calvarial grafts, bone sub-
stitutes such as HA cement, and allogenic bone grafts have been recommended. 
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Reconstruction of large cranial bone defects are always a challenge, and the out-
comes have to meet high esthetic and functional requirements. In this regard, though 
autografts are preferred, biomaterials such as titanium, polylactic acid (PLA), 
acrylic, and hydroxyapatite (HA) are accessible and have been applied by clinicians 
[66, 67]. In some cases, there is no possibility to use cranial harvested bone grafts 
for reconstructive purposes due to the size of the defect. The autogenous bone graft 
can be obtained as a non-vascularized graft from long-distance anatomical regions, 
such as iliac crest, scapula, or ribs. Although using scapular angle flaps showed 
good esthetic results and low morbidity in donor site for bone reconstruction in head 
and neck region, iliac crest and fibular grafts remain more popular [68].

In cranial defects, the demand for the direct loadbearing capability of the scaf-
fold is minimal. Ideally, in order to preserve cranial esthetic contours, the scaffold 
resorption should be synchronized in all parts of the regenerated site. This func-
tional capacity consists of the potential to mimic the natural bone microstructure of 
the surrounding bone tissue in detail and to establish an appropriate mechanical 
biocompatibility [69]. Moreover, this structure should consist of a gradually biode-
gradable composite scaffold that has osteoinductive, osteoconductive, and anti- 
inflammatory properties, inducing revascularization to enable regeneration 
throughout the defect area. Many existing scaffolds are being tested in combination 
with different stem cell types in CSD models of calvarial bone defects. A good 
example of the application of bone tissue engineering triangle is the study of Taub 
et al., in which skeletal muscle-derived stem cells were evaluated in a rat calvarial 
full-thickness CSD in combination with polyglycolic acid (PGA) mesh, resulting in 
better new bone formation in the PLA in combination with stem cells group, com-
pared to the PLA scaffold and empty defect groups [70]. In addition, vascularized 
new bone was formed in rats by subcutaneously wrapping around vascular bundles 
with stem cell loaded ß-TCP scaffolds [71]. This novel approach for preparing vas-
cularized scaffolds may enhance reconstruction of large bone defects, especially in 
a cranium that has insufficient vascularization.

3.1.4  Tissue Engineering as an Alternative Therapeutic Approach

Conventional treatment modalities for regenerating of oral and maxillofacial bone 
defects commonly need to apply autograft or alloplastic materials. Both, however, 
have detriments that limit their clinical applications [72, 73]. The concept of isolat-
ing stem cells followed by expansion and their implantation to patients for bone 
regeneration has been proposed to address drawbacks of the aforementioned meth-
ods. A completely new field of technology—tissue engineering—has emerged to 
address the aforementioned issues [74]. In order to achieve an ideal result in bone 
regeneration, tissue engineering needs to utilize the optimal combination of a 
selected stem cell population, which is differentiated and cultured in a laboratorial 
environment. This is then seeded onto a biocompatible scaffold, a supporting tem-
plate that serves as a structure to anchor both seeded and endogenous stem cells to 
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conserve differentiating cells [75] in an in vivo setting. Biomaterial is kind of mate-
rial that is intended to face biological systems in order to evaluate, treat, and regen-
erate cells, tissues, or organs in body. This concept to apply organic or synthetic 
materials is not a novel paradigm, as they have been broadly applied even in old 
cultures for various medical applications. Later, in clinical approaches, biomaterials 
such as silk or animal gut have been replaced with either biodegradable or biologi-
cally stable scaffolds [76], which consists of custom-printed three- dimensional con-
structions for oral and maxillofacial bone reconstructions [77, 78].

In 2004, Warnke et al. reported a novel approach of bone-engineered recon-
struction of subtotal mandibulectomy defect (>7 cm) that was successfully applied 
in a 56-year-old man. In this study, they used natural bovine bone mineral (NBBM) 
scaffold loaded with bone morphogenic protein-7 (BMP-7) and bone marrow 
aspirate and preserved in a custom-made computer-assisted titanium cage. This 
specific cage was used to maintain the required shape of arch for reconstructing 
mandibular anatomical form. The cage first implanted into the latissimus dorsi 
muscle for 7 weeks and was then transplanted to the defect size as a custom-made 
free bone- muscle flap [79]. The authors later updated some information regarding 
their previous study for further application of their method [80]. They mentioned 
that titanium cage was not the best option for fabricating a customized engineered 
bone tissue due to its lack of biodegradability; however, it can sufficiently pre-
serve the desired shape. On the other hand, other factors can influence the results, 
such as the appropriate dosage of growth factor, patient age, and general health 
status.

Another successful application of bone tissue engineering in reconstructing mas-
sive oral and maxillofacial bone defects was reported by Mesimaki et al. [80]. They 
had implanted a custom-made shaped titanium cage containing adipose-derived 
stem cells (ASCs) and BMP-2 loaded on beta-tricalcium phosphate (TCP) into left 
rectus abdominis muscle for 8 months. Then, a vascularized flap was removed from 
the muscle and transplanted to the defect site in order to reconstruct a large hemi-
maxillectomy bone defect. Their study represented a successful reconstruction of a 
large craniofacial bone defect via ASCs and customized engineered bone.

In 2013, Sandor et al. reported a clinical ASCs tissue-engineered construct for 
treating large anterior mandibular defect. In contrast to the previous study, they had 
completely produced the engineered tissue in the laboratory and transplanted it to 
the patient’s body in one step. In this study, they rehabilitated a 10 cm anterior man-
dibular defect in length via application of beta-TCP granules loaded with ASCs and 
BMP-2. After 21 days of in situ expansion and differentiation of ASCs on the scaf-
fold, they transplanted the construct to the defect site, which was protected via a 
specific titanium mesh and plate [81]. Although this method of patient-specific 
hardware and engineered bone revealed successful clinical result, treatment of 
patients who received radiotherapy or have complicated defects still require vascu-
larized tissue grafts.
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3.2  Algorithm-Based Selection of Treatment Options Based 
on the Defect Site and Type

3.2.1  Alveolar Bone Defects

Several techniques have been proposed to enhance the result of augmentative 
approaches of alveolar regeneration; however, the type of bone deficiency and 
recipient-site properties can influence the outcome of these interventions [82]. 
Morphologic oriented categorization for homogenizing the study designs on various 
types of bone defects have been carried out for extraction socket defects [83], peri- 
implant defects [84], posterior maxillary defects (including sinus pneumatization) 
[85], and vertical alveolar bone defects [86]. Tinti et al. presented a classification of 
alveolar bone defects associated with immediate or delayed placement of dental 
implant, which was only according to the amount of deficiency. Nevertheless, com-
plicated bone defects with combined deficiencies could not be assessed with Tinti 
classification [87].

The anatomic location of the alveolar bone defect might affect the outcome of 
bone healing. Anterior and posterior parts of the maxilla and mandible represent 
dissimilar bone qualities [88]; thus, it might be reasonable to elect a donor site simi-
lar to the recipient site, if feasible. It is necessary to measure the baseline bone 
defect size and the amount of augmentation instantly after bone graft surgery due to 
the size, area, and contour of the bone healing and resorption, depending on the 
shape and size of the atrophic alveolar bone (baseline condition of the bone) [89]. 
In addition, width of the bone base in the defect site facilitates space supplied for 
bone augmentation in guided bone regeneration (GBR). It has been shown that in 
small alveolar bone defects, the demand for bone augmentation and thus the 
expected gain are slightly less compared to larger bone defects [90]. The healing 
and augmentation of large alveolar bone defects is more challenging and compli-
cated and is mainly performed by incorporation of block bone grafts [82]. In 
Fig. 11.7, a reconstruction algorithm is shown for alveolar bone defects in maxilla. 

Fig. 11.7 Reconstruction algorithm of alveolar bone defects in maxilla. Yellow boxes show the 
location of defects. Green boxes indicate the type of defects and blue ones indicate size of defects. 
Suggested therapeutic approaches represented by red boxes on the bottom. ∗Abbreviations: GBR 
guided bone regeneration, IBG inlay bone graft, left LeFort osteotomy, OBG onlay bone graft, OS 
osteotomy
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This categorization is based on the location of the bone defects (anterior, posterior, 
and the combination of both locations) and the size of defects (small, medium, and 
large).

In addition, Figs.  11.8 and 11.9 provide information regarding recommended 
algorithm for reconstructing mandibular alveolar defects. These algorithms have 
been organized based on the previous evidence [91–98].

Although cancellous block autografts can be reshaped to comply with the shape 
and size of new generated bone, cortical bone graft features are difficult to modify 

Fig. 11.8 Reconstruction algorithm of alveolar bone defects in mandible. The vertical alveolar 
bone defects in the posterior mandible have been explained in the next figure. Yellow boxes show 
the location of defects. Green boxes indicate the type of defects and blue ones indicate size of 
defects. Suggested therapeutic approaches represented by red boxes on the bottom. ∗Abbreviations: 
GBR guided bone regeneration, IBG inlay bone graft, OBG onlay bone graft

Fig. 11.9 Reconstruction algorithm of vertical alveolar bone defects in posterior mandible region. 
Yellow boxes show the location of defects. Green boxes indicate the type of defects and blue ones 
indicate the size of defects. Suggested therapeutic approaches are represented by red boxes on the 
bottom. ∗Abbreviations: Bilat bilateral, CAT cortical autogenous tenting, GBR guided bone regen-
eration, IAL inferior alveolar nerve lateralization, IBG inlay bone graft, RPD removable partial 
denture
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due to their inherent shape [89]. Moreover, cortical block grafts are not capable of 
preserving long-term three-dimensional cohesion, as they have a resorption rate of 
up to 60% at the time of implant placement; whereas, the cancellous block bone 
represents up to 10% of bone resorption [89].

Otherwise, there are significant differences in the regeneration process and 
mechanical properties of the autogenous cancellous versus the autogenous cortical 
grafts [99]. For instance, cancellous bone revascularizes better and is strengthened 
by creeping substitution in comparison to cortical bone [99]. Moreover, the cancel-
lous bone grafts are strengthened during the bone regeneration, while cortical grafts 
are debilitated [99]. Bone augmentation by block bone grafts is frequently corre-
lated to bone resorption [100]. To prevent bone resorption during the regenerative 
process, membranes are helpful; nevertheless, bone resorption still occurs slightly 
[100, 101].

Tissue engineering approaches—including cell-based therapies that have been 
rapidly growing as an alternative therapy [102]—attempt to compensate for the con-
ventional methods’ drawbacks and present patients with “personalized autologous 
bone grafts” [103]. Bone marrow mesenchymal stem cells (BMMSCs) are evidently 
the most widely studied and utilized adult stem cells [103]. BMMSCs with a proper 
carrier were also investigated in several articles. Moreover, iliac bone is the most 
common source for BMMSCs, and the harvesting process was frequently well toler-
ated by patients. The other pivotal element of bone regeneration is the scaffold that 
acts as a carrier for stem cells and bioactive molecules to the defect site. 
Demineralized bovine bone mineral was applied as a carrier for BMMSCs and rep-
resented proper biocompatibility, osteoconduction, and mechanical properties. In 
fact, until now, finding the “perfect scaffold” for bone regeneration which provides 
every aspects of bone regeneration is still on progress. Nowadays, there is a trend 
for applying “composite” scaffolds with various bioactive molecules such as vari-
ous growth factors, peptides, or nucleic acids to increase new bone formation [104].

Alveolar Fenestration and Dehiscence

Fenestration and dehiscence alveolar bone defects commonly have been managed 
by membranes or periodontal flap surgeries, bone grafts [105, 106]. It has been 
shown that the membrane treatment is superior to the bone fill [107]. There are also 
several studies that demonstrate membrane barrier application for dehiscence on the 
dental implants [108, 109]. A 1-year study was completed on 55 Branemark implants 
with alveolar bone dehiscence in 45 patients [110]. In this study, all patients were 
treated with expanded polytetrafluoroethylene membrane, and findings showed an 
average 82% of bone fill after a year of follow-up. The survival rate of implant was 
84.7% cumulatively during the follow-up period. Another study demonstrated suc-
cessful application of titanium-reinforced membrane in severe dehiscence (mean 
8.2 mm) at implant sites [111]. After 7–8 months, a complete bone coverage was 
observed around the implants. There was not any clinical comparison between 
membrane application and bone grafts. However, it has been represented that the 
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use of various bone substitutes—such as demineralized freeze dried bone allograft 
[105], hydroxyapatite [112], and composite graft [113] by GBR technique—can 
significantly improve bone healing in these cases. GBR with freeze dried bone 
allograft showed a 96.8% complete bone fill in dehiscence defect adjacent to 110 
implants even after 29% of membrane exposure [109].

3.2.2  Clefts

Alveolar cleft reconstruction was first treated with autologous tissue by von 
Eiselsberg [114], and then Lexer [115] introduced a non-vascular bone graft. 
Drachter et al. revealed that tibial bone graft can be used for alveolar bone regenera-
tion [116]. Until the 1970s, clinicians commonly used primary bone grafting [117–
119] at the infant stage. However, long-term follow-up studies showed that retrusion 
of midface and anterior cross-bite mostly occur after primary bone grafting [120, 
121]. Reconstructing alveolar clefts by secondary bone grafting (SBG) is the most 
beneficial treatment plan [117]. The main aim of SBG is to omit oronasal commu-
nication and impede inflammation [122]. In fact, this technique stabilizes maxillary 
bone segment and symmetry and esthetic of face. Figure 11.10 represented an algo-
rithm for reconstructing alveolar bone cleft. At first step and orthodontic treatment, 
bone grafting is needed for reinforcing bone support, nasal cartilage, and dental 
implant placement [123–125].

Unilateral and bilateral CL/P patients require a broad orthodontic and surgical 
management. In order to retain the orthodontic treatment’s appropriate outcomes, 
lifetime retention is suggested as an essential protocol [126, 127]. Bone graft stabil-
ity is closely related to the cleft width, existence of unilateral or bilateral defect, and 
cleft/nasal cavity ratio [128]. For instance, wide bone gap, insufficient wound clo-
sure, wound infection, and lack of attached gingiva can lead to failure [129]. After 
SBG, as seen in Fig.  11.10, it is recommended to place dental implants after 
6 months. Placed implants in this region varied in length (10–15 mm) and diameter 
(3.25–4 mm). Survival rate of dental implants in unilateral cases showed promising 
outcomes (more than 94%) [129–131].

At first, Bergland et  al. [132] introduced Bergland scale (1986) to measure 
amount of bone graft, after that scientists presented various evaluation guides, such 
as the Enemark score, the Long rating scale, the Kindelan scale, and the Chelsea 
scale [133–136]. Nowadays, most techniques for assessing the results of an alveolar 
bone regeneration use periapical radiographs and cone-beam computed tomogra-
phy. Feichtinger et al. [136] assessed the volumetric alterations of 24 cases during a 
3-year follow-up period. The implanted autogenous bone was absorbed by 49.5% 
after the first year and 52% after 3 years. Another study [137] assessed the volume 
of implanted bone in 15 cases after 3 months and 1-year post-surgery. The mean 
grafted bone volume was 1.1 ± 0.3 cm3 immediately after surgery, 1.2 ± 0.6 cm3 and 
1.1 ± 0.5 cm3 at 3 months and 1 year after surgery, respectively. However, the vol-
ume revealed a considerable degree of variability, ranging from 0.3 to 2.0 cm3. In 
2005, Trindade et al. [138] assessed 65 alveolar bone grafts for a 1-year follow-up. 
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They classified 68–71% of their cases as Bergland type I and 15% as type II. In the 
remaining cases, the grafted bone absorption could not be measured, since the vol-
ume continued to alter due to the eruption of the permanent teeth and the orthodon-
tic treatment [138].

In another study conducted on 100 cases for 5 years [139], long-term changes in 
the implanted bone were evaluated. At the end of the follow-up, they reported that 
84.6% of the bilateral clefts patients and 88.9% of the unilateral clefts patients were 
scored as Bergland type I. Enemark et al. [133] assessed 95 cases of bilateral and 
unilateral alveolar clefts for 4 years. 76 patients showed no difference in the amount 
of the bone, and the rest 14 cases, the bone volume only reduced to 75% of the vol-
ume of normal alveolar bone. Thus, it is logical to expect a slight change in the 
amount of implanted graft bone over time. In this regard, despite autologous bone is 
the ideal choice with a slight resorption over a long period of time, in recent years, 
bone tissue engineering helped surgeons to restrict this amount. Growth factor-rich 
materials, such as platelet-rich plasma (PRP) and platelet-rich fibrin (PRF) [140], 
and application of other additives, such as recombinant human bone morphogenic 

Fig. 11.10 Reconstruction algorithm of alveolus bone defects in cleft lip/palate patients. Yellow 
boxes show the location of defects. Suggested therapeutic approaches represented by red boxes on 
the bottom. ∗Abbreviations: AUBG autogenous bone grafts, AUIC autogenous iliac crest, DI dental 
implant, MCB microvascular corticocancellous bone
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protein (rhBMP), have been used. rhBMP has also been used in combination with 
various scaffolds, such as TCP, HA, etc. [141, 142]. In 2012, Behnia et al. showed 
the enhancing impact of biphasic scaffold in combination with platelet-derived 
growth factor (PDGF) for alveolar bone regeneration in cleft patients [143]. 
However, this study did not have any control group due to ethical issues which may 
influence their conclusion.

4  Conclusion and Future Direction

Despite regenerative methods are not usually entailed in the healing process of 
small bone defects in oral and maxillofacial region, large bone defects need differ-
ent interventions to treat. Although fabrication of various organic and synthetic 
scaffolds offers various choices, the treatment results is yet questionable in com-
parison to autogenous bone grafts based on newly formed bone quality and healing 
time. The postoperative complications, such as greater price, have been reported in 
bone regenerative treatments that scientists try to address by new innovative bone 
tissue engineering techniques. It is necessary to investigate therapeutic impact and 
mechanism of these techniques in order to precisely understand them, especially in 
human clinical trials.
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Chapter 12
Recent Advances in Nanodentistry

Zhila Izadi, Hossein Derakhshankhah, Loghman Alaei, Emelia Karkazis, 
Samira Jafari, and Lobat Tayebi

1  Introduction

To have general health and well-being, oral health is of great importance. A lot of 
genius drug delivery systems were developed for local treatment to prevent various 
diseases in the oral cavity. However, there are a few optimized systems and many 
therapeutic challenges that remain unsolved, including weak drug effectiveness and 
maintenance at targeted centers [1, 2].

Oral drug delivery is the most favored and helpful way of drug administration 
due to high patient compliance, cost-effectiveness, lowest amount of sterility limita-
tions, adaptability in the designing of dosage form, and facility of generation [3]. In 
any case, the challenges confronted in oral drug delivery include low bioavailability 
of drug; this limitation is identified by three important factors—dissolution, perme-
ability, and solubility [4–6].

The oral cavity (mouth) is discussed as the first section of the digestive tract, 
which includes various anatomical sectors: teeth, gingiva (gum) and their escort tis-
sues, hard and soft palate, tongue, lips, and a mucosal membrane which lines the 
interior surface of the cheek [7]. The most known oral disorders among the world 
are dental caries, periodontal diseases, oral malignancies, and oral infections. In 
these cases, local therapy proposes numerous advantages over systemic drug admin-
istration, such as directly targeting the affected area while minimizing systemic side 
effects [8].
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One of the most routine factors influencing human lifestyle is inevitable caries 
formation and other tooth-related diseases, as they often lead to loss of teeth. A large 
ratio of research has been devoted to introduce control and preventive approaches 
[9]. It seems that a current challenge in the endodontic therapy field may be the 
elimination of the microbial infection, specifically the multispecies infections 
induced by aerobic and anaerobic bacteria [10–12]. It appears to be a suitable 
approach to treat and control dental infections by antibiotics or other active agents 
(such as nanoparticles to load in specific drug vehicle systems), even if the used 
delivery systems are less established when compared with other tissues. Based on 
the importance of biomedical delivery compartments, this study aims to provide a 
clear review on the amendments in drug delivery systems for dental applications 
[13, 14].

One can use the oral cavity as a limited drug delivery route in such cases like 
periodontitis and dental caries or for oral mucosal drug delivery—such as alveolar 
osteitis, analgesia, transmucosal systemic effect, or delivery of new biotechnologi-
cal products like proteins and peptides. The present chapter provides an overview of 
dental physiology, prevalent dental diseases, and some nano-/bio dental materials 
and drug delivery systems corresponding to the oral cavity [15].

Different diseases affecting the orodental region, along with conventional as well 
as new and emerging drug delivery and technologies that improve local drug ther-
apy, are presented in this chapter. Various types of drug delivery, along with their 
important clinical views, will be discussed. This chapter will offer the reader with a 
general and inspiring landscape on recent and promising aspects of innovation in 
oral drug delivery.

Nanotechnology is a field that studies the matter at the levels of molecule and 
atom, which has evolved the territory of dentistry as “nanodentistry” [16, 17].

Nanodentistry, as a term and a field, was coined in the twentieth century. Parallel 
to advancement of nanomedicine, dentistry commenced evolving in the field of 
nanotechnology, too. It seems that the nanotechnology field will influence the fields 
of diagnosis, surgery, and restorative dentistry. These promising new tools—like 
nanorobotics, nanodiagnosis, nanomaterials, nanosurgery, and nanodrugs—will 
highly impact clinical dentistry in the future [16–19].

The field of nanotechnology provides the diagnosis and treatment of oral cancer. 
Nanotechnology identifies the biomarkers of tumor cells and thus discovers them 
earlier, increasing the sensitivity of the test [20]. Many nanomaterials exist that can 
be utilized for restoration and/or prevention of decayed, carious, missing, or frac-
tured teeth. Current progress in nanomaterials has introduced nanocomposites, 
nanoimpression, and nanoceramic in the area of clinical dentistry [17, 19, 21].

Although many ideas have been proposed for nanodentistry, most of them are not 
applicable because of various difficulties like designing challenges, medical chal-
lenges, social challenges, and so on. It is difficult to place and assemble the molecu-
lar scale part in a precise manner [21]. Manipulating the functions of some 
nanorobots simultaneously is also challenging. Nanomaterials can also be pyro-
genic, so it is also an obstacle to produce biocapable nanomaterials. Social con-
cerns, such as ethics and public acceptance, can be obstacles as well [16, 18].
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Nanodentistry is an interdisciplinary research area that discusses the new 
nanomaterials and device applications in all the areas of human functionality [22]. 
Taking into account the advances in nanotechnology, nanomaterials and nanorobots 
show great attraction [23]. Though there is long-term research activity for this 
promising field, the clinical results have a strong tendency to highly promote the 
diagnosis and treatment approach planning for improving esthetics in the dental 
field. However, more research and trials are needed for the application of nanotech-
nology in oral tract and dental care. Nanodentistry will maintain comprehensive 
oral health by linking nanomaterials and biotechnology, including tissue engineer-
ing and dental nanorobotics. Although it is at an early stage, it has made a sufficient 
clinical and commercial effect [24].

2  Nanodentistry

Nanotechnology is an interesting branch in which all disciplines of natural sciences 
meet at nanoscale; for instance, physical forces merge with biologic sciences, engi-
neering, organic/inorganic chemistry, materials science, and computational means, 
which are all highly linked. This inherent interdisciplinary nature devotes wide 
potency for multidisciplinary functions [5, 14, 20].

Recent developments in dental field research have made treatment routes fast, 
precise, safe, and less painful in recent years. Newborn techniques—such as nano-
technology, dental implants, cosmetic surgery, laser application, and digital den-
tistry—have had remarkable influence on dental treatment and restoration time [25, 
26]. In the medicine research area, nanotechnology has been integrated to diagnose, 
prevent, and treat diseases. The following sections of the chapter address the recent 
developments in this integrative field that bridges nanotechnology and dentistry, 
nano-/biomaterials in oral health research, and some usages of nano-/biomaterials 
in this field [22, 27]. Oral medicine is an evolving field of dentistry, in which its 
multidisciplinary approaches have led to advancement of other areas in prevention, 
diagnostics, and therapeutics [28, 29].

Nanotechnology concerns the study of materials at molecular and atomic scale, 
which has evolved the field of dentistry, namely nanodentistry. This newly born scope 
is established on four approaches (biomimetics, functional, top-down, and bottom-
up) and can be defined as a promising discipline that provides nanotechnology based 
on next-generation devices and tools for use in oral health care [16, 17, 19].

2.1  The Bottom-Up Approach

The bottom-up approach includes producing nanostructures and devices by arrang-
ing atom by atom. This approach involves self-assembly, using chemical or physical 
forces functioning at nanoscale to assemble smaller blocks to form larger structures. 
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Some instances of bottom-up path include synthesis of chemical materials, self- 
assembly, and molecular production. In other words, this approach is similar to 
building—taking many blocks and lining them together to fabricate the ultimate 
structure. Another tangible example from nature is that of body cells, which utilize 
enzymes to generate DNA by various components and assemble them to produce 
the final superstructure. Bottom-up approach fields in nanodentistry confine polym-
erization, precipitation, and micellar compartments [30, 31].

2.2  The Top-Down Approach

The top-down approach (that in some cases is recognized as the term decompose 
and also used as a synonym to stepwise design) refers to the breaking down of a 
collection to understand its components in a reverse engineering mode. In this 
approach, an original view of the system is figured out and characterized, but not in 
detail. Then, each subsystem component is studied in greater detail, sometimes in 
many additional sublevels, until the full specification is reached to elementary 
blocks. In this approach, synthesis of the particles is occurring in a routine manner 
and then made smaller by grinding or milling. Among all, the most successful 
industry that uses the top-down approach is the electronics industry [31]. Some 
applications of top-down and bottom-up approaches are summarized in Table 12.1.

2.3  In the Functional Approach

In the functional approach, the final goal is to create favored functionality compo-
nents, regardless of the routine process. These desired properties might be elec-
tronic in the case of molecular scale electronics or materials with mechanical 
properties, like synthesized molecular motors.

Table 12.1 Some applications based on top-down and bottom-up approaches [18, 30, 32–34]

Top-down approach Bottom-up approach

Nanomaterials for anesthesia Nanocomposites
Major particles for tooth repair Nanolight treatment glasses as ionomer 

restorative
Particles for repositioning tooth Impression materials
Hypersensitive cure Nanocomposite denture teeth
Dental sturdiness and apparent features Nanosolution
Dental robots Nanoencapsulation
Cancer diagnostic tools Applying the laser plasma for periodontia
Therapeutic aid in oral disorders Prosthetic implant

Nanoneedles
Materials for bone replacement
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2.4  The Biomimetic Approach

The biomimetic approach is also called bionics. This name comes from the proper-
ties, which mimic the biological systems to form nanoscale devices. This approach 
refers to the inspiration and application of concepts from nature for generating new 
compositions, tools, and systems. The technology is still at its beginning stages and 
has not yet reached commercialization [35].

3  Nano-/Bio Dental Materials

Medical application of nano-/biomaterials in dentistry has been the focus of research 
laboratories worldwide [36]. Nowadays, nanotechnology is conducting dental mate-
rials industry to important growth areas. It seems that the prevalence of nanotech-
nology in dentistry answers the mysteries or challenges concerning routine 
materials, because they have the potential to mimic surface and interface properties 
of biological tissues [16, 18, 19]. Similar to nanomedicine, nanotechnology used in 
dentistry is expected to possible nearly perfect oral health by using nanomaterials 
and biotechnologies, such as tissue engineering and different technologies [37].

Nanotechnology, as a drastic field, has the power to control the individual parti-
cles in the nanometer scale. Some of these results are to a large extent relevant and 
remain impactful to human life. Although over the last few decades the fields of 
regenerative medicine and tissue engineering have gained a lot, still a large amount 
of research is required to innovate new materials in order to overcome the defects of 
existing biomaterials [5, 14, 20].

Orthodontic nanomaterials have come into practice widely, due to the industrial-
ization process of nanotechnology and the patients having the opportunity to come 
into contact with them. These materials have resulted in remarkable improvements 
in medical treatments and have driven the creation of multiple routine dental materi-
als. Some principal applications of nanomaterials in the field of dentistry are dis-
cussed in this section, and a summary of these functions is illustrated in Table 12.2.

4  Nano-/Biomaterials as Dental Drug Carriers

Drug carrier considerations include approaches, formulations, techniques, and sys-
tems for transporting pharmaceutical compounds in the human body as needed to 
safely reach therapeutic effect. This concept has been merged with dosage form and 
method of administration. The term “target drug delivery system” was coined by 
Ehrlich, who proposed the term “magic bullet” in 1906. The main difficulty in target 
drug delivery carriers was based on three important factors: finding the target of the 
disease, identifying the drug that will sufficiently cure the disease, and selecting 
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Table 12.2 Summary of some common nanomaterials in dentistry field and their characteristics

Major 
applications Nanomaterial type Particle size Significant characteristics References

Composite 
resins

Nano-ZnO 125 nm Better antibacterial and 
mechanical properties

[25]

Nanosilica 7 nm
70 nm

Better mechanical properties [38, 39]

Nano-Ca3(PO4)2 
and CaF2

112 nm Better stress-bearing 
capabilities and the 
inhibition of caries

[40]
53 nm

Nano-TiO2 <20 nm Improved microhardness and 
flexural strength

[41]

Dental 
adhesives

Nano-HAp 20–70 nm Better bonding strength to 
dentin

[42]

Nanosilver and 
calcium phosphate

<10 nm
112 nm

Improved antibacterial 
properties

[43]

Nanosilica 7 nm High mechanical strength 
and good thermostability

[44, 45]

Root canal 
fillings

Nano-HAp – Better osteogenesis and 
improved bacteriostatic and 
antibacterial effects

[46, 47]

Bone repair 
materials

Nano-HAp 100 nm
20 nm
3 nm

Guiding the regeneration of 
periodontal and bone tissue

[48–50]

Bioceramics Nano-ZrO2/HAp 
composite

70–90 nm/
500–1000 nm

Guiding bone reconstruction [51]

Nano-ZrO2/Al2O3 – Better resistance to crack 
propagation

[52]

Nanosilver 10 nm Increased fracture toughness 
and Vickers hardness

[53]

Silicone 
elastomer 
material

Nano-Ti-, Zn-, 
Ceoxide

30–40 nm
20 nm
50 nm

Improved mechanical 
properties

[54]

Denture base 
materials

Nanosilver 10–20 nm Better antifungal properties 
and biocompatibility

[55]

Coating 
materials for 
dental 
implants

Nanoporous 
alumina

20–200 nm Good cell adhesion and no 
adverse effect on cell 
activity

[56]

Nano-zirconia/
calcium phosphate

360 nm/151 nm High bioactivity potential 
and good mechanical 
stability

[57]

Nano-ZnO 10–100 nm Better antimicrobial and 
biocompatible properties

[58]

Nano-HAp – Achieving rapid 
osseointegration

[59]

(continued)
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suitable target mediums transport the drug in a stable shape while preventing other 
interactions and harm to the healthy tissues.

The delivery of targeted particles has the potential to transport high-density drug 
molecules while expressing ligands on the surface of the particle at the same time. 
Nanomedicine is the field of development and use of nanotechnology in the area of 
medicine to block, detect, and treat diseases at the cellular and molecular level. 
Nanoproducts delivered through target drug delivery carriers use the pathophysio-
logical and anatomical variances within the defected tissue to differentiate it from 
healthy tissues to get site-specific targeted drug delivery. Thus, the goal of this sec-
tion is to show a brief landscape of the targeted drug delivery system using nanopar-
ticles and nanovectors for different treatment purposes in dentistry.

4.1  Various Delivery Vehicles

Nanoparticles are used as potent carriers along with targeting ligands for the target 
drug. These materials have multiple advantages over larger systems because of their 
submicron size. The principal characteristics of these systems are that they should 
be biodegradable, biocompatible, toxic-free, and physicochemically durable. Drug 
release should be even, scheduled, predictable, and without any side effect to the 
main drug [62, 63]. The main advantages of nanoparticle drug delivery carriers are 
their small size, which makes them a suitable candidate to be extravasated through 
blood vessels and tissues, especially in tumors. Targeted drugs can be designed to 
avoid first-pass metabolism. Moreover, they may also show properties like optical 
and electrical characteristics. These features make it possible to chase and localize 
the drug intracellularly. However, it has its disadvantages, such as toxicity, requiring 
skill to administer, and limited drug durability. A variety of submicron colloidal 
nanosystems of size <1 μm are included. They may have various structures and 
compositions like inorganic, liposome, or polymer-based colloidal systems, which 
have acted as effective drug carriers for several decades [63, 64].

Table 12.2 (continued)

Major 
applications Nanomaterial type Particle size Significant characteristics References

Drug delivery Nanosilica 150 nm Sustained and controlled 
release of anticancer drugs 
(as drug carriers)

[60]

Polymeric NPs 
(vitamin e TPGS)

300–1000 nm Controlled release of 
anticancer drugs (as drug 
carriers)

[27]

Tumor 
imaging

Superparamagnetic 
iron oxide NPs

82 ± 4.4 nm Good superparamagnetic 
and optical properties

[61]
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4.1.1  Liposomes

Liposomes are structures composed of two components—amphiphilic phospholip-
ids and cholesterol in bilayers that confine an aqueous interior. Liposomes as a res-
ervoir for target drug delivery were first introduced by Gregoriadis [65]. These 
bodies have provided promising results in improving therapeutic benefits, diminish-
ing side effects, and increasing patient relief, as they mimic the biologic membrane. 
They can also be designed as bio-adhesives that are retained by the enamel, increas-
ing the exposure time and residence in the oral cavity [28, 29]. They break down 
into smaller structures that can surround hydrophilic drugs in the aqueous interior 
or hydrophobic drugs in the bilayer. There are two methods for encapsulation, 
namely, by the pH gradient and ammonium sulfate method. Adding polyethylene 
glycol (PEG) to the lipid surface enhances its surface properties via functioning as 
an obstacle to avoid interaction with the plasma proteins, thereby retarding detec-
tion by the reticuloendothelial system (RES). This results in an increased circulation 
time of the liposomes. Phosphatidylcholine-based liposomes are used to target bac-
terial biofilms, whereas succinylated concanvalin A (conA) liposomes are targeted 
for delivery of triclosan to the biofilm of Staphylococcus epidermidis and Proteus 
vulgaris. However, application of liposomes in target drug delivery displays the fol-
lowing disadvantages: low control over drug release, poor encapsulation yield, and 
poor stability during encapsulation [66].

4.1.2  Solid Biodegradable Nanoparticles

Solid biodegradable nanoparticles are another kind of carriers that are widely 
seen because they have different polymer compositions and morphologies than 
liposomes, which can sufficiently control release features over a long period of 
time. These families of materials include aliphatic polyesters, specifically hydro-
phobic polylactic acid, hydrophilic polyglycolic acid, and their copolymers, such 
as polylactide- co-glycolide. These materials have been utilized for various clini-
cal applications for over three decades and are regarded as safe to use in human 
body [64].

4.1.3  Micelles

Micelles are another group of polymers, which are composed of lipids and have 
spherical structure, but lack a lipid bilayer or an inner hole. Their typical size is 
about 10–80 nm, and they can transport various drugs with better longevity, low 
circulation time, and stability. They have better penetration and flexibility to enter 
the target sites because of their size, which allows them to enhance the drug effect 
on the target site. These drug delivery elements target cancer cells and are presumed 
to have magnetic resource imaging (MRI) contrast characteristics [67].
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4.1.4  Dendrimers

Dendrimers are molecules that possess three-dimensional, multi-branched struc-
tures. They are well-defined, unimolecular, monodisperse materials ranging from 1 
to 10  nm in size. These structures, due to their branching pattern, offer a larger 
surface area for drug binding. Dendrimers are the best way to deliver both water- 
soluble and insoluble drugs [65, 68]. Multifunctional types of them are synthetically 
formulated in conjugation with fluorescein isothiocyanate used for imaging and 
folic acid for targeting cancer cells, which overexpress folate receptors and pacli-
taxel as a chemotherapeutic drug [69].

4.1.5  Polymers

Polymeric nanoparticles can deliver low-molecular-weight drugs, macromolecular 
proteins, and genes. Unlike liposomes, these nanoparticles show less toxicity, high 
durability, higher loading capacity for water-soluble drugs with sustained release 
of drugs, and many physicochemical properties [65, 70]. Due to their slow clear-
ance by RES, their use as biodegradable nanoparticles is rapidly increased; the 
dosage of the drugs has been decreased due to enhanced plasma half-life. Polyketals 
are biocompatible, hydrophobic polymers and have been synthesized recently for 
use as biodegradable ketal linkages. This linkages aid in creating nanoparticles to 
encapsulate and enrich hydrophobic drugs or proteins [71]. PEG is a hydrophilic 
polymer used to form a stealth layer to minimize the nonspecific enrichment of the 
drug. This advantage leads to more stability of the nanoparticles and targeting of 
the site [70, 72].

4.1.6  Carbon Nanotubes

Carbon nanotubes are single or multiple sheets produced from graphene and rolled 
into a cylinder. They can pass into living cells without causing any cell death or 
defect to their size or shape. Although these nanoparticles show high potential in 
nanodrug delivery, their safety remains obscure because of needle-like fiber shape 
and toxicity [26, 65].

4.1.7  Gold Nanoparticles

Gold nanoparticles can be synthesized in a range of sizes. They are biocompatible, 
easy functionable, highly dispersed, and able to conjugate with other molecules. 
Their high surface area/volume index, inert entity, and small size allow their use 
extensively as delivery systems [73]. Studies have addressed that monodisperse 
spheres can be synthesized using reducing agents, like citrate, by acting on some 
given gold salts, such as tetrachloraurate [74].
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4.1.8  Nanodiamonds

Nanodiamonds are allotropes of carbon with a size of about 2–8 nm. These type of 
nanoparticles possess functional groups, which can attach a wide spectrum of com-
pounds, such as chemotherapy agents and other drugs [75]. They possess unique 
physical characteristics like small size, less corrosion, high mechanically stable, 
and biocompatibility and function as biomarkers and biosensors [76]. Recently, 
these materials have been widely used to collect proteins and deliver drugs to the 
target areas. For example, when they are bound to doxorubicin and encapsulated 
into polymeric microfilms, they can be used to sustain release of drugs [65, 75] [76]. 
They can be formulated into dental materials and used as a filling or veneer, and 
their hardness makes them a good candidate for implant and cutting tools formation. 
When dry, nanodiamonds provide favorable appearance, such as natural enamel, 
and it is believed to treat gum illness when utilized as toothpaste [30].

4.1.9  Nanogel

Nanogel is a novel biocompatible polymer with a core-shell formulation. Nanogel 
nanoparticles are of submicron range size and have a gel-like appearance that con-
tains colloidal aggregates, which come from hydrophilic polymers. Nanogels have 
both nanoparticle and hydrogel advantages and show a high potential to deliver 
genes and proteins [32].

5  Nano-/Biomaterials as Dental Filling Agents

In dental applications, fillers are the additives in solid form with various polymer 
composition and structure. These additives are comprised frequently of inorganic 
materials and partly organic material [31]. In recent decades, with advent nano-
technology incorporated into the medical field—particularly dentistry, consider-
able endeavors have been demonstrated for design of innovative promising dental 
restorative structures, for instance, nanofillers [33]. Nanofillers are nanosized rein-
forcement particles blended with resins of various properties, rather than tradi-
tional fillers that necessitate a shift from a top-down to a bottom-up construction 
methodology, which are usually blended with resins to create nano-filled resin 
composites [34].

Considering the excellent features of nanomaterials, these structures are cur-
rently considered as novel fillers to improve the mechanical and esthetic properties 
of polymer composites in dentistry. Nanofillers that possess greater aspect ratio—
the ratio of largest to smallest dimension—depict an appropriate reinforcement for 
nanocomposites fabrication. To date, diverse materials with organic and inorganic 
nature are utilized for the preparation of nanofillers; silica, titanium dioxide, calcium 
carbonate, and polyhedral oligomeric silsesquioxane are examples of inorganic 
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materials [35]. Coir nanofiller, carbon black, and cellulosic nanofiller can also be 
utilized as inorganic fillers [77].

Generally, nanofillers are able to improve/adjust the variable properties of the 
materials into which they are incorporated, like fire-retardant, optical or electrical, 
mechanical, as well as thermal properties, occasionally in synergy with conven-
tional fillers. From the prevalent nanofillers in nanocomposites, nanoclays, nano- 
oxides, and carbon nanotubes are some examples [78, 79].

6  Nano-/Biomaterials as Dental Adhesive Agents

Dental adhesives are systems that consist of monomers with hydrophilic and hydro-
phobic groups, creating the resin dental substrate interaction. Hydrophilic groups 
provide an appropriate wettability to dental hard tissues, whereas the presence of 
hydrophobic groups in adhesive systems leads to interaction and copolymerization 
with the restorative materials [80]. Curing initiators, inhibitors or stabilizers, sol-
vents, and inorganic fillers are major chemical components of dental adhesives. 
Overall, considering the anatomy of the tooth is a pivotal issue in design of dental 
adhesives; particularly, composition and structure of enamel and dentin are requisite 
parameters for examination of their influence on adhesive bonds [81]. Indeed, 
enamel is composed of hydroxyapatite (HAp), as a hard solid crystalline structure, 
together with water and organic materials. In comparison with enamel, dentin has 
low intermolecular forces and low energy surfaces. This humid layer, which lies 
immediately underneath the enamel, is a component similar to enamel [82].

Resin composites, as esthetic components in dentistry, are being progressively 
employed as dental restorations owing to significant improvements in their proper-
ties and performance. Nevertheless, composites possess a tendency for accumula-
tion of biofilm in vivo, which could lead to production of acids and subsequently 
cause dental caries. The principal reason for restoration fracture is recurrent caries 
and, therefore, for 50–70% of all operative work, it should be conducted for 
 replacement of the failed restorations. To circumvent this drawback, several research 
groups designed antibacterial resins based on nanostructures. In recent research, to 
treat dental caries, antibacterial resins and silver (Ag) filler particles were used as an 
appropriate approach for management of caries [83]. It is well documented that 
nanoparticles of Ag are effective for antibacterial applications [84]. Another study 
introduced a new alternate method for inhibiting the caries, in which researchers 
applied center-filled calcium phosphate (CaP) composite particles that can release 
Ca and P ions and remineralize tooth lesions. Recently, calcium phosphate nanopar-
ticles were fabricated using a spray-drying method. Some new nanocomposites 
were designed, which contain amorphous CaP.  These nanoparticles can release 
calcium and phosphate ions in the same way as traditional calcium phosphate com-
posites. Moreover, they possess higher mechanical properties for loading tooth res-
torations [85].
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7  Nano-/Biomaterials as Dental Implants

When teeth are lost, endoosseus oral implants are—from the clinical point of 
view—“the last stand” of bite reconstruction. The idea of using Ti implants in den-
tistry began in the early 1980s and was based on Brennemark’s definition of osseo-
integration, which explained the direct contact of a living bone with functionally 
loaded oral implants [86]. From that moment, implant dentistry has evolved, and 
the conceptions of treatment protocols have changed. One thing that remained the 
same was the struggle to improve implant–bone interconnection quality. Along 
with views on surface modifications, the classic approach to implant surface treat-
ment—“the rougher-the better”—was rejected in the early 2000s. This was based 
on clinical observations that showed that a micro-rough surface, despite better sta-
bility in the beginning, may initiate subsequent bone osteolysis and favor biofilm 
formation and infection development, which is commonly known as “periimplan-
titis” [87, 88].

Along with the evolution of nanodentistry, the views on implant surface modifi-
cation followed the general rule of mimicking nature. It was proposed that the 
implant surface may imitate the bone-like structure and properties at the nanoscale 
level, as bone is nothing more like a biological nanocomposite. Dental implants 
usually consist of three independently manufactured parts: intraosseous screw, 
transmucosal abutment, and prosthetic crown [89].

Among all dental sciences, oral implantology represents the fastest developing 
area and applies to all implant components, as well as surgical instruments. An 
approach to oral implants, with regard to their intraosseous portion, is focused on 
osseointegration improvement. The process of implant connection with bone con-
sists of two phases: primary interlock corresponds to the mechanical anchorage and 
mostly macro design of implants, such as the screw shape of threads geometry. The 
second anchorage relies on bone remodeling at the implant interface and the cre-
ation of biological bonding. This process is related to surface micro-nano  topography, 
chemical composition, wettability, and roughness which, taken together, has an 
impact on the biochemistry and dynamics of bone formation de novo [90, 91].

Clinically, a decrease in implant stability can be observed between the primary 
mechanical and secondary biological anchorage as a natural consequence of bio-
logical remodeling of bone tissue following surgical injury (osteotomy preparation, 
implant insertion, inflammatory response). Good modification of the surface from 
macro to nanoscale may promote the process of implant healing [92]. There are a lot 
of ways for modifying the surface in order to roughen it, based on direct surface 
tailoring (e.g., etching, sandblasting) and/or making functions (bio-glass coatings or 
polymers, peptides, etc.), or combinations of these techniques to commercially 
available implants to achieve roughness at the micro level. However, this technique 
could decrease surface hardness and, moreover, cause a loss of superficial material 
layer that damages screw threads, possibly negatively affecting proper implant 
anchorage to bone. Other techniques that provide modifications at the microscale 
could result in coating delamination, surface contamination with hydrocarbons 
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(re- hydrophobization of the surface), and many others, which are elucidated in the 
detail in the recent work of Durracio et al. [93, 94].

As long as surface properties have a key role in long-term stability of bone tis-
sues, dental implants are increasingly used as nanotechnology tools for surface 
modifications. To reach this purpose, it is necessary for implants to have direct con-
tact with bone. This direct contact makes good biomechanical anchoring, rather 
than encapsulation via fibrous tissues [91]. The surface roughness of bone is approx-
imately near 100 nm, and this nanoscale data is important to the surface of implants, 
as the proliferation of osteoblast is induced via production of nanosized particles on 
the surface of implants [95, 96]. Roughening the implant surface at the nanoscale 
level is important for the optimum cellular reaction that takes place in the tissue and 
stimulates merging of the implant into the bone [97, 98].

Using nanotechnology methods, some titanium implants were fabricated, then 
their surface was coated with calcium and inserted into rabbit tibias. Finally, their 
impact on osteogenesis was measured. As a result, the responsiveness of the bone 
around the implant was increased due to the insertion of the nanostructured calcium 
coat [99]. In vitro research on these materials illustrates that the most effective fac-
tor on osteogenic cells is the topography of the implant, and this nanosized surface 
enhances the surface area and the adhesion of osteoblastic cells. This enhanced 
surface provides an increased surface area that facilitates the reaction with biologic 
environment [99–101]. Recent nanostructured implant coatings are as follows:

 1. Nanostructured Diamond: This coating type presents very high hardness, 
improved toughness over common microcrystalline diamond, low friction, and 
good adhesion to titanium alloys [102].

 2. Nanostructured Coatings of HA: This type of coating material is applied to 
amend the favored mechanical characteristics and to enrich surface reactivity 
and has shown increment of osteoblast adhesion, proliferation, and mineraliza-
tion [56, 90, 103].

 3. Metalloceramic-Based Nanostructured Coatings: These coatings cover a vast 
range from nanocrystalline metallic bond at the interface to hard ceramic bond 
on the surface.

Nanostructured ceramics, carbon fibers, polymers, metals, and composites enhance 
osteoblast adhesion and calcium/phosphate mineral deposition.

Some researchers have shown that nanophase ZnO and TiO2 may lower 
Staphylococcus epidermidis adhesion and intensify the osteoblast functions that 
are vital to elevate the effectiveness of orthopedic implants [91, 104, 105].

8  Nanodiagnosis in Dentistry

Nanodiagnosis technology uses nanodevices and nanosystems to detect disease in 
early stages at the cellular and molecular level. The development of nanoscale diag-
nostic methods on human fluids or tissue samples could increase efficiency of these 
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methods. Nanodiagnosis devices will be able to detect and identify the early 
presence of diseases, such as tumor cells and toxic molecules, and quantify them 
inside the body. In cancer diagnosis, the advantages of this technology include 
being a less invasive and less uncomfortable method for identifying and measuring 
disease indicators, which will be applied in diagnosis as well as in monitoring recur-
rence or metastasis and types and behaviors of malignancies [106]. Here, some of 
the techniques used in nanodiagnosis are described briefly (Fig. 12.1).

Nanopores: Nanopores are a pore of tiny and nanometer size that allows DNA 
sequencing to pass more efficiently. Researchers can use this technology to decode 
coded information, including errors in a code known as cancer [107].

Nanotubes: hese are carbon rods that can help detect and pinpoint the presence of 
altered genes and their exact location. From this category, the quantum dots may 
help to identify DNA changes associated with cancer and designed quantum dots 
that match with altered genes in sequences of DNA responsible for disease [35]. 
The quantum dots are excited with light, then they emit their characteristic bar 
codes and visible cancer-associated DNA sequences [108].

Nanoscale Cantilevers: These flexible beams can be designed to bind to cancer- 
related molecules. They bind to altered DNA sequences or proteins in certain 
types of cancer and can provide rapid and sensitive detection of cancer-related 
molecules [109].

Nanoelectromechanical Systems (NEMS): NEMS-based biosensors based on 
nanotechnology that show a specific sensitivity to detect single-molecule levels are 
under development. These systems convert biochemical signals into electrical sig-
nals, monitoring the health status, disease progression, and result of treatment by 
noninvasive means [16, 110].

Laboratory-on-a-Chip (LOC): These are devices that integrate several laborato-
ries on a single chip. This technology deals with a very low volume—less than 

Nanopores

Nanotubes

Quantum Dots

Nanoscale Cantilevers

Nanoelectromechanical
Systems (NEMS)

Laboratory-on-a-Chip
Methods

Optical Nanobiosensor

Nanotexturing

Various  Techniques Used in
Nanodiagnosis

Bio-Barcode Assay

Nanowires
Iodinated Nanoparticles

Fig. 12.1 Some of the techniques used in nanodiagnosis
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picoliters—of fluid. The basis of these assays is the use of chemical sensitivities that 
are embedded in silicon sheets in fluids and are capable of optical detection. The 
special advantage of LOC devices is performing complex tests with small sample 
size, short-time analysis, and reduction in reactive costs [111, 112].

Oral Fluid Nanosensor Test (OFNASET): This technology is a combination of 
self-assembled monolayers (SAM), microfluidics, and enzymatic amplification to 
identify salivary biomarkers for oral cancer. The high specificity and sensitivity of 
OFNASET technology was demonstrated in the detection of salivary proteomic and 
mRNA biomarkers in oral cancer.

Optical Nanobiosensor: An important feature of nanobiosensor is a unique 
fiberoptics- based tool that provides the analysis of intracellular components with 
the least invasion. For example, cytochrome C, an important protein involved in the 
production of cellular energy and in apoptosis, can be analyzed through optical 
nanobiosensor [113].

Nanotexturing: Physicochemical-modified surfaces under nanoscale allow the 
analysis of low-molecular-weight proteins from body fluids and other biologic sam-
ples. This will result in separation based on size, selective adsorption of proteins, 
and lead enhancement of specific regions of the proteins [110].

Bio-Barcode Assay (BCA): This technique was developed by a magnetic probe 
for specific detection of a target molecule using a monoclonal antibody or comple-
mentary oligonucleotide. Target-specific gold nanoparticles can be used to capture 
the target, distinguishing it and amplifying the signal and, thus, be detected using 
the scanometric method [110].

9  Clinical Applications of Nano-/Bio Dental Materials

Nanodentistry has been recognized as a very promising field, through which oral 
health care could be pulled to an unprecedented height via the utilization of various 
components of nanotechnology, nanomaterials, tissue engineering, and dental 
nanorobots. Applications of nanotechnology in dentistry are as follows.

9.1  Local Anesthesia

In virtue of nanodentistry, a colloidal suspension composed of a myriad of active 
analgesic micron-sized dental robots is infused into the patient’s gingiva. Next, 
these wandering nanorobots gain access to the pulp through the gingival sulcus, 
lamina propria, and dentinal tubules. Afterward, the dentist may control the 
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analgesic dental robots to suppress all sensitivity in the tooth requiring treatment. 
When treatment of a specific tooth is completed, all sensations can be promptly 
recovered because nanorobots deny the control of nerve signals, having received the 
orders from the dentist, and leave from same path applied for entry [114].

9.2  Hypersensitivity Cure

Any change in the hydrodynamic pressure transmitted to the pulp is most liable to 
bring about dentin hypersensitivity. This hypothesis is due to the fact that dentinal 
tubules and tubules with diameter twice as big as non-sensitive teeth are eight times 
more numerous on the surface than non-sensitive teeth. In the foreseeable future, 
this complaint of patients will be curbed by dental nanorobots, which can selec-
tively occlude tubules by native biological materials [114].

9.3  Diagnosis of Oral Cancer

• Cantilever Array Sensors: Based on ultrasensitive mass detection technology: 
picogram, bacterium; femtogram, virus; and attogram, DNA.

• Nanoelectromechanical Systems (NEMS): Nanotechnology-based NEMS bio-
sensors showing excellent sensitivity and specificity for analyte detection down 
to single-molecule levels are being developed. They can transform (bio)chemical 
to electrical signals.

• Multiplexing Modality: Sensing good numbers of diverse biomolecules at a 
time [114].

• Oral Fluid NanoSensor Test (OFNASET): OFNASET technology is applied for 
multiplex detection of salivary biomarkers for early oral cancer diagnosis. It has 
been confirmed that the combination of two salivary proteomic biomarkers (thio-
redoxin and IL-8) and four salivary mRNA biomarkers (SAT, ODZ, IL-8, and 
IL-1b) can diagnose oral cancer with noticeable selectivity and sensitivity [18].

• Optical Nanobiosensor: Low invasive analysis of intracellular components, such 
as cytochrome c, a momentous protein in the process of producing cellular 
energy and the protein engaged in apoptosis, has become possible by the utiliza-
tion of nanobiosensor, a sole fiber optics-based tool [110].

9.4  Treatment of Oral Cancer

• Nanomaterials for Brachytherapy: BrachySilTM (Sivida, Australia) delivers 
32P, clinical trial. Drug delivery across the blood-brain barrier. More effective 
therapy of brain tumors, Alzheimer’s and Parkinson’s are in development.
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• Nanovectors for Gene Therapy: Non-viral gene delivery systems.
• Photodynamic Therapy: Hydrophobic porphyrins are molecules that inherently 

attract the photodynamic therapy (PDT) of solid tumors or ocular vascularization 
disorders [115].

9.5  Dental Durability, Appearance, and Dentifrobots

The appearance and strength of the tooth may be intensified by substituting upper 
enamel layers with pure sapphire and diamond. This approach makes them more 
break safe as nanostructured materials. This could include entrenched carbon nano-
tube toothpaste or mouthwash that can be applied to deliver nanorobotic dentifrice. 
This would possess an inbuilt programmer to avoid the occlusal region. Their func-
tion would be similar to common dentifrices, yet the approach would be thoroughly 
diverse, as they would be infinitesimal [1–10 micron] mechanical devices, creeping 
at a speed of 1–10 microns/sec, performing by metabolizing trapped organic matter 
into safe and scentless vapors, and debriding calculus incessantly. Regarding the 
safety, if swallowed accidentally, they would be inactivated. Dentifrobots are pro-
grammed to recognize and demolish pathogenic bacteria dwelling in the plaque and 
the oral cavity while sparing around 500 species of safe oral microflora. Hence, by 
killing bacteria, dentifrobots would provide a blockade against halitosis on the 
grounds that bacterial putrefaction is the central metabolic process engaged in oral 
malodor [116]. With the assistance of this type of daily dental care available from 
an early age, common tooth decay and gingival disease will be eradicated.

9.6  Orthodontic Treatment

Orthodontic nanorobots could directly impact the periodontal tissues, providing the 
chance for quick and painless tooth straightening, revolving, and vertical reposition-
ing within minutes to hours. This is in contrast with the commonly used molar 
uprighting methods, which require weeks or even months to be completed [114].

9.7  Tooth Repair

Nanodental methods for major tooth repair may thrive via several steps of techno-
logical progress: at first, taking modest steps of genetic engineering, tissue engi-
neering, and regeneration and then making a great leap of development of whole 
new teeth in vitro and their installation [117].
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9.8  Dentition Renaturalization

Esthetic dentistry would go into a fully novel era with the addition of dentition 
renaturalization procedures to the common dental practice armamentarium. Demand 
would observe an abrupt outburst for full coronal renaturalization procedures, in 
which all of the fillings, crowns, and other twentieth-century treatment methods will 
be substituted with the affected teeth remanufactured to become exactly similar to 
original teeth [118].

9.9  Nanocomposites

Corporation of nanoproducts has successfully produced non-agglomerated discrete 
NPs, which are homogeneously dispersed in resins or coatings to form nanocom-
posites. The nanofiller applied encompasses an aluminosilicate powder possessing 
a mean size for the particles about 80 nm and a 1:4 M proportion of alumina to silica 
and an index of refraction near 1.508. Merits have higher hardness, higher flexural 
strength, higher modulus of elasticity and translucency, 50% abatement in filling 
shrinkage, and adequate handling features [119].

Trade Name: Filtek O Supreme Universal Restorative Pure Nano O

9.10  Nanosolution

Nanosolutions generate special and distributable NPs, which are able to be utilized 
in bonding agents. This guarantees both the homogeneousness and adhesive stick-
ing well mixed [119].

Trade Name: Adper O Single Bond Plus Adhesive Single Bond

9.11  Impression Materials

Nanomaterials that are used as fillers are incorporated in vinylpolysiloxanes, shap-
ing a special expansion of siloxane impression materials. The material has more 
stream, improved hydrophilic virtues, and intensified detail accuracy [114].

Business Name: Nanotech Elite H-D
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9.12  Nanoencapsulation

Latest evolution in the field of targeted release systems is attributed to SWRI [South 
West Research Institute], which has developed nanocapsules—such as novel vac-
cines, antibiotics, and drug delivery—with curtailed side effects. Among these 
series of evolutions, the most recent has come from Osaka University (Japan), 
which has improved targeted delivery of genes and drugs to the human liver in 2003. 
In this research, designed Hepatitis B virus encapsulated particles used to produce 
NPs showing a peptide momentous for liver-selective entry by the virus in humans. 
In the future, specialized NPs may be designed to reach oral texture corresponding 
to the cells originated from the periodontium [119].

9.13  Other Products of SWRI

 (a) Medical supplements for fast healing:

• Biodegradable nanofibers will act as delivery platform for hemostasis.
• Function of silk nanofibers in wound dressings is still under investigation.
• Nanocrystalline silver particles with antimicrobial virtues on wound dress-

ings [ActicoatTM, UK].

 (b) Protective clothing and filtration masks using antipathogenic nanoemulsions 
and NPs.

 (c) Bone targeting nanocarriers: Calcium phosphate-based biomaterial has been 
developed. It is a readily flowable, moldable paste that adapts to and interdigi-
tates with host bone, providing support for the growth of cartilage and bone 
cells [114, 119].

9.14  Nanoneedles

Suture needles including nanosized stainless-steel crystals have been developed.

Trade Name: Sandvik Bioline, RK 91TM needles [AB Sandvik, Sweden]

Nanotweezers are under development. These materials possess the potential to 
make cell surgery possible in a foreseeable future [114, 119].

9.15  Materials Applied for Bone Replacement

Hydroxyapatite NPs are utilized to heal bone defects are [8, 15]: VITOSSO 
(Orthovita, Inc., USA) HA  +  TCP; NanOSSTM (Angstrom Medica, USA) HA; 
Ostim® (Osartis GmbH, Germany) HA.
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10  Possible Hazards Resulting from NPs

Nanobiotechnology could strikingly ameliorate public health, but there are con-
cerns that technical improvements could breed unexpected adverse effects. Human 
beings have been exposed to NPs during their developing phases; nevertheless, this 
exposure has increased in the past century due to the industrial revolution. 
Nanotechnology is also being utilized in medical sciences with the effort to develop 
a more personalized medicine. Epidemiological investigations have revealed that 
the urban population—with airborne particulate matter along with NPs—created 
combustion sources, such as motor vehicle and industrial emissions. These emis-
sions play a vital role in respiratory and cardiovascular morbidity and mortality. 
Likewise, NPs may also be involved in the toxicological profile of NPs in biological 
systems. These smaller particles possess larger surface area per unit mass, and this 
feature makes NPs very reactive in the cellular media. The respiratory system, 
blood, central nervous system, gastrointestinal tract, and skin have been demon-
strated to be affected by NPs [120, 121].

11  Summary

Nanotechnology has made bright progress in science, especially in the field of den-
tistry with an extrapolation of current resources, and offers a clear vision with the 
possibility of great advances under resources available. Although this technology is 
still very young, many applications of it will be introduced. In this chapter, we dis-
cussed a few applications that have already been developed and used to help patients. 
More research related to dental health care should focus on drug delivery systems 
and toxicity by the emergence of more biocompatible materials. There is a need for 
extensive research on this technology in various fields, including public and dental 
care, biomedicine, food, and agriculture. In the future, many diseases that do not 
have a cure today may be cured by nanotechnology. We also discussed some con-
cerns in this area, however, with proper care these problems can be avoided. Still, 
the arrival of nanotechnology in the dentistry field has grown increasingly during 
recent years, but it is noteworthy that biosafety assessment of nanostructures should 
be considered prior to apply them in dental applications in order to avoid many 
pathological conditions.
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Chapter 13
Application of Stem Cell Encapsulated 
Hydrogel in Dentistry

Abdolreza Ardeshirylajimi, Ali Golchin, Jessica Vargas, and Lobat Tayebi

1  Introduction

As we know, regenerative medicine has become a game-changing area of advanced 
medicine that has created a promising viewpoint. Cell and tissue-based therapy is 
one of the important keys to regenerative medicine protocols. It has created a high 
expectancy in the treatment topics of medical specialties [1]. Dentistry and maxil-
lofacial surgery have been able to employ this new therapy by the method of orofa-
cial reconstruction. This has been accomplished by using cell-tissue products, 
which in turn has created a more unique tissue engineering method. One of the 
important branches of orofacial tissue engineering is the employment of degradable 
porous three-dimensional (3D) materials, such as hydrogels, which have been inte-
grated with cells and bioactive factors to improve regeneration criteria. These crite-
ria include the reconstruction of dental bone, stem cell-based regenerative 
endodontics, and tissue engineering of other oral tissues (Fig. 13.1). During the past 
years, hydrogels have explored as a hopeful platform for promoting delivery sys-
tems of cells and biological factors for tissue engineering applications in medi-
cine—especially in the dental field, due to their excellent properties. The properties 
include control of degradation and release capabilities, minimally invasive utiliza-
tion techniques, ability to match 3D defects, proper encapsulating of cells, increase 
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of cell viability, and adjustable tissue-like features [2]. Hydrogels can be used in 
different approaches in dentistry, such as enamel reconstruction [3], root canal treat-
ment [4], artificial bone graft in the orofacial area [5], and/or other dental tissues 
engineering. Hydrogel physicochemical properties with changeable capabilities 
prepare a suitable condition for manipulation. For instance, gelation rates and stiff-
ness of the hydrogels can be tuned by varying the HRP and H2O2, respectively. 
These properties can alter the stem cell fate from the aspect of differentiation [2, 6]. 
In the following sections, hydrogel properties and applications will be introduced, 
along with their applications in dental medicine and orofacial tissue engineering.

2  Hydrogel

Hydrogels were established and introduced by Wichterle and Lim in 1954 [7]. A 
hydrogel is a macromolecular gel constructed from a group of polymeric materials 
with the ability to hold large amounts of water in its network, which allows it to 
become a 3D structure. This permits for a wide amount of potential applications in 
regenerative medicine, especially as a cellular delivery system. Unique properties of 
hydrogels are dependent on several factors and most importantly its initial derived 
source. Hydrogels can be derived from natural sources (examples include alginate, 
hyaluronic acid, fibrin, collagen) and synthetic sources (examples include Poly 
2-hydroxyethyl methacrylate (pHEMA), Polyethylene glycol (PEG)). Each of these 
derived hydrogel sources can present various properties for different therapeutic 
targets [8]. In addition, hydrogels that are saturated with water can also provide a 
safe and bio-tolerable matrix for cellular encapsulation [9]. Due to their network 
and crosslinking structure, hydrogels can also be used for sustained release of bio-
molecular content and provide prolonged periods of controlled release of biological 
factors [10, 11]. Hydrogels can be prepared in liquid form and then injected at the 

Fig. 13.1 Application summary of hydrogels in periodontal tissue engineering
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site of tissue defects in order to form into the shape of the irregular defect. After 
taking the shape of the defects, they can then solidify by various stimuli, which in 
turn are named in situ hybridization hydrogels [12]. These hydrogels are also able 
to regulate pH and extinguish free radicals within tissue lesions, thereby decreasing 
the oxidative stress and increasing survival and engraftment of the cells in the site 
of injury [13]. It should be considered that the porous framework of the hydrogels 
can provide an appropriate microenvironment condition for the cells’ adhesion, 
migration, and proliferation and also stem cells’ fate determination [12]. As per the 
mentioned reasons, hydrogels can be good conductors for delivery of cells and sig-
naling molecules in a single structure that can play the role of the ECM itself [13]. 
However, the outline of hydrogels for regenerative medicine applications demands 
the simple synthesis, safety, efficacy, and capability to respond to multi-stimuli.

Hydrogel technologies were taken into consideration for regenerative medicine 
application, including tissue engineering of the bone [14], tooth [15], myocardium 
[16, 17], wound dressing [18], cell-based therapy as cell delivery systems [13], and 
cell signaling molecule delivery systems [19], from 1954 until now.

3  Biodegradable Hydrogels

In tissue engineering, biodegradability is a crucial parameter for biomaterials, 
which will be used at the defect site, and therefore, biodegradable hydrogels have 
been exploited in regenerative medicine applications. Generally, hydrogels are 
affected by three degradation mechanisms including solubilization, chemical hydro-
lysis, and enzyme-induced degradation. However, there are other mechanisms, such 
as ion-exchange, which lead to soluble or bio-absorbable moieties that some hydro-
gels utilize [20]. Environmental factors—such as enzymes, pH, metal ions, and 
mechanical stress—are the main features in the biological niche that may affect the 
biodegradation process of hydrogels [21]. Among biomaterials, natural ones have 
perfect biodegradability. Alongside their biocompatibility and ECM similarity, nat-
ural biomaterials have been strongly considered for maxillofacial and dental regen-
erative medicine. However, synthetic biomaterials are reproducible and controllable 
and can escape immune responses (see Table 13.1).

4  Hydrogels in Dental Tissue Engineering

There are several targets for hydrogels in dental tissue engineering. These include 
the creation of an entirely functional bioengineered tooth and tissue engineering of 
soft tissues (skin, mucosa, salivary glands), bone, and temporomandibular joints. 
Hydrogels, as a scaffold, play an important role in dental and periodontal tissue 
engineering. To fully reconstruct damaged orofacial tissues, it is important to syn-
thesize scaffolds with proper biocompatibility and biodegradability that present an 
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desired delivery system for cell and growth factor while imitating the native speci-
fications of the target tissues [12]. Another main goal in dentistry is developing of 
the innovative bactericidal, bioactive, and ion-releasing hydrogels that can acceler-
ate periodontium defects repairing [22]. So far, different scaffolds alone and in com-
bination with various stem cells and biological factors have been studied at the both 
in vitro and in vivo levels (Table 13.2). However, many of these studies are per-
formed on periodontal tissue regeneration but rarely have been employed in clinical 
studies. Therefore, challenges remain for developing a suitable construct that can 
provide a suitable microenvironment for proper proliferation and differentiation of 
the stem cells to new tissue formation.

Due to their natural and inherent features, hydrogels can be used to provide a good 
cell delivery system combined with different growth factors and antibiotics for sus-
tained release [24]. Some signs of progress have been observed in the chemistry of 
the hydrogels to improve cells function and fate controlling and adjusting cells and 
tissue responses versus various stresses such as oxidation and inflammation where 
transplanted [29]. Hydrogels as a delivery system have been used for dentine- pulp 
regeneration. For example, materials such as customized self-assembled peptide 
hydrogels [4] and PEGylated fibrin hydrogels [23] have been employed for encapsu-
lating of stem cells for dental tissue engineering. Studies show that injectable hydro-
gels represent a suitable strategic approach for engineering the dentin- pulp complex, 
due to their size and confinement within the pulp and root canals [30].

5  Cell Delivery/Cell Encapsulation by Hydrogels

In regard to regenerative medicine, encapsulation protects the transplanted cells 
against the host immune system and can promote delivery of the cells/cellular 
products to the main therapeutic target [31]. Most of the recent studies have 

Table 13.1 Injectable biodegradable hydrogels for various tissue-engineering applications

Hydrogels Polymers Gelation mechanism

Natural 
hydrogels

Collagen/gelatin Thermal, chemical crosslinking
Chitosan Thermal, chemical, Schiff-base reaction, and free 

radical crosslinking
Hyaluronic acid Thermal, chemical, Schiff-base reaction, Michael-type 

addition, and free radical crosslinking
Chondroitin sulfate Free radical crosslinking
Alginate Ionic and free radical crosslinking
Fibrin Thermal crosslinking

Synthetic 
hydrogels

Methoxy 
polyethylene glycol

Thermal crosslinking

PVA Chemical and free radical crosslinking
PPF/OPF Free radical crosslinking
PNIPAAm Thermal crosslinking
PEG Thermal crosslinking
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Table 13.2 Some examples of the hydrogel used in orofacial area reconstruction

Materials Study aim Cell sources
Model of 
study Results Ref

Fibrin and 
PEG gel

Evaluate the 
suitability of 
PEGylated fibrin 
as a scaffold for 
dental stem cells

DPSCs Mice Enhancement of cell 
proliferation, 
osteogenic 
differentiation (after 
osteogenic induction) 
with increasing in 
dentin-specific 
markers expression, 
production of a 
collagenous matrix, 
and mineral deposition

[23]

Porcine-
bladder 
derived ECM, 
Ag-doped BG 
(sol-gel)

Fabrication of 
the scaffold for 
pulp-dentin 
tissue 
engineering plus 
bactericidal 
effect

DPSCs Mice Ag-BG/ECM 
outstandingly 
increased cells 
proliferation and 
stemness markers, 
prevent apoptosis, 
enhances 
differentiation in 
in vitro, and 
mineralization with 
dentin formation in 
in vivo levels

[24]

Amelogenin- 
chitosan 
hydrogel

Enamel regrowth 
with a dense 
interface

RC (E.
coli–BC21)

In vitro Amelogenin-chitosan 
hydrogel showed 
suitable properties for 
the prevention, 
restoration, and 
treatment of defective 
enamel

[3]

ZrO2 surface 
chemically 
coated with 
hyaluronic 
acid hydrogel 
loading 
GDF-5

Providing a 
suitable 
osseointegration 
condition for 
dental implants 
in dentistry

Human 
osteosarcoma 
cells (MG-63)

In vitro Cell proliferation and 
differentiation and 
showed good 
properties to deliver 
osteogenic 
differentiation factors

[5]

MDP hydrogel Incorporating of 
stem cells and 
bioactive factors 
for dental tissue 
engineering

DPSCs Mice Formation of a 
neo-vascularized 
dental pulp-like soft 
tissue

[4]

HyStem-C 
(PEG-based 
injectable 
hydrogel 
blended with 
ECM derived 
proteins)

Enhancement of 
DPSC viability 
and expansion

hDPSCs In vitro Increased hDPSCs 
viability by hydrogels 
and improved cell 
proliferation and 
spreading—especially 
composite with ECM 
proteins

[25]

(continued)
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investigated injectable composite hydrogels at the nanoscale level to develop the 
stem cell delivery systems by addressing the often conflicting mechanical require-
ments and stages of the transplantation process. Cells encapsulating in the hydro-
gel can be easily accessible due to its similarities to the natural ECM. A desired 
injectable-hydrogel should be synthesized carefully to obtain the appropriate phys-
icochemical and biological characteristics [32]. For instance, microbeads fabri-
cated by oxidized- alginate are a newly introduced injectable scaffold that can well 
encapsulate periodontal ligament-derived stem cells (PDLSCs) and gingiva-
derived MSCs (GMSCs). Hydrogels can be formed using sufficient concentrations 
of necessary molecules to maintain stable physical properties. Cell encapsulation 
in three dimensions prevents cellular morphology and cell cycle changes. Stem 
cells can also differentiate while growing under normal growth media and in the 
presence of small-molecule functional groups that can induce differentiation [33]. 
As mentioned before, the application of hydrogels as a cell delivery system has 
been attracting a considerable amount of attention in bone and maxillofacial regen-
erative medicine.

Table 13.2 (continued)

Materials Study aim Cell sources
Model of 
study Results Ref

Puramatrix™ Assessment of 
the Puramatrix™ 
biocompatibility 
by stem cell 
viability and 
odontoblastic 
differentiation 
assessments

hDPSCs In vitro –
human tooth 
slice model

Stem cells seeded in 
Puramatrix™ hydrogel 
presented 
morphological features 
of healthy cells and 
expressed DMP-1 and 
DSPP (as 
odontoblastic markers)

[26]

Corn 
starch- based 
hydrogel 
loaded with 
hydroxyapatite 
or calcium 
carbonate

Fabrication of a 
scaffold for bone 
reconstruction 
after 
maxillofacial 
surgery

HO In vitro Starch-based 
hydrogels loaded with 
two different bioactive 
particles promoted 
osteoblast cells 
viability

[27]

PEGMEM and 
DEM

Development of 
an artificial 
antibacterial 
bone substitute

OC In vitro Beneficial effect on 
the osteoblast cells 
density on hydrogels 
and Zn bactericidal 
features

[28]

BG bioactive glass, DEM [2(dimethylamine) ethyl methacrylate], DPSCs dental pulp stem cells, 
ECM extracellular matrix, hDPSCs human DPSCs, HO human osteoblasts, MDPs multidomain 
peptides, OC osteoblast cell, PEG polyethylene glycol, PEGMEM [poly (ethylene glycol) methyl 
ether methacrylate], RC recombinant cells
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6  Role of Hydrogels in Bone Regeneration

Bony defects are one of the most commonly faced issues in dentistry, which 
 influence dental treatment in the oral and maxillofacial area. Current therapies are 
not adequate, and autografting bony defects have several limitations, which include 
donor-site problems and several uncertain harmful effects. Consequently, bone tis-
sue engineering has attracted considerable attention from researchers and clinicians 
as a promising strategy for repairing bony defects without the limitations and short-
comings of using autograft, allograft, and xenograft sources [34].

Hydrogels are considered a suitable candidate for cell delivery and creation of 
calcification nuclei. Osteoblasts are the main cellular component of bone tissue and 
play the role of secreting and mineralizing ECM in bone. Mineralized ECM con-
tains dense collagen type I, collagen type IV, fibronectin, heparan sulfate, and other 
proteins found in bone. The encapsulation system of different biopolymeric hydro-
gels has been investigated as a suitable approach for bone tissue engineering (see 
Table 13.1). Cells encapsulated in hydrogels support bone ECM and bony tissue 
structure formation. The hydrogel and its incorporated growth factors provide a 
number of functional cues that affect the differentiated cells and/or stem cell prolif-
eration, migration, metabolism, and secretion.

The investigation of a method to integrate the qualities of various biomaterials 
and synthesizing methods for fabrication of the suitable injectable and in situ 
hybridization hydrogels will play a significant role in the clinical uses of hydrogels 
in dentistry and bone tissue engineering.

7  Mineralization of Injectable Hydrogels and In Situ 
Hybridization

Hydrogels and their contents need to be in liquid form for injection, and after trans-
plantation in the site of defects, need to undergo gelation. Gelation and then subse-
quent mineralization of the injectable hydrogels is an important issue in their 
employment in maxillofacial and dental regenerative medicine. With improvement 
of their mechanical properties, they can also enhance differentiation of different 
progenitor cells into the osteoblastic-like cells.

Presence of calcium phosphate (CaP) can improve osteoinductivity of the bone- 
substituting implants, similar to what occurs in the natural osteogenesis process; as 
a result, a chemical interaction with adjacent bony tissue is created after in vivo 
transplantation. After hydrogels mineralize, CaP bioceramics have inherent depen-
dence for biological-active peptides, which stimulate healing procedure of the adja-
cent bony tissue [35]. Several different strategies can be considered for the 
mineralization of the hydrogels. These strategies for the injected hydrogels in the 
area of bone defects can be included via direct and indirect routes. Direct routes 
include incorporation of an inorganic phase, biomimetic of the physiological 
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 mineralization process, and/or structure functionalization with negatively charged 
groups [36]. Indirect routes include differentiated osteogenic lineage and/or the 
mixture of osteoinductive growth factors and stem cells that are encapsulated 
straightly into hydrogels before implantation/injection and subsequently mineral-
izes the carrier hydrogel in transplanted site [37].

Incorporation of inorganic phases is one of the more interesting routes to create 
a nucleation site for the promotion of hydroxyapatite (HA) precipitation. Calcium 
phosphates and bioglasses are two of the most routinely used inorganic phases to 
promote nucleation and proliferation of calcium phosphate crystals [36]. In the 
enzymatic mineralization route, the purpose is a natural enzyme use to create 
homogenous gel mineralization to improve its mechanical properties and provide 
more suitable properties for bone substitutes or regeneration applications. This is 
an alternative method for incorporating of CaP particles. Alkaline phosphatase is 
an important enzyme with a major role in natural bone remodeling. This enzyme’s 
crucial role in mineralization of carbonated-apatite, self-assembling peptide-
based hydrogels, covalently linking to collagen that derived from dentine for min-
eralization induction, and mineralization of various hydrogels was confirmed 
previously [38]. Hydrogels can also be hybridized using biomimetic techniques 
that take their creativity from the biomineralization process through in vivo local 
nanocrystalline apatites formation. This method can be performed by soaking in 
solutions containing Ca2þ and PO43 or their vesicles loaded in hydrogel [36, 39]. 
When there are no nucleation sites to provide sites of calcification, the third way 
of direct calcification includes chemical modification of hydrogel polymers. In 
this regard, studies have shown sequences of anionic carboxylate, hydroxyl, and 
phosphate groups along the backbone of hydrogel-forming polymers that pro-
vides the resulting in situ hybridization hydrogels in a swollen state with apatite-
nucleating properties [40].

Therefore, injectable hydrogels, which can be delivered in a minimally invasive 
manner, can also form and hybridize in situ, which are then called in situ hybridiza-
tion injectable hydrogels. In situ hybridization injectable hydrogels have found a 
crucial role in bony defects reconstruction (Table 13.3) which show its potential 
application in maxillofacial and dental regenerative medicine. In situ hybridization 
can be induced after transplantation or injection using artificial manipulation or in 
response to environmental stimuli such as temperature, pH, and other physiologi-
cal conditions. Among them, injectable thermosensitive hydrogels with a lower 
sol-gel transition temperature range than physiological temperature have been a 
good candidate for bone and maxillofacial regenerative medicine targets. Another 
method that has promising potential for in situ hybridization of hydrogels in bone 
and maxillofacial tissue engineering is improvement of in situ crosslinkability of 
hydrogels. However, new investigations by novel and combination methods are in 
progress.
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Table 13.3 Some examples of in situ hybridization hydrogel studies for reconstruction in bone 
tissue

Composite Type of action Result Ref

PIPAAm/TGM/polyamidoamine 
crosslinker

Mineralization potential 
and biocompatibility 
measurement of injectable, 
dual-gelling hydrogels in 
rats

The appropriate 
mineralization potential of 
injectable/dual-gelling 
hydrogels

[41]

Copolymerization of 
acrylonitrile, 
1-vinylimidazoleand 
polyethylene glycoldiacrylate

In situ precipitation 
mineralization for eliciting 
bone regeneration

Highly mineralized 
hydrogel and promoted 
bone reconstruction

[42]

PIPAAm-co-PEG 
dimethacrylate, with the 
addition of tri- methacryloxypro
pyltrimethoxysilane (MPS)

Injectable in situ shape- 
forming hydrogel (apatite 
crystals)

Provide attachment sites 
for calcium and initiate 
mineral dissolution from 
the simulated biological 
environments

[43]

Calcium-crosslinkable 
polysaccharide gellan gum (GG)

Comparison of three 
bioglasses to prepare 
suitable injectable 
self-gelling composites for 
bone regeneration based on 
gellan gum hydrogel

Promotion GG 
mineralize—ability 
depending on bioglass 
type, antibacterial 
properties, and MSC 
differentiation

[44]

Hydroxyapatite nanoparticles 
(HANPs) contain MSC

Encapsulate MSCs within 
stable hydrogel composites 
when elevated to 
physiologic temperature

Form in situ while 
facilitating cell delivery 
and mineralization

[45]

HRGD6 elastin-like 
recombinamers hydrogel

Preparation of self- 
mineralizing hydrogels 
crosslinked with citric acid

Tailored hydrogels were 
able to rapidly self- 
mineralize in biomimetic 
conditions

[46]

Mixture of Graphene oxide 
(GO) and Co-responsive 
supramolecular hydrogel

In situ hybridization of 
CoOX nanoparticles on 
Co-responsive hydrogel

CoOX active sites 
anchored on the Graphene 
matrixplay a central role in 
the upgrading of the 
catalytic performance of 
Graphene aerogels

[47]

Zinc-doped chitosan/beta- 
glycerophosphate hydrogel

Synthesize and 
characterization of 
thermosensitive hydrogel 
for bone regeneration

Osteogenic differentiation 
promoted by hydrogel with 
bactericidal activity

[48]

Zinc-doped chitosan/
nanohydroxyapatite/β- -
glycerophosphate- based 
hydrogel

Synthesize and 
characterization of 
thermosensitive hydrogel 
for bone tissue repair

Accelerated osteogenic 
differentiation in vitro and 
bone regeneration in rats

[49]

PEG-PCL-PEG copolymer/
collagen/n-HA hydrogel

A novel three-component 
biomimetic hydrogel 
composite

Good biocompatibility and 
better performance in 
guided bone regeneration 
than the self-healing 
process

[50]

PIPAAm poly (N-isopropylacrylamide), TGM thermo-gelling macromere, PEG poly(ethyleneglycol)
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8  Conclusion

Hydrogel-based scaffolds are promising biomaterial for dental tissue engineering, 
especially when stem cells are encapsulated on it as a suitable cell delivery system. 
Hydrogels have applicable properties because of their minimally invasive nature 
and high capability to match with different irregular defects. In addition, stem cell 
encapsulation by hydrogels provides facilitated cell implantation via support of cell 
proliferation, high viability protection against the external physical environment, 
modulating of cell differentiation, and applicability to precede considered dentistry 
tissue engineering projects. Natural biomaterials including collagen/gelatin, chito-
san, hyaluronic acid, chondroitin sulfate, alginate, and fibrin are the most commonly 
used biomaterials for the preparation of hydrogels for stem cell encapsulation. This 
is due to their ideal biocompatibility, biodegradability, low cytotoxicity, and the 
possibility to mimic natural ECM for dental biomedical engineering. However, syn-
thetic biomaterials—such as PVA, PPF/OPF, PNIPAAm, and PEG—can be com-
bined with natural polymers during different chemical and physical methods to 
improve some of the natural polymeric hydrogel features, like stability and mechan-
ical properties. However, advanced fabrication methods require extra development 
to improve the mechanical properties, physiological stability, as well as decrease the 
cytotoxicity and adverse effects of the hydrogels in biological condition.

In summary, stem cells can be simply incorporated into the hydrogel matrix, and 
the interior condition of their matrix is suitable for differentiation and functions of 
the stem cells or the uptake of differentiated cells. Despite notable studies in the 
development of multifunctional hydrogel systems in dentistry, the regenerative tis-
sue field, and stem cell encapsulation, most of the accessible instruments in dental 
biomedical engineering have limited and variable sequels. An ideal biological tissue 
regeneration method has not yet been accessible, and the studies continue in this 
field.
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Chapter 14
Tissue Engineering in Periodontal 
Regeneration

Aysel Iranparvar, Amin Nozariasbmarz, Sara DeGrave, and Lobat Tayebi

1  Introduction

Millions of people around the world suffer from tooth loss caused by irreversible 
periodontium destruction due to acute trauma, extensive caries, or severe periodon-
tal disease. Periodontal disease is a serious health issue that can affect quality of life. 
One of the main therapeutic goals of today’s medicine is to develop novel regenera-
tive treatments for periodontal tissues [1, 2].

The periodontium is a complex organ consisting of both mineralized and soft 
connective tissues. It includes the periodontal ligament (PDL), gingiva, cementum, 
and alveolar bone, generally named as the “attachment apparatus” (Fig. 14.1) [3]. 
The attachment apparatus fastens the tooth to surrounding bone and acts as a bum-
per to absorb the energy and forces from mastication. Periodontitis can endanger the 
integrity, health, and function of periodontal tissues [4].

The periodontal ligament (PDL) is an active connective tissue that is capable of 
continual adaptation to preserve tissue size and width. PDL acts like an anchor that 
connects the tooth to the alveolar socket and as a cushion to absorb the mechanical 
forces and loads resulting from mastication. Hence, PDL establishes the substratum 
of the periodontium and determines the tooth life span [5].

Accumulation of bacteria and other pathogenic microorganisms in the subgingi-
val biofilm can lead to tissue inflammation called periodontitis. Some risk factors 
that increase the probability of having periodontitis include aging, smoking [6], and 
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systemic disorders, such as diabetes, cardiovascular disease, rheumatoid arthritis, 
and adverse pregnancy outcomes [7]. Untreated periodontitis can lead to early tooth 
loss due to the inevitable destruction of the periodontium [6, 8].

There is an increasing demand for alternatives to replace and treat the diseased 
tissues and organs, such as destructed periodontal tissues. One of the major chal-
lenges in clinical periodontics has always been treating and managing periodontal 
defects, including intrabony defects and destructed cementum and PDL [9, 10]. 
Periodontal regeneration intends to repair the damaged periodontal tissues, both 
soft tissues (i.e., PDL) and hard tissues (i.e., alveolar bone and cementum) [2, 9].

Six tissues are typically involved to reconstruct a periodontal lesion, including 
the PDL, cementum, alveolar bone, gingival connective tissue, gingival epithelium, 
and all related vasculature [3]. Periodontal regeneration is one of the most compli-
cated procedures to occur in the body [2].

In periodontal tissue engineering (TE), regeneration of a periodontal defect is 
achieved by stimulating the self-recovery capability of the periodontium. Therefore, 
the appropriate balance of cells and stimulating molecules, along with a durable 
matrix to control the regrowth of periodontal tissue, is necessary. It is important to 
prevent soft gingival tissue from growing into the defect so as to preserve the space 
for new bone formation and achieve functional regenerated tissue [4].

The regeneration ability varies for each of the mentioned tissues [11]. For 
instance, alveolar bone can regenerate bone that is similar to the original tissue, 
while the regenerative ability for the cementum and PDL is very limited and slow 
[12, 13]. For the first time, TE was suggested by Langer and Vacanti in 1993 as a 
possible technique for periodontal tissue regeneration [14].

Fig. 14.1 (a) Radiographic and (b) schematic structure of tooth and attachment apparatus
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Many regenerative treatment techniques have been established so far, such as the 
use of bone grafts and guided tissue/bone regeneration (GTR/GBR) [8, 15]. 
However, their success rates are poor and limited. Therefore, researches turned to 
stem cell-based techniques for periodontal regeneration. Nevertheless, these tech-
niques also have limitations. For example, scaffold degeneration can be caused by 
inflammation, necrosis, unstable transplanted cells, etc. [16, 17].

In this chapter, a perspective into the fundamental principles of TE and its appli-
cation in periodontal disease treatments is discussed based on the recent studies in 
TE and regenerative medicine.

2  Conventional Approaches for Periodontal Regeneration

Since the 1980s, several approaches have been established to enhance regeneration 
of periodontal tissues. The results of these methods have had limited success and 
poor clinical predictability [17, 18]. The main conventional methods are listed as 
follows.

2.1  Bone Grafts

Using grafts/biomaterials containing bone-inducing substances and bone-forming 
cells can result in bone formation. The biological function of bone grafts can be 
divided into three categories: osteogenesis (formation of new bone from living stem 
cells in graft materials), osteoinduction (bone formation by recruitment of immature 
cells by graft materials to become active osteoblasts), and osteoconduction (known 
as bone growth on the surface of the graft material) [17, 19]. There are several types 
of grafts used for bone regeneration.

2.1.1  Autologous Bone Grafts

Autologous bone grafts, also known as autografts, are harvested from one site on the 
patient’s body and transplanted to another site [20, 21]. Autologous bone grafts have 
been regarded as the gold standard in bone defect treatment because they only con-
tain self-bone-forming cells. These cells can induce osteogenesis and are therefore 
able to integrate into the host bone more quickly and completely [21–23].

2.1.2  Allogeneic Bone Grafts

Allogeneic bone grafts, also known as allografts, are bone tissues harvested from a 
genetically distinct source of the same species [24, 25]. Considering the limitation 
of autologous bone grafts, such as limited amount of obtained graft and surgical 
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processes, allografts are considered the best substitute to autografts. However, it 
should be noted that allografts are more immunogenic in comparison to autografts 
and have a higher risk of failure [23, 26].

2.1.3  Alloplastic Grafts

Alloplastic grafts are usually made from hydroxyapatite (prepared from bioactive 
glass) or calcium carbonate. Hydroxyapatite (HA) graft is the most used graft today 
due to its biocompatibility and osteoconduction potential. Calcium carbonate grafts 
are used less due to rapid resorption of the material and subsequent risk of fragile 
bone [27]. The major disadvantages of using bone grafts in periodontal regeneration 
include the risk of infection, surgical challenges, donor site morbidity, limited 
amount of graft in autologous and allogeneic grafts [28–30], and the risk of fibrous 
encapsulation associated with alloplastic materials [31, 32]. In addition, they gener-
ally result in tissue repair rather than true regeneration and cannot be used in all 
clinical situations [33, 34].

2.2  Guided Tissue Regeneration (GTR)

The GTR technique aims to enhance the natural healing potential of the PDL and 
alveolar bone [4, 35–37]. If a periodontal defect is left empty after flap debridement, 
oral epithelium cells and fibroblasts grow down into the site of the defect, forming 
an unwanted fibroepithelial tissue that prevents the formation of a functional peri-
odontal tissue [38–42].

It was considered that if the PDL and alveolar bone cells initially colonized the 
root surface and adjacent alveolar bone instead of gingival cells, the formation of a 
long junctional epithelium would be prevented, and a functional periodontium 
would be formed [4, 43].

In this method, a membrane with variable porosity is employed to cover the root 
surface, acting as a barrier to oral epithelium cells and fibroblasts, and promote the 
natural growth of bone and PDL cells (Fig. 14.2) [22]. GTR has been the gold stan-
dard approach for regeneration of intrabony and interradicular defects for more than 
a decade [40, 44]. However, several studies demonstrate that the outcomes of GTR 
therapies have been limited and unpredictable [1, 45–47].

3  Cell-Based Approaches for Periodontal Regeneration

Figure 14.3 shows three indispensable elements in cell-based regeneration in peri-
odontal tissue engineering, including progenitor cells, signaling molecules, and 
scaffolds. They will be discussed in detail as follows.
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Fig. 14.2 Schematic 
representation of guided 
tissue engineering (GTR), 
involving a barrier 
membrane to prevent the 
growth of oral epithelium 
cells and fibroblasts into 
the bone defect

Fig. 14.3 The key 
components for 
periodontal tissue 
engineering

3.1  Progenitor Cells

Stem cells are undifferentiated cells that have the potential for self-renewal, giving 
rise to more stem cells, and differentiation into various cell types in reaction to 
external signals [48].
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To date, several types of stem cells have been introduced for periodontal 
regeneration studies, including mesenchymal stem cells (MSCs), embryonic stem 
cells (ESCs), and induced pluripotent stem cells (iPSCs). Considering the ethical 
issues of ESC usage, MSCs are more accepted for regeneration purposes [49]. 
MSCs were initially isolated from bone marrow-derived mesenchymal stem cells 
(BMMSCs) and were found to promote periodontal bone defects [50, 51].

Obtaining BMMSCs requires a bone marrow aspiration process, which is painful 
and traumatic. Additionally, the number of cells harvested is limited [51]. Therefore, 
subsequent research has aimed to harvest MSCs from oral-derived tissues such as 
the periodontal ligament, gingiva, dental pulp, dental follicles, apical papilla, and 
human exfoliated deciduous teeth [50, 52–56]. The most critical step in TE is select-
ing the stem cell population [32, 57]. Several types of mesenchyme-derived cells 
have been studied for periodontal regeneration.

3.1.1  Intraoral Mesenchymal Stem Cells and Periodontal Regeneration

Intraoral tissues can be used as a source of stem cells for periodontal regeneration. 
Some of the main intraoral-derived mesenchymal stem cells used in periodontal 
regeneration are listed below.

3.1.2  Periodontal Ligament Stem Cells (PDLSCs)

The periodontal ligament (PDL) is a specialized, dynamic connective tissue derived 
from the dental follicle and originating from neural crest cells [5, 58]. PDLSCs can 
be a good source of autologous stem cells for bone tissue engineering. They possess 
classic characteristics of stem cells, such as small size, slow cellular cycle, and 
expression of several stem cell markers [53, 59, 60]. They are also capable of dif-
ferentiating into cells, including osteoblast-like cells, adipocytes, chondrocytes, and 
neurocytes, which can colonize on scaffolds [61–63]. PDLSCs can express all sur-
face markers and immunomodulatory ability like BMMSCs [5, 50, 64]. They are 
able to grow faster than BMMSCs, although their osteogenic potential has been 
found to be lower than BMMSCs and dental pulp stem cells (DPSCs) [53, 59, 65].

For the first time in 1998, transplanted autologous PDL cells were used to pro-
mote periodontal regeneration in an animal study. The results suggested that autolo-
gous PDL cells can promote regeneration in vivo [3, 66]. Isaka et al. [67] placed 
PDL cells in a surgically created defect in an autologous dog model. Their results 
showed the formation of new cementum, while formation of alveolar bone was 
limited. Dogan et al. [68, 69] showed that seeding PDL cells in an autologous blood 
clot under a Teflon membrane supported regeneration of surgically created furcation 
and fenestrations. Seo et al. [70] harvested PDLSCs from human impacted third 
molar and found that these cells successfully could differentiate into PDL, cemen-
tum, alveolar bone, nerves, and blood vessels [50, 71–73]. A more recent study by 
Dan et al. [74] showed that PDL cells have more periodontal regenerative capacity 
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compared to other periodontal-derived counterparts such as gingival fibroblasts and 
alveolar bone osteoblasts. All these studies confirm that PDL cells do have a regen-
erative capacity.

Dental Follicle Stem Cells (DFSCs)

The dental follicle is a mesenchymal tissue. During the tooth development process, 
the dental follicle encircles the tooth germ. During root formation, dental follicle 
progenitors create the periodontal components, such as the PDL, alveolar bone, and 
cementum [75, 76]. DFSCs, which were first isolated from the dental follicle of 
human third molar, are the progenitor cells of osteoblast, cementoblasts, and fibro-
blasts. They can differentiate into osteoblasts, cementoblasts, adipocytes, and neu-
rons [77] and produce cementum and bone [78, 79]. Bay et al. found that co-culturing 
of DFSCs with Hertwig epithelial root sheath (HERS) cells enhances the ability of 
DFSCs to regenerate cementum and PDL after transplantation [80]. Yokoi et al. [79] 
transplanted DFSCs subcutaneously to immunocompromised mice. They found that 
PDL-like structures with type I collagen began forming, indicating the potential of 
DFSCs in regenerating PDL.

Gingival Epithelial Cells and Fibroblasts

Okuda et al. [81] cultured gingival epithelial cell sheets that were harvested from 
human gingival tissue for chronic desquamative gingivitis treatment. The results 
showed that autologous gingival epithelial sheets enhanced gingival regeneration. 
In another study, autologous gingival fibroblasts were used for patients with defi-
cient attached gingiva, and this resulted in successfully increasing the keratinized 
tissue width [82].

GINTUITTM is an allogeneic cellular product, which is comprised of allogeneic 
cultured keratinocytes and fibroblasts in bovine collagen. McGuire et al. [83] indi-
cated that the product is an effective therapy approach for repairing the keratinized 
gingiva.

Periosteal Cells

The periosteum is a structure consisting of two layers. The outer layer is a fibrous 
layer containing fibroblasts, collagen, elastin, nerves, and a vascular network. The 
inner layer is a highly cellular layer comprised of osteoblast-like cells that support 
bone generation and bone reformation. The periosteum is considered a structure 
with regenerative capacity [84], as it has been found that cultured periosteum is 
capable of differentiation into an osteoblastic lineage. Autologous cultured perios-
teum sheet samples combined with HA and coagulated platelet-rich plasma (PRP) 
showed significant improvements in human infrabony defects and clinical attach-
ment gain [85].
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Dental Pulp Stem Cells (DPSCs)

Dental pulp stem cells (DPSCs) were the first recognized human dental stem cells 
[86]. They have been harvested from human third molars [86, 87]. The dental pulp 
contains a variety of cells, including fibroblasts, neural cells, vascular cells, and 
undifferentiated stem cells. DPSCs are anatomically located on the most vascular-
ized areas of the pulp. They possess multipotent differentiating and self-renewal 
ability. They can differentiate into osteoblasts, odontoblasts, neural cells, and chon-
drocytes in vitro [59, 88–90]. DPSCs can successfully be isolated and characterized 
from human extracted teeth, inflamed pulp tissue [91], supernumerary teeth [92], 
and natal teeth [93] by a variety of approaches. For example, D’Aquino et al. [94] 
showed that DPSCs isolated from human teeth, along with collagen sponge implants, 
have improved mandibular bone tissue regeneration in patients.

DPSCs have also been reported to have immunomodulatory properties on mice 
[95]. They have several similar features to BMMSCs; however, their osteogenic 
potentials are limited in comparison [86]. Human autologous DPSCs, along with 
HA or beta-tricalcium phosphate (TCP), have shown capability of forming bone and 
cementum [32, 86, 89, 96]. However, the effect of these stem cells on periodontal 
regeneration has been inconsistent to date [32].

Stem Cells from Human Exfoliated Deciduous Teeth (SHED)

Miura et al. [55] described SHED as clonogenic cells with high proliferation capac-
ity that can differentiate into several cell types. They transplanted SHED in vivo and 
found that they were able to promote bone generation. These stem cells are mainly 
obtained from children’s tooth pulp tissue around ages 6 to 12 [97]. Obtaining 
SHED is simple and beneficial because of six reasons: (1) They are less mature 
compared to permanent teeth, so they possess a higher proliferation ratio. (2) They 
have the flexibility of differentiating into a variety of cells, including osteoblasts, 
adipocytes, odontoblasts, and neural cells. (3) They are easily achievable. (4) They 
are convenient for use in young patients with mixed dentition. (5) There is no need 
to sacrifice a tooth. (6) Obtaining process is atraumatic [76].

According to previous studies, SHED are not able to differentiate directly into 
osteoblasts, but they can induce in vivo bone generation by forming osteoinductive 
patterns to employ osteogenic cells in rats. Therefore, it has been concluded that 
deciduous teeth, in addition to providing a guidance for permanent tooth eruption, 
are associated with inducing bone generation during permanent tooth eruption [55]. 
Although both DPSCs and SHED are obtained from pulp tissue, they show notice-
able differences in proliferative potentials [98]. SHED possess a higher prolifera-
tion ratio compared to DPSCs and can differentiate into a variety of mesenchymal 
lineages [55, 99].
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Stem Cells from Apical Papilla (SCAP)

SCAPs were isolated and introduced by Sonoyama et al. from premature roots of 
human third molars [54]. They can differentiate into several mesenchymal lineages 
such as osteoblasts, odontoblasts, chondrocytes, adipocytes, smooth muscle cells, 
and neurons in vitro [100–102]. In comparison to DPSCs, SCAPs possess a higher 
proliferation rate and mineralization capacity. However, compared to BMMSCs, 
they have lower adipogenic capacity [54, 101]. It has been reported that SCAPs pos-
sess immunomodulatory properties [103].

In one study, SCAPs were transplanted into immunocompromised rats using HA 
and tricalcium phosphate particles as dentin-like carriers. Human SCAPs and 
PDLSCs were also transplanted into mini pigs. The results showed successful root 
and periodontal regeneration. In addition, an in vivo study on human SCAPs, along 
with porous ceramic discs that were transplanted into immunosuppressed rats, 
showed that hard tissues can be formed [104].

3.1.3  Extraoral Mesenchymal Stem Cells and Periodontal Regeneration

Extraoral tissues can be used as a source of stem cells for periodontal regeneration. 
The main extraoral-derived mesenchymal stem cells used in periodontal regenera-
tion are listed below.

Bone Marrow-Derived Mesenchymal Stem Cells (BMMSCs)

Bone marrow-derived mesenchymal stem cells (BMMSCs) have been the most 
studied among mesenchymal stem cells. Human BMMSCs are pluripotent stem 
cells which originate from the bone marrow and can differentiate into multiple mes-
enchymal linages such as osteoblasts, chondrocytes, and adipocytes [105–107]. 
BMMSCs have been found to generate the cementum, periodontal ligament, and 
alveolar bone, indicating that the bone marrow can be a convenient source for peri-
odontal regeneration [105].

Pittenger et al. [107] aspirated bone marrows from 350 donors and found differ-
entiation of MSCs into bone, cartilage, and fat. Kuo et  al. [108] reported that 
BMMSCs can induce the generation of PDL, odontoblasts, and cementum from 
DPSCs. Kawaguchi et al. [109] showed that autologous bone marrow-derived mes-
enchymal cells promote periodontal regeneration in surgically induced class III fur-
cation defects in dogs. Other studies also showed that BMMSCs were able to control 
diabetes in animal models [110] and stimulate wound healing [111].
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Adipose Tissue-Derived Stromal Cells (ATSCs)

Adipose tissue is another extraoral source of mesenchymal stem cells. Lately, adi-
pose tissue-derived stem cells have been extensively studied as an applicable source 
of cells for regenerative medicine [112, 113]. They have been introduced as a con-
venient source of stem cells because they are abundant and easy to obtain [17]. 
Various studies have confirmed the capability of ATSCs’ differentiation into osteo-
genic, neurogenic, adipogenic, myogenic, and chondrogenic cells [114–116]. 
ATSCs, in combination with platelet-rich plasma (PRP), have been shown to induce 
alveolar bone and PDL-like structures fabrication in mice [117].

3.2  Signaling Molecules

Another major TE approach for periodontal regeneration is to stimulate cells near 
the defect area using biological signals. Table 14.1 summarizes different types of 
signaling molecules in addition to their effects and applications. The main signaling 
molecules are listed as follows.

3.2.1  Insulin-Like Growth Factors (IGFs)

Insulin-like growth factor (IGF) is a hormone with a similar molecular structure to 
insulin, which has different forms. IGF-1 is an effective chemotactic agent that 
enhances the formation of new blood vessels and promotes the formation of bone 
and cementum. It causes in vitro protein synthesis and periodontal ligament fibro-
blasts mitogenesis [118]. Studies on non-human primate models showed that IGF-1 
cannot modify periodontal wound healing by itself [126]. Lynch et al. [127] pro-
posed using IGF-1 along with platelet-derived growth factor-B (PDGF-B) to 
increase periodontal regeneration. IGF-2 is an active factor in bone formation which 
abounds in bone as a growth factor. Although it helps in bone formation, it is not as 
effective as IGF-1 [128].

3.2.2  Platelet-Derived Growth Factor (PDGF)

PDGF is a growth factor that controls cell differentiation and growth. It consists of 
two polypeptide chains encoded by two dissimilar genes, PDGF-A and PDGF-B 
[5]. PDGF can enhance periodontal tissue regeneration by stimulating mitosis of 
PDL cells and synthesis of gingival fibroblast hyaluronate [2]. Clinical studies have 
shown that using PDGF-B improves the treatment of periodontal bone defects. It 
enhances the rate of filling bone defects and improvement of attachment level, along 
with reduction of gingival recession [129].
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As mentioned earlier, the combination of PDGF-B and IGF-1 can improve peri-
odontal regeneration; at initial stages of wound healing after a surgery, it increases 
the formation of the periodontal attachment apparatus [130].

3.2.3  Bone Morphogenetic Proteins (BMPs)

BMPs are growth factors that interact with specific receptors on the cell surface. 
There are several BMPs that originate from the human body. Three of these are bone 
morphogenetic protein-2, bone morphogenetic protein-3 (known as osteogenin), 
and bone morphogenetic protein-7. All are highly involved in periodontal regenera-
tion [119]. BMP stimulates development of new blood vessels and bone fabrication 
[2]. BMPs have morphogenetic potential and are important in conducting migration 
and attachment of stem cells onto scaffolds to increase the response of stem cells to 
BMPs [131].

Table 14.1 Signaling molecules, theirs effects, and applications

Signaling molecules Effects Applications Ref.

Insulin-like growth 
factor (IGF)

Enhances the formation of new 
blood vessels and promotes the 
formation of bone and cementum

Protein synthesis, 
periodontal ligament 
fibroblasts mitogenesis

[118]

Platelet-derived growth 
factor (PDGF)

Controls cell differentiation and 
growth

Periodontal tissue 
regeneration

[2, 5]

Bone morphogenetic 
protein (BMP)

Interacts with specific receptors on 
the cell surface

Development of new 
blood vessels, bone 
fabrication

[2, 
119]

Fibroblast growth 
factor (FGF)

Triggers development of new blood 
vessels and stimulates differentiation 
and proliferation of mesenchymal 
cells

Tissue regeneration, 
wound healing, and 
angiogenesis

[120]

Transforming growth 
factor-beta (TGF-β)

Adjusts and stimulates several 
biological processes and components 
such as embryonic growth and 
immune regulation

Induces cells to grow in 
soft agar

[121, 
122]

Periodontal ligament- 
derived growth factor 
(PDL-CTX)

Periodontal regeneration without 
chemotactic effect on epithelial cells 
or gingival fibroblasts

Autocrine chemotactic 
agent for periodontal 
ligament cells

[2, 
123]

Enamel matrix 
derivative (EMD)

Stimulates differentiation of 
mesenchymal cells including 
osteoblasts

Enamel formation, root 
and attachment 
apparatus development

[44, 
124]

Platelet-rich plasma 
(PRP)

Developing grafting procedures, 
decreasing periodontal healing time, 
and improving bone quality

Source of growth 
factors such as PDGF 
and TGF-β

[1, 
125]
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3.2.4  Fibroblast Growth Factor (FGF)

The FGF is one of the heparin-binding growth factors involved in tissue regenera-
tion, wound healing, and angiogenesis [120]. FGF triggers development of new 
blood vessels and can stimulate differentiation and proliferation of mesenchymal 
cells [120]. It is a signaling protein that is isolated from regular tissue in two forms: 
acidic FGF (a-FGF) and basic FGF (b-FGF) [2].

There are several different forms of FGF. FGF2 is the most studied FGF and can 
attach to heparin to develop new blood vessels and induce mitosis [132]. In the 
wound healing process, it can adjust different cellular functions, including prolif-
eration and migration, among others [133]. In vivo studies of FGF2 in non-human 
primates show that it can trigger regeneration of periodontal tissue with new cemen-
tum and alveolar bone creation [134]. Furthermore, it can improve bone formation 
by enhancing the rate of differentiation of osteoprogenitor cells. FGF2 is a capable 
candidate for regenerating soft and hard periodontal tissues because it can trigger 
the migration and proliferation of ligament cells [55, 70, 90, 95]. An in vivo study 
on skin defect of mice indicated that regeneration of soft tissue can be accelerated 
by b-FGF [135].

3.2.5  Transforming Growth Factor-Beta (TGF-β)

TGF-β is highly concentrated in human bone and platelets, and it can induce cells 
to grow in soft agar. TGF-β adjusts different types of biological processes such as 
differentiation of adult stem cells, embryonic growth, immune regulation, etc. [121]. 
It stimulates several biological processes and components, including fibronectin 
and osteocalcin biosynthesis, chemotaxis of osteoblasts, bone matrix deposition, 
type I collagen, and periodontal ligament fibroblast proliferative activity, as well as 
rising ECM production. Moreover, it decreases the connective tissue destruction 
due to the reduction of metalloproteinases and plasminogen activator inhibitor (PAI) 
synthesis [2, 122].

TGF-β is composed of three 25 kDa homodimeric mammalian isoforms, includ-
ing β1, β2, and β3. TGF-β1 can result in proliferation of MSCs, wound healing, 
enhanced ECM formation, inhibition of inflammation, and production of pre- 
osteoblasts, chondrocytes, osteoblasts, and collagen [136–138]. In addition, it has 
been reported that TGF-β1 raises cell surface proteoglycan genes in PDL cells 
[139, 140], assists in DNA and fibronectin synthesis, and produces protein acids 
[141, 142].

3.2.6  Periodontal Ligament-Derived Growth Factor (PDL-CTX)

Periodontal ligament-derived growth factor (PDL-CTX) is a novel polypeptide 
growth factor from human periodontal cells [143]. It is a specific autocrine chemo-
tactic agent for periodontal ligament cells, which is one thousand times more 
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effective than other growth factors, including IGF, PDGF, and TGF [2]. Furthermore, 
PDL-CTX can have a favorable effect on periodontal regeneration because it does 
not have a chemotactic effect on epithelial cells or gingival fibroblasts [123].

3.2.7  Enamel Matrix Derivative (EMD)

Enamel matrix proteins are produced by ameloblasts and are responsible for growth 
of HA crystals and enamel mineralization [144]. In addition to their role in enamel 
formation, they are also involved in root and attachment apparatus development 
[44]. EMD is available commercially in an injectable gel solution form known as 
Emdogain, which consists of enamel proteins amelogenin, ameloblastin, amelotin, 
tuftelin, and enamelin [3]. Emdogain was the first signaling product that could suc-
cessfully regenerate periodontal tissue [22]. It has been reported that EMD can 
stimulate differentiation of mesenchymal cells including osteoblasts. Hejil et  al. 
[124] applied EMD in intrabony defects; the results showed 66% bone fill in 
defected areas.

3.2.8  Platelet-Rich Plasma (PRP)

PRP is a concentration of autologous plasma isolated by centrifugation of patient’s 
blood. PRP acts as a source of growth factors and contains growth factors such as 
PDGF and TGF-β [125]. Various commercial PRP kits are available to facilitate 
chair-side PRP isolation for clinicians. Although there is not enough convincing 
information about PRP benefits for periodontal regeneration, it seems that PRP can 
be advantageous for developing grafting procedures, decreasing periodontal healing 
time, and improving bone quality [1].

3.3  Scaffolds

To utilize the maximum potential of stem cells, an isolated three-dimensional (3D) 
environment should be provided to allow the cells to proliferate in three dimensions 
and be transferred into the defected area [145]. Scaffolds can be in the form of a 
sponge, gel, or complex network of pores and channels. All the scaffolds used in TE 
are designed to degrade gradually after implantation in the targeted site, being 
replaced by new tissue [1, 146]. The major challenge in TE is to develop regenera-
tion in three dimensions and promote angiogenesis over the entirety of the 
scaffold.

The main roles of scaffold include as follows [132]: (1) It serves as a framework 
to supply physical support for the regenerating area, to preserve the shape of the 
defect and to prevent surrounding tissue from collapsing into the defect. (2) It pro-
vides a 3D substratum for ECM production, cell adhesion, and migration. (3) It 
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serves as a barrier with selective permeability to confine the migration of cells. (4) 
It serves as a growth factor delivery vehicle for cells [2].

Additionally, the key features of an ideal scaffold are (1) biocompatibility, bio-
degradability, and nontoxicity; (2) being able to preserve migration, attachment, 
proliferation of the cells, and production of new ECM; (3) having enough mechani-
cal strength to endure physical stress and being able to preserve the surrounding 
bone from stress; (4) having an intrinsic network of interconnected pores; and (5) 
providing appropriate conditions for neovascularization [147].

3.3.1  Biomaterials Used as Scaffolds

To date, a variety of biocompatible materials have been used to fabricate scaffolds, 
including polymers, metals, ceramics, and proteins [148]. The following is the list 
of main biomaterials used as scaffolds.

Ceramics

Bioceramics have a long history of use for joint and tooth implants [149]. Ceramics 
used in bone TE are natural and synthetic hydroxyapatite (HA) and beta-tricalcium 
phosphate (TCP). They are biocompatible and osteoinductive and, due to being pro-
tein free, are not able to induce immunological reactions [2]. HA is a natural bioc-
eramic found in hard tissues such as dentine and enamel [149] and was one of the 
first materials used as scaffolds. It can be synthetic or derived from natural sources 
like bovine bone or coraline [2].

Some studies suggest nanostructured HA as a potent material due to its good 
biocompatibility and bone integration ability [150, 151]. TCP is a natural material 
consisting of calcium and phosphorous and is used as a ceramic bone substitute [2].

Metals and Alloys

Titanium and its alloys, cobalt-chromium alloys, and stainless steel are used in fab-
rication of scaffolds [149]. Titanium is the most common material used for implants 
due to its decent biocompatibility, osteointegration potential, and ability to be lami-
nated with various polymers [152]. However, metals and ceramics have very limited 
potential to be used as effective scaffolds because they are not biodegradable and 
cannot be processed easily [148].

Polymers

Polymers have been widely used for TE due to their biodegradability and capability 
of being processed [153–156]. There are two types of polymer materials: syn-
thetic polymers and natural polymers [148]. The most biodegradable polymers are 
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polyesters, polycaprolactone, polyanhydride, polycarbonate, polyfumarate, and 
polyorthoester [157–162]. The most widely used polymers in TE include polyesters 
like polyglycolic acid (PGA), polylactic acid (PLA), and their copolymer poly(lactic- 
co- glycolic acid) (PLGA) [163–166].

Synthetic Polymers

Polyglycolic acid (PGA), a simple and linear polymer of glycolic acid, is the first 
polymer scaffold used in TE. For the first time in the 1980s, PGA was used alone as 
a scaffold in the form of mesh for renal injury treatment. It is also used as a bone 
fracture fixation implant and suture material [2, 149].

Polylactic acid (PLA) is a polymer of lactic acid and is more hydrolysis resistant 
and hydrophobic than PGA. The copolymer of PLA with PGA is PLGA. It was first 
used as a suture material (Vicryl) in 1974 and degrades in 8 weeks [167]. It was the 
first FDA-approved copolymer and has been the first candidate for use in dental tis-
sue regenerations due to its biocompatibility, structural strength, controllable degra-
dation, and ability to deliver growth factors. PLGA can also be used in combination 
with other polymers like gelatin [155].

Polymethylmethacrylate (PMMA) is a highly biocompatible, but nondegradable, 
polymer. Due to its excellent biocompatibility, it has been widely used for mandibu-
lar reconstruction and repairing skull defects and bone cements in clinical proce-
dures [168, 169]. Nevertheless, PMMA promotes fibrotic tissue formation [169].

Naturally Derived Polymers

Naturally derived polymers include proteins derived from natural ECM or polysac-
charides. They have been widely used in TE [170–172].

Chitosan is a biocompatible, nontoxic, and non-immunogenic carbohydrate 
polymer derived from chitin, which is found in crustacean shells [173] and has 
shown improvement in bone regeneration and wound healing, as well as antibacte-
rial activity [174, 175] and bioadhesive character [176]. Chitosan is capable of 
being made into different shapes and structures such as membranes [177], fibers 
[178], sponges [179], paste [180], microspheres [181], and porous scaffolds [182]. 
These characteristics make it suitable to be used as a scaffold for tissue regenera-
tion. Chitosan can also be used as a copolymer with other materials [165, 183].

Collagens are made by several cell types [184]. Collagens can be formed into 
various forms and structures such as sheets, gels, sponges, fibers, and films [1, 185, 
186]. However, collagen scaffolds have not shown enough mechanical strength, and 
their degradation rate is not convincing. Therefore, crosslinking agents such as 
formaldehyde, polyepoxy, and glutaraldehyde compounds have been used to 
enhance the thermal, mechanical, and biological properties of collagen [1, 187].

Fibrin is a blood component critical for hemostasis. It is produced from fibrin-
ogen and thrombin during hemostasis and enhances wound healing [1, 149]. After 
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tooth extractions, blood clots have been used as natural scaffolds for promoting 
bone healing process [149]. Fibrin is widely used as a biopolymer scaffold in 
periodontal TE due to its biocompatibility, biodegradability, and simple prepara-
tion and handling process [149]. Fibrin scaffolds are also available in combination 
with other polymers, such as fibrin-PEG blend [172, 188]. Fibrin hydrogels are 
used as a heparin- binding delivery system and cell seeding during inkjet printing 
process [172].

Hydrogels are a new type of biomaterials that are injectable into the periodon-
tium. They are made of viscous polymers, which are composed of synthetic or natu-
ral macromolecules [189–191].

Alginate is a hydrogel isolated from brown seaweed and bacteria [192]. It is 
biocompatible and nontoxic and can have a slow gelling time depending on tem-
perature and concentration [193]. Its limitations include uncontrollable degradation 
and low viscoelasticity. These can be improved by using alginate incorporation with 
HA [194].

4  Cell Sheet Technique

Cell sheet technique is a novel approach for harvesting and delivering cells in TE 
[195]. Conventionally, in TE proteolytic enzymes are utilized to fragment the ECM 
and release the cells, which could impair cell functions and damage the cell mem-
brane because the proteolytic enzymes hydrolyze cell membrane proteins [32]. This 
technique prevents the enzymatic digestion of proteins, keeping the normal cell and 
ECM interactions [196]. In other words, it is possible to harvest a complete cellular 
sheet with intact ECM and cell-cell junctions [3]. This technique has been used 
recently to regenerate periodontal defects [197, 198].

Cell sheet engineering involves thermo-responsive systems including poly(N- 
isopropylacrylamide) (PIPAAm) polymer for cell culturing [3]. This polymer is 
hydrophilic at temperatures greater than 32 °C and hydrophobic when temperatures 
are lower than 32 °C. In addition, cells are prone to attach to hydrophobic surfaces. 
These properties are beneficial for detaching the cell sheets from cultures [32].

Harvested cell sheets are delicate and fragile. Thus, manipulation and implanta-
tion of them can be challenging. Therefore, 3D biocompatible scaffolds such as 
hyaluronic acid, fibrin gel, and ceramic bovine bone have been developed to increase 
stabilization and strength, also facilitating the manipulation and results [32].

Cell sheet technology has been utilized for various TE applications, such as 
cornea transplantation using corneal epithelial cell sheets and myocardial tissue 
regeneration using cardiomyocyte cell sheets [199, 200]. They have been exten-
sively applied to improve periodontal regeneration in animal studies using dogs 
and rats [201].
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5  Conclusions

During the last few decades, a rapid development has been reported in periodontal 
regeneration methods. Recent studies have emphasized the importance of wound 
stability and space preservation for a predictable and optimal tissue regeneration, 
but they are not achievable by current clinically applied techniques. Successful 
results can be feasible by utilizing a combination of cells, signaling molecules, and 
scaffolds to construct the anatomy based on the complex structure of periodontal 
tissues and defects. Three-dimensional scaffolds are the key for complete periodon-
tal regeneration. Application of tissue engineering on periodontal regeneration is 
still in its initial stages and requires more investigation. Recent advances in material 
science, tissue engineering, and microscopy techniques provide a brighter perspec-
tive for more predictable regenerative therapies for periodontal defects in the near 
future.
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Chapter 15
Oral Mucosal Grafting in Ophthalmology

Parisa Abdi, Golshan Latifi, and Hamed Ghassemi

1  Introduction

There are many ocular surface syndromes that can cause sight-threatening condi-
tions, including cicatricial diseases such as Stevens-Johnson syndrome (SJS) and 
ocular cicatricial pemphigoid (OCP) and chemical burns [1]. These conditions may 
lead to scarring complications in the lid margin, tarsus, and fornix while also caus-
ing keratinization, trichiasis, entropion, and symblepharon, which result in visual 
morbidity. Autologous oral mucosal graft (OMG) can be an approach to overcome 
such complications [1].

The oral mucosa consists of keratinized or nonkeratinized stratified squamous 
avascular epithelium with underlying lamina propria that is a vascular connective 
tissue. Its interface has many connective tissue projections into the epithelium, 
which leads to an increased surface area and ability to resist forces. The epithelium 
is also rich in elastin, which makes it resistant to shearing, stretching, and compres-
sion forces [2].

The lamina propria has extensive blood vessels and nerve fibers that allow for 
excellent grafting that facilitates angiogenesis. In contrast to gastrointestinal 
mucosa, there is no muscularis mucosal layer between the epithelium and lamina 
propria in the oral cavity [2]. The oral mucosa has many advantages that make it 
optimal as a graft for the ocular surface including:

 1. Good flexibility and minimal contraction in the recipient bed [2].
 2. Not containing hair follicles [3].
 3. Tolerating wet environment [4].
 4. High histocompatibility.
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 5. High resistance to microbial agents due to (a) secretion of antimicrobial peptides 
(defensing and cytokines) [5, 6], (b) the presence of mucosa-associated lym-
phoid tissue (MALT) [5, 6], (c) its function as a barrier to microbial invasion, and 
(d) the presence of lymphocytes, PMNs, macrophages, plasma cells, and mast 
cells [5, 6].

 6. Capability of rapid healing and reepithelialization faster than a dermal wound, 
due to the presence of growth factors and tissue factors [7].

The presence of epithelial stem cells in the oral tissue has also been proven, which 
helps reepithelialization [8]. OMG has gained widespread popularity in ophthal-
mology and is commonly used during ocular reconstruction surgeries to replace the 
conjunctiva and corneal surface, along with reconstruction of the fornices [9], eye-
lid margin [1], and ophthalmic socket [10]. OMG is readily accessible and available 
in most patients. The surgical technique is fast, inexpensive, and not complex. The 
transplantation is safe with few recipient and donor site complications [11].

In this chapter, after introducing different types of oral mucosal grafts and 
describing the procedure and complications of OMG, we will discuss its applica-
tions in ophthalmology to show how biomedical engineers can play key roles in 
such applications.

2  Types of Oral Mucosal Grafts

OMGs are 1–5 mm in size and can be harvested from the buccal mucosa, labial 
mucosa, or lingual mucosa [11].

2.1  Buccal Mucosa-Based OMG

The buccal mucosa refers to the mucosa overlying the inner cheek of the oral cavity. 
It is bordered by the outer commissures of the lips in the anterior, anterior tonsillar 
pillar in the posterior, maxillary vestibular fold superiorly, and mandibular vestibu-
lar fold inferiorly [2, 11]. Vascular supply is derived mainly from branches of the 
maxillary artery—the buccal artery, middle and posterior superior alveolar arteries, 
and the anterior superior alveolar branch of the infraorbital artery [2, 11]. The buc-
cal mucosa is innervated by the long buccal nerve, a branch of the third division of 
the trigeminal nerve (CNV3), and the anterior, middle, and posterior superior alveo-
lar branches of the second division of the trigeminal nerve (CNV2). The sensory 
innervation is through the facial nerve [2, 11].

The buccal mucosa should be dissected off the submucosal fat and minor salivary 
glands (MSGs) covering the buccinator muscle. The buccinator muscle is a muscle 
of facial expression, and trauma to it may lead to limitation of mouth opening [2, 
11]. During the harvesting, the surgeon must pay attention to anatomical structures, 
including the buccal fat pad, Stensen’s duct of the parotid gland, the facial artery 
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and nerve anteriorly, the buccal artery posteriorly, and lymphatic vessels and buccal 
branches of the facial and trigeminal nerves [2, 11]. The buccal mucosa is tough, 
flexible, easy to harvest, easily recoverable, and simple to handle and leaves no vis-
ible scar after OMG [2].

2.2  Labial Mucosa-Based OMG

The labial mucosa refers to the mucosa overlying the inner lower lip. The mandibu-
lar labial alveolar mucosa is delineated by the vermilion border superiorly, the ves-
tibular fold inferiorly, and the outer commissures of the lower lip laterally [2, 11]. 
Vascular supply is derived from the buccal and mental branches of the maxillary 
artery and the inferior labial branch of the facial artery [2, 11].

Sensory innervation is by the mental nerve, a terminal branch of the inferior alve-
olar nerve which is rising from the mandibular branch of CNV3. The mental nerve 
arises from the mental foramen, which is located between the first and the second 
premolar teeth. Thus, in harvesting the mucosa, the initial incision should be medial 
to the center of the canines to avoid mental nerve injury. Additionally, the incision 
should maintain at least a 1.0–1.5 cm margin from the lip vermilion to prevent lip 
contracture [12]. On the other hand, injury to the orbicularis oris muscle can cause 
limitation in lip motility and smiling. MSGs are easily accessible in the labial mucosa 
and form a continuous layer of tightly packed lobules between the quadratus labii 
and the labial mucosa [13]. MSG secretions are predominantly seromucinous [14].

2.3  Lingual Mucosa-Based OMG

The lingual mucosa refers to the mucosa overlying the tongue. The mucosa cover-
ing the undersurface and lateral surface of the tongue is indistinguishable from and 
the same in structure as the mucosa lining the rest of the oral cavity. It has no par-
ticular functional feature and is easily accessible and easy to harvest [15]. It is 
mostly used in complications of urethroplasty, which requires a large supply of graft 
tissue in patients with a small mouth or difficult mouth opening.

3  Procedure and Complications of Oral Mucosal Grafting

3.1  Graft Harvesting and Surgical Procedures

In the preoperative period, any inflammation should be controlled. To estimate the 
graft size, the conjunctival defect is measured. The shape and size of the graft is 
marked on the mucosa (Fig. 15.1a). The graft size should be larger than the defect, 

15 Oral Mucosal Grafting in Ophthalmology



332

taking into account an average of 20% contracture. For the buccal mucosa, the 
parotid duct must be avoided (which is usually located opposite the second upper 
molar). For the lip, the incisions should not extend too close to the vermilion or 
attached gingiva [16]. Injection of saline or local anesthetic solution with adrenaline 
(bupivacaine 0.25% mixed with 1/200,000 epinephrine) helps to elevate the graft 
from the submucosal tissue and reduce hemorrhage [17].

The graft should be excised as thinly as possible by a blade and scissors. 
Submucosal dissection should be above the adipose layer, superficial to the buccina-
tor muscle. The graft is trimmed and the edges secured under the conjunctival mar-
gins with Vicryl sutures. The subconjunctival fibrovascular cicatrix should be 
dissected at the recipient bed [2, 11]. The graft bed can be left to granulate, or it can 
be sutured if the edges of the wound can be approximated without deforming the lip 
or the tissue [16]. The graft is then spread over a surface, and the excess fat is 
cleared from the undersurface of the graft. The graft is then spread on the defect at 
the recipient site and secured with suturing or fibrin glue (Fig. 15.1b).

3.2  Complications

Donor harvest site morbidities include persistent pain and wound contracture, which 
result in limitation of mouth opening and oral tightness. Moreover, other morbidi-
ties—such as buccal hematoma, inclusion cysts, numbness in the cheek and lip, 
parotid duct injury, lip contracture and inversion of the lip vermilion, and poor cos-
mesis—should be considered as well [18]. Common complications affecting OMG 
after implantation include as follows:

 A. Graft shrinkage or contracture: It has been reported about 20–45% shrinkage in 
size for the buccal mucosa and about 10% for the hard palate. This contracture 
commonly appears within 6 months after implantation [11].

Fig. 15.1 (a) Marking the shape and size of the graft on the mucosa to be used for the OMG pro-
cedure. Due to the possible 20% contracture, the size of the graft is larger than the actual defect 
size. (b) OMG in an eye after the surgery (courtesy of Dr. Mehran Zarei-Ghanavati, MD)
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 B. Mucosal necrosis: It has been reported 8–50% of eyes after osteo-odonto- 
keratoprosthesis undergo mucosal necrosis, which can lead to exposure of the 
underlying ocular surface or implant [19].

 C. Mucosal overgrowth: In Basu’s study, the rate of overgrowth was 13%, and all 
of them were managed by debulking and trimming [19].

 D. Excessive MSG secretions: Excessive MSG secretions can be treated by graft 
excision, cryotherapy, or botulinum toxin injection [11].

4  Applications of Oral Mucosal Grafting in Ophthalmology

OMGs have been used for different purposes in ophthalmology, including ocular 
surface reconstruction, socket reconstruction, correction of eyelid abnormalities, 
glaucoma surgery, and lacrimal drainage surgery.

4.1  Ocular Surface Reconstruction

OMGs can be used in different scenarios for ocular surface reconstructions as 
described below:

 A. Symblepharon (adhesion of the palpebral conjunctiva to the bulbar conjunctiva) 
can be a sight-threatening condition and may cause other ocular abnormalities, 
such as reduction of goblet cells, tear film and tear meniscus abnormalities, lid 
disorder like entropion and trichiasis, limitation in ocular motility, and failure of 
ocular surface reconstruction and corneal transplantation [16]. Many different 
materials have been employed to reconstruct the fornices, like conformers and 
rings; however, their effect is often temporary. To maintain the fornices, it is 
required to include epithelial tissue or basement membrane that can be popu-
lated by normal host epithelial cells [16]. Available graft materials include con-
junctival autograft, OMG, and amniotic membrane graft (AMG) [16].

The ideal material for fornix reconstruction is conjunctival or tarsal autograft, 
but there are limitations in their availability, especially in bilateral diseases. In 
such cases, a full-thickness oral mucosal membrane is the simplest available 
graft to use. Split-thickness mucosal grafts are less suitable for fornix recon-
struction, as they contract more; but since they are less bulky and pink, they are 
used on the globe. Among OMGs, hard palate grafts are the thickest and the most 
difficult to harvest, but contract the least for ocular surface reconstruction [16]. 
OMG can also be employed for fornix reconstruction in the eyes with low-grade 
symblepharon. However, in severe cases, cases with difficulty in controlling 
inflammation, poor lacrimal function, or near-total lack of healthy conjunctiva, 
an oral mucosal graft may be more appropriate than an AMG [16]. In a study by 
Kheirkhah et al., 84.4% of eyes with severe (grade 3 or 4) symblepharon had a 
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deep fornix with no scar or motility restriction after 16.4  ±  7.6  months of 
follow-up. In this study, a combined approach was employed: symblepharon 
lysis, intraoperative mitomycin C application, OMG in tarsal conjunctival 
defect, and amniotic membrane transplantation (AMT) in bulbar conjunctival 
defect [20].

 B. Pterygium (a triangular tissue growth of thickened conjunctiva that grows over 
portion of the cornea) recurrence rate after simple excision is 24–67%, but with 
adjuvant therapy like conjunctival autograft, the rate is 0–47% [21]. OMG has 
been employed to cover the defects in pterygium surgery. It is especially useful 
in recurrent pterygium with conjunctival scarring, fornix shortening, inadequate 
conjunctiva, and limitation of ocular motility [21].

 C. Osteo-odonto-keratoprosthesis is a procedure to restore vision in the most severe 
cases of corneal and ocular surface patients. In this procedure, a tooth is removed, 
a lamina of it is cut and drilled, and then the hole is fitted with optics. The lamina 
is grown in the patient’s cheek for a period of months, and then prosthesis is 
implanted in the eye. In osteo-odonto-keratoprosthesis, OMGs have been used 
for ocular resurfacing and to provide a stable epithelium instead of a dry keratin-
ized one [19]. However, complications have been reported, such as mucosal 
overgrowth over the optical cylinder, which decreases vision and causes necro-
sis [19]. On the other hand, melting of the cornea may occur, causing kerato-
prosthesis extrusion, particularly in patients with chronic conjunctival 
inflammation. In these patients with conjunctival deficiency, OMG is helpful to 
repair the defect [22].

 D. OMGs have been employed to protect delicate corneas in cases of fitting cos-
metic scleral shells. Traditionally, a Gunderson flap (a type of conjunctival flap 
that covers the total corneal surface) is used in such conditions. However, in 
some cases with conjunctival scarring or a large corneal diameter, OMGs are 
superior to flaps with a lesser risk of retraction [23].

 E. OMGs combined with tenoplasty have been used to repair sclerocorneal melts 
in patients with chemical burns [24].

4.2  Socket Reconstruction

After enucleation, the conjunctival contraction is common in the anophthalmic 
socket, leading to cosmetic deformity and difficulty in filling the prosthesis. This 
condition is more common after irradiation of the ophthalmic socket, for instance, 
in patients with uveal melanoma. An OMG can be used in these patients, as it is thin 
and easily accessible and maintains moisture of the prosthesis [25]. OMGs can aug-
ment the conjunctival surface, especially in fornices, to have sufficient depth for the 
prosthesis [26]. OMGs have been used in combination with hard palate grafts to 
make a stable fornix and provide rigidity and support in the palpebral surface [26].
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Another post-enucleation complication is orbital volume loss. It can be 
corrected with orbital floor wedge implant, but it may shorten the fornix, which 
can be managed by OMG simultaneously. Another approach is using a buccal 
mucous membrane- fat graft to correct the volume and the surface simultane-
ously [27]. OMGs have also been used to manage hydroxyapatite orbital implant 
exposures [28].

4.3  Correction of Eyelid Abnormalities

Eyelid abnormalities are commonly seen in cicatricial disorders, such as mucous 
membrane pemphigoid (MMP), Stevens-Johnson syndrome (SJS), toxic epidermal 
necrolysis (TEN), trachoma, and chemical burns. These abnormalities are lid mar-
gin scarring, trichiasis, distichiasis and entropion [26]. OMGs are commonly used 
to reconstruct these eyelid abnormalities, particularly before other procedures, such 
as limbal stem cell grafts and penetrating or lamellar keratoplasties [29]. OMG also 
has been used in correcting congenital distichiasis by resecting a strip of tarsus in 
the eyelid margin with the roots of lashes and replacing it with an OMG [30]. OMGs 
with more stromal fat have been used to increase the tarsal height and correct the 
cicatricial lagophthalmos [1]. A complex skin-muscle-mucosa graft from the lower 
lip can be employed as a one-stage procedure to repair lid margin defects after 
tumor resection [31]. OMGs have been used to repair congenital eyelid defects like 
cryptophthalmos [32]. In ichthyosis, the oral mucosa is not affected by the disease 
and is used to lengthen the anterior lamella and correct the ectropion. After trans-
plantation, this tissue undergoes metaplasia into keratinized skin [26].

4.4  Glaucoma Surgery

One of the complications of glaucoma drainage devices is erosion and exposure of 
the plate or the tube through the conjunctiva. It is usually repaired with conjunctival 
flaps or autologous conjunctival grafts. OMGs are used in cases with scarred or 
insufficient conjunctiva to cover the eroded tube or plate [33].

4.5  Retinal Surgery

Scleral buckles are used in retinal detachment surgery. One of the complications is 
the explant exposure through the overlying tissue or conjunctiva. In these cases, the 
explant is usually covered with a scleral patch graft. OMGs have been used to cover 
this scleral graft, especially in patients with scarred conjunctiva due to multiple 
retinal procedures [34].
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4.6  Lacrimal Drainage Surgery

Conjunctivodacryocystorhinostomy (CDCR) is a procedure that is performed in 
patients with total canalicular block. In this procedure, a Jones tube is placed in the 
canalicule. However, if the tube becomes dislodged or lost, the channel will be 
closed. OMGs have been used to line the CDCR tract to epithelize the channel and 
obviate closure in these cases. OMGs also have been used to reconstruct the medial 
canthal area and canalicules secondary to chemical burn. On the other hand, OMGs 
have been used in challenging cases of rE-DCR (dacryocystorhinostomy) with 
extensive scarring and mucosal shortage, to maintain the patency of the DCR tract 
[35, 36].

5  Summary

OMG can be used to promote ocular surface barrier function when it is defective. It 
is one of the finest substitutes for the conjunctiva in different ocular reconstruction 
procedures when autologous conjunctiva is unavailable. It can be harvested from 
the mucosa overlying the inner cheek of the oral cavity (buccal mucosa-based 
OMG), mucosa overlying the inner lower lip (labial mucosa-based OMG), or, less 
frequently, mucosa overlying the tongue (lingual mucosa-based OMG). Some of the 
most popular indications of OMG in ophthalmology are fornix reconstruction, fix-
ing contracted anophthalmic socket, ocular resurfacing in osteo-odonto- 
keratoprosthesis, and prevention of channel closure in CDCR.
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Chapter 16
Microfluidic Technologies Using Oral 
Factors: Saliva-Based Studies

Hassan Salehipour Masooleh, Mehrsima Ghavami-Lahiji, 
Annamarie Ciancio, and Lobat Tayebi

1  Introduction

Medical devices are essential for a proper diagnosis by healthcare providers. 
Advances in medical devices and diagnoses in recent years have increased life 
expectancy by up to 5 years and reduced many common diseases [1]. However, 
people in developing countries do not have access to many new and expensive medi-
cal diagnostic technologies. For people who live far from medical laboratories, in 
developed countries as well as developing countries, it is difficult to go to a well- 
equipped lab for continuous (periodic) checkups. Microfluidic systems are designed 
to process the measurements of small volumes of liquids without the need for an 
expert, with relatively high sensitivity and speed. These unique features require cre-
ation of portable point-of-care (POC) medical diagnostic tools [2]. The advance-
ment of microfluidic devices, in conjunction with lower price for POC applications, 
may provide instruments that can better serve the general population.

Microfluidic technologies, which are used in lab-on-a-chip (LOC) or 
miniaturized- total-analysis systems, allow for many different laboratory operations 
to be carried out on a small-scale portable chip [3]. Some microfluidic studies pro-
vide methods for shifting traditional macroscale assays to microscale portable 
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assays [4]. Microfluidics has revolutionized POC diagnostic tools in the realms of 
medical products, biology, bioengineering, microbiology, and chemistry. Revolution 
in these fields can be considered similar to the revolution of integrated circuits in the 
electronics industry, a keystone of modern electronics [5]. Microfluidics is currently 
attempting to be implemented for use in monitoring devices for patients, detection 
of bacteria, disease diagnostics, drug delivery systems, and microbial studies.

There are many advantages of implementing microfluidics. Some major advan-
tages include, but are not limited to, reducing sample volume, reducing consump-
tion of reagent, reducing consumption of dangerous materials and infectious sample, 
decreasing risk of contamination, possibility of performing experiments in parallel, 
controlling the flow rate and providing a dynamic environment, being timesaving, 
and having low cost. Ultimately, microfluidic devices bring the capabilities of 
advanced analytical techniques to deprived areas of the developing world where 
common analytical labs do not exist [5, 6]. Microfluidic systems bring the labora-
tory to the patient and enable in situ monitoring of analytes.

Microfluidics has advantages over more traditional methods, such as enzyme- 
linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR); these 
are used for the detection of proteins and small molecules and deoxyribonucleic 
acid (DNA), respectively. These methods are costly, laborious, and time- consuming. 
The ELISA requires multiple steps of washing and incubation, while PCR requires 
thermal cycling. Both techniques should be performed by trained personnel and 
require a large sample size [7].

This chapter aims to provide a review of microfluidics that has been developed 
using oral factors. Most studies that have benefited from microfluidics in this field 
have used saliva as a diagnostic fluid. Using saliva as a diagnostic fluid is advanta-
geous because it does not require highly trained personnel and its collection is non-
invasive. Saliva samples can be easily stored, and salivary biomarkers can be used 
to evaluate some diseases and physiological conditions and/or progression of dis-
eases [8]. The primary focus of this paper is saliva-based studies, and this has been 
subdivided according to the microfluidic technique: on microfluidic chip, paper- 
based microfluidic devices, and smartphone-based microfluidic devices. The last 
part of this study explores the application of microfluidics in early diagnosis of 
cancer and biofilm studies.

2  Saliva as a Diagnostic Tool

The technology of using saliva instead of blood for the diagnosis of diseases is 
rapidly developing. Interestingly, most studies that use saliva as a diagnostic fluid 
are typically associated with systemic diseases, rather than localized oral diseases 
[9, 10]. If the relationship between systemic diseases and the oral cavity is better 
understood, it will strengthen the collaboration between medicine and dentistry. 
Since the oral cavity is readily accessible, saliva and mucosal biopsy (transudate) 
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are used for oral diagnostics [11, 12]. Most of the analytes found in the blood are 
also secreted into the salivary fluid, specifically inorganic and organic materials 
(carbohydrates, glycoproteins, lipids, etc.), drugs, and their metabolites. Moreover, 
the collection method of saliva is easy, inexpensive, noninvasive, and safe for 
patients and healthcare professionals [10]. In addition to its other advantages, this 
approach requires small amount of saliva. It is rapid, portable, and appropriate for 
POC testing [8, 13].

2.1  Detection of Disease on Microfluidic Chips

Herr et al. [13] demonstrated a microfluidic device to detect biomarkers that are 
responsible for the progression of periodontal disease. In this study, they first bound 
special antigens that exist primarily in saliva samples with antibodies labeled by 
fluorescent receptors. Then, they separated antibody-bound antigens using electro-
phoretic assays. Detection was made using diode lasers.

Malamud [11] offered the feasibility of employing microfluidic devices with 
saliva samples for detection of diseases like tuberculosis (TB), HIV, and malaria.

Chen et al. [14] made a platform for nucleic acid extraction from bacteria and 
miniaturized the PCR process into a microfluidic device. In the final step, DNA was 
labeled with upconverting phosphor to detect on the lateral flow strip.

Chen et al. [12], in an additional study, utilized a similar platform for the diagno-
sis of HIV infection as a model to investigate the simultaneous detection of both 
viral RNA and human antibodies against HIV. Highly sensitive reporter upconvert-
ing phosphor and high salt lateral flow (HSLF) assays were employed for antibody 
detection. Three years later, Chen et  al. designed a microfluidic device for early 
detection of HIV disease in the “seroconversion window.” During the seroconver-
sion period, the viral load of HIV is highest, meaning the antibody is present but not 
detectable [15].

Since thiocyanate is considered an important biomarker in human health evalua-
tion, finding a fast and reproducible way to analyze thiocyanate in bodily fluids is of 
interest. Wu et  al. [16] developed a droplet microfluidic device for thiocyanate 
detection in real human saliva or serum using the surface-enhanced Raman scatter-
ing (SERS) technique. However, Pinto et al. [17] combined the immunoassay on a 
polydimethylsiloxane (PDMS) microfluidic chip and employed the complementary 
metal-oxide-semiconductor (CMOS) optical absorption system to detect the amount 
of cortisol in human saliva (Fig. 16.1).

Table 16.1 summarizes the studies of saliva on chip-based microfluidics for 
detection of infectious diseases. Other studies in this area have been done using 
filter paper or smartphone technology, which is explained in Sects. 2.2 and 2.3 in 
greater detail.
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Fig. 16.1 (a) Schematic image of the microfluidic immunosensor to detect salivary cortisol. (b) 
PDMS microfluidic device [17]. (c) Schematic image of a droplet microfluidic device for detection 
of salivary thiocyanate [16]

Table 16.1 Summary of detection of infectious diseases based on saliva on microfluidic chips

Analyte of interest in 
saliva

Method of processing 
(comment) Method of detection Reference

Biomarkers of periodontal 
disease (TNF-β and IL-6)

Electrophoretic 
immunoassays

Laser-induced fluorescence 
detector

[13]

B. cereus Microfluidic chip for 
PCR-based testing

Laser scanner on the lateral 
flow strip

[14]

Human antibodies against 
HIV and viral RNA

Mixed/diluted with HSLF 
assay buffer
Silica-based nucleic acid 
purification
RT-PCR amplification

Lateral flow assay (LFA) [12]

Human antibodies against 
HIV and viral RNA

Mixed/diluted with HSLF 
assay buffer
A magnetic bead-based 
process
Loop-mediated isothermal 
amplification (LAMP)

Lateral flow assay [15]

Thiocyanate Mixed with gold-silver 
core-shell nanorods
Droplet microfluidics

Surface-enhanced Raman 
scattering (SERS) 
technique

[16]

Salivary cortisol PDMS microfluidic 
immunosensor

Colorimetric detection 
with CMOS

[17]
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2.2  Microfluidic Paper-Based Analytical Devices (μPADs)

Paper-based systems are considered an alternative rather than the main analytical 
tools, which are practical for POC testing. These devices have gained popularity due 
to their ease of use, ease of fabrication, and low cost.

μPADs are built on a filter paper, which explains how they got the name lab-on- 
a-paper devices, whereas lab-on-a-chip (LOC) devices are usually made of 
polydimethylsiloxane (PDMS). Furthermore, μPADs do not require any external 
forces because of capillary phenomenon, while LOC devices require external forces 
for the movement of fluids. This system has been of interest due to the hydrophilic 
nature of filter paper, passive fluid movement, biocompatibility, and disposability. 
Various methods have been introduced for the fabrication of paper-based devices, 
such as lithography, three-dimensional (3D) printing, wax jetting, wax smearing, 
PDMS screen printing, permanent marker pen, wax printing, ink-jet printing, eye-
liner pencil, cutter printer, hydrophobic sol-gel fabrication, and scholar glue spray 
method [18]. μPADs employ different detection methods, such as colorimetric, 
luminescence, and electrochemical detection. The most common way of detection 
in these microfluidic systems is colorimetric readouts.

Colorimetric detection is based on visual comparison and determines the con-
centration of analytes by means of color reagents. There are various types of lumi-
nescence. Both fluorescence and chemiluminescence (CL) are common types of 
luminescence that have been successful in paper-based devices. Unlike fluores-
cence, CL relies on producing photons as a by-product of a chemical reaction with-
out requiring a light source [19, 20].

Electrochemical detection is based on the measurement of electrical parameters 
in the sample [21]. In this method, electrochemical analytical devices should be 
connected to a smartphone to measure changes from one of the input/output ports, 
such as the micro-USB.

Bhakta et al. [22] developed a μPAD with the wax printing method to identify 
and quantify levels of nitrite in saliva. It has been proven that nitrite concentration 
in saliva is associated with clinical symptoms of periodontitis (bleeding, swelling, 
and redness) [23]. In this approach, the main channel of the μPAD is placed verti-
cally in contact with the saliva sample. The sample is taken up by capillary action 
and driven into the four branched channels and testing zones (Fig. 16.2). The nitrite 
in the saliva is combined with the Griess reagent, and this leads to magenta azo 
compound formation. The Griess reagent is made by mixing sulfanilamide in 5% 
(v/v) phosphoric acid solution and 0.1% (w/v) naphthylethylenediamine dihydro-
chloride in water. Color intensity is associated with the concentration of nitrite in 
the sample and can be representative of the progression of periodontitis [22].

Nitrite is also known as a helpful biomarker for patients with end-stage renal 
disease to detect progression of hemodialysis. It has been reported that the concen-
tration of nitrite in the patient’s saliva reflects the amount of nitrite in the blood and 
is suitable for POC application [24]. Salivary nitrite concentrations were measured 
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in a study by Blicharz et  al. with test strips. They showed nitrite concentrations 
decreased after dialysis and found this method to be a noninvasive and beneficial 
way of monitoring renal disease status [25].

Formaldehyde and acetaldehyde are well known as carcinogenic agents. Smoking 
is one of the most important sources of aldehyde contamination in the indoor air. 
Additionally, it has been shown that consuming alcoholic beverages has the same 
carcinogenic effect due to the transformation of ethanol into acetaldehyde [26]. 
Ramdzan et al. [27] employed a two-layer configuration paper-based microfluidic 
device for determining salivary aldehydes. This study revealed that this paper-based 
technique could be a successful alternative to the costly and large-scale analytical 
tools [e.g., high-performance liquid chromatography (HPLC) or gas chromatogra-
phy (GC)] that determine aldehydes in biological fluids, such as salivary fluid. In 
addition, the sensitivity of this technique is comparable to that of the aforemen-
tioned methods [27].

One of the more basic of the “paper-based devices” is lateral flow immunoassay 
(LFI). LFI has been employed with smartphones as a new developing field in recent 
literature. This situation is discussed in the next section.

2.3  Smartphone-Based Microfluidic Devices

Integration between microfluidic devices and smartphones introduces a new world 
and has the potential to revolutionize the smartphone industry. Smartphone-based 
diagnostics provides a user-friendly, easily accessible, miniaturized, and portable 
technology [28].

In this approach, the phone is the main device that performs the entire analytical 
process, including data acquisition, analysis, and result readout. Smartphone, like a 

Fig. 16.2 μPAD designed 
for nitrite detection in 
human saliva [22]
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computer, has a processor (CPU) and hardware for receiving, sending, and process-
ing a variety of signals. Therefore, it has the ability to receive data from sensors and 
control various actuators or send data to and receive data from other devices, by 
wire or wirelessly. This allows a variety of applications on the smartphone to run in 
order to analyze data and check the biological samples.

Many studies in this area utilize smartphone cameras to receive information from 
samples. Different principles for the development of biosensors have been used. 
Biosensors in these systems work based on color, luminescence, or electrochemical 
detection. Smartphone microfluidic systems that employ saliva as a diagnostic fluid 
often use colorimetric and luminescence techniques.

It is almost impossible for the human eye to quantize the color variation or the 
light emitted from the luminescence samples [29]. Therefore, an accessory is needed 
to standardize the effective factors to eliminate quantization errors. In these meth-
ods, a dark chamber is required to avoid ambient light interfering with measure-
ments. Different techniques are considered to standardize the camera flashlight. A 
holder is needed for connecting the dark chamber to the smartphone [20]. Another 
detection method that has been mentioned in the articles using smartphones is elec-
trochemical sensors (amperometric, impedimetric, and potentiometric sensors). 
This method uses different sample mediums, such as saliva, blood, water, food, and 
urine [19].

Monitoring pH in saliva is important for investigating the person’s diet and its 
relationship with enamel decalcification. Monitoring pH in sweat helps explain the 
risk of dehydration during physical activities. Oncescu et al. [30] designed a soft-
ware and a hardware accessory installed on a smartphone. After collecting a saliva 
or sweat sample, the test strip was inserted into the device, and the pH analysis was 
carried out using a mobile platform. The flash on the smartphone’s camera was used 
to illuminate the back of the test strip, exposing the pH indicator. Colorimetry was 
used to understand the pH of either saliva or sweat sample.

Other studies reported using a smartphone for detection of bile acid in serum and 
oral fluid [31], salivary cortisol [32–35], L-lactate [20, 36, 37], glucose [38, 39], 
Zika virus (ZIKV) [40, 41], drugs related to driving under influence (DUI) cases 
[42–46], ovulation time [47], and others [48, 49] in human saliva (Table  16.2). 
However, there are some published papers that utilize blood as the diagnostic fluid 
with smartphone technology.

Nowadays, stress is one of the major causes of psychiatric disease. Stressful 
daily routines can lead to additional mental health problems, such as depression, 
anxiety, low self-esteem, and more. Thus, many efforts have been made to design 
stress monitoring tools [17, 32]. Cortisol is one of the most well-known biomarkers 
of stress. The main advantages of using saliva as a diagnostic fluid to measure cor-
tisol levels are its easy, noninvasive, and rapid collection method. This itself reduces 
a potential stress response and allows continuous monitoring of stress level. Cortisol 
has two active states: free active state and protein-bonded state. Cortisol in the saliva 
is in the free active state, meaning that it is detectable, unlike what exists in the 
blood—where about 90% of it is protein-bonded [17, 50]. This is a major advantage 
of using saliva over blood for detection of cortisol.

16 Microfluidic Technologies Using Oral Factors: Saliva-Based Studies



346

Table 16.2 Summary of detection of analytes in saliva by smartphone-based microfluidic devices

Target/Analyte

Method of sample 
processing/
detection Data acquisition methods Reference

pH in sweat and saliva Test strip
Includes an 
indicator strip, a 
reference strip, 
and a flash 
diffuser

Colorimetry with smartphone camera [30]

Bile acid in serum and 
oral fluid
Total cholesterol in 
serum

Minicartridge Biochemiluminescence (BL-CL) with 
smartphone camera

[31]

Salivary cortisol Lateral flow 
immunoassay

Colorimetry with smartphone camera [32]

Lactate levels in oral 
fluid and sweat

Analytical 
cartridge

Chemiluminescence with smartphone 
camera or thermoelectrically cooled 
CCD camera

[20]

Salivary cortisol Lateral flow 
immunoassay 
(CL-LFI)

Chemiluminescence with smartphone 
camera

[33]

Microbial pathogens LAMP technique 
with a 
microfluidic 
network named 
“airlock”

Using Gene-Z device with a 
smartphone camera or a digital camera, 
which only requires a green LED for 
excitation and orange filter lenses for 
emissions

[52]

Alcohol Alco-Screen test 
strips were 
provided by 
Chematics, Inc.

Colorimetry, with smartphone camera [42]

α-Amylase Sensing chip 
including 
electrodes and a 
capillary channel

Potentiometric measurement connected 
to the smartphone via a USB port

[48]

Drug-of-abuse 
detection
(six drugs + alcohol in 
saliva)

Lateral flow 
immunoassay

Image processing with neural network 
machine learning using smartphone 
camera

[43]

Marijuana or cannabis 
containing main 
psychoactive 
substance, 
tetrahydrocannabinol 
(THC)

Giant 
magnetoresistive 
biosensors with a 
reaction well

A measurement reader connected to 
smartphone via Bluetooth module

[44]

Cocaine Upconversion 
nanoparticle- 
based paper 
device

Luminescence with smartphone camera 
using an external diode laser (980 nm) 
light source

[45]

(continued)
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Table 16.2 (continued)

Target/Analyte

Method of sample 
processing/
detection Data acquisition methods Reference

Salivary L-lactate The 
functionalized 
paper-based assay

Colorimetry with smartphone camera [36]

Zika virus Reverse 
transcription- 
loop- mediated 
isothermal 
amplification 
(RT-LAMP)

Colorimetry with smartphone camera 
using an external RGB excitation 
source

[40]

Salivary glucose Test strip Colorimetry with smartphone camera [38]
Lactate in saliva Cloth-based 

devices
Electrochemiluminescence, imaging by 
the smartphone camera, transfering to 
PC by Wi-Fi network

[37]

Alcohol Test strips Colorimetry with smartphone camera 
using different machine learning 
algorithms (linear discriminant 
analysis, support vector machine, and 
artificial neural network)

[46]

Salivary cortisol A paper-based 
lateral flow assay 
(LFA) strip

Colorimetry with smartphone camera [34]

Salivary glucose Graphene oxide 
modified μPADs 
(reservoir 
array-based and 
lateral flow 
designs)

Colorimetry with smartphone camera [39]

Zika virus (ZIKV) in 
saliva and urine and 
HIV in blood

Bioluminescent 
assay in real time 
and loop- 
mediated 
isothermal 
amplification
(BART-LAMP)

Bioluminescence with the smartphone 
camera

[41]

Salivary cortisol Lateral flow assay A portable imaging device with a 
CMOS camera which enables sending 
image via Wi-Fi to a smartphone, 
tablet, or laptop computer

[35]

Urea A filter paper- 
based strip

Color change detection based on RGB 
profiling with smartphone camera

[49]

Nitrite A paper-based 
device using 
electrokinetic 
stacking (ES) 
mechanism

Colorimetry with a smartphone fixing 
on stereomicroscope or macro lens 
using ImageJ

[53]

(continued)
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Choi et al. [32] and Zangheri et al. [33] have demonstrated a smartphone-based 
system with lateral flow immunoassay for quantitative measurement of salivary cor-
tisol. Choi et al. [32] compared the changes in the hue (color) and brightness (light-
ness or darkness) values with cortisol concentration. Zangheri et al. [33] immobilized 
anti-cortisol antibodies in rabbits (T-line) and anti-peroxidase antibodies in rabbits 
(C-line). These antibodies were placed on nitrocellulose membranes to make LFI 
test strips for their experiment. They measured the intensity of the chemilumines-
cence signal of the T-line for quantification of the amount of cortisol. It was found 
that the intensity of the chemiluminescence and cortisol in the sample were inversely 
correlated. Chemiluminescence signal of the C-line was also used to evaluate the 
validity of the test (Fig. 16.3).

At first, Zika virus appeared to only cause mild disease, but the outbreak in Brazil 
in 2015 showed the relationship between the virus and severe fetal abnormalities, 
called congenital Zika syndrome. In search of diagnostic technologies, Priye et al. 
[40] designed a study to detect the virus using similar cases. Unlike most papers, in 
this research, a microcontroller was used to monitor and control the temperature of 
a dark plastic enclosure containing the samples. This microcontroller, an Arduino, 
was wirelessly connected to the smartphone and was able to control the RGB LED 
light source placed in this box. The smartphone application with a simple graphical 
user interface (GUI) was created to actuate the LED excitation source and the iso-
thermal heater through the microcontroller and display a live camera feed. It also 
provided other features and facilities for the user. Finally, the test results were dis-
played on the final screen after processing.

Internet of Medical Things (IoMT)—a new technology to connect the medical 
devices to the healthcare providers—is revolutionizing the medical world. This 
technology offers new paradigms of diagnosis, treatment, and healthcare services in 
a timely and cost-effective manner. In addition, it may be helpful in epidemiology 
studies [51]. However, current IoMT devices are limited to monitor physiological 
information, such as heart rate and blood pressure. Song et al. [41] demonstrated a 
IoMT POC device based on a smartphone for molecular diagnostics, providing 
quantitative detection for Zika virus (ZIKV) and HIV, transferring test results to the 
doctor’s office, and allowing communication of data.

Calabria et  al. [36] demonstrated “wafer-like” structures as a functionalized 
paper of cellulose that contained reagents and enzymes to measure accurate L-lactate 

Table 16.2 (continued)

Target/Analyte

Method of sample 
processing/
detection Data acquisition methods Reference

Valproic acid (VPA) Vertical flow 
immunoassay 
(VFIA)

Thermochemiluminescence 
(TCL), imaging by the smartphone 
camera

[54]

Ovulation-specific 
hormones
LH + estrogen

A microfluidic 
channel to make 
saliva smear block

Detection of salivary ferning patterns 
using AI with smartphone camera

[47]
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levels in saliva. It was shown that smartphones could also detect L-lactate based on 
the hue saturation value (HSV) for rapid colorimetric measurement.

In another study by Roda et al. [20], a chemiluminescence biosensor was intro-
duced, which is comprised of a disposable minicartridge with two reaction cham-
bers. Inside these chambers are nitrocellulose disks that contain the enzymes needed 
for reaction. Each of  chambers were connected to two reservoirs containing 
reagents using channel.

In 2019, Potluri et al. [47] introduced a low-cost smartphone-based device ben-
eficial for couples interested in planning pregnancy. Studies have shown that during 
the follicular phase of the menstrual cycle, increased level of estradiol in the blood 
results in an increase in the salivary electrolytes, which can cause a crystallized pat-
tern like fern leaves in air-dried saliva. This pattern may be used for ovulation detec-
tion. They utilized a neural network which is trained with salivary ferning images. 
Artificial intelligence (AI) was employed for detection of ovulation period from 
air-dried saliva samples.

3  Detection of Oral Cancer

Cancers of the oral cavity comprise approximately 40% of head and neck cancers 
and affect several areas, such as the tongue, gums, lips, palate, floor of the mouth, 
and buccal mucosa [55]. Despite recent advances in diagnostics, therapeutics, and 

Fig. 16.3 (a) 3D printed smartphone accessory. (b) 3D printed cartridge hosting the LFI strip with 
control (C-line) and test lines (T-line). (c) Smartphone-based microfluidic device for measuring 
salivary cortisol [33]
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surgical procedures, the success rate of treating oral squamous cell carcinoma 
(OSCC) still remains very poor [56].

Dentists and oral hygienists play a key role in early detection of oral cancers. 
They ought to be screening for suspicious malignant lesions and determine whether 
a tissue biopsy is necessary. However, while they do not want delay in any necessary 
procedure, they tend to diminish the unwarranted biopsy and patients’ inconve-
nience [57]. Moreover, considering aggressive treatment of OSCC can lead to a 
severe deformity or death, its treatment is controversial. Most patients with this 
cancer are either undertreated or overtreated. Often, OSCC is diagnosed at an 
advanced stage. This limits treatment options and is a big reason why the survival 
rate of patients is so low [5].

Early diagnosis of cancerous or premalignant lesions significantly increases the 
likelihood of patient survival. Early detection does not automatically mean success. 
However, it can lead to frequent visits by the patient, change in diet, stopping smok-
ing and alcohol consumption, removing lesions, and taking the required medica-
tions. Due to the fact that OSCC has a high mortality rate, better screening methods 
need to be implemented to detect this cancer early [5, 58].

Some studies demonstrated cell-based microfluidic sensors to detect cancer bio-
markers. Cytology, which is the easiest way to screen premalignant and cancerous 
lesions, was employed to capture cells from the targeted tissues. Expression of 
cancer- specific biomarkers could be used to discriminate cancer cells from normal 
cells [56, 59, 60]. This review focuses on saliva-based microfluidic devices for 
screening of cancers.

In a study conducted by De et al. [61], a LOC microfluidic system was employed 
for hypermethylated DNA extraction and enrichment, which was suitable for pro-
cessing small biological samples such as saliva and urine. This device was demon-
strated to identify the patterns of hypermethylation parts in tumor-suppressor genes 
with the potential for the early detection and diagnosis of cancers.

Zilberman et  al. [62, 63] introduced a new platform to assist stomach cancer 
diagnosis. The underlying cause of the stomach cancer is the infection by a gram- 
negative bacterium Helicobacter pylori. This bacterium converts urea into ammonia 
(NH3) and carbon dioxide (CO2) by secreting the urease enzyme, resulting in high 
levels of these substances in the body fluids and breath. They demonstrated a micro-
fluidic optoelectronic sensor to detect the amount of salivary NH3 and CO2. Using 
saliva for screening cancers is a convenient and noninvasive approach compared to 
traditional endoscopy method. Using the proposed method of Zilberman et al. can 
eliminate the need for trained personnel and high costs of endoscopy.

Biomarkers, which represent normal biological and pathological procedures, 
may provide helpful information for detection, diagnosis, and prognosis of the dis-
eases. More than 100 biomarkers (DNA, RNA, mRNA, protein markers) have 
already been recognized in oral fluid, including cytokines (IL-8, IL-1b, TNF-a), 
p53, Cyfra 21-1, defensin-1, and tissue polypeptide-specific antigen [64].

Lin et al. [65] developed an automated microfluidic chip using magnetic bead- 
based immunoassays, well suited for anti-p53 quantification in saliva. The proposed 
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device can considerably reduce the time for conventional immunoassay, which 
takes about 3 hours, to approximately 60 minutes.

In a study by Dong et  al. [66], an optical microfluidic biosensor has demon-
strated good analytical performance for salivary protein biomarkers (IL-8, IL-1β, 
and MMP-8) to differentiate patients with oral cancer from healthy people.

A microfluidic paper-based electrochemical DNA biosensor was fabricated by 
Tian et  al. [67] to detect epidermal growth factor receptor (EGFR) mutations in 
DNA extracted from non-small cell lung cancer patients’ saliva samples (Fig. 16.4).

4  Biofilm Formation

Most of the bacteria tend to switch from a free-floating planktonic state to a sticky 
organized biofilm state. Forming the biofilm protects the bacteria from harmful con-
ditions (e.g., nutrient deficiency, pH alterations, antibacterial agents, and shear 
stress) in the host, and the bacteria benefit from cooperating with each other.

The microfluidic systems provide a closed system where bacteria can exist in 
biofilms and interact with hydrodynamic environments. Microfluidic systems can 
be beneficial for studying biofilm formation mechanisms and solving problems 
associated with biofilm. Importantly, they allow for the flow of fluids to be con-
trolled. The small scale of these devices makes it easy to cultivate bacteria and form 
biofilms because it is easy to set up a variety of conditions. In addition, their trans-
parency makes it possible to observe the development of biofilms [68].

Fig. 16.4 Schematic representation of a microfluidic device including inlets and outlets, which 
embeds microwells occupied with organic dye-doped ion-exchange polymer microbeads. The 
response of this optoelectronic sensor is monitored by a USB spectrometer [63]
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It has been reported that most bacteria utilize a form of cell-to-cell communi-
cation named quorum sensing (QS) for their initial colonization and development 
of biofilm communities. This allows each bacterial species to adjust the expres-
sion of target genes depending on the environment and physiological needs. 
Therefore, it is important to understand the role of various QS signals in biofilm 
formation. Kim et al. developed a microfluidic device to investigate QS in oral 
biofilm formation [69].

Streptococcus mutans is the main cause of dental caries [70]. Environmental fac-
tors (e.g., shear rate, nutrients, and pH) greatly affect the biofilm formation of S. 
mutans on the tooth surface, and monitoring of these factors and investigation of 
their effects are of interest to researchers [71]. S. mutans plays an important role in 
the development of the exopolysaccharide (EPS) matrix in biofilm formation on the 
tooth surface of the tooth [70].

Quantitative analysis of EPS can be investigated using microliter plate-based 
assay, which is recognized as a reliable technique. However, this assay is performed 
in static conditions. Microfluidic devices have the advantage of providing a dynamic 
flow system that mimics the environment of the oral cavity [72].

In a study conducted by Shumi et al., the effect of the environmental factors on 
biofilm formation of S. mutans was examined in a microfluidic device with glass 
beads. In this study, glass beads mimicked the interproximal space between teeth. 
They found production of EPS and attachment of S. mutans to the surface of the 
glass beads happened in the presence of sucrose [71]. In another study, Shumi et al. 
designed a microfluidic platform with a funnel that provided various ranges of shear 
stresses.

Sucrose-dependent and sucrose-independent aggregates of S. mutans were eval-
uated under different flow rates and times. The findings showed S. mutans colonies 
that were sucrose-dependent strongly adhered to the funnel wall. Detachment of 
sucrose-dependent colonies from the funnel wall was possible only with high shear 
stress, while in the case of sucrose-independent colonies, they were easily separated 
from the funnel by a slight shear stress [73].

The dental plaque on the tooth’s surface is a multispecies biofilm, containing 
over 500 species of bacteria. The bacteria in biofilms are less susceptible to antibac-
terial agents than planktonic cells [74, 75]. To evaluate the effects of antibacterial 
agents on bacteria, it is important to create biofilms that contain the species present 
in the oral cavity. Nance et al. and Samarian et al. simulated the condition of the oral 
cavity with a commercially available BioFlux microfluidic system (Fluxion 
Biosciences, Inc., Alameda, CA 94502, USA) [6, 75]. This system is useful for 
overcoming limitations, such as using less materials and not requiring artificial lab 
media, especially since it can be costly and time-consuming to run culture-based 
studies. A lot of media are required in tests that are conducted in flow cell studies. 
Using this high-throughput system allows multiple experiments to be done in paral-
lel. Finally, this system is able to combine imaging systems to allow precise inves-
tigation of biofilm testing [6, 76, 77].

Nance et al. investigated the effect of different concentrations of antimicrobial 
agent (cetylpyridinium chloride) using confocal laser scanning microscope (CLSM) 
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and 3D imaging software. Some studies have utilized a germane environmental situ-
ation to resemble the real-world environment. The use of human saliva in this 
method has become popular for investigating biofilms. Cell-free saliva (CFS) plays 
the role of growth medium, and the untreated bacterial cell-containing saliva (CCS) 
plays the role of inoculum that contains bacterial species in the oral cavity. The 
formed multispecies biofilm is washed and stained for in situ confocal laser scan-
ning microscopy [6, 75, 77].

Most studies examine biofilms in a static state. In the oral cavity, designing con-
tinuous fluid flow is preferred to mimic formed biofilm in the body. In the case of 
peri-radicular lesions (non-ideal root canal therapy or pulpal necrosis), there is a 
fluid exchange inside and outside the root canal space that provides feeding and 
flow for the growth of bacteria. Cheng et  al. compared the bactericidal effect of 
several root canal irrigants against Enterococcus faecalis biofilm, recognized as the 
most important persistent endodontic infection. They evaluated E. faecalis biofilm 
in flow state as well as static state [78].

In the study conducted by Lam et al., a high-throughput microfluidic system with 
the name of “artificial teeth” was introduced. This device had different layers of 
channels (e.g., water jackets, gas control, upper and lower flow control), which 
could provide complex and dynamic environmental situations and acquire quantita-
tive characteristics about thickness and cell viability of dental bacteria [79]. The 
summary of microbial studies using a microfluidic device is provided in Table 16.3 
(Fig. 16.5).

5  Summary

Microfluidics is an attractive, rapidly developing, and promising technology that 
may enable detection of certain diseases, such as diabetes and periodontal disease. 
Microfluidics can also be exploited as a diagnostic tool for early detection of com-
plex diseases, such as cancers and viral infections, like HIV. Among the microflu-
idic systems used in the biomedical field, μPADs have become the most commercially 
available system due to their low manufacturing cost, as well as not requiring com-
plex accessories during tests. This developing approach faces many challenges 
requiring standardization to verify its reproducibility and reliability.

For future development, it is expected to involve other technological devices—
such as smartphones or tablets with microfluidics—to analyze the physiological 
state of humans using a drop of saliva or other biological fluids. Considering how 
advanced smartphones have become and how rapidly they are developing, the com-
bination of these technologies will allow continuous and easy health monitoring of 
individuals or target groups. The results can then be sent directly to the patient’s 
physician or healthcare provider. The ramifications of this technology are powerful; 
it has the potential to make major improvements in the quality of life of people in 
modern and developing societies.
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Table 16.3 Summary of microbial studies based on saliva using microfluidic devices

Source of bacteria Microfluidic device/aim
Equipment of 
investigation Reference

S. mutans strains Fabrication of microfluidic device 
evaluating the effect of signaling 
molecule autoinducer 2 (AI-2) on 
S. mutans strains

CLSM, Imaris 
software

[69]

Pre-culture of S. 
mutans + fresh TSB 
(trypticase soy 
broth) + with or without 
sucrose washed with TSB

Microfluidic device with glass 
beads evaluating the effect of the 
environmental factors (metal ions 
and sucrose) on biofilm formation 
of S. mutans

Staining of live 
cells,
CLSM imaging,
AFM imaging

[71]

Washed with 
TSB + conditioned with 
saliva + culture of S. 
mutans

Designing a simple microfluidic 
funnel device
S. mutans aggregates (sucrose- 
dependent and sucrose- 
independent) were evaluated 
under different flow rates and 
times

CLSM and ImageJ 
software

[73]

Pooled human saliva: 
inoculum/nutrient

Developing a high-throughput 
dental biofilm system using a 
commercially available 
microfluidic system
Different concentrations of 
antimicrobial agent 
(cetylpyridinium chloride)

Live/dead stain, 
CLSM and 3D 
imaging software

[6]

Pooled human saliva: 
inoculum/nutrient

Using a commercially available 
microfluidic system

CLSM, Imaris, and 
ImageJ software

[75]

Human saliva Fabrication of microfluidic device 
composed of multiple incubation 
chambers (128) capable of 
controlling different fluid flows of 
each chamber separately
Evaluating the growth of dental 
bacteria
in the biofilm under different 
concentrations of sucrose and 
different dissolved oxygen and 
nitrogen gas conditions

Inverted 
fluorescence 
microscope 
equipped with a 
motorized XYZ 
stage, sCMOS 
camera

[79]

Enterococcus faecalis 
suspension

Using a commercially available 
microfluidic system
Evaluating the bactericidal effect 
of sodium hypochlorite (NaOCl, 
5.25%), strong acid electrolyzed 
water (SAEW), and normal saline 
(0.9%) against Enterococcus 
faecalis biofilm as a root canal 
irrigant

CLSM and ImageJ 
software, SEM

[78]

H. Salehipour Masooleh et al.



355

References

 1. Guan, A., et al. (2017). Medical devices on chips. Nature Biomedical Engineering, 1(3), 1–10.
 2. Yager, P., et al. (2006). Microfluidic diagnostic technologies for global public health. Nature, 

442(7101), 412–418.
 3. Gupta, S., et al. (2016). Lab-on-chip technology: A review on design trends and future scope 

in biomedical applications. International Journal of Bio-Science and Bio-Technology, 8(5), 
311–322.

 4. Sackmann, E. K., Fulton, A. L., & Beebe, D. J. (2014). The present and future role of micro-
fluidics in biomedical research. Nature, 507(7491), 181–189.

 5. Ziober, B. L., et al. (2008). Lab-on-a-chip for oral cancer screening and diagnosis. Head & 
Neck, 30(1), 111–121.

 6. Nance, W. C., et al. (2013). A high-throughput microfluidic dental plaque biofilm system to 
visualize and quantify the effect of antimicrobials. Journal of Antimicrobial Chemotherapy, 
68(11), 2550–2560.

 7. Lim, W. Y., Goh, B. T., & Khor, S. M. (2017). Microfluidic paper-based analytical devices 
for potential use in quantitative and direct detection of disease biomarkers in clinical analysis. 
Journal of Chromatography B, 1060, 424–442.

 8. Meagher, R., & Kousvelari, E. (2018). Mobile oral heath technologies based on saliva. Oral 
Diseases, 24(1–2), 194–197.

 9. Arunkumar, S., et al. (2014). Developments in diagnostic applications of saliva in oral and 
systemic diseases-A comprehensive review. Journal of Scientific and Innovative Research, 
3(3), 372–387.

 10. Chojnowska, S., et al. (2018). Human saliva as a diagnostic material. Advances in Medical 
Sciences, 63(1), 185–191.

 11. Malamud, D. (2013). The oral-systemic connection: role of salivary diagnostics. In Sensing 
Technologies for Global Health, Military Medicine, and Environmental Monitoring III. 
International Society for Optics and Photonics.

Fig. 16.5 Cross section of the BioFlux microfluidic device showing the formed biofilm. The con-
cept of this image is provided by references [6, 76]

16 Microfluidic Technologies Using Oral Factors: Saliva-Based Studies



356

 12. Chen, Z., et al. (2013). Development of a generic microfluidic device for simultaneous detec-
tion of antibodies and nucleic acids in oral fluids. BioMed Research International, 2013, 1–12.

 13. Herr, A. E., et al. (2007). Integrated microfluidic platform for oral diagnostics. Annals of the 
New York Academy of Sciences, 1098(1), 362–374.

 14. Chen, Z., et al. (2007). A microfluidic system for saliva-based detection of infectious diseases. 
Annals of the New York Academy of Sciences, 1098(1), 429–436.

 15. Chen, Z., et al. (2016). A rapid, self-confirming assay for HIV: Simultaneous detection of anti- 
HIV antibodies and viral RNA. Journal of AIDS & Clinical Research, 7(1), 1–8.

 16. Wu, L., et al. (2014). Rapid and reproducible analysis of thiocyanate in real human serum and 
saliva using a droplet SERS-microfluidic chip. Biosensors and Bioelectronics, 62, 13–18.

 17. Pinto, V., et al. (2017). Microfluidic immunosensor for rapid and highly-sensitive salivary cor-
tisol quantification. Biosensors and Bioelectronics, 90, 308–313.

 18. Sriram, G., et al. (2017). Paper-based microfluidic analytical devices for colorimetric detection 
of toxic ions: A review. TrAC Trends in Analytical Chemistry, 93, 212–227.

 19. Roda, A., et  al. (2016). Smartphone-based biosensors: A critical review and perspectives. 
Trends in Analytical Chemistry, 79, 317–325.

 20. Roda, A., et al. (2014). A 3D-printed device for a smartphone-based chemiluminescence bio-
sensor for lactate in oral fluid and sweat. Analyst, 139(24), 6494–6501.

 21. Snober, A., Minh-Phuong, N., & Abdennour, A. (2016). Paper-based chemical and biological 
sensors: Engineering aspects. Biosensors and Bioelectronics, 77, 249–263.

 22. Bhakta, S. A., et al. (2014). Determination of nitrite in saliva using microfluidic paper-based 
analytical devices. Analytica Chimica Acta, 809, 117–122.

 23. Allaker, R., et  al. (2001). Antimicrobial effect of acidified nitrite on periodontal bacteria. 
Molecular Oral Microbiology, 16(4), 253–256.

 24. Klasner, S. A., et al. (2010). Based microfluidic devices for analysis of clinically relevant ana-
lytes present in urine and saliva. Analytical and Bioanalytical Chemistry, 397(5), 1821–1829.

 25. Blicharz, T. M., et al. (2008). Use of colorimetric test strips for monitoring the effect of hemo-
dialysis on salivary nitrite and uric acid in patients with end-stage renal disease: A proof of 
principle. Clinical Chemistry, 54(9), 1473–1480.

 26. Demkowska, I., Polkowska, Ż., & Namieśnik, J.  (2010). Formaldehyde in human saliva as 
an indication of environmental tobacco smoke exposure. Polish Journal of Environmental 
Studies, 19(3), 573–577.

 27. Ramdzan, A. N., et al. (2016). Development of a microfluidic paper-based analytical device for 
the determination of salivary aldehydes. Analytica Chimica Acta, 919, 47–54.

 28. Yang, K., et  al. (2016). Novel developments in mobile sensing based on the integration of 
microfluidic devices and smartphones. Lab on a Chip, 16(6), 943–958.

 29. Deeb, S. (2005). The molecular basis of variation in human color vision. Clinical Genetics, 
67(5), 369–377.

 30. Oncescu, V., O’Dell, D., & Erickson, D. (2013). Smartphone based health accessory for colo-
rimetric detection of biomarkers in sweat and saliva. Lab on a Chip, 13(16), 3232–3238.

 31. Roda, A., et al. (2014). Integrating biochemiluminescence detection on smartphones: Mobile 
chemistry platform for point-of-need analysis. Analytical Chemistry, 86(15), 7299–7304.

 32. Choi, S., et al. (2014). Real-time measurement of human salivary cortisol for the assessment 
of psychological stress using a smartphone. Sensing and Bio-Sensing Research, 2, 8–11.

 33. Zangheri, M., et  al. (2015). A simple and compact smartphone accessory for quantitative 
chemiluminescence- based lateral flow immunoassay for salivary cortisol detection. Biosensors 
and Bioelectronics, 64, 63–68.

 34. Choi, S., et al. (2017). Relationship analysis of speech communication between salivary cor-
tisol levels and personal characteristics using the Smartphone Linked Stress Measurement 
(SLSM). BioChip Journal, 11(2), 101–107.

 35. Rey, E., et al. (2018). Personalized stress monitoring: A smartphone-enabled system for quan-
tification of salivary cortisol. Personal and Ubiquitous Computing, 22(4), 867–877.

H. Salehipour Masooleh et al.



357

 36. Calabria, D., et  al. (2017). Smartphone–based enzymatic biosensor for oral fluid L-lactate 
detection in one minute using confined multilayer paper reflectometry. Biosensors and 
Bioelectronics, 94, 124–130.

 37. Yao, Y., et al. (2017). An electrochemiluminescence cloth-based biosensor with smartphone- 
based imaging for detection of lactate in saliva. Analyst, 142(19), 3715–3724.

 38. Soni, A., & Jha, S.  K. (2017). Smartphone based non-invasive salivary glucose biosensor. 
Analytica Chimica Acta, 996, 54–63.

 39. Jia, Y., et al. (2018). Based graphene oxide biosensor coupled with smartphone for the quanti-
fication of glucose in oral fluid. Biomedical Microdevices, 20(4), 89.

 40. Priye, A., et al. (2017). A smartphone-based diagnostic platform for rapid detection of Zika, 
chikungunya, and dengue viruses. Scientific Reports, 7, 44778.

 41. Song, J., et al. (2018). Smartphone-based mobile detection platform for molecular diagnostics 
and spatiotemporal disease mapping. Analytical Chemistry, 90(7), 4823–4831.

 42. Jung, Y., et al. (2015). Smartphone-based colorimetric analysis for detection of saliva alcohol 
concentration. Applied Optics, 54(31), 9183–9189.

 43. Carrio, A., et al. (2015). Automated low-cost smartphone-based lateral flow saliva test reader 
for drugs-of-abuse detection. Sensors, 15(11), 29569–29593.

 44. Lee, J.-R., et al. (2016). Small molecule detection in saliva facilitates portable tests of mari-
juana abuse. Analytical Chemistry, 88(15), 7457–7461.

 45. He, M., et al. (2016). Portable upconversion nanoparticles-based paper device for field testing 
of drug abuse. Analytical Chemistry, 88(3), 1530–1534.

 46. Kim, H., et al. (2017). Colorimetric analysis of saliva–alcohol test strips by smartphone-based 
instruments using machine-learning algorithms. Applied Optics, 56(1), 84–92.

 47. Potluri, V., et al. (2019). An inexpensive smartphone-based device for point-of-care ovulation 
testing. Lab on a Chip, 19(1), 59–67.

 48. Zhang, L., et  al. (2015). Smartphone-based point-of-care testing of salivary α-amylase for 
personal psychological measurement. Analyst, 140(21), 7399–7406.

 49. Soni, A., Surana, R. K., & Jha, S. K. (2018). Smartphone based optical biosensor for the detec-
tion of urea in saliva. Sensors and Actuators B: Chemical, 269, 346–353.

 50. Kaushik, A., et al. (2014). Recent advances in cortisol sensing technologies for point-of-care 
application. Biosensors and Bioelectronics, 53, 499–512.

 51. Haghi, M., Thurow, K., & Stoll, R. (2017). Wearable devices in medical internet of things: 
Scientific research and commercially available devices. Healthcare Informatics Research, 
23(1), 4–15.

 52. Stedtfeld, R. D., et al. (2015). Static self-directed sample dispensing into a series of reaction 
wells on a microfluidic card for parallel genetic detection of microbial pathogens. Biomedical 
Microdevices, 17(5), 89.

 53. Zhang, X.-X., et al. (2018). Sensitive paper-based analytical device for fast colorimetric detec-
tion of nitrite with smartphone. Analytical and Bioanalytical Chemistry, 410(11), 2665–2669.

 54. Roda, A., et  al. (2019). A simple smartphone-based thermochemiluminescent immunosen-
sor for valproic acid detection using 1,2-dioxetane analogue-doped nanoparticles as a label. 
Sensors and Actuators B: Chemical, 279, 327–333.

 55. Massano, J., et al. (2006). Oral squamous cell carcinoma: Review of prognostic and predic-
tive factors. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology and Endodontics, 
102(1), 67–76.

 56. Abram, T. J., et al. (2016). Cytology-on-a-chip’ based sensors for monitoring of potentially 
malignant oral lesions. Oral Oncology, 60, 103–111.

 57. Lydiatt, D. D. (2002). Cancer of the oral cavity and medical malpractice. The Laryngoscope, 
112(5), 816–819.

 58. Pandya, D., et al. (2015). Lab-on-a-chip-oral cancer diagnosis at your door step. Journal of 
International Oral Health, 7(11), 122–128.

16 Microfluidic Technologies Using Oral Factors: Saliva-Based Studies



358

 59. Patel, V., et al. (2013). DSG3 as a biomarker for the ultrasensitive detection of occult lymph 
node metastasis in oral cancer using nanostructured immunoarrays. Oral Oncology, 49(2), 
93–101.

 60. Weigum, S. E., et al. (2010). Nano-bio-chip sensor platform for examination of oral exfoliative 
cytology. Cancer Prevention Research, 3(4), 518–528.

 61. De, A., et al. (2014). Rapid microfluidic solid-phase extraction system for hyper-methylated 
DNA enrichment and epigenetic analysis. Biomicrofluidics, 8(5), 054119.

 62. Zilberman, Y., Chen, Y., & Sonkusale, S. R. (2014). Dissolved ammonia sensing in complex 
mixtures using metalloporphyrin-based optoelectronic sensor and spectroscopic detection. 
Sensors and Actuators B: Chemical, 202, 976–983.

 63. Zilberman, Y., & Sonkusale, S. R. (2015). Microfluidic optoelectronic sensor for salivary diag-
nostics of stomach cancer. Biosensors and Bioelectronics, 67, 465–471.

 64. Najeeb, S., Slowey, P. D., & Rehmanjj, I. U. (2018). Role of salivary biomarkers in oral cancer 
detection. Advances in Clinical Chemistry, 86, 23.

 65. Lin, Y.-H., et al. (2018). Detection of anti-p53 autoantibodies in saliva using microfluidic chips 
for the rapid screening of oral cancer. RSC Advances, 8(28), 15513–15521.

 66. Dong, T., & Pires, N. M. M. (2017). Immunodetection of salivary biomarkers by an optical 
microfluidic biosensor with polyethylenimine-modified polythiophene-C70 organic photode-
tectors. Biosensors and Bioelectronics, 94, 321–327.

 67. Tian, T., et al. (2017). Based biosensor for noninvasive detection of epidermal growth factor 
receptor mutations in non-small cell lung cancer patients. Sensors and Actuators B: Chemical, 
251, 440–445.

 68. Kim, J., Park, H.-D., & Chung, S. (2012). Microfluidic approaches to bacterial biofilm forma-
tion. Molecules, 17(8), 9818–9834.

 69. Kim, S. H. (2008). Role of AI-2 in oral biofilm formation using microfluidic devices. College 
Station: Texas A & M University.

 70. Koo, H., et al. (2010). Exopolysaccharides produced by Streptococcus mutans glucosyltrans-
ferases modulate the establishment of microcolonies within multispecies biofilms. Journal of 
Bacteriology, 192(12), 3024–3032.

 71. Shumi, W., et al. (2010). Environmental factors that affect Streptococcus mutans biofilm for-
mation in a microfluidic device mimicking teeth. BioChip Journal, 4(4), 257–263.

 72. Kolenbrander, P., Andersen, R., & Moore, L. (1989). Coaggregation of Fusobacterium nuclea-
tum, Selenomonas flueggei, Selenomonas infelix, Selenomonas noxia, and Selenomonas sputi-
gena with strains from 11 genera of oral bacteria. Infection and Immunity, 57(10), 3194–3203.

 73. Shumi, W., et al. (2013). Shear stress tolerance of Streptococcus mutans aggregates determined 
by microfluidic funnel device (μFFD). Journal of Microbiological Methods, 93(2), 85–89.

 74. Ten Cate, J., & Zaura, E. (2012). The numerous microbial species in oral biofilms: How could 
antibacterial therapy be effective? Advances in Dental Research, 24(2), 108–111.

 75. Samarian, D. S., et al. (2014). Use of a high-throughput in vitro microfluidic system to develop 
oral multi-species biofilms. Journal of Visualized Experiments, (94), e52467.

 76. Benoit, M. R., et al. (2010). New device for high-throughput viability screening of flow bio-
films. Applied and Environmental Microbiology, 76(13), 4136–4142.

 77. Foster, J. S., & Kolenbrander, P. E. (2004). Development of a multispecies oral bacterial com-
munity in a saliva-conditioned flow cell. Applied and Environmental Microbiology, 70(7), 
4340–4348.

 78. Cheng, X., et  al. (2016). Bactericidal effect of strong acid electrolyzed water against flow 
enterococcus faecalis biofilms. Journal of Endodontics, 42(7), 1120–1125.

 79. Lam, R. H., et al. (2016). High-throughput dental biofilm growth analysis for multiparamet-
ric microenvironmental biochemical conditions using microfluidics. Lab on a Chip, 16(9), 
1652–1662.

H. Salehipour Masooleh et al.



359© Springer Nature Switzerland AG 2020 
L. Tayebi (ed.), Applications of Biomedical Engineering in Dentistry, 
https://doi.org/10.1007/978-3-030-21583-5_17

Chapter 17
Injectable Gels for Dental and Craniofacial 
Applications

Mohamed S. Ibrahim, Noha A. El-Wassefy, and Dina S. Farahat

1  Introduction

Dental and craniofacial tissue loss due to disease, injury, or congenital anomalies 
can have serious and even detrimental effects on the quality of life. Dental and cra-
niofacial structures, including bone, teeth, cartilage, ligaments, and muscles, form 
complex systems that are responsible for many critical tasks in the living body—
mastication, speech, and craniofacial support, to name a few. Therefore, a lot of 
effort has been dedicated toward the regeneration of these lost or diseased tissues to 
restore, maintain, or improve function. The main goal of tissue engineering is to 
develop functional replacements for diseased or damaged tissues, usually using a 
combination of cells, scaffolds, and growth factors. The scaffolds are designed to 
closely mimic the extracellular matrix and act as templates for tissue regeneration 
and three-dimensional environments for cell support [1]. Injectable scaffolds or in 
situ forming scaffolds have attracted attention due to their unique characteristics, 
which make them the scaffolds of choice over preformed scaffolds in specific indi-
cations such as sites with limited accessibility, irregularly shaped defects, and areas 
with frail tissues or associated morbidity that can’t withstand the implantation pro-
cess of preformed scaffolds [2]. The use of injectable scaffolds enables minimally 
invasive administration of the scaffolds using needles or catheters without the need 
for surgery, consequently avoiding its complications, such as patient discomfort, 
infection, scarring, longer convalescence times, and high surgery costs [3]. Utilizing 
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injectable hydrogels can also help overcome any troubles associated with cell 
 adhesion or bioactive molecule incorporation, as they are simply mixed with the 
scaffold solution prior to administration [4]. There are some requirements a scaffold 
must fulfil to be considered for use as an injectable scaffold for tissue regeneration. 
First, the scaffold should be acceptably flowable before injection, but rapidly 
become immobile after injection into the target site [5]. The injectable scaffold 
should not be toxic to encapsulated cells or to the surrounding tissue; if it undergoes 
gelation in situ, as in cases of hydrogels, it should occur under mild conditions to 
avoid damage of incorporated or surrounding biologic structures [3]. The mechani-
cal properties of a scaffold should help it withstand biomechanical forces and offer 
early support for cells in stress-bearing and non-stress-bearing sites [5]. Finally, the 
scaffold should degrade to provide space for the newly formed tissue at a rate that 
matches that of tissue formation [6].

This chapter reviews the different hydrogel materials used in dental and cranio-
facial tissue engineering followed by a comprehensive discussion of the different 
types of injectable scaffolds, including hydrogels and microspheres. Furthermore, 
different types of hydrogels, categorized according to their method of cross-link-
ing, nanocomposite hydrogels and self-assembled peptide amphiphiles, which are 
chemical compounds that can be assembled into nanofibrillar hydrogels that 
mimic the extracellular matrix, are also discussed. Finally, injectable microspheres 
and the different techniques used in their manufacturing are reviewed.

2  Hydrogel Materials Used in Tissue Engineering

Different kinds of biomaterial scaffolds have been developed to create novel engi-
neered tissues or organs. These scaffolds may act as a replacement for the extracel-
lular matrix (ECM) and have the capability to guide cell attachment and 
proliferation [7, 8]. Ideal scaffold criteria include suitable physical properties, 
mechanical strength, controlled degradation, chemical stability, and biocompati-
bility for cells’ adhesion function and their proliferation. Different biomaterials 
are used as scaffold materials including polymers. Polymers are composed of 
covalently bonded small repeated building blocks to form long-chain molecules. 
Polymers can assume multiple conformations by the rotation of their valence 
bonds [9]. Natural polymeric materials can simulate the physiological reactions 
and microenvironment suitable for tissue regeneration. Natural polymers are bio-
compatible and have a coordinated biodegradation rate that can be beneficial, as 
compared to synthetic polymers [7, 10].

Hydrogels are natural origin polymers often used as the main components of 
injectable scaffolds. This section is dedicated to briefly introduce these 
materials.
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2.1  Collagen/Gelatin

Collagen is a plentiful protein in mammalian tissues, a major part of natural ECM, 
and an attractive material for tissue engineering applications [11]. Collagen is a 
ropelike structure of triple polypeptide chains [12]. Collagen degradation is locally 
controlled by engineered tissue cells, as it naturally occurs by collagenase and ser-
ine proteases [13]. Collagen can be hydrolyzed into a single-strand molecule named 
gelatin [14]. Collagen, gelatin, and glutaraldehyde can all be used for producing 
hydrogel, while chemical cross-links can enhance their mechanical properties. 
Collagen scaffolds can maintain cells’ proliferation and differentiation and can also 
promote calcified tissue formation [15]. However, one in vivo study denoted that 
dental pulp stem cells (DPSCs) seeded in a collagen sponge produced more connec-
tive tissue than a dentin-like tissue and called for further studies on 3D scaffolds 
seeded with DPSCs [16].

2.2  Chitin/Chitosan

Chitin, which is detected in insects’ cuticles, shrimps’ shells, and fungal cell walls, 
is a highly abundant natural polymer. Chitin polymer can promote regeneration 
and has bacteriostatic and fungistatic actions; however, being insoluble in organic 
solvents and water has limited its applications [17]. The deacetylation reaction of 
chitin in alkaline media produces a biocompatible polysaccharide polymer named 
chitosan. Chitosan has antibacterial, antiviral, and antifungal properties; it can pro-
mote wound healing and has biodegradable behavior. For biomedical applications, 
chitosan nanocomposites have been molded into various forms as fibers, sponges, 
or hydrogels, providing beneficial roles in regenerative medicine [18].

An injectable temperature-responsive hydrogel scaffold was produced from chi-
tosan for cartilage tissue regeneration [19]. It was shown that this injectable com-
posite scaffold maintained the chondrocytes’ existence and conserved their 
morphology [20]. Another study made porous chitosan-collagen scaffolds through 
a freeze-drying method and stacked them with TGF-1 and then assessed the in vivo 
cell behavior. It was shown that the human periodontal ligament cells proliferated 
and grew in the scaffold with the recruitment of the adjacent tissue. This means that 
the chitosan/collagen scaffold can function as a substrate for the regeneration of 
periodontal tissue, together with the TGF-1 [21].

2.3  Hyaluronic Acid (HA)

Hyaluronic acid (HA) is a water-soluble naturally occurring polysaccharide 
 significantly spread in the animal connective tissue with many important biological 
roles [22]. Hyaluronic acid and its derivatives have excellent gel-forming properties, 
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biocompatibility, and biodegradability by hyaluronidase; thus, they can be used as 
hydrogels for tissue engineering [23]. The effects of hyaluronic acid sponge on the 
odontoblastic cell responses in vitro, as well as responses of the amputated dental 
pulp of rat molar in vivo, were both examined by Inuyama et al. In vitro results 
showed that cells adhered to the HA sponge’s stable structure, while cell-rich reor-
ganizing tissue was observed in the dentin defect near the HA scaffold in vivo. They 
suggested that because of its appropriate properties, hyaluronic acid sponge can be 
used for dental pulp regeneration [24]. Chondroitin sulfate can be used as a carti-
laginous scaffold in tissue engineering because it can enhance cell proliferation and 
matrix formation. It was revealed that the use of gelatin, chondroitin sulfate, and HA 
scaffolds seeded with chondrocytes supported the survival of chondrocytes, as they 
were constantly distributed and functioned in secreting collagen and ECM [25].

2.4  Alginate

Alginate is a copolymer derived from sea algae, composed of mannuronic and gulu-
ronic acid. Alginate can form stable hydrogels with the existence of divalent cations 
as strontium or calcium at room temperature [26]. Alginate has a good potential for 
regenerative functions; thus, it is indicated in skin, cartilage, and bone tissue repair 
[27]. However, alginate does not comply with all the required properties, with such 
limitations regarding bioactivity, mechanical properties, and biodegradation [28]. A 
nano-scaled fiber matrix alginate scaffold is similar to fibrous ECM proteins (i.e., 
ECM mimetic material) [29]. Studies are being conducted to improve alginate prop-
erties that support the natural tissue growth. Modified alginate with cationic proper-
ties, such as small interfering RNAs or functional DNAs, is important in constructing 
bioactive alginate [27]. In a study, an alginate scaffold was seeded with human 
dental pulp stem cells, and it was subcutaneously implanted to the backs of mice. 
Six weeks later, radiopaque calcified bodies were observed in the mouse back tis-
sue, with the seeded cells having differentiated into odontoblasts and triggered cal-
cification in the alginate scaffold [30, 31].

3  Injectable Scaffolds Used in Dental and Craniofacial 
Applications

3.1  Injectable Hydrogels

Hydrogels consist of cross-linked polymer chains, which form a three-dimensional 
hydrophilic network capable of absorbing substantial amounts of fluids or water. 
The hydrophilic nature of the hydrogels, their high resemblance to the microenviron-
ment of the extracellular matrix, and the ease of combination of cells and drugs into 
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the aqueous solution resulted in their broad use as cell and drug delivery systems 
[32]. The injectable forms of these materials are made of aqueous solutions of gel 
precursors that undergo gelation in situ, mostly under mild settings such as changes 
in pH or temperature or chemical reactions, like a Schiff base reaction [33]. For a 
hydrogel to be used in injectable applications, it should be in a satisfactorily liquid 
state or undergo shear thinning during administration to boost injectability. 
Additionally, the gelation process should commence, or at least is not complete, 
until after injection. The hydrogel should also possess specific characteristics accord-
ing to the intended use. For example, it should contain cellular adhesive capabilities 
if used in tissue engineering or provide sustained release if used for drug delivery 
[34, 35]. Injectable hydrogels in the liquid state undergo gelation in situ via cross-
linking. According to the method used, they are categorized into chemical and physi-
cal hydrogels. Chemical hydrogels result when polymer chains are cross- linked by 
stable covalent bonds, whereas physical hydrogels result from cross- linking of the 
chains with secondary bonds, such as hydrogen and ionic bonding or hydrophobic 
forces. The secondary bonds are inherently weak and respond to alterations in pH, 
solution ionic strength, and temperature, which makes most physical hydrogels 
reversible, unlike chemical hydrogels that are generally irreversible [36, 37]. 
Chemical hydrogels may be associated with harsh cross-linking conditions, such as 
heat liberation during the reaction which may affect any encapsulated cells, loaded 
proteins, or surrounding tissue at the injection site, the need for photo- irradiation, the 
use of organic solvents, or the toxicity of the cross-linking agents. Physical hydro-
gels do not require such factors for gelation, which makes them attractive candidates 
for biomedical applications. However, physical hydrogels were reported to be less 
stable than chemical ones [32].

3.1.1  Types of Injectable Hydrogels According to the Method 
of Cross-Linking

Chemically Cross-Linked Hydrogels

Photopolymerizable Injectable Hydrogels

In this kind of material, the hydrogel precursors are cross-linked in vivo by photo-
polymerization resulting in their gelation. A photoinitiator, which is a compound 
that is sensitive to light with a specific wavelength, is incorporated in the hydrogel 
solution and is responsible for initiating the polymerization reaction. When the 
hydrogel macromers are injected into the target site, they are exposed to a specific 
external light source (ultraviolet or visible light), which causes the photoinitiator to 
break down and form free radicals. The free radicals induce cross-linking by react-
ing with double bonds present in the hydrogel precursors [38]. To enable the polym-
erization reaction, the hydrogel precursors are functionalized with polymerizable 
groups, such as acrylate or methacrylate groups [39]. For example, Nicodemus et al. 
utilized photopolymerizable polyethylene glycol hydrogels as scaffolds to 

17 Injectable Gels for Dental and Craniofacial Applications



364

regenerate the cartilage of the condylar process present in the temporomandibular 
joint with and without dynamic loading. The results indicated that these scaffolds 
are appropriate choices for the encapsulation of condylar chondrocytes in the 
absence of loading. However, dynamic compression inhibited gene expression and 
cellular proliferation [40]. An important advantage of this methodology is the easy 
control of the gelation rate, since the presence of light is a critical factor for begin-
ning the reaction. Adjusting the light intensity, the photoinitiator concentration, the 
number of available cross-linking moieties, and the molecular weight of the poly-
mer macromers helps to control the polymerization rate, mechanical properties, and 
degradation rate of the resulting hydrogel [41].

Injectable Hydrogels Prepared by Click Chemistry

Click chemistry does not denote a specific type of reaction, but rather a synthetic 
concept that is inspired by nature. For a reaction to be categorized as click chemis-
try, it must comply with the strict prerequisites defined by K.  B. Sharpless. For 
example, it should result in high product yield, be wide in scope, produce non- 
harmful products, be easy to perform, be stereospecific, use no solvent or a harmless 
solvent that can be simply removed, and utilize already available reagents. 
Furthermore, if the product requires purification, it should be done using easy non- 
chromatographic methods, like crystallization [42, 43]. In click chemistry, complex 
compounds are produced by joining smaller building blocks using heteroatom links 
(C-X-C) [42, 44]. Park et al. synthesized a BMP-2 immobilized injectable hydrogel 
capable of inducing osteogenic differentiation of human periodontal ligament stem 
cells. First, O-propargyl-tyrosine (OpgY) was incorporated into BMP-2 to prepare 
BMP-2-OpgY with an alkyne group. Then, a methoxy polyethylene glycol- 
polycaprolactone block copolymer hydrogel was prepared via a click reaction 
between the alkyne group on BMP-2-OpgY and an azide group in the diblock copo-
lymer [45].

Injectable Hydrogels Cross-Linked by Michael Addition Reaction

The Michael addition reaction has been commonly exploited to cross-link hydrogel 
precursors in situ to form injectable scaffolds. The reaction involves the addition of 
a nucleophile, a reactant that offers a pair of electrons in a reaction to form a bond 
(e.g., thiol groups), to an electrophilic (having affinity for electrons) α,β-unsaturated 
carbonyl-containing compound (e.g., vinyls and acrylates) [46]. For instance, Li 
et al. synthesized an in situ forming collagen/hyaluronan composite hydrogel via 
rapid Michael addition reaction between thiol-derivatized hyaluronan and maleilated 
collagen. The resulting hydrogel supported proliferation of the seeded cells, and the 
incorporated collagen showed no signs of denaturation due to the reaction [47]. 
Michael addition reactions are preferred in biological applications, since they are 
fast reactions that take place at room temperature without the need for toxic nonbio-
compatible reagents [46, 48].
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Enzymatically Cross-Linked Injectable Hydrogels

Using enzymes as cross-linking agents to produce in situ forming hydrogels has 
recently gained broad attention due to the mild settings of the reaction. Plenty of the 
enzymes that can be used for hydrogel cross-linking are similar to the enzymes that 
naturally catalyze different reactions in the body. For example, transglutaminase, 
which is an enzyme that has a significant role in wound healing and blood clotting and 
is present in nearly every living organism, can introduce covalent bonds between pri-
mary amines and the γ-carboxamide group of a protein or peptide-bound glutamine. 
This can help form stable polymeric networks and thus can be used to cross- link inject-
able hydrogels [49, 50]. Other enzymes that can be used to cross-link hydrogels include 
tyrosinases, peroxidases, lysyl oxidases, plasma amine oxidases, phosphatases, ther-
molysin, and phosphopantetheinyl transferases [51]. The occurrence of these reactions 
at neutral pH, normal temperatures, and a fast rate, in addition to their low cytotoxicity, 
makes this cross-linking method an attractive choice for synthesizing injectable hydro-
gels. Another important advantage is the substrate specificity of the enzyme, which 
helps avoid any adverse reactions with nontarget surrounding tissues [48].

Injectable Hydrogels Prepared by Schiff Base Reaction

A Schiff base is a chemical structure that results from the reaction of nucleophilic 
amines with electrophilic aldehydes or ketones to form an imine compound contain-
ing a carbon-nitrogen double bond with a general composition of R2C=NR′ [39]. An 
example of this reaction used to produce injectable hydrogels is the work by Tan 
et  al., who fabricated a composite scaffold by reacting N-succinyl-chitosan and 
aldehyde hyaluronic acid. The formed hydrogel supported the survival of bovine 
articular chondrocytes, and the cells maintained their chondrocyte morphology 
[20]. Schiff base reaction does not require the use of chemical cross-linkers or cata-
lysts and takes place under normal physiologic conditions. Therefore, it has been 
significantly used in the fabrication of injectable hydrogels [48]. The reactivity of 
the Schiff base is considerably influenced by the pH of the solution. In an alkaline 
solution, it is fairly stable; however, the Schiff base can be damaged by extremely 
low solution pH. This feature enables the control of the reaction rate, and the Schiff 
base can be used as a stimulus-responsive entity [52]. Residual aldehyde groups 
may react with amino groups present in tissues surrounding the injected hydrogel at 
the site of administration, which has resulted in the introductions of novel bioadhe-
sive systems for use in the human body [53, 54].

Physical Hydrogels

Temperature-Sensitive Injectable Hydrogels

These hydrogels undergo gelation and changes in solubility in response to changes 
in temperature. They garnered substantial interest in biomedical applications due to 
their simple administration and almost instantaneous gelling at physiologic 
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temperatures without the need for external cross-linkers. Generally, 
 temperature- sensitive hydrogels are amphiphilic in nature, having both hydrophilic 
and hydrophobic domains. The balance between these domains determines the solu-
bility of the hydrogel [39]. These hydrogels are in the aqueous state at room tem-
perature and solidify when the temperature increases. The threshold at which the 
hydrogel experiences this phase transition is known as lower critical solution tem-
perature (LCST). Below the LCST, the hydrogel is in sol state and transforms into 
hydrogel when its temperature surpasses the LCST. The process is reversible, and 
the formed gel will redissolve upon cooling below the LCST. If the polymer has 
been chemically cross-linked, it will experience changes in its dimensions with tem-
perature changes; in other words, it will be swollen, but not soluble below the LCST, 
and it will contract above its LCST [55].

pH-Sensitive Hydrogels

pH-sensitive hydrogels are hydrogels that experience changes in their volume in 
response to changes in the surrounding pH. Basically, these materials contain basic 
structures, such as tertiary amine groups, acidic entities like carboxylic acids, or 
sulfonamides that undergo ionization. The change in the configuration and the vol-
ume of these hydrogels results from protonation and deprotonation of the functional 
groups [59]. For instance, chitosan hydrogels, which are cationic hydrogels, are 
sensitive and responsive to low pH. They undergo swelling in acidic media due to 
protonation of amino/imine groups with the subsequent repulsion between these 
positively charged moieties on the polymer chains [60]. pH-sensitive hydrogels 
have been comprehensively used as drug carriers, because the release of drugs can 
be controlled by external pH [61]. Since the pH differs from one location to another 
in the body, these hydrogels only release loaded drugs at a specific site, which 
makes them attractive choices for site-specific drug delivery [62].

Injectable Hydrogels Prepared by Ionic Cross-Linking

A common example of injectable hydrogels that undergo gelation by ionic cross- 
linking and are significantly used in dental applications are alginate hydrogels. 
Alginates are polysaccharides consisting of β-(1,4)-linked D-mannuronic acid and 
α-(1,4)-linked L-guluronic acid residues [63, 64]. Gelation occurs in the presence of 
divalent cations, such as calcium ions (Ca+2), where an ionic electrostatic interaction 
occurs between divalent ions and blocks of guluronic units, bridging different chains 
together. The gelation rate is affected by the type of the cation used, as the affinity 
of alginate with divalent cations differs according to the type of the ion [64]. The 
increase in the concentration of the cations and guluronic units increases the rate of 
the reaction. However, increasing the concentration of alginate decreases the rate of 
gelation, which produces hydrogels with a more homogenous structure and better 
mechanical properties [39]. A problem that may affect the use of these materials in 
biomedical applications is their long-term instability. Ionic molecules in the 
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hydrogel may diffuse into the body fluid or get exchanged with other monovalent 
cations from the surrounding environment, influencing the stability and strength of 
the hydrogel [65]. Nevertheless, efforts have been directed to enhance the hydro-
gel’s longevity by incorporating additional covalent cross-linking or photopolymer-
izable groups or by increasing the concentration of calcium cations [35, 66, 67].

3.1.2  Nanocomposite Injectable Hydrogels

Hydrogels have been extensively utilized in biomedical applications due to their 
superior qualities, such as their porous nature, biocompatibility, and close resem-
blance to the extracellular matrix. However, their inferior strength, bioinertness, and 
restricted functionality limited their use in various applications. Nanocomposites 
were introduced in an effort to enhance the performance of hydrogels where nano- 
sized particles are added to serve as reinforcing agents or to impart functionality to 
the hydrogels [68]. Various types of nanoparticles can be used to produce nanocom-
posite hydrogels, such as metal nanoparticles (e.g., silver nanoparticles), inorganic 
nanoparticles (e.g., hydroxyapatite, silica, and calcium phosphate), and carbon 
nanotubes [69]. Composite injectable hydrogels incorporating inorganic nanoparti-
cles are the most commonly used in dental and maxillofacial applications. Nejadnik 
et al. reported the synthesis of a nanocomposite hydrogel consisting of bisphospho-
nated hyaluronic acid and calcium phosphate nanoparticles. The nanocomposite 
showed adhesion to mineralized surfaces like enamel and newly formed trabecular- 
like bone, while a homogenous disbursement throughout the material was also 
detected 4 weeks after injecting the hydrogel into bony defects in Westar rats [70]. 
Martinez-Sanz et  al. investigated the use of hyaluronic acid hydrogel containing 
nano-hydroxyapatite and BMP-2 in mandibular augmentation. An enhanced bone 
formation and osteoinductive ability of nano-hydroxyapatite were evident with 
higher bone formation in hydrogels with the nano-hydroxyapatite particles as com-
pared to hydrogels alone [71]. Gaharwar et  al. synthesized a tough polyethylene 
glycol nanocomposite hydrogel incorporating silicate (Laponite) nanoparticles. 
Addition of the nanoparticles enhanced elasticity, bioactivity, and cellular adhesion 
of the hydrogel providing mechanically strong and elastic tissue matrices for ortho-
pedic, craniofacial, and dental applications [72].

3.2  Self-Assembled Peptide Amphiphiles

Self-assembly is a bottom-up approach in which stable ordered supramolecular 
structures are formed due to spontaneous arrangement and organization of individ-
ual molecules by preprogrammed non-covalent bonds [73, 74]. The most frequently 
studied self-assembling materials in dental and craniofacial tissue engineering are 
the peptide amphiphiles. Peptide amphiphiles with specific sequences can self- 
assemble into nanofibrillar hydrogels creating scaffolds that strongly mimic the 
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extracellular matrix since protein fibrils represent most of the extracellular matrix 
composition. Peptide amphiphiles are chemical compounds that contain both hydro-
phobic and hydrophilic structures. They consist of a hydrophobic non-peptide tail 
that is covalently bonded to a peptide sequence [75]. The ease of inclusion of func-
tional motif sequence (e.g., short peptides) that can stimulate cellular adhesion and 
differentiation in the peptides is a major advantage of this approach in tissue regen-
eration [73]. In aqueous solutions, hydrophobic parts tend to organize to shield 
themselves from water. The collapse of the hydrophobic tail and the hydrogen bond-
ing formed along the peptide axis results in the formation of cylindrical nanofibers 
[75]. Gelation of the formed fibers into a three-dimensional network necessitates 
charge screening that can be achieved by altering the pH or adding electrolytes or 
by ions present in physiologic media. Rosa et al. investigated whether stem cells 
from human exfoliated deciduous teeth (SHED) could generate a functional pulp 
when mixed with PuraMatrix (a nanofibrous peptide hydrogel) and injected into 
full-length human root canals. SHED differentiated into functional odontoblasts, 
which suggested that that approach can be used in immature necrotic permanent 
teeth to complete root formation [76]. Cavalcanti et al. evaluated the compatibility 
of PuraMatrix with dental pulp stem cells (DPSCs) and its effect on their growth 
and differentiation. After 21 days of seeding, the cells expressed markers of odonto-
blastic differentiation, which suggested that this scaffold can be a good candidate 
for use in regenerative endodontics [77]. Galler et al. cultured SHED and DPSCs in 
peptide amphiphile hydrogels with different osteogenic supplements. After 4 weeks, 
SHED showed collagen production and soft tissue formation, whereas DPSCs 
expressed osteoblast marker genes and mineral deposition was reported. The results 
indicated that the utilized scaffold can be used in regenerating both soft and hard 
matrices for dental tissue engineering [78].

3.3  Injectable Microspheres

Microspheres are spherical shaped particles synthesized from organic or inorganic 
materials with a diameter that ranges from 1 to 1000 μm [79]. Microspheres have 
been broadly utilized as controlled drug and bioactive molecule delivery systems 
due to their large volume to area ratio, their adjustable physicochemical character-
istics that enable temporal and spatial control of the release of the loaded agents, 
and their uniform small sizes that facilitate their transport to target locations [79, 
80]. The use of microspheres in cellular applications has also been extensively 
reported. Microspheres can be used for cell culturing in vitro or as a platform for 
transfer and delivery of cells to target locations in cell replacement therapy and tis-
sue regeneration in vivo [81]. When used as cell delivery systems, cells are either 
attached to the surface of the microspheres, usually known as microcarriers, or the 
cells are encapsulated within the spheres and thus known as microcapsules. 
Microcarriers are commonly synthesized with cell adhesion motifs to facilitate 
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attachment of anchorage-dependent cells [82, 83]. Microcapsules are formed by 
cross-linking a suspension of cells and a polymer to encapsulate the cells inside the 
microsphere [81]. The microencapsulation process enables isolation and protection 
of cells from being rejected or destroyed by the immune system without the need of 
immunosuppressive drugs [84].

Microspheres may comprise just one constituent of a scaffold, or they may rep-
resent its basic component. Accordingly, scaffolds involving microspheres may be 
classified into two main types: microsphere-incorporating scaffolds or 
 microsphere- based scaffolds. In microsphere-incorporating scaffolds, microspheres 
are disseminated into another matrix (e.g., hydrogels), to form a composite con-
struct for complex tissue formation [79]. In such structures, microspheres act as 
carriers for drugs, cells, and other bioactive molecules. They might also function as 
a porogen for tailoring the porosity of the scaffolds or as a reinforcing agent in scaf-
folds used in load-bearing applications [85, 86]. Microsphere-based scaffolds con-
tain microspheres as their main building blocks that form integral scaffolds by a 
bottom-up approach. They are categorized into two main forms: sintered or inject-
able scaffolds. Sintered scaffolds are not used as injectable scaffolds, since they are 
prepared by manufacturing discrete microspheres and then fusing them together to 
form a three-dimensional assembly that can be implanted in intended sites [87]. On 
the other hand, injectable microsphere-based scaffolds are prepared as liquid sus-
pensions, gels, or colloids that attain the configuration of a defect when adminis-
tered in a minimally invasive surgery [79]. When using these scaffolds for tissue 
engineering, the cells are mostly mixed with the microspheres in a suspension cul-
ture before being injected into the target location [88]. To ensure adhesion of cells, 
adhesive factors can be blended, coated, or conjugated to the microspheres [81, 88].

Various techniques have been adopted for the fabrication of microspheres. The 
emulsion solvent evaporation technique involves dissolution of the microsphere- 
forming material in a water-immiscible solvent, usually an organic solvent, to form 
the oil phase. The resulting solution is emulsified in an aqueous phase of water 
comprising an emulsifier such as polyvinyl alcohol (PVA). Different methods, such 
as sonication and homogenization, are used to create the oil/water emulsion with 
the subsequent formation of discrete fine-sized droplets. Finally, the evaporation of 
the organic solvent from the droplets is induced by continuous stirring or reduced 
pressure resulting in the formation of the desired microspheres [89, 90]. Precision 
particle fabrication technique enables better control of the size and size distribution 
of the microspheres. In this technique, a jet of microsphere-forming solution is 
pumped through a small orifice and is interrupted by a piezoelectric transducer at a 
predetermined frequency, breaking the jet down into uniform droplets. The stream 
of droplets is driven by a non-solvent carrier stream into 1% solution of PVA and 
then stirred to allow evaporation of the solvent to produce the microspheres [91, 
92]. Spray drying is also a common procedure to produce organic and inorganic 
microspheres. It involves spraying a solution, suspension, or emulsion of the 
microsphere- forming material into a drying gas (e.g., nitrogen) by atomization to 
form fine droplets. When the solvent evaporates, the droplets harden, and the 
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formed microspheres are recovered from the drying gas and collected [93, 94]. 
Thermally induced phase separation has recently been utilized for the production of 
porous microspheres. This technique encompasses adding an emulsion or solution 
of the microsphere- forming material, mostly a polymer, in a drop-wise fashion into 
liquid nitrogen. The extremely low temperature induces phase separation into a 
polymer- rich phase and a polymer-lean phase with solvent crystallization. The sol-
vent crystals are removed by lyophilization with the subsequent production of 
porous microspheres [95, 96]. Liu et al. prepared nanofibrous hollow microspheres 
by synthesizing star-shaped poly(L-lactic acid) followed by an oil-in-oil emulsifi-
cation process and phase inversion and separation to stimulate the self-assembling 
of the polymer solution into nanofibrous hollow microspheres [97]. Kuang et al. 
utilized nanofibrous spongy microspheres as carriers for human dental pulp stem 
cells to regenerate dental pulp tissues. In comparison to control carriers (nanofi-
brous microspheres and smooth microspheres) used in the study, nanofibrous 
spongy microspheres improved cellular attachment, proliferation, odontogenic dif-
ferentiation, and angiogenesis. Increased tissue and blood vessel formation was 
also reported when cell-seeded microspheres were subcutaneously injected into 
mice, compared to control microspheres. The results were attributed to the nanofi-
brous porous nature of the microspheres that simulated the extracellular matrix and 
offered a favorable microenvironment to the cells [98].

4  Conclusion

Various materials and approaches for fabrication of injectable gels for dental and 
craniofacial applications have been reviewed in this chapter. Chemically and physi-
cally cross-linked hydrogels have been reviewed regarding their types and methods 
of processing. Nanocomposite hydrogels as well as peptide amphiphiles which can 
self-assemble into nanofibrillar hydrogels creating scaffolds and mimic the extra-
cellular matrix have been explained. The chapter also includes the review of 
microsphere- incorporating scaffolds that form a composite construct for complex 
tissue formation and act as carriers for drugs, cells, and other bioactive molecules. 
Injectable microsphere-based scaffolds that are prepared as suspensions mixed with 
cells and administered in a minimally invasive surgery have been discussed in this 
chapter with descriptions about their methods of fabrication.
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Chapter 18
Animal Models in Dental Research

Hanieh Nokhbatolfoghahaei, Zahrasadat Paknejad, Mahboubeh Bohlouli, 
Maryam Rezai Rad, and Arash Khojasteh

1  Introduction

Comparative biomedical sciences are founded on the concept that animal species 
share physiological, behavioral, or other characteristics with humans. Animal mod-
els are often superior to in  vitro or clinical studies. Since human studies cannot 
always be coupled with harvesting the tissues or body parts necessary for micro-
scopic analyses and defining the biologic impact of the regenerative methods and 
materials, animal studies are critical in addressing mechanistic questions and serv-
ing as an essential link between hypotheses and treatments. A high-quality designed 
animal experiment provides fundamental information for the future randomized 
clinical trials in human.
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In dental research, animal experimentation is essential in order to understand the 
basic biology underling dentomaxillofacial anomalies and diseases, as well as eval-
uating the various medications and treatment approaches. Since there is no single 
animal model that represents all aspects of dental anomalies, dental tissue architec-
ture, and disease process and healing, the goal should be the use of various models 
that provide insights into the mechanisms of disease and treatments. In dental 
research, animal models, including monkeys, dogs, rabbit, sheep, mini-pigs, rats, 
and mice, are frequently used in interventions. The selection of an experimental 
model is determined according to research objectives, as well as constraints such as 
housing of large or nonstandard animals. In most cases, small animal models would 
be sufficient to assess the role of disease procedure at the histological level and 
provide enough statistical significance and preclinical relevance. The use of large 
animals with ethical and social issues, such as monkeys and dogs, should be consid-
ered for last phase of validation of new treatments, prior to use in human clinical 
practice.

This chapter composes of the general information of different animal models 
used in various specialties of dentistry. Also, an emphasis has been given to the 
required ethical guideline in order to design an animal model.

2  Animal Model Classifications

Animal models can be classified based on the aspects of the different studies, which 
are described below.

In the first classification, the animal models may be classified according to the 
aim of studies [1]. The models may be exploratory, which tends to help the discov-
ery of a biological process, including either an operative and normal biological 
mechanism or an abnormal biological mechanism. The next model is called explan-
atory, which helps to interpret more or less complex biologic problems. In order to 
achieve the results, in addition to the animal model, other study models could be 
used, including the in  vitro studies, bioinformatics databases, and computer 
simulations.

The most common and important model is predictive models. These models are 
used to evaluate the function of a drug or a treatment approach in a physiologic 
environment [1, 2].

To select an appropriative animal model, similarity between animal species and 
human in terms of biological and physiological structures is very important—this is 
termed fidelity. Therefore, high-fidelity models are the best models to study a bio-
logical process. Moreover, if the symptoms shown by animals are similar to those of 
human, this is called homology. However, homologous models are relatively few, 
and most of the models are partial models, in which they can show symptoms that 
are somewhat similar to humans.
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Animal models are generally used to evaluate the cause, process, and treatment 
of human models. Thus, another classification, called the classification of disease 
models, includes four groups that are described below [1].

Induced (experimental) disease models: In this group, the healthy animal is used 
to induce a disease or an abnormal mechanism, and then, the disease process and the 
selected treatment approach are evaluated, for example, the induction of bone 
regeneration by a calvarial bone defect [3, 4] and induction periodontitis by inocula-
tion or injection of human oral bacteria into animal’s gingival tissues [5]. To achieve 
the best results, animal models should be high-fidelity or homologous models. 
Nevertheless, most induced models are partial because the etiology and physiology 
of the disease are different in animals.

Spontaneous disease models: Genetic mutations cause many human disorders 
[6]. In this group, a genetic mutation is created in the animal model, and then the 
progression of the disorder and its treatment are studied. These models can be help-
ful to study various disorders in humans. Outstanding examples of spontaneous 
models are nude mice, which can receive many different types of tissue and tumor 
grafts, and Snell’s dwarf mice, without a functional pituitary. The experimental 
models are often partial models because an impaired gene or sequence of the gene 
results in the activation of other genes and physiologic processes, which results in 
differences between human beings and animal models [1].

Transgenic disease models: Considering the advances in genetic engineering and 
embryo manipulation technology, transgenic disease models are an important cate-
gory of animal disease models. The many physiological responses are controlled by 
more than one gene. These models are created by the insertion of DNA sequences 
into the genome or deletion of specific genes from the animal’s embryo, and they 
help to compare normal and abnormal physiological conditions at the level of gene 
and protein expressions up to the level of biological and behavioral changes [1]. For 
example, transgenic mice that resemble Amelogenesis imperfecta misexpress the 
ameloblastin gene [7]. Transgenic models are similar to spontaneous disease mod-
els from many aspects.

Negative animal models: This model includes animals that do not respond to 
external stimuli, such as pathogenic organisms or allergens. The main application of 
this animal model is to understand mechanism of resistance through study physiol-
ogy and biology of animals. A famous example of negative animal models is resis-
tance to gonococcal infection in rabbits [1].

The third classification of animal models is introduced by Page and Schroeder 
[8]. In this classification, more attention is focused on the size and species of ani-
mals. In this regard, three main groups are outlined: the first group includes small 
rodent animals which include mice, rat, hamster, and mink. Dog and sheep are 
placed in the second group, which is assigned as large animals division. The third 
group is nonhuman primates, such as baboon, Macaca, chimpanzee, and gorilla [8].
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3  Animal Selection for Different Field of Dentistry

3.1  Endodontics

Dental pulp tissue is often damaged by infection, such as cariogenic and periodontal 
bacteria, dental trauma, and clinical operative procedures [9]. Once the pulp tissue 
is exposed to bacteria, it begins a process of irreversible pulpitis, which cannot be 
healed at all; subsequent proceeding of inflammation would cause necrosis [10]. A 
routine clinical treatment for infected, necrotic pulp tissue, or even teeth with some 
degree of pulpitis, is root canal therapy (RCT), which involves the extirpation of 
injured pulp and filling of the root canal systems with bioinert synthetic materials. 
The main aim of an RCT is to prevent bacterial spread via the infectious root into 
peri-apex neighboring bone. However, endodontically treated teeth are prone to 
fracture and periapical infections resulting from inadvertently left pulp remnants, 
which are good substrata for bacterial growth. Also, patients experience the absence 
of sensitivity with endodontic treated teeth [9]. Strategies to overcome these limita-
tions have been established. Although usage of superior filling materials and sealers 
has extensively promoted the long-term outcome of RCT, pulp tissue regeneration 
is still the treatment of choice for involved teeth for which tissue vitality and sensa-
tion can be maintained (Table 18.1).

Primary assessment of dentin-pulp complex regeneration by means of new treat-
ments, materials, and cell sources is feasible by ectopic evaluations in animal mod-
els, instead of orthotropic assessments. Ectopic transplantation is chosen for 
investigations due to its advantages, including being rapid and reproducible, requir-
ing easy surgical access, and providing minimal labor for animal. Formation of pulp 
and dentin-like tissue is expected for endodontic regeneration when a tooth or tooth 
slice undertaking the new treatment modality is transplanted into ectopic sites [11]. 
Although a variety of researches have confirmed the regeneration of mineralized 
tissue within a transplanted tooth, a few reported detection of dentin-like tissue and 
mostly found tissue that instead reflects the bone-like morphology [12]. Subcutaneous 
tissue, renal capsule, and in-jaw sites have been used for ectopic implementation of 
tooth [10, 11]. It is claimed that differentiation of stem cells within transplanted 
teeth is likely assigned to the different microenvironments of transplanted sites 
rather than the cell origin. For instance, rat calvarias have showed to offer a more 
appropriate condition for the formation of pulp-like tissue than dorsal tissues in 
these animals [13]. Small animals such as mice or rats are preferred over large ani-
mals, since the experiment is more cheap and the breeding management and ethical 
considerations are less concerned. Mice are the most frequently employed species 
for ectopic implementation. In addition to easier and inexpensive manipulation, the 
mouse genome is highly similar to that in humans and its anatomy is well known 
[10].

Disease modeling prior to pulp regeneration requires a pretreatment conditioning 
of root, which is applied by exposure of the pulp chamber via creation of access 
cavity. This procedure is followed by either total removal of the pulp tissue or 
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 disruption of the pulp chamber without extirpation of root pulp [14–21]. Some 
researchers tend to evaluate the pulpal response to the new treatment modalities in 
the absence of bacterial interferences. For this aim they apply their treatments after 
root conditioning [22]. In opposition, some studies assess the confounding effects 
of bacteria on pulp regenerative therapies and confirm the microbial contamination 
by observation of periapical lesion. Bacterial invasion can be induced under aerobic 
conditions, which is performed by leaving the access cavity open for 1–3 weeks [17, 
18]. Anaerobic technique is applicable by coronal sealing of teeth after its exposure 
to oral environment [19, 23–25] or intentional placement of plaque suspension 
inside the root canals that can be transferred by sponge, cotton balls carrier, or even 

Table 18.1 Tooth formula of permanent teeth and eruption time in some species

Animals

Permanent 
formula
Maxillary ICPM
Mandibular 
ICPM

Total 
teeth Eruption time References

1 Rodents 1003
1003

16 I1: 8–10 d [47, 48]
M1: 19 d, M2: 21 d, M3: 35–40 d 
[48]

[47, 48]

2 Ruminants 0033
3133

32 I1: 13–16 m, I2: 25–28 m,  
I3: 33–36 m
C: 45–48 m
P2: 27–32 m, P3, 4: 25–30 m
M1: 1–4 m, M2: 8–13 m,  
M3: 22–40 m

[49]

3 Rabbit 2033
1023

28 0–5 w [50]

4 Ferret 3131
3132

34 50–74 d [51]

5 Cat 3131
3121

30 I1, 2, 3: 3.5–5.5 m
C: 5.5–6.5 m
P2, 3, 4: 4–5 m
M1: 5–6 m

[52]

6 Dog 3142
3143

42 I1, 2, 3: 3–5 m
C: 5–7 m
P1: 4–5 m, P2, 3, 4: 5–6 m
M1: 4–5 m, M2: 5–6 m, M3: 6–7 m

[52]

7 Pig 3143
3143

40 I1: 12–16 m. I2: 16–20 m.  
I3: 8–10 m
C: 8–10 m
P1(man): 18–24 m. P1 (max): >28. P2, 3, 4: 
12–15 m
M1: 4–6 m. M2: 9–12 m.  
M3: 24–28 m

[53]

8 Primates 
(Mostly)

2123
2123

32 I1: 48–84 m, I2: 54–97 m
C: 78–121 m
M1: 67–102 m, M2: 73–109 m

[54]

C canine, d day, I incisor, M molar, m month, P premolar, w week
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alone [15, 16, 20, 21, 26–29] (Fig.  18.1). It seems that application of the latter 
method, which assesses the bacterial confounding factor, is more easily extrapo-
lated to clinical treatments. But, it should be considered that delivery of bacterial 
suspension inside the canals in some species, such as canine, is more preferable 
since the higher pH of saliva is not in favor of bacterial colonization that is proposed 
to occur in case of exposure to oral cavity [30].

Proper establishment of disease modeling for better judgment of pulp responses, 
along with a comprehensive knowledge about tooth and root anatomy of various 
species, is crucial. The shape of animal teeth depends greatly on its diet. Herbivores 
possess molars and premolars with broad chewing surfaces for continuous grinding 
and grazing of the plant and grain matter. Dental crown attrition has been matched 
by the development of hypsodonts or high-crowned teeth in herbivorous mammals 

Fig. 18.1 Endodontic disease modeling chart
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and has been explained as an adaptation to the wear-inducing diet of high fiber 
(Fig. 18.2) [31]. This is a kind of tooth that grows continuously throughout the ani-
mal’s life to compensate for the attrition of respective tooth. It has a long anatomic 
crown, in which the subgingival part is regarded as reserve crown. The entire length 
of crown below and above the gum line is covered by enamel and cementum, which 
surrounds the enamel surface [32]. Hypsodont teeth can be either radicular, eventu-
ally forming an anatomical root, or aradicular, which never makes an anatomical 
root. Similar to herbivores, lagomorphs and rodents represent hypsodont features. 
The incisor of all rodents, incisor and cheek teeth of lagomorphs, cheek teeth of 
ruminants, and whole dentition of horses show these characteristics. The constant 
growing and wide-open apical foramen of hypsodonts have made them an inappro-
priate model for any purpose in field of dental research.

In contrast to rat incisors, rat molars are brachydonts, and overlooking their 
small size for performing the access and treatment, they serve as a suitable model 
for endodontics. Also, germ-free rats are advantageous for evaluating the role of 
non-infective factors in the establishment of periapical lesions [33]. Among small 
animals, ferrets have been suggested as an appropriate animal model for pulp regen-
eration experiments due to its closer phylogenetic relationship to humans. 
Endodontic procedure is better to be carried out on its large single-rooted canine, 
which has adequate pulp size and proper root anatomy [34].

Dogs have been introduced as a proper model for experimental endodontics and 
have been utilized widely for this purpose. They have teeth with large enough size, 
making endodontic treatments easier, and their premolar is the tooth of choice due 
to its similarity to human molars [35–38]. But the pulp anatomy restricts its manipu-
lation for study of mature teeth [33], since the apical portion of the canal varies from 
that in human, consisting of a delta with a complex system of cavities for passage of 
blood vessels and nerve branches to the root apex [39]. Masson et al. revealed that 
100% of teeth extracted from dog more than 1 year old represented apical delta [40]. 
The apical arborization is associated with either cleaning or filling deficiency, which 
results in persistence of apical lesion and treatment hampering. Similarly cats and 
ferrets have the apical delta and consequent chronic lesions have been reported [39, 
41]. These animals are suitable for the design of experiments in immature teeth, 

Fig. 18.2 Hypsodont teeth 
of horse. (Reuse with 
permission) [55]
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which is elaborated in the pediatric section. It is notable that creation of access cav-
ity for the endodontic goals in cats and dogs requires further attention. The enamel 
in these two animals is thinner than that of the human (i.e., 0.2 mm in cats and 
0.5 mm in dogs, compared with a thickness of up to 2.5 mm in human) [42]. In addi-
tion, dog furcation in multiple-rooted teeth is highly close to CEJ line, so there is 
potential for perforation risk (Fig. 18.3).

Swine is another accepted animal model for study of endodontics and periapical 
lesions, albeit not the entire dentition. Long and curvy anterior teeth and molars 
with complex anatomy and difficult accessibility are not potentially suitable teeth 
for experiments. Swine premolars are relatively easier samples for such studies, 
except for the ones that have multiple split roots like maxillary fourth premolars 
[22].

Sheep appears to be an appropriate animal model for endodontic regeneration 
research [35] due to their incisor teeth being similar to humans in many anatomical 
and histological aspects [43]. A prominent feature of ruminant dental anatomy is the 
lack of upper incisors and presence of dental pad.

Due to both psychopathological and anatomical similarities of primates to 
human, they have been used in many endodontic regeneration studies [44–46]. 
However, special consideration should be taken when applying treatment to their 
premolar and molars because of the multi-rooted features [33].

3.2  Pediatric Dentistry

Today, both children and parents place a considerable value to pediatric dentistry, 
and there is a growing interest toward the preservation of primary teeth. The decidu-
ous dentition plays a crucial role in the fate of successive teeth, since they maintain 
the required space for eruption of permanent teeth. Also, infection in primary teeth 
can easily harm the bud of succeeding teeth due to close proximity to the deciduous 
tooth root. Besides, the most important aspect for unhealthy dentition turns to the 
child’s self-confidence: the speech, esthetics, and smiling of the baby can be nega-
tively influenced. There are two major concerns that have drawn dentistry pediatri-
cian’s attention.

3.2.1  Immature Pulp Regeneration

The main challenge is the vital pulp salvation and regeneration of damaged or infec-
tious teeth. Although a tooth can be maintained in the oral cavity without vitality, it 
is appealing to keep the pulp vital since the immature teeth walls need to thicken 
and elongate until the apex is thoroughly closed.

The possibility of revitalization treatment of immature infected teeth is a recent 
progress providing considerable biological advantages [13, 56]. The first approach 
to regenerate dental pulp dates back to the experiment conducted by Ostby in the 
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Fig. 18.3 Dental anatomy of sheep, pig, dog, rabbit, rat, and cat (Reuse with permission) [55]
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1960s, who discovered the role of blood clot in regenerative therapy using a dog as 
an animal model [57, 58]. This foundation led to apexification method, which 
focused on achieving disinfection, followed by creation of an apical barrier [59, 60]. 
Vital pulp therapy is the treatment of choice for traumatized or carious teeth with 
vital pulp and open apices on pulp exposure [61–63]. The procedure is performed 
by amputating coronal pulp and covering the remaining pulp with suitable capping 
biomaterials [62]. Apexogenesis is one of the most common approaches for vital 
pulp therapy. Unlike apexification, apexogenesis allows continuation of the root 
formation, leading to apical closure, stronger root structure, and a greater structural 
integrity [64] (Fig. 18.4). Continuing the development of apexogenesis and vital 
therapy of pulp tissue, nowadays scientists have concentrated mostly on introducing 
a better method or production of a novel material that can promote outstanding 
pulpal regeneration, which should be primarily be tested on animal models.

Creation of pulpal necrosis in immature teeth of animal models is identical to 
adult mature teeth and can be produced by either tooth exposure or subsequent 
removal of pulp tissue or pulp disruption and leaving the pulp open to the oral envi-
ronment for a predetermined period. The latter method is designed to induce the 
pulpal necrosis by means of oral bacteria and seems to be the preferred technique 
for this aim. Many researchers take the oral radiography after the exposure period to 
ensure that a periapical lesion has emerged following the bacterial invasion to the 
chamber [65].

Various animal models have been investigated for evaluating the new methods 
and novel materials for regenerating the pulp of immature teeth [18, 19, 25, 29, 65, 
66]. In this field, although many studies have been devoted on rat models [65], treat-
ment protocols for immature teeth still have been inspected mainly in dogs [18, 20, 
25–28, 65]. Monkeys have been used extensively for pulp regeneration of immature 
teeth because of the exemplary anatomical resemblance to human dentition. 
However, the monkey is not a favored choice for investigation of pulp regeneration, 

Fig. 18.4 Root canal revascularization procedure. (Reuse with permission) [78]
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since their pulp tissues have greater recovering ability compared to human teeth. 
Also, they are extremely resistant to the impact of oral contamination, which is 
capable of hard tissue repair in the form of dentin, cementum, and bone, even in the 
presence of severe inflammatory disease. Therefore, the monkey is not a favored 
choice for investigation of pulp regeneration. In contrast, canine teeth are more 
sensitive to damages and infection due to higher permeability of dentin and cemen-
tum. So, it is expected that successful treatments in the more sensitive teeth of dogs 
are more likely to provide satisfactory results in human. This has made dogs an ideal 
animal model for immature vital pulp therapy.

The key factor to consider when performing treatment on immature teeth is the 
knowledge of apical closure timing. Rat immature molars are chosen for pulp 
regeneration in this species, since the incisors do not develop an anatomical root 
and possess continuous growing capability throughout life that limits the experi-
mental procedures [67]. Therefore, regarding the studies carried out by Scarparo 
and Duarte, rat molars represented an open apex in 4–5 weeks of age [65]. 
Ascertaining the age at which the dog root is completed has been verified by radio-
graphic evaluation—the apices of the upper first and second incisors, lower premo-
lars, and molars are closed at 7 months of age. The root apices of the upper third 
incisor and premolars are completed at 8 months of age, while the apex of the 
upper canine is closed later at 9.5 months of age [68]. Histological evaluation has 
revealed that apical closure occurred with approximately 1-month discrepancy, in 
which most of the teeth are closed at 7 month and all teeth, including canines, are 
completed at 8 month of age [69]. A notable matter is that all investigations on pulp 
regeneration of immature teeth should be performed on the permanent dentition, 
since the roots of primary teeth are expected to resorb and the efforts to maintain 
the root development processes are not dialectical. In this regard, it should be elab-
orated that different species exhibit various dentition types. Animals with two suc-
cessions of teeth (i.e., deciduous and permanent teeth) are labeled as diphyodonts 
and include dogs, rats, rabbits, and most of other mammalians that are involved in 
experimental study of dentistry (Table  18.2). In contrast, the dentition of some 
animals, like rats, displays only one set of teeth throughout life and is defined as 
monophyodont [70].

Table 18.2 Biquadrant dental formula of deciduous teeth for different species

Tooth species Incisors Canine Premolar Molar Total number References

Beagle dog 3/3 1/1 – 3/3 28 [76]
Cat 3/3 1/1 3/2 – 26 [52]
Sheep 0/3 0/1 3/3 – 20 [52]
Rhesus monkey 2/2 1/1 – 2/2 20 [77]
Pig 3/3 1/1 3/3 – 28 [52]
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3.2.2  Avulsed Teeth Replantation

Traumatic injuries to the teeth mostly cause tooth displacement in its alveolar 
socket. If the tooth is totally displaced from its own socket, avulsion has occurred, 
in which the pulp neurovascular supply and the periodontal ligaments would cut off 
[71]. Replantation at the socket of avulsed tooth can provide the best long-term 
results, if the pulp is regenerated properly and the healthy PDL reattaches to the 
tooth wall. These complications can cause inflammatory or replacement root resorp-
tion. Pulp revascularization is more prospective in immature teeth, since the apical 
foramen is not completely formed and the blood supply is favorable for pulp regen-
eration. Moreover, the presence or absence of bacteria in the pulp lumen is the other 
confounding factor that affects the pulp revascularization success. The prognosis of 
a replanted avulsed tooth is influenced by the extra-alveolar time, storage medium 
prior to replanting, root conditioning before replantation, careful manipulation of 
tooth during transfer, intracanal medication, and systemic antibiotic administration 
[72]. These factors should be considered to reduce the bacterial accumulation inside 
the pulp cavity and mainly to maintain the maximum possible viable cells of PDL 
on the root, leading to tooth reattachment to the socket bone and eliminating the 
osteoclast invasion after replantation. Hence, many studies have been designed to 
optimize the interfering factors, including the determination of the ideal time for 
replantation or the best transferring medium [72, 73]. To mimic the avulsion acci-
dent in animal studies, the purposed teeth should be extracted atraumatically 
(Fig. 18.5), unless the research is designed to evaluate the replantation accomplish-
ments in a fractured alveolar bone.

The choice of animal model and the extracted tooth in investigation of avulsed 
teeth is still controversial. Basically, determined teeth are better to be selected from 
the animal’s single-root teeth or sectioned teeth. However, some studies have been 
conducted on double or multiple-root teeth [74]. The maxillary central incisors are 
the most commonly involved teeth [75], that almost always have a single root, so 
treatment modalities for avulsion of single-root teeth in animals can be more easily 
extrapolated to human condition. Rats and dogs are the two species that have been 
mainly used. However, rat incisors are continuously growing and have an extreme 
curvature [67], which hamper the atraumatic extraction of teeth. Also, rat molars 
have double roots, and removal of teeth without root fracture or damage is  somewhat 

Fig. 18.5 Atraumatic 
tooth extraction in a canine 
model. (Reuse with 
permission) [79]
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difficult. Therefore, rats are not considered as a proper animal model for this experi-
ment. Although presence of apical delta in canine mature teeth has the possibility to 
deviate the animal responses to replantation from human teeth (Fig. 18.6) [67], dog 
incisors are the more suitable models for avulsion studies because the healing pro-
cesses of teeth and supporting tissues, along with the curvature of the incisor, are 
similar to that of humans.

3.3  Periodontics and Implant Dentistry

Dental plaque has been proven to initiate and elevate gingival inflammation. 
Gingivitis, the gentlest form of periodontal disease, is frequently established by the 
bacterial biofilm accumulation on teeth surfaces, adjacent to the gingiva, and is the 
result of an interaction between microorganisms and inflammatory reactions of host 
responses. However, gingivitis is reversible, since it does not destruct the supporting 
structures of the teeth and is confined to the soft tissues [81]. Following the accumu-
lation of subgingival plaque with greater microbial density and the prolonged reten-
tion of the specific microorganisms, further disinsertion of periodontal ligaments 
and destruction of alveolar bone provokes and results in increased pocket depth, 
recession, or both. Invasion of the host inflammatory infiltrate in the periodontium 
is the major pathological characteristic of periodontitis, which can be altered by the 
effects of local factors or systemic conditions [82, 83]. The clinical signs that dis-
criminate between periodontitis and gingivitis are attachment loss, alveolar bone 
resorption, and periodontal pocketing.

As an analogy to periodontal disease, accumulation of plaque on the mucosal 
margin of implants is the contributing element for inflammatory response of peri- 
implant tissue that can result in implant failure. These processes are delineated as 
peri-implant mucositis and peri-implantitis are the main complications of implant 

Fig. 18.6 Apical delta in a 
dog tooth. (Reuse with 
permission) [80]
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treatment. Peri-implant mucositis is the inflammation of implant-surrounding 
mucosa without the breakdown of the supporting bone [84]. On the other hand, peri- 
implantitis leads to deprivation of bone at osseointegrated implants [85]. Peri- 
implantitis and periodontitis have several biological and clinical similarities except 
in peri-implantitis, the presence of larger and deeper lesions, higher inflammatory 
cell infiltration, and greater osteoclast number occurs [86, 87].

Treatment of these adverse conditions is mainly based on accurate hygiene regi-
men that is aimed at the stabilization of disease progression or alleviation of the 
inflammation [88]. However, periodontium has a minimal capability for regenera-
tion since the prolonged chronic inflammation reduces the number of resident stem 
cells within the periodontal niche and attenuates the potential of tissue repopulation 
[89]. Therefore, considering other procedures is crucial to restore the damaged den-
tal supporting apparatus of the cementum, periodontal ligaments, and alveolar bone, 
such as bone grafting, guided tissue regeneration, or tissue engineering approaches. 
In periodontal research, human longitudinal studies encounter many complications, 
such as various unpredictable host immune responses and determining the stages of 
disease activity. In addition to disease complexity, the inflammatory reaction of the 
host is not linear due to an increase in the number of microbial species associated 
with periodontal breakdown as a function of inflammation and immune system 
activity. So, in addition to in vitro experiments, it is necessary to choose laboratory 
animal models prior to testing the safety and efficacy of new treatments in human 
[90].

Given the simultaneous role of living microorganisms and host inflammation, 
animal models were primarily used to determine the association of the bacterial 
etiology and host responses to uncover the pathogenesis of periodontal disease 
mechanism. In this regard, production of genetically modified transgenic or knock-
out variants, especially in small animals, gives the opportunity for discovering the 
single biological aspect of periodontal disease [91]. Utilization of gnotobiotic or 
germ-free animals, such as germ-free rats of the Sprague Dawley strain, seems to be 
beneficial to demonstrate the ability of various bacterial species to form plaque and 
propagate periodontal lesions in the absence of other microorganisms or to scruti-
nize the mono-infections by periodontopathogens [92].

Also, animal experiments are designed for the trial of possible regenerative and 
tissue engineering periodontal remedies to provide acceptable evidence for transla-
tion of these modalities into clinical setting. Within the context of periodontal dis-
ease and regenerative treatments, numerous animals from different species 
comprising small animals and large models have been employed. In certain species, 
periodontitis can occur naturally, like beagle dogs and nonhuman primates in late 
life with asymmetric pattern, whereas in others, periodontal lesions require experi-
mental induction [93]. For intentional induction of periodontal disease and peri- 
implant lesions, great emphasis has been put on producing chronic inflammatory 
responses in addition to defect creation in order to mimic the naturally occurring 
periodontitis. This aim is achievable by placing plaque-accumulating devices, 
including resin blocks [94], non-resorbable sutures, impression materials [95], orth-
odontic elastics [96], and ligature wires [97, 98] around teeth in the gingival sulcus 
for 4–24 weeks depending on the type of animal studies. These foreign bodies are 
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fixed around the teeth to initiate sulcular epithelium ulceration, which accelerates 
the invasion of connective tissue. Chronic stimulation of periodontitis can be also 
obtained by introduction of virulent bacterial species into the oral microbiota, 
known as gavage method, injection of bacterial species, or their virulence factors, 
such as the lipopolysaccharide, into periodontal tissues (Fig. 18.7). The common 
bacterial species utilized for propagation of periodontitis are Porphyromonas gingi-
valis, Actinobacillus actinomycetemcomitans, and Streptococcus mutans [99]. 
Bacterial inoculation disturbs the native oral microbiota and changes the oral envi-
ronment in favor of periodontal pathogen proliferation. Alteration of animal feeding 
to a sucrose-rich diet or even a soft-minced diet can develop a rapid proliferation of 
bacteria and would facilitate the plaque accumulation and subsequent inflammation 
cascades [100, 101]. Exposure of the animals to chronic cold stress is another 
approach for induction of periodontal destruction [102]. However, extent and con-
figuration of the consequent periodontal lesions are not always predictable by these 
naturally inducing methods, since the inflammatory tissue destruction may change 
the expected designed resorption morphologies and mostly cause irregularly shaped 
defects [103]. Although surgical creation of periodontal defects does not mimic the 
inflammatory process of periodontal disease alone, it has attracted much attention 
due to the homogeneity and reproducibility in defect height and morphology. 
Combination of the abovementioned approaches [104] allows inducted defects to be 
generated in one of the following categories [93]:

 1. Periodontal pocket defects in which the mesial/distal interdental alveolar bone, 
the adjacent periodontal ligament, and cementum are removed and generate a 
one-, two-, or three-wall defect (Fig. 18.8). The lesion dimension differs between 
various animals (e.g., lesion with 5 × 7 × 3 mm in pig [89, 105] and 5 × 5 × 4 mm 
in dog [106]).

 2. Furcation defects are characterized by the removal of the bone filling and the 
furcation between roots in multi-rooted teeth, mostly in a buccolingual 
direction.

 3. Dehiscence or fenestration defects in which the bone on the facial, or less com-
mon on the lingual, aspect of a tooth is removed. Then, the root is exposed to the 
gingiva or alveolar mucosa. These defects are frequently applied on single- 
rooted teeth.

Fig. 18.7 Maxillary molar region of a mice model monoinfected with Porphyromonas gingivalis 
infected. (Permission is not required under the terms of the Creative Commons Attribution License 
(CC BY)) [192]
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 4. Recession defects that are generated by excision of the facial gingiva and expo-
sure of the root surfaces to the oral environment.

 5. Irregular-shaped defects are usually produced by utilization of chronic stimulat-
ing periodontal inductors.

 6. Combined defects. (Fig. 18.9)

Experimental induction of peri-implant lesions is approximately identical to that 
conducted for periodontitis. Establishment of peri-implant mucositis is feasible by 
assisting in undisturbed accumulation of bacterial plaque via termination of oral 
hygiene and plaque control cessation. The total duration for induction of disease 
varies among species over a period of 21 days up to 9 months [107]. The ligature- 
induced model is a standard chronic experimental model for assessment of patho-
genesis and treatment aspects of peri-implantitis lesions (Fig. 18.10). The submerged 
implants that are widely implemented for investigation of new material capability in 
promotion of osseointegration are not the choice for peri-implantitis assessment. 
Since they are not in contact with oral pathogenic microflora, commencement of 
peri-implant disease is less expected. In the active breakdown period, in which the 
ligature is located around implant, undisturbed plaque accumulation takes place that 
leads to tissue damage. Various species exhibit different periods for onset of peri-
odontal lesion post-ligature placement. Table  18.3 summarizes the experimental 
period of ligature induction for various species. When this predetermined period 
ligature is removed, the lesion will progress with no spontaneous regeneration. 
During progression, periodic plaque control should be performed to eliminate the 
confounding effect of bacteria [107]. Surgical creation of peri-implant bony lesions 
is also practical for generation of reproducible and homogenous periodontal defects 
(Fig. 18.11). Further information on peri-implant disease modeling is demonstrated 
in Fig. 18.12.

The impact of host systemic condition and metabolic status on periodontal 
lesions and disease progression rate is well-established. Modeling this interplay is 
feasible by induction of periodontium damage in unhealthy animals, such as dia-
betic mice/rat or mice/rat with a certain predisposition to cardiovascular disease 
[104, 108]. Rabbit also represents a good animal model for investigation of non- 
dental inflammation processes, since it is commonly used as a model for cardiovas-
cular disease. They are highly responsive to lipid manipulation, and the 
high-cholesterol diet is a functional method to induce experimental atherosclerosis 
[109].

Fig. 18.8 A surgically 
created three-wall defect 
on the mesial side of 
mandibular first molar of a 
dog model [193]
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Fig. 18.9 Periodontal disease modeling

Fig. 18.10 Ligature- 
induced peri-implantitis 
defect model in a dog 
model. (Reuse with 
permission) [194]
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A large amount of valuable data has been provided by animal models. However, 
it is difficult to adjudicate whether these outcomes can be transferred to human clin-
ics due to differences in pathogenesis of periodontal disease and its response to 
treatment modalities, albeit more human similarities can be observed in large ani-
mals. Although small animals have revealed precious information on molecular and 
biological aspects of periodontal and peri-implant lesions, the poor similarity of 
their dentition to human and difficulty of surgical procedures in their small jaws 
have restricted their application in periodontology [90].

In implant investigation studies, the determining factors that influence osseointe-
gration are native bone remodeling features and adequate bone volume that allows 
implant placement [110]. In this regard, scientists prefer to insert implants in large 
animals that offer enough bone volume for placement of customized implants. 

Table 18.3 The experimental period of ligature induction for various species

Animal 
modeling Objectives

Active breakdown 
period Ligature exchange References

Canine Pathogenesis 12.0–5.0 weeks 3.6–1.5 weeks [120, 
132–151]

Therapy 14.4–6.2 weeks 2.4–2.5 [152–176]
Nonhuman 
primate

Pathogenesis 30.0–13.2 weeks 2.8–3.3 [177–185]
Therapy 59.0–19.0 weeks 16.0–6.0 [179, 

186–189]
Swine Pathogenesis 45 days Singular ligature 

application
[190, 191]

Therapy 6 weeks Singular ligature 
application

Fig. 18.11 Peri-implant 
circumferential defects in a 
dog model. (Reuse with 
permission) [195]
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Although rabbit, as a small animal model, is the most studied species for implant 
researches due to its easier accessibility and parameters like bone remodeling rate, 
large animals, such as dogs, have greater resemblance to human bone turnover 
[111]. The following section will discuss the drawbacks and advantages of each 
commonly used species.

Laboratory rats have demonstrated an acceptable model for caries assessment, 
but they have limitations to serve as model for periodontal disease. The structure of 
their dental gingiva resembles to human with a shallow gingival sulcus and presence 
of sulcular and junctional epithelium [112]. Most histologic characteristics of peri-
odontal epithelium and connective tissue in the rats are identical to that observed in 
human, except for several major differences which differs to the occurrence of peri-
odontal disease in this species: the first is the keratinization of sulcular epithelium 
in rats [113]. Keratinized cells have made rats extremely resistant to periodontal 
disease. The second is the gingival response that is comprised of an acute, not 
chronic, immune infiltrate. So, while the infection occurs, the destruction of peri-
odontal apparatus occurs quite rapidly. The next dissimilarity is narrow interdental 
septum, which limits development of infrabony defects and causes horizontal bone 
loss as a consequence of periodontal destruction. In rat species, the most apical 
extent of periodontal lesion is on the central zone of interdental tissues, in contrast 
to human which migrates apically along the root surface. This fact causes bone loss 
in the absence of apical migration of junctional epithelium [114, 115].

Fig. 18.12 Implant disease modeling
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Inoculation of microorganisms in germ-free rats has revealed that rapid progres-
sion of periodontal destruction possibly alleviates the need for inducing the disease 
with ligatures [115]. In addition, monocontamination in rats by gram-negative spe-
cies failed to form bacterial plaque on tooth surfaces and developed a minimal 
inflammation that is not similar to human responses, while the gram-positive infec-
tion was capable of inducing periodontal destruction. So, periodontal damage 
caused by gram-negative bacteria in rat is not based on cell-mediated immune 
response [115, 116]. Similarly, hamsters represent limited inflammatory response 
and show development of periodontal lesions identical to rats with horizontal bone 
loss and crater-like gingival pocketing [115]. An interesting feature of hamsters is 
the synchronous generation of caries and extensive periodontal disease via inocula-
tion of cariogenic bacteria [117].

Rat has been studied for evaluation of calculus formation in which diet repre-
sents the most dependable factor [100]. However, among small animals, ferrets are 
the most suitable model for assessment of calculus formation, since it manifests 
physical structure similar to hydroxyapatite with lesser amount of calcification in 
ferret deposits compared to human calculus. Furthermore, formation of calculus in 
ferret is not influenced by diet alteration and scoring the calculus is possible in the 
awake animal, which is not practicable in rats [118].

Although rats are one of the most frequently studied animals for medical objec-
tives, it is not a suitable model for evaluation of dental implants, due to healing, 
anatomical and bone composition dissimilarities to human. In addition, the small 
size of this animal restricts the simultaneous placement of several implants as 
experimental and control groups [119].

Rabbit is known as an appropriate animal for investigation and creation of peri-
odontal bone defects. However, they are not considered as a suitable candidate for 
studies on periodontal ligament due to the special adaptation of PDL with continu-
ous growth of teeth [5]. The exclusive periodontal feature of rabbits is that ligature 
introduction into periodontal crevice alone does not induce soft or hard tissue dam-
age [90]. Hence, presence of periodontitis-specific microorganisms is required for 
disease modeling, if ligature placement is intended.

As mentioned above, in  vivo investigations require species with proper bone 
remodeling and adequate bone volume for implant placement. Rabbit fulfill these 
two main prerequisites, and considering their easy management and economical 
concerns, it is a suitable model for first implant design evaluation [110]. Moreover, 
rabbit has rapid bone remodeling and skeletal alteration in comparison to some spe-
cies, such as primates and even some rodents [119].

Since dental implants mainly affect their adjacent tissues, it is of great signifi-
cance to select proper site for implant insertion in the rabbit skeleton. Various ana-
tomical regions with different physiological conditions including skull, mandible, 
femur, and tibia are available for analysis of dental implants in rabbit body. Although 
intraoral and calvarial bone represent an ossification process and presence of extrin-
sic muscle force similar to human condition, extraoral bone sites provide much 
more bone volume and application of more comfortable surgery, due to more easily 
accessible locations than the jaw [119]. In addition, blood supply and flow to the 
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mandible resemble the amount of rabbit’s long bones, and the remodeling rate of the 
mandible is comparable to the tibia bone, which occurs more rapidly than the same 
amount of skull and maxilla [110]. Rat calvaria has about 3.5 mm thickness, which 
limits the insertion of conventional implant with approximately 10  mm length 
within calvaria, so it is not a common zone for implantation. In contrast, dimension 
of rabbit tibia and femur allows placement of cylindrical implants with 8–10 mm 
length and 4 mm diameter [110]. However, insertion of implants larger than 6 mm 
in length and 2 mm in diameter is not recommended [119]. Nevertheless, implant 
insertion in rabbit tibia and femur which is standardized for bony condition of test 
site is relevantly equivalent. Proximal tibia consists of a thick cortical bone layer 
that contributes to the formation of bone-to-implant contact. Distal femur also can 
support implant stability, since it represents a limited amount of trabecular bone. 
Hence, it is recommended to test implants in these two locations [110].

It is noteworthy that the international standard for the biological evaluation of 
medical devices recommends a maximum number of implants for each test and 
control groups. This is defined to be the total number of six implants in each rabbit 
that exhibit the half amount of recommended implant number for larger animals 
such as sheep, dogs, and pigs [119].

Dogs are of great value as a model for assessment of periodontal disease. They 
demonstrate comparable characteristics in terms of periodontal tissues and teeth 
size to humans [90]. Their periodontal supragingival and subgingival microbiota is 
similar to human and is mainly composed of gram-positive cocci and virulent anaer-
obic gram-negative cocci and rods, respectively [120]. However, subgingival micro-
flora of dogs has higher percentage of gram-negative bacteria, which would decrease 
in disease [121]. In healthy dog that has been maintained plaque-free by hygienic 
control, gingival sulcus is not apparent. But, gingivitis and pocket formation occur 
as a consequence of plaque accumulation, and periodontitis follows gingivitis [115]. 
Dogs represent naturally occurring gingivitis and periodontitis with clinical mani-
festation of human periodontal disease (i.e., bleeding on probing, gingival reces-
sion, bone loss, and even as common tooth loss). Nonetheless, disease progress 5 
times more rapidly in dogs than human [122]. Histologically, dense inflammatory 
cellular infiltrate is seen in dog periodontal involvement [90]. Although, the preva-
lence and severity of periodontal disease enhances with aging, differences exist 
between various breeds. The first and second premolars and the bifurcation region 
are more frequently involved than interdental spaces, since the alveolar bone resorp-
tion occurs in the pattern of narrow lesion, which extends vertically around single 
rooted-teeth and does not damage interdental tissues [90, 93]. Despite the etiologic 
predisposing factors of periodontal disease in canine being identical to human, 
major differences, such as the lack of lateral jaw movement, occlusal contacts at the 
premolar level, and presence of open contacts between their teeth, do exist that can 
alter the interpretation of in vivo findings [93, 116].

Calculus deposition in aged dogs is commonly evident and leads to gingivitis and 
periodontitis. Therefore, canine is a suitable model for efficacy assessment of differ-
ent approaches in subgingival calculus removal and has been mainly utilized for 
researches on calculus [116, 123].
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The canine model is the most commonly used large animal for investigation of 
implant suitability and peri-implantitis pathogenesis, and has been proven to be a 
beneficial model in surveys on regeneration around implants [90, 107]. Although 
vast utilization of dog for research is probably attributed to their docile character, 
the composition of dog bone (ash weight, hydroxyproline, and extractable proteins) 
and wound-healing kinetics is also quite similar to that of human, as well as pig 
bone [107, 119, 124]. In addition the specific anatomy of jaw bone allows the inser-
tion of conventional dental implants (10 mm length and 3–4 mm diameter) [107]. 
Ligature-induced peri-implantitis model requires plaque control and postoperative 
hygiene procedure, which is more easily managed in dog than pig or some other 
animals [125]. Furthermore, these defects in canine resemble naturally occurring 
lesions in human in terms of associated microflora, defect size, and configuration 
[85]. Despite all similarities, some major differences exist between human and dog 
bone features; canine possesses faster turnover rate (1.5–2.0 μm/day for dog vs. 
1.0–1.5 μm/day for human) [107, 126], and bone modeling/remodeling of extracted 
socket is 3–5 times more rapid in dogs compared to that of human [124]. It is impor-
tant to note that the remodeling ability of bone is influenced by site, animal age, and 
breed. Dog bone has remarkably greater mineral density than human bone [119].

Aside from disobedient temperament of pigs, miniature pigs share many analo-
gous periodontal characteristics to human. Gross anatomy of their periodontal tis-
sue as well as pathophysiology of periodontium breakdown is identical to human. 
In addition, in intact periodontium, gingival sulcus is present and has a probing 
depth of 2–3 mm with a long junctional epithelium. Miniature pigs are susceptible 
to naturally occurring gingivitis from 6 months of age that can lead to periodontitis 
from 16 months as a result of plaque accumulation. The following inflammatory 
changes and disease progression represent the same patterns as that in human: gin-
gival swelling, plaque accumulation and calculus formation, bleeding on probing, 
gingival recession [127], periodontal pocketing up to 5 mm, and periodontal tissue 
loss with poor capability for spontaneous regeneration, like human [53, 90, 93].

The mini-pig has also been studied for compatibility in peri-implantitis explora-
tions and serves as a good model for this aim. With regard to micro- and macrostruc-
ture of bone, pig has shown relative similarity to human bone, and both its bone 
composition and bone remodeling are approximately close to what is seen in human 
except for the denser trabecular network of porcine [107, 119, 128]. The most 
attractive feature of pig bone that makes them a suitable model for implant dentistry 
is the specific anatomy of the jaw that further facilitates the implantation of custom-
ized dental implants [107].

Sheep, a commonly manipulated small ruminant, has very short-rooted incisors 
that are mobile physiologically. These teeth can experience spontaneous periodon-
titis with pocketing and marked bone loss [116]. Their premolar and molars also can 
be affected by naturally occurring periodontitis. However, the grinding teeth pos-
sess similar periodontal structure to human with the presence of human periodontal 
pathogens in subgingival microflora [93].

Adult sheep offer a good animal model for insertion of human implants within 
the long bones due to their suitable dimension and macroscopic relevance to human 
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bone, which is not obtainable in smaller species. However, sheep have a consider-
able higher bone density and greater strength in comparison to human. Since the 
bone location and animal age modify the bone composition and bone remodeling 
rate in sheep, the immature sheep demonstrates weaker bone with less density and 
more porosity, which is comparable to human bone. Nevertheless, the impact of dif-
ferent bone density should be considered in the interpretation of implant stability 
and bone-implant contact interface prior to data translation to clinics [119].

Nonhuman primates possess oral and periodontal structure similar to human. In 
addition, in terms of periodontal disease, they show naturally occurring dental 
plaque, calculus and subsequent gingivitis, and destructive periodontal disease 
[116]. However, a small increase in the pocket depth is associated with periodontal 
disease [115]. The major drawback of using nonhuman primates in periodontal 
researches is their susceptibility to certain infections, mainly tuberculosis [129].

A vast number of nonhuman primate species are maintained under laboratory 
condition that provides selection of species with suitable features for each periodon-
tal study. In certain species, like cynomolgus monkeys, the inflammatory response 
of periodontal disease is quite similar to man as well as the gram-positive composi-
tion of plaque in supragingival zone and gram-negative bacteria in subgingival 
plaque. However, squirrel monkeys and marmosets display limited inflammatory 
infiltrate, making these species improper models for periodontal investigations 
[115, 116]. Furthermore, besides their small oral cavity, marmoset dentition 
expresses severe occlusal abrasion and bony lesions that are mostly attributed to 
plunger cusps [130]. Marmoset, as a small nonhuman primate, has small oral cavity. 
In contrast, mature adult cynomolgus and rhesus monkeys with similar periodontal 
wound healing [131], proper furcation sites [126], and possibility of defect creation 
that does not repair spontaneously serve as acceptable models for periodontitis trials 
[115].

Nonhuman primate is known as a desirable model for investigation of implant 
safety and efficacy, since their jaw bone anatomy allows the insertion of diameter- 
reduced dental implants and also their close approximate to human biology and 
physiology.

3.4  Maxillofacial Surgery

Bone defects in the maxillofacial area, due to the congenital abnormalities, trauma, 
or cancer surgery, are associated with major functional, sociological, and psycho-
logical problems [196–198].

The advantages of using animal models for this field are not only to evaluate the 
safety and efficacy of various treatments but to understand the underlying biological 
processes using methods that may be considered too invasive for human applica-
tion, such as repeated harvesting of biological samples, biopsies, etc. [199]. Small 
animal models, including rodents and rabbits, are the starting points for proof-of- 
principle or feasibility studies [200, 201], whereas large animal model studies, 
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including dogs, pigs, sheep, and primates, attempt to simulate clinical conditions 
more closely and predict therapeutic efficacy [202–204]. Animal models used for 
study in the field of surgery were generally covered following treatment purposes: 
bone defects and bone augmentation.

3.4.1  Bone Defect

Reconstruction of alveolar defects, due to aging, trauma, ablative surgery, or pathol-
ogy, remains a clinical challenge [205]. Although autologous bone transplantation 
is still considered the gold standard for maxillofacial bone regeneration [206, 207], 
large defects may require volumes of bone that are locally unavailable. Moreover, 
the morbidity associated with bone harvesting is a major limiting factor [208]. 
There is no consensus currently available over the application of alternatives such 
as allogeneic, xenogeneic, and alloplastic bone substitutes [209, 210].

Generally, bone represents good regeneration ability and majority of bony lesions 
can heal spontaneously under well-balanced biological and physiological situa-
tions. However, unfavorable biomechanical properties of wound environment or 
actual large defects can result in reduced regeneration potential of bone and lead to 
the formation of critical-size defects, which extremely affect patients’ quality of life 
[211]. Such lesions pose a great challenge for researchers and clinicians. Critical- 
size defects are the smallest osseous wound that does not heal spontaneously with-
out an intervention. A more precise definition is clarified to involve any defect that 
has less than 10% of bony regeneration during the entirety of animal life. For practi-
cal purposes, if there is less than 30% of mineralized area after 52 weeks, it is 
unlikely that mineralization will ever take place. Although the minimum size of 
critical-size defects is not defined exactly, defects with length deficiency exceeding 
2–2.5 times its diameter are shown to illustrate critical defect characteristics [212, 
213]. Since each species has its own features of bone metabolism, the sizes of criti-
cal defects vary. Table 18.4 demonstrates the dimension of critical-size defects in 
different species that has been investigated.

Creation of critical-size defects in vivo is mainly generated by surgical procedure 
and is based upon the defect type and the location where the lesion is generated 
(Fig. 18.13). Ectopic models with lower cost and less invasive procedure are princi-
pally designed to distinguish between the proliferative and inductive capabilities of 
new materials, while orthotopic models are chosen for evaluating the safety and 
success of new surgical methods or products [199]. In terms of defect configuration, 
bony lesion can be either created in a segmental or non-segmental form. Application 
of the later defect is feasible in jaw bone by tooth extraction and allows the alveolar 
bone to resorb. Ridge augmentation is the treatment option for regeneration of non- 
segmental jaw defects that will be discussed in the next section. Interrupted and 
continuous bone defects are the two shapes of segmental defects, which are catego-
rized by removal of partial- or full-thickness of bone, respectively.

The choice of a particular species for assessment of bone regeneration on critical- 
size defects is of great importance and several factors should be considered. 
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Table 18.4 Critical-size defects in different species

Animal Site
Critical-size defect 
(mm) References

Rabbit Extra maxillofacial 
region

Tibia 5 × 15
6 (D)
5 (S)

[271–273]

Femur 7 × 10 mm2(C)
15 (L)
6 (D) × 5 (C)

[274–276]

Ulna 12 (S)
15 (S)

[277, 278]

Maxillofacial region Calvaria 10 (D) × 1.2
9 (D)

[279, 280]

Mandible 15 × 6
12 × 8
10 × 4 × 3
10 × 6
6 × 4 × 3
10 × 15
10 × 5 × 4
8 (D)

[281–285]

Dog Extra maxillofacial 
region

Femur 15
21

[286, 287]

Radial 15
25
20

[288, 289]

Tibia 20 [290]
Ulna 25

15
20

[289, 291, 
292]

Fibula 10 [293]
Maxillofacial region Mandible 20 × 6.5

10 × 10
10 (D)
20 × 10 × 10
9 (D)
20 × 10
30 (L)

[237, 
294–298]

Maxilla 10 × 5 × 15
15

[299]

Rodent Extra maxillofacial 
region

Distal femur 2 (D) × 2 (d)
2 (D) × 3 (L)

[300, 301]

Mid-femur 2 (L)
5 (L)

[302–304]

Maxillofacial region Calvaria 4 (D)
8 (D)

[305, 306]

Mandible 4 (D)
5 (D)
4 × 4 × 3
3 (D)

[307–309]

(continued)
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Table 18.4 (continued)

Animal Site
Critical-size defect 
(mm) References

Pig Extra maxillofacial 
region

Tibia 11 (D) × 25 (d) [310]

Maxillofacial region Calvaria 10 (D) × 10 (d)
20 × 40
40 (D)
35 × 25

[311, 312]

Mandible 25 × 15 × 15
3.5 × 8
20 × 20
6 (D)
12 × 10 × 12 × 5–6
6 (d) × 8 (D)
20 × 10
7 (D) × 4 (d)
10 (D)
8 (d) × 3.5 (D)
20 (d) × 30 (D)
1.7 × 0.8 × 1.4

[243, 
313–318]

Maxilla 30 × 12 [319]
Sheep Extra maxillofacial 

region
Mid-diaphyseal 
metatarsal

25 (L)
20

[320, 321]

Tibia 35
48
30
20
40
45
16
18

[322–325]

Femur 25 [326]
Radial 12 [327]

Maxillofacial region Mandible 35 (L) [328]
Goat Extra maxillofacial 

region
Femur 20

25
[329, 330]

Tibia 26 [331]
Monkey Extra maxillofacial 

region
Tibia 20 [332]
Femur 20 [333]

Maxillofacial region Mandible 15 (L) [236]

D diameter, d depth, L length, S segment
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The  chosen animal should represent similar microstructural and biomechanical 
characteristics to human bone, as well as healing and regeneration potential. 
Differences in gross anatomy, distribution and amount of cortical and trabecular 
portions, density, thickness, and remodeling of bone exist among various species 
and have rendered different regeneration potentials. Although nonhuman primates 
are definitely the best characterized large animal model in terms of bone biology for 
skeletal research due to the utmost bone similarities to human [199], knowledge of 
bone structure in frequently used animals is essential.

Out of laboratory animals, mice and rats have the least similarity to human bone 
biology. Having small long bones, permanent open growth plates, absence of 
Haversian system, thin cortical plates, and limited amount of cancellous bone at 
epiphyses of long bones have rendered them as unfavorable species for skeleton- 
based studies [196]. Nevertheless, calvarial bone defects are established for regen-
erative bone assessment due to bone marrow deficiency and poor blood supply of 
this region [214]. Optimal rat calvarial defect is recommended to be bilateral, 5 mm 
trephined, and full-thickness bone defects, and precautions should be taken to mini-
mize the risk of damage to sagittal sinus [215].

Rabbit, in small animals, and dog, in large animals, are the most frequently used 
species for bone defect models. Rabbit skeleton does not possess the major draw-
backs of rodent models (i.e., lack of Haversian system and open growth plates). In 
addition, they have similarities in bone density to human and short time for bone 
maturation. Various anatomical locations can be manipulated for experiments. The 
most common implantation sites include bilateral tibiae and distal femur, since bone 
mineral density and the fracture toughness of mid-diaphyseal rabbit bone resemble 
that of human [199, 213]. The amount of trabecular bone (bone volume/total vol-
ume) has been reported to be 99.50% and 93.49% for tibia and maxillary bone of 
rabbit, respectively. In performing experiments on skull bone of rabbits, one should 
consider that defect thickness plays an important role in healing [216]. Since the 
endosteal compartment is a rich source for bone-forming cells, defects that reach 
this layer by penetration of outer cortical plate have higher regenerative potential 
compared to the ones that have persisting cortical plate [110].

Canine and pig are established appropriate animal models for bone regeneration 
trials [119, 217, 218]. Porcine bone anatomy and turnover rate are analogous to 

Fig. 18.13 Creation of a 
calvarial defect
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those of human. Particularly, bone remodeling in human is 1.0–1.5 μm/day, while 
the reported rate for porcine (1.2–1.5 μm/day) is slightly closer than that for canine 
(1.5–2.0 μm/day) [219]. Although dog has a greater bone density than human, the 
cortical thickness of porcine bone is generally higher than in human and other spe-
cies like dog. Dogs are frequently used in regenerative studies as a second species 
[220] (Fig. 18.14). Mandibular bone turnover of alveolar process is 10 times greater 
than in the mid-shaft of the tibia in dog model [221]. Therefore, orthotopic investi-
gation of bone defects in jaw of dogs is more common [222] (Fig. 18.15) consider-
ing that the trabecular volume of maxilla and mandible is approximately identical 
(average of 97.8% for mandible and 98.2% for maxilla) [223]. Introduction of mini- 
pigs has overcome the limitations of using pigs in skeletal studies to some extent: 
quick growth and extreme body weight of them. The tibia of mini-pigs has been 
considered to be the suitable zone for production and assessment of bone defects 
[217], as well as its jaw bone. Experimentation of calvarial defect in pig is usually 
performed on the frontal or parietal bones [224].

Sheep tibia models are reliable for assessing the bone regeneration potential hav-
ing long bone dimension and being as a maximal weight bearing limb. The bone 

Fig. 18.14 Circular defects in the inferior border of the dog mandible filled by beta-tricalcium 
phosphate scaffolds coated with polylactic-co-glycolic acid microspheres that gradually release 
vascular endothelial growth factor. (Reuse the figure of author’s own article; no permission is 
required) [220]

Fig. 18.15 Intraoperative clinical photography of segmental osteotomy and repair with an organic 
bovine bone mineral collagen, functionalized with anti-BMP-2 monoclonal antibodies. (Reuse the 
figure of author’s own article; no permission is required) [222]
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maturation takes a long time in sheep, but the mineral density and bone strength of 
adult sheep is promoted relative to human [199]. Also, sheep has represented larger 
amount of bone ingrowth to the defect site [225]. It is noteworthy that being sea-
sonal breeders alter the bone metabolism in sheep during the year [199].

The first alveolar bone model using an animal, attempted by Harvold in the 
1950s, involved the induction of bone resorption by creating a 2 mm defect at the 
alveolar and hard palate of rhesus monkeys [226]. Since then, numerous studies 
using cat, dog, and rabbit models have been conducted [227–229].

The calvarial critical-size defect is a widely used experimental model for screen-
ing bone biomaterials in small and large animals. However, calvarial defects poorly 
reflect the clinical scenario of alveolar bone defects, given the variation in develop-
ment and healing pattern between different skeletal sites [230, 231] and the addi-
tional influence of dental and masticatory factors on alveolar bone physiology [232, 
233]. For this reason, critical-size defect models have been developed involving the 
maxillary and mandibular bones of small and large animals. Studies reported the use 
of critical-size defect more frequently in the mandible (83.3%) than the maxilla 
[198].

For mandible defects, rat, canine, goat, swine, and monkey models have been 
used to evaluate the effect of bone regeneration [4, 234–237]. The difference of the 
mandible defects in size, position, and shape has different clinical value. Bone 
defect commonly created in the body and alveolar bone of mandible [198]. Bone 
defects created in the ramus and angle of mandible can also be applied in many 
animal models.

In maxillary bone defect models, lots of studies focus on the maxillary sinus 
floor elevation [238–240], which is treated as an effective way to resolve the inad-
equate bone height in the posterior region of the maxilla in order to promote stabil-
ity of endosseous implants [196].

The mini-pig, or swine, has been used frequently due to its similarities to humans 
in terms of platelet count, clotting parameters, metabolic rate, and bone structure 
[241, 242]. Besides, the surgical procedure is simple, with a limited risk of infec-
tion, and a similar intervention by grafting is advocated clinically. A true critical- 
sized mandibular defect in the mini-pig model is more than 5 mm [243].

Maxillary alveolar cleft is one of the bone defects with specific etiology, known 
as a congenital malformation, which occurs during fetal development, leading to a 
compromised dental arch anatomy and disrupted sequence teeth eruption [244]. In 
this context, the establishment of a proper in vivo biological model simulating alve-
olar clefts is essential. Several animal models have been developed in mice, rats, 
rabbits, cats, dogs, swine, goats, sheep, and monkeys [244–250]. Modeling can be 
produced by transgenic modification of animals such as rats or mouse [251, 252] or 
by intentional removal of a predetermined zone of palate by surgery (Fig. 18.16) 
[244, 253].

Goat model is suitable to study alveolar cleft defect repair [254], since the size of 
defect is similar to human, and the goat metabolism is more equivalent to the human 
situation than phylogenetically related rodents, in which bone metabolism is higher 
and defect sizes are much smaller [255, 256].
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Due to the wide array of genes involved in craniofacial morphogenesis, defect- 
specific mechanisms have been difficult to delineate. However, the identification of 
specific effects exerted by the genome is becoming possible due to recent advances 
in recombinant DNA technology and transgenesis [257, 258]. Mouse models have 
been particularly important for new insights into the etiology of orofacial clefting 
and now became the basis for novel future molecular and transgenic approaches 
[257, 259]. The transgenic mouse models have been used to determine the primary 
and secondary causes of palatal clefting and the mechanisms for activation and 
regulation of essential developmental processes [257]. (Fig. 18.17)

3.4.2  Bone Augmentation

Bone augmentation includes sinus augmentation and ridge augmentation. Maxillary 
sinus floor augmentation, nowadays a routine procedure, aims at creating bone of 
adequate quantity and quality to facilitate the installation, osseointegration, and 
functional loading of implants [202]. Although several animal platforms, including 
rabbit [260], dog [261], mini-pig [262], goat/sheep [263], and primates [179], have 
been employed to evaluate sinus augmentation protocols, functional loading of 

Fig. 18.16 Alveolar cleft in a dog model. (a) Scheme designed to show the size and shape of the 
alveolar cleft that would be created by surgery. (b) Photograph of the surgically created alveolar 
cleft after surgery. (c) Occlusal view of the alveolar cleft was taken immediately after operation by 
X-ray. (d) Reconstructed three-dimensional tomogram by computer tomography immediately 
after surgery operation. (Reuse with permission) [334]
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implants can be properly simulated only with skeletally large animals. The mini-pig 
model presents several advantages [264]. Due to the convenient size and disposition 
of the maxillary sinus, the mini-pig features skeletal proportions that allow the use 
of dental implants of clinically meaningful dimensions. Evaluation of the potential 
of a biomaterial to enhance bone formation within the sinus cavity can be relatively 
realistically simulated in rabbits [265–267]. Rabbit maxillary sinuses have a well- 
defined ostium opening to their nasal cavities and air-pressure measurements that 
are similar to those in humans [268]. Rabbit was used in maxillary sinus augmenta-
tion model in many studies [239, 240, 269]. However, the maxillary sinus of rabbit 
is small, and its bone physiology and structure differ from that of humans. So bigger 
animal models, such as beagle dog [66] and sheep [270], were used (Fig. 18.18). 
Sheep model is a proper model to establish a maxillary sinus augmentation, since it 
has an easy working disposition, adequate maxillary sinus size, and bone physiol-
ogy and structure similar to that of humans [196].

Regeneration of atrophied alveolar bone prior to insertion of dental implants is 
also a major challenge for oral and maxillofacial surgery. In the mandible, the vol-
ume of the alveolar ridge may also be reduced to a varying degree as a result of 
congenital malformations, loss of teeth, or aging [217]. Disease modeling for patho-
logical situation in humans for atrophic jaws can be either simulated by extraction 
of teeth or/and removal of the buccal bone to create narrow alveolar ridge [217].

Fig. 18.17 Critical-size defect model
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3.5  Orthodontics

Although the vast number of experimental studies have been conducted on various 
animal models to gain more insight into the efficacy of new treatment modalities, 
the orthodontic concepts are mainly established based on the clinical experiences 
rather than in vivo trials [335]. This is due to the fact that the growth patterns in 
animals and humans are substantially different [336]. Also, some orthodontics ther-
apies, such as prescription of removable functional appliances, are not applicable in 
animal models. Besides, the maintenance of appliance for prolonged time in ani-
mals is challenging. The orthodontics researched on animal models can be broadly 
classified into three main categories.

3.5.1  Tooth Movement

Orthodontic tooth movement is achieved by remodeling of surrounding alveolar 
bone during the force application [337]. Bone resorption and bone formation are 
components of bone remodeling, which take place on the alveolar wall by newly 
induced osteoblasts on the tension site as well as the activity of osteoclasts in com-
pression site [338]. Modification of the body metabolic state such as diabetes mal-
functions or general and local administration of pharmaceutical agents can alter the 
normal bone remodeling, which consequently influences the rate of tooth movement 
in animal and clinical studies [339–344]. Besides these factors, some approaches, 
including photobiomodulation [345], pulsed electromagnetic fields [346], laser irra-
diation [347], and surgical methods such as corticotomy, cortical bone damage 
[348], or piezocision [349], have been inspected in terms of bone movement accel-
eration or inhibition. Such information is imperative for clinicians as the agents 
could interfere with the biological processes of tooth movement acceleration during 

Fig. 18.18 Mandibular 
bone augmentation. (a) 
Creating a critical-size 
vertical defect in posterior 
mandible area of the dogs; 
(b) fixation of the 
PCL-TCP blocks to the 
bone with mini-screw. 
(Reuse the figure of 
author’s own article; no 
permission is required) 
[218]

H. Nokhbatolfoghahaei et al.



409

orthodontic treatment or inhibition that is required for anchorage stability or during 
retention period.

Animal models have been widely used for assessment of bone regeneration dur-
ing tooth movement. An ideal animal should have the biology and anatomy resem-
bling human body to allow researchers to extrapolate data for patient treatments. 
Sprague Dawley rats, Wistar rats, and beagle dogs are the most commonly used 
animal models to investigate tooth movement. In rodent models, the most studied 
tooth movement is mesial movement of molars and incisor separation (Fig. 18.19). 
In dogs, the most studied sites are mesiodistal movement of premolars [350].

Disease modeling in animals undergoing tooth drifting can be created by extrac-
tion of adjacent teeth to prepare the demanded space for tooth movement [351]. 
However, in rats or rabbits, molars are located far enough from the incisors, and 
there are no premolars in between, so there is no need to perform the extract [342, 
343]. Rats are broadly utilized for laboratorial experiments due to its practical ben-
efits including being inexpensive and accessible, short time space generation, pas-
ture with omnivorous diet, and availability of antibodies required for cellular and 
molecular assessments. However, there are some differences in terms of biological 
responses following tooth movement [352]. Moreover, rat has tiny teeth and its 
molar is about 50 times smaller than human molars. Therefore, manufacturing and 
providing smaller device that can be fitted to rat teeth and apply low load with cali-
brated force is still challenging [350]. Ideal force level in rodent model should not 
exceed 25 cN, and higher forces are not considered physiologic [353]. It has been 
stated that force of 10 cN produced in rodents is equivalent to the stress of 80 cN in 
human canine [354]. Alveolar bone of rats also displays distinct features; it pos-
sesses greater bone density without Haversian canals and fewer marrow spaces that 
undergo massive bone volume (60–70%) reduction subsequent to tooth movement 
[355]. Besides, rat molars have natural distal drifting with age, and the mesial shift-
ing of molars, which is forced during tooth movement, might be misinterpreted and 
therefore should be considered [335].

Canine model is also widely used for tooth movement. Compared to the rat, the 
anatomy, biology, and dentition of canines are more closely resembled to humans. 
In contrast, rabbits have distinct root structures and jaw bones compared to canine 
and human [350]. However, they are not accepted for bone investigations since their 
bone remodeling period is shorter than human bone turnover and changes quickly, 
i.e., bone remodeling takes place within 6 weeks in rabbits, while in human, it takes 
3–6 months [119]. Porcine is the other animal model that serves to aid in learning of 
tooth movement interferences.

Fig. 18.19 Lateral view of 
coil spring located between 
the molar and incisors of a 
rat model. (Reuse with 
permission) [397]
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Although primates are the most related species to human in terms of genetics and 
anatomy, differences such as larger marrow spaces of interradicular and interproxi-
mal bone and smaller marrow space of crest alveolar bone, as well as the higher cost 
of experiment, are generally preclusive and limit their application in preclinical 
studies [352]. Besides, the application of primates is associated with ethical 
considerations.

3.5.2  Distraction Osteogenesis

Distraction osteogenesis (DO) is a minimally invasive technique in which new bone 
formation occurs via gradually separated bone segments using incremental traction 
by an external lengthener. DO has enabled surgeons to achieve great bone move-
ment without the need for soft or hard tissue grafting [356].

There are three phases of DO, which lead to formation of mature bone: (a) 
latency period in which the generated gap is filled with callus tissue, (b) distraction 
phase where the traction force is applied, and (c) consolidation phase in which the 
callus tissue is replaced by mature bone [357].

The main drawback of DO pertains to the prolonged consolidation periods in 
which the site is susceptible to various complications such as device breakage, 
infection of device-inserted region, and dislocation of bone segments [358]. Many 
investigations have been carried out to delineate the optimal methods of accelerat-
ing the maturation of bone during consolidation phase and to enhance the quality of 
regenerated bone using animal models [359].

Rat [358, 360], rabbit [357, 361–366], dog [367–369], sheep, pig [370], and 
primate [371] have been used for DO. Various methods have been applied in order 
to evaluate the osteogenesis acceleration or reduction in the corticotomy gap, such 
as addition of growth factors, stem cells, and scaffolds, administration of pharma-
ceutical agents systemically or locally to the defect site, or irradiation of laser beam 
or ultrasonic stimulation [356, 367, 368, 370, 372–375].

In spite of the fact that DO of alveolar bone is indicated for atrophic mandibular 
or maxillary ridge in the vertical or horizontal directions according to the ridge 
morphology, most of the in vivo trials have been conducted on animals without 
deficiency, except for those who created the defect intentionally [371] (Fig. 18.20). 
Since the DO procedure appears to be more complicated and challenging in maxilla 
than that of the mandible, majority of animal investigations have been performed on 
the mandible. In particular, in mandibular areas, the body region for horizontal 
 augmentation has been commonly used, and it is less common to repair the ramus 
or angle of the lower jaw [368, 376].

The application of DO for membranous bone was initially inspected in the canine 
model [377], but the rabbit model is the well-established model for exploration of 
mandibular DO. Rabbits have been introduced as a proper model for learning the 
physiology of human bone, because they have similar patterns of bone formation 
and peak mass profile [378].
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3.5.3  Trans-sutural Expansion of Maxilla

Correction of maxillary constriction in transverse dimension is preferably obtained 
by expansion of maxilla with rapid palatal expansion and semi-rapid or slow expan-
sion protocols [379]. These treatments are characterized by opening of the midpala-
tal suture in response to implementation of tension force using a suture expander. 
The mechanical strain can be applied on the suture through the anchorage of molar 
teeth or bone, via mini-implants or mini-screw, to activate the biologic chain of 
events for bone formation, resorption, and fiber rearrangement until the goal is 
achieved [380]. Secondary cartilage in the midpalatal suture is responsible of the 
changes following mechanical forces in which the proliferation and differentiation 
of mesenchymal cells presented in the inner surface of cartilaginous tissue into 
osteoblasts would be triggered [381, 382]. Rapid maxillary expansion is one of the 
most popular techniques for maxillary deficit therapies, which has the same mecha-
nism as distraction osteogenesis entitled as trans-sutural distraction osteogenesis 
and has the same pitfalls such as prolonged retention period to ensure the complete 
ossification of the suture and to decline the relapse risk of arch width [383]. Many 
researchers have tried various methods on animal models to overcome the draw-
backs prior to translating the data to clinics and to hasten bone regeneration in the 
suture lesion including agent administrations such as vitamins [384, 385], antioxi-
dants [386, 387], growth factors [388, 389], laser irradiation [383, 390], stem cell- 
based applications [391], and surgical-assisted therapies [392].

Although most of the preclinical experiments have been performed on animals 
with normal palatal bone, a practical disease modeling for maxillary constriction 
has been introduced. Modeling is conducted by mucoperiosteal denudation of 
 palatal bone, which affects the transverse growth of alveolar bone by the formation 
of scar tissue. Scar tissue causes wound contraction with the contractile tension of 
myofibroblasts located in the granulation tissue and subsequently inhibits the lateral 
palatal growth [393].

The rat model is the most popular in animal studies designed for maxillary 
expansion [394] since it can provide an explicit image of bony and sutural reactions 
under mechanical forces [390]. As previously mentioned, forces lower than 25 cN 

Fig. 18.20 Distraction 
device fixed in arch of a cat 
model. (Reuse with 
permission) [398]
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can cause tooth movement without affecting the maxillary suture. Continuous 
heavier mechanical forces lead to necrosis of periodontal ligament and hyalinized 
zone of alveolar bone and prevent tooth movement, which results in the detachment 
of the lateral plates of maxilla with the remaining force [395].

Compared with those in rodents, dogs have larger oral cavity volume, which 
provides easier insertion and retention of expansion screw or devices. This priority 
and the simpler follow-up observation of these animals have made them an ideal 
model for investigation of maxillary expansion [334] (Fig. 18.21). Similarly, the 
size of maxilla in adult sheep is wider and more proper than rodents. Also, the dental 
arch is more identical to human for schemed treatment [392]. Although different 
animal models have illustrated beneficial data for clinical application of maxillary 
expanders, considerations should be taken into account, as the human palate lacks a 
premaxilla and cartilaginous premaxillary suture, and the tension is only exerted to 
the mid-palatine suture. Also the posterior part of maxilla is buttressed with zygo-
maticotemporal complex, which impresses the opening feature of palates [396] and 
offers comfort and welfare to the animals during the experiments. Although famil-
iarity with the principles of laboratory animal surgery is necessary for researchers, 
attendance and guidance of pertinent veterinarian are strongly recommended. The 
following are the momentous notes which should be considered for animal surgeries 
(Fig. 18.22).

Fig. 18.21 Magnetic 
appliance for rapid 
maxillary expansion in a 
dog model. (Reuse with 
permission) [399]
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4  Experimental Procedure and Guidelines

Research involving animal surgery not only focuses on the surgical techniques but 
also looks at pre- and postoperative managements. In addition to sufficient surgical 
skills, knowledge of all procedures is essential to guarantee the aseptic results for 
promoting the success rate of surgery.

4.1  Presurgical Preparation

Only healthy, disease-free animals should be included in an experimental surgery 
program. So, prior to incorporation of animals in an experimental procedure or sur-
gical plan, their health status should be evaluated. Health evaluation is commonly 
performed during quarantine period when the animals are set apart from condi-
tioned animals of their own species. In some cases, vaccination or medical histories 
of individual animals can be beneficial for assessment of animals undergoing sur-
gery. The use of specific pathogen-free (SPF) rodents and rabbits that are available 
commercially has eliminated the health examinations prior to experiments. In con-
trast, acquiring random-source animals necessitate their immunization against com-
mon infectious diseases and excess conditioning period under the veterinarian 
recommendations [400, 401]. Following health status assessments, information 
should be recorded for all animals, especially their precise weight prior to surgery 
and should be written on the postsurgical cage cards.

A period of conditioning, in which the animal can adapt to the new environment 
prior to surgery to allow the animal’s body system to stabilize to the surrounding 

Fig. 18.22 Animal modeling of orthodontics experiments
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conditions, is a crucial consideration. This acclimatization period will reduce the 
experienced distress by the animal and ensure that the experimental results will not 
be compromised by environmental impressions. A 1–4-week conditioning period 
will provide adequate adaptation for most animals undergoing surgical procedures. 
During this time, animals should be fed a standard diet with tap water ad libitum 
under climate-controlled conditions [342, 357, 392].

Presurgical fasting time differs for various species. Some animal species includ-
ing dogs, cats, pigs, and nonhuman primates are usually fasted overnight prior to 
surgery, and food should not be deprived for more than 12 hours before anesthesia 
induction. Feed withdrawal for 12 hours will decrease the incidence of regurgitation 
and aspiration of vomit during general anesthesia. Fasting ruminants for 24–48 
hours prior to anesthesia alleviates the occurrence of ruminal tympany (bloat). In 
contrast, feed deprivation is not requisite for rodents and rabbits since they are noc-
turnal eaters and taking food away overnight may cause the animal fasting for 24 
hours. Also, they do not vomit following anesthesia and surgery. Water should not 
be withheld prior to surgery in any species to eliminate the risk of dehydration [401, 
402].

4.2  Surgical Considerations

Aseptic procedures and sterility are required for all survival surgeries in which ani-
mals are expected to recover from anesthesia. Also, prolonged non-survival surger-
ies that take more than 6 hours in duration must be performed using aseptic 
techniques. But, since non-survival surgery is infrequent for dentistry experiments, 
specific issues will not be discussed in the section. Four main areas should be con-
sidered for a surgical procedure including surgical work spaces, instruments, sur-
geon, and animal. Surgery must be conducted in a clean, disinfected, and uncluttered 
room that is isolated from the preparation or support area.

Surgical instruments should be sanitized and sterilized prior to surgery com-
mencement using pressurized steam (heat sterilization), gas (ethylene oxide), or 
chemical (cold sterilization) methods. Also, objects inserted into the animal body, 
such as implants, vascular access ports, and any other devices, must be sterile. 
Surgeon should have appropriate surgical attire such as shoe covers, surgical face 
mask, a cap cover, sterile lab coat or gown, and sterile gloves. Although all species 
undergoing surgery should receive the principals of aseptic technique, special con-
siderations pertain to some species. For instance, surgery on rodents does not always 
demand full surgical attire. Non-sterile garments could be worn for rodent surgery, 
albeit, it should be clean and the sleeves should not contact sterile surfaces. Also, 
sterile instruments and gloves may be reused when performing “multiple-run sur-
geries” in the same session in which multiple rodents within a related group are 
undergoing the same procedure. If instruments are planned to be used more than 
once, they must be disinfected by immersing them in a germicidal solution between 
animals [401].
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Animals are prepared prior to surgery by clipping their hair from the operative 
site via shaving or administration of depilatory agent to ensure the complete disin-
fection of surgical zone. It is worthy to note that this procedure should be performed 
in an area separate from the surgical room, and it is recommended that the loose hair 
be removed by a vacuum cleaning device [400]. Afterward, the surgical site is 
scrubbed with appropriate disinfectants such as iodophors or chlorhexidine solu-
tions. Special care must be taken when shaving and disinfecting the operative site of 
small animals, since they are prone to hypothermia from a wide hair-free zone and 
by being overwet.

Animal anesthesia and alleviation of surgical pain are crucial concerns of experi-
mental animal surgeries. Accurate dose of anesthesia should be administered to 
ensure pain sensation blockage and unconsciousness without possessing dangerous 
effects on animal well-being. Drugs designated for general anesthesia can be deliv-
ered as inhalant or injectable anesthetics. Administration of inhaled anesthetics by 
mask or endotracheal tube is suggested for all species undergoing dentistry 
researches except for procedures where placement of mask or tube interferes with 
the surgical interventions. Isoflurane and sevoflurane are commonly used inhalant 
anesthetic agents delivered in a determined percentage in oxygen via a precision 
vaporizer. This technique provides rapid induction and fast recovery besides its 
safety for modulating the depth of anesthesia by just adjusting the percentage of 
anesthetic gas instead of redosing drug injection which is performed for injectable 
anesthetics. But pre-emptive analgesia is mandatory when using inhaled anesthet-
ics. For administration of injectable anesthetic drug dose, route administration and 
injected volume should be carefully decided and calculated due to the animal spe-
cies, individual weight, and the surgical procedure. Combination of ketamine and 
α2-agonists, namely, xylazine-dexmedetomidine, is efficiently and routinely admin-
istered for induction of general anesthesia in animal models and can provide surgi-
cal level of anesthesia up to one and a half hour. To maintain the extent of anesthesia 
in prolonged surgeries, further doses of ketamine can be imposed during the opera-
tion with 30-minute intervals [372]. Injectable anesthetics are regularly injected via 
intraperitoneal route in small animals such as mice, hamsters, rabbits, and rats since 
intramuscular injection is restricted due to their small muscle mass. Also, adminis-
tration of ketamine outside the vein and in muscle can cause tissue necrosis and 
animal discomfort because of the sting sensation during injection.

Preemptive supplementation of analgesic agents is beneficial to lessen animal 
pain as the general anesthesia is wearing off. This will help to lower the total amount 
of required general anesthesia and will prevent sensitization of sensory mechanisms 
known as ramp-up or wind-up phenomenon. Opioids (buprenorphine and butorpha-
nol) and NSAIDs (meloxicam, carprofen, ketoprofen) are effective analgesics for 
surgical pain which are administered immediately when the animal has been 
 anesthetized to eliminate the postsurgical pain. Local anesthetics (lidocaine, bupiva-
caine) can be infiltrated adjuncts to general anesthetic agents to prepare additional 
analgesic effects for surgery and postoperative period and reduce the redosing need 
of anesthetics.
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Appropriate surgical protocol requires frequent assessment of the physiological 
condition of the animals to ensure their stable status during surgery. Basic monitor-
ing of cardiovascular system, respiratory system, and body temperature is impor-
tant, and the depth of anesthesia should be checked at least every 15 minutes. Also, 
prior to first incision, evaluation of the anesthesia depth is recommended by assess-
ing the animal’s responses to a painful stimulus, such as pedal withdrawal reflex 
(toe pinch) in which the toe or foot is forcefully squeezed with two fingers. 
Evaluating the respiration pattern is critical, since anesthesia causes slowing of 
respiratory rate and it is facilitated by the application of transparent drapes. 
Observing the color of skin parts, such as ear or toe and mucous membrane of con-
junctiva or gum, is also useful for monitoring the animal and is considered as an 
alarm bell for reduced blood oxygenation if the skin becomes bluish. Moreover, the 
animals under anesthesia lose their thermoregulating ability and are prone to hypo-
thermia. So, maintenance of body temperature throughout surgery and in the recov-
ery time with an external heat support, such as water-supplied heating pads or 
reusable thermal pads, should be considered. Surgeon should also pay significant 
attention to fluid demand of animals; since longer-lasting surgeries in which signifi-
cant blood loss occurs require the electrolyte replacement or blood transfusion in 
order to prevent hypovolemic shock or dehydration.

4.3  Postsurgical Care

Recovery from anesthesia needs repeated or even continuous monitoring. During 
immediate postoperative period (acute phase), the animal should move to a warm 
and dry place; administration of analgesic and supplemental fluid and frequent rota-
tion of animal to avoid lung congestion or bruising should be considered [401]. 
Animals must be assessed at least every 15 minutes until they are fully recovered 
(i.e., the animal can keep itself in sternal recumbency, the body temperature and 
physiological parameters are back to normal and are stabilized, and normal eating 
and drinking resume). After complete recovery, which animals were kept in an iso-
lated quite room for intensive care, they are moved to an animal-holding room. In 
the long-term postoperative period (chronic phase), the animals should be moni-
tored daily until the body weight, condition, and activity are stable [401]. Depending 
on the suture type, it will be removed 7–14 days after surgery when the wound heal-
ing is confirmed.

For surgeries that prevent animals from feeding with standardized food in the 
postoperative period, such as surgeries manipulated in oral cavity or which place 
appliances in the oral lesion, palatable foods like wet chew or Nutri-Cal gel must be 
available for the animal.
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5  Ethical Considerations

The increasing number of animals used in research has drawn an attention to their 
ethical consideration. One of the important issues is that a researcher properly cares 
and uses the animals in order to avoid or minimize their pain or distress. Animal 
research may not be conducted until the research protocol has been reviewed and 
approved by a local Institutional Animal Care and Use Committee (IACUC). The 
mission of IACUC is to ensure that the procedures are appropriate and are per-
formed according to the highest standard, animal research complies with animal 
welfare laws and regulations, and animals are not subject to unnecessary pain and 
distress [403].

Considering the growing concerns involving the use of animals in biomedical 
researches, the first step in animal studies is to provide explanation that the research 
will increase the scientific knowledge in different aspects of medical sciences and 
could improve the quality of health or welfare of humans or other animals. It is 
assumed that the scientific purpose of the research has sufficient potential signifi-
cance to justify the use of animals [403, 404]. Also, the following parameters should 
be considered in order to design the experiment properly and in accordance with the 
ethical considerations.

5.1  Number of the Animals

The good experimental design helps to minimize the number of animals used in 
research. However, a sufficient number of animals must be used to enable precise 
statistical analysis and results, preventing the repetition of experiments and the con-
sequent need to use more animals [405]. A statistical analysis should be used to 
justify animal numbers; the goal is not to minimize the number of animals used but 
to determine the right number of animals for obtaining valid results [403].

5.2  Veterinarian Consult

Consulting with a local veterinarian not only can be helpful in advising the investi-
gators on administration of proper anesthetics, analgesics, and procedures but also 
can be a legal requirement in some institutions [403].
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5.3  The Three R’s Concepts

In 1959, two pioneers of laboratory animal welfare, William Russell and Rex Burch, 
defined the principle of the three R’s [406]—refinement, reduction, and replacement 
of animal experiments—and urged all animal researchers to follow this policy in 
order to minimize animal use and pain or distress while still achieving critical sci-
entific objectives [405, 407–410].

Replacement: Replacing the use of animals with non-animal techniques such as 
computer models, in vitro culture systems, and microfluidic models.

Reduction: Reducing the number of animals used by using appropriate size to 
obtain statistically significant data. This may include performing multiple experi-
ments simultaneously so that the same control group can be used.

Refinement: Changing experiments or procedures to reduce pain and distress 
including refinements in anesthesia, surgery, and analgesia.

5.4  Species Choosing

The investigators should have enough justification to choose a specific species. The 
least sentient species capable of providing the needed data should be used. The 
previous work in biomedical literatures that validate the use of a particular species 
in an animal model of a human disease could be helpful.

5.5  Euthanasia

It is defined as the act of killing animals by methods that induce rapid unconscious-
ness and death without pain and distress [403]. Since it is necessary to euthanize 
most of the animals as part of the experiments, choosing appropriate euthanasia 
technique is very important in the experimental design. Euthanasia methods can be 
separated into physical and nonphysical methods. Nonphysical methods such as 
carbon dioxide inhalation and barbiturate overdose are the most desirable. Physical 
methods are normally used in conjunction with sedation and anesthesia; examples 
include exsanguination and decapitation [403]. Consultation with veterinarian 
would be beneficial to choose the appropriate methods on euthanasia.
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5.6  Pain and Distress

Pain and distress in animals are defined as procedures that would cause pain or dis-
tress in a human [403]. Most institutions require the investigators to assign animals 
to categories based on the level of pain/distress. In order to prevent unnecessary 
pain and distress endpoint criteria including euthanizing an animal, discontinuation 
of painful procedures and removal of animals from a study should be considered.

5.7  The Pilot Study

Administration of the pilot study can be used to refine the techniques. Also, it dem-
onstrates the feasibility of the given experiments and provides a justification with 
larger experiments.

5.8  Training

Investigators should ensure that all personnel involving an animal study receive 
essential instructions in experimental methods and in the care, maintenance, and 
handling of the species being studied. Besides they should be familiar with ethical 
guidelines by IACUC. Therefore, adequate training is an important aspect of the 
refinement of animal research and should be reviewed and improved [403]. Many 
institutions provide courses for animal care and use in research and education, 
which is designed to train important issues in animal research [403].

6  Future Perspectives

The conclusive goal of all biomedical researches is to understand either human 
development process or the physiopathology of human disease, which helps to pro-
vide new and more effective diagnosis, prevention, and therapeutic approach. 
Animal models are introduced to achieve this goal. However, there are major differ-
ences between animal models and humans in terms of molecular and cellular mech-
anisms, as well as diseases phenotype [411]. These discrepancies are the most 
important reasons for increasing number of animal models and even failure in many 
clinical trials [411].

This issue, as well as ethical concerns associated with use of animals in biomedi-
cal sciences, encouraged investigators and engineers to present a functional and 
effective tissue- and organ-level structure to understand human development and 
pathophysiology of disease and provide new method of diagnosis and prevention. 
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On the most acceptable structure as an alternative is microfluidic (or microfabrica-
tion) technology, which has made a remarkable progress in the past decade [412]. 
The combination of microfluidic technologies and biological sciences resulted in 
advancement of both in vitro and in vivo studies. Also by using this technology, 
studies can be conducted under controlled physiologically appropriate condition.

Microfluidic systems provide the ability to control multiple factors at the same 
time, connecting different culture chambers and evaluation in 3D microenviron-
ment. Also, analysis can be done in a real-time manner [411, 413].

There is a type of microfluidic system called organ-an-a-chip or disease models- 
on- chip [414]. These systems tend to mimic in vivo scenarios and represent one of 
the most promising approaches for various engineered disease models, such as heart 
disease, asthma, inherited metabolic liver disorder, polycystic kidney disease, bone 
marrow niche, and atherosclerosis and cancer metastasis [415–421]. Unfortunately, 
the use of microfluidic systems to diagnose and treat oral and maxillofacial dis-
eases, as well as understanding of teeth development, is associated with a little 
progress.

Wahhida Shumi and colleagues showed the effect of environmental factors, such 
as sucrose and metal ions on streptococcus mutant attachment and biofilm forma-
tion in a microfluidic device packed with glass bead to simulate the interproximal 
space [422] (Fig. 18.23b). Furthermore, other studies performed by this research 
group in 2013 evaluated the effect of shear stress in S. mutans aggregation in micro-
fluidic funnel device (μFFD). They suggested that the in vitro condition was suc-
cessfully mimicked and suitable for in situ monitoring of oral biofilms in both 
studies [423] (Fig. 18.23a).

William C. Nance et al. designed a high-throughput microfluidic system that was 
combined with a confocal laser scanning microscope to quantitatively evaluate the 
effectiveness of cetylpyridinium chloride (CPC) against oral multi-species biofilm 
grown in human saliva [424].

Fig. 18.23 (a) Representative image of adherent aggregates on the funnels microfluidic device 
(μFFD). (Reuse with permission) [423]. (b) Microfluidic device packed with glass beads for oral 
biofilm formation. (Reuse with permission) [422]
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The newest high-throughput microfluidic system was introduced by Raymond 
H.W.  Lam and colleagues, which was called artificial teeth device. This system 
provided extended application for general biofilm research, including screening of 
the biofilm properties developing under combinations of specified growth parame-
ters, such as seeding bacteria population, growth medium compositions, medium 
flow rates, and dissolved gas levels [425].

One of the applications of the microfluidic systems is the introduction of the new 
diagnostic methods. Dobyun Kim et al. simulated arteriole blood flow within dental 
pulp in the microfluidic system for the measurement of pulpal blood flow in human 
teeth via Doppler ultrasound devices [426] (Fig. 18.24).

Also, the microfluidic system has been used for evaluation of teeth development. 
P. Pagella and colleagues evaluated the usefulness of a microfluidic system for co- 
culturing mouse trigeminal ganglia and molars. They suggested that this system 
provided a valuable tool to study the behavior of neurons during the development of 
orofacial organs [427]. The next study performed by Kyung-Jung Kang et al. deter-
mined that stem cells from human exfoliated deciduous teeth were incubated in the 
concentration gradient of media cultured with human gingival fibroblast and peri-
odontal ligament stem cells in the microfluidic device system [428].

As noted above, a number of studies on the use of microfluidic systems in den-
tistry are limited. Microfluidic system has a great potential to mimic the normal and 
abnormal human tissue and organs and can provide a new form of personalized 
medicine, engineering tissue, and cell therapy. Moreover, numerous challenges, 
such as study of embryonic development of teeth, can be conducted through micro-
fluidic system and microfabrication.

7  Conclusion

Animal selection for in vivo experiments in the field of dentistry is of great impor-
tance regarding the different anatomy, physiology, tissue architecture, and healing 
responses in various species. This chapter presents the specific features and applica-
tions of different animals that can be used for dental research.

Fig. 18.24 Dimensions of the microfluidic chip and channel. PDMS polydimethylsiloxane, PTFE 
polytetrafluoroethylene. (Reuse with permission) [426]
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Chapter 19
Whole Tooth Engineering

Leila Mohammadi Amirabad, Payam Zarrintaj, Amanda Lindemuth, 
and Lobat Tayebi

1  Introduction

Total tooth loss due to traumatic injury, poor dental hygiene, periodontal or con-
genital diseases affects over 276 million people worldwide [1]. Today, removable 
dentures and artificial dental implants have been commonly utilized to restore 
occlusal function as tooth replacement therapy. Nevertheless, there are some chal-
lenges in using the artificial implants, including high risk of bone loss and fracture 
encircling artificial implants and high susceptibility to infection and inflammation, 
therefore leading to implant failure [2, 3]. Accordingly, finding alternative proce-
dures to manufacture biologically replaced teeth is an essential demand to rehabili-
tate physiologically functional teeth.

Theoretically, the whole tooth would be generated by implanting the autologous 
stem/progenitor cell-seeded scaffolds at the site of tooth loss, where it can grow, 
erupt, and develop like a natural tooth. Actually, this approach would take place just 
in the presence of the appropriate cell source(s), scaffolds, and the cascade expres-
sion of special genes that are involved in tooth development in the presence of sev-
eral growth factors. Mimicking such conditions is feasible by understanding the 
structure and steps of embryonic tooth development.

Interactions between dental epithelium—derived from ectoderm—and neural 
crest-derived mesenchymal stem cells (NC-MSCs) initiate tooth development. 
Briefly, at the sites of the future tooth, cascade expressions of homeobox genes—
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such as Barx1, Lhx8, Msc1, and Msc2—and secretion of BMPs and FGFs induce 
the thickening of the dental lamina and therefore initiate tooth development. After 
that, the dental epithelium cells in the placode, a specific dental laminar domain, 
proliferate and invaginate into the region wherein NC-MSCs reside and form the 
tooth bud. The epithelial cells proliferate and extend further into the NC-MSC- 
including tissue and condense the mesenchyme more to form a cap structure. In the 
next stage, called “bell stage,” primary, secondary, or tertiary enamel knots form—
based on the number of cusps of the eventual tooth—before developing into the 
crown of the tooth. Then, by expression of a second cascade of genes in the epithe-
lial cells of enamel knots (including BMPs, FGFs, Wnts, and Shh), epithelial cells 
differentiate into ameloblasts, producing enamel, and mesenchymal cells differenti-
ate into the progenitor of odontoblasts, producing dentine and dental follicle. Dental 
follicle cells produce the periodontal ligament, cementum, and alveolar bone, and 
thereafter tooth eruption begins by elongation of the tooth root (Fig. 19.1).

Up until now, efforts have been made in rehabilitating lost teeth using whole 
tooth bioengineering and different methods of tissue engineering and organ regen-
eration. Recently, several techniques have been applied to engineer fully functional 
whole tooth from embryonic germ cells in different small and large animals, includ-
ing mice, rats, pigs, and dogs [4, 5]. These studies demonstrate the feasibility of 
producing whole tooth at the site of tooth loss as a promising approach for tooth 
replacement therapy.

In this chapter, we will start by focusing on different cell sources and cell signal-
ing through which the cells produce different parts of the tooth during development 
procedure. Then, current methods in whole tooth replacement will be discussed and 
followed by an explanation of the functionality of a whole bioengineered tooth and 
future prospects for whole tooth engineering.

Fig. 19.1 Different stages in tooth development
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2  Cell Sources for Whole Tooth Engineering

Tissue engineering using stem cells is a promising approach to restore lost or dam-
aged craniofacial tissues. In whole tooth tissue engineering, different varieties of 
cells are used and investigated to detect the best source of cells that can be isolated, 
generated, and utilized for clinical applications. The findings achieved from these 
investigations can help us to understand how these cells can be utilized for whole 
tooth engineering. Recent studies, which used some scaffold-free methods for 
whole tooth bioengineering, manifested the importance of cell sources in the appli-
cation of tooth regenerative studies [6, 7]. Two major types of stem cell sources are 
used in whole tooth engineering: pluripotent cells and adult stem cells. Pluripotent 
cells have the ability to differentiate into the cells of all three germ layers—includ-
ing endoderm, mesoderm, and ectoderm. These cells, in the presence of appropriate 
stimuli, can differentiate into more than 200 adult cell types [8]. Adult stem cells are 
the other cell source, which are commonly used in engineering of different cranio-
facial tissues such as teeth. These cells are naturally responsible for normal tissue 
repair and healing after injuries [9]. Here, we will focus on the different cell types 
in each embryonic and adult stem cell categories and investigate their differentiation 
potential into different dental cells.

2.1  Embryonic Stem Cells

Embryonic stem cells (ESs) are pluripotent stem cells that can give rise to cells of 
the different germ layers. However, using these cells in craniofacial tissue engineer-
ing for clinical purposes is limited due to ethical issues and immune rejection 
reaction.

Recently, with the appearance of a new generation of pluripotent stem cells, 
called induced pluripotent stem cells (iPSCs), it is possible to use pluripotent stem 
cells in tooth regeneration research. These cells can be generated from different 
patient-specific progenitor/differentiated cells including fibroblasts, gingival cells, 
SHED, SCAP, DSCPs, and periodontal ligament cells, therefore resolving the 
immune responses and rejection reactions [10–13]. Moreover, several studies have 
shown that iPSCs successfully differentiate into different cells of tooth tissue, such 
as ameloblast-like and odontoblast-like cells [14, 15].

2.2  Adult Stem Cells

As described above, pluripotent stem cells, including ESs and iPSCs, are appropri-
ate candidates to generate a successfully bioengineered tooth. However, using 
human ESs for tooth regeneration is impossible due to ethical issues and potential 
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allogeneic immune rejection. Moreover, the procedure of producing of iPSCs is dif-
ficult, and the usual procedure to generate iPSCs using genetic manipulation and 
different kinds of viruses makes it harmful to use in clinical application. Therefore, 
autologous, multipotent adult stem cells are the putative source of the cells for cra-
niofacial tissue engineering.

MSCs are standard stem cells that can be isolated from various tissues such as 
bone marrow, umbilical cord, and adipose and dental tissues [16, 17]. Postnatal 
dental pulp stem cells (DPSCs), the first and the most common source of dental 
MSCs in tooth tissue engineering, can be isolated easily from dental pulp [18]. 
Studies show that DPSCs can differentiate into odontoblasts and osteoblasts and 
thereby form pulp, dentin, and cementum tissues, respectively [20–23]. DPSCs also 
can differentiate into other cell lineages, such as neurons, chondrocytes, vascular 
tissues, osteocytes, and adipocytes [22–24].

The periodontal ligament was found to be another source of dental MSC popula-
tion, called periodontal ligament stem cells (PDLSCs). The studies show that 
PDLSCs can differentiate into adipocytes, collagen-forming cells, cementoblast- 
like cells, and cementum-PDL-like structures in  vitro, which contribute to peri-
odontal tissue repair. Moreover, a study showed that co-culture of PDLSCs with 
DPSCs induces formation of rootlike and dentin-like structures [19].

Another promising source of stem cells is the pulp of primary human teeth 
(autologous baby teeth). The isolated stem cells, called human exfoliated deciduous 
teeth (SHEDs), can provide a sufficient number of the cells for dental tissue engi-
neering applications. These highly proliferative cells can differentiate into neural 
cells, endothelium, chondrocytes, osteocytes, adipocytes, odontoblasts, and pulp- 
like and dentin-like tissues [20–22].

Dental follicle precursor cells (DFPCs) are the other type of mesenchymal stem 
cells that surround the developing tooth bud, which will differentiate into odonto-
blasts [23], cementoblasts (producing the cementum), and periodontal ligament-like 
tissues [24]. It has been shown that the DFPCs are remarkable undifferentiated lin-
eage cells in the periodontium prior to, or even during, tooth eruption [24].

Stem cells from the apical papilla (SCAPs) are the other adult MSCs that are 
isolated from pulp tissue of developing baby teeth. They can differentiate into odon-
toblasts and osteoblasts, and form dentin-like structures [22]. Despite the fact that 
their proliferation rate is higher than DPSCs, their dentinogenic differentiation 
capacity is similar to DPSCs and BMSCs. Upon osteogenic differentiation, SHEDs 
show a higher alkaline phosphatase activity and osteocalcin expression compared 
with DPSC [18]. However, the studies show that their adipogenic differentiation 
capacity is less than BMSCs [25]. The SCAP growth factor receptor gene profiles—
including FGFR1, TGFbRI, STRO-1, bone sialophosphoprotein, and osteocalcin—
are similar to the gene profiles in DPSCs. Moreover, it has been shown that upon 
stimuli, SCAPs express a wide variety of neurogenic markers, such as nestin and 
neurofilament M [25].

Despite the potential of the aforementioned dental stem cells to create dental dif-
ferentiated cells and structures, determining the best dental MSC for whole tooth 
engineering has been challenging. It is due to the difference in proliferation and 
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clonogenicity, as well as the differentiation ability of the different types of MSCs. 
During distinct differentiation pathways, some specific surface markers are 
expressed on each dental stem cell type due to microenvironments of each cell lin-
eage origin [26]. Even in the same population of the MSCs, the subpopulation of the 
cells shows heterogeneity in their differentiation potentials [27]. Moreover, to 
achieve an appropriate approach in whole tooth engineering, it is necessary to deter-
mine the factors that control the MSC differentiation fate during tooth development 
[26]. The mutual interaction between factors secreted from various types of dental 
epithelial cells (such as dental epithelial cell rests of Malassez (ERM), keratinocytes 
isolated from human foreskin and gingival epithelial cells, and factors secreted from 
dental MSCs) causes formation of odontoblasts, ameloblasts, cementoblasts, 
cementum, and enamel [28–30]. Combination of these epithelial cell sources with 
MSC sources could lead to a promising approach for effective whole tooth tissue 
engineering.

3  Cell Signaling

The signaling pathways are the part of a complex system of communication that 
organizes cell fate, activities, and interactions through cascade expressions of the 
genes. The signaling mechanisms in tooth development seem to be conservative 
among different species [31]. Investigation of tooth development in several mod-
els—such as zebra fish, snakes, lizards, ferrets, rats, mice, and humans—helps to 
detect the genes and signaling pathways involved in tooth development. These find-
ings could suggest a promising approach to achieve successful whole tooth engi-
neering [31, 32].

All signaling pathways take place in interactions between dental epithelium 
derived from ectoderm and NC-MSCs. The conserved signaling pathways in tooth 
development are Hedgehog (Hh), Wnt, fibroblast growth factor (FGF), transforming 
growth factor ® (Tgf ®), bone morphogenic protein (BMP), and ectodysplasin 
(Eda) (Fig. 19.2). There are three signaling centers in tooth development, including 
placodes, primary enamel knots, and secondary (or tertiary) enamel knots. Their 
formation is regulated by epithelial-mesenchymal interactions, and they all largely 
express the same array of multiple growth factors.

Transcription factor p63 is expressed throughout the surface ectoderm, which 
regulates placode formation. The function of this transcription factor was discov-
ered when its function deletion caused the lack of teeth placodes and other ectoder-
mal appendage development [33]. P53 plays a pivotal role in Eda, Notch, BMP, and 
FGF signaling pathways [33]. The studies show that impairing signaling pathways 
at the placode stage stops tooth development before epithelial budding [34].

Ectodysplasin (Eda), a tumor necrosis factor, affects the function of placodes and 
enamel knots through its receptor [35]. Human syndrome hypohidrotic ectodermal 
dysplasia (HED) is caused by mutations in the genes involving in Eda signaling. In 
this syndrome, multiple teeth are missing, and there are several defects in other 
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ectodermal organs [35]. Impairing Eda function causes loss of third molars or inci-
sal teeth, and the molar cusp pattern becomes abnormal [36], whereas overexpress-
ing Eda in epithelium causes an extra tooth in front of the molars [37]. Eda signaling 
changes the gene expressions of the proteins involved in important signaling path-
ways in ectodermal organ development, including Dkk4, Fgf20, Shh, ctgf, and 
Follistatin [35].

Between the bud and cap stages, the primary enamel knot forms in the dental 
epithelium. The primary enamel knot manages crown formation and directs second-
ary enamel knot position, thereby determining the cusp tip position in the molar 
crown [38]. Wnt/b-catenin signaling in dental epithelium regulates Lef1 for FGF4 
expression in the enamel knots and induces new enamel knots and placodes [39]. 
The enamel knots induce cell proliferation in adjacent epithelium by secreting 
growth factors of FGF3, FGF4, FGF9, and FGF20. Because of expression lacking 
of P21 and FGF receptor in the epithelial cells of enamel knots, the epithelial cells 
remain nonproliferative. The FGF growth factors also induce NC-MSCs to express 
and secrete FGF3 and Runx2. Then, FGF3 and Runx2 attach to their receptors on 
the epithelial cells, thereby affecting the morphogenesis of tooth [40].

Shh, another factor secreted from the enamel knot, induces mesenchyme to pro-
duce factors that regulate morphogenesis of epithelium [41]. The signaling path-
ways conducted by Shh, Bmp, and Tgf® induce the proliferation activity of the stem 
cells and ameloblast differentiation, thereby producing the enamel.

Fig. 19.2 Epithelium and mesenchyme interactions control tooth development by some signaling 
pathways. At the first step of tooth development, epithelium initiates secretion of signaling mole-
cules, which induce gene cascade expressions in the mesenchymal cells, causing a condensation in 
the mesenchyme and epithelial placode formation (a). The enamel knots as a signaling center 
which determine the cusp position and induce odontoblast differentiation (b)
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Moreover, the studies show that TGF-® proteins, including BMPs, induce odon-
toblastic differentiation in the canonical TGF-® pathway, modulate smads, and 
thereby provoke dentin formation [42].

4  Approaches for Whole Tooth Organ

The procedure of whole tooth development is a highly complicated process, where 
transcription and growth factors express spatiotemporally and control cusp position 
and number, root formation, tooth length, crown size, and tooth development. To 
generate a functional whole bioengineered tooth with appropriate size and morphol-
ogy, the proper interaction between different aforementioned factors is necessary. 
Recently, several approaches for whole bioengineered teeth have been suggested, 
including organ germ method, cell sheets, and dental tissue engineering using 
scaffolds.

4.1  Organ Germ Method

A promising approach to bioengineer a whole tooth is mimicking organogenesis by 
inducing mutual epithelial-mesenchymal interconnection similar to what occurs in 
organ development. Here, we describe different approaches to bioengineer whole 
teeth using the organ germ method.

4.1.1  Embryonic Tooth Germ-Derived Epithelial and Mesenchymal Stem 
Cells

Embryonic tooth germ cells of the mouse are an appropriate candidate to develop a 
whole bioengineered tooth because they can make functional teeth by epithelial- 
mesenchymal interconnection [43]. Moreover, the organogenesis in this animal 
model takes place in a relatively short time frame, making it possible to achieve an 
accurate protocol. As described before, the primary enamel knot, acting as a second 
signaling center involved in the morphogenesis of the tooth crown, forms in the 
enamel organ, thus making it an important stage to producing functional reconsti-
tutes of germ cells. In a study, dental mesenchyme and enamel organ were dissoci-
ated from the mouse’s first lower molars at early cap stage (E14). Then, the 
dissociated cells from enamel organ were cultured and reassociated to either intact 
dental mesenchyme or dissociated mesenchymal cells in vitro. Although in teeth 
developed in both types of experiments, the tooth developed faster in intact dental 
mesenchyme than the dissociated mesenchymal cells due to cell history memoriza-
tion in the intact mesenchymal tissue. However, progression duration in the initial 
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steps of epithelial histogenesis is equal in both experiments, which shows that his-
tory reassociations in early stage are not memorized by mesenchymal tissue [44].

To bioengineer a whole tooth using embryonic tooth germ cells, reconstitution of 
tooth germ-like structures will be initiated by co-culturing the epithelial and mesen-
chymal stem cells in vitro for 5–7 days. In this stage, differentiation of odontoblasts, 
cusp morphogenesis, and crown formation will be started, and epithelial histogen-
esis will be completed [45, 46]. The construct will be then implanted under skin or 
the sub-renal capsule of adult mice, where vascular tissues, enamel and dentin, and 
toothlike structure will be formed [7, 47]. A study shows that this bioengineered 
toothlike structure with full function is produced in the case of an edentulous jaw 
using organ replacement therapy (Fig. 19.3) [6]. These methods can suggest a prom-
ising approach to achieve functional bioengineered whole teeth in the edentulous 
jaw.

There are no studies that show that human embryonic dental cells will produce 
bioengineered teeth, which tooth germ cells of mice produce. However, a study on 
the embryonic human dental epithelium (obtained from cap stage) and human 
embryonic lip mesenchyme shows that human embryonic dental tissues indeed pos-
sess similar tooth-inductive capability [49].

Recently, the main problems in the tooth organ method are discovering the 
appropriate cells and recapitulating the molecular processes of tooth development. 
Therefore, finding the molecular markers is necessary for detection of this molecu-
lar process. Even though the embryonic tooth cells seem to be good candidates for 
tooth bioengineering, their use in clinical application is challenging because of limi-
tations, such as immunological rejection reactions and ethical concerns. Adult stem 
cells would be the alternative cell source for this purpose.

4.1.2  Non-embryonic Tooth Germ-Derived Epithelial and Mesenchymal 
Stem Cells

As described previously, tooth formation is induced by interconnections between 
epithelial and mesenchymal cells during the development process of a tooth [4]. 
Recently, different sources of cells, including non-embryonic cells, have been used 
based on this strategy. These cells can produce a plentiful amount of the cell popula-
tion and are easy to access and isolate.

Bone marrow mesenchymal stem cells (BM-MSCs), showing similar properties 
of DPSCs, would be a good candidate as an alternative cell source. These cells can 
be isolated and harvested in an abundant amount at all ages and differentiate into a 
variety of cell types, including ameloblast-like cells [45]. A study shows that inter-
connection between BM-MSCs and oral epithelial cells from a mouse embryo (E10) 
induced bioengineered-like teeth after implantation in kidney capsules [50].

iPSCs are the other alternative cell source for tooth bioengineering because of 
their pluripotent characteristics similar to human embryonic stem cells. However, 
iPSCs do not have some limitations of human embryonic stem cells, such as ethical 
or immune rejection reaction problems [13]. Neural crest-like cells derived from 
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Fig. 19.3 Producing a bioengineered tooth in a mouse jaw. (a) Schematic image of bioengineering 
a tooth in the jaw using reassociation of tooth germ. (b) Oral image of transplanted bioengineered 
tooth before and after eruption and after occlusion (top, center, and bottom, respectively). (c) The 
transplanted bioengineered tooth occluded with the opposing upper tooth after 40 days. (d) Micro 
CT images of normal (gray, double dotted line) and no transplantation (top image) and trans-
planted bioengineered tooth in an extensive bone defect at day 0 (red, straight line) and after 
45 days (green, dotted line). Here, each line determines the superior edges of the recipient alveolar 
bone. (e) H&E analysis of bioengineered tooth after occlusion, which shows that engrafted bioen-
gineered construct has the correct tooth structure. Abbreviations: NT natural tooth, BT bioengi-
neered tooth, PDL periodontal ligament, AB alveolar bone. (Panels B, C, D, and E are reused from 
Ref. [48] with permission)
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iPSCs in combination with incisor dental epithelium can undergo odontogenic dif-
ferentiation [51]. A study shows co-culturing iPSCs with incisor mesenchymal cells 
causes toothlike structure formation with newly formed bone-like cells [52]. It has 
been demonstrated that integration-free human urine-derived iPSCs in combination 
with molar mesenchyme (form E14.5 mouse) can generate intact toothlike struc-
tures in a sub-renal culture [53].

Recently, in another study, epithelial cells obtained from adult human gingiva are 
used as a source of epithelial cells to engineer a whole bioengineered tooth. These 
cells, in combination with embryonic tooth mesenchymal cells of a mouse, produce 
a bioengineered tooth with different parts of a tooth, such as enamel with ameloblast- 
like cells, dentine, and the ERM of human origin after transplantation in kidney 
capsules [53].

It seems human keratinocytes can be a good source of epithelial cells, which in 
combination with embryonic mouse mesenchyme can differentiate into enamel- 
secreting ameloblasts [54].

Human umbilical cord mesenchymal stem cells (hUCMSCs) are another poten-
tial cell source to bioengineer the whole tooth with characteristics similar to those 
of pulp tissue stem cells. These cells can differentiate into odontoblast-like cells 
expressing dentine-related proteins, such as dentine sialoprotein and dentine matrix 
protein-1 [55].

4.2  Scaffolds for Tooth Bioengineering Approach

Organ substitution brings to light the whole tissue replacement of an impaired organ 
using in vitro cell-cultured 3D structures. It is supposed that future technologies will 
reconstruct the whole organ in vitro to replace the dysfunctional tissue. Whole tooth 
regeneration necessitates the accompaniment of the cells with proper scaffolding to 
regenerate the whole tooth to functional recovery of the lost tooth (Fig. 19.4). In this 

Fig. 19.4 Whole tooth engineering
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method, natural and synthetic polymers have been utilized to reconstruct the whole 
tissue, which clinical experiments have reported. In this section, whole tissue regen-
eration using scaffold will be discussed.

4.2.1  Synthetic Polymeric Scaffolds

Biomaterials play an important role in tissue engineering, in which incorporation of 
cells exhibits a synergistic effect on damaged tissue regeneration. Appropriate mate-
rial selection has a strong impact on dental regeneration. For instance, scaffold 
modulus affects cellular adhesion, growth, proliferation, differentiation, and fate. 
Young et al. seeded cells on the PLGA scaffolds, which are appropriate for control-
ling the shape and size of the tooth, and successfully regenerated a tooth from dis-
sociated tooth tissues, involving enamel and dentin [56]. However, scaffold residue 
in the tissue hindered the whole tooth regeneration. Precise arrangement of cells—
such as ameloblasts, odontoblasts, and cementoblasts similar to native teeth—
resulted in proper connection of enamel, dentin, and cementum, which leads to full 
regeneration of teeth [57]. In whole tooth engineering, root regeneration is the most 
important aspect. After root regeneration, the crown can regenerate on the con-
structed root. Bopp et al. loaded Cyclosporine A (CsA) in PLGA nanoparticles and 
embedded these cells into PCL electrospun scaffolds in which the local and sus-
tained release of the nanoparticles was achieved.

It was reported that the in vivo implantation of such scaffolds did not alter tooth 
regeneration, and that 88% of the regenerated teeth were innervated [58]. Chen 
et al. electrospun the PLGA and gelatin to achieve aligned nanofibers and treated 
the nanofibers using dentin matrix and native dental pulp extracellular matrix for 
periodontal and dental pulp regeneration. Such scaffolding can simulate the ECM 
properties, which facilitates the odontogenic differentiation of dental stem cells 
after seeding with stem cells transplanted within the porcine jaws. It is observed that 
in dentin, an odontoblast-like layer forms between the predentin matrix and dental 
pulp-like tissues, along with blood vessel formation; moreover, in the periodontium, 
cellular cementum and periodontal ligament (PDL)-like tissues are formed [59]. 
Rasperini et al. bioprinted the PCL for periodontal repair. Adjustable degradation 
rate and high porosity results in tissue ingrowth and vascularization [60]. Zhang 
et  al. synthesized chitosan−/collagen-containing growth factor for periodontal 
reconstruction. This scaffold induced the cellular proliferation and upregulation of 
collagen expression, and surrounding tissues grew within the scaffold, as well [61].

4.2.2  Decellularized Scaffold as Natural Scaffolds

Even though synthetic scaffolds can be constructed with desired properties, it is 
hard to perfectly recapitulate the ECM in dental tissues. In this regard, decellular-
ized scaffolding can be utilized to enhance such simulation. Moreover, decellular-
ized scaffolding reduces the inflammation, immune rejection, and foreign body 
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rejection. Such scaffolds can maintain the structure, mechanical feature, shape, and 
molecular gradient to enhance cellular activities. Various methods such as physical, 
chemical, and enzymatic methods have been utilized for decellularization, in which 
the cell membranes were disrupted and rinsed away to achieve the decellularized 
scaffold. It is theorized that decellularized scaffolds can enhance tooth 
regeneration.

Zhang et al. utilized decellularized scaffolds for whole tissue regeneration. In 
their study, a porcine decellularized tooth bud is utilized to regenerate the whole 
tooth. A decellularized scaffold is seeded with porcine dental epithelial cells, human 
dental pulp cells, and human umbilical vein endothelial cells. The constructed scaf-
fold exhibits a high degree of cellular activity, which was beneficial for whole tooth 
regeneration [62].

It is supposed that endodontic regeneration is an alternative procedure to treat the 
root canal of immature teeth. Song et  al. decellularized human dental pulp and 
recellularized it with the stem cells of the apical papilla to regenerate the tooth. The 
decellularized scaffold supports the proliferation and differentiation of the stem 
cells of the apical papilla [63]. Traphagen et al. decellularized porcine molar tooth 
buds, maintaining the ECM proteins such as collagen, laminin, and fibronectin. A 
reseeded decellularized tooth contains higher content of collagen than decellular-
ized tooth tissue. It was concluded that the natural decellularized scaffolds are 
proper for tooth regeneration to mimic the native tissue [64].

Hu et al. decellularized the swine dental pulp from the mandibular anterior teeth 
of swine and seeded with human dental pulp stem cells for pulp regeneration. It is 
observed that the bioscaffold maintained the natural shape and ECM components, 
which enhanced cellular activities, such as growth and proliferation [65]. Precisely 
controlling the bioengineered tooth shape and size, forming the functional tooth 
root, and removing abnormal mineralized tissue formation are the challenging 
issues in whole tissue engineering. Based on the reported studies, decellularized 
scaffolds can provide a niche-like environment with minimal immunological 
response.

4.3  Cell Sheets for Tooth Regeneration

Sheet engineering has been developed as a new effective approach to produce tis-
sues in vitro. In sheet engineering, cell sheets are detached from culture plates using 
scrapers, thermos-responsive polymer coatings, magnetic force, ionic-induced dis-
solution, electrochemical polarization, electrochemically induced pH decrease, and 
UV illumination [66]. Using these techniques, the extracellular matrix formed by 
the cells perseveres. Herein, following implantation, the cells in the sheets can 
attach to the recipient tissues without any additional materials, which increases the 
survival rate of implanted tissues [67]. In the case of bioengineering a whole tooth, 
the cell sheet technology can be applied to investigate and establish an 
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epithelial- mesenchymal interconnection. Moreover, studies show that it is possible 
to generate a functional bioengineered tooth using this technique in combination 
with scaffold- based tissue engineering.

In studies, it has been shown that human dental follicle cell sheets combined with 
dentin matrix scaffolds and autologous fibroblast multilayer cell sheets regenerate 
bio-root structures [68, 69]. 3D SCAP sheet-derived pellets also regenerate roots 
when they were implanted in the back of immunodeficient mice. Here, SCAP sheets 
induce generation of odontoblast-like cells and mineralized dentine-like tissue [70]. 
In another study, Vc-induced periodontal ligament stem cell sheets cover dental 
pulp stem cell-seeded root-shaped hydroxy-apatite scaffolds, which are then 
implanted into jaw bone implant sockets. After 6 months, by installing a crown on 
the bio-root, the whole functional tooth is generated [71].

5  Investigation the Functionality the Whole Bioengineered 
Teeth

The ultimate goal of tooth engineering is to achieve a fully functional bioengineered 
tooth. Recently, several studies report producing whole bioengineered teeth using 
cell aggregation methods [69], cell sheet engineering, and biocompatible scaffolds 
[71]. For successful whole tooth replacement therapy, the bioengineered teeth must 
be able to integrate with the bone and periodontal ligament tissues in the edentulous 
jaw area. Moreover, the bioengineered teeth should have sufficient strength against 
mechanical load during mastication and respond well to noxious stimulations in the 
maxillofacial region.

5.1  Successful Transplantation

The main concern about whole tooth bioengineering using the organ germ method 
is whether the implanted construct can erupt and occlude with the neighbor and 
opposing teeth in the oral environment. During tooth development, cell signaling 
and genetic and molecular mechanisms regulate tooth eruption and occlusion in 
the region of jaw bone from where the teeth will be erupted [72, 73]. Thus far, 
several studies indicate that transplanted in vitro germ constructs can erupt in an 
edentulous region of the oral cavity [6, 43, 50]. It seems that the bioengineered 
teeth, generated using the organ germ method, could erupt through bone/gingival 
remodeling induced by the genetic/molecular mechanisms similar to the process of 
natural tooth eruption. Moreover, the studies show that the bioengineered teeth 
generated by organ germ method occluded with the neighbor and opposing teeth 
after transplantation [6].
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5.2  Integration with Periodontal Ligament Tissues

The tooth germ is surrounded by dental follicular cells during tooth development. 
These follicular cells will differentiate into osteoblasts, cementoblasts, and fibro-
blasts, and therefore produce alveolar bone, cementum, and the periodontal liga-
ment [74]. One of the main concerns in bioengineering tooth therapy is whether 
transplanting an engineered tooth or construct will successfully fix and create peri-
odontal ligament tissue around the implant in the edentulous area. Regarding trans-
plantation of bioengineered immature tooth using the organ germ method, because 
the whole process of developing tooth will be established in the transplanted germ 
construct in the edental region, it is obviously the periodontal ligament that will be 
generated during tooth development in the appropriate area. But this is a bit differ-
ent for transplantation of bioengineered mature tooth. The bioengineered mature 
tooth has a higher priority compared with bioengineered immature tooth, as the 
mature one would exhibit an in vivo immediate functional operation [75]. In a study, 
it has been shown that when a bioengineered mature tooth unit is transplanted into 
a murine jawbone, the bioengineered tooth (with its periodontal ligament tissues) 
was successfully engrafted and integrated into the jaw after 40 days [7]. Therefore, 
both the bioengineered mature and immature teeth would successfully restore the 
masticatory function related to integration of the periodontal ligament after 
transplantation.

5.3  Responses to Mechanical Load of Bioengineered Teeth

Biological response to mechanical stresses in the bioengineered whole tooth is 
another important factor that should be investigated. Oral function necessitates the 
harmonized cooperation of the maxillofacial region and teeth using the periodontal 
ligament. The physiological properties of the tooth—such as absorption of occlusal 
loadings, preserving the alveolar bone height, and orthodontic movement of the 
tooth—affect the periodontal properties. It has been theorized that preserving the 
periodontal tissue of the tooth root is crucial for ankylosis prevention. The PDL con-
nection plays an important role in tooth function, as its absence in synthetic implants 
results in major drawbacks in tooth functionality. In this regards, biological thera-
pies attract more attention than artificial options in tooth restoration [76, 77].

Since the periodontal ligament is an important component for implant restora-
tion, the neural responses also need to be considered. The tissue-implant interface is 
an important region, which in proper conditions results in osseointegration. The 
fibro-osseous interface can be developed by micromovement of the implant. Bone 
not only provides strength, but also provides regulation of calcium homeostasis. It 
is hypothesized that the mechanical load on bone causes a chain of events that 
results in a biological response. In this regard, properly designing the implant pro-
vides an appropriate mechanical transfer to the bone and results in activity of bone 
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cells [78]. Direction, degree, duration, and rate of loading to the tooth determine the 
biomechanical response. Mechano-transduction includes (1) mechanocoupling, 
which transduces the mechanical loading to the biosignal to be detectable for sensor 
cells; (2) biochemical coupling, which converts the mechanical signals to the bio-
chemical signals to illuminate the cell response; (3) transfer the sensor cell biosig-
nals to effector cells; and (4) final response of effector cell.

Osteocytes sense the mechanical forces and assist the translation of the mechani-
cal forces to the biochemical signals. These cells are located in the lacunae of the 
bony matrix and are more resistant to mechanical forces than osteoblasts [79, 80]. 
Recent studies on bioengineered teeth show that functional tooth movement and 
bone regeneration have been attained [6, 7]. These results determine that bioengi-
neered teeth could appropriately accommodate the mechanical forces, similar to 
natural teeth. This is because of PDL formation and integration in bioengineered 
teeth—in contrast to dental implants, where the lack of PDL tissue causes their lack 
of response to mechanical loads and subsequent failure of the whole implant.

5.4  Perceptive Potential for Noxious Stimuli in Bioengineered 
Teeth

Sympathetic, parasympathetic, and sensory nerves innervate the teeth, like other 
peripheral organs. Afferent nerves regulate the physiological function of tooth and 
noxious stimulation comprehension [81]. Moreover, it seems that the nervous sys-
tem plays an important role in tooth development. In a study, it was determined that 
tooth regeneration with a lesioned nerve did not occur [82]. This proves that there is 
a close correlation between tooth formation and peripheral innervation. It is sup-
posed that nerves produce signaling molecules that affect the interaction between 
mesenchyme and dental epithelium. During tooth development, trigeminal ganglion 
sensory endings near dental MCSs release Shh, which acts as a key signaling mol-
ecule in tooth growth [83].

Hence, it seems that after transplantation of a bioengineered or autologous tooth, 
the neuronal regeneration is necessary for successful whole tooth bioengineering 
therapy [84]. Here, neuronal regeneration causes nerve fibers to enter into the bio-
engineered tooth, which innervate the pulp cavity, odontoblastic layer, and peri-
odontal ligament with blood vessel reconstruction [6, 7]. Lack of innervation in the 
periodontal tissues and the pulp cavity after transplantation of conventional dental 
implants causes them to not comprehend peripheral stimuli, such as injuries, exces-
sive loading, and orthodontic movement [85].

Innervation of the bioengineered teeth from the alveolar nerve after transplanta-
tion is one of the main challenges in producing a functional tooth implant. Studies 
show that if bioengineered immature constructs, including mesenchymal-epithelial 
cells, implant in the correct position in the jaw, the regeneration of nerves will be 
conducted [6, 7, 86]. To investigate innervation of embryonic dental epithelium and 
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neural crest-derived MSCs, the reassociations of the cells obtained from embryonic 
day 14 mouse molars were implanted underneath the skin along with dorsal root 
ganglia. The results show that the innervation of the dental mesenchyme was not 
observed. Then, cell reassociation implantation along with trigeminal ganglia 
caused extension of axon growth to surround the forming teeth. However, the axons 
are detected in the dental mesenchyme in just 2.5% of samples, showing a specific 
defect in entering trigeminal ganglia into the dental mesenchyme. It has been shown 
that inhibition of T cells using immunosuppressive reagents such as cyclosporin A 
improves axonal regeneration. Cyclosporin A also has a direct effect on axonal 
regeneration by enhancing growth associated protein-43 expression [87]. The coim-
plantation of cell reassociations and trigeminal ganglia in cyclosporin A-treated 
ICR and immunocompromised nude mice shows the innervation of the dental mes-
enchyme in both strains similarly. These results demonstrate that immunosuppres-
sion can impair the innervation process in the dental mesenchyme [88].

Despite previous studies showing that the bioengineered whole tooth would 
potentially restore neuronal responses, more research needs to be done in order to 
reach practically this achievement with high performance.

6  Summary

Although clinical prosthetics, such as dental implants, have been used for tooth 
replacement, there are many disadvantages in their use. Currently, whole tooth engi-
neering can provide a promising alternative approach. The research attempts in the 
bioengineering field of teeth should focus on the molecular processes during the 
tooth development, finding a promising autologous cell source, appropriate bioac-
tive materials, and other barriers that limit the development of clinically functional 
bioengineered whole teeth. Despite the high complexity of the tooth organ compo-
nent, the accomplishments of previous studies show that whole tooth engineering 
for humans is possible and a solution is on the horizon.
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