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1	 �Bone Remodeling 
and Regeneration Through 
Tissue Engineering

Bone is a dynamic tissue that undergoes remodel-
ing all the time. Bone tissue has an intrinsic abil-
ity to repair small defects and some fractures. 
However, if bone defects exceed the critical size 
(which depends on the location and anatomy, 
usually >2 cm in humans) [1], the body usually 
cannot repair them unaided.

In defect situations, the bone needs to be 
reconstructed, to providing it with the necessary 
mechanical integrity and o aid rehabilitation. 
Current clinical treatments of large bone defects 
using bone grafts, including autografts and 
allografts, have considerable limitations [2, 3]. 

Autografts require a second operation to harvest 
bone from other sites in the body. Associated 
complications may include donor site morbidity, 
intraoperative morbidity, and prolonged hospital-
ization. Limitations also include an inadequate 
quantity of donor bone and difficulties in shaping 
the graft to the correct shape to restore complex 
3-dimensional defects. The use of allografts is 
associated with the potential transmission of 
infection and with host immune responses.

Recently, engineered bone scaffolds have 
been receiving increasing attention as alterna-
tives to conventional bone grafts [4]. For bone 
tissue engineering, three factors are crucial for 
the long-term success: osteogenic cells to pro-
duce the bone matrix, biomaterials, or scaffolds 
with suitable mechanical properties, to provide 
the desired microenvironment, and biomolecular 
cues such as growth factors to attract osteogenic 
cells and/or modify their functions. In the follow-
ing part, those key factors for bone tissue engi-
neering are discussed in detail.

2	 �Cell Sources for Bone 
Regeneration

Mesenchymal Stem Cells (MSCs)
MSCs have long been recognized for their poten-
tial use because they can differentiate and form 
bone during the natural bone development pro-
cess. MSCs have been defined through the 
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expression of various markers (i.e., negative for 
CD34, CD45, CD14, CD11a, CD19, and 
HLA-DR, and positive for STRO-1, CD29, 
CD73, CD90, CD105, CD106, CD166, CD146, 
and CD44) [5, 6]. The high proliferative potential 
of MSCs, combined with their ability to with-
stand freezing conditions, allows for their expan-
sion in  vitro, to obtain clinically relevant cell 
numbers.

Dental Stem Cells (DSCs)
In addition to MSCs, various DSCs such as den-
tal pulp stem cells (DPSCs), stem cells from the 
human exfoliated deciduous tooth (SHED), den-
tal follicle stem cells (DFSCs) and periodontal 
ligament stem cells (PDLSCs) have been used for 
bone tissue engineering due to their ease of har-
vesting and high proliferation rate [7, 8].

DPSCs express typical MSC biomarkers, such 
as CD90, CD29, CD73, CD44, and CD105 [9, 
10], and they differentiate into odontoblast-like 
cells [11]. In vivo transplantation of such DPSCs 
into nude rats generates living fibrous lamellar 
bone tissues containing osteocytes [12].

Induced Pluripotent Stem Cells (iPSCs)
The generation of iPSCs was first reported by the 
Yamanaka group and others in 2006. This 
approach involves directly introducing specific 
reprogramming genes (Oct4, Sox2, cMyc, and 
Klf4) into somatic cells to give them pluripotent 
abilities [13]. iPSCs have been induced into 
osteoblast-like cells [14, 15] for bone 
regeneration.

Other Cells
Other stem cells such as adipose-derived stem 
cells [16], and peripheral blood-derived stem 
cells [17] are also used for bone and cartilage 
repair.

3	 �Biomaterials for Bone 
Regeneration

Bioceramics
Bone contains an inorganic component of car-
bonated apatite minerals. Bioceramics are a class 

of inorganic biomaterials which have similar 
composition to the mineral parts of natural bone. 
Calcium phosphates such as β-tricalcium phos-
phate and hydroxyapatite are the most common 
types of bioactive ceramics used for bone tissue 
engineering. They are widely used in clinical 
practice as bone cements or as coatings on 
implants [18].

Bioactive glass is another important type of 
bioceramic. It is composed of silicates, calcium, 
and phosphate [19]. Compared to hydroxyapatite, 
bioactive glass is reported to have a faster bone 
regeneration rate in  vivo as a bone graft [20]. 
Recently, the capacity of releasing bioactive ions 
such as Ca2+, Si4+, Mg2+, Cu2+, Sr2+, Li+, and Ag+ 
from bioceramics has been receiving interest [21].

Polymers
Various naturally derived and synthetic polymers 
are used for bone tissue engineering. Natural 
polymers, such as collagen, gelatine, and alginate 
exhibit several desirable characteristics such as 
good biocompatibility, degradability, and cell 
attachment. Collagen is the main protein compo-
nent of natural bone. These biopolymers contain 
aminoacid sequences (specifically, the adhesion 
ligand arginine–glycine–aspartic acid (RGD)) to 
which cells readily attach. For natural polymers, 
concerns exist over their immunogenicity and 
their relatively weak mechanical properties.

Synthetic polymers such as polycaprolactone, 
polylactic acid (PLA), polyglycolic acid (PGA), 
copolymers of PLA and PGA (PLGA) offer a 
versatile alternative. PCL is a popular polymer 
for use in bone tissue engineering systems. It has 
high mechanical strength and is included in the 
list of US Food and Drug Administration (FDA) 
approved products. Synthetic polymers usually 
lack features that promote cell adhesion, and they 
undergo very slow hydrolytic degradation 
in  vivo. A combination with natural polymers 
such as a surface coating can address this particu-
lar concern for synthetic polymers.

Composites and Hybrids
Composites are an increasingly important class 
of biomaterials used for bone tissue engineering, 
owing to their ability to combine the strength of 
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both bioceramics and polymers. Inorganic-
organic composites aiming to “mimic” the com-
posite nature of native bone combine the 
toughness of a polymer phase with the compres-
sive strength of an inorganic phase, to generate 
bioactive materials with improved mechanical 
properties and degradation profiles. These com-
posites and hybrid usually include a biodegrad-
able polymer phase, in which bioceramic particles 
are incorporated as fillers. Tissue-engineered 
porous PEO layered polymer-magnesium sys-
tem, for example, is emerging and are showing 
promising [22].

3.1	 �Growth Factors for Bone 
Regeneration

Bone is a dynamic tissue that constantly under-
goes remodeling, with a coupled process of bone 
formation by osteoblasts and resorption by 
osteoclasts. When bone defects occur, a bone 
healing process is triggered. Osteoblasts differ-
entiate and are activated to form new bone. 
During this process, growth factors particularly 
bone morphogenetic proteins (BMP) [23] are 
expressed to promote the differentiation of 
osteoblasts and to enhance the bone-forming 
activity [24]. Preclinical and clinical studies 
have shown that BMP-2 has a strong osteoinduc-
tive ability, and can be utilized in therapeutic 
interventions for bone defects, non-union frac-
tures, spinal fusion, osteoporosis, and root canal 
surgery [23, 25]. Recombinant human BMP-2 
(rhBMP-2) has been approved by the US FDA 
for clinical use [26].

In addition to BMPs, fibroblast growth factors 
(FGFs) and vascular endothelial growth factor 
(VEGF) are also important in bone tissue engi-
neering. VEGF is an angiogenic protein that reg-
ulates endothelial cell proliferation. FGFs are 
group of proteins that induce angiogenesis 
through endothelial and osteoblast cell prolifera-
tion. The design of scaffolds with the localized 
release of growth factors has attracted significant 
attention, due to the potential for dose reduction, 
a controlled release pattern, and lower side effects 
compared to systemic delivery. Various advanced 

fabrication techniques such as 3D printing, 
electro-spinning, and electro-spraying are used 
for growth factor and drug delivery to enhance 
bone growth when scaffolds are used [1].

4	 �Regenerative Approaches 
for Jaw Discrepancies

A jaw size discrepancy is commonly seen in orth-
odontic patients and can cause a mild to a severe 
malocclusion. The latter usually requires a multi-
disciplinary treatment plan including orthodontic 
treatment and orthognathic surgery. 
Conventionally, orthodontic treatment is used to 
compensate for the size difference between jaws 
in moderate cases, and to de-compensate the 
inclined teeth to facilitate orthognathic surgery in 
severe cases.

As shown in Fig. 1, in the past, when there is 
no skeletal discrepancy, no treatment or simple 
orthodontic treatment is needed for an ideal 
occlusion. When there exists q moderate level of 
jaw discrepancy, orthodontic treatment can cam-
ouflage the skeletal difference via the reposition-
ing of teeth. When severe skeletal problems are 
identified in patients, usually a combination of 
orthodontic and orthognathic treatment is 
planned. At this point, there is not much tissue 
regeneration involved to correct the jaw 
discrepancy.

As is now well accepted, orthodontic tooth 
movement relies on alveolar bone remodeling, 
which is initiated by force. This bone remodeling 
process involves both osteoblastic and osteoclas-
tic activities. With the understanding of this pro-
cess and the development of bone tissue 
engineering, the treatment efficacy of orthodon-
tic approaches for dealing with jaw discrepancies 
has been greatly improved.

Unlike moderate jaw discrepancy, when a 
severe discrepancy exists, this indicates that a 
large volume of bone is needed. Besides grafting, 
bone tissue engineering techniques have been 
used widely in this field. In this section, first, tis-
sue engineering techniques that further devel-
oped the capacity of conventional orthodontic 
treatment will be introduced. This part addresses 

Regenerative Approaches in Orthodontic and Orthopedic Treatment



154

moderate jaw discrepancies. Secondly, bone tis-
sue engineering technique advancements for 
treating severe skeletal jaw discrepancies will be 
discussed. Currently, with the aid of rapidly 
developing tissue engineering techniques, less 
invasive procedures should be possible for treat-
ing jaw discrepancies in the future (Fig. 1).

4.1	 �Orthodontic Treatment Tissue 
Engineering Approaches 
for Jaw Discrepancies

Modern orthodontics has adopted so many tissue 
engineering techniques that the capacity of ortho-
dontists to correct jaw discrepancy has been 
expanded considerably. The border between 
camouflage orthodontic treatment and surgical 
treatment has been pushed outwardly (Fig.  1, 
lower panel). Implant anchorage, maxillary 
expansion, micro-osteoperforation, and corticot-
omy are de facto common surgical techniques 
that expand the capacity of traditional orthodon-
tic appliances to enable faster tooth movement. 
These also allow clinicians to move teeth across a 
longer distance. While most clinicians may not 
instantly relate these techniques to tissue engi-
neering, they all rely heavily on the bone remod-
eling capabilities of alveolar bone [27] and/or 

jaw bone. This section focuses on tissue engi-
neering techniques adopted by orthodontists, and 
experimental approaches for orthodontic 
treatment.

4.1.1	 �Osteoclastic Activity 
Accelerates Orthodontic Tooth 
Movement Rate

Surgically facilitated orthodontic treatment is 
performed widely in modern orthodontic prac-
tice. Liou and coworkers showed that orthogna-
thic surgery could create a window period of up 
to 3 months for active osteoclast activity and 
alveolar bone metabolism, which resulted in 
accelerated tooth movement [28]. A regional 
acceleration phenomenon relates to an active 
osteosis response around a corticotomy site. 
Cortical bone is regarded as the main resistance 
during tooth movement, and the cortical layer is 
removed in front of the tooth along the track of its 
movement. After corticotomy, the accelerating 
effect persists for the first 3 months. This effect is 
not caused by the removal of resistance, but 
rather by the activation of resorption and forma-
tion processes in the alveolar bone itself. To initi-
ate a burst of acceleration, a corticotomy requires 
a full-thickness gingival and mucosa flap to pro-
vide direct access to the surgical site. As such, a 
conventional corticotomy is relatively complex, 

Jaw discrepancy level

Treatment capacity

Normal

No
treatment

No
treatment

ModerateSevere

In the past ...

In the future ...

Orthopedic surgery
+

Orthodontic treatment

Orthopedic surgery
+

Orthodontic treatment

Orthodontic treatment

BTE + Orthodontic treatment

Fig. 1  Comparison of 
treatment capacity in the 
past and in the future 
where bone tissue 
engineering (BTE) 
enables more 
orthodontic treatment 
approaches to correct 
jaw discrepancy at 
moderate and severe 
levels
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with postoperative complications such as pain 
and discomfort. A series of minimally invasive 
modifications are now available, including corti-
cision, piezocision, micro-osteoperforation, and 
discision [29]. A tissue flap is avoided in all these 
modified versions, and this reduces soft tissue 
reaction.

In general, corticotomy is suitable for many 
types of tooth movement. Its application is lim-
ited to patients who take anti-inflammatory medi-
cines (e.g., corticosteroids, non-steroidal 
anti-inflammatory agents) and bisphosphonates, 
as these interfere with bone remodeling [30, 31]. 
There is a delicate balance between the choice of 
a corticotomy to maintain a satisfactory accelera-
tion of tooth movement, and the risk of harm to 
the individual. More research is needed in this 
field, as inconsistent results have been found in 
animals versus patients. A recent animal study 
indicated that even remote corticotomy can effec-
tively accelerate tooth movement [32]. A review 
of clinical studies has pointed out that strong 
clinical evidence is lacking, mostly due to poorly 
designed studies [33].

Micro-osteoperforation has been used in both 
animal and clinical studies, with little or no com-
plications. As micro-osteoperforation avoids 
raising a flap, irritation and tissue swelling are 
minimized. Most patients tolerate this procedure 
very well [34, 35]. In one study, three micro-
osteoperforations were performed on the buccal 
side of the target canine. There was no significant 
acceleration of tooth movement observed, which 
may reflect the low frequency of the procedure. A 
higher frequency may be needed to achieve an 
obvious acceleration [36]. A 2020 systematic 
review and meta-analysis concluded that micro-
osteoperforation was not effective in enhancing 
orthodontic tooth movement [37].

4.1.2	 �Osseointegration Enables 
Definite Anchorage 
in Orthodontic Treatment

A mini-screw implant used in orthodontic treat-
ment provides stable anchorage, reduces the need 
for patient compliance, and avoids unfavorable 
tooth movement. Osseointegration, as first intro-
duced by Branemark in the 1960s, serves as the 

biological basis for the min-screw implants used 
as orthodontic anchorage. The application of 
mini-screw implants has changed the manage-
ment of many cases from extraction to non-
extraction, and from surgical cases to extraction 
cases. OTM facilitated by these implants is com-
parable to what occurs with conventional anchor-
age [38, 39].

4.1.3	 �Intramembranous 
Osteogenesis Corrects Jaw 
Discrepancy

Maxillary expansion is to address a discrepancy 
between the upper and lower jaws in the trans-
verse plane. Usually in such cases, the width of 
the maxilla is below normal, while the width of 
the mandible is within the normal range. 
Correction of mandibular width is sometimes 
carried out at the same time as the expansion of 
maxilla. The optimal age to undergo expansion is 
in the teenage years, from 13 to 15 years old. The 
mechanism behind the maxillary expansion is the 
same as distraction osteogenesis (DO) (as 
described in the next section). Patients with skel-
etal jaw discrepancy also can benefit from the 
surgically facilitated maxillary expansion, e.g., 
for mature adult patients.

4.1.4	 �Factors Regulating Orthodontic 
Tooth Movement

It is well accepted that a continuous light force 
can provide an optimal rate of tooth movement 
with minimum tissue damage, e.g., root resorp-
tion. Current research on tooth movement indi-
cates that it involves three separate but interacting 
osteosis activities: resorption, formation, and 
remodeling. Bone resorption is regarded as rate-
limiting aspect for tooth movement rate [40], and 
animal studies have proved a direct relationship 
with bone resorption via osteoclast activation 
[41, 42]. The sympathetic nervous system regu-
lates bone remodeling (including osteoblast 
mediated bone formation and osteoclast-mediated 
bone resorption) through β-2 adrenergic recep-
tors (Adrb2) [43].

A number of chemicals and drugs have been 
studied for possible use in accelerating the rate of 
orthodontic tooth movement [44, 45], e.g., hydro-
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gen sulfide [46, 47], triptolide [48], and aspero-
saponin [49]. On the other hand, resveratrol has 
been found to reduce the rate of orthodontic tooth 
movement [50].

Low level laser therapy has been proposed to 
accelerate orthodontic tooth movement, with 
most studies using near-infrared gallium–alumi-
num–arsenic (GaAlAs) diode lasers for photobi-
omodulation [51–53]. Low level laser therapy 
increases IL-1β secretion and faster tooth move-
ment is observed [53]. A 2014 systematic review 
and meta-analysis concluded that low level laser 
therapy accelerated tooth movement, with a mod-
erate level of evidence. Further research is needed 
to optimize this technique so that it becomes a 
part of the normal routine [54]. In 2020, a triple-
blind, split-mouth, randomized controlled trial 
found no accelerating effect on tooth movement 
[55]. This may be due to sub-optimal laser param-
eters being used.

4.2	 �Orthodontic/Orthopedic 
Treatment Tissue Engineering 
Approaches for Jaw 
Discrepancies

Depending on the type of discrepancy, jaw cor-
rection sometime requires orthopedic interven-
tion with additional orthodontic treatment. For 
instance, in an adult patient with a palatal cleft, 
dentition compensation (including changes to the 
alveolar bone) always exists. In order to achieve 
the mastication function, orthodontic treatment is 
needed to correct the malocclusion (a de-
compensation), before treatment of the jaw 
discrepancy.

Most cases of jaw discrepancy are well com-
pensated with teeth, alveolar bone and soft tis-
sues, which results in a normal facial appearance, 
progressing to moderate asymmetry and/or mal-
occlusion. Only a small proportion of patients 
with a moderate to severe jaw discrepancy pres-
ent with an obviously asymmetric facial appear-
ance and severe malocclusion [56]. This latter 
situation is seen commonly in cases of cleft pal-
ate, or of benign tumors that progressively dis-
rupt bone (e.g., aggressive giant cell lesions, or 

ameloblastoma). On the other hand, trauma in the 
maxillofacial area, especially cases of TMJ 
trauma in young patients, often result in a severe 
jaw discrepancy.

Conventionally, there are two types of treat-
ment approaches. Distraction osteogenesis (DO) 
was proposed in 1989 [57], and was first applied 
in maxillofacial cases in 1998 [58]. DO has now 
become a standard procedure for elongating the 
jawbone and the expanding maxilla. DO uses the 
patient’s own bone formation capacity to increase 
the bone volume. Its application in the maxillofa-
cial area is limited by the complex and irregular 
shapes of the facial bones in individual cases. 
Each person has a unique facial contour. Another 
issue is damage to accompanying nerves, since 
this can impact significantly on the quality of the 
newly formed bone [59].

4.2.1	 �DO in the Maxilla
Distraction osteogenesis as a treatment for skel-
etal deformities relies on achieving an increase in 
bone volume. It avoids or reduces the need for 
bone grafting, and the surgery is less invasive. 
Because this technique can expand bone in any 
direction, it has often been used for correcting 
jaw discrepancies in cases of congenital or 
acquired deformities, where the bone volume 
deficit is large.

In DO, an osteotomy separates the bone, the 
two parts are then fixed a distraction device, after 
which a gradual distraction period allows intra-
membranous bone formation to occur. In this 
process, mesenchymal stem cells from the bone 
marrow differentiate into osteoblasts to form 
neo-callus. Bone formation follows the “tension-
stress principle,” as proposed by Ilizarov [60]. 
Neovascularization is critically required for suc-
cessful bone formation in this process and for this 
reason, systemic factors that impair neovascular-
ization also affect bone regeneration at the DO 
site [61].

Midface deficiency is common in cleft patients 
due to unavoidable scar tissue formation during 
surgical closure of clefts at an early age. When 
the growth of the maxillofacial complex ends, a 
severe crossbite and maxillary hypoplasia are 
often the end result, with a low bone volume. A 
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simple maxillary advancement (Le Fort I) is not 
enough. DO can provide reliable advancement of 
the maxilla with substantial bone deposition. 
Results are stable 12  months after treatment. 
Using a rigid external distraction device, it is pos-
sible to perform a stable advancement of the 
maxilla in both the horizontal and vertical planes.

4.2.2	 �DO in the Mandible
In bone tissue, the areas with the highest meta-
bolic activity receive the richest sympathetic 
innervation [62]. Bone cells express neuronal 
signal receptors, which mediate neuro-osteogenic 
interactions [63]. The sympathetic nervous sys-
tem regulates the bone remodeling process [43, 
64, 65], stimulating osteoclastic activity via β-2 
adrenergic receptors (Adrb2). In Adrb2 knockout 
animals, tooth movement is significantly reduced.

Nerve integrity has an impact on bone remod-
eling. In sagittal DO of the mandible, there is a 
risk that DO surgery procedures may injure or 
transect the inferior dental nerve. If this occurs, 
there would be a reduction in new bone forma-
tion following DO [59]. In the mandible, the 
approach of using DO is limited to cases where 
correction in the transverse dimension is required, 
such as in hypoplasia of the mandible [66].

4.3	 �Bone Tissue Engineering 
for the Maxillofacial Region

Besides auto-transplantation, heterogeneric 
osteogenesis has been explored extensively for 
bone tissue engineering. Bone tissue grafting [67, 
68] and the implantation of synthetic bone substi-
tutes have been the two main approaches used for 
the treatment of jaw discrepancies. A recently 
review suggested that using allogenic bone chips 
could be a safe technique, [69] however this 
approach has limited source material and is not 
likely to achieve the maximum extent of bone 
regeneration capacity. This next section will 
focus on synthetic bone substitutes used in bone 
tissue engineering for the maxillofacial region 
[70, 71].

Bone substitutes include both organic and 
inorganic-metal substitutes. This has been a 

greatly expanding topic within tissue engineering 
over recent decades.

4.3.1	 �Vascularization in Bone 
Regeneration

Scaffold materials have been applied to repair 
bone defects in the maxillofacial area. When the 
bone defect size exceeds a certain limit, or the 
bone volume needed to correct a jaw discrepancy 
is large, achieving sufficient tissue in -growth 
into the scaffold becomes a major challenge. The 
importance of achieving blood vessel in-growth 
into scaffolds used in bone regeneration is 
acknowledged widely. To promote angiogenesis 
in bone regeneration, many approaches have 
been reported, including the addition of growth 
factors (e.g., VEGF and bFGF) [72, 73], incorpo-
rating blood vessels [74], pre-vascularizing the 
scaffold material with a cell sheet [75], and opti-
mizing the scaffold microstructure [76]. In yet 
another approach, an arteriovenous loop was 
microsurgically created and introduced inside a 
scaffold used to repair a critical size bone defect 
in the mandible. There was a significant blood 
vessel formation inside that scaffold, and more 
bone formation throughout the scaffold [74].

4.3.2	 �Research Models
To study the bone regeneration capacity of bone 
substitutes used in the maxillofacial region, many 
in  vivo models have been proposed [77, 78]. 
Bone in the maxillofacial area follows intramem-
branous formation, like the bones of the cranium. 
The calvarial bone defect model has become the 
most common critical size defect model used to 
evaluate the bone formation capacity of new 
regeneration techniques and materials used in the 
maxillofacial region. The calvarial model is typi-
cally employed with small animals, e.g., mice 
[73], rats [79], and rabbits [80, 81]. A mandible 
bone defect model is often used with large ani-
mals, e.g., dogs [82, 83], pigs [84], sheep [85] 
and non-human primates [86, 87]. Recently, a 
mandible defect model in small animals has also 
been reported [88]. In the maxilla, the research 
model is usually alveolar bone regeneration of 
clefts [89, 90]. Recently, a rat mandible model 
has been introduced to study clefts [91].
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5	 �Regenerative Aspects 
in Orthodontic Treatments 
for Periodontal Diseases

Orthodontic tooth movement is not limited to 
biological events within the periodontal liga-
ment. It involves two interacting biological activ-
ities: one involves remodeling of alveolar bone, 
and the other involves remodeling of periodontal 
tissues. Orthodontic intervention, essentially 
applied as a light force, initiates mechano-
transduction, and triggers a series of osteosis and 
angiogenesis processes that are yet to be under-
stood fully.

The concept of guided orthodontic regenera-
tion has been proposed by Paolone and cowork-
ers [92, 93]. This recognizes the regenerative 
potency of orthodontics in periodontal tissues, 
including both soft and hard tissues. From a tis-
sue engineering standpoint, using orthodontic 
treatment (with light force) appears to be a feasi-

ble approach to tissue regeneration with less 
complications than surgical methods (Fig. 2) [94, 
95]. In this section, the regeneration of periodon-
tal tissue achieved via orthodontic treatment will 
be discussed.

Tissue responses to applied forces vary 
depending on the force type that is used. Take 
alveolar bone, for example. Bone formation can 
be observed under an expansion force, while 
bone resorption occurs when a compression force 
is applied. The periodontium plays a conductor 
role by transferring the applied mechanical forces 
into biological signals, to initiate tissue responses. 
As shown in  vivo, periodontal tissue can be 
reshaped as needed by applying different forces. 
An orthodontic force can regenerate gingival tis-
sue, alveolar bone and periodontium. It can also 
aid periodontal treatment to preserve a tooth.

An insufficient alveolar bone volume is a 
common problem in edentulous ridge areas 
where teeth have been lost. To prepare the 
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Fig. 2  Orthodontic force-initiated tooth movement and 
tissue responses. Orthodontic force is applied to the labial 
side of the tooth crown. The tooth rotates around the cen-
ter of resistance: the crown moves to the lingual side, 
while the root moves to the labial side (a). At the cervical 
level of the root, periodontal tissue on the labial side is 
expanded, while periodontal tissue on the lingual side is 

compressed (b). Expansion stress activates osteoblast pre-
cursors, and bone formation is observed; compression 
stress promotes osteoclast formation via fusion of mono-
nuclear cells, and bone resorption occurs. Usually these 
mononuclear cells migrate in from nearby blood vessels 
(c)
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periodontal tissue to support an implant, orth-
odontic approaches can be used to increase the 
alveolar crest height prior to implant insertion.

Besides implants, as an alternative treatment 
for a missing tooth, tooth auto-transplantation 
has been undertaken, and this has proved effec-
tive in the long term. An active periodontium has 
been regarded as the most important factor for 
the success of tooth auto-transplantation.

Orthodontic force can create an activated peri-
odontium. In the following part, orthodontic 
application in periodontal tissue regeneration is 
discussed for gingival, alveolar bone and peri-
odontal regeneration.

5.1	 �Orthodontics Improves 
Periodontal Esthetics: 
Gingival Recession/Black 
Triangle

The etiology of the gingival recession is multi-
factorial. It is generally regarded that growing 
patient can gain spontaneous re-growth of gingi-
val while it is almost impossible to regain 
recessed gingiva in adults. Few studies have 
reported the regain of recessed labial gingiva and 
gingival papilla. The mechanism behind the suc-
cess of gingiva re-growth lies in the dynamically 
remodeling alveolar bone. Orthodontic force or 
surgical procedures (for instance, corticotomy 
introduced in other parts) could activate a series 
of osteosis process including resorption, forma-
tion, and remodeling of the alveolar bone. 
Research has gradually better understood the 
relation between orthodontics and regeneration 
of periodontal tissue reaction. Gingival attach-
ment is determined by supracrestal tissue attach-
ment [96], which is related to the shape of 
alveolar bone, mostly the height. In practice, 
treating recessed gingival tissue can be (partially) 
achieved with orthodontic intervention.

Gingival attachment is determined by the 
alveolar bone. When the front tooth is labially 
positioned, it is not surprising to observe the gin-
gival recession. Hence obvious regain of recessed 
gingiva is seen in repositioning the teeth in the 
center of the alveolar ridge [97–102]. Depending 

on the original position of the recessed tooth and 
the occlusion, common orthodontic approaches 
include torque (incline the crown while maintain 
the position of the root), retracting, and intrusion. 
Orthodontic correction can greatly improve the 
recession grading, which is correlated to the 
treatment prognosis of periodontal plastic sur-
gery [103–107]. Hence in the treatment of the 
gingival recession, the position of the tooth inside 
the alveolar ridge should be prioritized.

As the cause of gingival recession is multifac-
torial, there has not been a systematic treatment 
protocol or guideline. There exists a controversial 
debate in the relation of orthodontic treatment 
and gingival recession. Conclusive research on 
gingival recession is lacking in the literature. Yet 
some evidence showed it is possible to regrow 
gingival when dental plaque is well controlled. A 
multi-disciplinary team management is required 
for the succeed in the treatment of gingival reces-
sion. For instance, under a carefully monitored 
plaque control, orthodontic treatment could sig-
nificantly minimize the recessed area followed 
by gingival reconstructive surgery. This com-
bined strategy shall provide a good prognosis of 
treatment of gingival recession.

5.2	 �Orthodontics in Prosthesis

The esthetics of labial gingival contour (height, 
width, and symmetry) plays an essential role in 
dentofacial esthetics in the front view. When per-
forming implantation at the anterior maxillary 
region, gingiva usually recesses to a noticeable 
level in the first 3–6 months post-surgery [108–
111]. To prepare alveolar bone and gingival for 
esthetic implant placement [112], orthodontic 
extrusion, a coronal tooth movement, can be per-
formed to activates the osteosis process [93]. As 
a result, the alveolar process will be remodeled at 
the coronal direction (increasing crest height) as 
well as a reduction in periodontal pocket depth 
could be observed [113]. Orthodontic appliance 
can be used to develop implant site, which is not 
restricted by the residual attachment level. The 
efficacy of gingival and alveolar bone regenera-
tion was reported about 70% and 60% [114]. Due 
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to this plastic nature of periodontal tissue with 
force, orthodontic techniques have been adopted 
to grow the periodontal structure prior to an 
implant placement [115–121].

In some cases, to gain biological distance res-
toration, the clinical crown (the part of a tooth 
that is exposed to oral cavity) needs to be elon-
gated. Usually orthodontic extrusion is preferred. 
Conventional orthodontic extrusion creates bone 
apposition at the alveolar crest broadening the 
width of the attached gingival. This tissue regen-
eration is appreciated in implant placement where 
there is lacking enough bone to support the 
implant. On the contrary, in periodontal treat-
ment of crown lengthening, this tissue regenera-
tion becomes undesired. Then gingival fiber 
resection (fiberotomy) and root surface scaling 
are needed to avoid the coronal migration of peri-
odontal tissue [122]. The reason is because that 
alveolar bone grows coronally as the tooth being 
extruded. And periodontal soft tissue attachment 
is determined by biological width. The term has 
been adopted as a clinical term that describes the 
variable dimension of the supracrestal attached 
periodontal tissue in apicocoronal (vertical) 
direction. It has been recently replaced by supra-
crestal tissue attachment. Supracrestal tissue 
attachment is a concise, descriptive definition of 
the histological structure: junctional epithelium 
and supracrestal connective tissue attachment 
[96]. The relation between alveolar bone crest to 
the periodontal attachment remained acknowl-
edged. This concept of attachment centers on the 
important role of alveolar height in periodontal 
treatment.

5.3	 �Orthodontics Helps 
Reconstruct Periodontium

Missing tooth brings functional and esthetic 
issues. Prosthetic implant is commonly used to 
resolve the problem. Yet it lacks periodontal liga-
ment which provides individuals with a physio-
logic proprioception and sensory reflection. In 
growing patients, implants fail to provide physi-
ologic eruption which results with an unleveled 

gingival margin. Tooth auto-transplantation can 
be a good alternative as the tooth comes with 
viable periodontal ligament which enables a high 
successful rate [123]. Ankylosis and root resorp-
tion are common complications. Orthodontic 
treatment (force) activates physiological tissue 
response. Upon distortion of collagen fibers 
within periodontal ligament, mechanical strain 
transduces to cells inside ligament and 
neighboring tissues. Macrophages response early 
and appear in periodontal ligament when orth-
odontic  force is applied. They then response 
to   mechanotransductively released cytokines. 
Proinflammatory and angiogenic cytokines are 
produced by macrophages under compression 
strain, which alter the microenvironment of peri-
odontal ligament [124]. These cytokines are 
influential to the survival of periodontal ligament. 
Bone lining cells in periodontal ligament play an 
important role in tooth movement and osteoclas-
togenesis in response to mechanical force [125]. 
Short term application of orthodontic force on 
donor’s tooth can activate the periodontal liga-
ment with upregulated expression of inflamma-
tion, osteoclastogenesis. After transplantation, 
donor tooth activated by orthodontic force 
showed higher tissue regenerative potency than 
normal tooth. Genes relating to periodontal liga-
ment regeneration, cell proliferation, osteoblasto-
genesis, and osteoclastogenesis are highly 
expressed in orthodontically activated donor 
tooth in the first-week post-transplantation. 
Osteoclastogenic gene expression in orthodonti-
cally activated donor tooth is reduced to signifi-
cant lower level than that in normal donor tooth 
in the fourth-week post-transplantation. This 
consisted of histologic observation where root 
resorption was less and inflammatory activity 
subsided in 4 weeks [126].

The vitality of periodontal ligament is a key 
factor in the prognosis of transplanted teeth 
[127]. Hypofunctional, un-occluded, teeth have 
narrow periodontal ligament. Donor teeth with 
functional periodontal ligament survived much 
better than unerupted or partially erupted teeth 
[128]. They survive longer, have less complica-
tions, e.g., root resorption. This updates previous 
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belief that unerupted or partially erupted teeth are 
preferable in tooth transplantation as they have 
wide periapical foramen and higher chance to 
maintain the vitality of pulp. The application of 
orthodontic force also increases the survival 
chance of transplanted tooth [127]. Early orth-
odontic force engagement (within 4 weeks post-
transplantation) could reduce the incidence of 
ankylosis [128].

5.4	 �Orthodontic Application 
in Periodontal Treatment

Orthodontic force creates stress of periodontal 
tissue and receives a complicate set of signaling 
responses including osteoclastogenic and angio-
genic activation. The former results in alveolar 
bone change and the latter may impact on the 
alteration in the gingival tissue and periodontal 
fiber. Orthodontic tooth movement can create 
periodontal tissue, which benefits perio-
restorative patients. As discussed in the previous 
section “Orthodontics in prosthesis,” increased 
amount of soft and hard tissue is generated dur-
ing extrusion. In perio-restorative patients, these 
excessive tissues could be used in periodontal 
regenerative surgery [94].

Aggressive periodontitis featured by disrup-
tion in periodontal tissue, extrusion of front teeth, 
and loss of teeth leaves esthetics and mastication 
disabilities [129]. In chronic periodontitis, with 
loss of periodontal tissue, crown/root proportion 
becomes large, which creates a greater unfavor-
able force to remained periodontium under nor-
mal mastication compared a healthy tooth. 
Orthodontic tooth intrusion is performed to cor-
rect the crown/root proportion [130]. In both 
aggressive and chronic periodontitis, there is 
tooth loss and space remained, which compro-
mises mastication efficiency. To restore these 
spaces, orthodontic treatment is often applied to 
re-arrange remained teeth and space for a bal-
anced and periodontal tissue-friendly restoration.

Zasciurinskiene and colleagues concluded 
that no evidence indicate either beneficial or 

deteriorating role of orthodontic treatment to 
periodontally compromised dentition [131]. A 
recent clinical study demonstrated that under 
strict plaque control periodontal assessment of 
aggressive periodontitis was similar to that of the 
orthodontic patient who has healthy periodontal 
tissue [129]. There have been a few case reports 
of orthodontic treatment on periodontitis [132].

6	 �Regenerative Approaches 
for Temporomandibular 
Joint Disorders (TMD)

During basic daily functions (i.e., speaking, swal-
lowing, and eating), the temporomandibular joint 
(TMJ) plays an extremely important role in coor-
dinating the jaw movements. The TMJ is 
described as a bilateral synovial joint formed by 
fibrocartilaginous articular surfaces of the man-
dibular condyle and glenoid fossa, muscles, liga-
ments, and the articular disc [133]. It is estimated 
that 10–40% of the population are affected by 
temporomandibular joint disorders (TMD), with 
a predominance among young adults under 
45 years of age [134].

The main signs and symptoms of TMDs 
include limited mouth opening, mandibular devi-
ation during the opening, displacement, clicking, 
locking, and muscle pain during mandibular 
movements. TMJ pathologies that require clini-
cal treatment are internal derangement, degener-
ative joint disease, and ankylosis [133, 134].

Three categories are described for the clinical 
treatment of TMJ pathologies: non-invasive, 
minimally invasive, and invasive. When in an 
advanced stage of degenerative disease, the total 
alloplastic reconstruction of the TMJ is consid-
ered the treatment of choice. To possibly elimi-
nate the need for total TMJ replacement, tissue 
engineering may provide a functional and perma-
nent biological replacement of the TMJ struc-
tures [135–139]. Figure  3 shows a general 
overview of main TMJ pathologies, current ther-
apies, and the tissue engineering approach of the 
different TMJ structures.
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6.1	 �Tissue Engineering of the TMJ

Many tissues of the body, after an injury, exhibit 
an ability to repair themselves, however, some 
tissues have little or no ability to self-repair. 
Among these, the TMJ tissues can be included. 
Given an advanced pathological process of the 
TMJ (i.e., osteoarthritis), coupled with limited 

repair capacity of the TMJ tissues (i.e., fibrocarti-
lage, cartilage, bone), the current treatment 
options for clinicians and surgeons, in order to 
maintain normal function and eliminate the 
patient’s pain, are limited and considered semi-
permanent [133, 134, 137–139].

To overcome the current obstacles, tissue 
engineering may provide permanent, biomimetic 

Tissue Engineering Approach

Tissue Engineering of the Temporomandibular joint

TMJ pathologies

Current therapies

Internal derangement

Non-invasive InvasiveMinimally invasive

Degenerative joint
disease

Ankylosis

• disc displacement with or
  without reduction

• occlusal splints and/or
  adjustments
• physical, myofunctional,
  behavioral therapy
• medications

• injections
• arthrocentesis
• arthroscopy

• discectomy and disc
  replacement
• joint reconstruction
• total joint reconstruction

• osteoarthritis
• rheumatoid, psoriatic,
  juvenile arthritis

•  hypomobility disorder

Engineered TMJ structure

TMJ disc Condylar cartilage Mandibular condyle

Cell
sources

Growth
factors

Scaffold
materials

Fig. 3  Overview of 
main TMJ pathologies, 
current therapies, and 
the tissue engineering 
approach of the different 
TMJ structures
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replacement tissue for the TMJ [136–138]. Thus, 
scientists have used the tissue engineering para-
digm [139]. The first step is to characterize the 
native and healthy tissues, providing parameters 
for the appropriate design using the concepts of 
tissue engineering. Considering the tissues to be 
regenerated and its characteristics and properties, 
the parameters obtained will guide the optimal 
selection of cells, of scaffold materials (extracel-
lular matrix), of proper growth factors and, in 
specific tissues, the necessity of biomechanical 
stimulation (mainly for the articular disc), mak-
ing it possible to obtain an implantable biomi-
metic tissue [135–139]. Table  1 describes the 
main cell sources, scaffold materials, and growth 
factors used to tissue engineer the TMJ disc, the 
condylar cartilage, and the mandibular condyle.

Over the past decade, advances in the field of 
biomaterials science, tissue engineering, and 
stem cell therapies have led to the development 
of less invasive and alternative treatments for dis-
eased joint tissues [133, 136, 137, 139]. Cell-
based therapies involving expansion and 
transplantation of stem cells combined with dif-
ferent scaffold materials and growth factors have 
been shown regenerative capabilities to repair 
diseased TMJ tissues [140, 141]. Also, cell-free 
scaffolds have been used for TMJ cartilage regen-
eration, for fibrocartilage (disc) regeneration, and 
for osteochondral regeneration with regenerative 
capabilities in animal models [142–144].

Two methods have been extensively described 
in the literature for bone tissue engineering and 
for TMJ tissue engineering: (a) in situ tissue 
engineering, which consists of using cell-free 
scaffolds to attract local cells (cell homing) that 
will guide the regeneration process; (b) and scaf-

folds seeded with competent cells to guide the 
regeneration process [145].

Preclinical studies using small and large ani-
mals using different cell sources, combined with 
scaffolds made of a wide range of materials and 
enriched with a variety of growth factors have 
been described to regenerate the TMJ disc, the 
condylar cartilage and the mandibular condyle 
with promising outcomes [136, 146]. Some clini-
cal trials [147] have demonstrated the efficacy of 
autologous or allogeneic MSCs in cartilage repair 
[148] (Table 2).

Table 1  Most used biomaterials, stem cells, and growth 
factors for bone tissue engineering

Stem cells Biomaterials
Growth 
factors

Mesenchymal stem cells Bioceramics BMPs
Dental stem cells Polymers FGFs
iPSC Hybrid VEGF
Adipose-derived stem cells, 
peripheral blood-derived 
stem cells

Composites Others

Table 2  Main cell sources, scaffold materials, and 
growth factors used to tissue engineer the TMJ disc, con-
dylar cartilage, and the mandibular condyle

Temporomandibular joint structure

TMJ disc
Condylar 
cartilage

Mandibular 
condyle

Cell 
sources

Costal 
chondrocytes; 
primary disc 
cells; 
multipotent 
MSCs; 
umbilical cord 
matrix stem 
cells; 
pluripotent 
ESCs

Primary 
cartilage 
cells; 
multipotent 
hUCMSCs

Mature 
osteoblasts 
and 
chondrocytes; 
bone 
marrow-
derived MSCs

Scaffold 
materials

Porous 
collagen 
scaffold; PGA; 
PLA; ePTFE; 
PLLA; 
alginate 
hydrogels

PGA PEG; PCL; 
PLA; PGA; 
PLGA; 
calcium 
phosphate 
ceramics (HA, 
TCP)

Growth 
factors

PDGF; bFGF; 
TGF-b1; 
TGF-b3; 
IGF-I

bFGF; 
IGF-I; 
TGF-b1; 
EGF

IGF-I; 
TGF-b1

Abbreviations: mesenchymal stem cells (MSCs); 
embryonic stem cells (ESCs); polyglycolic acid (PGA); 
polylactic acid (PLA); expanded polytetrafluoroethylene 
(ePTFE); poly-l-lactic acid (PLLA); platelet-derived 
growth factor (PDGF); basic fibroblast growth factor 
(bFGF); transforming growth factor-b1 (TGF-b1); trans-
forming growth factor-b3 (TGF-b3); insulin-like growth 
factor-I (IGF-I); human umbilical cord mesenchymal stro-
mal cells (hUCMSCs); epidermal growth factor (EGF); 
poly(ethylene glycol) (PEG); polycaprolactone (PCL); 
poly-lactic-co-glycolic acid (PLGA); calcium phosphate 
ceramics: hydroxyapatite (HA) and tricalcium phosphate 
(TCP)
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Besides the promising results from preclinical 
data, there are still challenges to overcome to 
bring tissue-engineered TMJ structures to the 
clinic. Among them, the total restoration and 
incorporation of fibrocartilage in the articular 
surfaces, the possible displacement of the 
implanted material, and the lack of long-term 
results of the regenerative approaches of the TMJ 
structures.

6.2	 �Future Treatment for the TMD 
Treatment

In view of the challenges that the unique TMJ 
environment represents (i.e., mechanically 
demanding and biochemically active), the field of 
tissue engineering has made significant progress 
over the past decade with promising results to 
replace diseased, displaced, or degenerated tis-
sues. Currently, research has focused on biologi-
cal substitutions of the mandibular disc, adjacent 
structures of the TMJ, and engineering of cranio-
facial tissues (i.e., bone, soft tissue, nerve, mus-
cle). In addition, tissue engineering strategies to 
provide treatment options for the glenoid fossa 
and the articular eminence should be considered.

The scientific and technological advances 
available provide a solid basis for scientists and 
surgeons to overcome the challenges that still exist 
in the field of TMJ tissue engineering, such as the 
proper selection of cell sources, scaffold materials, 
and growth factors. A detailed understanding of 
the native tissues of the TMJ and their respective 
complex pathologies are essential for scientists 
who wish to develop and increase the success of 
permanent biological TMJ replacements.

7	 �Conclusions and Future 
Perspectives

Current Status
The regenerative approaches and tissue engineer-
ing combine stem cells with scaffolding biomate-
rials as well as growth factors. This has potential 

applications in surgical correction of jaw 
discrepancies, bone loss due to periodontal dis-
ease, congenital bone defect such as cleft lips and 
palates, TMJ disorders related to bone/cartilage 
defect, and alveolar bone lesions. Recent 
advances in stem cells indicate effective treat-
ment and improved clinical outcomes in bone tis-
sue regeneration in orthodontic/orthopedic 
treatment. Studies also showed that stem cells 
based regenerative approaches can reduce mor-
bidity and speed up the recovery process compar-
ing to the conventional surgical approaches. 
Taken together, we can conclude that regenera-
tive approaches through tissue engineering are 
promising for orthodontic/orthopedic treatments.

Future Perspectives
The contemporary evidence indicates the feasi-
bility of regenerative approaches in orthodontic/
orthopedic treatments, yet the majority of the evi-
dence is from preclinical studies with animal 
models. It is worthwhile to notice that there is 
still a long distance from bench to bed. The future 
study in this field need to focus on the 
followings:

•	 Advances technologies: Nanoscale biomateri-
als will be applied as control delivery systems 
for tissue engineering. The nanomaterials can 
also regulate the immuno-response as such to 
enhance the regeneration efficiency. Among 
all the stem cells, dental pulp stem cells 
(DPSCs) are an emerging source that has 
drawn more and more intention. The advan-
tages of DPSCs include but not limited to: low 
immunogenicity, high differentiative capacity, 
and easy to access through bio-banking of the 
deciduous teeth or young adult teeth.

•	 Clinical translation: More clinical trials are 
required to assess the safety and efficacy of 
the stem cell-based regenerative approaches 
for orthodontic and orthopedic patients. 
Ideally such clinical trials should be con-
ducted in double-blinded, randomized, and 
controlled manner in order to produce the high 
quality of clinical evidence.
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