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A B S T R A C T   

Reconstruction of bone defects, especially the critical-sized defects, with mechanical integrity to the skeleton is 
important for a patient's rehabilitation, however, it still remains challenge. Utilizing biomaterials of human 
origin bone tissue for therapeutic purposes has provided a facilitated approach that closely mimics the critical 
aspects of natural bone tissue with regard to its properties. However, not only efficacious and safe but also cost- 
effective and convenient are important for regenerative biomaterials to achieve clinical translation and com
mercial success. Advances in our understanding of regenerative biomaterials and their roles in new bone for
mation potentially opened a new frontier in the fast-growing field of regenerative medicine. Taking inspiration 
from the role and multicomponent construction of native extracellular matrix (ECM) for cell accommodation, the 
ECM-mimicking biomaterials and the naturally decellularized ECM scaffolds were used to create new tissues for 
bone restoration. On the other hand, with the going deep in understanding of mesenchymal stem cells (MSCs), 
they have shown great promise to jumpstart and facilitate bone healing even in diseased microenvironments 
with pharmacology-based endogenous MSCs rescue/mobilization, systemic/local infusion of MSCs for cy
totherapy, biomaterials-based approaches, cell-sheets/-aggregates technology and usage of subcellular vesicles 
of MSCs to achieve scaffolds-free or cell-free delivery system, all of them have been shown can improve MSCs- 
mediated regeneration in preclinical studies and several clinical trials. Here, following an overview discussed 
autogenous/allogenic and ECM-based bone biomaterials for reconstructive surgery and applications of MSCs- 
mediated bone healing and tissue engineering to further offer principles and effective strategies to optimize 
MSCs-based bone regeneration.   

1. Introduction 

The demand for tissue engineered bone is huge due to the high 
incidence of large segmental bone defects, resulting from trauma, in
flammation, or tumors [1]. However, the human body has a limited 
ability to correctly auto-regenerate most, if not all, of its major tissues 
and organs when the original tissue integrity has been seriously da
maged as a result of medical disorders involving tissue dysfunction or 
devastating deficits [2,3]. Specifically, reconstruction of bone defects 

with mechanical integrity to the original surrounding bone tissues is 
important for patients’ rehabilitation [4]. Thus, autogenous bone tis
sues are the most commonly used graft material for its osteogenic po
tential [5,6]. Not only autografts, but allografts have been used to treat 
bone defects, in which, the autologous bone grafts are regarded as the 
gold standard for many indications, however, there are still many 
limitations [7]. In the process of the peruse for the substitutes materials, 
various artificial bone grafts made of metal alloys, titanium mesh, 
ceramics, porous hydroxyapatite material, or synthetic polymers, were 

https://doi.org/10.1016/j.bioactmat.2020.08.014 
Received 18 April 2020; Received in revised form 7 August 2020; Accepted 15 August 2020    

Peer review under responsibility of KeAi Communications Co., Ltd. 
∗ Corresponding author. 

E-mail address: yanjin@fmmu.edu.cn (Y. Jin). 
1 Contributed equally to this work. 

Bioactive Materials 6 (2021) 666–683

2452-199X/ © 2020 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/biomat
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1016/j.bioactmat.2020.08.014
mailto:yanjin@fmmu.edu.cn
https://doi.org/10.1016/j.bioactmat.2020.08.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.08.014&domain=pdf


previously reported to be used in endogenous bone healing, however, 
their effects were not hopeful. For instance, the insertion of artificial 
materials such as metal alloys require the removal of a significant 
amount of adjacent bone; inherently lacks of native growth factors lead 
to an absence of osteoinductive properties; problems can arise at the 
prosthetic material/bone interface and give rise to a clinical im
munogenic response and so on [8–13]. Although these drawbacks are 
now advanced by the use of a natural ECM toward fabricating bone 
substitute materials, many of these substitute material tissues fail to 
fully match the functional properties of native bone tissues [14–16]. 

Regenerative medicine is defined as regrowth of lost or destroyed 
parts of tissues or organs [17]. So, when faced with an ever-increasing 
incidence of critical sized trauma, degenerative diseases and metabolic 
disorders, and so on, regenerative medicine and tissue engineering 
promise to develop new biological therapeutics to treat a diverse range 
of diseases that are currently intractable and are alternative therapeutic 
strategies which could facilitate bone regeneration. Tissue engineering 
is an interdisciplinary field that connects various scientific aspects from 
engineering, materials science, biology, and medicine, thus developing 
a novel bone transplanting system including suitable scaffold materials 
and feasible seed cells play critical role for basic research and clinical 
work in the field of bone regeneration [18]. Thanks to great advance
ments in stem cell biology, new therapeutic strategies have been made 
possible with the aim of regenerating tissues injured by a number of 
diseases [19,20]. Serving as a repair system for the living body, the 
stem cells can divide without limit to replenish other cells as long as the 
living body is still alive and can give rise to progeny that differentiate 
into any of the specialized cells of embryonic or adult tissue (Stedman's 
Medical Dictionary, 2002). Stem cells constitutes a heterogeneous po
pulation of cells and there are two main types of stem cells, embryonic 
and non-embryonic. Embryonic stem cells (ESCs) are derived from the 
inner cell mass of the blastocyst and can differentiate into cells of all 
three germ layers of the mammalian body including the germ cells 
[20,21]. Other non-embryonic stem cells, mostly adult stem cells, are 
already somewhat specialized and have limited differentiation potential 
as shown in Table 1 [20,22]. Among these stem cells, MSCs, one type of 
adult stem cells, are generated through enforced expression of defined 
transcription factors, which reset the fate of somatic cells to an em
bryonic stem-cell-like state [20]. These stem cells can be found in a 
number of adult tissues including adipose tissues [23], bone marrow 
[24,25], peripheral blood [26,27], skin, pancreas, intestine, brain and 
hair follicles, as well as in the teeth [28,29]. Unlike ESCs, which are 
more controversial in ethical problem, MSCs are considered to be a 
more appropriate cell source for bone tissue engineering [30]. On the 
other hand, in the process of pursuing a perfect tissue engineered 
template, it is also important to consider whether we have looked too 
far ahead and missed the readily available building blocks, such as 
naturally derived biomacromolecules required to create biomaterials 
for this purpose [31]. Thus, biomaterials scientists aim to recreate the 
intrinsic properties of human-derived biomaterials as regenerative 
biomaterials tailored to specific applications. Among these, the use of 
ECM components and technique of cell-sheets and cell-aggregates 

engineering would mostly reserve the ECM, which could be considered 
as a scaffold tissue to be used as transplantable tissue [32,33]. Mean
while, as a class of feasible seed cells, MSCs based cell engineering 
transplanting was more and more used in recent years [34–38]. So far, 
cell-sheets and cell-aggregates based tissue engineering technology has 
already been applied for the treatment of several kinds of tissue defects 
such as cornea, myocardium, periodontal ligament and bladder, as well 
as bone tissues [24,25,39–42]. 

However, it is still an unfulfilled challenge to restore extensive bone 
loss and defects in the regard of bone metabolism-related diseases, re
sulting in a notable incidence of morbidity particularly in elderly 
people [43,44]. For instance, osteoporosis, which is a common and 
preventable disorder, predisposes individuals to an increased risk of 
suffering from bone fracture. Specifically, further complicating matters, 
non-healing bone often occurs with comorbidities, such as diabetic or 
postmenopausal bone fractures and osteoporosis induced by aging and 
diseases, which provide more difficulties in bone recovery [45,46]. 
Pathologically, in extensive bone loss and impaired bone healing, MSCs 
suffer from functional decline including diminished viability and dis
ordered differentiation, which could be attributed to at least 3 major 
microenvironmental alterations of hormonal, inflammatory and meta
bolic conditions [47,48]. Although MSCs-mediated bone healing has 
shown great promise, their efficacy was not always achieved, exerting 
conditional benefits in diseased microenvironments [49–52]. As the 
microenvironmental challenges to MSCs-based bone regeneration be
come emergently important, application solutions have been accord
ingly developed, including but not restricted to recreating beneficial 
microenvironment to guarantee MSCs-based regeneration, improving 
resistance of MSCs to diseased microenvironment, and usage of sub
cellular components of MSCs [51,53,54]. Thus, establishing novel ap
proaches to optimize MSCs-based bone regeneration in diseased situa
tions is therefore in an urgent need to promote clinical therapeutics of 
bone healing. Following an overview of the characteristics and function 
of MSCs during bone tissue regeneration and bone grafts including 
auto-/allo-transplantation as original practice in this field, this review 
will discuss naturally derived bone graft substitutes for bone re
generation and will highlight MSCs based strategies, even though these 
approaches are in their early stages of development. The potential 
challenges and obstacles faced with bone healing and the viable and 
effective strategies to optimize MSCs-based bone regenerative therapies 
in pathophysiological conditions are also discussed. 

2. The characteristics of bone metabolism and regeneration 

Bone is a highly dynamic tissue in the body that remodels and re
generates itself throughout adult life. Besides, it is a complex organ with 
numerous functions including hematopoiesis, regulation and storage of 
key minerals, the protection of vital life-sustaining organs, facilitation 
of locomotion, etc. Pathologically, bone remodeling process has been 
impaired. A clear understanding of the principles underlying bone loss 
and repair is essential for the treatment of traumatic injuries (fractures 
and non-unions), patients with bone infection, osteonecrosis, arthritis, 

Table 1 
Normal differentiation pathways of adult stem cells from various tissues and cells [22].     

Stem cell Source Type of cells produced  

Hematopoietic All types of blood cells Red blood cells, B lymphocytes, T lymphocytes, natural killer cells, neutrophils, basophils, eosinophils, 
monocytes, macrophages and platelets. 

Bone marrow 
Stromal cells (mesenchymal) 

Connective tissues Tendons, osteocytes (bone cells), adipocytes (fat cells), chondrocytes (cartilage cells) 

Neural Parts of the nervous system Neurons, astrocytes and oligodendrocytes 
Epithelial Lining of the digestive tract Absorptive cells, goblet cells, paneth cells and endocrine cells 
Epidermal Basal layer of epidermis Keratinocytes and dermal cells 
Follicular Base of hair follicles Hair follicles and epidermis 
Hepatic Liver Hepatocyte cells 

F. Shang, et al.   Bioactive Materials 6 (2021) 666–683

667



osteoporosis, spinal fusion, wear particle associated osteolysis, meta
bolic bone disease, tumors and other diseases affecting bone [55]. Thus, 
the subject of bone loss and subsequent repair has great clinical and 
economic importance. Recently, the recognition of MSCs contributions 
and the crosstalk between them and immune system have enabled us to 
gain a better understanding how these differentiation processes occur in 
physiological and pathological conditions and enlighten the potential 
therapeutics with coexistence of promising approaches and application 
challenges. 

2.1. Mesenchymal origin cells participation in bone remodeling 

Bone remodeling is a lifelong process in which mature bone tissue is 
removed from the skeleton by bone resorption and is replenished by 
new during ossification or bone formation, which could maintain the 
stable bone mass during adult life and following rapid skeletal devel
opment and growth [56,57]. During these process, bone structural in
tegrity requires precise regulation involving the osteoblast, a cell 
claimed to be of mesenchymal origin, which orchestrates bone forma
tion, the osteoclast, a cell of hematopoietic origin that orchestrates 
bone resorption, and osteocyte, a cell of osteoblasts origin during the 
final phase of bone remodeling [58–60]. Among these cells, osteoblasts 
and osteoclasts with coupled but opposing actions are thought to be 
commonly influenced by MSCs in the cellular level, as MSCs are the 
precursors of osteoblasts and regulators of osteoclasts [57,61,62]. 

In addition to this process of remodeling, bone has a remarkable 
potential for regeneration, during which the MSCs have the most pro
minent function. The discovery of the MSCs are dated back to 
Alexander Friedenstein and coworkers, demonstrating that a sub
population of non-hematopoietic stromal cells exists in postnatal 
mammalian bone marrow stroma and were defined as to meet the 
criteria established by the International Society of Cellular Therapy 
[63]. These criteria include an ability to adhere to plastic, the expres
sion of a number of cell markers, including CD105, CD73, and CD90 
while undergoing differentiating into a full range of functional skeletal 
tissue cells (bone, cartilage, adipose tissue, and myelosupportive 
stroma) under appropriate experimental conditions, and the ability to 
self-renewing [64,65]. Indeed, MSCs are of particular interest as they 
have these capacity described above and thereby maintain the home
ostasis and repair of bone tissue, which is continuously being re
modeled throughout adulthood and undergoes repairs during fracture 
healing. 

2.2. The role alterations of MSCs and immunity of bone tissue in disease 

MSCs clearly have prominent role during the process of bone me
tabolism in diseased conditions whether direct or indirect, as they act as 
a source of progenitors for osteoblasts and osteoclast. When bone de
fects or fracture happened, the endogenous MSCs could migrate to the 
damaged site and participate the bone tissue reconstruction. Currently, 
the putative contributions to skeletal homeostasis have made MSCs the 
focus of extensive investigations worldwide to elucidate pathogenesis of 
bone diseases [66,67]. Notably, MSCs derived from inflammatory mi
croenvironments demonstrated an inhibition in bone regenerative po
tential, underlying impaired bone healing mediated by autologous 
MSCs [53,68] (Fig. 1). Our team found that MSCs from estrogen defi
ciency osteoporosis rat showed a delayed healing of bone fracture [69] 
and exhibited decreased osteogenic differentiation potential compared 
with normal MSCs [70]. More specifically, MSCs exhibited impaired 
capability of inducing apoptosis of osteoclasts in estrogen deficiency, 
contributing to elevated bone resorption rates in bone loss [71]. In 
osteoporosis of diverse pathologies, MSCs from bone marrow, BMMSCs 
genera, also demonstrated a differentiation switch from osteogenesis to 
adipogenesis with a frequent decline of self-renewal capacity, under
lying decreased bone formation rates with increase marrow adiposity 
[72,73]. Besides, bone marrow mesenchymal stem cells (BMMSCs) also 

showed more intriguing behavioral changes and general functional al
terations reflecting the respective pathogenesis [74]. 

Despite the heterogeneity of MSCs disorders in detailed bone 
pathologies, tissues have evolved a number of strategies to preserve 
their precious pools of stem cells in the face of harm. When bone is 
subjected to injuries, pro-inflammatory stimuli (trauma, infection and 
so forth), the biological processes regulated by the innate immune 
system ensue, as with other tissues and organ systems, to affect local 
repair and bone healing. Restoring tissue integrity during and after an 
active immune response is paramount for limiting pathology and pro
moting inflammatory resolution. Indeed, the dialog between stem cells 
and immune cells in wound repair and in inflammation has ancient 
roots. Thus, it is reasonable to expect that macrophages and regulatory 
T cells (Tregs) serve the dual functions of modulating immunity and 
promoting regeneration: they seem to either repurpose their existing 
immune pathways and/or adopt novel pro-regenerative functions to 
engage stem cells and short-lived progenitors [75]. As a known re
servoir for Tregs, the inflammatory stress of bone marrow were limited 
through Tregs producing the immune suppressive cytokine interleukin- 
10 (IL-10) in the vicinity of hematopoietic stem cells (HSCs) [76]. In the 
absence of bone marrow Tregs, HSCs were fewer in numbers and dis
played increased sensitivity to oxidative stress [77]. Given their bur
geoning role in controlling stem cells, conversations between stem cells 
and tissue-resident immune cells seem likely to become unhinged in 
disease states [78–81]. The stem cell-immune cell interactions include 
not only macrophages and Tregs, but also other tissue resident immune 
cells, such as innate lymphoid cells. Multiple subsets of innate lymphoid 
cells can play context-specific roles in directing regeneration and dif
ferentiation of stem cells [82,83]. In the bone marrow where these 
immune effectors are generated, neutrophils modulate the HSCs niche 
and exert their influence on HSCs retention and regeneration [84,85]. 

3. Tissue graft biomaterials for bone tissue repairing 

The science of reconstructive surgery has experienced a remarkable 
advance, as well as grafts safety and feasibility have largely been im
proved in surgical technology, thus not only soft- but hard-tissue grafts 
have grown in popularity for tissue reconstruction in routine clinics. 
However, alongside the shortage of human origin tissue grafts available 
for use in patients, have prompted the use of natural biomaterials, 
which innate ability could promote biological recognition and may 
positively support cell adhesion and function [31]. Natural biomaterials 
present a crucial subset of biomaterials for use due to their bioactivity, 
biocompatibility, tunable degradation and mechanical kinetics and 
their intrinsic structural resemblance of native tissue ECM. Under
standing these native bone grafts tissue composition and structure and 
revisiting the observed clinical benefits of these tissue grafts can offer 
practicing tissue engineers important information on state-of-the-art 
biomaterial evolution and design inspiration (Fig. 2). 

3.1. Bone grafts of human origin 

The use of biomaterials of human origin for therapeutics was first 
rooted in tissue grafts transferred from one site to another site within 
the same individual. Tissue grafts (autogenous or allogenic tissue 
grafts) of human origin derived from bone have a long and successful 
history of use as “living tissue replacements” to treat selected condi
tions, such as small- or medium-sized bone defects [86]. The discuss of 
advantages and disadvantages of human origin bone grafts will provide 
surgeons validated principles regarding bone grafts choice during 
clinical practice. 

3.1.1. Autologous bone grafts 
Many clinicians consider harvested autologous tissue to be the best 

material for the reconstruction of most, if not all, tissue defects as the 
ultimate goal for tissue engineering strategies is to develop a tissue 
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construct that has biological performance identical or similar to that of 
an autologous tissue graft upon implantation. Even today, autologous 
tissue grafts, also called autografts, are still the gold standard with 
which all other implantable biomaterials are compared as bone auto
grafts from a patient's own body deliver no risk of immunological re
jection; possess complete histocompatibility; and offer superior osteo
genic, osteoconductive and osteoinductive performance (Fig. 2A) [87]. 
The transplantation of a fresh bone autografts are an attempt to achieve 
rapid bone restoration because living bone can survive well and add to 
bone volume at a recipient site and eventually maintain bone strength. 

Historically, cancellous bone/bone marrow autografts have been 
proved as the best osteoinductive bone grafting, as it can offer a rich 
source of bone and marrow cells that have osteogenic potential 
(Fig. 2B) [88]. Moreover, the vascular response in autologous cancel
lous grafts is much greater than that in cortical autografts, as the ex
istence of native spaces within their structure permits the diffusion of 
nutrients necessary for new bone formation and allows limited re
vascularization through the microanastomosis of circulating vessels 
[89–91]. While, in the regard for the treatment of bone defects re
quiring immediate structural support, cortical bone autografts are good 

Fig. 1. MSCs contributions to bone remodeling and pathology.  

Fig. 2. Schematic representation of bone tissue grafts of 
natural origin bone graft substitutes for pre/clinical 
therapeutics (examples are given where appropriate; il
lustrations are Not to scale). Bone tissues for transplan
tation include autologous bone grafts (A), autologous 
cancellous bone grafts (B), allogeneic bone allografts (C), 
allogeneic bone grafting materials produced product (D), 
demineralized bone matrix (DBM) (E), bone decellular
ized ECM (bdECM) (F) and calcined bovine bone (CBB) 
(G). The images used here are selected samples for 
schematic representation only; they do not represent any 
particular preference by pre/clinicians. Source: Figure 
components B, C, D and F reproduced with permission 
from the authors; the remaining components are by the 
corresponding author's, or from unpublished resources 
from the corresponding author's institution. 
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choices. Although cortical grafts may not be revascularized as rapidly 
or properly as cancellous bone graft did and it is osteoconductive but 
lack osteoinductive properties; the surviving osteoblasts within the 
transferred bone do provide certain osteogenic properties [92,93]. 
Thus, autologous bone grafts are the predominantly considered osteo
conductive materials for bone replacement, with success rates of well 
over 90% [94]. Multiple clinical concerns, however, have largely lim
ited the transfer of autografts, including the possibility of surgical 
complications and pain associated with the donor site, amount of 
available graft material, short-term viability and unpredictable graft 
resorption [90,95]. 

3.1.2. Allogenic bone grafts 
Compared to expense and trauma associated with autograft har

vesting, the quantity and size limitations of grafts and donor site mor
bidity are no longer concerns in the allogenic bone grafts (Fig. 2C). The 
osteogenic properties of allografts are weak as the absence of living 
cells, but these are still in possession of both osteoconductive and 
weakly osteoinductive abilities upon implantation because they release 
bone morphogenetic proteins (BMPs) that coax bone-forming cells [96]. 
In brief, this type of grafting material is attractive as it closely matches 
the recipient in constitutional elements and architecture and is theo
retically available in unlimited quantities (Fig. 2D). The fundamental 
problems of this grafting material are antigenicity and the potential for 
infectious agent transmission, which is a major consideration that is in 
fact minimized by recent strategies associated with tissue processing 
including sterilization and freezing. However, these procedures in turn 
decrease graft properties with regard to osteoinduction, osteoconduc
tion and mechanical strength, and indeed, real and perceived risks of 
disease transmission still exist [97,98]. 

3.2. ECM based bone graft substitutes 

Tissue engineering emerged over several decades, several of the 
principles established by those pioneering explorers are still followed 
by the scientists working in current bioengineering disciplines; be it 
tissue (or organ) auto-/allo-transplantation or tissue engineering (or 
regenerative medicine), the essential goals remain the same. Scientists 
have learned that the human body is a tremendous potential source of 
bio-scaffolds and biopolymers for therapeutics; these biomaterials have 
attracted considerable attention in the tissue engineering and re
generative medicine communities [99,100]. Biomaterials play a pivotal 
role in the success of tissue engineering, so to either create living neo- 
tissues in vitro that are similar or identical to their native body coun
terparts or temporary biodegradable support matrices with natural, 
tissue-resembling structural and functional attributes are generally 
necessary, if not indispensable, for cell attachment and housing 
[101–105]. Therefore, the philosophy of the emerging discipline of 
current tissue engineering and, indeed, of regenerative medicine is fo
cusing on creating ECM-mimicking biomaterials or modulating stem 
cell niches that recapitulate pivotal interactions with host cells to un
lock the patient's own regenerative ability for organization and self- 
repair [105–107]. ECM is synthesized and assembled by the resident 
cells; has a highly complex regulated, tissue specific composition and 
set of physical properties in the majority of tissues and organs in the 
human body; and the nature of its contact with stem cells also varies 
considerably [106]. Thus, ECM-based biomaterials that should retain 
the native materials and proteins of a living tissue/organ, along with 
the innate spatial arrangements in certain cases, provide appealing 
tissue engineering templates on which either exogenously transplanted 
or endogenously recruited cells may adhere, proliferate, differentiate 
and ultimately integrate to form functional tissues [108–110]. 

The use of ECM assemblies directly or indirectly derived from 
human tissues/organs for tissue engineering applications opens a new 
route for scaffolding biomaterial design. Considerable efforts have been 
made to synthesize biomaterials based on the functionality of natural 

ECM molecules to guide morphogenesis in tissue engineering and re
generative medicine [111]. A variety of bone substitute materials 
whether degradable or not could introduce bone tissue regeneration by 
providing three-dimensional (3D) scaffold structure in local micro
environment. In a recent study, non-collagen proteins (NCPs) from bone 
ECM combined with 3D nanofibrous gelatin (NF-gelatin) scaffolds were 
used to form a material device mimicking both the chemical composi
tion and the nanostructured architecture of natural bone ECM. The 
incorporation of NCPs into the surfaces of the device was found to result 
in significant osteogenesis and mineralization, leading to new bone 
regeneration, suggesting that biomimics are a new signpost for future 
cell scaffolds and tissue engineering templates [112]. Moreover, the 
composite of the a phosphorylated polymer, poly (sebacoyl diglyceride) 
phosphate, named as PSeD scaffold, and adipose-derived mesenchymal 
stem cells (ADMSCs) derived ECM— ADM can be used to mimic a 
biophysical microenvironment and synergistically stimulated bone 
formation in vitro and in vivo through facilitating the adhesion and 
growth of BMMSCs and providing a suitable microenvironment for 
osteogenic differentiation [113,114]. 

Decellularized tissue-derived biomaterials, which are created by the 
elimination of all cellular and nuclear materials mineralized bone al
lografts can be removed inorganic elements, yielding a natural polymer 
product that is generally referred to as demineralized bone matrix 
(DBM) in bone tissue (Fig. 2E) [115,116]. As an acellular organic ma
trix, DBM-derived from the native tissue mimics the microstructure and 
major protein components of native bone but is less immunogenic and 
possesses good osteoinductive and osteoconductive performance 
[117,118]. Through an interdisciplinary endeavors by biologists, ma
terials scientists, engineers and physicians, tissue-engineered products 
for bone have been approved for clinical application by the United 
States FDA. A number of ECM products based on bone tissues are al
ready commercially available (Table 2) [119]. DBM materials have 
shown an advanced effect in healing the bone defects than the synthetic 
materials, however, there are still several concerns related to the safety 
and efficiency [120,121]. In the clinic application, it has been found 
that DBM cannot provide structural support so its primary application is 
in structurally stable places such as the sites of bone defects. When 
applied, DBM can be used in association with a cancellous bone auto
graft when the defects is very large and the supply of autologous bone is 
insufficient. Some issues may also be involved the manufacturing pro
cess, sterilization and storage methods of DBM and the osteoinductive 
properties can be change from donor to donor [122]. Specifically, the 
fundamental structure and entrapped growth factors in ECM may be 
insufficient exposed and cannot be released but be obtained by hy
drogen chloride (HCl) solution during the process to remove residual 
inorganic component of raw DBM materials, which can effectively 
promote the bone healing; the effect of the DBM commercialized or 
used in a clinical field in the bone healing may not be maximized as 
they does not contain ECM-like microstructure and cannot release the 
growth factor remaining inside of the materials; and residual cellular 
component in the DBM can cause unexpected adverse effects, which 
may be involved in animal deaths or severe inflammatory reaction in 
vivo [123]. 

Herein, a native bone decellularized ECM (bdECM) from bovine 
bone were extracted via demineralization and decellularization pro
cesses to remove inorganic components and to exposure ECM structure 
while maintaining higher concentrated amounts of bone-forming 
bioactive molecules such as bone morphogenetic protein-2 (BMP-2) and 
bone morphogenetic protein-7 (BMP-7). Furthermore, contamination 
by residual DNA was significantly reduced to meet the minimum 
standards of immune response during the fabrication process which 
ensure the safety issue different from the DBM in medical applications. 
These features enabled bdECM successfully promote mineralization of 
the cultured primary osteoblasts in vitro and improve mature bone 
regeneration without any further inflammatory reaction, which were 
significantly better than those from DBM (Fig. 2F) [123]. Another 
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calcined bovine bone (CBB), came from the high-temperature calci
nated femur of healthy cattles and were broken into particles with 
different diameters has been confirmed that CBB can provide micro
environment for osteogenic and for BMMSCs to survive, grow and dif
ferentiate no matter in vitro or in vivo by means of its porous char
acteristic (Fig. 2G) [25]. This material also has a good strength and 
biocompatibility. 

4. Potential therapeutics of MSCs in bone regeneration 

Although research advances in bone biofabrication and bioactive 
materials, the approach that is most likely to make a real difference in 
transplantation in the long term is regenerative medicine. With the 
extension of the concept of biomaterials, that can now include many 
substances, such as engineered constructs as described above, as well as 
therapeutic cells, that may generally not be considered as biomaterials 
in the past [103,104]. As a new concept in using biomaterials of natural 
origin, MSCs have been used in regenerative procedures, because they 
may participate in the wound healing cascade during therapeutic re
generation. Until 2015, more than 500 clinical trials of MSCs therapy 
are approved worldwide [124]. 

4.1. MSCs based cytotherapy 

The term cell therapy is prescribed by the American Society of Gene 
& Cell Therapy (ASGCT) as “the administration of live whole cells or 
maturation of a specific cell population in a patient for the treatment of 
a disease” [125]. MSCs are becoming promising candidates in cell- 
based therapeutics for an unexpectedly wide variety of human diseases, 
including those involving autoimmunity, inflammation and re
generative medicine, due to the immunomodulatory, anti-inflammatory 
and the multi-differentiation properties [126,127]. In addition to its 
fundamental science, researchers hold high promise for MSCs cell 
therapy partly because MSCs are considered as “safe cells”, which 
suggest the great therapeutic potential of MSCs for bone or other tissue 
repair and regeneration [128]. Concerted efforts have been and are still 
being made in the identification and delivery of ex vivo-expanded 
MSCs-mediated bone healing has shown great potential, however, these 
cell populations’ economic and clinical feasibility continues to present 
formidable challenges especially in diseased microenvironments (Fig. 3 
&Table 3) [49–52]. 

4.1.1. Restoration of endogenous MSCs function 
A strategy to facilitate bone healing is that the deficient resident 

MSCs can be supplemented via a mobilization of endogenous MSCs 
from other sites to rescue the MSCs deficiency in systemic and local 
bone loss. To accelerating the migration of endogenous MSCs, LLP2A- 
Ale and erythropoietin, as migration stimulators, have been proved can 
direct MSCs to bone formation surfaces and could accelerate bone 
formation in both fracture sites and even osteoporosis induced by aging 
and estrogen deficiency as shown in Table 4 [129–131]. In addition, 
biomaterials with bioactivity have been developed, with the potential 
to create local beneficial microenvironments for directing regeneration 
of endogenous MSCs. It has been reported that scaffolds releasing re
lated agents protein, including stromal cell-derived factor-1 (SDF-1), 
transforming growth factor β3 (TGF β3) and, connective tissue growth 
factor (CTGF) have been developed to enhance osteochondral re
generation and to promote bone regeneration in defects models through 
directing endogenous MSCs homing [132–134]. Furthermore, pre
ferential niche for endogenous MSCs-based osteoporotic fracture 
healing can be achieved via application of bioactive agents, such as 
icariin loaded on calcium phosphate cement scaffolds to promote os
teogenesis and angiogenesis of endogenous MSCs in ovariectomized 
(OVX) calvarial defects [135]. 

In bone fracture healing, inflammation is thought to be an essential 
process that precedes bone formation and remodeling [136]. Indeed, Ta
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pro-inflammatory cytokines impairs resident MSCs not only in in
flammatory and autoimmune diseases [137], but also in aging and es
trogen-deficient conditions as the pivotal secondary detrimental factors 
[138,139]. The findings on diseased microenvironmental impacts on 
MSCs have prompted further establishment of rescuing approaches to 
endogenous MSCs disorders. On one hand, given the functional al
terations of endogenous MSCs in diseased situation, multiple inter
vention targets in mediating MSCs disorders within a signaling network 
have also been examined in preclinical studies as shown in Fig. 4 [48]. 
At present, gene expression regulators including rapamycin, the mTOR 
signaling inhibitor [73,137]; DAPT, the Notch signaling inhibitor [53]; 
PDTC, the nuclear transcription factor-kappaB (NF-κB) signaling in
hibitor [140]; GSK2606414, the endoplasmic reticulum stress inhibitor 
[141]; NAC, the antioxidant NAC [142]; and licochalcone A, the small 
molecular compound [143] have been proved as the promising effec
tive agents in vivo. Furthermore, epigenetic modulators such as the 
histone methylation regulators DZNep [144], pargyline [145] and JIB- 

04 [146], as well as microRNAs (miRNAs) regulation based on adeno
virus [68] liposomes [147] and scaffolds [148–150], have been suc
cessfully used to rescue endogenous MSC defects and promote bone 
regeneration in osteoporosis and fracture healing. Alternatively, ther
apeutics via pre-normalizing recipient microenvironmental has shown 
potential to rejuvenate endogenous MSCs for bone healing. In this re
gard, anti-inflammatory therapy has emerged as an important approach 
to restore endogenous MSCs function thus curing bone diseases. Several 
critical inflammatory cytokines such as tumor necrosis factor-alpha 
(TNF-α) and interferon-gamma (IFN-γ) have been elucidated to sy
nergistically induce impairments of osteogenesis of BMMSCs in osteo
porosis, via concerted mechanisms of signaling pathways and epige
netic modulations [139,151]. Thus, a classical anti-inflammatory drug, 
aspirin, has been tested that systemic application of aspirin via oral 
feeding significantly reduces the levels of TNF-α and IFN-γ, resulting in 
blockage of MSC deficiency and OVX-induced bone loss [52,139,152]. 
Based on the finding that, anti-TNF-α and anti–IFN–γ treatments could 

Fig. 3. Schematic of human-derived mesenchymal stem cells for cytotherapy and tissue engineering applications (Taking bone marrow mesenchymal stem cells for 
example, schematic is not to scale). 

Table 3 
Challenges of MSCs-based bone regeneration in bone loss/defects.      

MSCs rescue/mobilization MSCs infusion in cytotherapy MSCs transplantation in tissue 
engineering 

Cell-free strategies  

Current strategies 
1.Migration stimulators 

2. Functional regulators 
3.Scaffold-based delivery 

1. Systemic MSCs infusion 
2. Infusion of MSCs with genetic 
modifications 

Cell-sheet/cell-aggregate technique 1. MSC-derived extracellular vesicles (exosomes) 
2. miRNAs 

Challenges 
1. Benefits not persistent 

2. Potential side effects 
3. Not etiological rescue 

1. Use of autologous MSCs 
2. Donor and cultural impacts on MSC function 
3. Long-term survival of transplanted MSCs In 4. Recipient comorbidities 
5. Recipient control of regenerative efficacy 

1.Low yielding 
2.Unreliable identified and purified method 
3. Unprofiled and undetermined exosomal contents and 
function 
4. Undetermined function of miRNAs 
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abolish osteogenic impairments of BMMSCs and could rescue resident 
BMMSCs deficiency in estrogen-deficient condition [139,151]. 

4.1.2. MSCs transplantation 
It has been documented that both systemically and locally trans

planted MSCs induce recipient cellular responses (other than immune 
cells) in bone regeneration [153,154]. Particularly, upon homing to 
bone marrow, infused MSCs could promote recipient osteoblastogenesis 
in preventing glucocorticoid-induced bone loss [153]. Other than har
nessing endogenous MSCs in bone healing, transplantation of exo
genous MSCs is becoming a new paradigm of MSC cell therapy with the 
initial aim to replenish resident MSCs and take better advantage of their 
bone regenerative potential, as this approach showed immense im
munomodulatory potential to modify the recipient systemic micro
environments and to further enhance endogenous regeneration [155]. 

One of the most profound interplay between transplanted MSCs and 
microenvironment is the re-establishment of recipient immunological 
balance, particularly through restoring the homeostasis among T-cell 
subsets by suppressing the pro-inflammatory T helper 1 (Th1) and 
Th17 cells while promoting the anti-inflammatory Th2 and the 
CD4+CD25+Foxp3+ Tregs [156,157] and maintaining macrophage 
homeostasis by promoting the anti-inflammatory M2 polarization and 
inhibiting the pro-inflammatory M1 polarization [158]. Within the in
terests of regenerative medicine, MSCs from several tissue materials 
have mainly been utilized in the field of bone regeneration including 

bone marrow, adipose tissue, umbilical cord, and, recently, clinically 
discarded dental-related tissues that have long been considered to be of 
no use as shown in Table 5 [159–166]. 

3.1.2.1. Bone marrow mesenchymal stem cells. Intravascular injection of 
BMMSCs has proved to be a promising treatment for autoimmune 
diseases [167,168], vascular diseases [169], graft vs. host disease 
(GVHD) [170] and diabetes [171]. Indeed, bone marrow has been 
directly applied to induce bone formation in skeletal defects and non- 
unions. BMMSCs have been used in bone regeneration research for at 
least four decades [172] and their validity has been examined from 
various perspectives. Now, BMMSC cell therapy clinical trials are being 
carried out on systemic and local bone regeneration world-wide 
(https://www.clinicaltrials.gov/.), but their function are prone to 
pathological factors of bone, limiting the application of autologous 
cells [72]. Moreover, shortage of bone marrow donation, invasive 
isolation procedure for donors and patients, extreme low ratio of MSCs 
in tissue cells and poor multipotent ability after extensive passage or at 
aged people constrain the feasibility of using them in large commercial 
applications [30,173]. 

3.1.2.2. Adipose-derived mesenchymal stem cells. Adipose tissue has 
recently been attracting attention as an alternative source of MSCs 
and particularly are believed to be applicable cell sources as they can be 
simply harvested in large scale with less donor site morbidity [174]. 

Table 4 
Strategies enhance MSCs-based bone regeneration.       

Properties category Bioactive molecules Effect Studies  

Cell-targeted strategies 
Migration stimulators Pharmaceutics LLP2A-Ale, Accelerating the migration of endogenous MSCs and directing MSCs 

to bone formation surfaces 
[129,130] 

Glycoprotein hormone Erythropoietin [131] 
Growth factors SDF-1 Released by scaffolds to direct endogenous MSCs homing [132] 

TGFβ3 [133] 
CTGF [134] 

Signaling pathway regulators Pharmaceutics Rapamycin mTOR signaling inhibitor [73,137] 
Licochalcone A Up-regulating FasL in MSCs [24,143] 
Osthole Improving the capacity of osteogenic differentiation of MSCs [240,241] 

Signaling inhibitor DAPT Notch signaling inhibitor [53] 
PDTC NF-κB signaling inhibitor [140] 
GSK2606414, Endoplasmic reticulum stress inhibitor [141] 
NAC Antioxidant [142] 

Epigenetic reprogramming Histone methylation 
regulators 

DZNep Rescuing endogenous MSC defects and promoting bone 
regeneration in osteoporosis and fracture healing 

[144] 
Pargyline [145] 
JIB-04 [146] 
microRNAs Regulating the endogenous expressions of multiple growth factors 

simultaneously 
[68,147–150,259–261] 

EVs Restoring bone homeostasis [53,68,259] 

Pre-conditioning on MSCs Pharmaceutics: Icariin Loaded on calcium phosphate cement scaffolds to promote the 
osteogenesis potential of endogenous MSCs 

[135] 

Heparin Reducing thrombosis and improving heart infarct after acute 
intracoronary MSCs delivery 

[205] 

Melatonin Improving MSCs osteogenesis as stemness preserver [54] 
Aspirin Enhancing resistance of MSCs in recipient inflammatory 

microenvironment 
[52,217] 

Microenvironment-based strategies 
Alternative cells MSCs ADMSCs Replenishing resident MSCs and modifying the recipient systemic 

microenvironments to further enhance endogenous regeneration 
[181] 

DPSCs [185] 
PDLSCs [189] 
GMSCs [194] 
UCMSCs [243] 

Pre-conditioning Pharmaceutics Aspirin Inhibiting regional IFN-γ and TNF-α levels [52] 
Melatonin ROS eliminator and intracellular signaling and immune regulator. [210–215] 

SDF-1——Stromal cell-derived factor-1; TGFβ3——Transforming growth factor β3; CTGF——Connective tissue growth factor; NF-κB—— Nuclear transcription 
factor-kappa B; DPSCs, ——Dental pulp stem cells; GMSCs——Gingival Mesenchymal Stem Cells; PDLSCs——Periodontal ligament stem cells; ROS—— Reactive 
oxygen species; EVs——extracellular vesicles.  
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ADMSCs firstly reported by Zuk et al. [175] demonstrated to have self- 
renewal ability and multilineage differentiation potential [176]. 
Moreover, the cell yield of ADMSCs from adipose tissue is higher 
than BMMSCs from bone marrow aspirates [177]. These cells also have 
a several benefits in vitro: faster and easier expansion in culture, more 
passage cells that retain stem cell phenotypes, pluripotency and less 
susceptibility to age [178,179]. Moreover, they have a low risk of 
rejection [180] and preserved therapeutic efficacy in locoregional bone 
regeneration [181]. Although numerous studies have reported that 
ADMSCs may present similar or even higher regenerative ability 
compared to BMMSCs, “Is the osteogenic capacity of ADMSCs the 
same or far better than BMMSCs?” is still controversial now followed by 
comparing the osteogenic capacity in vitro and bone regeneration 
ability in vivo between them based on the literature which utilized both 
BMMSCs and ADMSCs simultaneously in their articles [30]. 

3.1.2.3. Dental related MSCs. Dental tissues are obtained during 
standard dental procedures and discarded as surgical waste products; 
hence harvesting cells from these tissues do not raise ethical concerns 
but make them attractive for therapeutic purposes. MSCs can be 
isolated with ease from various dental tissues including dental pulp 
stem cells, periodontal ligament stem cells and gingival stem cells and 
so on [182]. Dental tissues have gained attention since their first 
isolation from dental pulp in 2000 [183] due to their high accessibility 
and multilineage differentiation capacity [184]. 

Compared to BMMSCs, dental pulp stem cells (DPSCs) exhibited 
higher CFU-F and proliferation rates along with a similar gene expres
sion profile for genes related to mineralization [185,186]. However, 

DPSCs transplants formed dentin-pulp like structure by ex vivo ex
pansion whereas ectopic bone formation was present for BMMSCs 
transplants in vivo [187]. Immunomodulatory properties of periodontal 
ligament stem cells (PDLSCs) also revealed PDLSCs could as candidates 
for allogeneic stem cell-based therapies [188]. Subsequent investiga
tions demonstrated that PDLSCs [28] showed slow differentiation into 
osteoblasts in vivo, compared to BMMSCs in the treatment of calvarial 
bone defects [189]. Considered as a novel postnatal stem cell source, 
availability of gingival mesenchymal stem cells (GMSCs) is abundance 
as they are easily obtained from donor gingival tissue [190,191]. 
GMSCs display stable morphology along with high proliferation rates 
compared to BMMSCs, sustain MSC characteristics and maintain kar
yotype and telomerase activity during prolonged culture time and im
munomodulatory effects [191–193]. GMSCs were reported to success
fully regenerate boney defects in the Mandible and Calvaria of rats by 
their direct participation in bone formation, and the recruitment of 
bone progenitor cells [194]. A single systemic infusion of GMSCs was 
also successful in causing a significant improvement in the osteoporotic 
bone phenotype caused by estrogen deficiency and immune-mediated 
effect of GMSCs in the OVX mice is through PD-L1 immune checkpoint 
and immune tolerance led by the influence of transplantation on T-cell 
populations [195]. Despite tremendous amount of preclinical studies, 
very few clinical trials evaluated dental stem cells for bone tissue en
gineering except for DPSCs and PDLSCs. But, limited cell availability of 
dental stem cells and donor age are two main challenges faced in 
clinical applications as it affects regenerative properties of stem cells. 

Fig. 4. Inflammatory microenvironment impairs resident MSCs and solutions.  
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4.1.3. Premodified MSCs infusion 
Safety and efficacy are two essential factors to be considered for 

clinical treatment. Normally, 1–2 × 106/kg BMMSCs were adminis
tered intravenously into patients once within a short time in most 
clinical cases [196,197]. Such large quantity of BMMSCs leads to a 
number of issues, such as adverse effects induced by the infused 
BMMSCs and in vitro cell expansion [128]. Moreover, a number of 
acute adverse events, such as fever [128], instant blood-mediated in
flammatory reaction [198], microvascular embolism [198–200] and 
impaired heart function [201–203] have been induced after BMMSCs 
injection. Notably, two cases of sudden death caused by lung embolism 
after MSCs infusion focused worldwide attention on the acute toxicity 
of MSCs [204,205]. Therefore, identifying strategies to improve the 
therapeutic safety and effect is becoming a crucial issue for BMMSC cell 
therapy. Indeed, safety and therapeutic effect for both local and sys
temic infusion of BMMSCs therapy could be improved in the clinic with 
the effect of anticoagulation treatment though heparin, a widely used 
safe drug, which could reduce thrombosis and improve heart infarct 
after acute intracoronary MSCs delivery in acute myocardial infarction 
[205,206]. Meanwhile, various problems are also encountered during 
in vitro expansion as described in 4.1.2. Notably, a number of disorders 
of MSCs have been reported to be accompanied with long-term in vitro 
passaging [207,208]. Not only MSCs derived from diseased donors, but 
allogeneic MSCs (from healthy individuals) could also exhibit inhibited 
capability in bone regeneration after long-term culture and passages in 
vitro [54]. In consideration to utilize pharmacologic action to opti
mizing MSCs application, melatonin, a metabolic regulator [48], has 
been proved that could improve MSCs osteogenesis by preserving 
stemness [54,209]. It also promoted MSCs-based local bone regenera
tion in both ectopic sites and critical-sized calvarial bone defects [54] as 
a compound with great potential of reactive oxygen species (ROS) 
elimination [210], intracellular signaling regulation [211], senescence 
delaying, ossification promotion and immune regulation [212–215]. 

The recipient microenvironmental statuses also greatly influence 
the therapeutic performance of MSCs, thus it has gradually been noticed 
that diseased microenvironment constitutes major barriers limiting 
bone regeneration. Pathologically, a variety of inflammatory cytokines 
is capable of inducing extensive bone loss, thus, it is now generally 
appreciated that crosstalk among inflammatory cells and cells related to 
bone healing is essential to the formation repair and remodeling of bone 
[216]. The control of transplanted MSCs efficacy by recipient in
flammatory microenvironment also exists in systemic MSC cytotherapy, 
despite more complicating. Accordingly, pre-conditioning on MSCs has 
been reported effective in resisting recipient diseased microenviron
mental impacts and improving regenerative potential. Aspirin could be 
used to pretreat allogeneic MSCs before them being transplanted in 
vivo, demonstrating enhanced resistance in recipient inflammatory 
microenvironment. This aspirin preconditioning significantly promoted 
MSCs-based ectopic bone regeneration [52,217]. In local MSCs trans
plantation, aspirin can also be applied in a site-specific manner around 
the MSCs transplanted location through inhibiting regional IFN-γ and 
TNF-α levels in MSC implants to promote MSC mediated healing of 
critical-sized calvarial bone defects [52]. 

4.2. MSCs based biomaterials technique 

Therapies with the potential to become routine in the clinic will 
only be possible if these methods ensure efficient engraftment and the 
survival of a therapeutically relevant number of cells [218]. The bone 
tissue engineering approach is still in continuous progresses by pro
moting MSCs viability with MSCs based biomaterials technique. In 
addition to considerations of stem cells that may favor bone repair, the 
delivery strategy also plays an essential part in the design of cell-based 
tissue regeneration. A conventional technique involving single cell 
suspension injection showed compromised promoting effects on tissue 
regeneration, but with low cell activity, uneven distribution and low Ta
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regeneration efficiency [219]. So, developing a novel bone trans
planting system is necessary for basic research and clinical work in the 
field of bone regeneration. Indeed, endogenous MSCs reside in a com
plex architecture composed of neighboring cells and abundant neuro
vascular bundles, in which MSCs behaviors are tightly controlled by the 
local niche according to requirements of the host tissues [220–222]. 
Scientists have learned this fact and that the use of human-derived 
biomaterial scaffolds, naturally occurring proteins, ECM components 
and preparations rich in growth factors or non-expanded stem cells for 
tissue engineering provide new approaches for the redesign of clinically 
translatable regenerative therapies, which has been stated in 3.2. 
Moreover, in the process of cell harvesting, proteolytic enzymes would 
deteriorate the ECM and growth factors of seed cells which play an 
important role in forming bone formation microenvironment 
[223,224]. For optimizing application of exogenous MSCs in bone 
tissue engineering, technique of cell-sheets or -aggregates engineering 
would mostly reserve the ECM which could be considered as a scaffold 
tissue so that the cell-sheets or -aggregates themselves would be used as 
transplantable tissue [32,33,225]. Compared to cell suspension tech
nology, cell-sheets or -aggregates could significantly improve cell re
tention, vascular density and graft-host cell connection in the trans
planting area [226]. 

Cell-sheets technology could preserve the self-produced tissue-spe
cific extracellular matrix thus mimicking natural microenvironments in 
terms of various mechanical, chemical, and biological properties and 
the immense regenerative potential of which is proved in various tis
sues including skin and periodontium [227,228]. Concerted efforts 
have been and still are being made to harvest the living cell sheets more 
easily and effectively to avoid a relatively complicated, time consuming 
sheets grafting procedure [229,230]. Specifically, Wei et al. (2012) 
developed a new, simple, and practical approach to generate vitamin C 
(Vc)-induced PDLSCs sheets, leading to up regulated expression of ECM 
proteins and typical osteogenic markers in the resultant cell sheets 
[231]. Then, Shang et al. polished the preparation techniques for cell- 
sheets, which named as cell-aggregates [24]. In cell aggregates bio
technology, the ECM produced by cells includes numerous signals that 
influence cellular activities, and coordinated interactions between so
luble factors, grafting cells, and extracellular matrices define a local 
biochemical and mechanical niche with complex and dynamic regula
tion that determines the structure and function of a newly formed 
tissue. Therefore, enhancing the ability of targeted cells to preserve and 
generate ECM is helpful for tissue regeneration [232]. In addition, cell- 
aggregates technology makes it easier to detach the cells from the 
culture substrate, so that the natural adhesion molecules on the cell 
surface and cell-cell interactions remain intact [232–234]. This tech
nology could establish topical favorable microenvironments and has 
been recognized as a promising concept for cell delivery with adhesion 
molecules on the cell surface. Indeed, as a self-assembly approach to 
recreate the regenerative microenvironment with specific natural con
dition, MSCs-aggregates have been successfully established and used to 
repair large defects of bone [25,231]. 

Despite that bone tissue engineering has achieved great advance in 
healing of regional bone defects, bone regeneration in osteoporotic 
bone defects and fractures remain as an unfulfilled challenge. In this 
regard, CBB-BMMSCs-sheets composite material in repairing large area 
cranial bone defects in osteoporosis rats with BMMSCs isolated from 
allograft normal rats demonstrating that the CBB-BMMSCs-sheets 
composite materials had a more pronounced potential of bone re
generation and reconstruction in healing bone defects than CBB- 
BMMSCs composite material did in osteoporosis rats in vivo and in 
vitro. CBB-BMMSCs-sheets composite materials also could repair large 
area bone defects by newly formed bone tissues with force bearing 
characteristic in a short time both in normal or osteoporosis state [25]. 
Moreover, a wide range of chemical compounds derived from Chinese 
herbs that have been used as tonics and aphrodisiacs and for the 
treatment of bone-related diseases have been investigated as 

therapeutic agents and possible mediators of the regulatory processes of 
adult stem cell differentiation and their movement in tissue repair and 
rejuvenation [235–239]. Active ingredients and compounds derived 
from Chinese herbs are able to efficiently regulate stem cell fate, pro
liferation, and differentiation, thus, the use of which has opened a new 
avenue for the stimulation and acceleration of wound healing and tissue 
regeneration. In this regard, licochalcone A, a small molecular com
pound derived from licorice root, has been identified to further promote 
bone regenerative potential of MSCs-aggregates, and the application of 
which facilitated extracellular matrix secretion and osteogenic differ
entiation of MSCs-aggregates. This biomodified cell-aggregates en
hanced bone formation in treating metaphyseal defects of estrogen- 
deficient recipients [24]. Moreover, Osthole has been proved that it can 
enhance bone-forming activity directly by triggering cell osteogenic 
differentiation and bone marker gene expression [240], induce new 
bone formation and prevent bone loss caused by estrogen deficiency 
[241]. The anabolic effect of stimulating osteoblast differentiation of 
cell sheets has also been confirmed in the ectopic in vivo transplanta
tion model [240]. Other than pharmacological based modified donor 
MSCs, resistance to diseased microenvironment might also be achieved 
by using different sources of MSCs. Among these, human umbilical cord 
mesenchymal stem cells (hUCMSCs) derived from umbilical cords, are 
an inexpensive and inexhaustible stem cell source [242]. Their harvest 
does not require the invasive procedure and does not have the con
troversies of human embryonic stem cells [162]. Furthermore, 
hUCMSCs appeared to be primitive MSCs and exhibit high plasticity 
and developmental flexibility [163]. In addition, hUCMSCs have de
monstrated minimal immunorejection in vivo and are not tumorigenic 
[163]. It has been reported that hUCMSCs derived cell-aggregates re
paired periodontal tissue defects including hard tissues under in
flammatory periodontitis condition [243]. The above approaches con
stitute current MSCs-based cell-sheets or -aggregates strategies to 
optimize bone healing in diseased microenvironments. 

4.3. Cell-free strategies 

Living cell transplantation may cause more safety concerns as it 
closely related to tumor and emboli formation [244]. Other than par
ticipating in tissue regeneration by themselves directly, MSCs possess 
powerful release capability to secrete various cytokines and extra
cellular vesicles (EVs) as masters of cell-cell shuttle of biomolecules 
such as RNA, miRNAs and protein “cargos” to modulate the ambient 
microenvironmental property [53,155,245,246]. Notably, exosomes 
(also called nanovesicles; size within 100 nm) are the best studied EV 
subpopulation and have been elaborated that mediate MSCs-based bone 
regeneration in healing of bone defects [247–249]. Ascending evidence 
indicates that exosomes represent the most prominent form of EV sig
naling in mediating MSCs-mediated bone healing even in recapitulating 
MSCs therapeutic effects on osteoporosis, where systemic application of 
MSCs-derived exosomes restore bone mass as efficiently and long- 
lasting as MSCs themselves. Mechanistically, donor exosomes secreted 
by transplanted MSCs ameliorate resident BMMSCs deficiency via 
transfer of miRNAs and proteins, regulating recipient epigenetic states 
to mediate the sustainable effects [53,68]. From a translational per
spective, EVs could easily be sustainably and reproducibly obtained and 
stored, and may offer specific advantages of privilege and safety to 
recipient microenvironments. As stated above, EVs-based cell-free 
therapies has considerable translational potential in developing “cell- 
free” therapy for regenerative therapy as novel alternatives or even 
superior to the whole-cell MSCs therapy [250,251]. Particularly, recent 
preclinical studies suggest that the MSCs secretome (the EVs/exosomes 
released by MSCs) has been successfully applied in enhancing calvarial, 
femoral and periodontal bone regeneration [247,252,253]. 

Pathologically, EVs with high stability lipid bilayer in vivo [250] 
could facilitate bone fractures healing and osteoporosis induced by 
diabetes and estrogen deficiency [254,255] and demonstrate long-term 
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therapeutic effects on recipient MSCs deficiency via epigenetic repro
gramming thus persistently restoring bone homeostasis in recipient 
diseased microenvironments [53,68]. Exosomes also have shown bone 
therapeutic potential in diseased donor microenvironments in treating 
osteonecrosis and in repairing critical-sized bone defects in estrogen- 
deficient mice [249,253]. The exosome resistance to recipient diseased 
microenvironments has further been confirmed in the maintenance of 
therapeutic effects in treating osteoporosis in autoimmune conditions of 
systemic lupus erythematosus (SLE) and systemic sclerosis (SS) [53,68]. 
Based on current information available, it can be assumed that trans
lation of EV- based cell-free therapies as a feasible clinical approaches 
in bone healing will thrive that promises a significant amount of pre
clinical and clinical investigations in the near future. However, there 
are still some core challenges have not yet been overcome that re
stricted the development of exosomes into therapeutically agents for 
clinical usage, including low yielding [256], unreliable isolation 
method [257] and unprofiling and inadequate understanding of exo
somal contents and the underlying mechanisms [258]. 

Compared to EV- based cell-free therapies, epigenetic reprogram
ming has also been performed long-lasting resistance to recipient mi
croenvironmental impacts on MSCs via application of the post
transcriptional molecules. miRNAs are a large class of small, non- 
coding RNAs that function as repressors of gene expression at the level 
of posttranscriptional regulation and have been found to play important 
roles in most known animal genomes. As a single miRNA is often in
volved in several gene regulatory networks, overexpression or inhibi
tion of miRNA can regulate the endogenous expressions of multiple 
growth factors simultaneously. Here, our lab constructed chimeric 
apoptotic bodies (cABs) for on-demand inflammation modulation by 
combining pure membrane from apoptotic bodies (ABs) as a bio
conjugation/regulation module and mesoporous silica nanoparticles 
(MSNs) as a engineered EVs carrying therapeutic molecules, which are 
regarded as promising candidates for disease therapies. MSNs were 
preloaded with anti-inflammatory agents (microRNA-21 or curcumin) 
and modified with stimuli-responsive molecules to achieve accurate 
cargo release at designated locations. The resulting cABs actively target 
macrophages in the inflammatory region and effectively promote M2 
polarization of these macrophages to modulate inflammation due to the 
synergistic regulatory effects of AB membranes and the intracellular 
release of preloaded cargos. Both the in vitro and in vivo results showed 
that our engineered EVs are able to modulate cutaneous inflammation, 
promote regeneration, and ameliorate the inflammatory bowel dis
eases, demonstrating that this method may be an efficient strategy to 
engineer EVs in a modularized way for various biomedical applications 
[259]. Moreover, given the potent function of miR-26a in promoting 
angiogenic-osteogenic coupling of MSCs, it was therefore hypothesized 
that delivery of a desired miRNA may result in optimization of bone 
regeneration through coordinating of endogenous angiogenesis and 
osteogenesis process. Initially, a miRNA enhancer delivery system re
leasing agomiR-26a were applied with MSCs, in a localized and sus
tained manner in vivo, leading to complete repair of critical-sized cal
varial bone defects with increased vascularization [260]. Furthermore, 
miR-26a overexpression has been proved that could restore the im
paired function of estrogen-deficient induced MSCs and repair critical- 
sized calvarial bone defects [261]. 

5. Conclusions 

Although it remains a great challenge that how to achieve bone loss 
and defects therapeutic efficacy, MSCs-based bone regeneration in
cluding cytotherapy, cell sheets/aggregates technique, and cell free 
approaches still holds great promise for curing severe large bone defects 
no matter in regular or in diseased microenvironments. In fact, the 
critical function of transplanted MSCs relies not only on the replen
ishment of the number of resident MSCs to recovery the potential of 
bone healing, but also on the profound impact of MSCs derived 

molecular components mediating and modulating efficacy of them
selves and microenvironment even in skeletal conditions. Moreover, the 
survival of systemically infused MSCs in recipients is not endurable or 
affected by diseased microenvironmental factors which have been in
dicated recently using labeling by either green fluorescent protein 
(GFP) or fluorescent dyes [51]. While, there are still other many lim
itations to be solved in the pre-clinical or clinic translation of MSCs- 
mediated bone healing, especially in diseased microenvironments. 

In abnormal conditions, some novel bioactive molecules such as 
anticoagulation treatment to reduce thrombosis, certain pharmacies 
with the role of preserving stemness of transplanted MSCs and anti- 
inflammatory to pre-normalizing recipient microenvironment have 
shown the promising opportunities and solutions for cell viability and 
regulation of cell osteogenic differentiation to optimize MSCs-mediated 
bone healing. Increasing evidence also suggests that the idea of creating 
beneficial microenvironments for MSCs-based bone regeneration has 
shown promise for future practice of bone healing. With the appearance 
and improvement of cell-sheets/-aggregates techniques, more sophis
ticated cell-sheets/-aggregates for bone regeneration have been estab
lished by biomodified through pharmaceutics processed and seed cells 
substitutes to fulfill osteoporotic bone healing. 

Notably, EVs derived from MSCs served as “cargos” to modulate the 
microenvironmental and miRNAs acted as posttranscriptional mole
cules to achieve epigenetic reprogramming, have attracting increasing 
attention as novel cutting-edge strategies in bone healing, in which the 
cell-free therapeutic options based on MSCs-derived EVs further 
pushing forward bone regeneration and will shed light on the exciting 
option to bone healing in aging and diseases [262]. Although there is 
currently limited evidence to confirm MSCs based bone regeneration 
capacity in diseased condition, especially MSCs based cell-sheets/-ag
gregates techniques and cell free strategies, these promising field can 
attract further investigations which are required to confirm the clinical 
effects of these approaches enumerated ahead in the regenerative 
treatment of bone tissues. 
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