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1  �Bone Injury and Repair

1.1  �Types of Injuries

In this chapter we will focus on the methods available to repair bone defects, focus-
ing specifically on those that require surgical intervention to repair. These types of 
injuries include craniomaxillofacial defects, long bone segmental defects, and spi-
nal fusion. Craniomaxillofacial injuries are classified as defects to the skull or jaw. 
These can arise from high energy impact trauma, cleft palate birth defects, and oral 
cancer [1–4]. Similar to craniofacial defects, long bone defects can arise from 
trauma, tumor resection, and nonunion [5]. Spinal fusions involve surgery to place 
an implant within the space of vertebrae to eliminate motion. Spinal fusion is used 
to treat spinal fractures, deformities, and instability [6]. Craniomaxillofacial and 
other segmental bone defects are particularly challenging due to their irregular size 
and shape and the amount of missing bone tissue. These types of defects are usually 
critical in size, in which the section of bone missing is too large for the body to 
regenerate. Biomaterial implants need to be optimized to repair these defects in 
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order to promote new bone formation as well as avoid implant inflammation and 
infection, which is common in large missing portions of bone [7].

1.2  �The Healing Cascade

In normal homeostasis, uninjured bone is constantly being remodeled. Bone is 
resorbed by a resident population of osteoclasts and new bone synthesized by resi-
dent osteoblasts in a precise balance [8]. This process is facilitated by mechanosen-
sitive processes that respond to bone deformation and provide the stimuli to 
alternately produce or resorb more bone and maintain the mechanical support of 
soft tissues. In order to design materials for bone regeneration, the coupling of 
osteoclasts and osteoblasts needs to be recognized and kept in balance in order to 
avoid complete resorption of implants or unnecessary and often painful excess bone 
formation.

Bones of the body heal via either endochondral ossification or intramembranous 
ossification. The two methods have similar healing endpoints; however, endochon-
dral ossification involves a cartilage intermediate and is typically the process 
involved in long bone healing, while intramembranous ossification does not involve 
cartilage formation and is the process by which the flat bones of the skull and jaw 
heal [9–11]. Bone healing occurs in stages; for segmental defects this can take sev-
eral months to complete. Firstly, a hematoma is formed and inflammation occurs, 
bringing in various immune cells and bone progenitor cells. During a typical 
immune response, undifferentiated macrophages would migrate to the wound site 
and polarize to the M1 phenotype in the early stages (1–3 days) [12, 13]. This phe-
notype is considered “pro-inflammatory” and is responsible for the initial removal 
of any cellular debris and host defense mechanisms. After 3 days and continuing for 
weeks, M1 macrophages should shift in phenotype to the “anti-inflammatory” M2 
macrophages, which remodel the tissue and deposit matrix [12, 13]. In the case of a 
biomaterial implant, M1 macrophages are responsible for graft resorption and rejec-
tion, while M2 macrophages are accountable for graft acceptance by the body. The 
M1 to M2 transition over the course of a week is important in avoiding persistent or 
chronic inflammation, which can lead to a foreign body reaction and ultimate need 
for a secondary surgery [14, 15]. The way in which mesenchymal stem cells and 
immune cells differentiate can be partly attributed to the pore size of implant materi-
als. Pore size can determine how vessels form, how cells infiltrate and differentiate, 
whether inflammation or infection will occur, and how macrophages polarize [16], 
and suggest exciting opportunities to engineer biomaterial design to not only pro-
mote osteogenic activity but also modulate the immune and inflammatory cascade 
after injury. Ultimately, these macrophages and the topography of an implant can 
determine the success early-on in the wound healing process. After inflammation, 
cartilage formation occurs in long bones and vascular growth occurs within the 
cartilage [17]. Next, chondrocytes die off and cartilage is resorbed in order for mes-
enchymal stem cells to differentiate into osteoblasts. In intramembranous 
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ossification this cartilage step is skipped and mesenchymal stem cells differentiate 
and mature, while blood vessels are formed during the primary bone formation step 
[17]. Finally, secondary bone formation occurs and bone is remodeled by osteo-
clasts in order to create the anisotropic nature of bone [17].

2  �Current State of the Art in Repair: Bone Grafting

The gold standard to repair many bone defects is through the use of bone grafting. 
Autografts, allografts, and xenografts fall under this category. Grafting typically 
uses human or mammalian bone in order to repair a patient’s defect. Here, we will 
discuss the various types of bone grafting used to repair critical-sized bone defects.

2.1  �Autografts

Autografts involve using bone from a secondary site in the patient’s own body in 
order to regenerate bone missing in the wound site. Multiple types of bone can be 
used, such as cancellous, cortical, vascularized bone, and bone marrow [18]. One of 
the most commonly used grafting sites is the iliac crest, a part of the pelvis. From 
this, one can take segments of cortical or cancellous bone for a variety of sized 
defects [18]. For craniofacial and long bone defects, bone can be repaired using iliac 
crest autografts with 70–95% success rates [19]. For repairing small bone defects, a 
chin graft or a retromolar graft from the area behind the third molar can be used [18, 
20]. Other less commonly used grafts include tibial, rib, scapula, fascia, sternum, 
pedicled clavicle, and pedicled temporal bone [18, 20]. Unfortunately, defects lon-
ger than 6  cm have much lower success rates, and 50% failure rates have been 
reported for long bone defects [5, 19]. Drawbacks to removing the iliac crest include 
iliac fractures, pain, vascular and nerve injury, and persistent hematomas [18]. A 
popular cortical bone graft in craniofacial reconstruction is the calvarial graft, due 
to its slow resorption rate [18]. However, the thickness of this graft is highly vari-
able and important vessels exist near this area of bone which should avoid being 
damaged. Removing this bone from a patient can cause deformity at the removal 
site and fracture of the bone. Although drawbacks limit the use of this graft, typi-
cally success rates are high. A study on 211 patients with calvarial grafts found that 
after 10–11 months there was a 95% chance of implant integration which matched 
with other findings of high success rates [21]. However, there was a high number of 
secondary procedures due to bone resorption, which was attributed to the need for a 
large amount of bone to be used as an autograft, and patient health differences [21].

General advantages of autografts include retention of some osteogenic cells and 
an immune response that does not persist [18]. Drawbacks to these methods include 
limited availability of bone and high chance of morbidity of bone at the site where 
the graft was taken from [18].
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2.2  �Allografts

Allografts use bone typically from a deceased donor, with cellular materials removed 
before implantation [18]. Repair using allografts involves demineralized bone 
matrix as particles, blocks, or sheets. This removal involves thorough treatment to 
eliminate any pathogenic agents and genetic material in order to minimize disease 
transmission. Removal of these pathogenic agents is necessary; however, in order to 
promote bone repair the extracellular matrix and collagen should not be removed 
[22]. A main drawback to using allografts is that the osteogenic properties of these 
vary from one commercial supplier to another due to the treatment and cleaning 
process [22, 23]. In general there can be high infection rates even after sterilization 
due to foreign substances remaining in the graft, but more vigorous removal of graft 
material ultimately leads to the bone being less likely to promote regeneration [20]. 
A study investigated four different allogenic bone matrices found that in all of the 
samples there were cells and cell residues before implantation, which in canine 
studies has shown to illicit an immune response [24]. Although cleaning of the bone 
matrix can be difficult, the implant survival rate is more than 95%, and new bone 
formation at 30% after 6 months [24].

2.3  �Xenografts

Xenografts use bone from a mammalian source, typically bovine or porcine derived. 
Similar to allografts, infectious materials and cells must be removed from the bone 
prior to implantation. One study examined the structure of five different suppliers’ 
allograft and xenograft materials and discovered that three of the five bone substi-
tutes failed to meet criteria the manufacturers had promised [22]. This was due to 
the grafts either containing cellular content, loss of lamellar bone structure, or no 
collagen present [22]. Xenografts do not repair as well as autografts, they have a 
slower integration with host bone than autografts, and disease transmission such as 
bovine spongiform encephalopathy is a concern [25, 26].

Given some of the disadvantages associated with existing autograft, allograft, or 
xenograft procedures, biomaterials for regenerative repair of bone have become 
increasingly popular conceptually. One advantage of biomaterial approaches is the 
ability to potentially generate shelf-stable implants in order to remove consider-
ations regarding time between graft harvest and use.

3  �Implant Design to Optimize Bone Regeneration

In the next sections we will discuss design strategies for biomaterial implants as 
alternatives to graft materials. We will discuss the properties of an such an implant, 
specifically what criteria need to be met in order to successfully regenerate bone. 
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These criteria include selecting biocompatible materials that can promote bone and 
vessel formation, creating designs that can mimic the mechanical properties of bone 
and provide mechanical stability, altering the pore size and orientation through fab-
rication methods, and controlling degradation of the material. We will also discuss 
the variety of material classes available for implantation and the ways in which 
these can be modified to fit bone repair applications. These include polymers, both 
synthetic and natural, metals, and ceramics, focusing on their outcomes in vitro and 
in vivo and their specific advantages and disadvantages. We also highlight the 
method of 3D printing, which can be used to add functionality in shape, porosity, 
and release of biomolecules and cells. Finally, we will discuss cellular and growth 
factor additions to scaffold materials in order to improve bone formation.

4  �Biomaterial Implants for Bone Regeneration

Biomaterial design criteria have to meet a wide range of benchmarks along with 
considerations of ease of surgical use and economic feasibility [20]. These criteria 
include biocompatibility, mechanical properties, pore size and orientation, and deg-
radation and bioresorption. Presently, no biomaterial exists that meets all the fol-
lowing criteria. However, in Fig.  1 we outline a series of design criteria for 
biomaterial implants to address challenges in bone repair.

4.1  �Biocompatibility

A biomaterial used for bone regeneration must be able to recruit cells from the sur-
rounding tissues and provide nutrition and signals to support the vitality of these 
cells. There are many facets of biocompatibility related to bone repair; an implant 

Fig. 1  Biomaterial properties for enhancing bone repair
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should promote osteoconduction, osteoinduction, and osteogenesis. Cells should 
adhere to the biomaterial implant, enhance mineral formation and deposition of new 
bone, also known as osteoconduction. A variety of signals need to be provided to 
cells; ones that include osteoinduction, the promotion of differentiation of stem 
cells to mature bone cells. In addition to this, avoiding signals that may cause per-
sistent inflammation, macrophage fusion, and foreign body response will lead to a 
more successful outcome. An implant also needs to promote osteogenesis, such that 
it attracts new cells from the surrounding tissue to the implant site to remodel and 
form bone [18]. A final important aspect of biocompatibility is the need for the 
implant to promote the formation of blood vessels. This should occur within a few 
weeks of biomaterial implantation to support nutrient transport and cell viability 
and induce osteoconduction, osteoinduction, and osteogenesis [27].

4.2  �Mechanical Properties

Ideally, the mechanical properties of an implant would match the properties of the 
host bone at implant. However, this is extraordinarily difficult to meet, for a number 
of reasons. Firstly, bone is a multi-scale composite, with cortical and cancellous 
bone having vastly different mechanical properties. The Young’s modulus and com-
pressive strength of cortical and cancellous bone can vary from a Young’s Modulus 
of 0.1–20 GPa (Table 1) [27]. Further, these properties reflect the mechanical prop-
erties of fully mature bone tissue with integrated vasculature; conceptually, bioma-
terials for bone repair may be much better suited having an environment designed 
for diffusive transport of nutrients and oxygen to facilitate cell penetration, prolif-
eration, and extensive remodeling required to form new bone. An additional chal-
lenge with designing modulus-matched biomaterials is that many bone defects, 
notably craniomaxillofacial defects, are typically irregular in size and shape. This 
makes for difficulties shaping the implant to fit the defect site, which can affect 
mechanical stability. In general, the mechanical stability of the implant can also 
affect the healing outcome, as micromotion can directly inhibit osseointegration, so 
a mechanically stable implant is desired [28, 29].

4.3  �Pore Size and Orientation

Typically, porous implants are used for bone regeneration as they provide a template 
for rapid cell infiltration and metabolic support via diffusion. The pore size of an 
implant greatly influences the cell behavior and ultimate success or failure of the 
surgery. There exists debate about optimal pore size to promote bone regeneration, 
as multiple cell types are involved in the healing process. Bose et al. suggest that 
pore sizes should be at least 100 μm in diameter for diffusion of nutrients and 
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oxygen, and pore sizes ranging from 200 to 350 μm are optimal for the in-growth of 
bone tissue [27, 30]. As for macrophages, a pore size of 34 μm promotes a more 
pro-inflammatory phenotype [31], yet other sources have suggested that 30–40 μm 
pores promote a pro-healing phenotype and avoid a foreign body response [32, 33]. 
Bone is an anisotropic tissue, and thus the pore orientation is increasingly consid-
ered as an important design parameter to consider in implant design. Recent work 
have begun to describe the use of aligned pores to promote bone formation by struc-
tural guidance cues to increase blood vessel ingrowth, accelerate cellular migration, 
and guide osteogenic cell differentiation [34–36].

4.4  �Degradation and Bioresorption

In order to fully repair bone, the implant must be able to degrade while still provid-
ing signals for the patient’s own cells to form new bone. This degradation time 
should match the time it takes for new bone to be formed in order to replace the 
implant. Different bones regenerate over different times, which are summarized in 
Table 1 [27, 37]. If a material degrades too quickly, then there will not be enough 
material to continue to promote host bone regeneration and mechanically support 
the implant site [38]. Conversely, if a material degrades too slowly, remaining mate-
rial will block new bone formation, as seen in Fig. 2. Any degradation to a material 
leads to a loss of mechanical properties, and if this is controlled correctly, then load 
transfer from the implant to the host bone will occur [40–42]. Therefore, to create a 
biomaterial that can successfully regenerate bone, the design must have a controlled 
material degradation rate.

Table 1  Properties of a biomaterial implant for bone regeneration

Property Optimal range

Mechanics
Young’s modulus Cortical: 15–20 GPa; Cancellous: 0.1–2 GPa
Compressive strength Cortical: 100–200 MPa; Cancellous: 2–20 MPa
Pore size and orientation
Nutrient diffusion At least 100 μm in diameter
Bone in-growth 200–350 μm in diameter
Immune cells 30–40 μm in diameter to avoid foreign body 

reaction
Cell migration Anisotropic pores promote faster migration
Direction vessel growth Anisotropic pores promote aligned vessels
Degradation and bioresorption
Spinal fusion 9 months or more
Craniomaxillofacial 3–6 months
Long bone 5–7 months
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5  �Scaffolds: Mechanical, Chemical, and Biological Properties

Scaffolds are commonly thought of as an initial template that provides a constella-
tion of structural, compositional, and mechanical signals to potentially accelerate 
the process of bone regeneration. Common scaffold materials include polymers, 
ceramics and hydroxyapatite materials, metals, and collagen-based implants. Some 
advantages of scaffolds are their ability to be tailored to specific patients and avoid 
the cellular material cleaning process that bone-derived graft materials require. 
When deciding between allograft or xenograft materials versus synthetic or other 
scaffold materials, sources have found a variety of results, ranging from better to 
worse healing outcomes [43, 44]. Alternatively, autograft materials have shown 
favorable healing and mechanics over scaffold materials, but autografts drawbacks 
outweigh their benefits [45–47]. Scaffolds do not require a secondary surgery as 
autografts do and do not suffer from a limited supply of material. If materials have 
the same or very similar healing outcomes, it is then favorable to use scaffolds over 
grafts due to their advantages over bone-derived materials. Scaffolds can also be 
patient-tailored, such as 3D printed or cast in the particular size and shape of the 
defect. In addition to this, patient-derived cells can be added to affect the outcome, 
and growth factors can be added to target specific cell functions to improve osteo-
genesis and angiogenesis [48]. A summary of clinically available implant materials 
and their outcomes in vitro and in vivo can be found in Table 2.

Fig. 2  PCL and mineralized collagen implant in porcine ramus defect model. (a) Schematic of 
subcritical ramus defect locations along with 10 mm diameter, 10 mm thick mineralized collagen 
(CGCaP) scaffold, PCL support, and mineralized collagen-PCL composite implants. (b) Specimen 
locations were randomized on each side of the mandible and within each porcine animal model. 
Representative images of the subcritical ramus defect preimplant and postimplant. CGCaP 
collagen-glycosaminoglycan calcium phosphate, PCL polycaprolactone. (c) Representative μCT 
data showing partial penetration of the implant into the medullary cavity. Light regions represent 
bone mineral and dark regions represent no mineral or PCL still present within the implant. (Image 
adapted from [39])
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Table 2  Commercially available bone implant materials and their healing outcomes in vivo and 
in vitro

Implant type Outcome References

Demineralized bone matrix
Grafton Putty (Synthes, USA) Good handling, complete spinal fusion in all 

animals, promotes new and mature bone 
formation in critical-sized defects

[49, 50]

DBX® Putty (Synthes, USA) Good handling, half of animals tested had spinal 
fusion, promotes mature bone formation in 
critical-sized defects

[49, 50]

AlloMatrix Injectable Putty 
(Wright Medical Technology Inc, 
USA)

Fair handling, no spinal fusion occurred, limited 
bone formation in critical-sized defects

[49, 50]

Regenafil (Regneration 
Technologies Inc, USA)

Fair handling, limited bone formation in 
critical-sized defects

[50]

Dynagraft (Gensci Regeneration 
Sciences Inc, Canada)

Good handling, limited bone formation in 
critical-sized defects

[50]

Lubboc® bovine xenograft Better bone healing than Grafton, Ceraform, and 
Osteoset, induced activation of host bone cells

[25, 51]

Biocoral® coral xenograft 
(Biocoral Inc, USA)

Superior healing compared to ceramic and 
hydroxyapatite materials in alveolar bone 
defects, bone formation within 2 weeks 
post-operation

[51, 52]

Metals
Plasma sprayed titanium Good osteoblast adhesion, proliferation, and 

differentiation, better early-stage healing 
conditions

[53]

Sand-blasted, acid-etched 
titanium

Similar results to plasma sprayed, but worse 
early-stage healing, osseointegration in dental 
implants

[53, 54]

Actipore™ porous NiTi 
(Biorthex, Canada)

High bone ingrowth stimulation, performs 
similarly to traditional titanium implants, 
complete bone bridging after 12 months

[55, 56]

Ceramics and hydroxyapatites
ZrO2 ceramic (Ziterion GmbH, 
Germany)

Osseointegration with surface-modification 
comparable to titanium for dental implants

[54]

Ceraform® hydroxyapatite 
substitute (Teknimed, France)

Newly formed bone was restricted to graft area, 
osteoconductive properties, poor healing 
compared to Osteoset and Lubboc

[25, 51]

SRS® carbonated apatite bone 
cement (Norian Coporation, 
USA)

Extraosseous extrusion of bone cement, 
remodels into natural bone but occurs slowly in 
the distal radius repair

[51, 57]

Osteoset® calcium sulfate 
substitute (Synthes, USA)

Osteoconductive properties, no evidence of 
osteoinductive activity, superior to Ceraform 
and similar to demineralized bone substitute

[25, 51]

BonAlive® bioactive glass 
(Vivoxid, Finland)

Longer time for material to biodegrade, form 
and remodel bone compared to autografts, 
cortical bone grew in thickness over time

[51, 58]

(continued)
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5.1  �Synthetic Polymeric Scaffolds

Synthetic polymers are man-made polymers, commonly seen in household items 
such as plastics, rubbers, and glue. Synthetic polymers for tissue engineering must 
be biodegradable and biocompatible while avoiding a negative immune reaction and 
matching biomaterial properties as closely as possible. Much of this can be accom-
plished through modifying the polymer itself, and careful consideration must be 
made when examining the degradation byproducts. An advantage to using synthetic 
polymers are their large scale reproducibility with controlled mechanical properties, 
degradation, and structure [63].

A wide variety of techniques can be used to create porous scaffold architectures. 
These include casting and forming based methods such as solvent-casting, particu-
late leaching, and gas-foaming. Solvent-casting and particulate leaching techniques 
are simple, involving a water-soluble salt homogenously distributed through the 
polymer solution. The polymer is cast into shape and the solvent is removed by 
evaporation or lyophilization, while the salt is leached out by soaking in water to 
create an open-porous polymer [63]. Gas-foaming removes the need for organic 
solvents and instead carbon dioxide is used to create a polymer foam. In brief, the 
solid polymer is exposed to high pressure carbon dioxide, which is then saturated 
into the polymer, and then gas bubbles expand to create a closed-pore structure [63].

Table 2  (continued)

Implant type Outcome References

Biosilicate®/Bioglass® 45S5 Biosilicate has higher osteogenic activity and 
higher amounts of fully formed bone compared 
to bioglass, biosilicate does not have the 
potential to be cytotoxic/genotoxic that bioglass 
does

[51, 59]

ProOsteon 500R (Interpore 
International, USA)

Better option than collagraft for spine and lower 
extremity applications with need for more 
mechanical support, slow resorption of material

[60]

Polymers
Poly(dl-lactide) mesh plate 
(Synthes, USA)

Fair handling, poor healing response, and scant 
new bone formation in critical-sized defects, 
mesh was replaced by fibrous tissue

[50]

Cortoss® Bisphenol-a-glycidyl 
dimethacrylate resin (Orthovita, 
USA)

Minimal formation of apatite layer in vitro, less 
leachable toxic monomer than compared to 
PMMA cements, possibly cytotoxicity

[51, 61]

Collagen scaffolds
Healos® type I collagen/
hydroxyapatite matrix (DuPuy 
Spine Inc, USA)

Osteoconductive and osteoinductive, not 
recommended for interbody cages for spinal 
fusion, similar healing to autografts in 
posterolateral fusions

[51, 62]

Collagraft® collagen/
hydroxyapatite/tricalcium 
phosphate composite (Zimmer 
and Collagen Corporation, USA)

Greatest ingrowth of bone compared to 
ProOsteon and demineralized bone xenograft, 
rapid resorption

[51, 60]
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Increasingly, more exotic methods are also being used such as electrospinning, 
3D printing, and thermally induced phase separation. Electrospinning can create 
polymeric fibers on the nanoscale by applying a high voltage and an electric field to 
a polymer solution on a collector which can be rotated in order to create various 
alignments of fibers. This method can easily create fine fibers; however, it can be 
difficult to create small diameter fibers with biocompatible materials, and creating 
3D scaffolds and complex pore geometry still remain a challenge [64]. Scaffolds 
with nanofibers have shown to improve stem cell differentiation toward the osteo-
genic lineage and can be beneficial to bone repair due to their ability to mimic the 
type I collagen alignment in bone [64]. In addition, sacrificial nanofibers can be 
added to poly(caprolactone) fibers in order to align cells, direct the formation of 
extracellular matrix, increase tensile properties, and control the release of collage-
nase and growth factors to increase cellularity [65, 66]. 3D printing can be used to 
fabricate scaffolds with complex architectures; however, small pore sizes are diffi-
cult to achieve. Various methods of 3D printing exist, such as laser sintering, photo-
polymerization printing, and extrusion printing, which will be expanded on in Sect. 
6. Thermally induced phase separation can be used to fabricate biodegradable 3D 
polymers by first dissolving the polymer in a solvent at high temperature and then 
phase separation occurs by lowering the temperature and final sublimation to create 
a porous polymer [63]. Ultimately, another advantage to this is the ability to modify 
the surface of polymers in order to alter cell interactions with the polymer surface.

The most extensively used polymeric material in cranioplasty is poly(methyl-
methacrylate) (PMMA). This is an easy to shape and lightweight material and does 
not radiate heat [20]. Polyethylene has also been used due to its porous nature, and 
if infections occur antibiotics can be used instead of complete removal of the 
implant [67–69]. Polyethylene glycol (PEG) hydrogels have been investigated for 
new bone formation due to their ability to slowly release growth factors. However, 
unlike other polymers, PEG hydrogels added to a mandibular defect saw no differ-
ence in new bone formation and did not have an osteogenic effect [70].

Other commonly used polymers in bone tissue engineering are poly(lactic acid) 
(PLA), poly(lactide-co-glycolide) (PLGA), 3-hydroxybutyric acid (PHB), and 
poly(caprolactone) (PCL) [39, 71–74]. PLA degradation byproducts are expected to 
be nontoxic; however, degradation by hydrolysis releases lactic acid and in a zygo-
matic fracture fixation, PLA caused swelling at the implant site in 60% of patients 
[75–77]. Some polymers used for bone regeneration, such as lactic acid based poly-
mers, have caused fibrous tissue formation and foreign body responses [78]. 
Alternatively, PHB scaffolds have been shown to be highly compatible with osteo-
blasts and can induce ectopic, or abnormal, bone formation [79]. Benefits to using 
PLA, PCL, and PLGA are their FDA approval for certain use in humans and degra-
dation rates can be tailored by altering the molecular weight and composition. 
However, drawbacks include poor mechanical properties compared to bone and the 
possibility of rejection by the body and foreign body responses. Mechanical proper-
ties can be tailored based on polymer crystallinity, and growth factor release can be 
added to these polymer systems, in the future these two factors can possibly elimi-
nate the drawbacks of polymer systems.
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5.2  �Natural Polymeric Scaffolds

Natural polymers, such as collagen scaffolds, have been used extensively as an 
alternative material to heal bone defects. A common variant of the collagen scaf-
folds contains type I collagen, glycosaminoglycans such as chondroitin-6-sulfate, 
and acid [80–84]. These materials are homogenized together to create a liquid sus-
pension and then freeze dried in order to create an open-porous structure that enables 
cell migration and penetration through the material. Other natural polymers, such as 
chitosan have also been investigated [51]. Chitosan is also highly biodegradable and 
biocompatible and can differentiate osteoblasts in vitro. However, this material is 
not osteoconductive and has caused allergic reactions [51]. Typically, collagen scaf-
folds without any mineral supplements are used to regenerate tendon or skin due to 
their poor ability to heal bone [51, 85–88]. A benefit to using collagen scaffolds is 
their tunable pore size and orientation, which can be achieved by using molds with 
different thermal properties in which scaffolds are lyophilized and altering the 
freezing rate and temperature [30, 81, 86, 89, 90]. Issues with using naturally 
derived polymers are that they may contain pathogenic impurities and produce a 
negative immune response, and it is harder to control the mechanical properties, 
however, they typically support cell adhesion and proliferation [63].

Variants of collagen materials can be made in order to heal different tissues in the 
body, such as scaffolds containing calcium phosphate mineral in order to repair 
bone defects [83, 84, 91–95]. These scaffolds have been shown to be more appropri-
ate for bone repair, due to their biocompatible, biodegradable, and bone formation-
inducing behaviors. This has been demonstrated by mineral formation in vitro and 
bone formation in vivo without additional osteogenic supplements and inhibiting 
bone resorption [96–98]. Disadvantages to these scaffolds are their weak mechani-
cal properties, due to their extremely porous nature. However, mechanical proper-
ties can be altered by adding additional materials during freeze drying, such as 
polymer reinforcements like PLA and PCL [99, 100]. These reinforcements can be 
3D printed in various architectures, and one design in particular has been used to 
achieve shape-fitting in order to avoid micromotion upon implantation [99]. 
Mineralized collagen scaffolds combined with laser-sintered PCL have demon-
strated a 6000-fold increase in Young’s Modulus compared to scaffolds alone [100], 
and in a porcine ramus defect model this composite material had greater bone repair 
than the scaffold or PCL construct alone [74]. Other elements such as allogenic tis-
sues, growth factors, and other minerals can easily be added to these scaffolds by 
mixing into the suspension step before lyophilization [101–103]. Specifically, the 
amniotic membrane derived from placentas has been added to collagen and mineral-
ized collagen scaffolds in order to control the wound healing process and avoid 
inflammation while increasing bone formation [101, 102, 104].

Increasingly, the delivery or endogenous production of growth factors has been 
investigated in collagen scaffolds. For example, PDGF-BB and IGF-I delivery was 
shown to influence migration into these scaffolds [87]. Additionally, current research 
is focused on sequestering and tethering these growth factors to collagen scaffolds 
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or using micelles as controlled release mechanisms. Other minerals, most notably 
zinc, have been investigated to improve osteogenesis, and various glycosaminogly-
cans can be used in order to alter the mineral formation [103, 105]. Additionally, 
pore sizes and orientations have been investigated in collagen and mineralized col-
lagen scaffolds in order to drive a response to increase viability of tenocytes or 
increase bone mineral formation [30, 34, 80, 81, 89, 105–107]. Finally, the impor-
tant interaction of mesenchymal stem cells and osteoclasts has been investigated in 
these scaffolds, and research has shown that mineralized collagen scaffolds inhibit 
osteoclastogenesis by releasing osteoprotegerin [97, 98]. These scaffolds have the 
vast potential to be expanded on in order to achieve the criteria for bone regenera-
tion. Whether it be altering the pore size and orientation, adding other minerals, 
glycoproteins, or tissue matrices, or adding growth factors and specific cell types, 
there is much work to be done to advance these mineralized scaffolds.

Commercially available natural polymers, such as the mineralized collagen 
material Healos®, have found comparable results in some cases to autografts. 
Healos® soaked in bone marrow aspirate without any exogenous factors demon-
strated similar healing to autografts in posterolateral fusions. However, this same 
material performed poorly for interbody cages in spinal surgeries, due to volume of 
material and mechanical properties [62]. Thus, improvements still need to be made 
in order to increase mechanical strength and stability to repair other bone defects.

5.3  �Metallic Scaffolds

Metal scaffold use is limited due to their ability to conduct heat, difficulty to shape 
during implantation, and radio-opacity [20]. Metal screws or plates can interfere 
with imaging of the defect site and monitoring the patient’s health. In addition to 
this, metals risk corrosion and fatigue over time, the stress shielding effect can cause 
bone atrophy, and it is difficult to have a metal implant fit well to the implant site 
without micromotion [75, 108, 109].

Titanium has been the metal of choice for use in large bone defects and like most 
metals is hard to shape, but resists infection and will be accepted by the body [20]. 
In order for titanium and its alloys to be successful in bone repair, typically surface 
modifications are necessary to promote cell attachment and integration. Various 
methods to do this include mechanical grinding or polishing the surface, physical 
vapor deposition, acid etching, or chemical vapor deposition [110].

Other metallic materials used include stainless steel 316 L, cobalt based alloys, 
porous tantalum, and magnesium. Disadvantages include their lack of biocompati-
bility, wear, and corrosion can release ions and particles that can lead to inflamma-
tion. Stainless steel specifically has a very high stiffness, so high in fact that it can 
lead to bone resorption due to the mismatch in mechanical properties of bone and 
the implant [111]. Unfortunately, in order to make porous metallic materials to 
mimic the natural structure of bone, these usually end up too weak to be a viable 
option [110]. Porous tantalum, however, has a high porosity, a Young’s modulus 
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comparable to bone, and has been shown to be biocompatible in animal models 
[110]. Magnesium and its alloys are fully bioresorbable, have mechanical properties 
similar to native bone, do not induce a negative immune response, and promote 
bone growth [110]. Concerns of using magnesium are the hazards associated with 
rapid dissolution of the magnesium in the body. An alloy of titanium, nickel-titanium 
(Nitinol) can be used as a shape-memory material and has demonstrated biocompat-
ibility and mechanical properties similar to bone. Studies have shown that nitinol is 
more biocompatible than stainless steel [110]; however, release of nickel ions poses 
a toxicity and allergy concern.

In vivo studies comparing metal implants have shown that porous nitinol had 
increased osseointegration compared to titanium alloys [112]. Of the metals avail-
able, nitinol and resorbable magnesium are the most promising due to low stiffness 
[111]. In general metals suffer from stress shielding, corrosion, and biofilm forma-
tion, all of which contribute to their concerns with clinical use. Overall, the use of 
metals is mostly desired for permanent implants at sites that need high mechanical 
loading or as fixation devices.

5.4  �Ceramic and Hydroxyapatite Scaffolds

Hydroxyapatite and bioactive ceramics are the most widely used alternative to auto-
grafts and allografts in the preclinical and clinical settings [113]. One very common 
ceramic used in healing of bone defects are bioactive glasses. Bioglass is comprised 
of sodium, silicone, magnesium, potassium, oxygen, phosphorous, and calcium 
[114]. As far as healing results, a study examined two different versions of com-
pressed hydroxyapatite scaffolds versus a xenogenic graft in mandibular defects and 
found no healing differences between the groups at the end of the study [43]. 
Another study used bioreactors to create bone over time in an autograft and a com-
mercially available bioceramic and found that both were able to create mineral tis-
sue, but autograft materials had more mature bone and mechanical properties more 
similar to bone [45]. In general, calcium phosphate or hydroxyapatite bone substi-
tutes have less osteogenic potential than autografts [25, 45, 46]. However, hydroxy-
apatite coatings have different effects than used as a bulk material, and coatings 
promote cellular contact of osteoblasts [115]. Bioceramics can have various degra-
dation times in the body, an example being hydroxyapatite and tricalcium phosphate 
(TCP), with hydroxyapatite scaffolds degrading after 2–5 years and TCP degrading 
within 1 year [113]. This degradation time impacts healing outcomes, as a clinical 
trial involving hydroxyapatite scaffolds demonstrated that after 15 months the scaf-
fold was still present, and another study claimed the scaffolds were still present even 
after 7 years [37, 116]. In contrast to this, a β-TCP scaffold deposited new bone after 
9 months but complete regeneration of the fibula was only found in 1 out of 14 
patients [117].

An alternative to bioactive ceramics is bioinert nanoceramics. These include 
implants made of titanium, alumina, and zirconia [118]. These ceramics are not 

M. J. Dewey and B. A. C. Harley



51

designed to regenerate the host bone due to their inert nature; however, they have 
high fracture toughness and mechanical strength at the implant site [118]. Titanium 
implants can be modified with Ca2+ ions in order to create titanium oxide, which 
helps prevent corrosion and absorb proteins to the surface of the material [118]. In 
addition, other treatments to titanium can be made to modify the surface to promote 
integration with the host bone, such as etching or sand blasting [118]. Similar to 
other bioinert ceramics, alumina does not promote osseointegration due to its inert 
nature, and thus coatings must be added, or the surface topography must be altered 
to enhance protein adhesion. Zirconia-yttria ceramics are often used as bone fillers 
due to the ability to prevent biofilms [119]. However, the drawback to these is their 
inert nature, and these ceramics will still remain in the body instead of host bone.

Bioceramics are thought of to be one of the preferred scaffolds for bone repair 
due to biocompatibility and high mechanical properties. However, due to the nature 
of ceramics, these materials can be brittle and only so much of the material can be 
resorbed by the body [115]. In order to achieve a biomaterial implant it is likely that 
a composite material will be needed that balances mechanical, chemical, and bio-
logical properties. Composite materials have already been discussed as better 
choices for tissue engineering applications, as no implant material exists today that 
includes all of the implant criteria [63].

6  �3D Printing as a Tool to Improve Bone Formation

3D printing, also known as additive manufacturing, has been used to create materi-
als in our daily lives as well as materials for the medical field. Various methods for 
creating designs and architectures that would be difficult or impossible using other 
methods can be accomplished by 3D printing. 3D printing involves a user-created 
design, which the printer then creates layer-by-layer. This approach overcomes the 
issue of irregular size and shape defects for bone repair, as the design can be tailored 
to fit a patient-specific shape. A patient’s defect can be scanned using MRI or CT 
technology to map the defect space, and subsequently this scan can be converted 
and used on a 3D printer to fill the defect space [120–122]. 3D printing methods can 
fall into four categories: extrusion, polymerization, laser sintering, and direct writ-
ing [123]. The extrusion method takes a solid polymer, extrudes the material through 
a nozzle by the application of heat and pressure, and allows the print to cool to room 
temperature to solidify. Fused deposition printing is an example of extrusion-based 
printing. Polymerization printing uses a bed of resin that is polymerized by lasers, 
for example, stereolithography [124]. Selective laser sintering involves a bed of 
polymer powder in which lasers are used to fuse the powder together to create a 3D 
print. Finally, direct writing uses powder and a regular inkjet printing head with 
binder, in which the binder is printed onto the loose powder. This method can be 
used to create interconnected pores; however, intensive optimization of the printing 
process for a new material is required [122, 123].
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An expanding range of materials can be 3D printed, such as the polymers poly-
ethylene, polylactic acid, and polycaprolactone, as well as ceramic materials such 
as TCP and HA. In addition to these, metals can also be 3D printed; however, this is 
less common, with an example being bioactive titanium scaffolds fabricated by ink-
jet 3D printing [125]. In this case, titanium was printed and then fired in order to 
strengthen the material, and the bioactivity was modified by the deposition of 
hydroxyapatite on the surface [125]. 3D printing can be used to make these materi-
als very porous; however, a drawback to this is that the mechanical strength is low-
ered, which limits their use in load-bearing applications. Not only can 3D printing 
offer a better implant fit, it also can be modified with growth factors and cells. 
Growth factors and cells for use in 3D printing, also known as bioprinting, will be 
elaborated on in the following sections, but can be incorporated into polymers such 
as hydrogels for encapsulating cells and the slow release of biomolecules.

A further opportunity for 3D printing is the addition of these 3D prints to existing 
materials for bone regeneration. As it can be difficult to create load-bearing 3D 
prints with very porous structures, an alternative is to use 3D prints as mechanical 
supports and other biomaterials as the bioactive matrix. This has been demonstrated 
with mineralized collagen scaffolds and 3D printed polymers. The mineralized col-
lagen acts as the bioactive and osteogenic matrix, and the polymer 3D print acts to 
give mechanical strength to the whole material in order to better match the mechani-
cal properties of bone [29, 39, 74, 100]. This method provides another way to con-
sider 3D printing; besides using the method to create a scaffold, 3D printing can be 
used to fabricate pieces of the overall structure. Overall, 3D printing is an extremely 
useful tool for creating patient-specific implants as it can create complex and porous 
shapes using a wide variety of materials and methods while also including the 
option of printing cells and growth factors. More research needs to be performed on 
optimizing 3D printed materials, as well as investigating combinations of 3D print-
ing with other factors to create composites which can leverage multiple benefits.

7  �Stem Cells: Biology and the Application 
for Tissue Regeneration

7.1  �Stem Cells for Bone Repair

Multiple cell types are involved in the bone formation and remodeling process, such 
as osteocytes, osteoblasts, osteoclasts, and immune cells. Osteocytes maintain the 
existing bone and are considered mature bone cells. Osteoblasts are responsible for 
bone growth and can differentiate into osteocytes, while osteoclasts are responsible 
for bone resorption. Finally, immune cells are important for the healing outcome of 
the wound, as they clean the area and can lead to fibrous tissue formation or a for-
eign body reaction if a negative immune response persists [14, 15].
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Based on literature, the addition of stem cells to implant materials before implan-
tation has shown more success than implants without stem cells [126, 127]. Overall, 
the use of autologous or allogenic cells in combination with scaffolds for long bone 
repair has resulted in positive healing outcomes [5]. The most commonly used stem 
cells used are embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), 
and adult mesenchymal stem cells (MSCs). ESCs are derived from embryos through 
in vitro fertilization, can proliferate infinitely, and can differentiate into any cell 
type. iPSCs are somatic cells that have been genetically reprogrammed to express 
the pluripotent properties similar to ESCs. Finally, MSCs, which are the most com-
monly used cell type for bone repair, are isolated from the liver, fetal blood, bone 
marrow, and umbilical cord. All of these cell types are able to differentiate into vari-
ous bone cells, making them important in the bone repair process.

Typically, cells are cultured to a pre-confluent state and then added to graft mate-
rials and cultured for a short period of time before implantation into the defect 
space. Alternatively, cells can be injected directly into defects, which has shown 
some promise in vivo [128]. Cell death upon transplantation is a drawback; how-
ever, MSCs can be contained in spheroids to improve survival, and these have been 
injected into damaged tissues to promote repair [129, 130]. Interestingly, these have 
also shown that restricting MSC migration out of these spheroids can enhance the 
osteogenic potential of these spheroids [130]. In general, adult stem cells have a 
wide variety of results which can be due to the differences in donors, such as where 
the cells were sampled, the age of the donor, and life habits [115].

Of the mesenchymal stem cells used, bone marrow stromal cells are favored and 
can differentiate into almost all mesoderm-derived cell types, including cartilage, 
bone, hematopoietic stroma, tenocytes, and skeletal muscle cells [115]. However, 
loss of differentiation properties toward the adipocyte or chondrocyte lineage has 
been observed after multiple cell passages [131]. Pericytes have also been investi-
gated and are derived from the peripheral blood. These cells are positive for some 
osteogenic markers and can differentiate along the osteogenic, chondrogenic, and 
adipogenic lineage [115]. Another commonly used cell line are adipose-derived 
stem cells, due to their being easy to acquire, abundant, and can differentiate into 
adipocytes, chondrocytes, osteoblasts, and myocytes. However, this cell line is more 
biased toward the osteogenic lineage, which can make for biased in vitro studies and 
have demonstrated less favorable outcomes compared to bone marrow stromal cells 
[132, 133]. In a study by Follmar et al., combining adipose-derived stem cells with 
allografts in a rabbit model demonstrated a foreign body response; however, these 
same cells in a porcine model accelerated bone healing [128, 134]. Another alterna-
tive is to use cells derived from pregnancies, such as umbilical cord and placental 
stem cells. Umbilical cord blood multilineage cells take longer to culture and 
express lower bone antigens, but exposure to osteoblast-conditioned media enhanced 
their rate of osteogenic differentiation [135, 136]. Placental stem cells have also 
been shown to have a bone marrow stromal cell-like behavior and possess multilin-
eage differentiation potentials [115].

3D printing offers the unique opportunity to encapsulate cells into printed con-
structs and even encapsulate various cell types into the same print. These cells can 
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be cultured and encapsulated into hydrogels, which can then be used in syringe 
pumps in bioprinters to print layer-by-layer. Mesenchymal stem cells and chondro-
cytes have been embedded into alginate hydrogels, and this hydrogel exhibited 
extracellular matrix formation both in vitro and in vivo [123]. Organ bioprinting, an 
approach to print fully capable organs, can be accomplished through printing a vari-
ety of cells and culturing the resultant scaffold post-printing. Firstly, the organ blue-
print must be designed, next, stem cells required for the organ are isolated and 
differentiated, and then these are encapsulated into hydrogels or other medium to 
support the life of the cells, and finally, these are printed and placed into a bioreactor 
or incubator to continue cell growth [137]. Bioprinting enables cells to be printed in 
distinct areas using various nozzles containing hydrogels with different encapsu-
lated cells. This can make for interesting studies comparing co-cultures in different 
compartments. Bioprinting with cells offers new complex architectures with a wide 
variety of cells; however, the material in which the cells are encapsulated within still 
needs to meet bioactivity requirements while being able to be printed. Cells must 
remain viable within these materials and further research needs to investigate 
improving these printers and materials to sustain cell viability.

7.2  �Cells Involved in the Wound Healing Cascade

There are a wide variety of cells to consider using in biomaterial implants, and more 
research needs to be performed on using patient-derived cells in order to accelerate 
healing as well as the interactions of each cell type on the biomaterial implant. 
Maintaining the balance between osteoclasts and osteoblasts, creating a controlled 
environment for M1 to M2 macrophage phenotype transition, and allowing blood 
vessels to grow and deliver nutrients are all factors that need consideration in bio-
material implant design. The promise of better healing using biomaterial scaffold 
implants lies in the ability for these to be tailored to meet these requirements. In 
order to balance osteoclasts and osteoblasts, these cell types could be examined in a 
co-culture on the implant in order to determine the possible mechanisms and heal-
ing that may proceed in vivo. This has been performed on collagen-based scaffolds 
in order to determine that these scaffolds inhibit osteoclastogenesis [97, 98]. Similar 
studies should be carried out investigating this balance in other biomaterial implants 
as well. Uncovering the type of M1 to M2 macrophage transition in implants can be 
investigated by seeding M0 macrophages or monocytes on scaffolds in vitro. These 
transitions have been investigated by Spiller et al. [13, 138–141], and this can pro-
vide useful information over time about how these cells polarize in response to 
implant released factors and implant topography and composition. This phenotype 
transition could be helpful to elucidate whether inflammation may persist or if a 
foreign body response may occur before an in vivo experiment is undertaken. In 
addition to investigating these specific cells, placental-derived tissues have shown 
promise in modulating this transition and ultimately the immune response. The 
amnion and chorion membrane of the placenta have been investigated as an addition 
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to scaffolds and have shown to dampen the pro-inflammatory immune response 
while promoting osteogenesis [101, 102, 104, 139, 142, 143]. Finally, angiogenesis 
is important for delivery of nutrients to the growing bone and inadequate vascular-
ization of bone has been associated with a decrease in bone mass [144]. An interest-
ing opportunity exists to test vessel formation in biomaterial implants for bone 
regeneration, an example being endothelial vessel formation created in hydrogels 
by co-culture of umbilical vein endothelial cells and normal lung fibroblasts [145]. 
This type of study could be expanded using released factors from implant or solely 
focusing on blood vessel formation in implants for bone regeneration. This may 
give a better understanding of how blood vessel formation would occur in vivo.

Overall there are many variables to consider when using stem cells and more 
research needs to be examined on the effect of adding these to implants. There exists 
potential for these cells to accelerate healing, and in combination with 3D printing 
even greater potential exists to improve bone repair with complex tissue 
architectures.

8  �Growth Factors, Chemical Cues, Differentiating Agents 
for Bone

8.1  �Growth Factors to Enhance Bone Repair

Growth factors are polypeptides and are used in bone regeneration to differentiate 
bone cells, promote angiogenesis, or promote migration and retention of cells to the 
implant site. These can act on the autocrine (influences the cell of origin), paracrine 
(influences nearby cells), or endocrine (influences the nearby microenvironment) 
systems. Growth factors bind to cell receptors and induce intracellular signal trans-
duction which determines the biological response upon reaching the cell nucleus 
[146]. Additionally, a single growth factor may bind to different receptors. Growth 
factors are typically introduced to the body in one of the two methods, as a protein 
therapy or gene therapy. Protein therapy involves direct recombinant growth factor 
delivery to the site of interest, whereas gene therapy delivers growth factors to cells 
by gene encoding [146].

Most common growth factors interacting with the skeletal system are bone mor-
phogenic proteins (BMPs), fibroblast growth factors (FGF), platelet-derived growth 
factor (PDGF), insulin-like growth factors (IGFs), transforming growth factor-β 
(TGF-β), and vascular endothelial growth factor (VGEF) to name a few. A summary 
of growth factors and their impact on bone and cartilage formation can be found in 
Table 3. Using growth factors to heal critically sized defects has shown to mostly 
improve the healing process; however, there have been reports that BMPs and 
TGFβ-3 did not improve healing [5].

Bone morphogenic proteins are typically considered the most promising 
approach to repair bone due to their osteoinductive nature. BMP-2, -4, -6, -7, and -9 
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have shown to have the greatest osteogenic success in vitro [157]. However, there 
have been mixed results with using BMPs. A review found that 11 results supported 
the use of BMPs, three results found no effect on bone repair, and two demonstrated 
negative outcomes [158]. This variability can be attributed to the variety of BMPs 
used and the treatment conditions. To repair fractures, recombinant human BMP-2 
(rhBMP-2) is used most frequently, and rhBMP-7 is most commonly used for non-
union repairs [158]. Overall, rhBMPs have been shown to accelerate healing of 
tibial fractures and reduce infection rates [158]. There exist drawbacks to using 
BMPs, especially rhBMP-2 which has resulted in surgery complications, especially 
spinal surgeries. The majority of these complications stem from heterotopic ossifi-
cation, or bone growth in areas of other tissues. Literature finds it difficult to com-
pare the two BMPs, BMP-2 and -7, as most studies lack comparisons between the 
two which can elucidate differences. Another issue with BMPs and many growth 
factors is the delivery method. Due to their soluble nature, if these growth factors 

Table 3  Growth factors used in bone repair and their functions

Growth 
factor Function References

BMPs Promotes osteoprogenitor migration [146]
Promotes proliferation and differentiation of chondrocytes and 
osteoblasts
Promotes bone formation

EGF Promotes osteoblast proliferation [147]
Combined with BMP-2 and -7 can further upregulate proliferation

FGFs Promotes chondrocyte maturation (FGF-1) [146, 148]
Differentiates osteoblasts
Involvement in bone resorption and formation (FGF-2)

HGF Promotes osteoblast proliferation [149, 150]
Promotes osteoblast migration
In some instances it has been found to inhibit BMP-2-induced bone 
formation

IGFs Promotes osteoblast proliferation [146, 148]
Promotes bone formation and controls resorption
Induces the deposition of type I collagen

MGF Repairs tissues [151, 152]
Improves osteoblast proliferation

PDGF Promotes osteoprogenitor migration and differentiation [146, 153, 
154]Promotes wound healing and bone repair

TGF-β Stimulates differentiation of mesenchymal stem cells to 
osteoblasts and chondrocytes

[146, 155, 
156]

Promotes bone formation
Recruits osteoblast and osteoclast precursors

VEGF Mineralized cartilage [146]
Promotes osteoblast proliferation
Control angiogenesis
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are not appropriately carried to the site of interest they can diffuse into nearby tis-
sues and form bone in undesirable locations. In general, large doses of BMPs are 
required to achieve osteogenic effects, which can be both expensive and increase the 
risk of heterotopic ossification [158]. Thus, further research into BMP delivery 
needs to be performed in order to control the release of these factors better.

Fibroblast growth factors have been found to be suitable for regeneration of a 
wide range of tissues and are key regulators of bone development [148]. In particu-
lar, FGF-2, -9, and -18 are involved in bone development and FGF signaling can 
stimulate proliferation of osteogenic cells and angiogenesis [148]. Recombinant 
FGF-2 has shown to accelerate bone repair in rabbits, but its anabolic effect is lim-
ited to the first 24 h after fracture occurs [159]. In a rabbit model, FGF-2-coated 
hydroxyapatite scaffolds were shown to greatly enhance the osteoinductive effect 
compared to uncoated implants [160].

Platelet-derived growth factor is involved in the development of embryos but 
also plays important roles in bone repair in adults. Systemic application of PDGF 
has shown to result in increased bone mineral density and compressive properties in 
rat vertebrae [161], conversely, PDGF inhibited bone regeneration in rat calvarial 
defects [162]. However, with the appropriate carrier, the opposite was true and bone 
formation was increased in rat calvarial defects [163].

Insulin-like growth factors can influence both metabolic and growth activity in 
many cell and tissue types, and of the isoforms IGF-I and IGF-II, IGF-I has been 
typically only used in skeletal reconstruction [164]. IGF-I is the most abundant 
growth factor found in the skeletal system and regulates bone development and 
osteoblasts [165]. IGF-I has also been used to increase bone formation, but this did 
not have the desired effect in young animals [166]. IGF-I delivered via PLGA mic-
roparticles was shown to enhance new bone formation, but there was little therapeu-
tic effect of using IGF-I alone for cartilage and bone repair in osteoarthritic joints 
[167, 168]. IGF-II is the most abundant growth factor in bone and both IGFs play 
important roles in stimulating osteoblast differentiation, deposition of bone, and 
collagen protein expression [169]. Insulin-like growth factors can be differentiated 
from one other by their functions, as IGF-II can induce proliferation and differentia-
tion of MSCs to osteoblasts, while IGF-I cannot, and functions to maintain and 
grow bone [169].

Transforming growth factor beta is one of the most common cytokines and influ-
ences the development of various tissues [164]. The carrier of TGF-β plays an 
important role in its activity, as single doses of TGF-β1 had no effect in rabbit cal-
varial defects but gelatin capsules enhanced bone formation [170]. Similar to this, 
TGF-β hydrogels with very rapid or very slow degradation times had no effect on 
bone formation [171].

Finally, vascular endothelial growth factor not only controls vasculogenesis and 
angiogenesis, but is involved in recruitment and activity of bone forming cells [148]. 
VEGF had been shown to enhance blood vessel formation and ossification in murine 
femur fractures [172]. In addition, VEGFs have been shown to enhance bone forma-
tion when combined with other growth factors [148].

Biomaterial Design Principles to Accelerate Bone Tissue Engineering



58

An alternative to growth factors is platelet rich plasma (PRP), which is centri-
fuged autogenous blood that contains high concentrations of cells containing vari-
ous growth factors such as PDGF, TGF-β, IGF, and VEGF [164]. PRP has been 
considered a better alternative to the single use of growth factors due to its composi-
tion of many growth factors and its cost-effective sourcing [173]. However, there 
are variabilities in success due to the preparation methods, concentration, and meth-
ods of application of PRP. In vitro, PRP has shown to induce proliferation of bone 
marrow stem cells and promote osteogenic differentiation [174]. In vivo studies 
have demonstrated various outcomes, with most improving the histological appear-
ance of bone but some reporting harmful or non-significant effects [173].

Drawbacks to using recombinant growth factors in general are their roles in 
tumor formation or negative immune reactions, which has been demonstrated for 
BMP2 and VEGF [146, 175]. As with all growth factors, the design of the delivery 
system can greatly affect the outcome of the surgery. This adds another element to 
designing a biomaterial implant. If the biomaterial includes the release of a growth 
factor, then further consideration on the kinetics of release needs to be tailored to the 
wound of interest, whether it be a short or sustained release. Interestingly, combina-
tions of scaffolds, cells, and growth factors have been shown both positive and nega-
tive results when compared to combinations of scaffolds and cells or growth 
factors [5].

8.2  �Application of Growth Factors to Tissue Engineering

In addition to printing unique structures and multiple cell types, growth factors can 
be combined with bioprinting. Growth factors, like cells, can be added to the print-
ing medium in order to drive cellular responses. Hydrogels have been effectively 
loaded with BMP-2 and VEGF in order to induce bone regeneration. In one study, 
BMP-2 was loaded into collagen hydrogels for a sustained release and VEGF was 
loaded into alginate and gelatin hydrogels for a burst release [176]. In this example, 
multiple print heads were used to create a scaffold with two different growth factors 
located in different regions of the scaffold that released at different rates based on 
material properties [176]. Bioprinting offers a simple way to incorporate various 
growth factors in order to study their interactions with cells; however, the material 
that these growth factors are encapsulated in determines their release. Further 
research needs to be performed in order to optimize these materials, especially 
materials other than hydrogels, as bioprinting is an incredibly useful tool if 
optimized.

There exist a wide variety of growth factors available to promote bone regenera-
tion, and more research needs to be investigated on how to adequately deliver these 
and control cell fate. Again, factors that can control the balance of osteoclasts and 
osteoblasts, the M1 to M2 macrophage transition, and angiogenesis need to be 
examined. Research has demonstrated that osteoprotegerin plays a critical role in 
inhibiting osteoclastogenesis, which could be potentially used as a growth factor in 
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order to maintain this balance between osteoclasts and osteoblasts [97, 98]. In addi-
tion to this, macrophage phenotype impacts the wound outcome and growth factors 
could be delivered in order to promote a more M1 or M2-like phenotype. Cytokines 
that can induce an M1 response include LPS and IFN-γ, while cytokines that can 
induce an M2 response include IL-4, IL-13, and IL-10 [13, 141, 177]. An interesting 
opportunity exists to combine these cytokines in 3D-printed scaffolds in order to 
drive a particular immune response depended on release rates and specific cytokines 
released. Finally, angiogenesis can be accomplished by introducing VEGF to scaf-
folds, and more research should involve examining blood vessel formation with and 
without this growth factor and its potential to induce vessel formation quicker in 
scaffolds. Overall, growth factor addition to implant materials holds promise, but 
more investigation must be performed on the negative outcomes of these factors, 
controlling delivery, and leveraging multiple growth factors in order to drive osteo-
genesis, wound healing, and angiogenesis.

9  �Conclusions

There are many strategies to repair bones; however, no such strategy exists without 
its drawbacks. Autografts have the greatest potential to heal but require another 
surgery within the patient’s body. Allografts and xenografts have shown promising 
results, but processing methods can destroy important components in these materi-
als. Other scaffold types are easy to manipulate and can be patient-specific; how-
ever, their results cannot yet compare to autografts. The future of bone regeneration 
involves combining these various methods to heal bone in order to achieve the prop-
erties of a biomaterial implant (Fig.  3): biocompatible materials, mechanics that 
match the properties of bone and prevent micromotion, a pore size and orientation 
that guides vessel formation and cell migration, and a material that degrades and 
allows new bone formation to occur. 3D printing can be used to print multiple mate-
rial types, unique and challenging structures, and patient-specific implants. This can 
be useful in combination with the various materials, cells, and growth factors dis-
cussed here, to one day create a biomaterial implant that addresses all necessary 
criteria. Research efforts should also focus on targeting the balance between osteo-
clasts and osteoblasts, macrophage phenotype transition, and angiogenesis. These 
can be addressed by material design, studies investigating multiple cell-type inter-
actions, and growth factor addition. Overall, there exists a vast amount of research 
and development left in the area of bone repair, and many factors need to be 
addressed. Optimizing materials, fabrication, cell types, and growth factors included 
in biomaterial implants must be accomplished in order to create the optimal bioma-
terial for bone repair.
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