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Abstract
Bone tissue engineering (BTE) as a modern and more effective treatment for bone defects has
recently received lots of attention. One of the pivotal parts of BTE is the “scaffold”, which
functions as an indwelling carrier of cells and additives, as well as, providing a foundation for cell
growth and eventually forming new, native-like bone. Up to now, many methods and materials
have been employed to manufacture bone scaffolds. This review focuses on providing both basic
knowledge of BTE as well as possible methods of scaffold manufacturing. We categorize the
fabrication methods into; current conventional methods and newly emerging additive
manufacturing (AM) techniques. The fundamental, capabilities and limitations of each technique
is investigated, and the latest achievements are presented.
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1. Introduction
Bone defects due to fractures, diseases or surgeries (e.g., tumor removal or total joint replacement)
not only can cause pain and dysfunction but also can impose staggering socioeconomic costs. Although
bone degradation with age leads directly to pain in many cases, it is considered a “silent” and
“progressive” disorder that may eventually lead to deformity and fracture. According to American
Academy of Orthopedic Surgeons (AAOS), by 2030, total hip and knee replacements are expected to
grow up to 171% and 189%, respectively. Approximately one in two women and one in four men over
age 50 will have an osteoporosis-related fracture with an accompanying 20% mortality rate within the
first year after a hip fracture. Aging US population in addition to a rise in obesity accompanied by an
increasingly inactive lifestyle further complicate the treatment of bone diseases, comprising a
burgeoning national healthcare crisis. Conventional methods to address bone-related diseases, appear
inefficient or in some cases are incompatible with the prolonged life expectancy in modem societies.
Numerous studies have shown the serious limitations and complications of conventional treatments
for bone diseases [1-7]. Despite advances in treatments for the health and quality of life, bone loss with
its consequent defects, vascularization issues, soft-tissue damage, inadequate mechanical stability and
infections remain significant challenges for patients and doctors [8]. Recently, bone tissue engineering
has emerged as an effective biomimetic technique and an alternative to current conventional bone
repairs. Similar to other areas of bone tissue engineering is considered regenerative and self-healing,
intending to induce bone growth through synergic, integrated factors such as biomaterials, physical
scaffold design, host cells and rehabilitation parameters. In other words, scaffolds made with
biomaterials can serve as templates, providing a tissue microenvironment suitable for cell viability,
adhesion, proliferation, osteogenic differentiation, vascularization, host integration and, where
necessary, load bearing [9]. One of the most promising scaffold fabrication methods particularly adept
in bone tissue engineering is additive manufacturing (AM). The term “additive manufacturing” refers
to a group of technologies capable of creating a precise, three-dimensional object one layer at a time
using metals, ceramics, polymers “resins” or biological protein “bio-inks”. Each successive layer bonds
to the preceding layer of melted or partially melted material. So far different AM processes have been
introduced for variety of research and industrial applications. Particularly in biomedical applications,
AM processes are significantly important due to their capabilities to provide extensive customization
based on specifications and requirements of each individual patient.
This review aims to provide an updated source on bone scaffolds and their fabrication methods as a
guide for the readers on this rapidly growing field. In this paper, an overview on the concepts of tissue
engineering, bone tissue engineering, scaffolds and the materials will be addressed. And then, the
conventional and new methods of fabrication will be reviewed and the strengths and drawbacks of
each method will be discussed.
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2. Tissue Engineering
2.1 Background
According to the US National Institute for Biomedical Imaging and Bioengineering (NIBIB), tissue
engineering (TE) refers to the practice of combining scaffolds, cells, and biologically active molecules
into functional tissues [10]. The goal of TE is to restore, maintain, or improve biological function of
damaged tissues or whole organs that have been lost due to congenital abnormalities, injury, disease,
or aging [11]. TE involves (1) the revival of tissues and cells from their natural biological environment,
(2) growth, proliferation and/or manipulation of the cells and tissues in vitro, and (3) reintroduction of
the cells or tissue into the biological microenvironments. Alternatively, TE can also refer to direct
regeneration in vivo. The concept of TE can even go beyond the therapeutic purposes, being used as a
biosensor for diagnostic intentions [12, 13]. Historically, as described in Sanskrit texts of India, the first
tissue-based therapies were described around 3000 years ago when skin grafting was used to
reconstruct noses that were amputated as a means of judicial punishment [14, 15]. Although in some
sense the purpose of TE hasn’t changed, being still aimed at restoring both form and function, the
history of modern tissue engineering goes back to the early 1970’s when the concept of cell-based
tissue engineering emerged. The first tissue-engineered skin was constructed by Green and his
colleagues at Harvard Medical School [16]. They introduced a technique to grow skin epidermis starting
with a skin biopsy harvested from a patient. Keratinocytes isolated from the biopsy could be
proliferated by co-culturing with a feeder layer of mouse mesenchymal cells, thus expanding the
coverage area several thousand-fold within weeks [17-19]. Also at early stages, Bell with his coworkers
at MIT developed a composite skin product reconstituting both dermis and epidermis. In their research,
the dermis is first made by seeding a collagen gel with dermal fibroblasts, which causes the gel to
contract and form a neodermis [20]. In 1990s, pioneers such as Atala with his group, started to create
bladder, skin, cartilage, urethra, muscle and vaginal organs which later some of them were successfully
implanted in patients [21]. By late 90s, several of collagen-based and other tissue-engineered skins and
cartilage products were successfully commercialized. These early successes fueled much enthusiasm,
and many research laboratories embarked on applying tissue engineering to nearly every tissue in the
body [22]. During the progression of tissue engineering over the past four decades, several technologies
(cell engineering, self-assembly, bioprinting, mechanobiology and etc.) have been introduced, allowing
the field of tissue engineering to advance quickly. Advances in molecular and cellular biology, as well
as, engineering breakthroughs such as micro and nano systems and additive manufacturing,
computational analysis and simulations significantly extended the concept of tissue engineering [2326]. Currently, even though some therapies have received approval or clearance from Food and Drug
Administration (FDA) and are commercially available, many challenges remain to be solved in order to
serve effectively the wide range of patient needs. Table 1 shows some of the FDA approved tissue
engineering products available in the clinical market.
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Table 1 Some examples of FDA Approved Tissue Engineering Therapies.
Human
Organ

Product

Company

Application

Reference

Apligraf

Organogenesis

Composite
Cultured Skin

Ortec
International

For treatment of non-infected
partial and
full-thickness skin ulcers
covering wounds and donor sites
after surgery

Dermagraft

Smith & Nephew

Treatment of wounds

[29]

laViv

Fibrocell Science

Improving nasolabial fold
appearance

[30]

Carticel

Genzyme

Repair of femoral condyle

[31]

OP-1 Implant

Stryker Biotech

Alternative to autograft in
recalcitrant
long bone nonunions

[32]

InFUSE Bone
Graft

Medtronic

Spinal fusion for degenerative
disc disease

[33]

GEM 21S

Biomimetic
Pharmaceuticals

Treatment for periodontally
related defects

[34]

[27]
[28]

Skin

Bone

2.2 Tissue Engineering: Biological Approaches
Currently there are two main approaches in tissue engineering; acellular and cellular. The acellular
approach involves the use of natural or synthetic matrices to encourage the body's natural ability to
repair itself and help the new tissue grow [35]. The cellular approach uses donor cells either alone or
implanted into the scaffold for new tissue formation [36]. In addition to blood cells, the human body
possesses around 1013 tissue cells, but not all these cells have the capability to regenerate [37]. Stem
cells are the main supplying source of cells for tissue engineering [38]. These types of cells with capacity
to continually divide, serve in many tissues as a sort of internal healing and restoration system. Stem
cells differ from other kinds of cells in the body. Remarkably, when a stem cell divides, each new cell is
potentially capable of retaining it “stemness” or differentiating into a specialized cells, such as a brain
cell, red blood cell or a muscle cell. Figure 1 shows some of potential applications of human stem cells.
The inherently unspecialized character of stem cells means they originally do not have any tissuePage 4/39
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specific structures but under certain physiologic or experimental conditions they can be induced to
express the structure of specialized cells [39]. Stem cells can be extracted from three major sources in
live human; embryonic stem cells, gestational tissue stem cells and tissue-derived adult stem cells.
Adult stem cells have been identified in many organs and tissues, including brain, bone marrow,
peripheral blood, blood vessels, skeletal muscle, skin, teeth, heart, liver, ovarian epithelium, and testis.

Figure 1 The differentiation capacity of adult stems for tissue engineering applications.
In addition to the cellular components of tissue engineering, the formation of an artificial tissue
requires the presence of a scaffold, which behaves as a template for tissue growth in both the cellular
and acellular approaches to tissue engineering. In addition to fulfilling its primary role as a cell carrier
and new tissue foundation, scaffolds can also be equipped as pharmaceutical or bio molecule delivery
vehicles (e.g., antibacterial [40-43] or growth factors [44]). As schematically shown in Figure 2, tissue
engineering is a multidisciplinary research field founded on three major components: the scaffold, the
cells, and growth factors. Although each of these areas presents challenges and complications which

Page 5/39

Recent Progress in Materials 2020; 2(3), doi:10.21926/rpm.2003021

must be addressed, this review takes an engineering and manufacturing approach to fundamental
aspects of scaffold design and fabrication.

Figure 2 The three main components of Tissue Engineering.
3. Bone Tissue Engineering
Bone is the second most transplanted tissue after the blood. Annually more than two million bone
graft operations are performed worldwide, of which almost 1.6 million take place in the USA [45, 46].
Bone grafts are being used in cases of trauma, osteonecrosis, tumor lesions, skull injury and etc. [47,
48]. Furthermore, based on the severity of the case, implementation of substitutional supportive
materials may be needed. However, in cases where donor availability is limited, or there is possibility
of disease transmission, donor site complications or even limitations of external materials to reshape
and respond to physiological conditions, bone tissue engineering is considered an alternative.
Regardless of whether bone tissue engineering occurs by providing an acellular scaffold to support
existing bone growth [49] or by providing a scaffold seeded with stem cells, which can directly
differentiate to bone cells [50] to replace a damaged section of bone, the composition and structure of
the scaffold is key [51]. In fact, a primary aim of bone tissue engineering is to produce scaffolds, which
not only act as a structure for implantation of cells, but also provide regenerative signals to cells to
enhance bone healing [52]. Despite these clear objectives and commercially successful bone tissue
engineering products such as Infuse® (Medtronic Inc., MN, USA) and ACTIFUSE (Baxter International
Inc., IL, USA) [53], achievements in this field are not meeting the huge clinical demands [54, 55]. Figure
3 shows the schematic process of bone tissue engineering.

Page 6/39

Recent Progress in Materials 2020; 2(3), doi:10.21926/rpm.2003021

Figure 3 Schematic bone tissue engineering process.
4. Bone Scaffolds
Bone scaffolds as it can been seen in Figure 4 are 3D architecture and environment, which are
designed to (1) promote cell adhesion, survival, migration and proliferation, (2) accelerate bone
remodeling, (3) provide osteoconductive structural guidance, and (4) in some cases, act as carrier for
growth factors, antibiotics or gene therapy [56-58]. With all of these functional demands, optimal
scaffolds must have certain properties as highlighted below:
• Biocompatibility: Incorporation into the host tissue without toxic effects and/or provoke an
immune reaction [59, 60].
• Biodegradability: Degradation in vivo at a controlled resorption rate that equals the bone
formation rate, so that when the lesion is fully regenerated, the scaffold has been degraded or
completely integrated [59, 60].
• Porosity: Interconnections of pores to promote vascularization, diffusion of nutrients and gases,
and removal of metabolic wastes as a result of cellular activity. It has been shown that scaffolds with a
minimum pore size of 150 μm and a mean pore size of 300 μm are optimal for bone tissue formation
[61, 62].
• Surface properties: Adhesion and proliferation of cells due to topographic features such surface
roughness [59, 60].
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•

Mechanical properties: Acclimatization to the mechanical properties of hosting bone. For
example, human cancellous bone has a compressive strength between 2 and 12 MPa and an elastic
modulus between 0.1 and 5 GPa [63]. It means the implemented scaffold in cancellous bone must the
similar mechanical properties.
• Radiolucency: Inspection and evaluation the progress of new bone formation by radiography
techniques. [59, 60].

Figure 4 Actual bone scaffold fabricated by 3D printing [64].
5. Scaffolds Materials
Ideally, the best materials for fabrication of bone scaffolds are materials which can mimic the
natural environment and function of human bone. To achieve this goal, the candidate biomaterials for
bone scaffold applications should have one or more of the following functions.
• Promote cell adhesion and migration
• Enhance vascularization
• Facilitate diffusion of vital cell nutrients and secreted products
• Support mechanical and biological functions
In this regard, different categories of materials such as metals, ceramics, polymers and their
composites have been investigated [65]. These different materials and their key advantages and
limitations are summarized in Table 2.
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Table 2 Some of biocompatible materials for bone scaffold fabrication.
Scaffold
material
Metals

Examples

Advantages

Disadvantages

NiTi

High young’s modulus
High compressive
strength
Osteogenic,
biocompatible

Not degradable

Porous tantalum
TiO2

Ceramics
Hydroxyapatite
Natural
Polymers
Synthetic
Polymers

Collagen
Chitosan

[66-59]

Brittle
[70-74]

Can be biodegradable

Prone to fracture and
fatigue

Biocompatible,
Biodegradable
Osteogenic

Low mechanical
strength

[75-77]

Tunable properties

Acidic degradation
byproducts
Rapid strength
degradation in vivo

[78- 81]

PLGA
PCL

Ion release

References

5.1 Metals
Due to formability and mechanical strength specifically in load-bearing applications, metals have
always been attractive candidates for biomaterial applications. Metals such as titanium, magnesium or
stainless steel have been used for joint prostheses, plates and screws [82]. Even though metals have
big advantages for bone scaffold applications, it should be noted that since most metals have elastic
moduli much higher than those of human bones, stress shielding and resorption of the surrounding
bone tissue can be a deleterious consequence [63]. This drawback has been solved to some extent by
increasing the porosity in the microstructure of implants, which also can have positive effect on
vascularization and cell adhesion within the scaffold. For example, He et al. decreased the elastic
modulus of a titanium scaffold from 1.22 to 0.18 Gpa, which is close to elastic modulus of cancellous
bone, by increasing the porosity from 44.2% to 65.1% [83]. The non-degradability of metals such as Ti,
Co, Al and V, is the main drawback limiting their use as scaffold material. Over time cells invade the
scaffold pores forming new bone tissues; unfortunately, the long-term presence of metals within the
tissue creates health issues such as alzheimer, infertility, neurological and cardiological symptoms [84].
One solution includes the fabrication of magnesium alloy-based highly porous scaffolds, which can
degrade in vivo by corrosion. However, even though magnesium degradation has been shown to
stimulate bone-healing, concerns remain regarding the inflammatory response to the degradation of
metals in vivo, as well as, the body’s ability to clear the corrosion products [85]. Fatigue, ion-releasing,
corrosion, lack of integration with host tissue, which can lead to the formation of fibrous tissue, and
risk of infection are other issues of metallic scaffolds [73].
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5.2 Ceramics
Ceramics have been used in orthopedic applications either as implants or coatings for implants.
Ceramics such as hydroxyapatite and tricalcium phosphate (TCP) are among the most widely used
materials for bone substitution due to their compositional similarity to bone mineral and excellent
chemical biocompatibility [73, 86]. Hydroxyapatite supports the growth of bone cells (osteoconduction)
along its surface or within the pores by providing a porous structure similar to that of natural bone [87].
Moreover, as a hydroxyapatite scaffold degrades in the body over the time, it releases calcium and
phosphate ions, which stimulates new bone formation (osteoinduction) [88]. One of great advantages
of TCP and hydroxyapatite for bone scaffold applications is that they have shown minimal
immunogenicity or toxic consequences [58]. Ceramics present high compressive strength, close to that
of trabecular bone [82] and can be manufactured into highly interconnected macroporous structures
[89, 90] thereby increasing vascularization, nutrient delivery and bone ingrowth [77, 91, 92]. Calcium
phosphate ceramics such as hydroxyapatite can present more adaptable biodegradability compared to
other ceramics [73]. One of the biocompatible ceramics, which has recently been applied for bone
tissue engineering and drug delivery system, is Laponite® (LAP). LAP is a kind of silicate based
nanoparticles with chemical formula (Mg, Li)3Si4O10(OH)2Na3 and disc-shaped morphology with the
diameter of 25 nm and the thickness of 1 nm. LAP consists of negative face charge and feebly positive
edge charge leading to strong interaction with polymers to develop nanocomposites with excellent
physical and mechanical properties. Previous studies revealed that clay based nanocomposites could
simultaneously improve durability, mechanical strength, thermal stability, gas-barrier properties,
surface characteristics and biocompatibility making them promising for various tissue engineering
applications. For instance, researches demonstrated that LAP nanoplates could promote cell
proliferation and encourage the osteogenic differentiation of human mesenchymal stem cells (MSCs)
in the lack of osteoinductive functions.
Along with the mentioned advantages, ceramics have disadvantages too, for example poor
performance in load-bearing conditions and brittleness have limited the use of ceramics in loaded bone
applications [71]. One solution is to use composites of ceramics instead of ceramic alone. For instance,
a composite of ceramic and polymer can exhibit the excellent biocompatibility of ceramics as well as
durability of polymers.
5.3 Polymers
Polymeric scaffolds are considered very good choices for bone tissue engineering due to the
excellent tunable and adaptable characteristics. In particular, biodegradable polymers, can be designed
to support tissue growth until needed and then be resorbed by the body [62].
5.3.1 Synthetic Polymers
Common synthetic polymers for bone tissue applications include poly (glycolic acid), poly (lactic
acid), copolymers of poly (DL-lactic-glycolic acid) (PLGA), polycaprolactone (PCL) and many others [93].
Fabrication of scaffolds using synthetic polymers has many advantages such as the possibility of tuning
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the mechanical properties and fabrication of complex structures as well as controlling the degradation
rate [82]. Despite the wide range of properties provided by organic polymers, the lack of bioactivity is
a major drawback of these types of materials [94]. To solve this issue, synthetic polymers have been
used as a composite with other materials. For example, cellulose nanocrystals (CNCs) were added to
polyacrylamide (PAAm) polymers matrix to improve bioactivity by increasing the biomineralization rate
[95]. Another problem associated with synthetic materials for scaffold applications is their acidic
degradation or toxic degradation byproducts, which can adversely affect the tissue growth. [73, 93].
Physical characteristics of synthetic polymers can also limit their application as bone scaffolds. For
example, poly (L-lactic acid) or PLLA is hydrophobic which consequently cause the lack of homogeneous
integration of proteins and poor cell attachment to the surface [96].
5.3.2 Natural Polymers
Natural polymers such as collagen, silk fibroin, chitosan, alginate and hyaluronic acid have recently
received attention as bone scaffolds due to their superior chemical biocompatibility, low
immunogenicity, and proven ability to facilitate cell growth [93]. One additional important advantage
of natural polymers is the possibility of tuning and optimization of process factors such as
concentration, charge, chemical addition in order to get desired properties [56]. Also, the presence of
ligands such as bone morphogenetic protein 2 (BMP-2) in natural polymers has been shown to facilitate
bone cell adhesion [86]. Natural polymer hydrogels can create 3D scaffolds with the ability to absorb
large amounts of water [97, 98]. With their soft and flexible structure, hydrogels can be used for cell
encapsulation, minimizing the amount of damage to the host tissue [99, 100]. Gelatin methacryloyl
(GelMA) hydrogels have been widely used for various biomedical applications due to their suitable
biological properties and tunable physical characteristics. Three dimensional (3D) GelMA hydrogels
closely resemble some essential properties of native extracellular matrix (ECM) due to the presence of
cell-attaching and matrix metalloproteinase responsive peptide motifs, which allow cells to proliferate
and spread in GelMA-based scaffolds. GelMA is also versatile from a processing perspective. It
crosslinks when exposed to light irradiation to form hydrogels with tunable mechanical properties
which mimic the native ECM. It can also be microfabricated using different methodologies including
micromolding, photomasking, bioprinting, self-assembly, and microfluidic techniques to generate
constructs with controlled architectures. Hybrid hydrogel systems can also be formed by mixing GelMA
with nanoparticles such as carbon nanotubes and graphene oxide, and other polymers to form
networks with desired combined properties and characteristics for specific biological applications.
Recent research has demonstrated the proficiency of GelMA-based hydrogels in a wide range of
applications including engineering of bone, cartilage, cardiac, and vascular tissues, among others. Other
applications of GelMA hydrogels, besides tissue engineering, include fundamental single-single cell
research, cell signaling, drug and gene delivery, and bio-sensing.
Some limitations of natural polymers are the difficulty in controlling their degradation rate as well
as low mechanical stability [78]. Since collagen is abundant in bone tissue [86], collagen hydrogels are
inherently biocompatible and biodegradable, highly porous, minimally antigenic and can easily be
combined with other materials [76]. A limitation of collagen-based scaffolds is the relatively poor
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mechanical properties. Silk fibroins offer excellent mechanical properties, biocompatibility and
versatility in processing [77]. Silk fibroin is environmentally stable, flexible and degradable by
proteolytic enzymes [101]. Chitosan can be extracted from skeletal materials of crustaceans,
mushroom envelopes, green algae cell walls and yeast [100]. It has been shown that chitosan has a
superior ability to promote cell adhesion and growth [56, 102]. Moreover, it can show antibacterial,
analgesic, hemostatic and mucoadhesive properties [103, 104]. Like other natural polymers, the
limitation of chitosan for use as a bone scaffold is its poor mechanical strength.
6. Fabrication of Scaffolds
Manufacturing techniques for fabrication of bone scaffolds can be categorized in two major
methods; conventional and modern methods. Conventional methods are mostly based on subtractive
manufacturing techniques in which parts of the material are removed from an initial block to reach the
desired geometry. Modern techniques are based on the concept of additive manufacturing, in which
material is successively added layer by layer.
6.1 Conventional Techniques
6.1.1 Sol-Gel Technique
Generally, sol‐gel is defined as a chemical process that involves three main steps: (a) preparation of
a liquid with colloidal particles (sol), which neither dissolve nor agglomerate (b)
condensation/polymerization of monomers of the sol (gelation) and (c) removal of the solvent [105].
The process is influenced by several parameters such as pH, temperature, concentration of the
reactants, and presence of additives. This process is mainly used for fabrication of ceramic or glass
materials in the form of ultra-fine or spherical-shaped powders, thin-film coatings, ceramic fibers,
microporous inorganic membranes, monolithic ceramics and glasses and highly porous aerogel
materials [106]. This technique has always been an attractive technique for fabrication of bone
scaffolds. For example, recently Zhang et al. [107] produced hierarchically porous hydroxyapatite bone
scaffolds by a sol-gel method and reported that in comparison with powder sintering techniques, the
sol-gel method offers the use of lower sintering temperatures, chemical purity and larger surface areas.
Low temperature of operation and the possibility of producing compositions, which are not possible by
other techniques, are among the main advantages of the sol-gel technique. However, this technique
has some drawbacks as well, for example residual organic solvents in the scaffolds might have health
implications or large volume shrinkage and cracking during drying, which can cause some mechanical
strength deterioration [108]. In terms of mechanical strength improvement, Chen et al. [109] proposed
a modified sol-gel process to fabricate sodium oxide-containing bioactive glass ceramics. They reported
structures showing improved mechanical strength, without losing biodegradability.
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6.1.2 Gas Foaming
Gas foaming is a method for creating synthetic porous structures through generation of gas bubbles
within a polymer with no need to use organic or cytotoxic solvents. In this technique, inert gas-foaming
agents such as carbon dioxide or nitrogen are used to pressurize molded polymers until they become
saturated and full of gas bubbles. The resultant sponge-like structure will have an average pore size in
the range of 30-700 μm and a porosity up to 85% [106]. As an example, for bone scaffold applications,
Giannitelli et al. successfully fabricated polyurethane-based scaffolds by gas foaming consisting of a
dense shell and a porous core thereby allowing tissue ingrowth and bone regeneration [110]. It should
be noted that even though the resultant scaffold is very porous most of the pores are closed as the
result of rapid depletion of the gas between pores [111]. Beside using high temperatures, the process
is limited in its ability to produce consistently repeatable results. Pore formation does not occur in a
predictable manner each time the technique is used. Aimed to create better interconnected pores in
the gas-foaming method, this technique has been associated with a leaching method. For example,
Harris and et al. combined gas foaming with leaching when they successfully produced PGLA scaffolds,
displaying better interconnectivity between pores and 97% porosity overall [112].
6.1.3 Freeze Drying
Freeze drying-also known as lyophilizationor cryodesiccation- is a low temperature dehydration
process. In this technique, synthetic or natural polymer is dissolved in a solvent and then the solution
is cooled below its freezing point while the pressure is intentionally decreased. These imposed
conditions lead to solidification of the solution and sublimation (transformation of solid state into gas).
The resultant would be a porous dry scaffold. One advantage of this method is the possibility to avoid
high temperatures that could adversely affect the activity of incorporated biological factors. Lengthy
procedure, high energy consumption and toxic solvents as well as irregular, small size pores (typically
less than 35μm) are among the disadvantages of freeze-drying [113-115]. To increase the pore size,
some modifications have been applied to this technique such as adding annealing process or changing
the range of freezing. In this regard collagen-glycosaminoglycan scaffolds fabricated with these
modifications and a significant improvement in pore size (85-325μm) has been reported [116].
6.1.4 Electrospinning
Electrospinning uses an electrostatic field to charge the droplets of polymer solution ejected from a
metallic needle. As the solution is ejected from the needle, it gets exposed to a very high voltage
supplied between the needle and grounded collector, drawing the jet stream toward the collector and
solidifying it to form a nonwoven fibrous membrane [114, 115]. Electrospinning is a versatile technique
in terms of processing a wide range of materials. Furthermore, nanofibers can be functionalized with
added bioactive species [117] [118], and the morphology and porosity of fibers can be manipulated by
tuning process parameters. Yang et al. [119] used a combination of PCL and chitosan to create bioactive
nanofibers by electrospinning. Pure electrospun chitosan has poor mechanical properties, and pure PCL
electrospun shows limited cell adhesion. However, a combination of polymers resulted in a significant
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increase of both characteristics and a better ability to promote bone tissue formation. A main
disadvantage of electrospinning is the use of organic solvents.
6.1.5 Powder Forming Process
This process involves creating a suspension of ceramic particles in a suitable liquid (such as water or
ethanol) to create a slurry. The next step is fabrication of a so-called green body. The methods for
forming green bodies are categorized as dry or wet processes. Among these processes, the replication
method, known as a polymer-sponge, offers the potential of forming a uniform distribution of ceramic
powders within a template, leading to both the desired pore size and interconnected pores. Chen et al.
[120] used a powder forming process to fabricate a silicate bio glass scaffold with a porosity of about
90% and a pore size ranging from 510 to 720 μm. Even though the resultant scaffolds showed
acceptable mechanical strength as well as biodegradability and bioactivity, protein adhesion to the
surface was poor, which was improved later by applying a 3-aminopropyl-triethoxysilane coating [121].
6.1.6 Solvent-Casting and Particle Leaching (SCPL)
Solvent-casting and particle leaching is a popular method to produce polymer-based scaffolds for
bone tissue. In this technique, first the polymer is dissolved in a solvent, later an insoluble salt is added
to the solution, then the solvent is evaporated out of the system. The remaining scaffold is a saltpolymer composite; the salt will eventually be immersed in the water and salt particles will be washed
out [122]. SCPL is easy to handle and does not require very expensive instruments. It should be noted
that highly porous scaffolds and the ability to tune the pore sizes are the main advantages of this
technique, providing the ability to make scaffolds like the structure of real bone. [106,115]. However,
the technique is limited to simple shapes and the remaining toxic solvents in the structures are the
drawbacks of SCPL [123-127].
6.1.7 Thermally Induced Phase Separation (TIPS)
Thermally induced phase separation is a method for preparing a polymeric scaffold by mixing the
polymer with a solvent at high temperature and casting the solution into a film. As the solution is
cooled, it separates in two phases: one polymer-rich and the other polymer-poor. The polymer-rich
phase solidifies and the polymer poor one is removed, leaving a highly porous, nanoscale fibrous
network. TIPS is one of the most versatile methods to produce porous polymeric scaffolds. One of the
advantages of this technique is the possibility to obtain a well-interconnected polymer network with
an easy-to-tune, fast and adaptable process. As a function of the separation conditions, it is possible to
obtain a wide range of different morphologies with various characteristics, such as: open or closed
pores, fibrous structure, membrane/like architecture, etc. [128-131]. Some polymers that have been
used with this technique are polylactic acid [132], polyurethane [133], polycaprolactone [134], etc.
Despite being a simple technique, phase separation remains a laboratory-scale procedure that is limited
to a few polymers [135]. Extra heat treatment such as annealing is needed to compensate the effects
of rapid evaporation and induced stresses [136].
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6.1.8 Microsphere Sintering
In this method, a microsphere composite of ceramic and polymer that is produced by the
emulsion/solvent evaporation technique, is sintered and 3D porous scaffolds are obtained.
Microsphere-based scaffold fabrication techniques have attracted attention because these scaffolds
may provide excellent initial mechanical properties and allow for controlled release of bioactive
molecules to promote tissue regeneration [137]. In terms of strength, scaffolds made of sintered
microspheres show excellent mechanical properties comparable to cancellous bone. Time, duration,
and temperature are key process factors in this technique and optimization of process parameters in
order to reach the desired porosity and strength seems necessary. For example, higher temperature
and a longer time give superior fusion of microspheres, a smaller pore size with lower porosity, and
better mechanical properties [138-141]. Since this process deals with high temperatures, it is not
possible to implement the bioactive species into the microstructure of scaffold as processing.
Table 3 Advantages and disadvantages of conventional methods for fabrication of bone
scaffolds.

Method

Main Advantages

Main Disadvantages

Reference

Sol-Gel

Low temperature
process, chemical purity,
very porous structure

Residual organic solvents,
large volume shrinkage and
cracking during drying

[109]

Gas Foaming

No organic or toxic
solvent

Inconsistent process, high
temperatures, closed pores

[111,112]

Freeze Drying

Highly porous scaffold,
Low temperature
process

Lengthy procedure, toxic
solvents, irregular and small
size pores

[113-115]

Electrospinning

Versatile technique,
control on morphology
and porosity of fibers

Organic solvents

[117,118]

Powder Forming

Desired pore size and
interconnected pores

Poor mechanical strength
poor cell adhesion

[120,121]
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Solvent-Casting
and Particle
leaching (SCPL)

High scaffold porosity
and the feasibility to
tune pore size

Limitation to simple shape
scaffolds, harmful residual
solvent

[123-127]

Thermally
Induced Phase
Separation (TIPS)

Versatile technique, fast
and adaptable process.

Difficult to precisely control
the scaffold morphology ,
extra post heat treatment
might needed

[128-131]

Microsphere
Sintering

Excellent mechanical
properties

High temperature process

[138-141]

6.2 Additive Manufacturing Techniques
Since 1986 when the first commercial AM technique was introduced by 3D System ® , AM methods
have been widely specialized and expanded over the years [142]. Recently AM has touched many
industries from agriculture to automotive and military but one of the most promising sectors that AM
is revolutionizing is the biomedical industry. Due to the possibility of integration with medical imaging
systems to obtain customized models and, in some cases, incorporation of biomolecules or drugs, AM
provides solutions to health problems, unreachable until a few years ago. In bone tissue engineering,
AM techniques are now well accepted as precise and reliable manufacturing techniques and are rapidly
gaining popularity. In the following sections, the most common AM techniques, which can be used for
fabrications of bone scaffolds, will be discussed.
6.2.1 Stereolithography Apparatus (SLA)
Stereolithography Apparatus or simply stereolithography, also known as Photopolymerization, is
the first AM technique. Proposed by Hull in 1980’s [143], it’s still one of the most widely used AM
techniques. SLA uses an ultraviolet light or laser focused on a free surface of a photosensitive liquid
resin to induce polymerization and transform that region into a polymerized solid [144]. The process
of SLA involves with following stages [145, 146]:
• Light emits to the surface of a photopolymer solution based on the designed pattern.
•
UV light transforms the liquid resin into a solid to form the first layer of design on a portable
platform.
• The platform moves down and again light emits to the expected points of design. Following the
same steps, the desired geometry forms layer by layer.
• As desired geometry is completed, the reaming solution will be removed.
• Post-processing steps such as polymerization improvement or surface polishing might be
needed.
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Figure 5 Schematic view of SLA method, Image courtesy of Machine Design® Co [147].
SLA can provide the highest resolution among all the AM techniques. The average achievable
resolution is around 150 μm; however, with recent instrumental improvements, resolutions as small as
0.5 up to 10 μm are even possible [148-151]. The main drawback of the SLA method is its limitation to
photosensitive polymers or their composites. Historically, photosensitive polymers were not
biocompatible, limiting the use of SLA for fabrication of tissue engineering scaffolds. Despite this
limitation, the advantages of the SLA method were captured by using it indirectly. For instance, Levy
and his colleagues in 1999 [152, 153], mixed a non-biocompatible, photosensitive acrylic polymer resin
with Hydroxyapatite (HA) powder. Although the object fabricated by SLA had the desired shape, the
final product had to undergo a heat treatment process in order to remove residual acrylic resin. Even
though the technique was successful, the possibility of remaining toxic resins in the structure of scaffold
is not acceptable. Later due to the development of biocompatible, photocurable polymers, SLA received
more attention for fabrication of bone scaffolds. Matsuda et al were the first researchers implementing
SLA using biocompatible polymers [153]. It should be noted, despite the progress on biocompatible,
photocurable polymers, the number of such polymers remains limited [155]. Some researchers have
reported disadvantages such as shrinkage of the structure during the production process, as well as in
some cases instability of the printed part during the process and the need for fixtures and complications
of loading bioactive agents into the structure [146]. Recent advances in stereolithography has solved
aspects of these limitations. For example, a multi-material stereolithography (MMSL) machine has been
developed, which enables the use of multiple materials for fabrication of an object [156]. Another
improvement in SLA instruments is increasing the speed of manufacturing by implementing a digital
micro-mirror device. By using this innovation instead of point to point light exposure, the machine
applies arrays of many independent-rotating mirrors to the larger areas of the pattern in a way that a
complete layer of resin can be cured at once, significantly decreasing the production time [157]. Other
improvements on manufacturing speed were accomplished by continuously providing a layer of liquid
instead of a step by step process of liquid solidification with stopping intervals [158]. Another important
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progress on SLA systems is the possibility of encapsulating cells or bio-agents, which finally made this
technique applicable in tissue engineering, especially in bone scaffolds fabrication [159,160].
6.2.2 Selective Laser Sintering (SLS)
In SLS a high-energy laser beam sequentially fuses particles directly into complex, net-shaped, 3D
objects in a layer-by-layer manner, which is controlled by computer. The powders can be thermoplastic,
metal, ceramic or glass [161,162]. In fact, in this technique, the model is analyzed and then the design
is segmented into thin cross sections, typically less than 0.25 mm. Later, these cross sections are used
as building layers of the object [163]. This technique generally includes the following steps.
i. Sequential preparation of a powder bed in a way that a new layer will be placed on previous
one.
ii. The light touches special points of the powder bed according the desired pattern.
iii. Remaining non-sintered powders will be removed.

Figure 6 Schematic view of SLS method, Image courtesy of 3DEO Co [164].
SLS has received much attention in bone tissue engineering due to the easy fabrication of
complicated scaffold architectures; moreover, the technique is very versatile in terms of using a wide
range of materials. It has shown that both the mechanical properties and the geometry of bone
scaffolds manufactured by SLS are directly dependent on infused sequential layers and process factors
such as particle size, temperature of the powder bed, the intensity of the beam, scan speed and hatch
distance [165-169]. Recent experimental studies have shown that the preferred particle size is 10150 μm [170]. As the speed of laser scanning decreases, particles will be exposed to the beam for longer
time, which makes better sintering between particles [171-175] and therefore can determine the
porosity of the structure. Another factor that affects the porosity is Hatch spacing as shown in Figure
7, which is recommended to be equal to or larger than the laser beam spot size to prevent overlap
scanning (which can cause double melting or sintering) and provide adequate connectivity [162].
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Figure 7 Hatch spacing in SLS method [176].
The main disadvantage of SLS refers to the poor mechanical strength of the fabricated scaffolds,
which significantly limits the application of scaffolds, particularly in sites under load [177,178]. To solve
this issue, in 2014, Feng et al. [179] added one more sintering step to SLS and called it novel two step
sintering. In this method, after the first stage of sintering, the second sintering at a lower temperature
is performed to keep the grain size at the nanoscale and to simultaneously improve the density through
using grain-boundary diffusion. Another disadvantage could be the residual, non-bound material in the
structure of scaffold and possibility of extremely rough surfaces. In terms of materials, several materials
have been used for fabrication of scaffolds so far. One of the first bone scaffold made by SLS was
successfully performed by Tan and his colleagues in 2003 [180] using polyetheretherketone (PEEK) and
HA as scaffold materials. Later polycaprolactone (PCL) [167] and hydroxyapatite nanomaterials
[181,182] were also used to fabricate scaffolds by SLS. Poly (Hydroxybutyrate-co-Hydroxyvalerate) TriCalcium Phosphate (PHBVTCP) is one of the materials which has been used to fabricate bone scaffolds
using SLS in several studies and has shown good bioactivity and acceptable strength [183-186]. Some
scaffolds, on the other hand, are built using natural components such as cellulose, different
polysaccharides, or collagen [187].
6.2.3 Fused Deposition Modeling (FDM)
FDM is based on the extrusion of a feedstock polymeric filament through a heated nozzle to deposit
on a platform to build parts layer by layer. Like other AM techniques this technique is also controlled
directly by a computer-aided design (CAD) system. FDM can be called the most prevalent AM technique
because it constitutes almost half of the AM machines in the current global market. The FDM system is
schematically shown in Figure 8 and the process basically involves the following three steps:
i.
Drive wheels supply the filament into the nozzle.
ii.
The filament is melted inside the extruding nozzle.
iii.
The melt is extruded and continuously deposited on a platform via layer by layer deposition.
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Figure 8 Schematic view of FDM method, Image courtesy of 3DEO Co [164].
It should be noted that the thickness of each depositing layer which is controlled by the movement
of the platform is a very important factor for the mechanical properties of the final bone scaffold. Other
important factors are the diameter of nozzle and the extrusion rate [188]. The resolution of FDM is a
very delicate issue and can be easily affected by parameters such as exact synchronization between
rotation of feeding wheels and the movement of the nozzle. The thermal behavior of the polymer and
the amount of retained heat can also cause some unwanted deformations. This can become even more
prevalent if a very porous and discontinuous scaffold is desired. One of the main drawbacks of FDM is
the limited materials that can be used in this technique, which must be polymers with specific
thermoplasticity, viscoelasticity and melting/solidification properties.
Recently, composite materials of polycaprolactone (PCL) were used to fabricate scaffolds by
employing FDM, and it was reported that the scaffolds supported cell growth in vitro [189-192].
Furthermore, Rohner et al. [193], reported 14.1% generation of new bone in a pig model after three
months, using PCL scaffolds prepared by FDM and coated with bone marrow. Several clinical studies
have also shown that PCL scaffolds manufactured by FDM have favorable biocompatibility and a low
cost of manufacturing, leading to approval by the US Food and Drug Administration for use in human
bone tissue [194-197]. Currently commercialized products manufactured by FDM include Osteoplug™
and Osteomesh™ (Osteopore), which are thin interwoven meshes and three-dimensional implants
respectively as it can be seen in Figure 9.
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Figure 9 Osteomesh™ (left) and Osteoplug™ (right), Image courtesy of Osteopore Co [198].
As mentioned earlier, FDM is considered a limited technique in terms of materials, since only
filament-shaped thermoplastic polymers can be used. Hence, in an effort to expand the repertoire of
useable materials to include pellets and powders, it was suggested that melt extrusion might be used
prior to FDM [146]. One of the innovations arising from FDM was using air pressure instead of rollers
to push the molten polymer into the nozzle. Additionally, FDM could be combined with other
techniques such as 3DP as presented by Kang et al. [199].
6.2.4 Powder Three-Dimensional Printing (3DP)
The powder 3D printing process begins with the powder supply being raised by a piston and a
leveling roller distributing a thin layer of powder to the top of the build chamber. A multi-channel inkjet print head then deposits a liquid adhesive (wax, cyanoacrylate glue, epoxy and etc.) to targeted
regions of the powder bed. These regions of powder are bonded together by adhesion and form one
layer of the part. The remaining free standing powder supports the part during the build. After a layer
is built, the platform is lowered and a new layer of powder added, leveled, and the printing repeated.
After the part is completed, the loose supporting powder can be brushed away and the part removed.
The schematic view of 3DP process is presented in Figure 10. Using 3DP, scientists can fabricate
individualized bone scaffolds for the repair of complicated bone defects. For example, Grayson et al.
successfully utilized the CAD/CAM 3DP system to engineer personalized, clinically sized, and
anatomically shaped bone graft for the repair of a human temporomandibular joint [200].
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Figure 10 Schematic view of 3D powder printing method, Image courtesy of 3DEO Co [164].
The 3D powder process basically involves with following five steps:
i.
Powder bed is prepared.
ii.
Based on CAD file, binder is deposited on powder according desired pattern.
iii.
The next powder layer is added mechanically, which binds to already deposited binder.
iv.
The same above sequences are repeated until the final object is fabricated.
v.
The extra unbounded powders are removed.
The remarkable advantage of this technology is in its capability to use wide range of materials
including polymers, metals, ceramics and composite materials [201]. Another advantage of 3DP is the
ability to use different materials in the same object. One disadvantage could be the limitation of 3DP
to the powder form of materials and also in some cases the need for extra processing such as sintering.
Heat treatments such as sintering not only can induce shrinkage and cracks in scaffolds but adversely
affect the incorporation of bioactive molecules and drugs during the process [202-204]. The quality of
bone scaffolds made by this technique are affected by several parameters, but the main ones are: flow
ability and powder particle size. Low flow-ability results in poor powder compaction and decreased
mechanical strength [205]. The optimum particle shape and size for printability is spherical particles
with an average diameter from 20 to 35 μm [205, 206]. Other factors such as binder drop volume, layer
thickness, powder packing density, and powder wettability may also affect the quality of bone scaffolds
[207,208]. Another drawback of the 3DP process is the residual, non-bound material trapped in
complex geometries and the possibly of extremely rough surfaces [209].
6.2.5 Bioprinting
The function of bioprinters is similar to other 3D printers, with one significant difference. Instead of
using printing materials such as plastic, ceramic or metal, they print layers of biomaterials, including
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proteins and living cells, in order to form tissue-like structures. Basically, to be able to print, cells need
some sort of support in the form of synthetic or organic glue, dissolvable gel, collagen, etc. The cells
can be precisely distributed, attach, stabilize and grow on these supportive mediums. Bioprinting
technology provides precise cell distribution control [210-213].

Figure 11 Schematic illustration of bone bioprinting.
It should be noted that this cutting edge aspect of additive manufacturing is very young and
extensive developments needed to be accomplished before fully functional human organs can be
printed and transplanted into the body as it is shown in Figure 11. To date, this technique has been
mostly used to fabricate hydrogels [214]. However, hydrogels are not very attractive for bone tissue
engineering due to inadequate stiffness and mechanical instability [215]. Other reported disadvantages
of bioprinting are low resolution and the need to accurately match the printing cells and the liquid
carrier medium. Based on instrumentation, bioprinting technology can be categorized into different
methods, the most popular ones are jetting, extrusion and laser based printing [210-213]. Jetting-based
bioprinting is a non-contact technique in which 2D or 3D structures are fabricated by using bio-ink
droplets layered onto a substrate [216]. Extrusion-based bioprinting systems dispense continuous
filaments of a material consisting of cells mixed with hydrogel through a micro-nozzle. This technique
uses piston or pneumatic pressure to fabricate 2D or 3D structures. After printing 2D patterns,
hydrogels are physically or chemically solidified usually by cross linking and 3D structures are fabricated
by stacking patterns in a layer by layer fashion [217, 218]. Laser-based bioprinting uses the energy of
laser to transfer the cells. In fact, the embedded cells in upper layer (donor layer) are induced and
extruded downward onto the collector layer based on designed pattern [210-213]. Figure 12 shows
different methods of bioprinting.
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Figure 12 Different methods of bioprinting [219].
Table 4 Advantages and disadvantages of additive manufacturing techniques for fabrication
of bone scaffolds.
Method

Advantages

Disadvantages
Shrinkage and
High resolution, ability instability of structure
Stereolithography
to manufacture highly during process,
(SLA)
complex 3D objects
difficulty to load cells
into the structure
Low mechanical
High geometrical
properties, the residual
design freedom, high
Selective laser
non-bounded materials
flexibility, and near
sintering (SLS)
in geometries and
net shape
possibly highly rough
production
surfaces
Low resolution, long
Portability and
Fused deposition
working time, limited
simplicity, cost
modeling (FDM)
shape complexity,
effective
gradual deformation
Wide range of
Threematerials, the ability Residual non-bound
dimensional
use of different
powder in scaffold, rough
printing (3DP)
materials in the
surfaces
same object
Desired distribution
Low resolution , still
Bioprinting
of live cells in
more development
scaffold
needed

References

[156,157]

[174,175]

[146,194]

[197-199]

[209,210]
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7. Conclusion and Discussion
Current treatments for bone defects do not meet the whole patient expectations, especially by
considering the growing life expectancy in recent decades. The emergence of bone tissue engineering
as a significant multidisciplinary approach to treat bone issues, has opened a new horizon for a more
effective, less invasive lifetime treatment of bone defects or bone loss. Bone scaffolds play a pivotal
role in bone tissue engineering and there are many methods how to manufacture these biomimetic
structures. Bone scaffolds can be fabricated either by conventional methods or by additive
manufacturing. Conventional methods are limited in their abilities to control the required scaffold
structures in terms of porosity, shape, size, distribution and interconnectivity of pores in the entire
structure. Due to manufacturing conditions, it is almost impossible to include live cells within the
process of conventional methods. Undesired distribution of pores might adversely affect the cell
distribution and eventually affect the formation of new tissue. Also, the remaining organic solvents in
the microstructure of scaffolds, can have negative impact on the viability or function of cells. However,
these techniques are still being used due to minimal instrumentation and low-cost products.
Additive manufacturing is revolutionizing all sections of tissue engineering. In the case of bone
tissue, AM has provided unique advantages in fabrication of bone scaffolds that are almost impossible
to achieve by other techniques. AM can produce a porous scaffold with individual external shape and
porous internal structure. Due to more precise control of the size, geometry and distribution of pores
along with the ability to tune the mechanical and chemical properties of scaffolds, AM has enabled
tissue engineers to mimic the structure of natural bone as much as its possible. Moreover, since AM
techniques do not use toxic solvents, the biocompatibility of scaffolds is significantly improved.
Additionally, it is possible to use two or more materials in different parts of scaffolds if needed. Despite
the very good resolution of SLA and SLS techniques, their applications are very limited in fabrication of
bone scaffolds. SLA is not commonly used for bone tissue applications due to the limited
biocompatibility of the necessary photosensitive polymers. SLS is also is not widely used for bone tissue
applications due to the high intensity laser beam, which can degrade the polymer. FDM does not have
very good resolution and the applicable materials are limited; however, since the process is solventfree and very clean, it’s probably the best technique to incorporate live cells, potentially explaining why
PCL bone scaffolds created by FDM have received FDA approval. 3DP is applicable with a long list of
biocompatible and biodegradable materials but still requires a very careful selection of binder. 3DP also
requires intensive and time-consuming optimization of various parameters. Recently bioprinting has
received lots of attention especially for trial printing of soft tissues using hydrogels, but in the case of
bone scaffolds, more developments are needed to increase the printing resolution as well
biocompatible glue or resins applicable for bone scaffolds.
Even though bone tissue engineering is rapidly growing, a long list of technical, biological and
medical challenges must be addressed and solved in order to reach wide clinical applications. The
proper scaffold, size, shape, interconnectivity of pores, surface roughness and correct choice of
manufacturing method are all technical challenges, which need to be solved for bone tissue
engineering. Furthermore, numerous in vitro and in vivo tests should be performed to ensure cell
viability, survival and growth on the scaffolds. Finally, not only should the condition and expectations
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of patients as well as surgical procedures be fully considered and clarified for bone tissue engineering
to become a reality, but also standardized procedures and quality control verifications need to be
established to facilitate FDA approval and clinical commercialization.
Bone growth and remodeling still need more development of growth factors, and also better
adaptability of fabrication process and manufacturing instruments which probably are most challenging
aspects against wide commercial applications of tissue engineered bones. From biological standpoint,
still important improvements needed. First of all, cell migration phenomena which leads the cells to a
bone healing sites must be further understand. Moreover, how the growth factors interact with each
other and with cells, preferable intracellular pathways and the way they can be activated/inactivated
are the subjects that really need more research. From materials standpoint, new generation of
biomaterials based on the molecular modifications are needed to stimulate specific interactions with
cell integrins, direct cell proliferation, differentiation and extracellular matrix production and
organization. Self-assembled materials, surface modifications such, and finally materials with
appropriate porosity, degradation rates, and mechanical properties would be highly favorable. From
manufacturing standpoint, new methodologies must be more improved in a way that could show more
adaptation with live cells. The future techniques not only need to be extremely precise but also need
to perform in absolutely controlled atmospheres with least minimum chemical contaminants.
Moreover, the nature of research in bone tissue engineering is also critically important. In other words,
beside technological and manufacturing progress, any development in this field, must be supported
and monitored by a combination of clinical experiences, biological principles, medical necessity, and
commercial practicality. By performing, comprehensive research projects from various disciplines, the
gap between bone tissue engineering research and the translation into clinically available tissue
engineered bones, can successfully be connected.
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