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Abstract: Tissue engineering is an emerging therapy that offers a new solution to patients 

suffering from bone loss. It utilizes cells derived from such sources as a patient’s own bone or 

bone marrow, which are laboratory-isolated, grown (so they multiply in number), and placed 

onto a degradable material, or scaffold, that has mechanical/chemical properties appropriate to 

the bone section that it is replacing. The cells plus the scaffold are then grown in a container, 

or bioreactor, which is necessary as it provides the correct environment required for the cells 

to proliferate, differentiate, and to produce extracellular matrix. The following review focuses 

on the use of osteoblasts for bone tissue engineering.
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Osteoblasts, osteocytes, and osteoclasts
The musculoskeletal system of the human body acts as a scaffold while enabling 

its various activities and protecting the vital internal organs.1–3 Bone also helps in 

maintaining the mineral homeostasis and provides a niche for hematopoietic stem 

cells.1,3,4 Bone is constantly undergoing remodeling and is a highly dynamic tissue 

with good regeneration capacity.1,2 It is made up of 25% water content, with collagen, 

along with other organic proteins, forming around 30% of the solid portion, and the 

rest, 70%, is made up of the inorganic mineral hydroxyapatite. The collagen provides 

the bone with tensile strength and flexibility, whereas mineralization increases the 

stiffness and the compressive strength of the bone at the expense of its energy-storing 

capacity.

Types of bone cells
There are three major types of mature bone cells within the body: osteocytes, osteo-

clasts, and osteoblasts. Their roles are demonstrated schematically in Figure 1 in 

addition to osteoprogenitors.1–3,5

Osteocytes, the most abundant cells in the bone, are derivatives of the termi-

nally differentiated osteoblasts and are present in the lacunae within the mineral-

ized matrix. They have around 80 cytoplasmic processes that are 15 µm in length 

and form a three-dimensional network – a connected cellular network – which 

makes them sensory cells in the bone for mechanotransduction.6,7 Osteoclasts 

(of macrophage lineage) are responsible for bone resorption and can be recog-

nized by their multinuclearity and positive tartrate resistant acid phosphatase 

staining.1,5
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Osteoblasts (“osteo” = bone, “blast” = germ or  embryonic) 

are secretory cells, forming unmineralized collagen-rich 

osteoid (in which subsequently the mineralization occurs) 

comprising bony matrix proteins such as type I collagen 

and other non-collagenous proteins such as osteopontin, 

osteocalcin, osteonectin, osteoprotegerin (OPG), bone mor-

phogenetic proteins (BMPs), and glycoproteins.2,3,5,6 They are 

mononuclear cells, around 15–30 µm in size, with a spherical 

nucleus and abundant basophilic cytoplasm comprising rough 

endoplasmic reticulum, golgi apparatus, and mitochondria, 

along with active cytoskeletal proteins.3,5 During osteoblastic 

differentiation, progressive stages of cell maturation and dif-

ferentiation have been characterized from osteoprogenitors 

to the osteocytes and lining cells.8

Osteocytes, osteoblasts, and to some degree osteoclasts 

form an interconnected network allowing for communication 

and transport between the osteocytes deep within the tissue 

and the osteoblasts and osteoclasts located within the vicinity 

of vascular spaces and bone surfaces to which the loads are 

conveyed.6,7 The neighboring osteoblasts and osteocytes are 

connected with numerous gap junctions that allow coordi-

nated cellular activity, whereas the intercellular communica-

tion in the form of a calcium signal exists between osteoblasts 

and osteoclasts and among osteoclasts via P2Y and P2X
7
 

receptors, respectively.7,9,10 Committed stromal cells of 

osteoblastic lineage through cell-to-cell contact encourage 

the differentiation of osteoclastic progenitors and their fusion 

to form multinucleated active osteoclasts.11,12 Similarly, the 

osteoclasts exert control over the osteoblasts, depending on 

their stage of differentiation, and the coupling is influenced by 

the catabolic effect induced by parathyroid hormone (PTH), 

receptor activator for nuclear factor κB ligand (RANKL), as 

well as its reversal by soluble antagonist osteoprotegerin.1,3,8 

This communication network is illustrated in Figure 2.

Role of osteoblasts in development, 
function, and repair of bone 
and consequences of osteoblast 
dysfunction
Embryology
Embryologically, bone is derived from the mesenchymal 

condensations via intramembranous or endochondral ossi-

fication.1,3,5,13 In the former case, the bone is formed via 

the mesenchymal stem cells (MSCs) (or otherwise termed 

osteoprogenitors) differentiating directly into osteoblasts 

by expression of transcription factors such as core bind-

ing factor alpha-1 (Cbfa-1)/runt-related gene 2 (RUNX2), 

SP7/osterix (a zinc containing nuclear factor), Msx2, and 

various bone-related proteins within the membranes of con-

densed, vascularized primitive mesenchyme at the ossifica-

tion centers.3,6,13–16 The osteoblasts proliferate around the 

newly formed blood vessels, laying down the bony matrix 

and enclosing themselves. In the case of the latter, initial 

intermediate cartilage is observed at the epiphyseal ends 

of the embryonic long bones.1,13 Chondrocytes expressing 

type II collagen lay down the cartilaginous matrix, which is 

consequently penetrated by a blood capillary network. This 

blood vessel-invaded cartilage subsequently matures as 

Osteoclast

Osteoblast

Osteoprogenitor

Osteocyte

Figure 1 Bone remodeling is a continuous process in vivo, is vital for the healing 
of normal and microfactures, and is responsible for the adaptability of our bones to 
various loading conditions.
Notes: Left: osteoclasts break down bone tissue through resorption. Center: this in 
turn causes the bone progenitor cells to be recruited to the area and to be differentiated 
into osteoblasts, while the osteoblasts already present, lining the surface of the bone 
tissue, proliferate. Right: the osteoblasts reform bone through a process called 
ossification, while some of them differentiate into mature bone cells – osteocytes.
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Inflammation
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Figure 2 The two bone cell types responsible for bone remodeling and their origins.
Note: Osteoclasts, descending from hematopoietic stem cells, break down 
bone, while osteoblasts, descending from mesenchymal stem cells, lay down new 
extracellular matrix and thus reconstruct bone.
Abbreviations: IL, interleukin; TNF, tumor necrosis factor; MMP, matrix 
metalloprotease; BMP, bone morphogenetic protein; FGF, fibroblastic growth 
factor; vEGF, vascular endothelial growth factor; PDGF, platelet-derived growth 
factor; TGF, transforming growth factor; IGF, insulin growth factor.
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type X collagen is produced by hypertrophic  chondrocytes. 

This initiates calcification of the local extracellular matrix. 

The growth of cartilage pushes the epiphysis from the 

shaft, and on the other side the osteoblasts invade, progres-

sively replacing the cartilage. Simultaneously, remodeling 

by the osteoclasts forms the marrow cavity and shapes 

the bone.

Role of osteoblasts in bone repair  
and influencing factors
Osteoblasts are an important player in the formation, growth, 

and repair of the bone, as they are solely responsible for forma-

tion of the bony matrix. Bone development and repair are finely 

coordinated by the balance between resorption and creation of 

the bone matrix by osteoclasts and osteoblasts, respectively.1,2,17 

Together, they form basic multicellular units, present in the 

vicinity of the vascular spaces and bone surfaces, responsible 

for bone modeling and remodeling via the “RANKL-RANK-

osteoprotegerin” axis.7,8,18–20 Following any trauma to the bone, 

disruption of the vasculature leads to haematoma formation and 

recruitment of the osteoprogenitor cells from the endosteum and 

periosteum to the fracture site.2,14 Subsequently, there is direct 

intramembranous bone formation in the periosteum, leading to 

the formation of the callus with simultaneous angiogenesis. The 

process is then completed by osteoclasts, which remodel the 

fracture site to achieve an appropriate geometry.1,2 Shirley et al 

have reported that some of the osteoblasts involved in fracture 

healing are systemically mobilized and recruited to the fracture 

site from the remote bone marrow via circulation.21

At the diaphysis, the diameter of the bones increases by 

appositional ossification. This is where the aligned osteo-

blasts deposit extracellular matrix beneath the periosteum, 

forming ridges and pockets that entrap the blood vessels. 

These ridges then fuse, encircling the blood vessels and the 

osteoblasts that laid down the matrix, forming the typical 

osteon.1,3,5 Osteoblastic activity is influenced by various 

factors like BMPs, fibroblastic growth factors, transform-

ing growth factor-β, platelet-derived growth factor, vascular 

endothelial growth factor (VEGF), insulin growth factor-1, 

LIM-mineralization protein-1, prostaglandins, interleukins, 

and reactive oxygen species.1–3,6,14,22,23 Bone formation and 

nourishment also require optimal concentrations of oxygen. 

As bony tissue is highly dense, the nutrients cannot be dif-

fuse over long distances and they therefore require a highly 

efficient vascular supply.2 It is important to understand these 

physiological mechanisms of bone development and repair, 

as they guide us in the choice of ideal conditions and bio-

chemicals to engineer viable bone grafts.

Role of angiogenesis in osteogenesis
Angiogenesis is also an important part of osteogenesis 

during development and fracture repair and is executed by 

the osteoprogenitor cells from the marrow present in the 

medullary canal of the bones.1,14,24 Any alterations in the 

vascular supply to the bone tissue could lead to various 

skeletal pathologies, such as osteonecrosis, osteomyelitis, 

or osteoporosis.14 VEGF has been demonstrated to be con-

stitutively expressed in three-dimensional environments 

in vitro studies by the preosteoblastic cells (as detected by 

gene expression analysis) within 1 week.25 VEGF-A plays 

an important role in the process of endochondral ossification 

due to its chemoattractive and proliferative properties on 

primary osteoblasts as well as MSCs in a dose-dependent 

manner (at a reported concentration of 10 ng/mL).26,27 In an 

in vivo study conducted by Kleinheinz et al in rabbits, filling 

the mandibular defects with rhVEGF incorporated collagen 

showed increased density of bone with persisting higher 

numbers of blood vessels as compared to control cases by 

day 14.28 VEGF acts indirectly by stimulating the synthesis 

of CCN1, which is an extracellular matrix signaling molecule 

that has been implicated in neovascularization through its 

interactions with several endothelial integrin receptors and 

osteoblasts during a fracture healing in mice model.24

With these very different methods that the body uses 

to develop and repair bony tissue, we can draw useful 

information. We will refer back to these biological processes 

later in the review. It is also worth noting that mechanical 

stimuli in vivo helps in the proliferation of the cells and can 

lead to increased production of the extracellular matrix and 

expression of relevant genes in the bone cells.29–31

Impact of bone dysfunction
Defects in differentiation and function of osteoblasts 

have a large impact on the skeletal system, as evidenced 

by numerous genetic and acquired diseases of the skel-

eton.1,6 The bone loss or dysfunction due to degenera-

tion,  pathology, or trauma leading to interference of the 

normal skeletal environment is one of the major health 

concerns with huge socioeconomic implications. The 

growing elderly population (the projected annual increase 

being 2%–3% in the global 65-plus  population) is also 

leading to an increase in bone-related degenerative 

diseases such as osteoporosis, which is due to the hor-

monal changes and oxidative stress related to aging.2,8,32,33 

The reduction in the bone mass during aging is mainly due 

to a decrease in the number of the osteoblasts rather than 

their functioning capacity, which could be due to reduced 
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osteoblastogenesis or increased apoptosis.1,34 Each year, 

there are some 150,000 fractures due to osteoporosis.35,36 

According to the National Osteoporosis Society, each 

year the National Health Service has to spend a mas-

sive amount of money as a result of osteoporosis-related 

fractures, and the total cost of treating hip fractures 

alone amounts to more than £1.73  billion in the United 

Kingdom.36 It is also important to consider the indi-

vidual patient’s viewpoint, as bone diseases have a troubling 

impact on patients’ overall physical and mental health that 

may ultimately conclude in premature death. Day-to-day 

functioning is severely restricted due to significant pain 

and limitation of movement leading to complications 

like pressure sores or increased infections. Often there is 

also a detrimental impact on the confidence of an elderly 

individual, leading to psychological consequences due to 

potential deformity and fear of falling.36

Current therapeutic strategies
There are several methods currently to treat bone defects, 

and typical therapies are described in the schematic in 

Figure 3. The pros and cons for each technique are also 

listed.

Though bone has a good regenerative capacity, sometimes 

repair in large defects requires aid for optimal healing.6,37 

Routinely, the first option in bone diseases is reconstructive 

Pros:

Cons:

Cell-based
therapy

Iliac graft Tissue
engineering

Pharmaceutical
treatment

Gene-
therapy

Bone fracture
Bone non union/
Large size defect

Osteogenesis
imperfecta Osteoporosis

Ailments

Treatments

− Gold standard − Cells can be
   harvested from
   patient and
   expanded
− Easier and
   faster then TE

− Cell number can
    be limited
− Can only treat
    small defects
− If problem is on
   cellular level
   cannot be used

− Quality of
    implants does
    not yet allow
    widespread
    clinical
    application

− Difficult to
   control the
   specificity of
   the delivery
− More efficient
   when combined
   with other
   treatments

− Treatment
    cannot yet be
    controlled
    reliably
−  Legal and
    ethical issues

− Potential solution
   to problems
   unsolvable with
   other methods

− Hormones and
   growth factors
− Wide range of
   applications

− Faster, better
    healing
− No donor site
   morbidity
− Can heal
    large defects

− Donor site
   morbidity
− Shortage of
   supply
− Risk of disease

Figure 3 Novel treatments for common bone trauma and diseases.
Notes: No single treatment method alone can effectively cure all of these bone diseases. Each approach has its own benefits and limitations, and most of the time their 
combined application is necessary to deliver a truly effective treatment.
Abbreviation: TE, tissue engineering.
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Scaffolds Seeding the cells

1 2 3 4

− Collagen type I
− Hydroxyapatite
− PLA, PGA, PCL

− Primary osteoblasts
− MSCs
− Osteoclast co-culture
− Endothelial cell 
   co-culture

Clinical trials:
Bioreactors Implantation

− Vacanti et al 2001
− Quarto et al 2001
− Warnke et al 2006

− Chemical
− Perfusion
− Mechanical
− Electrical

Figure 4 The in vitro tissue engineering approach in four steps. (1) A biomaterial scaffold, may be a flat sheet to mimic skin, a bundle of fibers to replace tendons or a 
three-dimensional cylinder to be implanted into bone. (2) The construct is bioactivated with primary or stem cells. (3) After seeding the cells, the construct is cultured in 
a bioreactor, simulating at least one aspect of the in vivo environment (eg, chemistry, mechanical stresses). (4) The final step is the implantation and, if possible, ex vivo 
monitoring of the behavior of the construct.

surgeries – techniques that require precise execution.38,39 

If this is not possible, then bone substitutes are required 

(in cases such as nonunion of fractures, bone neoplasias 

including metastatic deposits, osteomyelitis, osteonecrosis, 

bone cysts, spinal fusions, and reconstructive surgery in 

case of genetic disorders like osteogenensis imperfecta); 

otherwise, the patients’ quality of life suffers extensively.3,6 

Certain studies with the help of mathematical models have 

simulated the metabolic bone diseases, such as vitamin 

D deficiency, senescence, and glucocorticoid excess, and 

suggested that bone formation therapies yield better results 

than antiresorptive therapies, indicating that increasing 

the size of the pool of preosteoblasts is essential for the 

therapeutic manipulation of bone formation.8 Autologous 

iliac bone chip graft is considered the gold standard in 

bone repair, though in a 3-year retrospective study con-

ducted by Albert et al, allografts (freeze-dried bone used 

in 80% of cases) were 10 times more commonly used 

than autografts.40 Allografts were used in 10.7%–12.7% 

as against 0.9%–1.3% of autografts in all orthopedic pro-

cedures.40 However, these traditional treatment protocols 

for bone repair are associated with inherent problems 

connected with harvesting, donor site morbidity, shortage 

of supply, risk of disease transmission, and unwanted immu-

nological response.4,6,14,40–44 Synthetic grafts or implants 

made up of various biomaterials like metals, ceramics, and 

certain polymers have also received well-deserved attention, 

but they have their own limitations in the form of implant 

failures leading to revision surgery.6,43–45 Newer surgical 

techniques, cell-based (osteogenic cells such as osteoblasts 

and MSCs), scaffold-based (such as hydroxyapatite coated 

collagen type I – HEALOS), and  pharmacologic-based 

therapies (such as recombinant human BMP-2) are in the 

experimental stages.6,46–52 Injections of autologous MSCs 

along with substrates like collagen, demineralized bone 

matrix, or ceramics are also being tried.5,53,54 In order to 

improve the functionality of the repair tissue created via the 

techniques listed above, bone tissue engineering techniques 

are being developed as discussed below.

Applications in bone tissue 
bioengineering
Bone tissue engineering is an interdisciplinary field with the 

purpose of repairing and replacing diseased bone with viable 

bone tissue that has been fabricated in the laboratory.6,35,37,55 

The earliest attempts at engineering bone were made by 

Vacanti et al in the early 1990s.56,57 There are three impor-

tant pillars of tissue engineering: cells, scaffolds, and the 

environment (the bioreactor) in which the cells are grown on 

the scaffolds.6,46,58 These different factors are demonstrated 

schematically in Figure 4.59–61

Different cell sources, including role 
of primary osteoblasts in bone tissue 
engineering
Cell sourcing is a major issue in bone tissue engineering, 

and ideally they need to be readily available in sufficient 

quantities, have consistent osteogenic potential, and be non-

immunogenic and nontumorigenic.6,62 Only when osteoblast-

like cells are grown successfully in the laboratory while 

expressing the bone markers and secreting the appropriate 

extracellular matrix proteins can bone formation in vitro be 

achieved.18 Cell-based therapies expedite bone regeneration 

in vivo without depending on local factors.46,52,63 The current 

literature details a variety of different cells for bone tissue 
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engineering experiments. These cells – osteoprogenitor cells, 

various commercially available cell lines, and primary osteo-

blastic cells – are chosen depending on the stage of technique 

optimization that the researcher is intending to investigate. 

For example, an in vitro study that is closer to the clinic may 

utilize primary human MSCs or osteoblasts (as these cells 

could potentially be the final type of cell source used in the 

tissue engineered product being developed). Another study 

may utilize a murine MC3T3-E1 continuous cell line in its 

set of in vitro studies, which obviously could not be used in 

a final tissue engineered bone implant, but will give informa-

tion as to the response of a well-characterized and standard-

ized osteoblast-like cell in a particular set of stimuli.

Stem cells, being self-renewing, provide a continued 

source of cells, and the osteogenic potential of the multipotent 

MSCs from various sources like bone marrow, cord blood, 

adipose tissue, dental pulp, synovium, or periosteum has been 

recognized for over a decade.6,45,55,58,64–77 These can be either 

autologous or allogeneic, as they have low immunoreactivity 

and their osteogenic potential can be accelerated by various 

chemicals, growth factors, mechanical stimulation, and gene 

therapy.3,6,60,78,79 The concept of injecting bone marrow at the 

site of bone defect for speedy recovery is based on the fact 

that it makes osteoprogenitor cells easily available if optimal 

cell concentration is provided.3,42,80,81 In addition, the yield can 

be increased by selectively using STRO-1-positive MSCs or 

CD34-negative cells.77 It has been reported that the source of 

MSCs is equally important and osteoprogenitor cells derived 

from the periosteum are most proliferative, followed by 

cortical bone, cancellous bone, and bone marrow aspirate.65 

However, the effect of senescence of MSCs, which can lead 

to reduced osteogenic potential, has to be kept in mind.82 

There are a few reports describing directed differentiation 

of embryonic stem cells into osteogenic cells where the 

progress was hindered (due to ethical constraints and issues 

of immunogenicity and tumorigenicity), even though they 

have advantages of unlimited in vitro growth potential, acces-

sibility, and ease of genetic manipulation.6,64,83

Use of primary predifferentiated osteoblastic cells would 

be most advisable, as they can be autologous, especially 

for clinical applications, and start producing bone matrix 

immediately, but due to their restricted proliferation in vitro 

their role has been limited until now.3,6,58,84–86 They can be 

derived from bone chips by enzymatic extraction of cells 

and expanded by further in vitro culture. There are very few 

studies that report the use of primary osteoblasts directly, 

rather than MSCs differentiating into osteoblasts.18,85,86 

 Wiesmann et al cultured periosteal derived osteoblasts in petri 

dishes and in collagen gel in monolayers and demonstrated 

production of extracellular matrix production along with 

mineralization.18 Gentleman et al compared the quality of 

bone produced by different types of cells, and they reported 

that osteoblasts and MSCs produced biomimetic tissue, as 

compared to embryonic stem cells, which was deficient in 

mineralization.87

All the studies mentioned above have either been 

 performed in vitro or in vivo in small and large animal models 

like mouse, rat, sheep, goat, or dog.88 In vitro studies gener-

ally help to study the process of osteogenesis by different 

cells and to test the cytocompatibility of the biomaterials used 

to make the scaffolds (in terms of geometry and  chemical 

composition), and further in vivo studies will help us to 

understand whether the observations made in vitro can be 

translated in vivo.6,60,88,89

Various cell lines are available for research purposes 

to study cell-biomaterial interactions, as they are easy to 

grow and their results can be compared, but they have their 

own limitations.84 Examples are MG-63 osteoblast-like 

cells that are human osteosarcoma cells and hence may not 

fully represent the behavior of native human osteoblasts. 

Stably transfected human fetal osteoblastic cell lines like 

hFOB 1.19, which closely resemble human osteoblasts, are 

available. MC3T3-E1, a cloned murine cell line (originating 

from mouse calvarial fibroblasts), and other xeno cells are 

widely used, but interspecies differences have to be kept in 

mind. It has been reported that rodent MSCs cultured with 

BMPs differentiate into osteoblasts, whereas most human 

MSCs show a poor osteogenic response to BMPs and require 

modulation of ERK and PI3K pathways.90,91

Scaffolds used in bone tissue engineering
Ideally, the scaffold used must be osteoconductive (allow 

bone cells to proliferate), osteoinductive (induce prolif-

eration and differentiation of undifferentiated cells into 

osteoblasts), and the environment osteogenic to provide a 

reservoir of stem and osteoprogenitor cells that can form 

new bone.44,62 Appropriate geometry of the scaffold is also 

equally important, with porosity to enable mass transfer, 

providing increased surface areas for the cells to grow 

and act as carrier for growth factors.6,92 Pore size plays an 

important role, as larger pore size weakens the scaffold, 

whereas smaller pore size hampers neovascularization. 

Generally, pore size of 300–500 µm is considered opti-

mal.92–94 The physicochemical characteristics of the scaffold 

material, such as the geometry, stiffness, nanotopography, 

wettability, and surface charge, could dramatically affect 
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the response of the cells that grow on it, hence tailoring 

them accordingly is very important.58,84,95–99 For an osteo-

blast to survive in vivo and in vitro, it is very essential that 

it can adhere to the available surface.100 Liu et al reported 

in their study that cell adhesion events were significantly 

delayed on hydrophobic surfaces; however, with long-term 

cultures the bioadhesive outcomes were ultimately almost 

equal, irrespective of wettability.84 The surface roughness 

(topography) can enhance cell adhesion and the migratory 

potential of the cells, and it could also affect the cytocompat-

ibility of the osteoblastic cells.95,96,101 Currently, the various 

biomaterials used as scaffolds for bone tissue engineering 

are biodegradable polymers (eg, poly-α-hydroxyl acids like 

polyglycolic acid, polylactic acid, poly-ε-caprolactone) along 

with recently explored stable polymers (eg, polypropylene 

fumarate, polyhydroxyalkonates, and polyurethane), ceram-

ics (eg, hydroxyapatite, coral, bioactive glasses), and natural 

proteins (eg, collagen).6,14,93,102,103 It has been reported that 

the use of bioadhesive substrates like fibronectin to coat the 

substrates would aid in osteoblast adhesion, differentiation, 

and bone formation.104 The adhesion is regulated via various 

integrins and extracellular matrix proteins, which can lead 

to bondage as fast as within 2 hours, as proved in a study 

by El-Amin et al using various blocking  antibodies.105 The 

biomaterial used as scaffold should specifically interact 

with the transmembrane receptors expressed by the osteo-

blasts.58,100 Once they attach to a substrate, they are capable 

of forming mineralized nodules.106 Osteointegration follow-

ing implantation of bone substitutes in vivo or new bone 

formation in vitro in bone tissue engineering takes place in 

different stages, starting with recruitment and attachment 

of osteoprogenitor cells/osteoblasts, their proliferation and 

differentiation, followed by synthesis and mineralization of 

the collagenous bone matrix.1,2,14,107

Approaches to accelerate osteogenesis
This can be done by using biomolecules, gene therapy, 

and innovative scaffold design and culture techniques. 

Culture conditions such as culture media heavily influence 

 osteoblastic proliferation and differentiation, and the com-

monly used ones are alpha-modification of Eagle’s minimum 

essential medium or Dulbecco’s modified Eagle’s medium 

with serum and osteogenic supplements.108 Directed differ-

entiations of stem cells into osteogenic lineage and culturing 

osteoblastic cells by a cocktail of osteogenic supplements 

like ascorbic acid, β-glycerophosphate, and dexamethasone 

are widely used.6,77,108 Ascorbic acid (at a concentration of 

50 µg/mL) aids in production of the collagenous  extracellular 

matrix of bone, associated with higher alkaline phosphatase 

activity and capability to form mineralized matrix.108 

β-glycerophosphate enhances mineralization by the osteo-

blasts formed, and dexamethasone (at a concentration of 

10 nM) enhances proliferation and differentiation of the 

concerned cells. β-glycerophosphate is rapidly hydrolyzed 

by alkaline phosphatase to produce high levels of phosphate 

ions,  providing an environment suitable for mineral depo-

sition.108  Concentration of the β-glycerophosphate plays 

an important role, as higher levels can lead to dystrophic 

calcification, as opposed to the desired bone-like mineraliza-

tion.58,109 The basic culture media help in expansion of cells 

to achieve higher cell numbers before actually seeding the 

scaffolds or purely cell-based therapies, whereas the various 

supplements mentioned stimulate osteoblastic differentia-

tion and maturation or stimulate angiogenesis. It is reported 

that serum is essential to induce osteogenic differentiation 

of the hMSCs or it has to be substituted by growth factors 

like EGF and bFGF and culturing of osteoblastic cells.110,111 

Addition of various growth factors like BMPs, platelet-rich 

plasma, VEGF, and hormones like estrogen (based on its 

antiapoptotic properties), PTH, or vitamin D3 to the osteo-

blast culture may prove to be useful.3,6,32,112–114 Cheng et al 

reported that while BMP-2, 6, and 9 could play an important 

role in prompting osteoblastic differentiation of MSCs, most 

BMPs would stimulate osteogenesis in mature osteoblasts.22 

A study by Balasch has reported increased proliferation of 

osteoblasts and MSCs even with low doses of oestradiol.115 

Drugs like statins, especially the hydrophobic ones, increase 

the VEGF expression in osteoblastic cells’ reduced protein 

prenylation and the phosphatidylinositide-3 kinase pathway, 

encouraging osteoblastic differentiation.116 Dwelling into the 

signaling pathways of mineralization it is also proposed that 

drugs targeting the ERK pathways may help in mineraliza-

tion as it is a negative regulator of skeletal mineralization, 

as reported by Kono et al.117 Osteoblastic cells are sensitive 

to culture conditions like oxygen and ionic concentrations, 

pH, or osmotic changes.6,58,98,106,118 Accumulating evidence 

shows that oxygen concentration also plays an important 

role in bone formation and that osteoblastic cells cultured 

under hypoxic conditions (under 2% oxygen tension) show 

reduction in mineralization, collagen production, and relevant 

gene expression.119

Gene therapy is widely used in tissue engineering and can 

be done in vitro or in vivo, by viral or nonviral  methods, and 

with or without scaffolds.120 The in vivo procedure involves 

the direct delivery of genes to the site of interest, relying on 

the transduction of target cells in situ, whereas the in vitro 
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approach involves culturing of target cells in the laboratory 

and genetic manipulation before implanting in the body.112,120 

Genes encoding growth factor proteins when transfected 

in the target cells, can secrete the concerned proteins into 

their vicinity accelerating bone repair. 93,112 Gene therapy 

is used to prolong the effects of cell-based therapies using 

osteoblasts for bone tissue engineering, and the number 

of genes involved in bone regeneration and repair are 

potential candidates for gene therapy, such as BMPs, PTH, 

VEGF, LIM-mineralization protein-1, and transcription fac-

tors Runx2 and osterix, or to tackle genetic disorders like 

osteogenesis imperfecta.6,22,35,93,112,120,121 Specific transcrip-

tion factors like forkhead box class O (FOXO1) could also 

offer an effective defense mechanism against the oxidative 

stress that is reported to be an etiological factor in bone 

disorders like osteoporosis.32 It has been proven in studies 

that FOXO1 also increases the osteogenic potential of the 

MSCs via suppression of peroxisome proliferator-activated 

receptor.122,123

Numerous novel scaffolds are being designed to increase 

osteoblast adhesion, survival, proliferation, differentiation, 

and matrix production and to make them more susceptible 

to different forms of stimulation provided as mechanical 

conditioning.3,6,100 Osteoblasts are sensitive to small strains 

and stimulated by mechanical and electrical forces by activa-

tion of cytoskeletal-integrin interactions and related signaling 

pathways.93 There are controlled release scaffolds created 

from polymers or ceramics with a variety of growth factors 

and drugs like statins and bisphosphonates incorporated into 

them for slow release.124 As bone cells respond positively to 

the mechanical stimulation, certain bioreactors, as mentioned 

below, optical tweezers, or mechanosensitive scaffolds 

like Bay K8644 incorporated scaffolds (which is a known 

voltage-operated calcium channel agonist prolonging the ion 

channel opening time) are being experimented with.6,93,99,107 

Efforts could also be made with piezoelectric scaffolds or 

radiopaque scaffolds, which would be easier to monitor 

once implanted in vivo. Nanofibres or scaffolds with nano-

topography manufactured by methods like electrospinning, 

lithography, or microcontact printing are being increasingly 

used in bone tissue engineering, as osteoblasts adhere more 

strongly to the nanostructures than microstructured scaffolds 

due to their biomimetic nature, large surface area, better 

osteointegrative properties, and mechanical reliability.6,125 

Cells are known to grow best on scaffolds with rigidity 

similar to their native tissues; incorporating bioceramics in 

scaffolds, especially biodegradable types like carbonated 

hydroxyapatite, would be recommended.6,98,126

Co-culturing osteoblasts with other cells such as endothe-

lial cells or osteoclasts provide a biomimetic environment, 

and the cell-to-cell communication activates the signaling 

pathways that are inherent to native bone formation, lead-

ing to increased mineralized matrix secreted and better 

vascularized bone tissue, as compared to only osteoblast 

culture.12,19,127,128 The results from the Kyriakidou et al 

co-culture study highlight how osteoblasts increase endothe-

lial cell proliferation and simultaneously endothelial cells 

increase the growth of osteoblasts but decrease their differen-

tiation.128 There are numerous reports of osteoblast-osteoclast 

co-cultures, which require optimized ratios of both the cells 

used and special media formulations containing chemicals 

like RANKL in addition to the usual osteogenic supplements, 

with good results.12,127 For cases like osteoarthritis where 

joint replacement is required, an osteochondral construct is 

desirable, and hence efforts are being made to manufacture 

a hybrid scaffold where both osteogenic and chondrogenic 

cells could be grown.129–131

Various bioreactors have been designed for in vitro 

 production of bone and are being widely used; some of 

the examples are rotating wall vessel reactors, perfusion 
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Figure 5 The paths of natural bone formation in the human body and how researchers have used these as the basis for their tissue engineering approaches.
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Figure 6 The novel bioreactor technology used in the generation of tissue engineered bone implants. 
Notes: As the key to the creation of the best possible quality implants is arguably the best possible approximation of the in vivo environment, the future synergy of all these 
systems is likely. There are examples of this trend already in existence.

 bioreactors, magnetic force bioreactor, or the commercially 

marketed Bose ElectroForce Biodynamic chamber, which 

improves the quality of tissue produced considerably.6,25,132–135 

These improve the nutrient mass transfer by enhancing 

the oxygen and the soluble nutrients beyond the reported 

distance of 200 µm by passive diffusion and also could 

provide mechanical stimulation aiding in providing a three-

 dimensional environment for cell growth, accelerating 

cellular aggregation and mineralization.25,93

The piezoelectricity of the collagen fibers, together with 

streaming potentials and streaming currents, are the main 

factors behind the bioelectricity in bone. This endogenous 

electricity in turn acts as a guiding cue in the remodeling and 

healing of bone.136–138 These observations provide the basis for 

the application of electrical stimulation as an osteoinductive 

tool in medicine. Currently, a diverse range of bone growth 

stimulators are in existence and are used in the treatment of 

ailments such as osteoporosis, osteoarthrosis, and nonunion 

fractures.136,139–144 Laboratory studies have confirmed the 

beneficial nature of electrical stimuli and shown their ability 

to promote both proliferation and the expression of genes 

such as BMP-2, BMP-4, transforming growth factor β-1, 

ALP, prostaglandin E and VEGF.137,138,141,145–152 This makes 

electrical stimulation a modality that could greatly improve 

our ability to generate tissue engineering constructs and their 

integration after implantation.

Regarding the physiological information presented 

earlier in this review, it is possible to draw parallels with 

approaches and techniques that researchers have used in their 

studies. These approaches are demonstrated schematically in 

Figure 5.60,78,106,129,153–156

Challenges faced by bone tissue 
engineering and future strategies
Tissue engineering faces numerous challenges that research-

ers are currently addressing: the difficulties of in vitro 

cell culture, mimicking the exact osteogenesis as in the 

native tissue, sterility issues, cost factors, and large-scale 

 applications.35 Areas that need to be improved include the 

translation of basic research into viable clinical treatments 

for bone regeneration.55 The cellular interactions between the 

three types of bone cells are crucial and need to be replicated 

in the three-dimensional laboratory environment, which at 

this point is in need of improvement.44,157 Though calcium 

phosphate is reported to be formed, a physiologically bone-

like mineral has not been demonstrated decisively, and it 

has been found that in spite of osteoblasts following the 

same developmental sequence as those in vivo, there is a 

lengthened matrix maturation time.58,85 The major hurdle in 

bone tissue engineering has been angiogenesis in the bioen-

gineered bone, and the roles of various angiogenic factors 

in interactions between osteoblasts and endothelial cells 
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are areas of intense research.14,15,23,58,113,158 Also, the issue of 

biosafety in tissue engineering when osteoblast-like cells are 

used persists, as it is reported that these cells may eventually 

show numerous chromosomal abnormalities.159

These issues, however, are all being addressed by 

researchers, as described above. In order to realistically 

create a functional tissue implant in a clinically realistic 

in vitro culture time (4–6 weeks), it is likely that in the 

future the stimuli and optimized factors that contribute to 

bone tissue engineering need to be combined. The sche-

matic demonstrated in Figure 6 summarizes this process. 

This synergistic approach will be the way forward in 

 creating functional tissue engineered constructs for patient 

therapies.
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