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Bone Tissue Engineering 
Challenges in Craniofacial 
Reconstructive Surgeries

Seyed Mohammad Zargar and Nima Jamshidi

24.1	 �An Overview of Craniofacial 
Defects

The craniofacial region has always been one of 
the most noticeable regions of the human body 
for physicians, surgeons, and engineers. This 
region consists of a wide variety of soft tissues 
as well as diverse bones, including frontal, 
occipital, parietal, and temporal bones (which 
form the cranium); the two jaws that are named 
maxilla and mandible; and other kinds like 
zygomatic, nasal, sphenoid, and ethmoid bones. 
It contains six various cavities that are cranial, 
orbital, nasal, oral or buccal, and middle and 
inner ear ones. Hence, not only is it directly per-
tinent to some critical functions including 
breathing, speaking, eating, seeing, hearing, 
etc., but it also plays an essential role in social 
relationships thus it is indubitably important to 
scrutinize different types of the defects and 
deformities of this region and discover the rea-
sons why these appear.

Craniofacial deformities can be categorized 
into congenital, traumatic, and cancerous ones. 
According to The International Statistical 
Classification of Diseases and Related Health 

Problems (ICD-10) [1], congenital malforma-
tions and deformations are divided into several 
groups. The first one is craniosynostosis, that 
is, when some of the cranial sutures ossify 
before the brain has matured suitably. It brings 
about some alterations in the pattern of skull 
growth. For instance, scaphocephaly and oxy-
cephaly can be mentioned. The second division 
is craniofacial dysostosis, which is defined as a 
disorder of bone development, such as Crouzon 
and Treacher Collins syndromes, as well as 
hypertelorism. Other deformities are classified 
into the third division. Examples are macro-
cephaly, platybasia, plagiocephaly, and saddle 
nose syndrome.

Cancer may lead to the devastation of both 
soft and hard tissues in the craniofacial region. 
Yet, traumatic injuries result in a great number of 
diverse craniofacial defects, including lacera-
tions, blunt traumas, and burns. Vehicle acci-
dents, chemicals, heat, electricity, assaults, and 
falls are some examples of such injuries [2]. 
Regarding the importance of the roles which the 
craniofacial region plays as well as the preva-
lence of its deformities, pondering over finding 
appropriate therapies has always been an interest 
of technicians, such as physicians, surgeons, and 
engineers. Although there have been grandiose 
notions for repairing the deformities of the cra-
niofacial region, some have become pragmatic 
after passing standard tests. Some main methods 
of treatment are discussed in the next section.
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24.1.1	 �Available Therapies

Repairing the defects and deformities of the cra-
niofacial region has always been a concern for 
specialists due to destructive impact thereof. No 
record is found from early Greek physicians, 
such as Hippocrates and Galen, with regard to 
craniofacial reconstruction. However, dating 
back to the Incan Empire, there is some evidence 
in which some valuable metals and gourds are 
reported to be utilized in order to repair craniofa-
cial defects. The application of grafts, harvested 
tissues, in reconstruction surgeries was first pub-
lished by Meekeren in 1668. He utilized canine 
bone to reconstruct a defect in the cranium of a 
Russian man. Afterward, in the late nineteenth 
century, further experiments resulted in more 
progress in craniofacial reconstruction surgeries. 
Moreover, the special circumstances provided by 
warfare in the twentieth century brought about a 
leap in reconstruction surgeries. The specialists, 
at that time, sought applicable metals and plas-
tics to use for larger defects [3]. The advance-
ment in reconstruction surgery methods applying 
distinctive grafts experienced an incremental 
trend with the passage of time. In this section, 
the main purpose is to discuss these methods and 
various grafts.

Bone defects can be of different sizes. They 
can be either as small as periodontal defects (in 
millimeters) or large, which are mainly trau-
matic or caused by surgical incisions or cranio-
plasty. The vivid similarity among most of the 
defects is the complicated 3D structure thereof. 
The main expectation of reconstruction surgeries 
is the restoration of the functionality that has 
been restrained as well as the appearance that 
need to be aesthetically reconstructed due to the 
severe dependency of social relationships on it 
[4]. All of the process must be pursued in a way 
that controls the morbidity of both donor and 
recipient sites [5].

There are three significant criteria to amend 
the functionality of any graft, namely osteocon-
ductivity, osteoinductivity, and osteogenesis. 
Osteoconductive grafts are those whose surfaces 
permit the formation of new bone cells along 
themselves. However, osteoinductivity causes the 

supply of the factors that are required for bone-
forming cells to be recruited to the graft site and 
differentiate. In addition, osteogenic grafts bene-
fit from bone-forming cells that can be induced or 
inducible. Thus, they can commence with the 
bone formation as soon as they are transplanted 
[4]. An ideal graft is the one which meets all the 
aforementioned criteria. Provided that the graft 
lacks osteoconductivity, the incorporation pro-
cess of it into the recipient site declines intensely. 
Besides, if the graft is not osteoconductive, it 
does not tend to recruit bone-forming cells, such 
as osteoblasts and osteoprogenitors, and the stem 
cells cannot be differentiated due to scarcity of 
the needed factors. The circumstances exacerbate 
when the graft does not contain induced and 
inducible cells or in other words when the graft is 
not osteogenic.

Degradability is one of the vital factors 
depending on the purpose for which the graft is 
implanted. The condition that the graft is to stim-
ulate bone formation and has to degrade as fast as 
the new bone tissue forms. Otherwise, degrad-
ability is absolutely a demerit for the grafts 
intending to contour the normal appearance or 
have mechanical functions. In this case, calvarial 
and cortical bones can be applied [6].

The ideal graft is the one which is not only 
osteoconductive, osteoinductive, and osteo-
genic but also suitably porous with intercon-
nected pores. Porosity provides larger contact 
surface between the graft and recipient site and 
the cells thereof. So the osteoblasts can pene-
trate into the graft and form new bone structure 
and, on the other hand, osteoclasts can have a 
wider connection with the graft’s surface so 
that resorption is facilitated. These are key to 
the incorporation of the graft into the recipient 
site. Besides, blood vessels are also required for 
nutrition delivery to the cells and their 
recruitment.

In reconstruction surgeries, the applied grafts 
can be classified into groups based on their 
source. Autografts are those which are harvested 
from the patient’s own body. Spongy and cortical 
bones, bone marrows, and vascularized bones are 
examples of tissues that can be autografted. 
Autografts benefit from osteogenic cells which 
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do not activate the immune system. However, 
surgeons encounter a higher level of morbidity at 
the donor site as well as a restrained amount of 
harvestable tissues [7]. Grafts that are harvested 
from a person who is genetically identical to the 
patient are called isografts. The merits and 
demerits of isografts are roughly the same as 
autografts due to the similarities in genetics.

The next group of grafts, allografts, are those 
that are harvested from another individual with 
different genetics from the patient. Allografts are 
mostly harvested from a cadaver and used as aug-
mentation for autografts. Before being applied, 
these grafts are generally decellularized since 
there is a huge risk of transplant rejection by the 
immune system. Allografts are also treated in 
preoperational procedures for decreasing the 
chance of disease transfer from the cadaver to the 
patient [5, 6].The last category of grafts is perti-
nent to xenografts that are defined as those har-
vested from animals. They can be bovine or 
porcine, or only collagen from such animals [8].

Grafts can be applied for various purposes 
such as filling a defect, mechanical functions, or 
triggering bone formation. There might be no 
need for its incorporation into the recipient site in 
some cases whereas large defects’ reconstruction 
requires an incorporated graft. In other words, the 
graft has to be remodeled. The graft should allow 
bone cells to proliferate on its surface, that is, in 
contact with the recipient site. Afterward, the 
graft ought to begin its degradation process in 
order to permit the new bone cells to form the 
former normal tissue gradually. Deficiency of 
blood vessels restrains the remodeling process 
enormously [4, 9–11]. Thus, provided that the 
surgeon faces a huge loss of both soft and hard 
tissue, it is recommended to apply vascularized 
grafts since they can supply sufficient blood for 
the remodeling process. In the case of only hard 
tissue defects, nonvascularized grafts might also 
be applicable due to the ability of the recipient 
site to supply blood.

The incorporation quality depends mainly on 
the applied graft, recipient tissue, and the inter-
face between graft-tissue and physiological 
capacities. One of the most influential factors of 
the applied graft is its degree of porosity. A more 

porous graft has wider contact with the recipient 
tissue. In osteoconductive grafts, the large sur-
face allows much more bone cells to migrate and 
proliferate on it as well as facilitates the degrada-
tion process by permitting more osteoclasts to be 
in contact with the graft. In addition, being 
porous results in more blood vessels’ invasion 
into the graft so the matrix will be demineralized 
and its proteins will be released, such as bone 
morphogenic protein (BMP), which provides 
osteoinductivity [4, 5].

Cortical bones are not porous in comparison 
with trabecular bones. Blood vessels and 
recruited cells can merely attach to the outer sur-
face of such bones. Therefore, the integration 
process is prolonged and often incomplete. The 
application of vascularized grafts, even when 
they contain cortical bones, will accelerate inte-
gration [6, 9].

Another main challenge is for the graft to 
remain fixed in its place, as any strain may result 
in the failure of the remodeling process. There is 
a broad range of fixators and alloplastic materi-
als, such as titanium reconstruction plate, that not 
only keep the graft strongly in its place but also 
assist the contouring procedure. For instance, 
according to Kim and Donoff (1992), titanium 
reconstruction plates that were applied in a lat-
eral mandible reconstructive surgery showed 
acceptably low failure rate [4, 5, 12].

Vascularity and viability are the most impor-
tant criteria for an appropriate graft bed or recipi-
ent site. The applied graft is needs access to the 
viable bleeding bed. Redundant reaming or high 
temperature throughout surgery might cause 
necrosis in recipient site’s cells. On the other 
hand, other factors such as prior radiotherapy 
might jeopardize the success rate of reconstruc-
tive surgery due to its impact on vascularity and 
fibrosis of the recipient tissue. Thus, vascularized 
grafts are highly preferred in the cases that have 
experienced radiotherapy before reconstructive 
surgery. In these cases, anastomosis of the blood 
vessels should also be done in order to increase 
the success rate. In addition, prior surgeries and 
chemotherapy may become hazardous, in partic-
ular, in cases where tissue has been radiated 
simultaneously [4, 5].
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A broad range of diverse grafts has been 
applied in reconstruction surgeries. In some 
cases, the hard tissue has been harvested whereas 
others have tried both hard and soft tissue that 
was concurrently harvested as vascularized pedi-
cles. For instance, in an experimental study, cal-
varium bone grafts were used for 222 patients 
with mainly posttraumatic or congenital deformi-
ties [13]. Other grafts that have been used were 
harvested from various parts of the body such as 
acromion and spine of scapula [14], rib [15], 
radius [16], iliac crest [17, 18], tibial plateau [19, 
20], fibula [21, 22]. Some studies reported the 
usage of myocutaneous free flaps that supply 
muscle mass, epithelial tissue, and blood such as 
trapezius and pectoralis major myocutaneous 
flaps [14, 23]. In some cases, even the resected 
tissue was applied as a graft [24].

24.1.2	 �Tissue Engineering Approach

Reconstructive surgeries with the application of 
grafts, including autografts, allografts, etc., are 
the best existing treatments for deformities in the 
maxillofacial region. However, there are some 
inevitable complications in these surgeries such 
as the probability of donor site morbidity, 
restraints in harvesting suitable tissue regarding 
the quality and the quantity thereof, and the vivid 
drawbacks of alloplastic materials. To address 
these complications, biochemical and biomate-
rial engineering are tried to be combined with 
cell transplantation studies in order to achieve a 
fabricated tissue or organ that not only recon-
structs the defect but also does not trigger immune 
response when transplanted. This field of research 
is named Tissue Engineering and defined as “a 
new approach applying the principles of biology 
and engineering to the development of functional 
substitutes for damaged tissue” by Langer and 
Vacanti in 1993 [25–27].

Tissue engineering consists of three main 
strategies that are based on the materials utilized 
for treatment. Isolated cells or substitutes thereof 
can be used for improving the functionality of the 
tissue. There are some substances that can result 
in tissue formation induction. This strategy relied 

on the application of these materials. Engineered 
constructs, called scaffolds, can be utilized and 
implanted into a defect and lead to the recon-
struction of the lost or deformed tissue [28].

24.1.3	 �Scaffolds

Three-dimensional structures, scaffolds are the 
main part of tissue-engineered constructs. Tissue 
engineering scaffold should benefit from some 
criteria such as biocompatibility in order to have 
an appropriate function when implanted. For pre-
venting immune rejection, scaffolds must be bio-
compatible. In some cases, scaffolds are designed 
for a temporary function. So, they should degrade 
when their mission is completed. These scaffolds 
are supposed to be biocompatible in both implan-
tation and degradation time. In other words, the 
products of their degradation must be nontoxic 
and safe, as well as themselves. Also, the degra-
dation rate is important and has to be measured 
and well adjusted.

Since scaffolds are implanted to function as 
the extracellular matrix of the tissue, they should 
have suitable mechanical properties. In fact, the 
preferred scaffolds are those which mimic the 
native tissue properties. Similar to grafts, scaf-
folds should be adequately porous and penetra-
ble. The size of pores and their interconnectivity 
are really important for cell and blood vessel 
invasion. The cells’ diameter is the determinant 
of pore size. Suitable surface properties are vital 
as well in order to achieve cell attachment [29].

When a scaffold is to be designed, the first and 
foremost step is the selection of suitable materi-
als. The materials should be biocompatible and 
biodegradable and have suitable mechanical and 
surface properties. A broad range of materials 
have been introduced with the potential of being 
used as scaffolds. They can be classified into four 
groups, namely, polymers, ceramics, metals, and 
composites [29–31].

24.1.3.1	 �Polymers
Polymers can be a golden choice for tissue engi-
neering scaffolds due to their high ability to be 
designed in a way to address the needs. For this, 
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their composition and structure can be altered [1, 
32]. Polymers are divided into two groups of nat-
ural and synthetic ones, and each has its pros and 
cons. Natural polymers are derived from either 
plants or animal sources similar to the nature of 
human body, so they are less likely to be rejected 
by the immune system. Due to their origin, they 
have variations that may cause an inaccuracy in 
their engineering and functionality. Their major 
demerit to some extent are their weak mechanical 
properties [29, 33].

Collagen can be named as one of the major 
natural polymers that have been used as tissue 
engineering scaffolds. Although 28 different 
types of collagen are known, the collagen type 1 
is found the most in human body tissues like 
bones, tendons and ligaments [34, 35]. Collagen 
is used because it is not only profuse but biocom-
patible. In addition, it has the ability to be highly 
porous and easily processed. Also, it is a hydro-
philic and absorbable material having low antige-
nicity [36, 37]. In addition, some other natural 
polymers have been used as scaffolds and have 
shown good performance such as chitosan and 
hyaluronic acid [38, 39].

Synthetic polymers are aimed to meet the defi-
ciencies in natural ones. They do not have varia-
tions and their degradation is always the same, on 
any patient. This similarity is due to chemical 
hydrolysis of synthetic polymers rather than an 
enzymatic one [29]. Some synthetic polymers 
that have been used for tissue engineering scaf-
folds are poly lactic acid, polyglycolic acid, and 
polycaprolactone [40–44].

In a study, the scaffolds made of poly-DL-
lactic-co-glycolic acid (PLGA) by solvent-
casting particulate-leaching technique were used 
for repairing defects in porcine mandible. The 
scaffolds were accompanied by porcine mesen-
chymal stem cells derived from ilium. The results 
were satisfactory and PLGA scaffolds could 
cause bone regeneration at the implantation site 
[40]. PLGA scaffolds were used in a rabbit man-
dible with pore sizes of 100–250 μm and resulted 
in adequate bone formation [41].

Polycaprolactone was used in a dog’s man-
dible in order to reconstruct the mandibular 
defect [42]. It was also implanted into the ante-

rior mandible of a 71-year-old woman and the 
results illustrated new bone formation and 
higher bone volume in comparison with con-
trols [43]. In another study, polylactic acid was 
used as a scaffold for a defect of critical size. 
The results were satisfactory, and the PLA scaf-
fold could play a role in bone formation due to 
its proper mechanical properties and suitably 
low degradation rate [44].

24.1.3.2	 �Ceramics
Ceramics can be used widely as bone tissue engi-
neering scaffolds due to their great biocompati-
bility and bioactivity [29]. Ceramics are highly 
osteoconductive [45] and osteoinductive [46–48]. 
Unlike the polymers that are mostly ductile, 
ceramics are stiff and brittle materials. They are 
usually used in combination with polymers [29] 
in order to obtain better characteristics.

There are a broad range of ceramics that have 
been used as tissue engineering scaffolds, such 
as hydroxyapatite [49, 50], bioglass [51], tita-
nium oxide [52], and zirconia [53]. For instance, 
among ceramics, bioactive glasses are not only 
osteoconductive and bioactive [49, 54–57] but 
are also able to deliver cells [58]. Furthermore, 
their degradation can be controlled [59–61]. 
Bioactive glasses or bioglasses can be fabricated 
porously with suitable shape and pore size by 
replication technique [62–64]. In a study, a new 
sintering method was tested and bioglasses 
could achieve appropriate mechanical strength 
as well [51].

Hydroxyapatite (HAp) can be another exam-
ple of widely used ceramics. Hydroxyapatite is 
used not only for tissue engineering scaffolds 
but also as a coating for implants and fillers. All 
of these applications are due to its high biocom-
patibility, even with soft tissues, low degrada-
tion rate, and proper osteoinductivity and 
osteoconductivity [28]. HAp is chemically kind 
of similar to the inorganic component of the 
bone matrix, so it can form strong chemical 
bonds with the recipient tissue [65]. HAp does 
not benefit from suitable mechanical strength. 
In a study, it has been shown that if HAp is used 
in nanoscale, the mechanical strength thereof 
rises [28].
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Generally, the materials have to be selected 
properly in order to achieve suitable characteris-
tics. However, there are some methods of fabrica-
tion that confer specific features to the scaffold 
such as porosity. These methods consist of firing 
powder and firing slurry [66]. Replication tech-
nique is an example [51]. The scaffolds that are 
fabricated via replication technique are suitably 
porous. For having a scaffold with desired char-
acteristics, not only is it vital to choose a proper 
material but also by the use of some techniques, 
the characteristics of the chosen material can be 
manipulated as desired .

24.1.4	 �Cells

Embryonic stem cells (ESCs) are pluripotent 
stem cells which can be found in the inner cell 
mass inside the blastocyst. These stem cells have 
the potential to recreate every organ of the human 
body. For this, ESCs have to be divided into the 
groups of cells with the potential to work more 
specifically, called multipotent stem cells. 
Mesenchymal stem cells (MSCs) are derivatives 
of ESCs and play an important role in forming 
the craniofacial structure by differentiating to 
various forming cells, such as chondroblasts, 
osteoblasts, etc. [67]. Mesenchymal stem cells 
can be easily harvested, isolated, and prolifer-
ated. In addition, in freezing, they do not lose 
their osteogenic potential [5]. MSCs might be the 
best choice for tissue engineering approach.

Generally, stem cells’ division is slightly 
different from other mature cells. Stem cells 
need to be constantly available inside the 
human body. Whenever they differentiate, they 
produce a cell with characteristics identical to 
their own. These identical stem cells remain 
inside various tissues and will be recruited and 
used whenever required [67]. So, although 
there are some available sources of MSCs 
inside the human body, the presence of these 
cells in a scaffold seems to be beneficial. For 
instance, for stem cell recruitment, there is a 
need for blood supply in the defect site while in 
some cases, in particular in large defects, blood 
supply shortage is clear.

MSCs have been embedded in various kinds 
of scaffolds, such as adipose [68–73]. In a study, 
MSCs that were derived from adipose tissue were 
embedded in apatite-coated PLGA scaffolds and 
implanted into a large defect in calvarium. The 
results were satisfactory and MSCs could induce 
bone formation [73]. In some studies, MSCs 
were seeded in an injectable hydrogel, such as 
the composite of oligo (poly(ethylene glycol) 
fumarate) (OPF) and gelatin microparticles [74] 
or sodium alginate hydrogels [75]. Radiation 
therapy affects reconstruction adversely. It not 
only endangers vascularization but also makes an 
incremental change in apoptosis of the embedded 
cells [76, 77].

In order to induce chondro- or osteogenesis by 
stem cells that are embedded in a biocompatible 
and biodegradable scaffold, growth factors need 
to be added [67].

24.1.5	 �Growth Factors

There are various growth factors used concomi-
tantly with scaffolds and cells in order to induce 
tissue formation. Some of them are discussed 
here, including platelet-derived, insulin-like 
transforming growth factors, as well as bone 
morphogenic protein and platelet-rich plasma.

Platelet-derived growth factor (PDGF) is 
known to affect bone formation by amending the 
proliferation of both osteoblasts and osteoclasts 
[78, 79]. It improved bone formation when an 
absorbable scaffold containing it was implanted 
into a rat calvarial defect [80], and new attach-
ment and bone defect filling were observed when 
implanted in monkeys [81].

Insulin-like growth factor (IGF) is one of the 
growth factors that seem to be effective on gen-
eral growth of body skeleton [82]. Its systemic 
application for a critical-size defect in rats that 
were under radiation prior to reconstruction 
improved bone formation [83]. IGF has been 
mostly applied in combination with PDGF [84–
86], and in a study, it was illustrated that these 
growth factors can lead to a dose-dependent 
improvement in bone formation when applied 
concomitantly [87].

S. M. Zargar and N. Jamshidi



289

Transforming growth factor beta (TGFβ) is one 
of the most prevalent and multipurpose cytokines 
that generally have an influence on various tissue 
formations [88]. There are 30 proteins included in 
the TGFβ superfamily, such as activin, bone mor-
phogenic proteins, and TGFβs themselves [82]. 
These growth factors have been applied in various 
studies, albeit with somewhat vague results. Yet, it 
has been shown that the effectiveness of TGFβs is 
largely dependent on their carrier and its degrada-
tion pace [89]. For instance, TGFβ1 could not 
affect bone formation in the rabbit calvarial defects 
when it was administered freely; however, it viv-
idly resulted in bone regeneration when embedded 
in a gelatin capsule [90].

Bone morphogenic protein (BMP), as is clear 
from its name, plays a role in the morphogenesis 
of bones, specifically three types: BMP2, BMP4, 
and BMP7. These three types have been shown to 
induce dose-dependent ectopic and orthotopic 
bone formation [91, 92]. Recombinant human 
bone morphogenic type 2 has been used for an 
elderly female patient in a polycaprolactone car-
rier and shown to induce de novo bone formation 
[43]. Some other studies, in particular animal 
studies, have tested the BMP [93–97].

Platelet-rich plasma (PRP) is a source of 
platelets produced by blood centrifuging. It ben-
efits from a high amount of thrombocytes con-
taining several prepacked growth factors, such as 
PDGF, TGFβ, IGF, and VEGF (vascular endothe-
lial growth factor) [82, 97, 98]. In some studies, 
the application of PRP has led to more bone vol-
ume and bone regeneration [42, 43].

24.2	 �Conclusions

The craniofacial region of the human body plays 
many vital roles in our lives; therefore, the defects 
in this site have to be considered as those of criti-
cal nature to be reconstructed. Implanting autolo-
gous grafts was a gold standard due to not 
triggering immune rejection, etc., yet, nowadays, 
the tissue engineering approach seems to be 
much better since it does not result in donor site 
morbidity nor does it have the problem of lack of 
suitable source in terms of quality and quantity. 

Tissue engineering approach is to implant or 
inject a biomaterial called scaffold that benefits 
from some criteria such as biocompatibility, bio-
degradability, porosity, etc., in combination with 
cells and some inducing factors in order to 
enhance the capability of the body to reconstruct 
the defect. Although a lot of work and experi-
mental studies have been carried out in this 
regard, there is a broad range of studies that 
remain and hoped to be done for finding the best 
cure for these kinds of problems.
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