
Page 1 of 15

© Frontiers of Oral and Maxillofacial Medicine. All rights reserved. Front Oral Maxillofac Med 2022;4:9 | https://dx.doi.org/10.21037/fomm-21-9

Review Article

Narrative review: craniofacial bone regeneration—where are we 
now?

Hadi Khazaal, Joseph Helman^

Department of Oral and Maxillofacial Surgery, School of Dental Medicine, Case Western Reserve University and University Hospitals, Cleveland, 

OH, USA

Contributions: (I) Conception and design: Both authors; (II) Administrative support: None; (III) Provision of study materials or patients: None; (IV) 

Collection and assembly of data: None; (V) Data analysis and interpretation: None; (VI) Manuscript writing: Both authors; (VII) Final approval of 

manuscript: Both authors.

Correspondence to: Joseph Helman. Department of Oral and Maxillofacial Surgery; School of Dental Medicine, Case Western Reserve University and 

University Hospitals, Cleveland, OH, USA. Email: hak61@case.edu.

Background and Objective: The craniofacial structures are complex and esthetically the most important 
component of appearance. Defects in this region lead to noticeable deformities that are physically and 
psychologically devastating to patients. Advances in grafting and tissue transfer techniques have improved 
the surgical outcomes but our ability to fully regenerate the lost or defective tissue is limited. The purpose 
of this narrative review is to give attention to the advances that have been made towards the development of 
new techniques to reconstruct craniofacial bony defects using a tissue engineering approach. The aim is to 
bring together up to date knowledge about biomaterials that make up an ideal scaffold; different stem cell 
sources and their uses; growth factors and methods of delivery to defect sites; and gene therapy techniques 
through different vectors.
Methods: A detailed data-based search using google scholar was performed looking for articles in 
English with the search including the following terms: bone regeneration, tissue engineering, craniofacial 
reconstruction, scaffolds, osteoinductive growth factors. The search was supplemented checking references 
of relevant review articles.
Key Content and Findings: Currently, research and clinical approaches to achieve craniofacial bone 
regeneration are attempting to shift to new techniques to avoid intensive surgeries. Considering new 
technology and biomaterials, techniques are aimed at targeting delivery of specific cellular components and 
factors that influence the growth of native bone. Currently no method investigated has been proven to fulfil 
all characteristics needed to replace autologous grafting as the new gold standard. 
Conclusions: Currently the gold standard for craniofacial bone regeneration is still autologous grafting, 
but the invasiveness and surgical morbidities involved has prompted research to explore further options. 
This narrative review concludes that: the incorporation of computer aided designs have advanced our ability 
to mimic the configurations, morphologic traits and mechanical function of the native site; the recently 
developed techniques to obtain and process stem cells from new sources, have potentiated our ability to 
regenerate bone with ease; incorporation of growth factors, show promise in their regeneration ability; 
innovations in gene therapy and vectors have demonstrated successful bone regenerations capabilities. With 
advances in all aspects, we are inching closer to discovering a new gold standard. 
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Introduction

Background

Reconstructive surgery can prove difficult in large 
craniofacial skeletal defects occurring from congenital 
conditions, trauma or cancer resections which can 
cause significant functional, esthetic, and psychological 
impairment to patients. The ability of a surgeon to repair 
these defects has been evolving over the years with the 
advent of new technology and techniques. Most studies now 
focus on “Critical sized defects” which are those that may 
never heal on their own and require repair through complex 
reconstructive methods (1). There is a variety of ways to 
reconstruct craniofacial defects. 

Autologous bone has been commonly used as the gold 
standard for the reconstruction of these defects (2). These 
autologous grafts contain all the required fundamental 
elements that are essential for tissue engineering to be 
successful. A variety of autologous sites exist and have shown 
clinical success for many years (3). However, autologous 
bone is undesirable to some due to the need for a second 
surgical site, increased surgical cost, increased operating 
time, increased patient discomfort and risk for donor site 
complications. Also, oftentimes, the amount of available 
tissue is not sufficient enough to cover the defect (4,5). 
The incorporation of free tissue transfer and microsurgical 
techniques have increased reconstructive options but the 
need for a donor site still exists and truly limits this route.

Many biomaterials have been introduced to overcome 
some of the limitations to autologous grafting and can be 
a potential alternative. These materials can be synthetic 
or natural and work by composing an intimate contact 
with the surrounding tissue. They form a matrix that 
establishes an environment which promotes the adhesion 
of cells, allows for cellular proliferation, and activates cells 
to differentiate all while maintaining a structurally stable 
complex that allows for osteoconduction. Although they 
are an alternative, biomaterials are not the ideal option 
for critically sized craniofacial defects. They have been 
shown to carry a greater infection risk and higher failure 
rates than autologous grafting (6). There is a wide variety 
of biomaterial available today, including: bone ceramics, 
demineralized bone matrix, and various other polymers.

Approaching regeneration of bone through tissue 
engineering has shown some potential in recent studies. 
This approach attempts to utilize the optimal combination 
of cell  types,  growth factors and scaffold.  Tissue 
engineering has the benefit of eliminating second surgical 

sites, significantly reducing the amount of time spent in the 
operating room and under anesthesia, reducing the technical 
sensitivity of the repair, and improving the ability to 
replicate the original craniofacial environment required for 
bone regeneration. Modern tissue engineering techniques 
include the incorporation of growth factors into carriers, 
gene therapy to stimulate the production of the desired 
factors, and the use of stem cells to promote the repair 
response in the target site (7-19). The known limitation of 
these scaffolds is the requirement of a hermetically closed 
vascularized recipient site.

The goal of the review is to feature the advances in bone 
regeneration and its potential use in craniofacial skeletal 
defects. The discussion will focus on tissue engineering, gene 
therapy, and stem cell biology. Human clinical applications 
in this topic are limited to date, but as we expand our 
knowledge, we see the potential promise that exists in this 
aspect of craniofacial bone regeneration. We present the 
following article in accordance with the Narrative Review 
reporting checklist (available at https://fomm.amegroups.
com/article/view/10.21037/fomm-21-9/rc). 

Methods

In this review, a detailed data-based search was performed 
following terms: bone regeneration, tissue engineering, 
craniofacial reconstruction, scaffolds, osteoinductive growth 
factors (Table 1). The search was supplemented checking 
references of relevant review articles. 

Discussion

Tissue engineering

Tissue engineering is an evolving field that applies a 
multidisciplinary approach to the construction of biologic 
substitutes that can re-establish original anatomic, 
functional, and esthetic issues from damaged or lost 
tissue (20). The basic concept behind tissue engineering 
consists of cell isolation, expansion, and reimplantation in 
combination with a mechanical scaffolding (21). To optimize 
bone regenerative potential in reconstruction of critical 
sized defects through the tissue engineering approach, 
three necessary aspects must be included in the process; 
an osteoconductive scaffold, osteogenic progenitor cells 
and osteoinductive growth factors which leads to eventual 
neovascularization, osteogenesis and scaffold resorption to 
allow for replacement with new bone to replace damaged 

https://fomm.amegroups.com/article/view/10.21037/fomm-21-9/rc
https://fomm.amegroups.com/article/view/10.21037/fomm-21-9/rc
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or diseased tissue. Craniofacial bone structures such as the 
alveolar ridge (22), the maxillary sinus (23), and the hard 
palate (24) have been shown in clinical studies to have 
successful outcomes in bone regeneration through tissue 
engineering. 

Scaffold

In the tissue engineering model, the fundamental role of 
the scaffold is a structural component that acts as a carrier 
for cells and growth factors. It functions to stimulate the 
extracellular matrix (ECM), which in turn affects cellular 
adhesion, migration, proliferation, and differentiation (25).  
The perfect scaffold contender must achieve the following: 
The ability to carry progenitor cells needed to be delivered 
or assist in the recruitment of host cells via a materials 
osteoconductive and osteoinductive properties; to 
controllably deliver signaling molecules that can be released 
at a specific time and to a specific site via growth factor 
incorporation and surface alteration; the ability to stimulate 
tissue ingrowth and neovascularization via alterations in the 
scaffolds microarchitecture; the ability to accurately recreate 
the craniofacial skeleton to its original form through the use 
of Computer-Aided Design (CAD) based scaffold methods; 
to provide initial flexibility while preserving load bearing 
strength via selection of the appropriate manufacturing 
method; and to have the optimal material composition 
that will allow for timely degradation into a biocompatible 
byproduct that correlates with the time it takes for tissue to 
regenerate (26-34).

Scaffolds come in a variety of types which are split into: 
synthetic and natural polymers; glass and bioactive ceramics; 
metals; and hydrogels. There are also composite scaffolds 
available, which are a mixture of multiple materials (35). 

Natural scaffolds have shown to have osteoconductive 
properties aiding in bone formation making them a good 
scaffold material. Collagen, chitosan, calcium alginate, 
hyaluronic acid and composite mixtures are part of the 
Natural scaffold group (36-39). But natural scaffolds lack 
mechanical integrity, so synthetic scaffolds with structural 
stability have been investigated. Synthetic polymers 
have the capability to assist osteoblastic differentiation 
and development of boney tissue. Examples of synthetic 
polymers are polycaprolactone (PCL), polylactic acid (PLA), 
co-polymer polylactic-co-glycolic acid (PLGA), polyglycolic 
acid (PGA), polymethyl meth-acrylate (PMMA) (40). Able to 
accurately imitate the structure and chemical composition of 
the ECM are the calcium phosphate ceramics which include 
ß-TCP, hydroxyapatite (HA) and biphasic calcium (35).  
Ceramics have promise as scaffold material due to their 
availability, reliability, biocompatibility, ease of sterilization, 
safety, and long shelf life (41). Biodegradable metals have 
shown the ability to imitate mechanical and structural 
properties of the natural skeleton, all while holding the 
capacity to resorb after a period of time (42). Magnesium 
(Mg) and its alloys support the differentiation of progenitor 
cells into osteoblasts and are then degraded into hydrogen 
gas and magnesium hydroxide (43). Glass based scaffolds fall 
into two groups: glass ceramics and glass-polymer porous 
composites. Silicone found in glass has demonstrated the 

Table 1 The search strategy summary

Items Specification

Date of Search (specified to date, month and year) 1/1/2021 – 10/1/2021

Databases and other sources searched Google Scholar, Journal of Oral and Maxillofacial Surgery 

Search terms used (including MeSH and free text search terms 
and filters). Note: please use an independent supplement table to 
present detailed search strategy of one database as an example

Bone regeneration, tissue engineering, craniofacial reconstruction, 
scaffolds, osteoinductive growth factors

Timeframe 1986–2021

Inclusion and exclusion criteria (study type, language restrictions 
etc.)

Included articles written in the English language related to craniofacial 
bone regeneration. Excluded any articles not in written in English. No 
specific study type was excluded

Selection process (who conducted the selection, whether it was 
conducted independently, how consensus was obtained, etc.)

The selection process was done by Dr. Hadi Khazaal

Any additional considerations, if applicable No additional considerations 
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ability to enhance vascular growth as well as new bone 
formation and growth factor production in osteoblasts 
regulated by gene expression (35). It has been confirmed by 
several studies that stimulation of osteogenesis is possible 
through the use of scaffolds based off of silicate (44-46). 

The future of biomaterials is moving towards Bio-based 
polymers which are produced from renewable resources like 
plants, algae, and bacteria that are more environmentally 
respectful. Many confuse the term bio-based with 
biodegradable, which is a term that defines the property of 
a material that degrades through a biologic process. The 
term Bio-based is not a word portraying the property of the 
polymer but the physical makeup of the material. These 
polymers eliminate the use of fossil fuels, decrease emission 
of carbon dioxide, and greatly benefits the environmental 
impact (47). The process of developing bio-based polymers 
includes bacterial fermentation to create the monomers 
from renewable resources like starch and cellulose, organic 
waste, and fatty acids. There are also natural bio-based 
polymers that include nucleic acids, proteins, and poly 
saccharides. The production of bio-based polymers through 
the use of renewable resources can be done in three ways: 
through micro-organisms by fermentation to produce 
polyhydroxyalkanoates; through polymers from agriculture 
resources by extraction and separation to get starch, 
cellulose, and alginates; and through conventional synthesis 
using biotechnology to get poly lactides, polybutylene 
succinate (PBS), and polyethylene (PE) (47,48). With 
advances in technology and public environmental view, we 
are closer than ever to fully replacing conventional polymers 
with bio-based polymers. The reason a full transition to 
bio-based products has been a challenge is due to the price 
point and the performance compared to the conventional 
polymers (47). 

Recent innovations in 3D printing technologies 
combined with digital imaging have provided significant 
advances in the production of patient specific constructs. 
With the use of CT imaging and custom 3D printing 
of scaffolding, we are able to control the external shape 
and internal architecture of scaffolds to maximize the 
anatomic fit, strength, and capability to deliver bioactive 
agents (35). Several approaches to 3D printing exist, such 
as, selective laser sintering, fused deposition modeling, 
stereolithography, and 3D plotting (49). The most widely 
used 3D printing technique is the fused-deposition 
additive technique, which can be categorized as inkjet, 
extrusion based, or laser-assisted (48). Calcium phosphate 
scaffolds have been 3D printed with inkjet-based printing, 

which has a downside of requiring high heat. These 
high temperatures prevent bioactive material from being 
incorporated into the scaffold architecture. Thus, the 
future of 3D printing of scaffolding is to produce ceramic 
polymer composites with low temperature, where a powder 
of calcium phosphate uses a water-based binder solution 
that is delivered from the inkjets through a dissolution-
precipitation reaction (35).

In an attempt to mimic the morphology, mechanical 
strength, function, and configuration of the ECM of 
the original skeleton, a varied range of electrospun 
bone regenerative nanofiber materials have been used. 
Electrospinning is an advanced method for attaining 
nanofibers from polymeric solutions (25). The process of 
constructing a scaffold through electrospinning nanofibers 
includes the application of high voltage to the polymer 
solution. An electrical field is created around the polymer 
when the voltage is applied, which creates a force that 
is larger than that of the solutions surface tension. A jet 
stream of polymer is created from this process which, 
due to the electrical instability, then flexes and lengthens 
causing a spiraling movement and a narrow diameter 
stream. Evaporation of the solvent results in a charged 
nanofiber polymer left behind. The nanofiber is drawn 
to a grounded collector, where it hardens into a woven 
mat. The orientation, thickness of individual nanofibers 
and of the overall matrix can be manipulated through 
solvent type, concentrations of the polymer, addition 
of surfactant, the type of collector used and time of 
electrospinning (35). Nanofibrous scaffolds allow for a 
more advantageous environment for tissue ingrowth at a 
cellular level and successive regeneration of bone as they 
are similar to collagen fibrils and have enhanced cellular 
attachment and proliferation (50). Tissue engineering in the 
craniomaxillofacial region is beginning to adopt the concept 
of nanofiber structures more and more as technology and 
knowledge advances. 

Gas foaming and water leaching is another technique for 
scaffold fabrication. This technique involves the utilization 
of elevated pressures that when applied to polymers will 
melt and foam the material around porogens of a particular 
size. When organic solvents are used, solvent casting 
occurs, so the technique of gas foaming and water leaching 
will overcome this limitation. The technique involves the 
use of a high-pressured carbon dioxide around the polymers 
and porogens for a prolonged period of time. The carbon 
dioxide gas gets incorporated into the material, then a 
structured release of pressure creates a foaming process 
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which forms a porous scaffold structure. Then the porous 
scaffold is placed in water which causes leaching of the 
porogen which is typically sugar or salt particles. After the 
porogen is leached, a sponge like structure is formed (48). 
The high levels of pressure and heat applied to polymers 
during compression limit the use of the gas foaming and 
water leaching technique (48). 

No matter the makeup of these craniofacial scaffolds, 
they must be able to fit the multifaceted 3 dimensional 
anatomical defect, be permeable enough to transport 
bioactive factors, and sturdy enough to withstand forces 
until regenerated bone can assume this responsibility (35). 
Modern techniques and technology has made it possible 
to re-create the complex craniofacial structure using 3 
dimensional printing with computer-aided design and 
computer-aided manufacturing.

Stem cells

During the bone healing process,  precursor cells 
surrounding the craniofacial defect are fundamental to 
successful regeneration. Migration of these precursor cells 
to the defect site allows for differentiation into osteoblastic 
cells and endothelial cells encouraging bone formation and 
neovascularization (21). Reports in current literature have 
suggested that addition of stem cells may have a synergistic 
effect on progenitor cell migration and differentiation, 
allowing for better results during regeneration of critically 
sized craniofacial defects (21). The idea behind stem cells, is 
an undifferentiated cell having the capability of self-renewal 
and the ability to differentiate into one or more types of 
cell progeny (21) . Isolation of stems cells from embryonic, 
fetal, and adult tissues have been studied (51,52). Political 
and ethical disagreements have made the use of embryonic 
and fetal stem cells challenging, so at this time their studies 
are limited. However, adult stem cells have been studied 
extensively from multiple different tissue types. Adult 
stem cells can generally be placed in three categories; 
Hematopoietic, epithelial, and mesenchymal stem cells 
(MSCs). This review will focus on the adult MSCs which 
can be isolated from muscle, bone marrow, dermis, adipose 
tissue, trabecular bone periosteum, synovial membrane, 
blood, deciduous teeth and periodontal ligament (51,52). 
MSCs have a potential for use in craniofacial tissue 
repair because these multipotent cells are proficient in 
transforming into bone, cartilage, fat, tendon and muscle. 
Today, the use of bone marrow has been the most widely 
accepted source of MSCs (51).

Bone marrow-derived mesenchymal stem cells 
(BMSCs)
BMSCs have displayed the ability to be effective as an 
osteoblastic precursor and are increasingly being used in 
defects of the craniofacial skeleton (21). BMSCs are thought 
of as an ideal source for craniofacial tissue engineering 
because there are no ethical or political controversies 
effecting their study and use; are normally easy to get a 
hold of; have expansion and self-renewal capabilities; have 
the ability to differentiate into necessary cell lineages 
appropriate to craniofacial skeleton; and hold little to no 
immunogenic or tumorigenic capabilities (21). Multiple 
studies have described bone formation when combining 
BMSCs with 3D scaffolds. These scaffolds included 
Hyaluronic acid/Chitosan composites, honeycomb collagen 
scaffolds, electrospun collagen nanofibers, chitosan or 
gelatin/TCP construct, and titanium meshes (53-58). A 
recent phase I/II randomized, controlled clinical trial was 
conducted to assess the restoration of maxillary bone deficits 
with transplantation of autologous cells, isolated from bone 
marrow. The isolate is enriched with Osteoblastic BMSCs 
(CD90+) and CD14+ monocytes, which has the ability to 
induce vascular formation and ingrowth, incorporated into 
a β-Tricalcium phosphate scaffold which has been seeded 
with macrophages (59). The results of the study showed 
the safety and efficacy in enhancing tissue engineered bone 
quality by means of enriched CD90+ stem cell populations. 
What was found in this study was that in relation to the 
control group, the quality of bone formed was better and 
the quality positively correlated with the percentage of stem 
cells transplanted (59). A variety of studies have reported 
promising outcomes and advocate the practice of using 
BMSCs in repair of craniofacial skeletal defects. 

Adipose derived MSCs
Prior to 2001 it was thought that the progenitor cells isolated 
from adipose tissue were limited to adipocytic lineage 
until Zuk et al. showed that they were able to isolate cells 
with multilineage potential from lipoaspirates (60). Now 
it is known that these adipocyte-derived stem cells (ASCs) 
can undergo osteogenesis as well (61). ASCs osteogenic 
potential has been studied through mixture with an array of 
different scaffold materials. For example, implanting ASCs 
onto HA/TCP or polyglycolic scaffolding may result in the 
development of an osteoid like material (62,63). Reports by 
Dragoo described engineering of bone by ASCs with the 
help of BMP-2 (64,65). A concern of many of these studies 
was if the bone growth was due to the osteogenic growth 
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factor or the ASCs. There has been no definitive answer 
and further studies must be conducted to conclude the true 
osteogenic capability of ASCs exclusive of the permutation 
of growth factors. 

Urine derived mesenchymal stem cells (USCs)
USCs have captured the attention of many when it comes to 
an alternate source of stem cells for bone tissue engineering. 
Its exploration is still in the beginning stages, but current, 
studies by Guan et al. have revealed their potential 
application in the regeneration of bone (66-69). The appeal 
to USCs is the ease of obtaining it from urine and is non-
invasive. USCs are comparable to ASCs biologically and 
are capable of osteogenic differentiation in vitro (69). There 
has been successful differentiation of USCs into osteoblasts 
via calcium silicate ion induction of the Wnt/ß-catenin 
signaling pathway (66). Also, a study showed evidence that 
USCs were compatible with a ß-TCP scaffold and capable 
of enhancing bone formation when they were implanted 
into segmental femoral defects of rats (66).

Other adult MSC sources 
In addition to BMSCs, ASCs, and USCs multiple studies 
have shown the capabilities of MSCs derived from different 
craniofacial tissue that can form bone-like, cementum-
like, and dentin-like structures (21). For instance, dental 
pulp stem cells (DPSCs) have been studied and shown 
effective in osteogenic potential in rat critical size calvarial  
defects (70). The study used a dense collagen gel scaffold 
permeated by mesenchymal DPSCs and placed in a rat 
calvarial defect. The mineral density and micro-architecture 
of the bone were significantly improved when a scaffold 
seeded by DPSCs was used. Microscopic evaluation 
revealed a dramatic improvement in mineralized and fibrous 
connective tissue (70). The results validate the potential 
benefit of bone healing by the use of DPSC-loaded-dense 
collagen gel scaffolds (71). Periodontal ligament stem cells 
(PDLSCs) isolated from extracted human 3rd molars have 
shown differentiation into adipocytes and osteoblasts cell 
lineages in vitro and the ability to generate cementum-
like configurations interfaced with dense collagen fibers 
in vivo (72,73). Lastly, a loose ectomesenchymal tissue 
encompassing unerupted teeth known as the dental 
follicle, has been shown to contain progenitor cells and 
stem cells (74). Dental follicle stem cells (DFSCs) have 
strong differentiating potential toward the osteoblast 
lineage, which may prove to be useful in reconstruction of 
craniofacial skeletal defects (71). A study in rats evaluating 

bone regeneration capability of DFSCs isolated from the 
mandibular first molars, loaded into polycaprolactone 
(PCL) scaffold for management of craniofacial defects was 
conducted. The study showed bone restoration at 8 weeks in 
the skull of the rats treated with the DFSC transplantation 
but not in the control group (71). An Advantage of DFSCs 
is that there is no need for a second procedure, the follicle is 
isolated at the same time an impacted tooth is removed.

Osteoinductive growth factors

The integration of factors with biologic capabilities 
into scaffolding materials has been proposed to control 
the behavior of precursor cells to form new bone. For 
osteoblastic progenitor cells to differentiate after migrating 
to the defect site, it is essential to have osteoinductive 
factors. Enhancement of bone regeneration has been 
through the use of many growth factors. Some of these 
factors include vascular endothelial growth factor (VEGF), 
transforming growth factor β (TGF-β), platelet derived 
growth factor (PDGF), and fibroblast growth factor (FGF). 
Bone morphogenetic proteins (BMPs), belonging to the 
TGF-β superfamily, is the most investigated growth factor 
to date and has shown clinical success in bone regeneration 
of critically sized craniofacial defects (75). Over 20 different 
bone morphogenetic proteins have been discovered and 
studied, but osteoinductive properties have mainly been 
shown with BMPs 2, 4, 6, 7 and 9. BMPs works through 
activation of chemotaxis, proliferation, and differentiation 
of osteoprogenitor cells, to induce the formation of  
bone (76). BMP is unique in that it induces bone formation 
at the site of implantation instead of changing the growth 
rate of preexisting bone (77). Particularly recombinant 
human (rh)BMP-2 and rhBMP-7 have been investigated 
thoroughly and received FDA approval. A system consisting 
of rhBMP-2 on a scaffold of absorbable collage called 
InFUSE® system (Medtronic Sofamor Danek, Inc., 
Minneapolis, USA) and a rhBMP-7 and bovine collagen 
altered with saline to form a paste called OP-1® (Stryker 
Biotech). These two products have shown clinical success 
in studies of bony non-union (78,79), bone defects (80), 
open tibial fractures (81), and spinal fusions (82). One 
of the limiting factors to BMP use has been the duration 
of BMPs presence at the site of action. This is where the 
temporal and spatial control of the scaffold to deliver 
signaling molecules is necessary. Several preclinical models 
incorporating rhBMP onto scaffolds exist.

In recent years the discovery of the osteogenic 
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potential of BMP-9 has been investigated and results 
are promising. It has been stated that out of the BMP 
superfamily, BMP-9 may be the most potent osteogenic 
inducer (83). Previously, gene therapy through adenovirus 
transfection has been the only available BMP-9, but 
currently recombinant human BMP-9 has been developed 
with successful results and promising possibilities (83). A 
study was conducted investigating osteoblastic behavior 
when comparing rhBMP-9 to rhBMP-2 combined with 
bone grafting material. At the conclusion of the study, it 
was stated that both rhBMP-2 and rhBMP-9 promoted 
bone formation but rhBMP-9 demonstrated greater levels 
of alkaline phosphatase activity and alizarin red staining.. 
This greater level of alkaline phosphatase activity indicates 
greater activity of bone forming cells. Alizarin red staining, 
determines ECM mineralization, was increased in that of 
rhBMP-9 (84). Most studies on BMP-9 have been through 
the non-FDA approved gene therapy method, but with 
the development of rhBMP-9 more studies are needed to 
evaluate its osteogenic potency.

Currently, the only use for rhBMP that has been 
approved by the FDA in craniofacial application is sinus 
augmentation. With an aim to assess the safety and clinical 
data for alveolar ridge and sinus augmentation in humans 
while using rhBMP-2 delivered on an absorbable collagen 
sponge carrier, a systemic review was conducted (85).  
Clinically meaningful bone regeneration resulted in 
maxillary sinus augmentation with rhBMP-2 on an 
absorbable collagen sponge which would allow for the 
placement of dental implants (85). The comparison of 
rhBMP-2 on a collagen sponge scaffold versus autogenous 
bone grafting for maxillary sinus augmentation was 
assessed through randomized prospective trial with 160 
subjects enrolled (86). The study looked into osteogenic 
potential, the osteointegration of implants, and functional 
loading capabilities at 6 months and at 2 years of implants 
placement. Both the groups showed a success rate of 79% 
with the rhBMP-2 group resulting in significantly denser 
bone. Additionally, complications were noted with the 
autograft group resulting in 17% long term paresthesia, gait 
disturbances, and pain at donor site (86). 

A randomized, partially blinded clinical trial in 2001, by 
Friedlaender et al. compared rhBMP-7 on a type-1 collagen 
sponge to anterior iliac crest bone graft (AICBG) in 124 tibial 
non-unions patients (78). Radiographic assessment disclosed 
that 75% of the rhBMP-7 treated non-unions and 84% of 
the AICBG-treated non-unions had recovered fractures. The 
infection rate in the study was greater (14%) in the AICBG 

group compared to the rhBMP-7 group (4.9%). Twenty 
percent of persistent donor site pain was noted by the authors 
at 6 months post op in AICBG group (78). 

Allogenic bone mixed with rhBMP-2 and bone marrow 
aspirate concentrate were used to restore mandibular defects 
in a retrospective case series that enrolled 34 patients over 
a 5-year period (87). The clinical success of the study was 
evaluated using specific criteria. These criteria include: (I) 
bone union, which was defined as homogenous radiographic 
appearance without mandibular mobility; (II) the grafted 
site has adequate volume of bone that allows for implant 
placement. At the 6 month mark, CT scans and clinical 
exams were performed resulting in 90% success with the 
average height that was gained being 2.12±0.64 cm and 
width of 1.53±0.46 cm. The report established that although 
the use of autogenous graft remains the gold standard, the 
developing science behind clinical tissue engineering has 
shown clinical success for craniofacial defects with less 
morbidity than autogenous grafting (87). 

Another study examined the result of polymer capsules 
containing recombinant human bone morphogenetic 
protein-2 (rhBMP-2) on regeneration of bone in large 
segmental defects in rats. The study imbedded PGA 
capsules containing rhBMP-2 in a 5 mm segmental defect 
in the femur of rats. 8 weeks post implantation, they 
discovered radiographic and histologic evidence of bony 
union, while the control group showed no bridging in the 
defect (88).

In 2015 Augment bone graft® (rhPDGF-BB) was 
approved for hindfoot and ankle fusion (89). PDGF acts on 
the PDGF receptor which activates a cascade that in turn 
stimulates recruitment and proliferation of cells, including 
MSCs. It also promotes neovascularization at the healing 
site by increasing pericytes, vascular endothelial cells, 
and smooth muscle cell responses (90). A recent clinical 
study focusing on rhPDGF-BB with β-TCP scaffold in 
434 patients devoted to hindfoot or ankle arthrodesis. In 
comparison to autografts, the study results showed similar 
fusion rates, significantly less pain, and decreased side 
effects (91). The results could prove to be promising in the 
future of craniofacial bone regeneration. 

Growth factor integration into scaffolds can be achieved 
in many ways. Saturating the scaffold in growth factor 
containing solution will cause a loose relationship. This 
loose relationship between the materials results in a rapid 
release of the chosen growth factor (92). Growth factors can 
also be manufactured to create an extended release effect 
by covalently linking them to the scaffolds microstructure. 
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This has successfully been implemented in animal studies 
to reconstruct defects in areas of the mandible, calvaria, 
and zygoma (92,93). A similar effect can be achieved with 
cells that are modified through gene therapy to express and 
secrete growth factors with osteoinductive potential (94). 

Supplementing osteoinductive growth factors is 
possible through the use of small molecules that assistance 
in inducing differentiation of osteoblasts. These small 
molecules have the benefit of: being cost effective; simpler 
to manufacture and handle; and able to diffuse rapidly into 
the surrounding architecture (95). Statins, along with other 
immunosuppressants, are small molecules that have been 
studied and showed the ability to encourage osteoblastic 
differentiation and formation of new bone (96-99). One 
small molecule that has exhibited the ability to encourage 
osteogenesis in BMSCs and in dental pulp cells through 
BMP signaling pathway activation, is a molecule called 
Phenamil. This molecule is an irreversible equivalent of 
amiloride (100-103). In calvarial defect repairs, Phenamil 
has recently demonstrated a synergistic effect with BMP-2 
 through the induction of osteogenic differentiation of  
ASCs (104). Another molecule that may be used in 
complement with BMP is NELL1. NELL1 is a gene that has 
a markedly different effect on osteoblastic differentiation 
than BMP-2 (105). When NELL1 and BMP-2 were 
implanted in vivo into rat calvarial defects, they showed no 
apparent difference in the bone regeneration capacity on 
micro-computed tomography or evaluation of histology. 
These findings may suggest that both NELL1 and BMP-2  
use different pathways to induce the differentiation of 
osteoblasts (105,106). A study evaluating bone regeneration 
capacity when combining NELL1 and BMP-2, showed 
more complete regeneration with more mature bone when 
compared to BMP-2 on its own (107).

Although clinical studies of osteoinductive growth factors 
have shown promising results, there have been concerns 
that due to the quick diffusion, insufficient solubility of 
the carrier within the defect, and effects of proteolytic 
degradation, the half-life is too short (108). In order to 
address this issue, some proposed gene therapy to induce a 
sustained release of growth factor increase the time spent 
inducing its effect at the desired site.

Gene therapy

An alternative to transporting growth factors into defective 
sites, is through gene delivery. This technique involves 
transferring a desired gene encoding for specific growth 

factors into the defect site using vectors that carry the gene. 
Then, in vivo, the cells that were transfected by vectors 
carrying the gene, produce the target molecule and secrete 
it into the defect site (109). The release period of the drug 
can be controlled by the vector carrying the gene (109). 
Gene delivery can be accomplished through ex vivo delivery 
and in vivo delivery. In vivo delivery is able to directly 
transfer genes into the host, while ex vivo delivery is a cell-
based gene delivery; in that it transduces harvested cells 
from the host with a vector carrying the target genes, and 
then the transduced cells are directed to the defect site (109).

In ex vivo BMP-2 gene delivery, multiple types of 
MSC-derived cells are used as gene carriers. Like 
bone marrow stromal cells (BMSCs), ASCs, PDLSCs, 
and fibroblasts (110-116). BMP-2 gene delivery for 
regeneration of bone via ex vivo delivery, resulted in 
complete closure of calvarial defect within 4 weeks, 
unlike the in vivo delivery technique (112,113). During  
in vivo BMP-2  gene delivery, direct injection of the genetic 
material can be applied, but it has been shown that fast 
diffusion rate, nonspecific biodistribution, rapid rate of 
enzymatic degradation, and little uptake by cells does 
not permit for the production of the desired effect (117). 
There have also been concerns with the excessive amounts 
of adenovirus that needs to be injected directly into the 
defect site to induce bone regeneration. The large viral load 
required in the in vivo delivery method is thought to lead to 
an excessive immune reaction (118).

BMSCs have shown promise in the field of gene therapy. 
MSCs have the ability to be transduced, giving them 
potential to aid as vehicles for either long-term or short-
term therapeutic gene transfer (119). Several studies have 
revealed that virus-based BMP expression vectors can 
encourage differentiation of osteoblasts and the formation 
of new bone in vivo (120-122). In a study investigating 
spine fusion in rat models, Peterson et al. demonstrated 
that successful fusion could take place in human BMSCs 
infected with BMP-2 containing adenovirus (123). This 
is an important discovery because it has been shown that 
the administration of supraphysiologic doses of BMP 
would actually stimulate bone resorption and turnover 
instead (122,124). Therefore, site specific administration of 
physiologic doses of BMP can be ensured by utilizing MSCs 
as a delivery vehicle. 

In recent years, curiosity in ASCs for BMP-2 gene 
delivery has been growing. ASCs are advantageous due to 
their accessibility and availability; however, they also have 
restraints due to their low stemness and multipotency (125). 
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It has been stated that BMP-2 production and osteogenic 
differentiation capability in ASCs were greater than those in 
BMSCs in in vitro studies (126).

Ex vivo gene delivery of osteoblasts and fibroblast derived 
from MSCs has also been researched. Hirata et al. reported 
findings of successful regeneration of bone in rat calvarial 
defects by taking advantage of skin fibroblasts for gene 
delivery (127). Keeney et al. applied skull-based osteoblasts 
for BMP-2 gene delivery (128). Shin et al. witness complete 
closure of defects in rat calvaria within 4 weeks after 
implanting human gingival fibroblasts transfected with 
adenovirus containing BMP-2 (129). 

In BMP-2 gene delivery, irrespective of whether it is ex 
vivo or in vivo, viral and non-viral vectors can be employed 
equally. The aspects of viral vectors that give them an 
advantage includes the high efficiency in transduction of 
genes and ability to target dividing or non-dividing cells 
(130,131). The negatives surrounding viral vectors are the 
difficult manufacturing techniques, their potential to cause 
immune reactions to the virus (132), and the accompanying 
safety concerns (133,134). The advantages of the non-viral 
vectors are the simplicity in manufacturing, low costs, and 
low immunogenicity. The disadvantages include the limited 
efficiency of in vivo gene transduction (131), the high 
amounts required to induce therapeutic effects, their limited 
ability to focus on specific cell types, and potential material 
toxicity (110).

Combined approaches to include both osteogenesis 
and angiogenesis have been shown to improve bone 
regeneration in critically sized defects. He et al. transfected 
MSCs and endothelial progenitor cells (EPCs) with 
adenoviral vectors containing BMP-2 (135). This resulted 
in increased osteogenesis and neovascularization in rat 
calvarial defects. Other findings presented a synergistic 
effect with BMP-2/VEGF gene delivery in comparison to 
those in the BMP-2 alone group (136-138).

Achieving craniomaxillofacial bone regeneration 
through gene therapy, efficient vector systems with reduced 
immunogenicity, and a stable cell supply has a great 
potential future while safety concerns must be addressed. 

Conclusions

Craniofacial bone regeneration has progressed significantly 
over the last two decades and is continuously adopting 
new techniques and biomaterials to advance our ability 
to re-create the structures of the complex craniofacial 
unit. Advances have been made in the fields of stem cell 

biology, developmental biology, biomedical engineering, 
and mechanical engineering. These advances have allowed 
the investigations into ways to: isolate and utilize different 
stem cell sources; develop scaffolding material and designs 
that nears ideal properties; develop different strategies for 
sophisticated gene delivery methods; and utilize growth 
factors to enhance our ability to regenerate bone. 

Although autologous grafting is still measured as the 
gold standard for craniofacial reconstruction, many studies 
believe advances in techniques through tissue engineering, 
stem cell biology and gene therapy will be the future. 
Combining biomaterials to optimize properties of Scaffolds 
and improving structure through more environmentally 
friendly bio-based materials and computer aided designs 
are allowing us to mimic the configuration, morphologic 
traits and mechanical function of the ECM of native bone. 
Advances in exposing the osteogenic potential in numerous 
stem cell types, as well as discovering sources of stem cells 
that are more easily accessible and abundant are offering 
exciting outlooks for craniofacial bone regeneration. 
Incorporation of growth factors, especially BMP, have been 
studied extensively and have repeatedly shown promise in 
their ability to enhance bone regeneration. Innovations 
in gene delivery methods and vectors have a potential in 
bone regeneration but concerns with its safety still exist and 
must be addressed before it can replace autologous grafting 
techniques. Despite such advances, relatively little research 
investigates the ability of tissue engineering approaches to 
reconstruct defects in patients with compromised healing 
potential or those with extensive medical comorbidities. 
Although promising, alternatives to autologous grafting for 
craniofacial bone regeneration still require refinement in 
strategies and materials to attain more consistent outcomes 
and to report the numerous challenges posed by real clinical 
scenarios. 
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