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Abstract
The process of bone repair has always been a natural mystery. Although bones do repair

themselves, supplemental treatment is required for the initiation of the self-regeneration

process. Predominantly, surgical procedures are employed for bone regeneration.

Recently, cell-based therapy for bone regeneration has proven to be more effective than

traditional methods, as it eliminates the immune risk and painful surgeries. In clinical trials,

various stem cells, especially mesenchymal stem cells, have shown to be more efficient for

the treatment of several bone-related diseases, such as non-union fracture, osteogenesis

imperfecta, osteosarcoma, and osteoporosis. Furthermore, the stem cells grown in a suit-

able three-dimensional scaffold support were found to be more efficient for osteogenesis. It

has been shown that the three-dimensional bioscaffolds support and simulate an in vivo

environment, which helps in differentiation of stem cells into bone cells. Bone regeneration in patients with bone disorders can be

improved through modification of stem cells with several osteogenic factors or using stem cells as carriers for osteogenic factors.

In this review, we focused on the various types of stem cells and scaffolds that are being used for bone regeneration. In addition,

the molecular mechanisms of various transcription factors, signaling pathways that support bone regeneration and the senes-

cence of the stem cells, which limits bone regeneration, have been discussed.
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Introduction

Osteogenesis is an intricate process of bone formation.
Although bones do repair themselves, there are difficulties
in the self-regeneration process that require additional sup-
port through treatment. The newly formed bone will be
identical to the rest of the unimpaired ones.1 Bone healing
can occur through two osteogenic pathways, intramembra-
nous ossification and endochondral ossification.2,3 In intra-
membranous ossification, the regeneration of bone occurs
directly from sheets of mesenchymal connective tissue,
whereas in endochondral ossification, the regeneration of

bone occurs through replacement of hyaline cartilage.
Supportive treatment facilitating both osteogenic pathways
is necessary for the regeneration of bones.4 The repair
or remodeling of bone takes place in a series of steps
(Figure 1). At first, inflammatory cells release growth fac-
tors and cytokines leading to clotting of blood (hematoma
formation).4,5 Then, the degranulating platelets release
transforming growth factor-beta (TGF-b) and platelet-
derived growth factor (PDGF) leading to chemotaxis,
angiogenesis, and subsequent differentiation of mesenchy-
mal stem cells (MSCs).6 MSCs are of multipotent
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progenitors which play a major role in osteogenic differen-
tiation. Some of the proangiogenic factors that are
expressed during this process include fibroblast growth
factor (FGF), vascular endothelial growth factor (VEGF),
and Angiopoietin 1 and 2.7 The MSCs that produce bone
morphogenetic proteins (BMPs) play a major role in the
initiation of the ossification process.8

The differentiation of MSCs into chondroblasts occurs in
endochondral ossification. The chondroblasts form a soft
callus, along with a mechanical support, which produces
the cartilage.3,9 The cortex of osteoblasts forms a hard
callus.6 The hard callus determines the intramembranous
ossification. The combination of hard callus and soft callus
together results in bone remodeling.5 When the osteoblast
deposits into the new lamellar bone, the osteoclasts per-
form resorption of mineralized bone in hard and soft
callus.8,9 The mineralization of cartilage occurs on encoun-
tering with the vasculature through removal of chondro-
blasts leading to bone formation.3,9 Bone grafting has been
a standard primary therapeutic procedure for bone regen-
eration. The bones are either taken from iliac crest or intra-
medullary canal from the own or donor sites. The bone
regeneration through grafting occurs in three different
mechanisms, such as osteogenic, osteoconductive, and
osteoinductive. The grafted material initiates new bone for-
mation (osteogenic), provides mechanical support (osteo-
conductive), and produces factors that induce the growth
of the bone (osteoinductive).10 Several adverse reactions
associated with the grafting procedures include: the occur-
rence of complications such as infection, hematoma/
seroma, fracture, nerve and vascular injuries, chronic pain
at the donor site, hernias, unsightly scars, and poor cosmet-
ic outcome.11 A proper form of treatment that can satisfy
the needs of patients has not been developed yet. However,

several alternative methods are available as a substitute for
autologous grafts.

Recently, studies have been underway to use stem cells
as a substitute for bone graft in bone regeneration. Stem
cells are of unspecialized cells that can self-renew and
develop into specialized cells during regeneration.9

Osteoconductive grafts can be replaced with different
types of natural and artificial scaffolds, which provide a
temporary three-dimensional (3D) support where the
stem cells can adhere and synthesize extracellular matrix
(ECM).12 The scaffold would be easy to manufacture, store,
and handle.13,14 Growth and transcription factors can be
directly supplemented as inductive signals. It is important
to understand the role of growth factors and cytokines on
various types of stem cell populations. Stem cell therapy
plays a major role in diminishing the disadvantages faced
by surgical graft implantation and helps to develop a non-
invasive futuristic approach for the regeneration of bones.
This review has been focused on the role of various stem
cell therapies for bone regeneration and the in vivo factors
affecting bone regeneration.

Bone regeneration using different types of stem cells

Different types of MSCs obtained from various tissues like
bone marrow, skin, umbilical cord, and placenta are now
under investigation for bone regeneration.15 Many types of
adult stem cells such as skeletal stem progenitor cells
(SSCs),9 dental pulp stem cells (DPSCs), adipose-derived
stem cells (ADSCs) that are functionally similar to MSCs
have been used for bone regeneration. Recently, somatic
cells have been reprogrammed into induced pluripotent
stem cells (iPSCs), which are pondered into investigation
to produce bone cells.16 Various stem cells grown in a
serum-containing media supplemented with ascorbic

Figure 1. Sequential steps in the process of bone remodeling. The main stages in the repair of a broken bone include the formation of hematoma at the break, leading

to inflammation and recruitment of stem cells to the site of injury and their stimulation and differentiation towards the formation of bony callus for the remodeling of

bone. (A color version of this figure is available in the online journal.)

2 Experimental Biology and Medicine Volume 246 2021
...............................................................................................................................................................

acid, b-glycerophosphate, and dexamethasone are capable
of forming osteogenic cells. These cells can also be provided
with cytokines, growth factors, chemicals, and a solid 3D
supportive structure to enhance their quality of growth
(Figure 2).

Embryonic stem cells

The embryonic stem cells (ESCs) are a type of stem cells
originating from the inner cell mass of the blastocyst. They
can be differentiated into the three germ layers: endoderm,
mesoderm, and ectoderm. Bone cells are derived from the
mesoderm layer and can be produced by culturing the
ESCs in the appropriate in vitro cell culture conditions.
Murine ESCs had been differentiated into bone cells,
which were characterized by the formation of discrete min-
eralized bone nodules that consisted of 50–100 cells within
an ECM. Co-culturing of ESCs with fetal murine osteoblasts
increased the nodule number by fivefold.17 The inducers
such as ascorbic acid, b-glycerophosphate, and dexameth-
asone appeared to be much more effective when added
after 14 days. This suggests that the extents of the ESCs
differentiating into bone cells were dependent on the type
of combination of stimuli and their timing used.17

Moreover, the growth of ESCs (CHA3-hESC line)
co-cultured with primary bone-derived cells in the pres-
ence of 3D porous poly(DL-lactic-co-glycolic acid)/
hydroxyapatite composite scaffold added with BMP-2 suc-
cessfully regenerated bone tissue when implanted into sub-
cutaneous space of immunodeficient mice.18

ESCs can be differentiated into MSCs, which can further
be differentiated into osteoprogenitor cells. The ESC-MSCs
cultured in a three-dimensional scaffold produced more
effective bone cells. For instance, the human ESC-derived

MSCs were cultured in the appropriate medium and dif-
ferentiated into adipocytes, osteocytes, and chondrocytes.19

When the ESC-derivedMSCs were cultured in the presence
of collagen composite scaffolds, their osteogenic differenti-
ation was enhanced and their bone regeneration capacity
was successfully tested through in vivo transplantation.19

Another study has shown that the growth of bone from
human ESC-derived-MSCs seeded on calcium phosphate
cement as a scaffold yielded a much higher osteogenic lin-
eage with high alkaline phosphatase activity, osteocalcin
expression, and effective mineralization. In addition, the
use of human platelet concentrates enhanced the formation
of bone with blood vessel formation.20 Although ESCs are
pluripotent in nature and can be differentiated into almost
any type of cell with a high proliferative capacity, the usage
of human ESCs is considered unethical and to pose a severe
threat to humanity. Also, there is a high risk for the devel-
opment of immunogenic incompatibilities and for the
formation of teratomas after the transplantation of
ESC-derived cells. These controversial characteristics have
confined the use of ESCs.21,22

Adult stem cells

Skeletal stem cells

Skeletal stem cells reside in postnatal bone marrow and
give rise to bone, cartilage, and other cells. They have
been shown to be effective for bone regeneration through
both, intramembranous ossification and endochondral
ossification.23 The mouse skeletal stem cells were differen-
tiated into cartilage, bone and marrow stroma through
BMP, and VEGF.9 However, the mechanism of their differ-
entiation process is not fully understood, and there is lim-
ited knowledge of the fate of skeletal stem cells, its
immune-phenotype and selection criteria, which restricted
the widespread clinical application of these cells.24

Dental pulp stem cells

It is easy to isolate dental pulp stem cells (DPSCs) either
from extracted wisdom teeth or during pulpectomy.25

DPSCs are said to have MSC-like properties and they
were shown to be self-renewable; they can also be differen-
tiated into several lineages of cells.15,25,26 The DPSCs tend to
express mesenchymal markers STRO-1, CD13, CD29,
CD44, and CD73 and osteogenic markers alkaline phospha-
tase, Runx2, and osteocalcin.25,27 Studies have shown that
culturing rat DPSCs in collagen gel scaffolds benefitted
bone regeneration.28 Implantation of DPSCs in Wistar
male rats with critical-size calvarial defect, resulted in an
increased expression of alkaline phosphatase and tartrate-
resistant acid phosphatase. The bone mineral density and
bone micro-architectural parameters were also increased
upon treatment with DPSCs.28 Paduano et al. have tested
the osteogenic capacity of DPSCs comparing DPSCs cul-
tured on hydrogel-scaffolds derived from decellularized
bone ECM with DPSCs cultured on a collagen hydrogel-
scaffold. Furthermore, the DPSCs were grown in three dif-
ferent culture medium such as basal medium, osteogenic
medium, or medium supplemented with growth factors.

Figure 2. Diagram showing the types of various cells involved in osteocyte

differentiation both in vitro and in vivo. Various cell types such as mesenchymal

stem cells (MSCs), induced pluripotent stem cells (iPSCs), and adipose stem

cells (ADSCs), etc. can be cultured in vitro in a three-dimensional scaffold,

which facilitate the osteogenic differentiation leading to an effective in-vivo

transplantation. (A color version of this figure is available in the online journal.)
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bone micro-architectural parameters were also increased
upon treatment with DPSCs.28 Paduano et al. have tested
the osteogenic capacity of DPSCs comparing DPSCs cul-
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Their results demonstrated that the decellularized bone
ECM hydrogel-grown DPSCs in osteogenic or growth
factor-supplemented medium showed a higher expression
of osteocyte-specific markers.29 Studies have shown that
the DPSCs can be differentiated into both dental as well
as bone tissues.15,30 Tatullo et al. have shown that though
DPSCs help in bone regeneration, they have been directed
more towards dentinogenesis than osteogenesis. Moreover,
human periapical cyst-MSCs and human exfoliated decid-
uous teeth-derived stem cells were shown to be an alterna-
tive source of cells for bone regeneration.30 In vivo
experiments using DPSCs in different types of animal
models with actual bone defects have not been studied
well; however, when it is done, DPSCs may prove as a fun-
damental source for bone regeneration.31

Adipose stem cells

Adipose stem cells (ADSCs) can be isolated from surgical
fat specimens; these cells can be utilized for osteogenic and
chondrogenic differentiation. Gruber et al. have studied the
effect of long-term passaging, doubling time, and senes-
cence of ADSCs. They have demonstrated that when the
donor age was increased, the doubling time of ADSCs was
longer. The senescence of ADSCs and their doubling time
were increased significantly with each passage.32 Yoon
et al. have cultured ADSCs in osteogenic media layered
over polylactide-co-glycolic acid. They were then
implanted in a mouse model with a critical calvarial
defect. After the implantation, the bone filling was found
to be about 72% in 14 days.33 In another study, dental
implant consisted of ADSCs cultured with tissue-
engineered construct of b-tricalcium phosphate granules
and recombinant BMP-2 was implanted into a 55-year-old
patient with parasymphyseal defect. This implantation res-
urrected the original anatomywith viable cells.34 Treatment
of rats with photobiomodulation using polychromatic light
in the near infrared region (600–1200 nm) showed
enhanced in vivo bone regeneration and the osteogenic dif-
ferentiation potential of ADSCs encapsulated in methacry-
lated gelatin hydrogels.35 Han et al. compared the effect of
bone regeneration between bone marrow-derived MSCs
and ADSCs. They have shown that although the ability of
bone remodeling was less in ADSCs when compared to
BM-MSCs, the ADSCs can still be considered as a potential
source for bone regeneration.36

Mesenchymal stem cells

MSCs are the most utilized cells for bone regeneration. This
is mainly because the MSCs are multipotent in nature and
can directly produce osteoprogenitor and osteo precursor
cells. There is a wide range of literature that describe the
usage of MSCs as a potential source for bone remodeling.
A few of them are discussed here. MSCs cultured in
media containing dexamethasone, ascorbic acid, and
b-glycerophosphate seeded on a porous ceramic layer and
implantation into the subcutaneous tissue resulted in the
production of vascularized bone within the material. The
resulted bone tissue expressed a high alkaline phosphatase
activity as well as increased hydroxyapatite deposition on

the ECM.37 In 2006, the ideas of MSCs as a source for bone
regeneration were improved by implementing three strat-
egies. (i) IncludingMSCs from various sources and not lim-
iting to the MSCs aspirated from bone marrow alone. (ii)
Autologous therapy that involves the collection of patient’s
own stem cells to expand, create new bone tissues and
transfer back to the patient using appropriate carriers. (iii)
A therapy that avoids cell culture but uses autogenous stem
cells from large bone marrow aspirates. The aspirates are
possibly concentrated to produce a bone graft substitute.38

Later in 2009, it was shown that the delivery of required
genes and proteins by genetically modifying autologous
MSCs ex vivo could be feasible. This would eventually
reduce the number of MSCs required for implantation
and avoid in vitro culture and expansion.22 MSCs can also
be used as vehicles for bone regeneration therapy, where
genetically modified MSCs act as recombinant cellular car-
riers providing a sustained supply of osteogenic factors.39

A comparative study evaluated bone regeneration using
the MSCs derived from ovine bone marrow and adipose
tissue. After expansion and implantation of these cells into
the sheep tibia with a critical size defect, it was found that
higher amount of bone growth was found with bone
marrow-derived MSCs than adipose tissue-derived
MSCs.40 The surface markers that have been described for
MSCs since late 1990s include CD73 and CD105. But these
markers were also found to be expressed by fibroblasts. So,
currentlymarkers such as Stro-1 and CD271 were identified
as specific to MSCs. Also, native BM MSCs tend to express
markers such as GD2, SSEA4, and CD146.41 Interestingly,
MSCs were found to have the ability to repair an injured
bone after the latter produce signals. The repair mechanism
involving MSCs could be attributed either by direct differ-
entiation into bone tissues or by secreting factors that pro-
vide antiapoptotic effects, immunoregulatory function,
and/or stimulation of endothelial progenitor cell prolifera-
tion.39,42 Tian et al. have shown that decellularized cartilage
ECM scaffold stimulated the polarization of BM-derived
macrophages, which promoted BM-MSCs invasion, migra-
tion, proliferation, and chondrogenic differentiation.
Furthermore, when this scaffold was combined with
early-stage intra-articular injection of IL-4, it improved
the wound-healing microenvironment and cartilage regen-
eration in a rat model of knee osteochondral defect.43

Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) are the reprog-
rammed cells generated from adult somatic cells. Several
studies have shown that iPSC-derived cells have effectively
promoted bone repair and angiogenesis.44–47 Human iPSC-
derived osteoblasts and osteoclasts were co-cultured with
macrophages on hydroxyapatite-coated poly lactic-
co-glycolic acid/poly L-lactic acid scaffold.16 Subsequent
in vivo implantation of co-cultured osteoblasts and osteo-
clasts in rodents showed a mature bone-like growth. It was
also shown that the coupling activity of osteoblasts and
osteoclasts moderated the expression of inflammatory mol-
ecules especially in in vitro bone formation.16 Human iPSCs
cultured on plasma-treated polymeric nanofibrous
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polyethersulfone scaffolds showed extensive bone recon-
struction after implantation of these cells in vivo on
critical-size calvarial defect rats.48 Although iPSCs are plu-
ripotent in nature and can be differentiated into any type of
somatic cell, it has the risk of teratoma formation after
transplantation.21

Molecular mechanism of the cells

Transcription factors

The commitment towards osteoblasts, and their further dif-
ferentiation and function are governed by many transcrip-
tion factors. The primary transcription factor which helps
in the osteoblast differentiation from MSCs is Runt-related
transcription factor 2 (Runx2).14 It acts as a scaffolding pro-
tein that helps in both endochondral and intramembranous
ossification.49 Runx2 binds with the Runx consensus
sequence which are known as osteoblast-specific element2
(OSE2), which promotes bone sialoprotein and osteocalcin
expression. Homeobox proteins act as repressors/activa-
tors of Runx2 and regulate the expression of bone sialopro-
tein, osteocalcin, and alkaline phosphatase. On binding
with CCAAT/enhancer-binding proteins (C/EBPs),
Runx2 regulates bone-specific genes expression and
increases the amount of Smad ubiquitination regulatory
factor 1 (Smurf1) or peroxisome proliferator-activated
receptor 2 (PPARc-2), resulting in the inhibition of Runx
expression.14 Disruption of Runx2 leads to inhibition of
bone formation altogether. Runx2 has bipotential character-
istics, as it can induce chondrogenic as well as osteogenic
genes. The second important transcription factor is Osterix
(Osx), which is also known as specificity protein-7. It is a
zinc finger transcription factor expressed in osteoblasts.
The specific domains of the Osx help in the activation of
osteocalcin and collagen type 1 alpha 1 (COLLA1) genes.
Runx2 was shown to be dependent on Osx during the dif-
ferentiation process.49 Runx2 and Osx contribute together
for the maturation of osteoblasts from pre-osteoblasts.14,15

But, Osx can function without the presence of Runx2 also.49

The Osx, along with nuclear factor of activated T-cells
(NFAT), activates COLLA1 and osteocalcin promoters,
resulting in osteoblast differentiation and bone formation
through stimulation of Wnt/b-catenin pathway.14,49 The
third important osteogenic transcription factor is activating
transcription factor 4/cAMP response element binding
protein 2 (ATF4/CREB2), which on binding with Runx2
increase the production of bone sialoprotein and osteocal-
cin.14,49 ATF4 gets phosphorylated by ribosomal S6 kinase 2
(Rsk2), which helps in controlling amino acid transport.14

ATF4 is also known to induce terminal differentiation of the
osteoblasts.49 Some other transcription factors involved in
bone regeneration include AP1, helix-loop-helix (HLH)
proteins, PPARc2, C/EBPs, and SRY-box transcription
factor (Sox) proteins. HLH is upregulated during the pro-
liferation of osteoblasts. PPARc-2 plays the role of lineage
determination. Increased expression of the protein PPARc-2
indicates adipocyte differentiation. C/EBPb and C/EBPd
activates osteocalcin gene transcription. Sox proteins play
a vital role in chondrogenesis. The main Sox proteins

include Sox9, Sox5, and Sox6, which are responsible for
the expression of collagen IX, alpha1, aggrecan, and other
co-factors.14

Signaling pathways governing the differentiation of
stem cells to osteogenic cells

During the early stage of osteogenic differentiation, most of
the up-regulated genes were related to cell proliferation,
whereas in later stages, the expression of genes relevant
to osteogenic growth factor-signaling pathways. Several
important pathways have been identified to play vital
roles during the osteogenic differentiation of MSC include
TGF-b, FGF, insulin-like growth factors (IGF), PDGF, etc.49

They bind to their receptors and translocate to the nucleus
in order to activate their respective transcription factors as
shown in Figure 3. This occurs via both smad as well as
non-smad pathways through interaction with BMPs and
BMP signaling components.15,50 TGF-b signaling helps in
the growth and differentiation of cells. TGF-b superfamily
consists of 34 members, including BMP. Certain BMPs like
BMP-4, BMP-2, BMP-7, BMP-6, and BMP-9 upregulate oste-
ogenesis, whereas BMP-3 alone inhibits the differentia-
tion.49,51 BMP-2 and BMP-7 belong to two closely related
subclasses, namely BMP-2/4 and BMP-5/6/7, respective-
ly.14 The BMP-TGF-b signaling pathway has two types of
serine/threonine kinase receptors, such as type-I and type-
II receptors. The type-I receptor includes BMPR-1A/ALK-
3, BMPR-1B/ALK-6 and ALK-2. The type II receptors
include BMPR-2 and activin receptors such as ActR-2 and
ActR-2B. The type-I and type-II receptors combine with the
ligand to form a complex. This complex come in contact
with transcriptional modulators called the Smad proteins.
The Smad proteins are of three types: Receptor-regulated
Smad (R-Smad) (Smad 1, 2, 3, 5, 8), Co-Smad (Smad 4), and
Inhibitory Smad (Smad 6 and 7).52 The BMP and TGF-b
activates the R-Smad. The phosphorylated R-Smad forms
a complex with the Co-Smad (Smad 4). The complex is
translocated to the nucleus, where it regulates the transcrip-
tion of their respective genes.53 There is an another possi-
bility of non-Smad pathway, involving BMP-2 along with
mitogen-activated protein kinases (MAPK) signaling.49 The
MAPK signaling contains a series of signaling cascade
called MAP Kinase, MAP kinase (MAP2K) and MAP3K.54

The growth factors activate these signals in order to trigger
the transcription factors.49

IGF system consists of two ligands IGF1 and IGF2 and
two cell-surface receptors IGF1R and IGF2R. It also consti-
tutes six high affinity-binding proteins (IGFBP 1–6). IGF2R
helps mainly in the differentiation of MSCs into osteoblasts
and cell proliferation.55 The IGF1R is a ligand-activated
tyrosine kinase receptor. IGF1R and IGF2R together pro-
mote osteoblast function and bone matrix deposition. The
IGF-1 uses insulin receptor-substrate proteins insulin
receptor substrate 1 (IRS1) and IRS2.56 They also make
use of P13K and influence the activation of Akt and the
MAPK pathway which in turn activates p38, Jun-
N-Terminal kinases and ERK1/2. The type of pathway for
activation depends on culture conditions and the stage of
differentiation.49 The Wnt is the ligand with its membrane
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polyethersulfone scaffolds showed extensive bone recon-
struction after implantation of these cells in vivo on
critical-size calvarial defect rats.48 Although iPSCs are plu-
ripotent in nature and can be differentiated into any type of
somatic cell, it has the risk of teratoma formation after
transplantation.21

Molecular mechanism of the cells

Transcription factors

The commitment towards osteoblasts, and their further dif-
ferentiation and function are governed by many transcrip-
tion factors. The primary transcription factor which helps
in the osteoblast differentiation from MSCs is Runt-related
transcription factor 2 (Runx2).14 It acts as a scaffolding pro-
tein that helps in both endochondral and intramembranous
ossification.49 Runx2 binds with the Runx consensus
sequence which are known as osteoblast-specific element2
(OSE2), which promotes bone sialoprotein and osteocalcin
expression. Homeobox proteins act as repressors/activa-
tors of Runx2 and regulate the expression of bone sialopro-
tein, osteocalcin, and alkaline phosphatase. On binding
with CCAAT/enhancer-binding proteins (C/EBPs),
Runx2 regulates bone-specific genes expression and
increases the amount of Smad ubiquitination regulatory
factor 1 (Smurf1) or peroxisome proliferator-activated
receptor 2 (PPARc-2), resulting in the inhibition of Runx
expression.14 Disruption of Runx2 leads to inhibition of
bone formation altogether. Runx2 has bipotential character-
istics, as it can induce chondrogenic as well as osteogenic
genes. The second important transcription factor is Osterix
(Osx), which is also known as specificity protein-7. It is a
zinc finger transcription factor expressed in osteoblasts.
The specific domains of the Osx help in the activation of
osteocalcin and collagen type 1 alpha 1 (COLLA1) genes.
Runx2 was shown to be dependent on Osx during the dif-
ferentiation process.49 Runx2 and Osx contribute together
for the maturation of osteoblasts from pre-osteoblasts.14,15

But, Osx can function without the presence of Runx2 also.49

The Osx, along with nuclear factor of activated T-cells
(NFAT), activates COLLA1 and osteocalcin promoters,
resulting in osteoblast differentiation and bone formation
through stimulation of Wnt/b-catenin pathway.14,49 The
third important osteogenic transcription factor is activating
transcription factor 4/cAMP response element binding
protein 2 (ATF4/CREB2), which on binding with Runx2
increase the production of bone sialoprotein and osteocal-
cin.14,49 ATF4 gets phosphorylated by ribosomal S6 kinase 2
(Rsk2), which helps in controlling amino acid transport.14

ATF4 is also known to induce terminal differentiation of the
osteoblasts.49 Some other transcription factors involved in
bone regeneration include AP1, helix-loop-helix (HLH)
proteins, PPARc2, C/EBPs, and SRY-box transcription
factor (Sox) proteins. HLH is upregulated during the pro-
liferation of osteoblasts. PPARc-2 plays the role of lineage
determination. Increased expression of the protein PPARc-2
indicates adipocyte differentiation. C/EBPb and C/EBPd
activates osteocalcin gene transcription. Sox proteins play
a vital role in chondrogenesis. The main Sox proteins

include Sox9, Sox5, and Sox6, which are responsible for
the expression of collagen IX, alpha1, aggrecan, and other
co-factors.14

Signaling pathways governing the differentiation of
stem cells to osteogenic cells

During the early stage of osteogenic differentiation, most of
the up-regulated genes were related to cell proliferation,
whereas in later stages, the expression of genes relevant
to osteogenic growth factor-signaling pathways. Several
important pathways have been identified to play vital
roles during the osteogenic differentiation of MSC include
TGF-b, FGF, insulin-like growth factors (IGF), PDGF, etc.49

They bind to their receptors and translocate to the nucleus
in order to activate their respective transcription factors as
shown in Figure 3. This occurs via both smad as well as
non-smad pathways through interaction with BMPs and
BMP signaling components.15,50 TGF-b signaling helps in
the growth and differentiation of cells. TGF-b superfamily
consists of 34 members, including BMP. Certain BMPs like
BMP-4, BMP-2, BMP-7, BMP-6, and BMP-9 upregulate oste-
ogenesis, whereas BMP-3 alone inhibits the differentia-
tion.49,51 BMP-2 and BMP-7 belong to two closely related
subclasses, namely BMP-2/4 and BMP-5/6/7, respective-
ly.14 The BMP-TGF-b signaling pathway has two types of
serine/threonine kinase receptors, such as type-I and type-
II receptors. The type-I receptor includes BMPR-1A/ALK-
3, BMPR-1B/ALK-6 and ALK-2. The type II receptors
include BMPR-2 and activin receptors such as ActR-2 and
ActR-2B. The type-I and type-II receptors combine with the
ligand to form a complex. This complex come in contact
with transcriptional modulators called the Smad proteins.
The Smad proteins are of three types: Receptor-regulated
Smad (R-Smad) (Smad 1, 2, 3, 5, 8), Co-Smad (Smad 4), and
Inhibitory Smad (Smad 6 and 7).52 The BMP and TGF-b
activates the R-Smad. The phosphorylated R-Smad forms
a complex with the Co-Smad (Smad 4). The complex is
translocated to the nucleus, where it regulates the transcrip-
tion of their respective genes.53 There is an another possi-
bility of non-Smad pathway, involving BMP-2 along with
mitogen-activated protein kinases (MAPK) signaling.49 The
MAPK signaling contains a series of signaling cascade
called MAP Kinase, MAP kinase (MAP2K) and MAP3K.54

The growth factors activate these signals in order to trigger
the transcription factors.49

IGF system consists of two ligands IGF1 and IGF2 and
two cell-surface receptors IGF1R and IGF2R. It also consti-
tutes six high affinity-binding proteins (IGFBP 1–6). IGF2R
helps mainly in the differentiation of MSCs into osteoblasts
and cell proliferation.55 The IGF1R is a ligand-activated
tyrosine kinase receptor. IGF1R and IGF2R together pro-
mote osteoblast function and bone matrix deposition. The
IGF-1 uses insulin receptor-substrate proteins insulin
receptor substrate 1 (IRS1) and IRS2.56 They also make
use of P13K and influence the activation of Akt and the
MAPK pathway which in turn activates p38, Jun-
N-Terminal kinases and ERK1/2. The type of pathway for
activation depends on culture conditions and the stage of
differentiation.49 The Wnt is the ligand with its membrane
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spanning Frizzled receptor. Wnt and its receptor together
can create two types of pathways: canonical and non-
canonical pathways. The canonical pathway forms a
complex including Wnt protein, frizzled receptor, and
low-density Lrp5/6 receptors.57 This complex activates
the Dishevelled (Dsh) and creates a signal that inhibits
the production of glycogen synthase kinase-3 (Gsk-3). The
silencing of Gsk-3 blocks the phosphorylation of b-catenin,
and thus the degradation of b-catenin through ubiquitin-
pathway in the cytoplasm is avoided. The b-catenin trans-
locate to the nucleus and undergo transcription of T-cell
factor (Tcf/Lcf family) and help in the activation of
Runx2.58 Thus, it plays a critical role in osteogenesis
and its growth, differentiation, maturation, and death.
A decreased amount of b-catenin indicates the process of
chondrogenesis.59 It also has a bipotential feature that has
the ability to produce osteocytes as well as chondrocytes.49

Notch pathway plays a main part in determining the fate
of the cell. Notch receptor and its ligands d1, 3, 4 and jagged
1, 2 are transmembrane proteins that initiate cell-cell inter-
action and signal transduction.60 The levels of Notch 1 and
2 are increased during osteoblast production, whereas
Notch 3 and 4 are found in the subsets of the lineage.49

This signal can upregulate the proliferation of immature
osteoblasts and inhibit the transactivation function of
Runx2. The proliferation activity may lead to osteosclero-
sis.61 The Hedgehog signaling pathway is proved to
assist in the formation of bone and cartilage.

The pre-hypertrophic chondrocytes produce Indian
Hedgehog, whose signal transduction act on the perichon-
drium osteoblast progenitors.62 The Hedgehog protein
binds with the Patched receptor and activates
Smoothened (Smo), which is a transmembrane protein
responsible for the transcription of GliA in the nucleus
thereby aiding in stem cell proliferation and activation of
the target genes.49 This pathway is known to have limited
effect on the early stage of osteoblast commitment.63 The
FGF gene family consists of 22 members.14 The gene family
combines with FGF tyrosine receptor isoforms in order to
produce a signal. Usually, FGFs 2, 9, and 18 were involved
in osteogenesis. When FGFs 9 and 18 are expressed in peri-
osteum, FGF2 is involved in both periosteum and osteo-
blast production.64 FGFR1 receptor stimulates the
differentiation as well as arrest the maturation of osteo-
blasts.62 The FGFs 2, 9, 18 binds with FGFR1 to activate
the transcription of their respective target genes. This sig-
naling increase the bone density as well.49

Ephrin pathway, best known for its bi-directional signal-
ing, consists of classes A and B. Class A includes GPI-
anchored EphA receptors (A1-A5), while Class B includes
EphB1-6 tyrosine kinase receptors (B1-B3).65 Bidirectional
signaling occurs from receptors to ligand and vice-versa.49

The signaling from Ephrin ligand EphB4 to the receptor
ephrin B2 leads to osteoclast differentiation. And their
reverse signaling activates osteogenic transcription factor
resulting in bone remodeling.66 The PDGF is a dimeric

Figure 3. The involvement of various signaling pathways during osteogenesis and bone remodeling process. Bone remodeling includes the activation of various

signaling pathways such asWnt, TGF-b, MAPK and IGF-1, FGF, Ephrin, Notch, and Hedgehog leading to the activation of several transcription factors like Runx2, GliA,

b-catenin, and osterix, towards osteogenesis and bone repair. TGF-b: transforming growth factor-b; MAPK: mitogen-activated protein kinase; IGF-1: Insulin-like

growth factor-1; FGF: fibroblast growth factor. (A color version of this figure is available in the online journal.)
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molecule that exerts extracellular signaling and it is formed
by two polypeptide chains, PDGF-A and PDGF-B. The
dimerization of both the polypeptides can lead to three dif-
ferent isoforms (aa, ab, and bb).66 The bb dimer reduces the
osteogenic differentiation and alkaline phosphatase activity,
whereas its inhibition reduces the mitogenic and migratory
responses,49 Angiogenesis plays a very important role in
bone formation. VEGF is considered as a mediator of
osteo-inductive factors and enhances other signaling path-
ways such as TGF-b1, IGF and FGF-2.67 VEGF-mediated acti-
vation helps with the transportation of endothelial cells to
ECM. This type of mediation is not suitable for implanted
bone constructs as the endochondral route undergo its own
vasculature instead of exogenous angiogenic factors.14,68

Increasing evidence indicates that non-coding RNAs
such as microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs) play a pivotal role in the chondrogenic
and osteogenic differentiation of MSCs.69,70 A panel of
miRNAs that target RUNX2 such as miR-23a, miR-23b,
miR-30b, miR-30c, miR-34c, miR-133a, miR-135a, miR-137,
miR-143, miR-203, miR-204, miR-205, miR-217,
miR-218, miR-221, and miR-338 have been reported to reg-
ulate osteoblast differentiation.71,72 Among the miRNAs
that regulate chondrogenesis include miR-140, which tar-
gets Sp1 and SOX9.73,74 Currently, different lncRNA/
miRNA axes have been found to have a positive regulation
on the osteogenesis in bone marrowMSCs include lncH19/
miR-138, lncH19/miR-188, lncH19/miR-675, KCNQ1OT1/
miR-320a, NEAT1/miR-29b-3p, MALA-T1/miR-143, etc.70

Senescence of cells

Major stem cells responsible for bone remodeling are
MSCs, but their function reduces as they age through senes-
cence. Aging is induced through several factors such as
hormonal, nutritional, and other ageing-factors. Common
reasons for cellular senescence include telomere shorten-
ing, genomic damage, epigenomic damage, and oxidative
stress.75 It is explained that both the donor age and the
number of passages play a major role in determining the
osteogenic and chondrogenic potential of murine bone
marrow-derived MSCs. MSCs from a younger donor have
a better adherence capacity as well as good proliferation
rate compared to cells from an older donor.76 Cheng et al.
have demonstrated that the upregulation of senescent asso-
ciated genes such as p16, p21, and p53 predicts osteogenic
and adipogenic differentiation.77 All three senescence-
associated genes were expressed in bone marrow-derived
MSCs upon prolonged cell culture. However, there was a
gradual increase of only p21 in umbilical cord-MSCs
(UC-MSCs). P16 and p53 were reduced during early
stage, whereas increased during later stages in UC-MSCs.
The expression of transcription factors like C/EBPa and
PPARc was decreased in senescent cells. However, there
was an exception in UC-MSCs, where an increased level
of C/EBPa was found during the late stage of growth.
The mean percentage of senescence was increased to 3.4%
at passage 13 in adult adipose-derived MSCs.32

There are a few studies aimed at finding an alternative
method to reduce or avoid the ageing of cells. Khan et al.

have employed fat pad-derived stem cells obtained from
patients who were 55 years older and above. Although the
growth was not identical to bone marrow-derived stem
cells, the proliferation rate was similar. It was shown that
fat pad-derived stem cells did not decline with ageing, and
increased expression of alkaline phosphatase and osteocal-
cin genes and enhanced calcium phosphate deposition.78

Addition of a lower level of calcium, antioxidant
N-acetyl-L-cysteine and L-ascorbic acid-2-phosphate in
growth medium enhanced the lifespan of the adipose
stem cells.79 Ascorbic acid has been portrayed as a major
co-factor in the differentiation of MSCs as well as its pro-
liferation. Induction with ascorbic acid can help in the
growth of periodontal ligament cells.80 Interestingly,
micro RNAs such as miR-195 when silenced, increased tel-
omerase reverse transcriptase (Tert); they also helped in the
phosphorylation of AKT and FOXO3 expression in old
MSCs. This led to telomere re-lengthening and reduction
of the expression of senescence-associated b-galactosidase.
It also restored anti-ageing factors like Tert and Sirt1.81

When the culture media was supplemented with growth
factors like FGF-2, PDGF-BB, epidermal growth factor, they
increased the cell proliferation and the number of cell dou-
blings before attaining senescence.79,82 Additionally, the
nuclear factor-erythroid 2-related factor (Nrf2) has also
been shown to delay senescence through regulation of anti-
oxidant genes.83,84

Scaffolds

The scaffolds provide a temporary 3D support that will be
removed through reabsorption during the formation of
functional tissue.14 The newly formed bone tissue adheres
to the scaffold and synthesize ECM. Once the remodeling of
the bone is done, the newly formed bone replaces the scaf-
fold with its own tissues.14 Ideally, a scaffold should pos-
sess characteristics, such as (i) biocompatible and non-toxic,
(ii) bond with the host bone without formation of scar
tissue, (iii) yield sufficient bone growth and provide
proper attachment to the cell, (iv) allow growth of the
bone in 3D interface as well, (v) produce equal amounts
of bone tissues that are degraded, (vi) be able to excrete
degraded non-toxic products easily, (vii) promote mechan-
ical properties similar to the existing bone even after in vivo
implantation, (viii) be able to mold into any shape accord-
ing to the type of the bone defect, and (ix) have the ability to
be produced commercially and to be sterilized for clinical
use.8,85 Scaffolds can be of different types based on the
material they are made of. Some of the different types of
materials that can be used as scaffolds are explained below
(Figure 4).

Bioactive glass

Bioactive glasses are amorphous silicate-based materials.
They have the potential to bond with the host bone and
stimulate the growth of new tissues. Eventually, they dis-
solve overtime. Bioactive glasses are produced by two dif-
ferent methods, such as melt-derived and sol–gel method.
The first ever bioactive glass used for the production of
bone was Bioactive glass 45S5, which was implanted in a
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spanning Frizzled receptor. Wnt and its receptor together
can create two types of pathways: canonical and non-
canonical pathways. The canonical pathway forms a
complex including Wnt protein, frizzled receptor, and
low-density Lrp5/6 receptors.57 This complex activates
the Dishevelled (Dsh) and creates a signal that inhibits
the production of glycogen synthase kinase-3 (Gsk-3). The
silencing of Gsk-3 blocks the phosphorylation of b-catenin,
and thus the degradation of b-catenin through ubiquitin-
pathway in the cytoplasm is avoided. The b-catenin trans-
locate to the nucleus and undergo transcription of T-cell
factor (Tcf/Lcf family) and help in the activation of
Runx2.58 Thus, it plays a critical role in osteogenesis
and its growth, differentiation, maturation, and death.
A decreased amount of b-catenin indicates the process of
chondrogenesis.59 It also has a bipotential feature that has
the ability to produce osteocytes as well as chondrocytes.49

Notch pathway plays a main part in determining the fate
of the cell. Notch receptor and its ligands d1, 3, 4 and jagged
1, 2 are transmembrane proteins that initiate cell-cell inter-
action and signal transduction.60 The levels of Notch 1 and
2 are increased during osteoblast production, whereas
Notch 3 and 4 are found in the subsets of the lineage.49

This signal can upregulate the proliferation of immature
osteoblasts and inhibit the transactivation function of
Runx2. The proliferation activity may lead to osteosclero-
sis.61 The Hedgehog signaling pathway is proved to
assist in the formation of bone and cartilage.

The pre-hypertrophic chondrocytes produce Indian
Hedgehog, whose signal transduction act on the perichon-
drium osteoblast progenitors.62 The Hedgehog protein
binds with the Patched receptor and activates
Smoothened (Smo), which is a transmembrane protein
responsible for the transcription of GliA in the nucleus
thereby aiding in stem cell proliferation and activation of
the target genes.49 This pathway is known to have limited
effect on the early stage of osteoblast commitment.63 The
FGF gene family consists of 22 members.14 The gene family
combines with FGF tyrosine receptor isoforms in order to
produce a signal. Usually, FGFs 2, 9, and 18 were involved
in osteogenesis. When FGFs 9 and 18 are expressed in peri-
osteum, FGF2 is involved in both periosteum and osteo-
blast production.64 FGFR1 receptor stimulates the
differentiation as well as arrest the maturation of osteo-
blasts.62 The FGFs 2, 9, 18 binds with FGFR1 to activate
the transcription of their respective target genes. This sig-
naling increase the bone density as well.49

Ephrin pathway, best known for its bi-directional signal-
ing, consists of classes A and B. Class A includes GPI-
anchored EphA receptors (A1-A5), while Class B includes
EphB1-6 tyrosine kinase receptors (B1-B3).65 Bidirectional
signaling occurs from receptors to ligand and vice-versa.49

The signaling from Ephrin ligand EphB4 to the receptor
ephrin B2 leads to osteoclast differentiation. And their
reverse signaling activates osteogenic transcription factor
resulting in bone remodeling.66 The PDGF is a dimeric

Figure 3. The involvement of various signaling pathways during osteogenesis and bone remodeling process. Bone remodeling includes the activation of various

signaling pathways such asWnt, TGF-b, MAPK and IGF-1, FGF, Ephrin, Notch, and Hedgehog leading to the activation of several transcription factors like Runx2, GliA,
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molecule that exerts extracellular signaling and it is formed
by two polypeptide chains, PDGF-A and PDGF-B. The
dimerization of both the polypeptides can lead to three dif-
ferent isoforms (aa, ab, and bb).66 The bb dimer reduces the
osteogenic differentiation and alkaline phosphatase activity,
whereas its inhibition reduces the mitogenic and migratory
responses,49 Angiogenesis plays a very important role in
bone formation. VEGF is considered as a mediator of
osteo-inductive factors and enhances other signaling path-
ways such as TGF-b1, IGF and FGF-2.67 VEGF-mediated acti-
vation helps with the transportation of endothelial cells to
ECM. This type of mediation is not suitable for implanted
bone constructs as the endochondral route undergo its own
vasculature instead of exogenous angiogenic factors.14,68

Increasing evidence indicates that non-coding RNAs
such as microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs) play a pivotal role in the chondrogenic
and osteogenic differentiation of MSCs.69,70 A panel of
miRNAs that target RUNX2 such as miR-23a, miR-23b,
miR-30b, miR-30c, miR-34c, miR-133a, miR-135a, miR-137,
miR-143, miR-203, miR-204, miR-205, miR-217,
miR-218, miR-221, and miR-338 have been reported to reg-
ulate osteoblast differentiation.71,72 Among the miRNAs
that regulate chondrogenesis include miR-140, which tar-
gets Sp1 and SOX9.73,74 Currently, different lncRNA/
miRNA axes have been found to have a positive regulation
on the osteogenesis in bone marrowMSCs include lncH19/
miR-138, lncH19/miR-188, lncH19/miR-675, KCNQ1OT1/
miR-320a, NEAT1/miR-29b-3p, MALA-T1/miR-143, etc.70

Senescence of cells

Major stem cells responsible for bone remodeling are
MSCs, but their function reduces as they age through senes-
cence. Aging is induced through several factors such as
hormonal, nutritional, and other ageing-factors. Common
reasons for cellular senescence include telomere shorten-
ing, genomic damage, epigenomic damage, and oxidative
stress.75 It is explained that both the donor age and the
number of passages play a major role in determining the
osteogenic and chondrogenic potential of murine bone
marrow-derived MSCs. MSCs from a younger donor have
a better adherence capacity as well as good proliferation
rate compared to cells from an older donor.76 Cheng et al.
have demonstrated that the upregulation of senescent asso-
ciated genes such as p16, p21, and p53 predicts osteogenic
and adipogenic differentiation.77 All three senescence-
associated genes were expressed in bone marrow-derived
MSCs upon prolonged cell culture. However, there was a
gradual increase of only p21 in umbilical cord-MSCs
(UC-MSCs). P16 and p53 were reduced during early
stage, whereas increased during later stages in UC-MSCs.
The expression of transcription factors like C/EBPa and
PPARc was decreased in senescent cells. However, there
was an exception in UC-MSCs, where an increased level
of C/EBPa was found during the late stage of growth.
The mean percentage of senescence was increased to 3.4%
at passage 13 in adult adipose-derived MSCs.32

There are a few studies aimed at finding an alternative
method to reduce or avoid the ageing of cells. Khan et al.

have employed fat pad-derived stem cells obtained from
patients who were 55 years older and above. Although the
growth was not identical to bone marrow-derived stem
cells, the proliferation rate was similar. It was shown that
fat pad-derived stem cells did not decline with ageing, and
increased expression of alkaline phosphatase and osteocal-
cin genes and enhanced calcium phosphate deposition.78

Addition of a lower level of calcium, antioxidant
N-acetyl-L-cysteine and L-ascorbic acid-2-phosphate in
growth medium enhanced the lifespan of the adipose
stem cells.79 Ascorbic acid has been portrayed as a major
co-factor in the differentiation of MSCs as well as its pro-
liferation. Induction with ascorbic acid can help in the
growth of periodontal ligament cells.80 Interestingly,
micro RNAs such as miR-195 when silenced, increased tel-
omerase reverse transcriptase (Tert); they also helped in the
phosphorylation of AKT and FOXO3 expression in old
MSCs. This led to telomere re-lengthening and reduction
of the expression of senescence-associated b-galactosidase.
It also restored anti-ageing factors like Tert and Sirt1.81

When the culture media was supplemented with growth
factors like FGF-2, PDGF-BB, epidermal growth factor, they
increased the cell proliferation and the number of cell dou-
blings before attaining senescence.79,82 Additionally, the
nuclear factor-erythroid 2-related factor (Nrf2) has also
been shown to delay senescence through regulation of anti-
oxidant genes.83,84

Scaffolds

The scaffolds provide a temporary 3D support that will be
removed through reabsorption during the formation of
functional tissue.14 The newly formed bone tissue adheres
to the scaffold and synthesize ECM. Once the remodeling of
the bone is done, the newly formed bone replaces the scaf-
fold with its own tissues.14 Ideally, a scaffold should pos-
sess characteristics, such as (i) biocompatible and non-toxic,
(ii) bond with the host bone without formation of scar
tissue, (iii) yield sufficient bone growth and provide
proper attachment to the cell, (iv) allow growth of the
bone in 3D interface as well, (v) produce equal amounts
of bone tissues that are degraded, (vi) be able to excrete
degraded non-toxic products easily, (vii) promote mechan-
ical properties similar to the existing bone even after in vivo
implantation, (viii) be able to mold into any shape accord-
ing to the type of the bone defect, and (ix) have the ability to
be produced commercially and to be sterilized for clinical
use.8,85 Scaffolds can be of different types based on the
material they are made of. Some of the different types of
materials that can be used as scaffolds are explained below
(Figure 4).

Bioactive glass

Bioactive glasses are amorphous silicate-based materials.
They have the potential to bond with the host bone and
stimulate the growth of new tissues. Eventually, they dis-
solve overtime. Bioactive glasses are produced by two dif-
ferent methods, such as melt-derived and sol–gel method.
The first ever bioactive glass used for the production of
bone was Bioactive glass 45S5, which was implanted in a
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mouse.85 It was prepared using melt-derived method by
melting high-purity oxides in platinum crucibles at
1370�C. Sol–gel process is performed by hydrolyzing alk-
oxide precursors to produce a colloidal liquid (sol).
Currently, sol–gel process is preferred especially for in-vitro
cultures because of their ability to produce porous scaffolds
with macropores. NovaBoneVR is the most recently devel-
oped bioactive glass scaffold, which was widely used in
orthopedic applications mostly as bone filling material.85

Recent studies have improvised the use of glass scaf-
folds by modifying the existing scaffolds. For example,
San Miguel et al. have created a surface-modified porous
bioactive glass scaffold composed of BG1, a type of melt-
derived scaffold. They treated the scaffold with simulated
body fluid and calcium-deficient carbonated hydroxyapa-
tite. Thus, modified scaffolds showed enhanced osteogen-
esis of MC3T3-E1 pre-osteoblasts, when compared to
untreated scaffolds.86 Melt-derived bioactive glass, ICIE
16, is porous in nature; it was prepared using the gel-cast
foaming technique. Gel-cast foaming is a process of forma-
tion of gel by in situ polymerization of organic monomers
through sintering or frottage technique. This technique was
previously used to produce dense, porous ceramic struc-
tures. It was shown that this scaffold was more suitable for
bone regeneration and stimulated bone growth rapidly.87

Inter-connective pores are known to improve the character-
istics of glass-like mesoporous bioactive glass (MBG),
which is usually brittle. The binding the MBG with polyvi-
nyl alcohol (PVA) increases the mechanical strength of the
scaffold and provides an enhanced architecture and miner-
alization potential. Thus, this type of 3D printed scaffold
assists in a flawless bone regeneration.88

Composite

A composite scaffold can be made with mixing of compo-
nents like polymers and inorganic components extending

the ability to release a drug over a sustained period of
time.89 The effect of the addition of osteoinductive factor
with the scaffold was studied on a BMP-2 loaded with poly
(D,L-lactide-co-glycolide) (PLGA)/Hydroxyapatite (HAp)
scaffold. The addition of BMP-2 improved the growth of
bone tissue.90 Polycaprolactone is a type of polymer exten-
sively used in the scaffold for bone regeneration; 10% of
Strontium-substituted bioactive glass is incorporated into
polycaprolacton by melt electrospinning technique. The
produced scaffold is convinced to act as an ideal scaffold
with a porous structure and provided an increased depo-
sition of calcium phosphate layer usingMC3T3-E1 cells.91 It
is interesting to know that composite scaffolds are also suit-
able for dental applications. For instance, Brown et al. have
experimented with porous metallic magnesium/PLGA
scaffolds using solvent casting and salt leaching method.
PLGA is a polymer that produces acidic by-products
during its degradation. This composite scaffold showed
lower inflammation than the traditional PLGA scaffolds,
with an improved osteogenesis, as it contains a porous
environment, which helped in increasing the bone stromal
cell population in vitro. These composite scaffolds showed a
promise for dental socket preservation.92

Bio-composite

Bio-composite is a type of composite scaffold constituting
biological materials. Such materials include fibrin, collagen,
chitosan, etc. The bio-composite scaffold composed of
PLGA and collagen matrix derived from a porcine bladder
submucosa matrix was evaluated. This scaffold possesses
porous structures and promoted cellular interactions and
maintained structural integrity of human ESCs and bovine
osteoblasts.93 Another biodegradable scaffold made with
chitosan/nanocrystalline calcium phosphate composite
increased the fibronectin adsorption and osteoblast prolif-
eration.94 In another study, 3D printing of composite calci-
um phosphate and collagen scaffolds offered
osteoconductive new bone formation in vivo using murine
models with a femoral defect.94 It was also shown that the
phosphoric acid based binder solution, when comple-
mented with Tween 80 and collagen, significantly
improved the mechanical and flexural strength, and cell
viability.95 Fangfang et al. have studied the combination
of nanocrystalline HAp and various types of bioactive pol-
ymers. They have described several preparation methods
of HAp/polymer composite scaffolds using solvent/solu-
tion casting method, thermally induced phase separation
(freeze-drying method), electrospinning technique, in-situ
mineralization of HAp in polymers, electrodeposition, and
3D microstructures.96

Metallic

Porous metallic scaffolds are often used to restore the dam-
aged bones’ functionality. They help to maintain the struc-
ture and shape of the repaired bone. Also, they provide
interfacial porosity and permanent structural framework.
They were made by different methods like powder metal-
lurgy, decomposition of foaming agents, replication, rapid
prototyping technologies, etc. Metallic scaffolds seem to be

Figure 4. Different types of scaffolds that are generally used for in vitro osteo-

genesis. Preparation of three-dimensional scaffolds with different types of

materials including bioactive glass, composite, bio-composite, metallic, and

injectable preparations that enhance the differentiation potentials of stem cells in

it. (A color version of this figure is available in the online journal.)
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mouse.85 It was prepared using melt-derived method by
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1370�C. Sol–gel process is performed by hydrolyzing alk-
oxide precursors to produce a colloidal liquid (sol).
Currently, sol–gel process is preferred especially for in-vitro
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with macropores. NovaBoneVR is the most recently devel-
oped bioactive glass scaffold, which was widely used in
orthopedic applications mostly as bone filling material.85
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useful in load-bearing applications. Metallic scaffolds have
also been used as a composite with several other polymers
such as RGD-peptide, vitronectin, and fibronectin.97

Examples of metallic scaffolds include porous tantalum,
magnesium, titanium and titanium alloys, and nickel-
titanium alloy. They are biocompatible, durable, and
highly corrosion resistant.98 Calcium-phosphate has been
used as a potential scaffold for a very long time because
of its identical properties to carbonate hydroxyapatite,
which is the matrix of the bone. Strontium is another metal-
lic scaffold, which helps in bone formation. 99

Injectable

Injectable scaffolds are another type of scaffolds widely
used for research and considered as a non-invasive
method of producing scaffolds creating a 3D network and
assisting in the formation of bone. Some of the examples
include injection of calcium phosphate foam by mixing
a-tricalcium phosphate powder with a foamed polysorbate
80 solution. The paste should be injected immediately after
mixing to develop a porous structure.100 Another study
developed an injectable calcium phosphate cement for
delivery of osteogenic cells. The scaffolds were developed
using absorbable fibers, biopolymer chitosan, and mannitol
porogen with MC3T3-E1 osteoblast-like cells. It was
observed that the cell attachment and proliferation were
markedly good.101 Moreover, the usage of stimuli-
responsive gels containing hydroxyapatite and carbon
nanotubes have been developed102. The nanotubes helped
in improving the mechanical properties, activity, and pro-
longed drug release. The scaffold thus formed is thermo-
sensitive and required less gelation time.102

Another study has shown that the use of PuraMatrix
(PM), a peptide nano-material with dog MSCs (dMSCs)
and platelet-rich-plasma (PRP) enhanced bone
regeneration.103This scaffold was implanted into the teeth
extracted from an adult hybrid dog. After eightweeks of
implantation, the bone generation was found high in PM/
dMSCs/PRP with 58.43� 5.06% followed by 50.07� 3.97%
of bone produced in PM/dMSCs.103 In another study,
gellan xanthan gels were used as matrix as well as carriers
for growth factors. This gel, along with chitosan nanopar-
ticles, basic FGF and BMP7 increased the proliferation and
production of the human fetal osteoblasts.104 The differen-
tiated cells showed a high alkaline phosphatase activity
and calcium deposition. Additionally, the scaffold also
showed an enhanced anti-bacterial effect against bacteria
generally occurring during implantation.104 Injectable com-
posite hydrogel promoted spinal fusion through improving
the osteogenic and angiogenic potentials of BM-MSCs.105

Cell therapy for different bone disorders

Traditional drug treatments for certain bone defects tend to
produce severe side effects. Currently, cell-based therapy
attracted researchers for treating several bone disorders
like fracture, osteogenesis imperfecta, and osteoporosis.

Non-union fracture

Fracture healing is usually classified into two types: prima-
ry cortical fracture healing and secondary fracture healing.
Primary healing has no callus formation, no periosteal
response, but establishes a new harversian system.
Secondary healing, on the other hand, undergoes hemato-
ma formation and construction/de-construction of the
wounded area. This type of healing consists of intramem-
branous and endochondral formation, thus following a
series of steps, primarily leading to bone remodeling.9

Treatment with autologous bone-marrow cell grafting
was found to be safe and efficient for the treatment of
non-union fracture.106,107 These study results show that
bone marrow aspirates constitute of both osteogenic and
osteoinductive characteristics.

Delivery of human adipose derived pericytes and MSCs
to the fracture gap prevented the failure of healing atrophic
non-union fracture in a rat model.108 In the same study, 80%
animals showed healing of bone in eight weeks with good
quality.108 Another interesting study showed that non-
union stromal cells obtained from atrophic non-union frac-
ture tissue have exhibited a reduced osteogenesis,
increased cell senescence, and an increased secretion of
Dickkopf-1, an important inhibitor of Wnt signaling
during osteogenesis when compared to bone marrow mes-
enchymal stromal cells.109

Osteogenesis imperfecta

Osteogenesis imperfecta (OI) is a type of genetic disorder
which produces brittle bones. It is caused due to mutations
in the COLIA1 and COLIA2 collagen genes resulted in
abnormal assembly of collagen fibrils.110 People with
severe disease are said to be suffering from a type III
OI.111 The defect in collagen may lead to multiple fractures,
short stature, and severe bone deformities. A clinical study
has shown that engraftment of MSCs in three children with
OI resulted in high-density bone formation after three
months. In this study, a total increase in the mineral content
was estimated to be around 21 to 29 g.112 A similar study
employing bone-marrow transplantation in six children
with severe OI showed an improvement in the growth of
children from 60% to 94%.113

MSCs have proven to be an integral part of treatment for
OI and this was proved from the following studies.
Chamberlain et al. have demonstrated a successful gene
targeting in adult human stem cells using adeno-
associated viral vectors that disrupted the mutated
COLIA1 and COLIA2 genes.114 In another study, transplan-
tation with human leukocyte antigen (HLA)-MSC into a
female fetus with OI in 32nd week of gestation was per-
formed. At two years of age, the motor development of the
baby was found to be normal and the growth was persis-
tent from then on.110

Osteoporosis

Osteoporosis is a type of bone disorder with low bone min-
eral density. This degrades the structure of the bone and
thus leads to fracture.115,116 Three patients aged between 35
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and 45 with systemic mastocytosis, a stem cell disorder
with an increase in number of mast cells in the skin has
been effectively treated for severe osteoporosis by using
interferon alpha-2b.117 It has been postulated that osteopo-
rosis can be caused due to oxidative damage. Therefore,
MC3T3-E1 osteoblastic cells were induced with hydrogen
peroxide (H2O2) to create an oxidative damage. When the
cells were treated with hydrogen sulfide (H2S), the tran-
scription level was found to be increased for alkaline phos-
phatase, osteocalcin, bone matrix protein, and collagen
through activation of MAPK pathway.118

Osteoporosis may occur due to an increased resorption
of bone by osteoclasts or by rapid death of osteoblasts and
osteocytes. Yamaza et al. have shown that aspirin increased
osteogenesis of bone marrow MSCs and inhibited osteo-
clast activity in the ovariectomy-induced osteoporosis
mouse model.119 In this study, osteoporosis-induced mice
treated with aspirin improved osteoporosis with an eleva-
tion of osteoblasts and a reduction of osteoclasts.119

Furthermore, a flavonoid obtained from Herba epimedii
called icarrin is found to be effective for the treatment of
osteoporosis. In an in vitro co-culture model of mouse bone
marrow-MSCs with mouse pre-osteoclastic RAW264.7 and
rat ovarian follicular granulosa cells, it was shown that
icarrin increased alkaline phosphatase activity and estradi-
ol production while it decreased tartrate-resistant acid
phosphatase levels.120

Advantages and future perspectives

Cell-based therapy for bone regeneration has proven to be
more effective than traditional methods, as it eliminates the
risk of an immune response and painful surgeries. It has
been clearly demonstrated that various stem cells, especial-
ly MSCs are more effective for osteogenesis. Furthermore,
the cells grown in a suitable 3D scaffold support were
found to be more efficient for osteogenesis, as the 3D sup-
port simulates an in vivo environment, which helps in the
differentiation of stem cells into bone cells. The iPSC tech-
nology also helps to produce a highly proliferating MSCs
for bone regeneration. Even though there are many studies
related to the production of osteocytes from adult MSCs,
their production from iPSCs can be easily applied for future
autologous cell therapy. Currently, several cell-based clini-
cal trials have shown to be more effective in treating
patients with bone fracture or osteoporosis. Bone regener-
ation in patients with bone disorders can be enhanced
through modification of stem cells with several osteogenic
factors or using stem cells as carriers for osteogenic factors.
Millions of road traffic accidents related bone fractures,
especially for the young patients, can be easily healed
through the application of cell-based therapies. CRISPR-
Cas9 technology can be applied for correcting the mutation
of genes in the stem cells obtained from patients with oste-
ogenesis imperfecta, and can be applied for autologous cell
therapy. Particular attention needs to be given to the pro-
cess of obtaining and manufacturing clinical grade stem
cells, and modification of them for the possible enhance-
ment of their osteogenic and angiogenic potentials.

Limitations of stem cells-based therapy for
bone regeneration

The source of MSCs from donor and the donor’s age, sex,
and health conditions play a very important role in regen-
erative therapy. Moreover, MSCs may pose minor immu-
nological rejection associated with the treatment. Although
MSCs are attractive candidates for bone regeneration, their
performance on large bone defects and defining the best
approaches to be used in clinical practice is yet to be
defined. Furthermore, obtaining a good manufacturing
practice-grade effective stem cells, including their isolation,
characterization, expansion, and selecting homogeneous
population of MSCs to deliver at the site of bone injury
are other challenges associated during MSC therapy.
Partly, the osteogenic and angiogenic potentials of MSCs
can be improved by employing several osteoinductive
and osteoconductive biomaterials which provide a 3D envi-
ronment for MSCs at the site of bone injury. Currently, a
series of issues needs to be addressed including developing
amore efficient scaffold delivery system, improving biolog-
ical stability, specific differentiation capacity of stem cells,
and reducing their off-target effects during stem cell
therapy.

Conclusions

Osteogenic cells can be derived from a wide array of cell
sources from our body including iPSCs. These cells have
the regenerative potential and also possess the immuno-
modulatory characteristics to repair the injured tissues. In
addition, the availability of modern techniques may facili-
tate the ease of scaling up the cells along with the scaffold-
ing technology which can offer a powerful therapeutic tool
for regenerative medicine.
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