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bstract

epair of critical-size defects caused by trauma, removal of a tumour, or congenital abnormalities is a challenge in the craniomaxillofacial
egion because of the limitations associated with treatment. We have reviewed research papers and updated information relevant to the
arious types of macroporous scaffolds. We have included papers on several biomaterials and their use in various craniofacial defects such
s mandibular, calvarial, and others, as well as the latest technological developments such as 3-dimensional printed scaffolds. We selected all
apers about scaffolds, stem cells, and growth factors for review. Initial selection was by review of titles and abstracts, and the full texts of
otentially suitable articles were then assessed. Methods of tissue engineering for repair of critical-size defects in the craniofacial bones seem
o be viable options for surgical treatment in the future. Macroporous scaffolds with interconnected pores are of great value in regeneration of
one in the craniofacial region. In recent years, various natural or synthetic materials, or both, have been developed, on which macroporous
caffolds can be based. In this review we present a review on the various types of three-dimensional macroporous scaffolds that have been

eveloped in recent years, and evaluate their potential for regeneration of craniofacial bone.

 2017 The British Association of Oral and Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.

eywords: Craniofacial bone regeneration; Macroporous materials; Hydrogels; Cryogels; Composite; Bioactive foams
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he treatment of bone lost from the craniofacial region as a
esult of trauma, resection of tumours, or congenital deformi-
ies, is challenging. The cranium is a complex structure made
p of bone, cartilage, soft tissues, nerves, and vasculature, so
mpairment may have an appreciable effect on both function
nd aesthetics. The goal of reconstruction is to restore form
nd function to facial aesthetics, and to enable the patient to

chieve a reasonable quality of life with early oral functional
ehabilitation. In this review we provide a brief descrip-
ion of current surgical techniques and give updates about
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-dimensional macroporous scaffolds for reconstruction of
one in the craniomaxillofacial region.

etals

ommon metals used in craniofacial applications are steel,
hrome, and molybdenum, but titanium is the most widely
sed, as it is biocompatible and resistant to corrosion. Its
odulus of elasticity is more like that of bone than any other
etals. Currently it is being used in the reconstruction of
andibular bone, calvarial defects, and for osteosynthesis.1–3

iniplates and microplates made from titanium alloys have

mportant advantages because of their biocompatibility and
tability.2 In recent years, porous metals (those with a
ore size of >100 �m) have been developed with intrigu-
ng characteristics that enable them to heal bone with good

blished by Elsevier Ltd. All rights reserved.
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sseointegration.4 The advantages of these materials are their
iocompatibility, ability to osseointegrate, and mechanical
tability. However, their limitations include inherent lack of
iological recognition.

esorbable  systems

esorbable systems have the advantage over metals that
hey overcome the problems associated with metal implants
uch as a second operation for their removal, and they are
echnically easy to use and cost effective. Materials such
s polylactic acid (PLA) and polyglycolic acid (PGA) are
he most commonly-used materials. Compared with metal
mplants, resorbable materials have less tensile strength, but it
epends on the type of fracture, and in non-load-bearing areas
he resorbable systems work well. A copolymer miniplate and

icroplate system made of poly-l-lactic polyglycolic poly-
er has been shown to have more initial stability than metal

lates for facial fractures.5 In another study, bioabsorbable
esh and screws were used to fix various reconstructions for

raniofacial trauma, and healing was effective in patients with
rontal fractures and zygomaticomaxillary complex fractures.
owever, the fact that the resorbed material may cause a for-

ign body response with accumulation of macrophages and
ranulocytes is a major disadvantage.6

one  substitutes

utografts
f many surgical techniques used to reconstruct lost bone,

utologous bone tissue remains the gold standard for critical-
ize bony defects,7 though allografts and xenografts are
ptions.8 The use of an autograft has limitations, includ-
ng donor site morbidity, limited availability of tissue, an
dditional operation, and prolonged healing time.

llografts
llografted bone is harvested from human donors, mainly

adavers. The disadvantages include infection and immune
esistance.

enografts
ovine bone is a commonly-used material for a xenograft.
owever, the immunogenicity and transmission of infectious
iseases are serious concerns.

issue  engineering  scaffold
he advent of tissue engineering techniques offers a promis-

ng choice for the reconstruction of critical-size craniofacial
efects.9,10 In bone tissue engineering, scaffolds act as the
elivery vehicles of cells and growth factors. Autologous
ells (from the patient’s own tissue) are expanded and

eeded on to the scaffolds either in vitro or in situ, and
elivered to the appropriate anatomical site (Fig. 1).11 The
-dimensional scaffold serves as a temporary extracellular

r
t
p
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atrix (ECM) to provide mechanical support within an envi-
onment conducive to the growth of cells and regeneration
f tissue.12 However, the design of scaffolds used in the
raniofacial region is extremely complicated. The scaffold
ust fit into a complex 3-dimensional anatomical defect, and

hould be temporarily load-bearing until the tissue forms.
caffolds must also be porous enough to deliver biofac-

ors, and sustain the mechanical forces until the regenerated
issue can bear them. There are therefore many consider-
tions, including porosity, biocompatibility, degradability,
urface morphology,13 and mechanical strength, to be taken
nto account when designing a scaffold for the craniofacial
egion.14,15

Bone possesses a porous structure ranging from 20 to
00 �m, which is necessary for bone cells to penetrate,
dhere, grow, and proliferate to form new bone.16 To regen-
rate bony tissue and correct defects efficiently, scaffolds
hould mimic the hierarchical structure of bone. Three-
imensional porous scaffolds consisting of an interconnected
acroporous network with diameters of at least 100 �m are

equired to facilitate the growth of cells, vascularisation, pro-
uction of an ECM, and the removal of waste material.17,18

caffolds synthesised by conventional methods, or with sol-
ent leaching or gas foaming, have a fixed pore size that can be
odulated by adding some stimulatory responsive pyrogens

o generate tenability.19,20

In recent years a wide range of macroporous scaffold
aterials such as cryogels, injectable hydrogels, bioactive

oams, and biocomposite materials have been developed
or bony regeneration (Table 1). Materials used for tis-
ue fabrication of scaffolds range from polymers such
s self-assembled peptides,21 arginylglycyl aspartic acid
RGD) peptides, proteins, and elastomers;22 ceramics such
s calcium phosphates23 and bioactive glasses;24 to metal-
ic materials such as titanium oxide (Fig. 2).25 Some of the
acroporous scaffolds have been tested in clinical trials for

he reconstruction of craniomaxillofacial bones (Table 2). In
his review we provide an update on various types of macrop-
rous scaffolds that have been developed during the last few
ears, and describe their current use and potential applica-
ions in the regeneration of craniofacial bone.

ydrogels

ydrogels are a specific class of biomaterials that have been
sed in various ways for tissue engineering. The hydrophilic
olymers of these gels form 3-dimensional networks through
rosslinking, either by covalent bonds or through physi-
al intramolecular and intermolecular attractions. Hydrogels
well rapidly in contact with water, form structurally simi-
ar macromolecular-based components in the body,26–28 and
ave excellent biocompatibility with minimal inflammatory

esponses.29 Their inherent hydrated architecture allows the
ransport of soluble factors, nutrients, and waste.30 During the
rocess of synthesis, the pores in hydrogels can be formed
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Table 1
Preclinical studies in craniofacial bone tissue engineering.

Nature of scaffold Seeded cells/growth factors Craniofacial site Animal
model

Year Remarks

Fibroin scaffold141 Human amniotic fluid, dental
pulp stem cells

Critical size cranial defect Rat 2012 Fibroin scaffold induced
mature bone formation and
defect correction

Injectable nano calcium
sulphate/alginate142

Mesencymal stem cells
(MSC), endothelial
progenitor cells, (EPC), bone
morphogenetic protein
(BMP2)

Critical size calvarial bone
defect

Rat 2013 BMP2 gene modification of
MSC and EPC induced new
bone formation

Titanium enriched
hydroxyapatite-gelatin
scaffold116

Multipotent adult progenitor
cells

Critical size calvarial bone
defect

Rat 2013 Titanium- enriched polymeric
scaffold induced the
osteointegration and new
bone formation

Bioactive implant143 Human adipose-derived
stromal cells (ADSC)

Critical size mandibular
defects

Rat 2013 ADSC was capable for defect
construction

Macroporous calcium
phosphate scaffold132

Human embryonic stem cells Cranial defect Rat 2014 Scaffold with stem cells
enhanced the new bone and
blood vessels formation

Polyethylene
glycol-polycaprolactone-
polyethylene
glycol/hydroxyapatite
(PCL/HA) composite
scaffold128

Porcine bone marrow stem
cells

Temporal bone Pig 2014 PCL/HA scaffold induced
better bone regeneration than
the PCL alone

Calcium phosphate cement
scaffolds containing
porogen, fibres, and
microbeads112

Recombinant human BMP2,
Vascular endothelial growth
factor

Critical size cranial defects Rat 2014 Scaffold containing porogen
had faster regeneration of
cranial defect

Absorbable collagen
sponges144

Recombinant human BMP2 Critical size mandible defect Rat 2014 More ectopic bone formation
observed in collagen based
scaffold than the control
scaffolds

Hydroxyethylmethacrylate
(HEMA)-lactate-dextran
cryogels145

Bone marrow- derived
mesenchymal stem cells

Cranial defect Rat 2014 Higher blood vessel density
observed in scaffold-stem
cells scaffold than the
scaffold only group

Polyvinyl alcohol-
tetraethylorthosilicate-
alginate-calcium oxide
(PTAC) biocomposite
cryogel146

– Cranial defect Rat 2014 Cryogel scaffold shown
greater regeneration of bone
defects in comparison to non
scaffold treated group

Polycaprolactone scaffold135 Dental follicle stem cells Craniofacial defects Rat 2015 Bone regeneration was
observed in group with
scaffold-stem cells
transplanted

�-tricalcium phosphate
(�-TCP)147

Bone marrow- derived stem
cells

Critical size defects in
mandibular region

Rabbit 2015 �-TCP with stem cells shown
better and rapid bone
formation than the controls

Extracellular matrix (ECM)
based scaffold148

Human dental pulp cells Calvarial defects Rat 2015 Superior new bone formation
occurred in ECM based
scaffold than the controls

Collagen gel scaffolds149 Dental pulp stem cells Critical size calvarial defect Rat 2016 High fibrous and mineralised
tissue volume observed in
scaffold and stem cells
treated group
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Table 1 (Continued)

Nature of scaffold Seeded cells/growth factors Craniofacial site Animal
model

Year Remarks

Nano-hyaluronic
acid/collagen/polylactic
acid scaffold150

Human alveolar bone-derived
stem cells

Critical size mandibular bone
defect

Rabbit 2016 Total bone formation was
higher with scaffold-stem
cells than the scaffold alone

Collagen matrix134 Human deciduous dental pulp
stem cells

Maxillary alveolar defects Rat 2016 Dental stem cells seeded on
scaffold indicates a promising
model for human maxillary
alveolar bone defects

3-Dimensional printed
scaffold136

Multipotent mesenchymal
stromal cells (MSC)

Mandibular reconstruction Rabbit 2017 3-Dimensional printed
scaffold with stem cells
indicates the promising
construct for mandibular
regeneration

Calcium phosphate
scaffold130

Endothelial cells with human
bone marrow MSC, human
umbilical cord MSC,
human-induced pluripotent
stem cell-derived MSC,

Cranial defects Rat 2017 Scaffold with stem cells
construct improved
angiogenesis and new bone
formation

b
o
i
e

n

F
g

human embryonic stem cell
derived-MSC

y the phase separation method.31 The size and distribution

f pores, as well as the interconnectivity between them, are
mportant factors that govern the use of hydrogels in tissue
ngineering. Hydrogel scaffolds that are used in the engi-

i
i
t

ig. 1. Components of craniofacial bone regeneration. Bone regeneration requires
rowth of cells towards desirable phenotype.
eering of bone tissue must be highly porous with open,

nterconnected geometry. The highly interconnected porosity
s critical for the cells to distribute within the gel. Emerging
echniques have shown that the microarchitectural features

 a scaffold, source of osteogenic cells and growth factors which direct the
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Table 2
Details of clinical trials on 3-dimensional scaffold used in craniofacial bone tissue regeneration.

Type of scaffold Type of cells seeded
on scaffold

Craniofacial site Clinical trials.
gov Identifier

Country Started year Status Remarks

Poly(lactide-co-glycolide) scaffold
(PLGA)

– Alveolar sockets NCT00836797 Singapore 2007 Completed (2009) No study results posted
after completion

Beta-tricalcium phosphate Bone marrow cells Sinus floor bone NCT00980278 USA 2010 Completed (2013) Autologous bone repair
cell treatment have shown
augmentation of sinus
floor bone

Cross-linked matrix of autologous
plasma

Autologous bone
mesenchymal stem
cells

Maxillary bone cysts NCT01389661 Spain 2011 Ongoing No study results posted
yet

Collagen and hydroxyapatite biomaterial Mesenchymal stem
cells

Alveolar bone NCT01932164 Brazil 2013 Unknown* New bone formation
closing the alveolar cleft
was observed

Bioactive glass (Sol–gel) – Alveolar bone NCT01878084 Egypt 2013 Ongoing No study results posted

Ceramic and palstic based resorbabale
biomaterial

Mesenchymal stem
cells

Cranial reconstruction NCT01742260 Australia 2013 Ongoing No study results posted

SilOss
®

(dicalcium phosphate anhy-
drous + hydroxyapatite + silica + zinc)

– Chronic periodontitis NCT02639572 India 2014 Completed (2014) No study results posted

Gene-activated matrix (“Nucleostim”) – Maxillofacial defects NCT02293031 Russia 2014 Ongoing No study results posted
yet

Periodontium injectable gel Mesenchymal stem
cells

Periodontal tissue NCT00221130 Japan 2004 Completed (2005) No study results posted

Collagen scaffold Alveolar bone marrow
mesenchymal stem
cells

Periodontal defects NCT02449005 United Kingdom 2014 Ongoing No study results posted

∗ the recruitment status of the study is “unknown”. Status has not been updated since August 2013.
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Fig. 2. Scanning electron microscopy images of different macroporous materials explored during bone tissue regeneration: A. Frozen silk fibroin
hydrogels (reproduced with permission).159 B. Photopolymerised chitosan derivative (EGAMA-CS)/polyethylene glycol dimethacrylate (PEGDA)/N,N-
dimethylacrylamide (DMMA) injectable hydrogel (reproduced with permission).160 C. PTA biocomposite cryogels (reproduced with permission).161 D.
Poly(l-lactide) PLLA freeze-dried foams (reproduced with permission).162 E. Hydroxyapatite/poly(vinyl alcohol) nanocomposite coated porous TiO ceram-
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cs scaffold, (reproduced with permission).163 F. 45S5 Bioglass
®

-based glass
caffolds with calcium phosphate content (reproduced with permission).165

n hydrogels (such as the size, porosity, and interconnectiv-
ty of the pores) could be regulated by varying the gelation
onditions so that the results mimic the native tissue.32,33

any natural and synthetic hydrogels are used for the engi-
eering of craniofacial bone. Naturally-derived materials
nclude agarose, alginate, chitosan, collagen, fibrin, gela-
ine, and hyaluronic acid while synthetic materials include
oly(ethyleneoxide) (PEO), poly(vinyl alcohol) (PVA), poly
acrylic acid) (PAA), poly(propylene furmarate-co-ethylene
lycol) (P(PF-co-EG)), and polypeptides.

Of the natural polymers, alginate is a well-established
iomaterial with various biomedical34,35 and drug delivery
ses36,37 because of its low cost, biocompatibility, and sim-
le gelation. Because alginate gels are biocompatible they are
idely used in the repair of cartilage and bone tissues.38–43

owever, their biocompatibility depends on many factors
uch as the composition of alginates, their molecular weight,
nd the contaminants present in the gel.14 In a previous
tudy we reported that the survival of cells in the alginate
els depends on the type and composition of the alginate.44
lginates and chitosan composite scaffold were tested in a
odel of cranial defects in Sprague Dawley rats, and there
as partial closure of the defect in all experimental groups

A
g

2

ic scaffolds (reproduced with permission).164 G. Gelatin scaffold composite

t 12 weeks, with the most closures in the group treated with
lginate-chitosan scaffolds and bone morphogenetic protein-

 (BMP-2).45

Collagen has received increasing attention because of its
xcellent biocompatibility, its degradation into physiolog-
cal products, and the fact that it has suitable interaction
ith cells and other macromolecules. A bicomplex struc-

ure with collagen sponge and dental progenitor cells was
sed for four patients who had mandibular defects about
.5 cm in size, and optimal bony regeneration was evident
ne year after grafting. This clinical study showed that a den-
al progenitor cell/collagen sponge biocomplex can restore
ony defects completely in the human mandible.46 Macro-
orous poly(ethylene glycol) di-acrylate hydrogel scaffold,
ith pores ranging from 100–600 �m in size, supported rapid

ell uptake in human mesenchymal stem cells (MSC) which,
hen embedded in these hydrogels, resulted in increased
ineralisation.47

njectable  hydrogels  in  the  regeneration  of  bony  tissue
mong various hydrogel scaffolds, injectable ones have
ained considerable attention because they form a gel in
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ivo,48–52 and a major advantage of their use in bone tis-
ue engineering is the gelation in situ of hydrogel materials
rom a liquid. This feature allows the hydrogels to fill defects
f any size or shape. From a clinical perspective, the use
f an injectable scaffold for local delivery of stem cells is
ttractive,30,33,50–53 as it minimises discomfort for the patient,
he risk of infection, formation of scars, and the cost of the
reatment.53,54 These materials also function as dynamic liq-
id support to carry the living cells, drugs, and growth factors
hat are required for tissue to regenerate. Many injectable
caffold materials have been tested for craniofacial bone
econstruction.30,33

Alginate as an injectable biomaterial that has been tested
or craniofacial bone repair and regeneration. Alginate
icrocarriers that have been encapsulated in periodontal-

igament-derived stem cells, and gingival-derived stem cells,
ave been used to form bone in the calvarial region of
ice.55 Alginate microbeads loaded in calcium phosphate

aste was tested for its injectability, and the results showed
mproved osteogenic differentiation in the presence of cal-
ium phosphate and chitosan.56 Yan et al used calcium
lginate scaffolds combined with bone marrow stromal cells
n a model of a parietal bone defect 20 mm in size in a sheep.
ighteen weeks after implantation, new bone had formed.
n injectable paste of alginate, hydroxyapatite, and gelatin
icrospheres increased the proliferation of osteoblasts by the

ells.57

Various other natural polymers such as gelatin and
anthan-based hydrogels were evaluated as injectable scaf-
olds for bone regeneration. Gelatin/xanthan gels with
hitosan nanoparticles were used to encapsulate basic fibro-
last growth protein (bFGF) and BMP-7 and used to grow
nd differentiate human osteoblasts seeded on to the scaffold.
he cells in these hydrogel systems grew well and prolif-
rated as a result of the sustained release of growth factors
ver a period. The mechanical strength of these scaffolds was
imilar to the strength of cancellous bone, and the gels pos-
essed antibacterial properties and inhibited different strains
f staphylococci, which are commonly found in infections of
rthopaedic implants.58

In another study, the combination of natural and synthetic
olymer-based injectable hydrogel gelatin-poly (ethylene
lycol) tyramine encapsulated with the drug simvastatin
esulted in mineralisation and osteogenic differentiation
f osteoblasts (MC3T3-E1).59 Chitosan-polyethyleneoxide
ased hydrogels incorporated with BMP-2 protein was eval-
ated for regeneration of calvarial bony defects in rats when
caffold was seeded with human-bone-marrow-derived stem
ells (hBMSC). The sustained release of growth factors and
igns of the formation of new bone were apparent four and
ight weeks after implantation. Nevertheless, the degree of
ony regeneration depended on the numbers of stem cells and

60
he concentration of BMP-2 incorporated in the hydrogels.
As well as the natural polymers, synthetic polymer-

ased injectable hydrogel systems have been used in

o
R
c

nd Maxillofacial Surgery 55 (2017) 875–891 881

ony regeneration. For instance, triblock polyethylene
lycol-polycaprolactone-polyethylene glycol (PEG-PCL-
EG) polymer-based injectable hydrogels have been
valuated. Gels implanted at different time intervals (three,
even, and 14 weeks) in cranial defects of New Zealand rab-
its caused bone to regenerate.61

Polymethylmethacrylate-(PMMA)-based hydrogels have
ong been used to secure orthopaedic implants into skeletal
one. PMMA is generally used in the form of monomers
ith an initiator mixture (which is slurry at room temper-

ture) though polymerised when injected into the body.62

n that series hydrophobic poly-(propylene fumarates)
nd polyanhydride-based injectable hydrogels were also
nvestigated.63–65 These polymers can become gelatinous
asily inside the body in the presence of thermal or photo-
nitiators. Initiators can polymerise the monomers in a
ontrollable way without causing damage to the surround-
ng tissues.64 They are biodegradable, mechanically strong,
nd capable of supporting the growth of osteoblasts.66

owever, their uses are limited to the delivery of cells
uch as osteoprogenitor cells, because their cross-linking
uring photopolymerisation can affect the viability of
he cells. To improve cell viability, therefore, hydrophilic
nd hydrophobic blocks have been incorporated into the
olyfumarate-based polymers.67 Polymethylmethacrylate,
hen used in combination with nanoparticles of hydroxyap-

tite, increased the biological functions of the osteoblasts.68

Self-assembly scaffolds are a class of injectable hydro-
els that are formed by natural self-assembly, and they
imic nanofibrous polymer scaffolds from engineered self-

ssembling peptides.21,69 These peptides can be designed to
orm a stable organised structure through spontaneous organ-
sation of molecules caused by non-covalent interactions. The
anofibre structures of these peptides (<10 nm in diameter)
re several times thinner than the cells, which permits them
o surround the cells in a manner similar to a natural extracel-
ular matrix. In this way they provide a cellular platform for
he formation of bone. Many of these self- assembled scaf-
olds have been tested for the regeneration of craniofacial
one.70 Commercially available self-assembled scaffold has
een shown to facilitate the regeneration of bone in calvarial
efects in mice,71 and Yoshimi et al reported that the combi-
ation of PuramatrixTM (3D Matrix Inc, Japan), platelet-rich
lasma, and canine MSC regenerated mature bone in eight
eeks in the mandible of a dog.72

One of the important aspects of cell-based treatments that
eeds to be taken into consideration while designing the
caffold is its ability to adhere to cells within the material.
everal techniques improve the adhesion of cells to hydro-
els, including the incorporation of RGD peptides into the
ydrogels. RGD is a known integrin recognition site within
any cell attachment proteins, including laminin and fib-

inogen. RGD peptides promote increased binding sites in

steogenic cells including MSC and many other types. The
GD peptides are a cell-binding domain for ECM, and allow
ells to bind on hydrogel surfaces. Different 3-dimensional
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ydrogel models based on RGD peptides have been devel-
ped, such as polyethylene glycol73, acrylate, alginate,74

nd N-isopropylacrylamide hydrogels.75 The RGD peptide in
hese hydrogels improved the binding to the cells and induced
heir proliferation. Incorporation of the RGD peptide also
mproved the mineralisation properties of the hydrogels.76

n another study, temperature-responsive chitosan-based
ydrogels were synthesised using �-glycerophosphate as

 cross-linker, and strengthened by the inorganic compo-
ent �-tricalcium phosphate. The hydrogels showed sol–gel
hase transition at body temperature, and possessed enough
echanical properties to bear the stress of bony tissues.
he inorganic content provides a unique physiochemical
roperty to the scaffold, which is a favourable environment
or the growth and proliferation of bone cells.77 Different
ydrogels composed of alginate, alginate/chitosan, and algi-
ate/hyaluronic acid, were synthesised and cerium (III) ions
ere incorporated as the antimicrobial agent. All three hydro-
els supported the growth of osteoblast-like (MG-63) cells
ell when they were implanted subcutaneously in rats.78 In
rief, hydrogels in situ are promising materials for craniofa-
ial bone regeneration.

Although hydrogels have many interesting features,
heir limitations for regeneration of bone tissue are the
ack of adequate mechanical strength, and poor minerali-
ation. Multifunctional, macroporous, composite scaffolds
ave been developed to satisfy these needs. For example,
olysaccharide-based hydrogels of varying stiffness have
een synthesised to achieve mechanical strength by using
ifferent amounts of cross-linkers such as Genipin or glu-
araldehyde for regeneration of bone. By increasing the
mounts of cross-linkers the gelation time is reduced, and
he stiffness improved.79

A well-known way to improve hydrogels’ mechanical
trength as well as their ability to mineralise is to incorporate
n inorganic component such as calcium or a silica-
ased compound. For instance, a chitin-hydrogel-containing
anosilica scaffold induced formation of a hydroxyapatite
ayer seven and 14 days after immersion in simulated body
uid.80 The presence of silica-like inorganic components

n hydrogel acts as a centre for the mineralisation process.
alcification is induced by dipping the hydrogels directly

nto a calcium salt solution such as calcium phosphate. For
xample, calcium-phosphate-polyacrylic-acid-based hydro-
els are synthesised by cross-linking polyacrylic polymer in
he presence of ammonium hydrogen phosphate, followed
y immersing them in a calcium salt solution. The pres-
nce of calcium ions in the phosphate-polyacrylic-hydrogel
nduces mineralisation,81 which is achieved by incorporation
f specific enzymes such as alkaline phosphatase. Murine
steoblast-like cells MC3T3-E1 loaded on to gellan gum
ydrogels that had been treated with alkaline phosphatase,
howed mineralised tissue when cultured in medium that

ontained different concentrations of calcium and magne-
ium glycerophosphate. Binding and survival of MC3T3-E1

i
s
w

nd Maxillofacial Surgery 55 (2017) 875–891

steoblasts was seen to be greater in media that contained
agnesium salts than in that containing only calcium salts.82

Another way of inducing mineralisation in hydro-
el is through chemical modification of the hydrogel
uch as the incorporation of negatively-charged ions into

 backbone of polymeric hydrogel. Negatively-charged
roups such as phosphate and hydroxyl are commonly
ncorporated into hydrogel by copolymerisation between
ydrogel-forming monomers and monomers that contain
hese charged groups.83 For example, incorporation of
hosphate-containing ethylene glycol methacrylate phos-
hate into polyethylene glycol hydrogel induced formation
f a bone-like mineral phase.84

ryogels

ryogels are hydrogels that are synthesised at subzero tem-
eratures to obtain good porosity and mechanical strength,
nd recently various cryogels have been tried for the tis-
ue engineering of craniofacial bones (Table 3). They were
ynthesised at low temperatures by chemical or physical
elation of polymeric chains, or free radical polymerisation
f monomeric precursors. At lower temperatures, poly-
eric/monomeric precursors are mixed in aqueous or organic

olvents and immediately frozen, with the resultant formation
f ice crystals surrounded by unfrozen solute particles. Poly-
erisation or gelation takes place around these ice crystals,

nd when the frozen system is unfrozen at room temperature
he ice melts and leaves interconnected, micron-sized pores.
he mass transfer resistance is negligible in these cryogels
ecause of the microporosity and connectivity between the
ores that allows the smooth circulation of nutrients to the
rowing cells (∼39–44 kPa).85,86

To improve mineralisation in cryogels, inorganic com-
onents such as silica glass are incorporated in them. For
xample, recently the in vivo potential for 3-dimensional
olyvinyl alcohol-tetra-ethyl-orthosilicate-alginate-calcium
xide (PTAC) biocomposite cryogel was characterised for
one tissue engineering. These cryogels are new inorganic-
rganic composite cryogels that are synthesised at subzero
emperatures.87 In PTAC cryogels, tetra-ethyl-ortho-silicate
TEOS) with calcium oxide contributes the inorganic part
hile poly-vinyl-alcohol (PVA) and sodium alginate act as

he organic component. TEOS, together with calcium oxide,
s a bioactive glass that is essential for formation of the
ydroxyapatite layer in the scaffold. PTAC cryogels are
echanically strong and can bear 0.67 MPa compressive

trength, which is sufficient for bony defects in non-load
earing areas of cranial and maxillofacial bones.

The bony regeneration potential of PTAC cryogels in vivo
as evaluated in the restoration of calvarial bone defects in

ats.88 PTAC implants formed calcium-phosphate-like crys-
als four weeks after implantation when they were implanted

n bony defects in the calvarial region.88 In a different
tudy, chitosan-hydroxyapatite-based macroporous cryogel
ith good mechanical strength was synthesised by freeze
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Table 3
Performance of macroporous cryogel scaffolds under in vitro conditions.

Cryogel scaffolds Year Remarks

2-hydroxyethyl methacrylate (HEMA)–lactate–dextran151 2008 Dynamic conditions (perfusion or compression, or both) considerably
improved growth of osteoblast-like cell line (MG63) and extracellular matrix
synthesis

Polylactide-co-glycolide cryogel152 2009 Bone marrow stromal cells survived in vivo and at least partially differentiated
after implantation.

Polyvinyl alcohol–tetra–ethyl-orthosilicate–alginate–calcium
oxide (PTAC) organic-inorganic composite cryogel87

2011 PTAC biocomposite cryogels biocompatible, biodegradable, and support
growth of osteoblast cells

Gelatin–hyaluronic acid scaffolds153 2011 Porcine adipose-derived stem cells proliferated and differentiated well on
3-dimensional cryogel scaffold

Chitosan-hydroxyapatite-marine sponge (Irciniafusca)
collagen154

2012 Composite scaffolds well supported for cell growth of MG-63 cells and their
proliferation

Ceramic–polymer composite cryogel155 2012 Scaffold support attachment and growth of human mesenchymal stem cells

Collagen-nanohydroxyapatite156 2012 Better growth and proliferation of osteoblasts cells observed in
collagen-nano-hydroxyapatite-biocomposite compared with pure collagen
scaffold

Chitosan–hydroxyapatite macroporous scaffold89 2012 Scaffolds provided conductive environment for growth of human osteoblast
cells and mineral formation

Gelatin cryogels crosslinked with oxidised dextran157 2013 Potential scaffold for non-load-bearing bone tissues such as craniofacial area
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elatin-hydroxyapatite-based cryogels158 2017 S

rying, which increased the attachment and proliferation
f osteoblasts.89 Primary human osteoblasts seeded on a
hitosan-hydroxyapatite scaffold proliferated and deposited
inerals after a few days in culture medium.89 Cryogels are

herefore promising substitutes for regeneration of cancel-
ous or calvarial bone, though they need to be evaluated for
egeneration of segmental bone.

ioactive  foams

ioactive foams are a new class of macroporous materials that
how promising potential in the engineering of craniofacial
one. Their composition, porosity, and surface texture can be
esigned or controlled according to the defect in the damaged
issues. These bioactive composites can be synthesised by the
ol-gel approach with a combination of organic and inorganic
omponents. The composite foams with the Bioglass

®
porous

tructure form a bioactive and bioresorbable glass-based
aterial. An organic polymer phase improves the mechanical

ehaviour of bioactive glass, and the use of surfactant during
ynthesis promotes the formation of foam, which contributes
o the porosity in the scaffold. These features support cell
roliferation and differentiation.90,91

Recently, various bioactive foams have been developed
specially for bone tissue engineering – for example – bio-
omposite foam was synthesised by a combination of 50%
ioactive glass and 50% polyvinyl alcohol using a sol–gel

rocess in the presence of a surfactant.92 Foaming produced
y surfactant provides 68% of the interconnected poros-
ty, which allow exchange of nutrients for growth of the

m
P
c

 is biocompatible and supports cell growth considerably

ells. Foam can also bear 0.6 MPa of compressive strength,
nd in vitro supports the viability of osteoblastic cells.92

uring synthesis an osteogenic agent is incorporated to
mprove the mineralisation of the foam. When parathy-
oid hormone-related-protein-derived peptide (osteostatin)
as incorporated into a silicon-doped mesoporous ceramic

caffold, it improved the osteogenic property in calavarial
efects in rabbits.93 In another study, osteostatin that had
een immobilised covalently improved the proliferation of
steoblast MC3T3-E1 cells in vitro. Recently poly (dl-lactic
cid)-based foam combined with Bioglass

®
particles was

nvestigated for bone tissue regeneration, and the scaffold
upported the growth of human adipose-derived stem cells
ell, and induced new bone formation when the scaffold
as seeded with human adipose-derived stem cells implanted

ntraperitoneally in nude mice.94 These studies suggest that
ioactive foams have a potential for use in the reconstruction
f craniofacial bone.

eramic  materials

f many ceramics materials, calcium phosphate has been
idely investigated in bone regeneration in the form of

ements, coatings, and 3-dimensional cell scaffolds because
f its excellent osteoconductive properties. Ceramics are bio-
ompatible, cost-effective, and easy to synthesise, which

akes them a favoured choice in bony regeneration.95,96

orosity can be achieved in ceramics by using porogens, or
hanging the sintering temperature.97,98
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Among the calcium phosphate ceramics, biphasic cal-
ium phosphates are the most attractive ones currently being
xplored. They are formed by a combination of various
oncentrations of hydroxyapatite as a stable phase, and
-tricalcium phosphate (�-TCP) as a soluble phase. The
ioactivity of these ceramics can be controlled by manip-
lating the hydroxyapatite:�-TCP ratios. Biphasic calcium
hosphate in the form of particles may also be combined
ith a polymeric scaffold to increase its osteoconductive

ffect. For example, collagen scaffold coated with nanopar-
icles of biphasic calcium phosphate and fibroblast growth
actor2 (FGF2) was used for regeneration of cranial bone
5 days after implantation in Wistar rats.99 Biphasic calcium
hosphate was also used to promote the vascularisation in

 polymeric scaffold – for example – by �-TCP-induced
ormation of vessel-like microchannels in a collagen-based
atrix.100

To improve ability of the ceramic scaffolds to mineralise,
n antibody-mediated osseous regeneration strategy has also
een developed. This strategy is based on immobilisation
f antibodies on scaffolds that mediate new bone forma-
ion. For example, when murine anti-BMP-2 monoclonal
ntibodies were immobilised on four different biomaterials
titanium microbeads, alginate hydrogel, absorbable collagen
ponge, and macroporus calcium phosphate), the titanium
icrobeads and calcium phosphate scaffolds resulted in

trong bony regeneration when they were implanted in a
ritical-size calvarial defect in rats. A complex of anti-BMP-2
onoclonal antibodies with BMP-2 protein also induced con-

iderable differentiation of C2C12 osteoblasts, as confirmed
y expression of the RUNX2 gene and phosphorylation of
he signalling protein Smad1.101 In a recent study, ceramic-
ased materials and silk fibroin scaffolds were also evaluated
or regeneration of cancellous bone. Silk fibroin scaffolds
ynthesised in different solvents have been shown to be
iocompatible and have good cellular responses as veri-
ed by minimum infiltration of inflammatory cells in the

ibia and humerus of sheep. Scaffolds were degraded using
ultinuclear foreign body giant cells and macrophages. Neo-

ascularisation and cellular ingrowth were also homogeneous
hroughout the scaffold.102

ioglass
®

ceramics

ioglass
®

gained considerable attention as a material for the
abrication of scaffold for bone tissue engineering because
f its excellent osteoconductive property. Bioglass

®
mate-

ials can integrate into the surrounding tissues and act as
 substrate to which cells can attach. They also induce
roliferation and differentiation of the cells. However, com-
on problems associated with these materials are brittleness

nd weakness. To overcome these issues, Bioglass
®

mate-

ials are combined with polymers (Bioglass

®
composites).

mong these, polymer ceramics-based composites are a good
hoice for bone tissue engineering because they are mechani-

b
g
w

nd Maxillofacial Surgery 55 (2017) 875–891

ally strong and have good osteoconductive properties.103–109

or example, chitosan-polycaprolactone–Bioglass
®

bilay-
red composite was synthesised through foam replication and
reeze-drying for osteochondral use.

This scaffold has considerable mechanical properties
ompared with uncoated scaffold.110 Composite scaffolds
f ceramics and hyaluronic acid-gelatin (Hya gel) function-
lised with biphasic calcium phosphate ceramic had good
ompressive strength (2.8 MPa) with interconnected poros-
ty. Hya gel scaffold seeded with BMSC showed excellent
iocompatibility. The cell proliferation rate was considerably
igher after three and seven days of culture compared with
hat of the control. Implantation of Hya gel scaffold in vivo
ith calcium phosphate began its degradation after the first

hree months. However, there was rapid bone formation with
ood mineralisation by three months after implantation.111

In a different study, a macroporous, calcium-phosphate-
ased scaffold that contained absorbable fibres, microbeads,
nd growth factor was evaluated for cancellous bone healing.
he scaffold became porous after the use of mannitol-like
ubstances, and nanofibres were incorporated to provide the
echanical strength in the scaffold. Scaffolds have mechan-

cal strength similar to that of cancellous bone. Twice as
uch new bone was formed compared with conventional

caffolds.112

Phosphate glass-based ceramic scaffolds have also been
valuated as scaffolds for the treatment of various bony
efects. They have good porosity, degradability, biocompat-
bility and mechanical strength to bear the load of bony
issue. Recently, the solubility and degradation of phos-
hate glass was studied under water, simulated body fluid,
nd TRIS-hydrochloride medium. Phosphate glass was dis-
olved over time, but a layer of hydroxyapatite was found
n simulated body fluid and TRIS-hydrochloride medium,
hich confirmed the bioactivity of the glass scaffold. The
orosity of the phosphate-glass-based ceramic scaffold was
chieved by the use of polyethylene particles as porogens.
ynthesised scaffolds possessed more than 80% porosity with
.5 MPa compressive strength. In vitro, composite glass scaf-
old showed 76% degradation in four months when soaked
n simulated body fluid. The gradual degradation, material
trength, and porosity of these scaffolds mean that they have

 potential use in craniofacial bone regeneration.113

rganic-inorganic  composite  scaffold

omposite systems that consist of organic and inorganic com-
onents have been explored as 3-dimensional scaffolds in
one tissue regeneration. In this series, composite scaffolds
ased on the natural polymers pullulan and dextran with
ydroxyapatite nanocrystals were shown to have potential in

ony regeneration. These scaffolds induced cellular aggre-
ation and expressed bone-specific markers when seeded
ith human-bone-marrow MSC. A composite porous scaf-
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old seeded with BMP-2 and vascular endothelial growth
actor 165 (VEGF165) induced mineralisation and formed
ense tissue when implanted subcutaneously in mice and
ntramuscularly in goats. The capability of these scaffolds
as evaluated in critical-size defects in clinical animal mod-

ls at different sites such as the femoral condyles of rats and
ransverse mandibular defects in goats.114

In composite scaffolds vascularisation is a major obsta-
le, particularly when they are being used for regeneration
f critical-size bone defects. In vitro pre-vascularisation
s usually achieved by coculture of endothelial cells
nd osteogenically differentiating cells. Coculture of
uman-bone-marrow MSC and human progenitor-derived
ndothelial cells on polysaccharide scaffolds was shown to
nduce cellular interaction through multicellular aggregation
f both types of cells. Subcutaneous implantation of this
issue-engineered construct in rats formed new osteoid-like
tructures.115

In another study, macroporous hydroxyapatite-gelatin
ano-composite was polymerised and combined with tita-
ium oxide. Scaffold was seeded with undifferentiated and
steogenically differentiated multipotent stem cells in aggre-
ated form for regeneration of the calvarial bone in rats.
his nanocomposite scaffold with titanium dioxide has the
echanical strength 13.8 (4.5) MPa, which mimics the cal-

arial bone strength of 24.5 (8.3) MPa. After 8–12 weeks
mplantation, there was better osteoconductivity in this scaf-
old than in the hydroxyapatite gel scaffold without titanium
ioxide, and the scaffold based on polyethylene glycolic
cid.116

elivery  of  growth  factor  through  3-dimensional
acroporous  scaffolds

rowth factors are soluble, and secrete signalling polypep-
ides with the ability to instruct specific cellular responses.
hose responses triggered by growth factor signalling can

esult in a wide range of cellular actions, including survival,
igration, and differentiation. They exhibit their actions by

hort-range diffusion through the extracellular matrix, and
ct locally because of their short half-life. Because of their
ritical role in the regulation of cellular functions and their
steoinductive nature, a wide range of growth factors has
een tested for regeneration of bony tissue. Major players in
keletal tissue engineering are members of the transform-
ng growth factor beta (TGF-�) superfamily, notably the
one morphogenic proteins (BMP). Other growth factors are
EGF, fibroblast growth factor, and platelet-rich fibrin.
About 20 isoforms of BMP have been identified, among

hem BMP-2, BMP-4, BMP-7, and BMP-9, which are essen-
ially used in bone tissue engineering.117,118 While BMP-2 is

ost commonly used and is commercially available, rhBMP-

 and rhBMP-7 are currently used for lumbar fusion.118

Several biomaterials have also been investigated for
MP delivery for bone tissue engineering.45,118,119 Collagen

a
e
m

nd Maxillofacial Surgery 55 (2017) 875–891 885

ponge as an effective carrier for BMP that has been proved to
e of therapeutic use. Absorbable collagen sponge/rhBMP-2
as been associated with substantial formation of bone in
he maxillary sinus of goats compared with no treatment
r treatment with absorbable collagen sponge alone.120 In
hesus monkeys, regeneration of alveolar ridges was seen
n critical-size segmental defects created in the maxillofa-
ial region when treated with rhBMP-2/absorbable collagen
ponge.121 The clinical study by Boyne et al of the repair
f the maxillary sinus floor showed that the combination
f BMP-2 with absorbable collagen sponge in the forma-
ion of bone is comparable with that of an autologous bone
raft.122 Arosarena and Collins compared the ability of BMP-

 and BMP-4 to form bone in the mandibles of rats,117 and
ound similar volumes of new bone. However, the dose of
MP-4 used was higher that that of BMP-2. In a recent

tudy of rhBMP-2 coated implants in the rabbit’s sinus, the
one that formed around rhBMP-2 coated implants used with
bsorbable collagen sponge showed better augmentation than
hat of the implants coated with rhBMP-2 alone.123 Taken
ogether, these studies suggest that the efficacy of the growth
actor depends on the carrier material.

While rhBMP hold great promise for spinal fusions, non-
nion of fractures, and craniomaxillofacial defects, there are
everal concerns about protein stability and inadequate under-
tanding of the optimal conditions for BMP-2 delivery that
ave limited its use. Many strategies have been developed
o minimise the quantity of BMP-2 such as controlled deliv-
ry, combinational use with other growth factors, and use of
enes.

The controlled release of recombinant BMP-2 with
mproved bone formation was achieved in MSC loaded
ith chitosan/alginate/hydroxyapatite scaffold (CAH/B2)

hat released BMP-2 into 8 mm critical-size calvarial defects
n rats.45 The histological results of this study showed
hat BMP-2 embedded-hydrogel, and gels that encapsulated
MP-2 and MSC, resulted in mature bone formation with
ascular markers after four weeks of implantation in calvarial
efects in Sprague Dawley rats.45

In another study, an injectable biopolymer of chitosan and
norganic phosphates seeded with MSC and BMP-2 was eval-
ated in a calvarial critical-size defect in rats. The results
howed that the combination of the gel loaded with a low
ose of BMP-2 (2 �g) and MSC improved bone formation
ompared with the group treated with gel alone or with gel
nd BMP-2 alone.119 Combining it with a non-peptide com-
ound, was found to be an effective way of reducing the dose
f BMP-2. In this study a combination of a low dose of BMP-

 (0.5 �g) and the prostaglandin E2 receptor agonist EP4A
100 �g) was embedded in a nanofibre gel and healed the
alvarial defects.

Tethering is one of the techniques used to entrap growth
actors. Anti-BMP-2 monoclonal antibodies can trap ligands,

nd so provide the inductive signals for the osteogenic differ-
ntiation of progenitor cells. Coencapsulation of anti BMP-2
onoclonal antibody and MSC in alginate microspheres
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as evaluated for regeneration in 5 mm calvarial defects,
nd showed considerable formation of bone by eight weeks
fter implantation.124 Koh et al implanted virally-transduced
urine B-lymphocyte kinase cells into critical-size defects

reated in mice, and found that the cells transduced with
denovirus (Ad)BMP-2/7 were more effective at healing
raniofacial defects than the cells individually transduced
ith AdBMP-2 or AdBMP-7.125

VEGF is one of the growth factors that regulates vascu-
ar development. Osteogenesis and angiogenesis are closely
orrelated during the growth, remodelling, and repair of
one. It interacts with other growth factors such as BMP-2
nd platelet-derived growth factor (PDGF) and regulates the
unction of stem cells and various activities in different extra-
ellular matrices or engineered scaffolds. It is interesting that
n extracellular matrix-like scaffold can serve as a reservoir
or VEGF, and these scaffolds influence its loading ability,
peed of release, and activities. While bolus delivery of VEGF
ailed to repair a critical size craniofacial defect in guided
one regeneration, VEGF loaded in hydrogels and released
n a controlled manner successfully improved osteogenesis
nd angiogenesis.

Platelet-rich plasma containing PDGF has been widely
tudied in various reconstruction procedures. While platelet-
ich plasma works efficiently for soft tissue regeneration, its
unction in bony regeneration has been controversial. Some
esearch workers have reported that it improved bony regen-
ration, and there have been other reports that disagreed.126

ts role in craniofacial bony regeneration needs to be explored
urther.

tem  cells  in  craniofacial  tissue  regeneration

tem cells obtained from various sources such as embry-
nic stem cells, MSC, bone marrow stem cells, and those
rom dental pulp or olfactory bone have been tested with
ifferent kind of macroporous scaffolds for regeneration of
ritical-size bone defects in several animals (Table 2). MSC
re the most commonly used stem cells, and they have shown
ood potential in craniofacial bony regeneration. For exam-
le, polylactic co-glycolic acid scaffold seeded with MSC
ave shown promising results on regeneration of porcine
andible, verified by radiographic analysis.127

In another study, a composite scaffold based on
olyethylene glycol-polycaprolactone-polyethylene gly-
ol/hydroxyapatite seeded with porcine-derived BMSC
howed the regenerative capability to heal the temporal
one in pigs.128 In many cases in vivo the biomaterial and
he stem cells need to be critically evaluated, because the
bility to form the bone depends on the type of cells as
ell as the type of biomaterial. Wittenburg et al evaluated

he growth and differentiation of murine-derived BMSC

nd adipose stem cells isolated from green fluorescent
rotein transgenic animals grown directly on two types of
ydroxyapatite ceramic scaffolds, BONITMatrix

®
(DOT,

l
d
s

nd Maxillofacial Surgery 55 (2017) 875–891

mbH) and NanoBone
®

(Artoss, GmbH). Their results
howed that the in vitro growth and differentiation of
MSC or adipose stem cells are distinctly influenced on

he substratum. While NanoBone
®

supported the BMSC
rowth and differentiation, BONITMatrix

®
supported the

roliferation and differentiation of adipose stem cells.129

The effect of coculture of stem cells on regeneration of
ranial defects was also studied by using different kinds of
tem cells. Human umbilical-vein-derived endothelial cells
hUVEC) cocultured with MSC derived from different ori-
ins and seeded on to a calcium phosphate cement scaffold
howed good regeneration potential compared with the con-
rol group.130 Similarly, BMSC cocultured with CD34+
ells from peripheral blood (an endothelial progenitor cell
aemopoietic stem-cell-enriched source), promoted bone
egeneration in critical-size calvarial defects in rabbits.131

Few studies have reported the use of embryonic stem
ells for craniofacial bony regeneration.132,133 For instance,
uman embryonic stem cells that have been seeded on to a
acroporous calcium phosphate construct showed increased

ctivity of alkaline phosphatase and expression of osteocal-
in in vitro. In vivo a similarly-treated group showed more
one formation and density of blood vessels after 12 weeks
f implantation compared with those given calcium phos-
hate construct alone as a control group in cranial defects
n rats.132 Stem cells from dental pulp and alveolar bone
ave also shown potential for regeneration in periodon-
al tissue. For example, human deciduous pulp stem cells
eeded on collagen matrix have shown promising results in
he reconstruction of maxillary alveolar defects in Wistar
ats.134 In another study, the regenerating potential of dental
ollicle stem cells was reported on a polycaprolactone scaf-
old to heal craniofacial defect in Sprague-Dawley rats.135

ecently, BMSC and adipose-tissue-derived stem cells were
lso tried in the regeneration of osseous mandibular defects
n rabbits.136

hree-dimensional  printing

ne of the major advancements in tissue engineering is 3-
imensional printing. The craniofacial region is complex,
nd to mimic any critical-size defect formed in this region
s a challenge. To date, computer aided design (CAD) of
odels of the defect have made it easy to develop per-

onalised treatment. Three-dimensional printing technology
s one of them, which enables us to print a scaffold that
eplicates patient-specific anatomy. Three-dimensional tech-
ology leads to generation of a matrix scaffold with precision
nd accuracy, which effectively promotes the regeneration of
unctional tissue.137

The printing of a 3-dimensional scaffold is a layer-by-

ayer process: CAD, direct 3-dimensional printing, fused
eposition modelling, stereolithography, and selective laser
intering. These techniques can produce 3-dimensional
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caffolds in a range from millimetre to nanometre in
ize. The advantages include the synthesis of the scaffold
ith complex shapes, which is capable of uniform cell
istribution.138 Recently polycaprolactone-hydroxylapatite
90:10 wt%) scaffolds were fabricated using 3-dimensional
rinting seamlessly in three phases for the regeneration of
he periodontium.139 Strontium oxide (SrO) and magnesium
xide (MgO)-doped microwave sintered a 3-dimensional
rinted tricalcium phosphate scaffold that showed excellent
echanical properties with improved in vivo osteogenesis

n rabbits. The wound healing ability also increased in these
caffolds.140 Three dimensional printing is an emerging tech-
ology that is being studied in many other fields.

onclusion

he craniofacial skeleton is a complex 3-dimensional
natomical structure and to mimic such 3-dimensional com-
lexity and design a scaffold to fit into an anatomical defect
s a challenge. While various macroporous scaffolds were
esigned to fit into the anatomical defects of the craniofacial
egion, preformed scaffolds are difficult to fit into irregular
efects. The injectable scaffold materials may combat these
hallenges as they can fill the irregular defects for the repair
f irregular defects in non-load bearing areas. Investigations
nd more clinical studies are needed of these materials to
romote the regeneration of bone in the craniofacial region.
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