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INTRODUCTION

Although wound healing in the oral cavity occurs with minimal scarring, and oral tissue 

repair can take place in conditions of dental disease and infection, complex hard and soft 

tissue defects pose major challenges to clinicians and researchers.1 Current methods range 

from simple autogenous or alloplast bone grafting to the use of growth factors with stem 

cells supported by biodegradable scaffolds to create elaborate 3-D constructs for tissue 

regeneration.2–6 Although autogenous bone is the gold standard grafting material due to its 

osteogenic, osteoinductive, and osteoconductive properties, it has significant drawbacks, 

including a second surgical site with associated morbidity and resorption over time.7–10 

Bone graft substitutes, such as allografts, xenografts, and alloplasts, are a constant source of 

investigation with the goal of retaining the favorable characteristics of autogenous grafts 

without donor site morbidity.11–13 Unfortunately, bone substitutes lack significant 

osteoinductive properties and autogenous bone grafts often create unacceptable donor site 

morbidity to reconstruct large or challenging craniomaxillofacial defects. Therefore, the 

search for methods to repair and regenerate missing or damaged craniofacial structures 

rather than grafting or reconstructing them is the ultimate goal of current and future 

research.

It is widely known that the human body has the capacity to regenerate certain tissues, such 

as the liver, which can regain function after significant loss.14 Hepatocytes and liver 

parenchyma replicate and repopulate the missing area, restoring it to full function.15 

Unfortunately, this process of regeneration does not occur in the oral cavity or elsewhere in 

the body. If any oral soft or hard tissue is lost, it does not return to its original form. Instead, 
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repair occurs, where damaged tissue is replaced by a fibrous network, without restoration in 

form or function.16 Therefore, regeneration must take place by grafting hard and/or soft 

tissue. Currently, more than 1 million bone grafts are performed each year in the United 

States,11 which puts a large economic burden on the health care system. Decreasing 

invasiveness of the procedures and eliminating the need for harvesting donor tissue, while 

continuing to improve outcomes are major goals for tissue engineering. As researchers 

become more successful with stem cell isolation and differentiation, developing improved 

scaffolds that are able to stimulate multiple tissue types while supporting vascularity and 

producing growth factors that can attain Food and Drug Administration (FDA) approval, the 

field of tissue engineering will continue to advance and tackle new challenges in tissue 

repair and regeneration.

BIOLOGICAL MECHANISMS OF WOUND REGENERATION AND REPAIR

The process of regeneration and repair begins with the formation of a wound. This leads to 

an inflammatory cascade that activates hemostasis. Platelets help to form an initial barrier 

from the outside environment and secrete growth factors from their α-granules.17 

Fibrinogen, a soluble protein, is converted into fibrin, an insoluble protein that creates a 

solid clot and provides a scaffold for further inflammatory cells.18 Various cells in the 

environment, after being stimulated by injury, secrete chemotactic factors, such as platelet-

derived growth factor (PDGF), epidermal growth factor, histamine, and von Willebrand 

factor.19 The combination of these signals attracts macrophages and other leukocytes to the 

area, which destroy bacteria and decontaminate the area, ending the inflammatory portion of 

the process.16

The proliferation phase is marked by angiogenesis and the formation of fibrous tissue during 

this process; the tissue volume is re-established by fibrous repair.20 Growth factors released 

from early cells in the healing wound, such as PDGF, transforming growth factor β-1 (TGF-

β1), vascular endothelial growth factor (VEGF), insulin-like growth factor, basic fibroblast 

growth factor, and epidermal growth factor from macrophages and platelets, are responsible 

for beginning angiogenesis and vasculogenesis.21,22 New blood vessels form in the 

granulation tissue and begin the reconstruction of the area.

After this proliferative phase, the wounded tissue undergoes remodeling and maturation. 

Myofibroblasts, a combination of smooth muscle cells and fibroblasts, contract to close the 

wound. Collagen fibers become more organized and the epithelium over the area is 

regenerated.2,23 Current methods used to regenerate tissue target various portions of this 

pathway to achieve a desirable result, yet unfortunately the tensile strength of the healed 

tissue is not equal to the uninjured tissue.24,25

BASIC PRINCIPLES OF BONE HEALING

Missing hard tissue in the craniofacial region or oral cavity can be augmented through 

various procedures, each of which has benefits and pitfalls. Regardless of the material or 

method used, all these techniques have a few basic principles that must be followed. Many 

of these techniques are based on cell exclusion and cellular proliferation.26 Cell exclusion 
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involves the use of a resorbable or nonresorbable membrane to limit the ingrowth of 

epithelial cells. Cellular proliferation is the differentiation and growth of cells in response to 

a certain stimulus. The success of regeneration is greatly dependent on the vascular supply 

available in the area. Because of this, biomaterials are frequently combined with 

angiogenesis stimulators.27

Bone augmentation is an attempt to preserve or regain bone in preparation for a prosthesis, 

whether an implant or denture. Various techniques are currently reported in the literature, but 

they all follow the same principles.28 After extraction, it is a widely known fact that alveolar 

bone undergoes marked atrophy. Approximately 3.8 mm of bone is lost horizontally, 

whereas 1.2 mm is lost vertically.29 To prevent this resorption, extraction socket 

augmentation or preservation is often performed. This procedure is generally simple and 

only requires particulate grafting material to serve as a scaffold to prevent soft tissue 

ingrowth and significantly reduces the horizontal and vertical resorption compared with 

tooth extraction alone.30 Biomaterials include autografts, allografts, xenografts, and 

synthetic alloplasts.31 The most commonly used materials are bovine-derived xenografts, 

which have proved clinically effective.32

Bone augmentation relies on 3 mechanisms: osteogenesis, osteoinduction, and 

osteoconduction. Osteogenesis involves the transplantation of osteocompetent cells to the 

recipient site. Only autogenous bone has osteogenic properties, especially trabecular bone 

with more bone marrow and increased cellularity. This is why the iliac crest is a preferred 

site for large craniofacial defects. Both anterior and posterior approaches provide cortical 

and cancellous bone and have been successful for continuity defects, alveolar clefts, and 

severe alveolar atrophy.3,4,13 Osteoinduction involves chemotaxis of undifferentiated 

mesenchymal stem cells to the recipient site and stimulates them to become osteoblasts and 

form bone. Autogenous bone and specific bone morphogenic proteins (BMPs) possess 

osteoinductive properties. Certain demineralized allografts may have weak osteoinductive 

properties, but these are entirely dependent on donor variability.33 Osteoconduction is the 

graft’s ability to provide a scaffold, or surface, for the formation of new bone, which can be 

provided by most commercially available bone substitutes, including xenografts, allografts, 

and alloplasts. Together these mechanisms provide the formation of a stable, integrated, and 

vital bone structure.2,4,34–37

GROWTH FACTORS

The use of growth factors for tissue regeneration depends on the ability of these exogenous 

signals to stimulate a patient’s own cells and immune system. Growth factors are secreted by 

multiple cell types in both temporal and spatial patterns for normal wound healing. Although 

wound healing is a complex process and requires multiple cells, growth factors, vascularity, 

and fibrin networks, clinicians and researchers are using specific growth factors to aid in 

bone and soft tissue repair and regeneration.38 Because recapitulating natural wound healing 

is a goal of reconstructive and regenerative medicine, growth factors will definitely play a 

major role in current and future clinical oral and maxillofacial surgery. Although years and 

perhaps even decades of work have yet to be done, there has been significant progress in the 

field that has left commercially available recombinant growth factors and platelet 
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concentrates to aid in the wound-healing process. The most potent osteoinductive growth 

factor, BMP-2, is already FDA approved on an absorbable collagen sponge for use in spinal 

fusion surgery and for nonunion of tibial fractures. Since 2007, BMP-2 is also approved for 

maxillary sinus augmentation and localized alveolar ridge defects associated with extraction 

sites.39–43 BMP-2 is chemotactic for undifferentiated mesenchymal stem cells, and up-

regulates VEGF to enhance angiogenesis.44 PDGF is the other molecule that is approved for 

use in dentistry, where the recombinant factor is combined with a β-tricalcium phosphate 

carrier for use in intrabony periodontal defects and for gingival recession.45,46 PDGF, 

however, is most effective in enhancing vascularity, where it has been extremely successful 

in treating diabetic foot ulcers.47,48

Platelet concentrates, such as platelet-rich plasma and platelet-rich fibrin, are extremely 

popular in many surgical fields to decrease bleeding and swelling as well as aid in wound 

healing. Because multiple growth factors in the platelet α-granules promote vascularity, 

angiogenesis, enhance fibroblast proliferation, collagen synthesis, and extracellular matrix 

production, endothelial cell proliferation, the impetus to use platelet concentrates in bone 

and soft tissue grafting for enhanced tissue regeneration is well understood.37,49,50 Few 

definitive studies can document significant effects on bone and soft tissue regeneration using 

platelet concentrates, however, thus questioning their routine use. Wound-healing adjuncts 

are tremendously desirable, which makes clinicians, researchers, and even patients the 

driving forces behind their use. The question remains if they significantly enhance wound 

healing and regeneration, and if they should be used in all patients as opposed to patients 

with compromised healing.

DISTRACTION OSTEOGENESIS

Distraction osteogenesis (DO) is a technique that creates a bone fracture and then applies a 

mechanical stress to stimulate bone formation.51 In oral and maxillofacial surgery, the 

technique is often used to advance a retrognathic mandible or maxilla, especially in cleft 

palate patients or patients with significant craniofacial anomalies.52 DO functions differently 

from a bone graft because it uses the principles of tension from 2 osteotomized vascular 

bone surfaces and the importance of neovascularization.4,53 When the bone segments 

separate gradually after a latency period allows for blood clot formation, new bone forms 

mainly through intramembranous ossification after vessels grow on either side of the fibrous 

callous adjacent to osteoid tissue.54–56 The role of the vasculature is so important that rats 

treated with angiogenic inhibitors had nonunion of the distracted bone segments.57 Growth 

factors also play a major role in distraction; where BMP-2 and BMP-4 are expressed during 

the early latency stage, TGF-β is expressed until the consolidation stage, and VEGF is 

responsible for neovascularization.4,58 Although DO has similar bone healing characteristics 

of a fracture model, DO has some complications and limitations that may prevent its 

widespread and routine use. Both craniofacial and alveolar distraction require patient and/or 

parent compliance, pose challenges controlling the vector of movement, may fail to form a 

uniform bone regenerate, may develop infection or inflammation from the distraction pin, 

and are susceptible to relapse.
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SOFT TISSUE REGENERATION

Although major progress has been made in hard tissue engineering where growth factors, 

scaffolds, and cells are used in patients with small and large craniofacial defects, soft tissue 

engineering lags significantly behind.59 Over the past decades, free gingival and connective 

tissue grafts have been used in clinical dentistry to treat gingival recession, increase 

keratinized tissue, and augment missing tissue. Soft tissue is harvested, usually from the 

palate, and has become highly predictable in providing patients with an esthetic solution to 

common mucogingival problems.60–62 Just like for all other autogenous tissue transfers with 

unwanted donor site morbidity, however, a search for alternative solutions is present.

Collagen matrices are available alternatives that can be used to augment oral soft tissue 

deficiencies around teeth and dental implants.63–65 These collagen matrices are treated like 

gingival or subepithelial connective tissue but are a nonautogenous tissue substitute. 

Although they have some preliminarily favorable results, the success is limited to small and 

simple defects. To regenerate larger and more complex volumes of soft tissue, tissue 

engineering principles must be followed.59 Preliminary clinical reports as well as multiple 

animal studies demonstrate the development of an ex vivo–produced oral mucosal equivalent 

that consists of a patient’s own keratinocytes cultured on a commercially available acellular 

freeze-dried dermis stimulated by signaling molecules in the culture media.59,66–69 These 

data are particularly exciting because soft tissue defects are extremely challenging to treat, 

especially because they are exposed to the oral cavity with risk of contamination and 

infection.

STEM CELLS

Stem cell therapy has had a major impact on medicine and surgery over the past decade. In 

the dental field, specifically oral and maxillofacial surgery, bone marrow mesenchymal cells 

have been used for many years as bone marrow aspirate.70–72 In addition, the ability to 

isolate and culture stem cells from dental origin, including dental pulp stem cells, stem cells 

from apical papilla, maxillary and mandibular bone marrow, and stem cells from exfoliated 

deciduous teeth that can differentiate into multiple cell types, makes the future of 

regenerating entire craniofacial structures seem attainable.73–75 Stem cells are immature, 

undifferentiated cells that, when given the proper signals, can differentiate into any type of 

cell.76 Studies in animal models already demonstrate that pulpal stem cells have the ability 

to regenerate alveolar bone defects.77 Although whole-tooth regeneration is still an abstract 

concept, bioengineered teeth have successfully been created and implanted into pigs.78 This 

new concept of stem cell differentiation and functioning regenerated tissue shows that using 

bioengineering to recreate missing hard and soft tissue is not far off.

SUMMARY

Bioengineering has opened the door for countless abstract ideas to rehabilitate the oral 

cavity and entire craniofacial structure. Clinically, there are numerous successful and 

predictable procedures that are used to augment and regenerate missing hard and soft tissue. 

Improving these current techniques, however, specifically by decreasing or omitting the need 
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for autogenous grafts, is the ultimate goal of clinicians and researchers. This cannot be 

attained unless new technologies are equivalent or superior to the gold standard of 

autogenous tissue. The attempt to recapitulate the complex wound-healing process of 

bringing the appropriate cells to the wound site that can secrete or stimulate the required 

growth factors with spatial and temporal precision, all on a biodegradable matrix, is an 

extremely challenging order. Nevertheless, the rewards of this objective cannot be 

overstated, and these continue to stimulate scientists all over the world to strive for success. 

This articles describe the past, present, and future of biomaterials and techniques in tissue 

regeneration and how oral and maxillofacial surgeons play a major role in helping the field 

progress.
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KEY POINTS

• Research into fabricating allografts may potentially reduce the need for 

autografts, thus reducing donor site morbidity.

• Different systems of delivery of stem cells have been explored with varying 

results.

• The use of growth factors along with stem cells and scaffolding systems has 

been shown to aid in grafting procedures.
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