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Abstract
Purpose of Review The main objective of this article is to investigate the current trends in the use of induced pluripotent stem
cells (iPSCs) for bone tissue repair and regeneration.
Recent Findings Pluripotent stem cell–based tissue engineering has extended innovative therapeutic approaches for regenerative
medicine. iPSCs have shown osteogenic differentiation capabilities and would be an innovative resource of stem cells for bone
tissue regenerative applications.
Summary This review recapitulates the current knowledge and recent progress regarding utilization of iPSCs for bone therapy. A
review of current findings suggests that a combination of a three-dimensional scaffolding systemwith iPSC technology to mimic
the physiological complexity of the native stem cell niche is highly favorable for bone tissue repair and regeneration.

Keywords Induced pluripotent stem cells (iPSCs) . Biomaterials . Osteogenic differentiation . Bone tissue engineering . Bone
regeneration

Introduction

Limitations with Current Therapies

Bone defects are a common problem in orthopedics, which are
often caused by trauma, tumor, and infection. Unfortunately,

the treatment options for critical-size bone defects are very
challenging. Bone is a dynamic and highly specialized form
of connective tissue [1, 2] due to its unique capability of re-
generation throughout one’s life by a process known as bone
remodeling [3]. For example, if the defect is minor, bone can
heal within a few weeks and surgical interventions are not
necessary. However, if the bone defect is of critical size, then
a bone grafting procedure is required [4]. The critical-size
bone defects are defined as those being more than 1.5 times
greater than the diameter of the bone, and they do not heal by
itself if left untreated [5]. Each year, millions of people suffer
from various kinds of bone defects [6] and there is an urgent
need for efficient bone graft transplantation.

There are several methods currently available for the treat-
ment of critical-sized bone defects. One of the most common-
ly used methods is autologous bone graft transplantation,
which is often considered as a gold standard in orthopedics,
but the supply of autologous bone graft is limited [5, 7]. On
the contrary, allogenic and xenogenic bone grafts are less pre-
ferred because of their clinical complications associated with
the chances of immunological reactions and the transfer of
pathogens. Thus, synthetic bone grafts have been introduced
and are being used in clinical practices with promising results
[8]. Although there has been some good progress in bone
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grafting using these synthetic materials, their long-term per-
formance is generally not satisfactory [8, 9]. Therefore, there
is an urgent need to develop alternative methods which could
alleviate the problems above and accelerate the bone healing
process, especially for large bone defects [10].

Potential Solutions and the Need for iPSCs

In the last few decades, tissue-engineered constructs have
shown great possibilities for advancing orthopedic regenera-
tive medicine. Being an interdisciplinary field, tissue engi-
neering involves the combined use of stem/progenitor cells
and biomaterials to aid in the regeneration of tissues and or-
gans which lack self-regeneration potential [11–14].
Alternatively, cell-based therapies have also proved to deliver
encouraging results in bone defect treatment [15]. For exam-
ple, transplantation of mature cells (for example, osteoblasts)
has often been used in bone defect treatment. However, trans-
plantable autologous osteoblasts are not readily available by
current experimental techniques and they may have donor site
morbidity, and low proliferation capabilities [16]. Therefore, it
becomes necessary to identify alternative cell sources for
bone-related applications. The recent advancement of stem
cell research has offered new hopes for bone regeneration,
which gives us confidence that protective and regenerative
therapies are possible [14, 17]. Among them, bone marrow–
derived mesenchymal stem cells (BMSCs) have been consid-
ered as a promising source of stem/progenitor cells for clinical
applications. Even though BMSCs are clinically being used
for treating bone defects, they have their constraints, for ex-
ample, limited availability and donor age-dependent prolifer-
ation potential. This lacunae in the field may be filled by
identifying the right cell sources with abundant availability
and high cell proliferative potentials [16, 17].

The use of induced pluripotent stem cells (iPSCs) in regen-
erative medicine for replacing defective cells and tissues has
been researched over the past decade [5]. Nevertheless, some
studies were published on the use of iPSCs for bone regener-
ation. For instance, Tang et al. have reported that human-
iPSC-derived mesenchymal stem cells could be used in com-
bination with calcium phosphate–based scaffolds for bone re-
generation [18]. However, a recent report by Diederichs et al.
suggests that a consistent quality of stem cell populations with
high SOX9 protein induction is an essential indicator towards
obtaining healthy cartilage tissues from iPSCs [19]. Therefore,
iPSCs could be considered as a potent cell source for engi-
neering bone tissues, certainly worthy of investigation and
discussion.

The Scope of This Article

Considering the impact of iPSCs in regenerative medicine, we
focus our attention here on iPSCs as the cell source for bone

tissue engineering and analyze their bone regenerative capac-
ity both in vitro and in vivo. For the benefit of the readers, the
iPSC basic biology and the concept of bone tissue engineering
are also discussed. However, the authors do not imply that
iPSCs are the only choice of stem cells available for bone
tissue engineering but the fundamental intention is to stimu-
late research on iPSCs in the context of tissue engineering and
to gain insight into the state of the art of iPSCs for bone tissue
engineering.

Induced Pluripotent Stem Cells (iPSCs):
the Essentials and Overview of iPSC-Based
Tissue Engineering

The principal objective of regenerative medicine is to replace
non-functional/or damaged tissue. In order to achieve this goal,
it is paramount to delineate the entire process of regeneration,
including differentiated cells that can be converted into progen-
itor cells (which may have potential to replace the damages/non-
functional cells); this process is termed as dedifferentiation of
cells. On the other hand, the conversion of cells of one particular
lineage into another cell type of a different lineage is widely
known as transdifferentiation of cells. But in experimental con-
ditions, where somatic cells can be induced to reprogram them-
selves by overexpression of four key transcription factors
(OSKM, known as Yamanaka factors) to become pluripotent
cells, this method is called cellular reprogramming. Studying
the regenerative processes in both non-mammal (zebrafish,
Drosophila fly models) and mammal models (rat, mice), natural
or artificial processes, could emphasize the molecular and cellu-
lar signaling mechanisms behind cellular reprogramming, and
then may be used to generate future regenerative therapies. The
iPSCs are a sub-class of adult stem cells, which has emerged as a
potent clinical alternative for embryonic stem cells (ESCs) by
overcoming the ethical shortcomings of ESCs [20, 21]. The
iPSCs have been shown to have similar characteristics and dif-
ferentiation potential to ESCs that could be achieved by genetic
reprogramming of adult somatic cells [22, 23]. For example,
Yamanaka et al. have reported the reprogramming capability of
murine fibroblasts into mouse embryonic fibroblasts or tail-tip
fibroblasts by employing retroviral transduction of pluripotent-
specific transcription factors, i.e., OCT4, SOX2, KLF4, and c-
Myc. This study demonstrated the enhanced proliferative capac-
ity and pluripotent behavior of reprogrammed cellular colonies
[24]. Subsequently, a similar reprogramming strategy was tested
with the lentiviral expression system to deliver four transcription
factors namely OCT4, SOX2, NANOG, and LIN28 to fetal
MRC5 lung fibroblast cells and new BJ-1 foreskin fibroblast
cells which resulted in high reprogramming efficiency for fetal
fibroblasts but only 0.01% for newborn fibroblasts [25].
Subsequently, the methodology was focussed towards increasing
the reprogramming efficiency and reducing the number of
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integrated vector sequences from the reprogrammed iPSCs.
Since then, various methods have been used for the generation
of iPSCs by reprogramming somatic cells, where the commonly
used viral vectors for transcription factor delivery are retroviruses
and lentivirus. Among them, lentivirus systems are best suited as
delivery vehicles due to their ability to infect non-dividing and
proliferating cells [26]. Furthermore, to prepare patient-specific
human iPSCs (hiPSCs), cells were directly derived from the
patients and reprogrammed. The differentiation of hiPSCs into
tissue-specific cells is beneficial for cell-based therapies and
patient-specific disease models for drug discovery and develop-
ment [4].

Even though third generation lentiviral systems of somatic
cells reprogramming are quite safe for pre-clinical studies, in
recent years, there have been advancements in iPSC technology
which could be attributed to a variety of reasons, for example, the
advent of integration-free reprogramming approaches, disease
modeling, and starting of preclinical trials [27]. Although
iPSCs have not been considered as a model stem cell source
due to their limitations such as poor reprogramming efficiency
and tumorigenic potential, considerable research is going forward
in this direction. As an alternative approach, various other
methods have been explored for iPSC generation or to establish
protocols for direct somatic cell application in the clinics. For
instance, Jung et al. explored chemical biology for enhancing
the reprogramming efficiency of adult stem cells to form iPSCs
and increase their quality [4]. This study also investigated the cell
phenotypes that govern the biological mechanisms related to
iPSC generation. The study emphasizes small-molecule modula-
tors that are capable of direct reprogramming adult cell types into
clinically relevant cell types such as glial cells, neurons, and
cardiomyocytes for translational research. However, Baek et al.
reported that the extremely low-frequency electromagnetic field
(EL-EMF) exposure could induce dynamic epigenetic changes
which support effective somatic cell reprogramming. These dy-
namic epigenetic changes resulted from EL-EMF-induced acti-
vation of the histone lysine methyltransferaseMll2. Additionally,
Kang et al. reported a direct conversion method for hiPSCs into
osteoblasts by using adenosine molecules [28]. These alternative
approaches may prevent the need for conventional vectors based
on cell reprogramming and provide efficient methods for induc-
ing epigenetic reprogramming.

Tissue engineering, in particular, iPSC-based tissue engineer-
ing, involves reprogramming of a patient’s or donor’s cells into
iPSCs and then re-directing them to differentiate into the tissue-
specific lineage, followed by culturing them onto a scaffolding
system that provides structural and functional support to iPSC-
derived tissues/organs, which could be then transplanted to the
defective site (Fig. 1) [29]. iPSC-derived lineage-specific cells,
appropriate scaffolds, and selected bioactive molecules are con-
sidered as vital components for the success of iPSC-based tissue
engineering, as they can have a considerable impact on the cell-
material interactions that guide tissue regeneration. Scaffolds

provide structural support and a 3D microenvironment to the
cells for cell attachment and subsequent tissue development.
Besides scaffolds, cell sources are also one of the limiting factors
for the success of tissue-engineered products. For the develop-
ment of a viable tissue construct, specific cell types that show
non-immunogenic behavior, high proliferative capacity, easy
handling, and ability to differentiate into a variety of cell types
with specialized functions are required. Cell sources utilized for
tissue engineering include mature (non-stem) cells, adult stem
cells, ESCs, and iPSCs, which can be autologous, allogeneic,
or xenogeneic. Cell sources are available in a wide variety but
are also found to be associated with their respective limitations.
For instance, mature cells have low proliferation and differentia-
tion capacity, whereas ESCs have high self-renewal and multi-
lineage differentiation potential, but have limited access due to
ethical and legislative issues [30]. To overcome these restrictions,
iPSCs have been developed with ESC-like properties but sur-
passing the ethical issues. Besides the suitable cell type/source
selection, scaffold design and bioactive molecule’s mobilization
that can facilitate cell-biomaterial interactions are also equally
important factors. It has been proven that the addition of growth
factors, bioactive molecules, or nanomaterials as bioactive sig-
nals can facilitate stem cell differentiation into the desired line-
age. The interaction of cells with these engineered matrices is
also a critical factor that governs the successful translation of
functional tissue-engineered products.

State of the Art of iPSC-Based Bone Tissue
Engineering and Regeneration

The ultimate goal of tissue engineering and regenerative med-
icine is to repair and regenerate damaged tissues or organs.
Although MSCs have been used in a significant number of
published studies for bone tissue engineering, ESCs and
iPSCs remain as potential stem cell sources for researchers
due to their pluripotent nature [23, 31] However, in vivo trans-
plantation of ESCs and iPSCs raises several safety concerns
including the risk of tumorigenesis. Although the unique com-
bination of stem cell biology and biomaterials has enhanced
the application of iPSCs in tissue engineering [32, 33], the
process of designing and testing innovative biomaterials still
limits the use of iPSCs in tissue engineering and clinical
therapies.

Biomaterial–stem cell interaction can modulate the
stem cell’s fate. Recently, rapid prototyping techniques
have been employed for designing customized 3D porous
scaffolds suitable for bone defect regeneration. However,
these porous scaffolds have been reported to be mechan-
ically weak, which limits their use as bone grafts [34, 35].
Therefore, many research groups are focussing towards
developing better synthetic scaffolds, which could best
mimic natural bone composition and architecture for bone
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defect regeneration. This could be achieved by processing
innovative bioactive biomaterials or nanomaterials for
bone tissue engineering in combination with biological
molecules that can guide stem cells (or iPSCs) towards
osteogenic differentiation [36•]. To this end, recent reports
have demonstrated the ability of iPSCs to differentiate
into osteoblasts or osteoclasts, implying that iPSCs could
enhance the full aspect of bone remodeling and regenera-
tion (Fig. 2).

In Vitro Perspective

Biomaterials such as calcium phosphate cement (CPC),
which are similar to natural bone mineral, have been re-
ported to treat complex-shaped bone defects with high
osteoconductivity. For instance, Tang et al. reported that
hiPSC-derived MSCs seeded onto CPC scaffolds could be
used for bone regeneration in craniofacial, dental, and

orthopedic repair applications [18]. The study employed
iPSCs derived from reprogrammed adult marrow CD34+
cells by using a single episomal vector pEB-C5 which
were cultured in vitro to form embryoid bodies (EBs),
and MSCs were collected from the culture dish as cells
migrated out of EBs during in vitro expansion. The iPSC-
derived MSCs expressed the typical cell surface antigen
profile of MSCs as confirmed by flow cytometry analysis
and showed a mesenchymal differentiation ability by dif-
ferentiating into chondrocytes, osteoblasts, and adipo-
cytes. The iPSC-derived MSCs showed high cellular via-
bility and osteogenic differentiation when seeded onto
CPC scaffolds. The iPSC-derived MSCs cultured onto CPC
scaffolds and supplemented with osteogenic medium revealed
higher gene expression of osteogenic markers such as
osteocalcin, collagen type I, alkaline phosphatase (ALP),
Runx2 and other osteoblast-associated transcription factors
than those samples cultured in control medium (p < 0.05).

Fig. 1 Schematic representation of the use of iPSCs, as a cell source, for iPSC-based tissue engineering

Curr Osteoporos Rep (2019) 17:226–234 229



Additionally, in the same system, a ten times increase in
ALP protein concentration was observed over that of the con-
trol group (p < 0.05). The study also stated that the bone min-
eral synthesized by iPSC-derived MSCs adherent to CPC
scaffolds increased over time, and mineralization in the sys-
tem supplemented with the osteogenic medium was 3–4-fold
higher than the control group [18]. Similar to calcium phos-
phates, other essential trace bone mineral elements such as
boron have also been evaluated for their effect on bone for-
mation, growth, and health. In a report by Mondal et al., the
polycaprolactone and borophosphosilicate glass (PCL/
BPSG)–based hybrid biomaterial showed enhanced bone for-
mation when cultured with iPSCs [38]. Cellular infiltration
within the interior of the scaffold was observed. However,
the osteogenic differentiation efficiency of the cultured
iPSCs was dependent on the boron concentration in the hybrid
scaffolds. Having said that, the scaffolds containing 2 mol%
boron had a positive effect on osteogenic lineage expression
for osteopontin (OPN), osteocalcin (OCN) and ALP [38].

Additionally, iPSCs have also been explored for
chondrogenic differentiation. For instance, Mahboudi et al.
studied the effect of nanofiber-based polyethersulfone (PES)
scaffold on the iPSC chondrogenesis potential [39]. The
study compared these scaffolds with the scaffold-free ap-
proach in vitro. However, after 21 days of culture, the results
showed significant expression of collagen type II, collagen
type X, and aggrecan, which are chondrogenic genes in PES
scaffold–seeded hiPSC group in comparison with the

expression levels in the scaffold-free group. In both groups,
the expression of collagen Iwas observed to be downregulat-
ed, whereas SOX9 expression was upregulated, demonstrat-
ing the great efficiency of iPSCs and PES scaffolds for carti-
lage regeneration [39]. Various other types of scaffolds have
also been tested for iPSC-based chondrogenesis. For exam-
ple, electrospun3Dnanofibrous scaffolds composedofPCL/
gelatin nanofibers cultured with iPSCs showed significant
expression levels of chondrogenic genes than the control
group [40•]. Being a potent cell source for osteo- or chondro-
genesis, studies have also focussed on developing optimized
protocols andaddress the shortcomingsof iPSCchondrogen-
esis. It has been already reported that consistent quality of
intermediate cell populationswith high SOX9protein induc-
tion is an essential indicator for achieving healthy cartilage
differentiation from iPSCs [19]. To further validate this ob-
servation and compare results with MSC-driven chondro-
genesis, Diederichs et al. investigated the SOX9 protein reg-
ulation during multiphase chondrogenic differentiation of
two hiPSC cell lines which are comparable with MSC chon-
drogenesis. With intermediate mesenchymal progenitor cell
(iMPC) generation, SOX9 protein was induced and reached
variable levels in comparison with MSCs. It was found that
the process of iMPC chondrogenesis was less efficient in
comparison withMSCs chondrogenesis, whereas it was bet-
ter in an iMPC cell line with higher SOX9 protein levels.
Despite efficient Smad-2/3 phosphorylation, TGF-β-driven
chondrogenic stimulation in iMPCs showed SOX9 protein

Fig. 2 Overview of iPSC-based therapeutic approaches for bone tissue engineering. Reprinted with permission from [37]. Used with permission from
Elsevier
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downregulation in contrast to high protein levels in MSCs.
UnlikeMSCs, in iMPCs, high levels of the SOX9 antagonize
hsa-miR-145 protein levelswhich could be due to lowSOX9
protein levels. These observations suggest altogether that

considerable iMPC heterogeneity with variable SOX9 pro-
tein expression levels, altered condensation pattern, and low
early SOX9 induction are the limiting factors for iPSC chon-
drogenesis [19].

Fig. 3 Histological observations of bone regeneration in cranial bone
defects in rats. CPC denotes calcium phosphate cement; OS-iPSCMSCs
denotes osteogenic-mediated induced pluripotent stem cell-derived

mesenchymal stem cells; BMP2 denotes bone morphogenetic protein 2.
Reprintedwith permission from [43]. Used with permission fromElsevier
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In Vivo Perspective

Among others, one of the major challenges of iPSC applica-
tions in bone regeneration is the lack of safe and efficient
methods or techniques for facilitating iPSC differentiation into
osteogenic/chondrogenic lineages in vivo. Therefore, various
research groups have tried to validate the applicability of
iPSCs for osteogenic regeneration in animal models. For ex-
ample, in a recent report by Wu et al., the first evidence of
antibody-mediated differentiation of iPSC-derived mesenchy-
mal stromal cells (iPSCMSCs), and osseous regeneration
in vivo, was shown [41]. The subcutaneous implantation of
iPSCMSCs and an anti-BMP2 antibody (3G7) showed signif-
icant vascularization and bone formation in vivo, whereas the
sites with exogenous BMP2 revealed relatively lower vascu-
larization and dystrophic calcification [41]. However, many
researchers have investigated the effect of iPSCs on more
conventional scaffolds for bone regeneration in animal
models. Conventional scaffolds like CPC, which have already
proved their potential with MSCs in animal models, were
investigated with iPSCs. In a recent report by Kang et al.,
the reinforced composite scaffolds made of chitosan, whisker,
and CPC when seeded with fifth-generation iPSC-derived
MSCs proved better than the pure CPC scaffolds in vivo
[42]. The composite scaffolds were implanted into Sprague
Dawley rat models to establish the 8-mm-long skull bone
defects and evaluated after 8 weeks. The percentage of new
bone volume and the density of neovascularization in the
composite scaffolds was observed to be significantly higher
than those in the control group. The in vivo repair experiments

showed that the new bone was mainly filled with the space of
the scaffold material. Osteoblasts and neovascularization were
surrounded by new bone tissue in the matrix, and osteoblasts
were observed to be arranged on the new bone boundary [42].
To further modulate the physical behavior of hydrogels, a self-
setting iPSC-derived MSCs and alginate/CPC composite–
based injectable paste was reported for cranial defects [43].
The iPSC-derivedMSCs (iPSCMSCs) were pre-osteoinduced
(OS-iPSCMSCs) for 2 weeks or BMP2 growth factor trans-
duced (BMP2-iPSCMSCs), followed by their encapsulation
in fast-degradable alginate microbeads. The microbeads
mixed with the CPC paste were used for filling cranial defects
in nude rats. After 12 weeks, new bone area fraction (mean ±
SD; n = 5) for the CPC-iPSCMSC group was (22.5 ± 7.6)% in
comparison with the CPC-OS-iPSCMSCs (38.9 ± 18.4%) and
CPC-BMP2-iPSCMSCs (44.7 ± 22.8%) (Fig. 3). The new
bone fraction area for the control CPC group was 15.6 ±
11.2%which was much lower than other groups. These results
clearly showed that the iPSCMSC-based CPC scaffolds could
promote bone regeneration in vivo with accelerated scaffold
resorption properties [43].

These scaffolds showed a significantly increased new bone
formation in vivo, but could not provide adequate vasculari-
zation. Vascularization for a newly formed bone tissue con-
struct is an important factor for maintaining cellular viability
and functionality in vivo. Therefore, novel tri-culture CPC
scaffolds were developed to elicit pre-vascularization [44].
Firstly, the human-derived iPSCMSCs seeded onto the CPC
scaffold were osteoinduced, followed by the incorporation of
HUVECs and pericytes to form a functional and stable

Fig. 4 Transplantation procedure for rabbit cartilage defects in control (B, E), scaffold only (C, F) and scaffold/hiPSC-MSC group (D, G) after 3 and
6 weeks. Reprinted with permission from [45•]. Figure used with permission from author (Open Access article)
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vascular network that could mimic the natural vascular struc-
tures. The tri-culture construct was implanted in a nude rat
model with the cranial bone defect for 12 weeks, and the
results showed maximum new bone area fraction (45.3 ±
2.7%) and vessel formation (new blood vessel density)
(50.7 ± 3.8 vessels/mm2 in the tri-culture system) [44].

Besides bone regeneration, iPSCs have also been explored
for cartilage and osteochondral regeneration in vivo. In a re-
cent study, the MSCs derived from hiPSCs were seeded onto
poly(lactic-co-glycolide) scaffolds followed by implantation
into the cartilage defects of New Zealand white rabbits [45•].
After 3 and 6 weeks post-implantation, the experimental
group exhibited high cartilage defect regeneration in compar-
ison with the control groups. Post 6 weeks of implantation in
the experimental group, cartilage-like tissue was observed
along with no teratoma formation (Fig. 4) [45•]. These studies,
along with others, prove the promising potential of iPSCs in
bone repair and regeneration.

Concluding Remarks

The safety and efficacy of generated iPSCs need to be
established beyond reasonable doubts to succeed in the field
of translational regenerative medicine. While iPSC-derived
stem cell resource is emerging as a substitutional cell supply,
their cell intrinsic attributes of self-renewal and pluripotency
after in vivo transplantation in small animal models often lead
to tumorigenicity and genomic instability, which may result in
low clinical utility. Rigorous studies in the iPSC field are
being carried out to explore different technologies to generate
integration-free iPSCs, rigorously characterize these cells, and
widen their application for engineering physiologically rele-
vant tissues and organs. New approaches towards generating
iPSCs via episomal Sendai viruses, reprogramming mRNA,
and other fine molecular tools for cellular reprogramming
have also been experimentally tested. iPSC expansion on a
bioreactor or 3D matrix that supports their self-renewal and
pluripotency nature will be the next level of challenge in the
field. Lastly, one needs to get well-differentiated cells from
these iPSCs with minimal or acceptable contamination of plu-
ripotent cells. Experimental designs are being developed to-
wards the expansion of inter-converting procedures that can
give rise to mature cell types, for example, skin, cardiac, car-
tilage, bone, and neural cell types. However, cell-matrix inter-
actions are some of the defining factors for engineering phys-
iologically functional tissues and/or organs; thus, the scientific
focus is also required for the selection of a gradient scaffold
support system for tissues where two different tissues need to
be seamlessly organized. Although technological advance-
ments have been made in cellular reprogramming of hiPSCs
and have highlighted their therapeutic potential, relatively lit-
tle is known about iPSC interaction with biomaterials during

the in vitro lineage-specific differentiation process.
Nevertheless, iPSCs and their derivatives have proven to be
a potent renewable cell source for bone tissue engineering
applications. Keeping the above points in mind, future re-
search may focus on combining scaffold or biomaterials engi-
neering with stem cell or iPSC technology to bio-mimic the
physiological complexity of the stem cell niche in native
tissues.

Compliance with Ethical Standards

Conflict of Interest Deepti Rana, Sanjay Kumar, Thomas J. Webster,
and Murugan Ramalingam declare no conflict of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Murugan R, Liao SS, Ramakrishna S,Molnar P, Huang ZM,Kotaki
M, et al. Skeletal regenerative nanobiomaterials. In Hussain NS and
Santos JD, Eds., Biomaterials for Bone Regenerative Medicine,
Trans Tech Publications, Switzerland. 2010:1–34.

2. Florencio-Silva R, Sasso GRDS, Sasso-Cerri E, Simões MJ, Cerri
PS. Biology of bone tissue: structure, function, and factors that
influence bone cells. Biomed Res Int. 2015;2015:421746.

3. Rucci N.Molecular biology of bone remodelling. Clin Cases Miner
Bone Metab. 2008;5:49–56.

4. WangW, Yeung KWK. Bone grafts, and biomaterials substitute for
bone defect repair: a review. Bioact Mater. 2017;2:224–47.

5. Liu F, Ferreira E, Porter RM, Glatt V, Schinhan M, Shen Z, et al.
Rapid and reliable healing of critical size bone defects with genet-
ically modified sheep muscle. Eur Cell Mater. 2015;30:118–31.

6. Ghassemi T, Shahroodi A, Ebrahimzadeh MH, Mousavian A,
Movaffagh J, Moradi A. Current concepts in scaffolding for bone
tissue engineering. Arch Bone Jt Surg. 2018;6:90–9.

7. Shadjou N, Hasanzadeh M, Khalilzadeh B. Graphene-based scaf-
folds on bone tissue engineering. Bioengineered. 2018;9:38–47.

8. Khan F, Tanaka M. Designing smart biomaterials for tissue engi-
neering. Int J Mol Sci. 2018;19:1–14.

9. Pathak R. Bone tissue engineering: latest trends and future perspec-
tives. Adv Anim Vet Sci. 2015;3:9–22.

10. Rana D, Ramalingam M. Impact of nanotechnology in induced
pluripotent stem cells-driven tissue engineering and regenerative
medicine. J Bionanoscience. 2015;9:13–21.

11. Ramalingam M, Velayudhan S. Advances in induced pluripotent stem
cells: nanomaterial perspectives. J Bionanoscience. 2016;10:163–70.

12. Rana D, Ramalingam M. Enhanced proliferation of human bone
marrow-derived mesenchymal stem cells on tough hydrogel sub-
strates. Mater Sci Eng C. 2017;76:1057–65.

13. Boccaccio A, Uva AE, Fiorentino M, Bevilacqua V, Pappalettere C,
Monno G. A computational approach to the design of scaffolds for
bone tissue engineering. In: Piotto S, Rossi F, Concilio S, Reverchon

Curr Osteoporos Rep (2019) 17:226–234 233



E, Cattaneo G, editors. Advances in Bionanomaterials. Springer; 2018.
p. 111–7. https://doi.org/10.1007/978-3-319-62027-5.

14. Stevens MM. Biomaterials for bone tissue engineering. Mater
Today. 2008;11:18–25. https://doi.org/10.1016/S1369-7021(08)
70086-5.

15. Black CRM, Goriainov V, Gibbs D, Kanczler J, Tare RS, Oreffo
ROC. Bone tissue engineering. CurrMol Biol Rep. 2015;1:132–40.

16. Amini AR, Laurencin CT, Nukavarapu SP. Bone tissue engineer-
ing: recent advances and challenges. Crit Rev Biomed Eng.
2012;40:363–408.

17. Li Z, Xie M-B, Li Y, Ma Y, Li J-S, Dai F-Y. Recent progress in
tissue engineering and regenerative medicine. J Biomater Tissue
Eng. 2016;6:755–66.

18. Tang M, Chen W, Liu J, Weir MD, Cheng L, Xu HHK. Human
induced pluripotent stem cell-derived mesenchymal stem cell
seeding on calcium phosphate scaffold for bone regeneration.
Tissue Eng Part A. 2014;20:1295–305.

19. Diederichs S, Gabler J, Autenrieth J, Kynast K, Merle C, Walles H,
et al. Differential regulation of SOX9 protein during chondrogene-
sis of induced pluripotent stem cells versus mesenchymal stromal
cells: a shortcoming for cartilage formation. Solvig, Stem Cells
Dev. 2016;49:1–34.

20. Negoro T, Okura H, Matsuyama A. Induced pluripotent stem cells:
global research trends. Biores Open Access. 2017;6(1):63–73.
https://doi.org/10.1089/biores.2017.0013.

21. Wu SM, Hochedlinger K. Harnessing the potential of induced plu-
ripotent stem cells for regenerative medicine. Nat Cell Biol.
2011;13:497–505.

22. CsobonyeiovaM, Polak S, Danisovic L. Induced pluripotent stem cells
and their implication for regenerative medicine. Cell Tissue Bank.
2015;16(2):171–80. https://doi.org/10.1007/s10561-014-9462-9.

23. El Hokayem J, Cukier HN, Dykxhoorn DM. Blood-derived in-
duced pluripotent stem cells (iPSCs): benefits, challenges, and the
road ahead. J Alzheimer’s Dis Park. 2016;6:275.

24. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors.
Cell. 2006;126:663–76.

25. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane
JL, Tian S, et al. Induced pluripotent stem cell lines derived from
human somatic cells. Science. 2007;318:1917–20.

26. Sohn YD, Han JW, Yoon YS. Generation of induced pluripotent stem
cells from somatic cells. Prog Mol Biol Transl Sci. 2012;111:1–26.

27. Seki T, Fukuda K. Methods of induced pluripotent stem cells for
clinical application, vol. 7; 2015. p. 116–25.

28. Kang H, Shih Y-RV, Varghese S. Direct conversion of human plurip-
otent stem cells to osteoblasts with a small molecule. Curr Protoc Stem
Cell Biol. 2018;44:1F.21.1-1F.21.6. https://doi.org/10.1002/cpsc.44.

29. Rana D, Sampathkumar TS, Ramalingam M. Cell-laden hydrogels
for tissue engineering. J Biomater Tissue Eng. 2014;4:507–35.

30. Liu Z, Zhou J,WangH, ZhaoM,Wang C. Current status of induced
pluripotent stem cells in cardiac tissue regeneration and engineer-
ing. Regen Med Res. 2013;1:6.

31. Bastami F, Nazeman P,MoslemiH, Rezai RadM, Sharifi K, Khojasteh
A. Induced pluripotent stem cells as a new getaway for bone tissue
engineering: a systematic review. Cell Prolif. 2017;50:1–29.

32. Zhang Z, Gupte MJ, Ma PX. Biomaterials and stem cells for tissue
engineering. Expert Opin Biol Ther. 2014;13:527–40.

33. Jin G-Z, Kim T-H, Kim J-H, Won J-E, Yoo S-Y, Choi S-J, et al.
Bone tissue engineering of induced pluripotent stem cells cultured
with macrochanneled polymer scaffold. J Biomed Mater Res A.
2013;101A:1283–91.

34. Naing MW, Chua CK, Leong KF, Wang Y. Fabrication of custom-
ized scaffolds using computer-aided design and rapid prototyping
techniques. Rapid Prototyp J. 2005;11:249–59.

35. Yousefi A, James PF, Akbarzadeh R, Subramanian A, Flavin C,
Oudadesse H. Prospect of stem cells in bone tissue engineering: a
review. Stem Cells Int. 2016;2016:6180487.

36. • Jeon OH, Panicker LM, Lu Q, Chae JJ, Feldman RA, Elisseeff JH.
Human iPSC-derived osteoblasts, and osteoclasts together promote
bone regeneration in 3D biomaterials. Sci Rep. 2016;6:1–11 This
reference explains how bone substitutes can be designed to rep-
licate physiological structure and function by creating a micro-
environment that supports crosstalk between bone and immune
cells found in the native tissue, specifically osteoblasts and
osteoclasts.

37. Csobonyeiova M, Polak S, Zamborsky R, Danisovic L. iPS cell
technologies and their prospect for bone regeneration and disease
modeling: a mini-review. J Adv Res. 2017;8:321–7.

38. Mondal D, Lin S, Rizkalla A, Mequanint K. Porous and biodegrad-
able polycaprolactone-borophosphosilicate hybrid scaffolds for os-
teoblast infiltration and stem cell differentiation. J Mech Behav
Biomed Mater. 2019;92:162–71.

39. Mahboudi H, Soleimani M, Enderami S, Kehtari M, Hanaee-Ahvaz
H, Ghanbarian H, et al. The effect of nanofibre-based polyethersul-
fone (PES) scaffold on the chondrogenesis of human induced plurip-
otent stem cells. Artif Cells Nanomed Biotechnol. 2018;46(8):1948–
1956. https://doi.org/10.1080/21691401.2017.1396998.

40. • Liu J, Nie H, Xu Z, Niu X, Guo S, Yin J, et al. The effect of 3D
nanofibrous scaffolds on the chondrogenesis of induced pluripotent
stem cells and their application in restoration of cartilage defects.
PLoS One. 2014;9:e111566 This article reports that scaffolds
with a 3D nanofibrous structure enhanced the chondrogenesis
of iPSCs and that iPSC-containing scaffolds improved the res-
toration of cartilage defects to a greater degree than did scaf-
folds alone in vivo.

41. WuQ,Yang B, Cao C, HuK,Wang P,ManY. Therapeutic antibody
directed osteogenic differentiation of induced pluripotent stem cell-
derived MSCs. Acta Biomater. 2018;74:222–35.

42. Kang M, Huang J, Zhang L, Wang X, Guo H, He R. Mechanical
properties and effect on osteodifferentiation of induced pluripotent
stem cells of chitosan/whisker/calcium phosphate cement compos-
ite biomaterial. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi.
2018;32:959–67.

43. Wang P, Song Y, Weir M, Sun J, Zhao L, Simon C, et al. A self-
setting iPSMSC-alginate-calcium phosphate paste for bone tissue
engineering. Dent Mater. 2016;32:252–63.

44. Zhang C, Hu K, Liu X, Reynolds M, Bao C, Wang P, et al. Novel
hiPSC-based tri-culture for pre-vascularization of calcium phos-
phate scaffold to enhance bone and vessel formation. Mater Sci
Eng C Mater Biol Appl. 2017;79:296–304.

45. • Xu X, Shi D, Liu Y, Yao Y, Dai J, Xu Z, et al. In vivo repair of full-
thickness cartilage defect with human iPSC-derived mesenchymal
progenitor cells in a rabbit model. Exp Ther Med. 2017;14:239–45
This article reveals that iPSCs have the potential to repair car-
tilage defects in vivo. Importantly, there has been no sign of
teratoma formation among the test groups.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

234 Curr Osteoporos Rep (2019) 17:226–234

https://doi.org/10.1007/978-3-319-62027-5
https://doi.org/10.1016/S1369-7021(08)70086-5
https://doi.org/10.1016/S1369-7021(08)70086-5
https://doi.org/10.1089/biores.2017.0013
https://doi.org/10.1007/s10561-014-9462-9
https://doi.org/10.1002/cpsc.44
https://doi.org/10.1089/biores.2017.0013

	Impact of Induced Pluripotent Stem Cells in Bone Repair and Regeneration
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Limitations with Current Therapies
	Potential Solutions and the Need for iPSCs
	The Scope of This Article

	Induced Pluripotent Stem Cells (iPSCs): the Essentials and Overview of iPSC-Based Tissue Engineering
	State of the Art of iPSC-Based Bone Tissue Engineering and Regeneration
	In�Vitro Perspective
	In�Vivo Perspective

	Concluding Remarks
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



