
Chapter 1
Nanomaterials and Stem Cells for Bone
Tissue Engineering

Tianxu Zhang and Ronghui Zhou

Abstract With the rapid development of nanotechnology, nanomaterials have been
widely applied to bone regeneration. Stem cells, scaffold, and growth factors are
commonly regarded as three crucial factors contributing to successful bone tissue
engineering. The application of nanomaterials significantly improves the physico-
chemical and biological properties of the scaffold, which could create biomimetic
environment for the osteogenic differentiation of stem cells and sustained release of
the growth factors. In this part, we focus on the discussion about the stem cells,
nanomaterials, and growth factors which are applied in bone tissue engineering.
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1.1 Introduction

Bone tissue is the most important supportive tissue which could continuously
remodel and rebuild throughout the lifetime. Bone defects or bone fracture is
common diseases affecting the normal function of skeletal system. Although there
are internal self-repair and remodel for the pathological injuries, severe bone defect
caused by traumas, tumor, or infection still need extra medical intervention. Bone
grafts are also alternative candidates for the treatment of bone defects, but the
sources are also limited and autogenous bone grafts could be invasive. Currently,
nanomaterials have been applied to bone tissue engineering because of their unique
nanoscale properties such as specific surface area, porosity, and mechanical property
[1–3]. Seed cells, scaffold, and growth factors are considered to be three crucial
factors for tissue engineering [4]. As an important part, the 3D scaffold plays a vital
role in bone regeneration. A suitable scaffold can mimic the microenvironment of
cell growth and provide biomimetic structures with good biocompatibility for cell
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proliferation and new bone growth [5, 6]. Due to the good biological property, nano-
biomaterial has become an ideal material for the development of 3D scaffold for
bone regeneration. Various nano-biomaterials such as nanocomposite materials,
nanofiber materials, nano-bioactive materials, and injectable nanomaterials have
been synthesized and used in the research of bone tissue engineering, presenting
broad application prospects [7, 8].

Natural bone tissue consists of apatite and polymer collagen fibers, which have
hierarchical structures and excellent mechanical properties. In order to mimic the
biological structures, various nanomaterials and scaffolds are supposed to be applied
to create biomimetic environment for stem cell osteogenic differentiation and bone
regeneration [9]. The interaction between the stem cells and nanomaterials is
extremely complex, which could be affected by many factors. The physicochemical
and mechanical properties of different nanomaterials directly determined the bio-
logical potentials for bone regeneration. Understanding different properties of these
nanomaterials is crucial for better regeneration results. How to perfectly combine
different nanomaterials with complementary properties and precisely manipulate the
osteogenesis differentiation of stem cell play key roles in current researches.

1.2 Stem Cell Types Applied to Nanomaterial-Based Bone
Regeneration

Cells, scaffold, and growth factors are three crucial factors for tissue engineering. As
special cells with multilineage differentiation capacity, stem cells are crucial for
tissue engineering, which has revolutionized tissues engineering area, especially for
the bone regeneration. Nowadays, many kinds of stem cells have been identified,
which could be generally concluded into two different types: embryonic stem cell
(ESC) and adult stem cell. They have been widely studied for tissue engineering
because of their self-renewal capacity and multilineage differentiation potentials.
But the application of ESCs is limited by their limited sources and ethical require-
ment. Adult stem cells are more commonly studied and applied to bone tissue
engineering, and we will concentrate on the discussion about adult stem cells.

1.2.1 Mesenchymal Stem Cells (MSCs)

MSCs are the most common stem cell types which have multilineage differentiation
and self-renewal capacity. As a multipotent stem cell, MSC could transform to
osteoblast, chondrocyte, and adipocyte (Fig. 1.1). MSCs are firstly identified in the
bone marrow, and then many other tissues were proved the existence of MSCs such as
the skin, dental pulps, blood vessel, and adipose tissues. Since the first isolation in the
1950s, MSCs have been proved with multipotent and self-renewable capacities, which
could differentiate into bone, muscles, adipose tissue, cartilage, and neural cell.
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1.2.1.1 Bone Marrow Stromal Cells (BMSCs)

Since they were firstly isolated in the 1960s, BMSCs have been widely applied to
tissue engineering especially for bone tissue regeneration. Early in 1997, Komori
et al. found BMSCs could express runt-related transcription factor 2 (Runx2), which
was regarded as the key osteogenesis transcription factor [11]. In other words,
BMSCs still retain the plasticity and stemness for potential osteogenesis differenti-
ation [12–14].

BMSCs have been extensively studied for their osteogenic potentials since their
isolation and identification. It is the earliest heterogeneous and primitive cell type
found in the bone marrow, which are currently the most extensively applied cells for
the bone tissue reconstruction and regeneration as a result of the easy obtain, culture,
low immunogenicity, and easy transfection [15]. The identification of BMSCs is
usually performed by flow cytometry and immunofluorescence staining. BMSCs
mainly express surface markers such as CD29, CD44, and CD90 and don’t express
hematopoietic cell surface markers CD34 and CD45, which is the main difference in
comparison with hematopoietic cells [16]. BMSCs can differentiate into osteoblasts
under certain conditions and contribute to the productions, secretions, and mineral-
ization of bone-related matrix, thereby achieving bone regeneration. The in vitro
osteogenesis differentiation of BMSC largely depends on the osteogenesis induction
culture medium, which include dexamethasone, β-glycerol phosphate, and vitamin

Fig. 1.1 The evolution process of osteoblasts and osteoclasts during the bone formation process.
Reprinted with permission from ref. [10] Copyright (2015) Nature Publishing Group
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C. Dexamethasone enhances the osteogenesis of BMP-2 and stimulates RUNX2,
ALP, OPN, and OCN expression; β-glycerol phosphate provides phosphorus ions
and induces activation of ALP; vitamin C regulates the homeostasis of extracellular
matrix collagen and promotes cell differentiation [17].

The combination treatment with BMSCs and biomaterials has been proved to be
able to enhance the bone formation in vitro and in vivo. Many studies have proved
that the local treatment of BMSC could accelerate the healing process of large-scale
bone defect such as craniomaxillofacial defect. Although BMSCs have been widely
applied to bone engineering and have great potentials for multilineage differentia-
tion, limitations also exist. For example, the proliferation and differentiation abilities
of BMSCs could possibly be declined after continuous culture and self-renewal
ability could be limited. Moreover, the source from bone marrow is also limited.
Furthermore, their differentiation potential could be also altered by different culture
environment. More importantly, even if the BMSCs were purely isolated, only part
of the BMSCs could be susceptible to osteogenesis [18]. In addition, the in vitro
expansion of BMSCs could possibly cause immunological rejection responses after
in vivo plantation.

1.2.1.2 Adipose-Derived Stem Cells (ASCs)

Besides BMSCs, the other abundant resource of mesenchymal stem cell is ASCs,
which have also been applied to tissue engineering, especially for bone regeneration.
Different from BMSCs, ASCs have advantages including easy access and isolation,
less invasiveness, promising osteogenic ability, low immunogenicity, and immune
regulation effects [19]. More importantly, ASCs are more abundant in sources by
hundred folds [20]. ASCs were proved to have pluripotential ability of differentiat-
ing into other mesodermal lineages and ectodermal lineages. Despite the
pluripotential ability, ADSCs lack the capacity to differentiate to the embryonic
and extraembryonic tissue types like embryonic stem cells.

The surface markers expressed in ASCs include CD29, CD44, CD73, and CD90,
but the hematopoietic-related surface markers CD34, CD45, and CD79 are nega-
tively expressed, which are similar with the surface marker of BMSCs. Different
from BMSCs, ASCs express CD36 and CD49d but do not express CD48f and
CD104, which could be used to differentiate ASCs and BMSCs. In 2013, the
International Fat Applied Technology Society defined the cell phenotype of
ADSCs for uniform isolation and identification: (1) the phenotype of newly sepa-
rated ADSCs is CD31 (�)/CD34 (+)/CD45 (�)/CD235a (�), and the phenotype of
ADSCs cultured in vitro is CD31 (�)/CD44 (+)/CD45 (�)/CD73 (+)/CD90 (+)/
CD105 (+) [21]. For biomedical application in bone regeneration, both the BMSC
and ASC are very promising for osteogenic differentiation. However, the prolifer-
ation rate of ADSCs is faster than BMSCs. More importantly, ASCs could maintain
their cellular activities in a good status including proliferation, differentiation, and
metabolism under in vivo pathological environment [22]. Immunomodulatory effect
is another specific characteristic of ADSCs, such as secretion of growth factors and
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inflammatory factors, promoting angiogenesis and so on. ASCs maintained their
anti-inflammatory ability and play important role for microenvironmental regulation
in the pathological environment.

Generally, ASCs have similar characteristics for bone tissue engineering with
BMSCs, but ASCs have several special capacities including more abundant in
sources, faster proliferation, and immunoregulation capacity, which might promise
better bone regeneration outcomes. But limitation and challenges also exist; the
phenotypes of ASCs are different in vivo and in vitro. The phenotype will also
change following continuous proliferation and differentiation such as CD34 expres-
sion. Furthermore, ASCs isolated from fat in different tissues may have discrepant
differentiation potentials. Therefore, the mechanisms of induced differentiation
require further investigation for better biomedical application of ASCs.

1.2.1.3 Dental Pulp Stem Cells (DPSCs)

As one important type of MSC, DPSCs are isolated from dental pulp tissue, which
also have multiple differentiation capabilities. DPSCs were firstly isolated and
identified by Gronthos et al. [23] in 2000. These MSC-like cells in dental pulp
tissues also express the MSC markers like CD29, CD105, CD146, CD166, and
STRO-1 [24]. DPSCs could be isolated in human third molar and exfoliated decid-
uous teeth (SHED). Miura et al. [25] firstly isolated DPSCs from SHED and applied
them to in vivo bone tissue engineering. According to the different sources from
permanent teeth and exfoliated deciduous teeth, there are some differences between
the hDPSCs and SHED. SHEDs are isolated from deciduous teeth and they could be
more immature than hDPSCs. In other words, SHEDs have stronger capacity in
terms of proliferation and differentiation. Meanwhile, obtaining SHED from decid-
uous teeth could be easier, which is advantageous for clinical application [26]. Com-
pared with DPSCs from normal teeth, DPSCs isolated from supernumerary teeth
have higher proliferation capacity and differentiation potential [27].

Since the potential differentiation ability and accessibility, DPSCs also have
potentials in bone tissue engineering. Dental pulp tissues are accessible organs and
have recently attracted much attention for MSC isolation and tissue engineering.
DPSCs have excellent proliferation capacity and could retain the characteristics of
stem cells after cultured by many generations. Besides the multilineage differentia-
tion, undifferentiated DPSCs also have immunoregulation capacity. DPSCs could
suppress the proliferation of T cell and B cell, increase the number of regulatory T
cell, and produce TGF-β, IL-6, IL-10, nitric oxide (NO), and prostaglandin(PG)-
E2 [28].

Although dental pulp seems an alternative tissue for stem cell isolation, the use of
DPSCs is also limited due to the small quantity and longer culture for enough cells
for tissue engineering. Furthermore, the in vivo application for bone regeneration of
DPSCs could be also limited. For example, in a histological analysis for 3-year
transplant of DPSCs in human mandibles, the regenerated bone was compact bone
and lack of vasculatures [29]. Therefore, the manipulation for the uncertain
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differentiation still requires further study. Besides, biological activity of dental pulp
tissue may be declined with the age increase, and the autologous sources of DPSCs
could be limited. Meanwhile, it still needs long-term exploration about the immune
rejection of allogeneic DPSCs after transplantation.

1.2.2 Other Types of Adult Stem Cells

Many tissues and organs have the capacity of repair and regeneration, in which many
adult stem cells could be isolated and applied to regenerative medicine. These adult
stem cells play their unique roles in regenerative medicine such as neural stem cells,
periosteal stem cells, corneal stem cells, and so on.

1.3 Nanomaterials Applied to Stem Cell Osteogenic
Differentiation

During the past decades, various types of nanomaterials have been exploited and
applied to nanomedicine. Many nanomaterials have been proved to influence
bio-response of stem cells like proliferation and differentiation. For bone regenera-
tion, osteogenesis differentiation of stem cell is very crucial for new bone formation.
Many researches have discussed the osteogenic effects of nanomaterials and their
potentials for bone tissue engineering. Unique cellular responses could occur
depending on different types of materials, which is summarized as follows.

1.3.1 Polymeric Nanomaterials

Polymeric NPs have been extensively introduced into biomedicine area because of
the good biocompatibility and drug-loading capacity. Meanwhile, surface modifica-
tion imparts polymeric NPs unlimited possibilities for better osteogenic induction
capabilities. Besides, good biodegradability also contributes the extensive applica-
tion of polymeric nanomaterials. For example, PLGA and chitosan are commonly
used for tissue engineering. Chitosan is well known as a biocompatible, biodegrad-
able, and nontoxic biomaterial, which has great potentials for physicochemical
modifications due to its porosity, tensile strength, and biocompatibility [30]. For
example, Wu et al. [31] fabricated chitosan NPs as carrier to deliver microRNA to
MSCs, and enhanced delivery efficiency was observed. As a result, osteogenic
differentiation of MSCs obviously increased. More importantly, chitosan NPs
showed good biocompatibility and no toxicity to the MSCs. Similarly, Chen et al.
[32] also used chitosan NPs as nano-carrier to deliver the stable modified hsa-miR-
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199a-5p (agomir); this chitosan NPs/agomir complex significantly improved the
in vivo bone regeneration. Besides drug carriers, polymeric nanomaterials could
be employed as scaffolds for bone regeneration [33]. Generally speaking, polymeric
nanomaterials could be used as promising candidate to regulate stem cell osteogenic
differentiation and bone tissue regeneration.

1.3.2 Metal-Based Nanomaterials

As a common type of nanomaterials, metal-based nanomaterials also showed their
potentials for bone regeneration. Due to the unique metallicity, metal-based
nanomaterials could induce osteogenic differentiation by causing mechanical stress
to the stem cells. Currently reported osteogenic metal-based nanomaterials include
gold NPs (AuNPs), silver NPs (AgNPs), titanium NPs (TiNPs), and iron NPs
(FeNPs), and their osteogenic potentials are discussed as follows.

AuNPs could be regarded as promising nanomaterial for tissue engineering
because they have satisfying biocompatibility, easy modification, and antimicrobial
ability [34]. Naturally, many studies have reported their potentials for bone regen-
eration as well. For example, Yi et al. [35] treated MSCs with AuNPs and studied the
cellular responses. The results turned out to be that AuNPs induced MSC osteogenic
differentiation toward osteoblast cell rather than adipocyte cell. The underlying
mechanism was that AuNPs could interact with the cell membrane and cytoplasm,
which caused mechanical stress to the MSCs and activated osteogenesis-related gene
expressions. More than MSCs, AuNPs were also proved to have osteogenic induc-
tion effect for human periodontal ligament stem cells (hPDLSCs). Niu et al. [36]
investigated the induction of AuNPs for the osteogenic differentiation of hPDLSCs
and detected osteogenic transcriptional profile of hPDLSCs after treated with
AuNPs; the analysis suggested that the expressions of ALP, osterix, collagen I,
and RUNX2 were significantly enhanced, which was important for osteogenic
differentiation. In addition to pure AuNPs, easy functionalization and modification
contribute to more extensive application of gold nanomaterials. Modified AuNPs
were reported to enhance osteogenic differentiations of stem cell in many studies
[37, 38].

Besides AuNPs, AgNPs also contributed to regulate the fate of stem cells. AgNPs
are well known for their antimicrobial/antiviral properties and are often integrated
into bone grafts as antimicrobial agents. Although the antibacterial activity of
nanoscale silver nanomaterials is widely confirmed, the osteogenic properties remain
controversial. For different kinds of stem cells, the results might be different. For
example, Qin et al. [39] suggested that AgNPs could induce urine-derived stem cells
differentiated toward osteogenic profile when AgNPs were at proper concentrations
(for instance, 4 ug/mL). However, when the seed cells came to hMSCs, the results
might be different. Liu et al. [40] suggested that AgNPs caused cytotoxicity to
hMSCs and AgNPs didn’t change the osteogenesis-related gene expression, which
meant that AgNPs didn’t induce the osteogenic differentiation of hMSCs. Therefore,
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the osteogenic properties may vary according to different circumstances and seed
cells as well. Although the antimicrobial effects may be advantageous for the use of
AgNPs in bone regeneration, the cytotoxicity is also a nonnegligible problem for
AgNPs [41].

Other types of metal-based nanomaterials also have positive influence for their
osteogenic properties, which makes them play unique roles in bone regeneration and
tissue engineering such as TiO2NPs [42], iron oxide NPs [43], and so on.

1.3.3 Silica-Based Nanomaterials

Silica is one of the important elements for skeletal system, and silica-based
nanomaterials are promising biomaterials due to their good biocompatibility
[44]. It was proved that silica NPs showed no negative effect to the cell viability
and exhibit size- and dose-independent cytocompatibility on hMSCs [45]. Further-
more, the ALP activity and bone nodule production of hMSCs were obviously
enhanced after treated by silica NPs, which demonstrated the osteogenic induction
effect of silica NPs. The osteogenic effects may derive from the Si release from the
silica NPs as a result of cellular lysosomal degradation. Besides biocompatibility,
porousness is the other unique property for silica nanomaterials. Due to the chemical
modification property, nanoporously structured silica NPs attracted much interests in
bone tissue engineering. Chemical modification could enhance the osteoinductive
effect of silica NPs. Christel et al. [46] modified the nanoporous silica materials with
bone growth factor BMP-2; the complex showed obvious osteoinductive effects on
ASCs. Same osteoinductive effects could be found in other studies with different
modification and composites [47, 48].

1.3.4 Carbon-Based Nanomaterials

Carbon nanomaterials have drawn increasing interests in biomedical application
because of the excellent physicochemical and biocompatible characteristics
[49, 50]. Their uniquely manipulative spatial structures including 2D and 3D impart
them more structural possibilities for scaffold fabrication in tissue engineering,
which could simulate the structure of biological bone extracellular matrix. Graphene
(GR), graphene oxide (GR), and carbon nanotube (CNT) are common forms of
carbon-based nanomaterials, which could be applied to bone tissue engineering.

Since the first report in 2004 of graphene by Novoselov and Geim, GR has been
extensively applied to biomedical area due to its extraordinary physicochemical
properties [51]. As single-layer 2D nanosheets, many studies have reported their
positive impacts on the stem cell regulation [52, 53]. GR could provide a biocom-
patible scaffold for hMSCs and promote the osteogenic differentiation [54]. CNT is a
new type of nanomaterial which have special shape and morphology with a
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cylindrical architecture, which make CNT a promising candidate for biomedicine
[55]. Many studies have proved the osteoinductive effect of CNTs, and the array of
CNTs could affect the stem cell responses. It was suggested that only single-walled
CNT without any other chemical/biochemical treatment could initiate osteogenic
differentiation of hMSCs [56]. If hMSCs were cultivated on the multiwalled carbon
nanotube (MWCNT) arrays, the cells showed different behaviors like well-spread
and spiral-shaped cell colons, and osteocalcin (OCN) gene expression was enhanced
in comparison with hMSCs cultured on dish [57]. Moreover, the combination of GR
and CNT could also serve as osteoinductive hybrids. Yan et al. [49] fabricated
GR/SWCNT complex and treated rat MSCs with these hybrids. After treatment by
GR/SWCNT complex, osteogenic-related gene expressions and mineralized matrix
nodule formation were enhanced. On the contrary, adipocyte-related genes were
downregulated.

1.3.5 Nucleic Acid-Based Nanomaterials

As a novel type of nanomaterial, nucleic acid nanomaterials have drawn rising
attention due to their excellent biocompatibility and editability. Nucleic acids
(DNA, RNA) and nucleic acid analogs such as PNA and LNA play important
roles in regulating gene and protein expression, which finally manipulate cell
activities such as proliferation, migration, and differentiation [58]. DNA
nanomaterials are more widely studied due to their self-assemble property according
to the principle of Watson-Crick base pairing. As a result, various types of DNA
origami have been reported with unique spatial structure and biological activities.

Our previous work has studied one of the DNA origamis, tetrahedral framework
DNA nanostructures (TFNAs). Due to their tetrahedral nanostructure, cellular
uptake of TFNAs could be more efficient than oligonucleotides. The multiple
biological effects of TFNAs were extensively investigated including promoting
cell migrations, proliferations, and differentiations, which suggested the great poten-
tials of TFNAs in the tissue engineering area [59]. Zhou et al. [60] proved that
TFNAs could promote the proliferation and osteogenic/odontogenic differentiations
of DPSCs as the osteogenic-related gene and protein expressions were enhanced.
Shao et al. [61] studied the effects of TFNAs on the osteogenic differentiations of
ADSCs and found that TFNAs activated osteogenic potential of ADSCs via
Wnt/β-catenin signaling pathway. TFNAs could also serve as novel drug carriers
for functional nucleic acids like siRNA, microRNA, lncRNA, and oligonucleotides
to achieve better bone regeneration results.
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1.3.6 Hydroxyapatite

As basic components of biological bone tissue, hydroxyapatite has been widely
applied to bone regeneration because of the satisfying biocompatibility and bioac-
tivity. Natural bone tissue has hierarchical structures which mainly composed of
periodically arranged inorganic nano-hydroxyapatites and organic collagen fibers.
HA-based bioceramics have excellent osteoinductive and osteoconductive activity;
the microporous structure of the material could lead to the high adsorption and
accumulation of various endogenous bone growth factors, which will activate the
differentiation of MSCs into osteoblasts and ultimately achieve osteogenesis induc-
tion. But the mechanical properties of HA prepared by the existing process are not
good enough, which limits its wider application. Therefore, nano-HA/polymer
composite biomaterials are more commonly applied for better mechanical properties
which we will discuss in other parts. Although there are many types of HA/polymer
composites, the standard of the properties requires to be unified; long-term follow-up
is required to evaluate the clinical potentials.

1.4 Properties of Nanomaterials Affecting Osteogenic
Differentiation and Bone Formation

The osteogenic differentiation of stem cells and bone formation process have
intimate connection with the chemical, physical, mechanical, and biological prop-
erties of related nanomaterials as shown in Fig. 1.2.

1.4.1 Mechanical Properties

Bone tissues have strong load-bearing ability which consists of HA nanocrystals and
fiber-shaped collagen molecules. One of the goals for bone regeneration is to
simulate the hierarchical structure of biological bone tissue. Optimal scaffolds are
supposed to have similar mechanical property to the natural bone to provide biomi-
metic environment for osteogenic differentiation of stem cells. For severe bone
defect area, scaffolds should provide structural support for the bone regeneration.
The matrix stiffness also plays important roles in osteogenic differentiation of stem
cells [62]. Therefore, mechanical property of scaffold materials is very crucial for
successful bone regeneration results, and suitable mechanical property seems to be
the most basic requirement for bone regeneration scaffold.

Stem cells are not only regulated by biological molecular signals such as growth
factors but also regulated by mechanical properties of scaffolds [63]. The mechanical
signals will induce cell differentiation to different subtypes. Polymers and
bioceramics are common materials which could provide suitable mechanical and
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structural support for bone regeneration. Although polymers are reported to be
useful in bone regeneration, single type of polymer seems not to satisfy the mechan-
ical requirement. Therefore, the combination of polymers and inorganic materials is
usually more common to improve the mechanical properties for better engineering.
As essential component of natural bone tissues, HA is the most commonly used
material to improve mechanical properties of the nanocomposite to better mimic the
microstructures of biological bone [64]. Wei et al. [65] analyzed the structural effects
of nano-HA/polymer composite scaffold for bone regeneration, they found that
combination of nano-HA with the PLLA polymers enhanced the mechanical prop-
erty by about two folds with suitable microarchitecture, which could be favorable for
cell adherence and differentiation. Other types of materials could be also used to
improve better mechanical property. Zhang et al. [66] incorporated octadecylamine-
functionalized nanodiamond into PLLA polymers and studied the effect of mechan-
ical properties changes on the bone formation process. The results demonstrated that
incorporation of 10% wt nanodiamond obviously enhanced the tensile property of
the composites. The increase in mechanical property increased the mineralization
and bonelike apatite growth.

The hierarchical structures provide natural bone with excellent mechanical and
biological properties. Therefore, the mechanical property of bone tissue scaffold
should mimic the natural bone, which means that compression modulus should be
45–100 MPa. Different types of polymers and inorganic phases could be served to
develop scaffolds with varied mechanical properties via adjusting ratio and conju-
gation manners of different components.

1.4.2 Porosity

Porosity is another crucial factor contributing to successful development of bone
tissue scaffold. There are also requirements for void ratio and pore sizes to provide
better environment for bone regeneration. Proper pore size and ratio are favorable for
cell ingrowth and nutrition/waste exchanges. Too small pore size will prevent the
cell ingrowth and may lead to cellular capsules around the scaffolds. Meanwhile, too
large pore size could possibly reduce the surface area and mechanical strength of the
scaffolds [9].

Murphy et al. [67] investigated the impact of pore size on the cellular adherence,
proliferation, and migration on the porous scaffolds with 85–325 μm pore sizes.
Although the final number of osteoblasts was the most abundant after 7-day obser-
vation for the biggest pore size, there was a suddenly increased peak for the 120 μm
pore size scaffold. This might suggest that pore size was related to the surface area,
which plays important roles in inducing initial cell attachment, because scaffold with
large pore size has smaller surface area. The results also suggested that the cell
adherence could not always be explained by surface area; if the range of pore sizes
was 85–325 um, the surface area theory couldn’t explain. After the cell attachment,
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bigger pore size could provide more space for the cell proliferation and migration;
finally they suggested that 325 um pore size was suitable for bone tissue engineering.

Since decades ago, discussion about the impact of pore sizes on the bone
regeneration has been emerging. Pore sizes from tens to thousands microns have
been reported for bone regeneration. An early study suggested that the ideal pore size
for optimal bone in-growth rates was 100–135 um [68]. There were also studies
suggesting that bone formation and vascularization required the pore size bigger than
300 μm. If the pore sizes are <300 μm, the scaffold tended to induce osteochondral
ossification rather than osteogenesis [69, 70]. However, there were also study
investigating the osteoinductive ability of nanoporous titanium with pore size of
30 nm and 100 nm; the results demonstrated that only substrates with 30 nm pores
induced osteogenic differentiation of human neural crest-derived stem cells and
substrates with 100 nm pore size didn’t induce osteogenic differentiation
[71]. There are evidences suggesting that macropores (>100 μm) are favorable for
bone ingrowth and angiopoiesis, but microporosity (pore size <20 um) is also
regarded as important way to improve the osteoinductive ability of scaffold. Micro-
porosity could provide the scaffold with larger surface area and better permeability,
which could enhance protein adsorption on the scaffold and improve cell-scaffold
interaction [72]. Besides surface area, micropore-induced capillarity could also
enhance the cell adherence, bone growth, and distribution in the scaffold
[73, 74]. Besides the effect of pore size, porosity ratio is also a crucial factor for
the bone formation and mechanical property of scaffold. Chen et al. [75] developed
porous titanium scaffold for bone regeneration; the 30–50% porosity samples were
similar with the structure of natural bone. hMSCs easily adhered and proliferated on
the surface and grow into the porosity structures also indicated osseointegration
potentials.

Porosity contributes to the regulation of bone tissue ingrowth and is an essential
factor for successful bone regeneration results. Adequate pore size contributed to
high surface area, osteogenic protein adsorption, and cell adherence and ingrowth. It
has been preferably considered that if the pore size is between 90 and 200 um, it
could induce better bone formation. But for different materials and stem cells, the
porosity could be different for the optimal osteoinductive outcomes.

1.4.3 Hydrophilicity

The hydrophilicity of the material surface is an important factor affecting the cell
behaviors like adhesion and morphology. The hydrophilicity decrease of scaffold
could lead to poor cell adherence [76]. There are many factors that affect the
hydrophilicity of the material such as surface roughness, surface topology, and
surface physicochemical conditions, which all could cause contact angle and wetta-
bility changes.

Many physicochemical methods could improve the hydrophilicity but vary from
different materials. Chemical methods include surface oxidation, grafting
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modification, copolymerization, and surfactant modification. Physical methods
include blending modification, high-energy radiation, and so on. For example,
surface modification with collagen could be a feasible way to improve the hydro-
philicity, and the incorporation of collagen on the polymer surface significantly
enhanced the hydrophilicity and furtherly improved the attachment of fibroblasts
[77]. Chemical modification to introduce diethylaminoethyl groups onto the polymer
could also improve surface hydrophilicity and roughness, which subsequently
enhanced the cell attachment and proliferation [78].

In summary, the methods for hydrophilicity improvement include two general
ways: (1) surface roughness changes via physicochemical modification, which
mainly changed the contact angle and wettability changes of the material surface,
and (2) incorporation and coupling of hydrophilic components such as biological
polymers and surfactants. The improvement of hydrophilicity will enhance cell/
protein attachment, cell proliferation, and spreading on the scaffold surface, which
promise better bone regeneration results.

1.4.4 Biodegradability

As we mentioned before, mechanical properties of scaffold play important roles for
the structural support for bone formation. Although these polymers and inorganic
components could optimize the mechanical structure for better bone regeneration
results, the non-absorbable components such as metal or carbon could possibly cause
cytotoxicity after long-term existence. Ideal scaffold should have proper biodegrad-
ability, and the absorption rate should be consistent with the bone formation rate
[79]. After enough ECM are produced to provide structural support, the scaffold
should be resorbed to prevent adverse effects.

After planted in vivo, the scaffold degradation suffered from biological degrada-
tion such as free radicals, enzymes, and cellular phagocytosis. Biodegradability
materials which could be applied for bone regeneration include bioceramic, natural,
and synthetic polymers. Synthetic polymers could also have good absorbability, but
some degradation components have toxic and side effects. For example, the degra-
dation products of PLGA are acidic components, which could increase tissue acidity
and cause inflammatory responses. For bioceramics, they could be poor in toughness
and flexibility, but the degradation products such as Ca2+ and PO4

3� could deposit
and promote bone formation [80, 81]. Natural polymers have excellent absorbability
such as collagens, gelatins, and chitosan, but they usually have poor mechanical and
processing performance.

Therefore, it’s important to choose proper materials for scaffold design. Mean-
while, the degradation rate could be manipulated via changing the structures and
composition of the polymers such as crystallinity and hydrophobicity. More impor-
tantly, the key point is to control the absorption rates and ensure that the scaffolds
can withstand the appropriate external force before the new bone completely
replaces the scaffold.
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1.4.5 Biocompatibility

Biocompatibility is the most basic requirement for scaffold materials. It directly
determined whether the nanomaterial could be applied to bone regeneration or not. It
depends on the interaction between the materials and biological tissues, which
includes two aspects: the host response and material reaction. For the host response,
the most direct one is immunoreaction; the original components or subordinate
degradation product may cause cytotoxicity or inflammatory reaction. Other nega-
tive responses for the host are mutagenicity and teratogenicity. For the material
responses, the living system could have negative effects on the material including
abnormal degeneration, corrosion, degradation, and absorption. The interactions
between living cell and scaffolds is extremely complex. The biocompatibility
reflected in the interaction between biological system and the materials, which
could be affected by material components and their physicochemical properties.
These factors will significantly affect cell adhesion, proliferation, spreading, bio-
chemical activity and differentiation orientation, etc. The cell growth mode in turn
directly affects the biocompatibility of the materials. Therefore, material modifica-
tion and functionalization are the common ways to improve the biocompatibility of
most materials.

1.5 Nanostructures and Scaffolds Applied to Bone Tissue
Engineering

The design strategies of the scaffolds for bone tissue engineering should be biomi-
metic and simulate the biological environment of the biological bone matrix. As one
crucial part of the strategy, optimal scaffold should be osteoconductive, osteogenic,
and osteoinductive. Good scaffolds could incorporate and release growth factors
to initiate and manipulate cellular activities and provide a suitable environment to
stimulate bone repair and regeneration [82]. Since nanomaterials are applied to tissue
engineering, nanoscale scaffolds significantly changed the tissue regeneration pro-
file. With unique physicochemical properties, nano-sized materials have special
biological properties to regulate cell responses like proliferation, migration, and
differentiation. The strategy for bone tissue engineering scaffold design is to fabri-
cate 3D structures with nanoscale and microscale effects, which is advantageous for
cell attachment and differentiation. A variety of nanostructured scaffolds have been
reported for bone regeneration. The major nanostructures are nanopattern [83],
nanopores [84], nanospheres [85], nanofibers [86], nanotubes [87] and
nanocomposites [88, 89]. Their fabrication, properties, interaction with stem cells,
and osteogenic potentials are discussed in this part.
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1.5.1 Nanopatterns

Nanopattern is one type of scaffold regulating cell responses via manipulating the
surface nanotopography of the scaffold. The cellular behaviors on the scaffold could
be different according to different surfaces [90]. Therefore, the architectural design
and surface topography are very important for bone regeneration. Since researches
have reported the guidance and regulation effect of surface morphology on the cell
attachment, it’s important to fully understand the nanopattern design.

Understanding how the nanotopography influence the cell attachment, morphol-
ogy, and gene expressions is helpful to optimize the surface design of the
nanopatterns. Tsimbouri et al. [91] investigated the role of the nanotopography in
regulating the morphology and phenotype of MSC; the results demonstrated that the
cell attachment, nucleus, and lamin morphology varied according to different
nanotopographies. The interaction between stem cell and ECM could possibly
directly or indirectly change the cell responses, which is called mechano-
transduction. To furtherly understand the effect of mechano-transduction caused
by surface topography, they used two nanotopographies, high intracellular tensions
and osteogenic surface (near square 50, NSQ50) and self-renewal enhancing surface
(square, SQ); the main differences between these two surfaces are the size of
nanopits on the surface. The SQ nanotopography caused less phenotypical change,
while NSQ50 nanotopography regulated osteogenic differentiation of MSCs.

In natural bone tissues, especially the bone during the healing process, nanodot-
like topography with different intensity could be observed [92], which suggested that
nanodot-like topography may be a feasible way for the scaffold to simulate the
biological bone ECM. Kim et al. [93] fabricated nanopatterned substratum with
different nanopillar intensity to design biomimetic bone tissue engineering scaffold.
Among three different nanopillar pattern arrays (width to spacing ratio 1:1, 1:3, 1:5),
nanopatterned substratum with 1:3 ratio showed the best bone mineralization results.
The nanopillar pattern density also influences the attachment of osteoblast-like cells,
which is a crucial step for bone regeneration on the scaffold. Besides, the results also
demonstrated that attached cells spread more on the sparser nanopatterns. All these
findings suggested that nanotopographical density could be regarded as a potential
strategy for scaffold design. In conclusion, the nanopattern of the scaffold surface
could regulate stem cell responses as a result of mechano-transduction. Cellular
cytoskeleton contractility of the stem cell contributes to the mechanosensitivity of
stem cell. Therefore, manipulating the nanopattern surface such as texture and
nanopit intensity could be an efficient strategy for bone tissue engineering scaffold
design.
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1.5.2 Microspheres/Nanospheres

Nanospheres are characterized by their porous structures and controlled drug release.
As we know, growth factors are crucial parts, and the sustained release of growth
factors are encouraged for better bone formation outcomes. For conventional bulk
scaffold, the initial burst releases of growth factors couldn’t satisfy the requirements
of long-duration release for bone formation. Therefore, nanospheres are expected to
achieve controlled delivery of growth factor and extend their functional durations.
Meanwhile, nanospheres have a large specific surface area, and cells could quickly
attach and proliferate on the nanosphere surface in a short time.

The advantages of nanospheres in bone tissue engineering include sustained
release for bioactive molecules, porosity optimization of bulk scaffolds, and inject-
able formulation scaffold design [85]. Nanosphere materials include polymer,
ceramic, and composites. Polymeric microsphere/nanosphere is a common type of
drug delivery systems since the 1970s. Natural polymeric nanospheres are favorable
for bone regeneration because of natural biocompatibility and biodegradability.
Common natural polymeric nanospheres include collagen, gelatin, chitosan, algi-
nate, and so on. Natural polymer has cell recognition part, which is favorable for cell
attachment. But mechanical strength might be a challenge for these natural poly-
meric nanospheres such as collagen. Synthetic polymeric nanospheres could provide
proper mechanical properties such as PLA and PLGA. The biological activities of
these synthetic materials could be well-controlled such as drug loading capacity and
drug release kinetics. For example, Jeon et al. [94] fabricated heparin-incorporated
PLGA nanospheres for fibroblast growth factor release profile investigation, the
result demonstrated that fibroblast growth factor release from PLGA nanospheres
remained for 3 weeks, and an initial burst release was observed. Although scaffold
design could take advantage of the controlled growth factor release, most of these
polymers have poor osteo-conductivity and osteo-inductivity. Inorganic micro-
spheres/nanospheres could be alternative candidates for scaffolds with better
mechanical properties such as CaP, bioglass, and other bioactive ceramics
[95, 96]. However, the poor control of drug release restricted the practical applica-
tion, and combination with other types of polymers will be favored for bone tissue
engineering. For instance, Leeuwenburgh et al. [97] incorporated CaP nanocrystal
with gelatin microspheres; these nanocomposites reduced the drug release rates and
enhanced calcifying capacity, which combines the drug sustainability of gelatin and
osteoinductive ability of bioactive CaP.

In summary, nanospheres have been extensively studied due to the potential drug
delivery ability. They could be used as dispersed phase and building blocks. The
most crucial roles for nanosphere in bone tissue engineering are vehicle for sustained
drug release and enhancing the porosity of bulk scaffolds.
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1.5.3 Nanotubes

Since firstly discovered by Japanese scientist Iijima in 1991 [98], this type of
nanometer-sized hollow tube has been widely studied and applied to optoelectronic
devices, nanosensors, nanocomposite materials, and biomedical area [99]. Since
then, carbon nanotubes have always been a research hotspot because of their high
stability and good mechanical and electrical properties. Besides, carbon nanotube
material can increase the cellular adsorption rate and promote bone regeneration, so
it has been extensively applied to bone tissue engineering [100]. Carbon nanotubes
can be simply regarded as hollow tubes rolled up with graphite sheets, and they are
separated into single-walled carbon nanotubes (SWNTs) and multiwalled carbon
nanotubes (MWNTs). Generally, the diameters of SWNTs range from 0.5 nm to
10 nm, and the diameters of MWNTs range from 10 nm to 50 nm.

Carbon nanotubes are regarded as good scaffold material for the high strength,
low density, and good biocompatibility. Unique tubular structure imparts carbon
nanotubes special regulation effects on the cellular responses [101]. In 2006, Zanello
et al. [102] studied the potential role of carbon nanotubes for scaffold materials, and
this was the first time to prove that osteoblasts could grow and proliferate on carbon
nanotubes. The cell morphology of osteoblasts was significantly changed, and
obvious cell growth was observed. To figure out the potential mechanisms how
carbon nanotubes influence the different cellular responses of the attached cells, Lin
et al. [103] compared carbon nanotubes with GP; they reported that a large amount
of protein adsorption on the surface of carbon nanotubes might be one of the
mechanisms to promote the functional development of osteoblasts and predicted
that carbon nanotubes are an osteoconductive material. The same evidence could be
found in the study of Aoki et al. [104]: SaOS2 cells were cultured on the carbon
nanotubes, and polycarbonate membranes (PC) coated carbon nanotubes and graph-
ite. Carbon nanotubes showed better affinity for proteins and cells on the carbon
nanotubes and showed better cell spreading, cell proliferation, and ALP activities. In
all, high protein affinity of carbon nanotubes could be regarded as the reason of the
enhanced cellular responses.

When we are deigning the materials for bone tissue scaffold, mechanical proper-
ties will be a very crucial factor. Carbon nanotubes have low specific gravity and
high aspect ratio and can be repeatedly bent and twisted without damaging the
structure. Therefore, carbon nanotubes are the best load-bearing reinforcing mate-
rials for the fabrication of composite materials with satisfying strength, light weight,
and good performance. Compared with ceramic-based and metal-based materials,
carbon nanotubes have a lower density, so it is easier to form high-strength,
lightweight, and flexible scaffold materials. From the research of microtubule
structure, it is found that the typical shape of single-walled carbon nanotubes is
0.5–1.5 nm in diameter and about 100–300 nm in length, which is very similar to
natural bone, so it can mimic the collagen skeleton in geometric form that is
beneficial to the deposition of inorganic substances such as calcium and phosphorus
and then induces the nucleation and growth of hydroxyapatite.
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Li et al. [105] investigated the osteoinductive effects of MWNTs on hMSCs; the
adherence, proliferation, osteogenesis-related gene expression, and mineralization of
hMSCs were significantly enhanced, and carbon nanotubes also enhanced the
ectopic bone formation in vivo. But what are the different impacts on the cell
behaviors between the single-walled nanotubes and multiwalled nanotubes? Hideki
et al. [106] coated glass disks with SWNTs and MWNTs and treated MSCs with
differently coated glasses. During the first 2 weeks, both SWNTs- and MWNTs-
coated glasses promoted the early differentiation of MSCs to osteoblast. However, at
the later stages of differentiation, higher osteocalcin expressions, mineralization, and
calcium phosphate deposition were observed on SWNTs-coated glasses. Therefore,
SWNTs might have better osteoinductive abilities than MWNTs in the late stage.
The reasons for this difference might be the surface nanotopography and density of
CNT; higher intensity promoted the osteogenic differentiation of MSCs. For the
specially topological CNTs, the cell proliferation and osteogenic differentiation of
MSCs could be enhanced. Specially patterned and aligned CNTs will enhance the
expression of osteogenesis-related genes, which is a result of cytoskeletal tension in
the aligned hMSCs [107]. Some other possible mechanism might be electrical
stimulation from electrically conductive property CNT [108, 109].

Although CNTs exhibit potentially encouraging ability for osteogenesis, limita-
tion also exists. Potential toxicity is one of the major nonnegligible problems for the
application of CNTs in biomedical area [110]. After years of study, the cytotoxicity
of CNTs is gradually discovered. The hydrophobicity, nonbiodegradability, and
insolubility all contributed to the cytotoxicity of CNTs, which largely limited the
biomedical application [111]. The existing chronic toxicity arise concerns for the
long-term biocompatibility of CNTs after CNTs are applied to in vivo scaffolds.
Evidence showed that CNTs might induce cellular DNA damages and apoptosis; the
mutation frequency was twofold enhanced in comparison with the normal mutation
frequency [112]. Some other cytotoxicity of CNTs include membrane damages,
oxidative stress, and mitochondrial dysfunction [113]. After in vivo application,
CNTs might cause organs damages such as oral, dermal, pulmonary, and systemic
toxicities (immune responses) in a time- and dose-dependent manner [114–
116]. Therefore, there is rare biomedical applications of pure CNTs due to their
potential toxicities. Surface modification and functionalization were used to reduce
the toxicity and increase the biocompatibility of CNTs [117]. Functionalization
increased the solubility, hydrophilia, and solubility and subsequently changed their
biological properties. The functionalization methods and components include sur-
factants, biomolecules, nucleic acids, and natural and synthetic polymers. Adsorp-
tion of serum proteins largely decreased the cytotoxicity of CNTs in comparison
with pristine CNTs and change the cell interaction manner [118, 119]. Polyethylene
glycol (PEG) was also used as surface modifications for many nanomaterials due to
their excellent biocompatibility. Song et al. [120] studied the toxicity of PEG-coated
CNTs on BMSCs, and the PEG imparts favorable biocompatibility to the CNTs.
Natural polymers could also be used to functionalize CNTs. Sibel et al. [121]
prepared nanotube-chitosan scaffolds, and the chitosan-MWCNT nanocomposites
didn’t cause significant cytotoxicity to the chondrocyte cells. In all, surface
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modification of CNTs increased the dispersibility, biostability, and biocompatibility,
which will improve the properties for wider biological applications.

1.5.4 Nanofibers

Like we mentioned before, the ideal scaffolds should be able to mimic the biological
bone structures. As porous and hierarchical structures, nanofiber scaffold has been
extensively studied for bone regeneration. The nanofiber scaffolds have similar
morphological structures to the biological bone matrix and promote cell attachment
and stem cell differentiation, which could be regarded as ideal scaffolds to provide
structural supports. In terms of manufacturing techniques, nanofibers could be
fabricated via several processes such as electrospinning, thermally induced phase
separation (TIPS), self-assembling peptide nanofiber scaffold (SAPNS) [122], and
bacterial cellulose (BC).

Electrospinning is a common technique for nanofiber scaffold fabrication. Poly-
mer solutions are spun in the strong electric fields, the droplets at the needle will be
transformed from spherical shapes to conical shapes and are continuously extended,
finally forming fiber filaments. Under different conditions, manufactured polymer
fibers could be different in diameters ranging from nanometers to microns. Due to
the simple manufacturing equipment, low spinning cost, and abundant polymer
sauces, electrospinning has become one of the main ways for effectively manufac-
ture the nanofiber materials. A wide variety of nanofibers have been fabricated via
electrospinning including organic, organic/inorganic composite, and inorganic
nanofibers. Many factors could influence the spinning process including polymer
property, shape of spinneret needle, needle-collector distance, and environmental
parameters.

Materials used for electrospinning include natural materials (gelatin, hyaluronic
acid, chitosan, collagen, etc.) and synthetic materials (polylactic acid (PLA),
polyglycolic acid (PGA), polycaprolactone (PCL), etc.). The nanofibrous forms of
these materials are polyporous with biomimetic structures. Over the past decades,
the great potentials of electrospinning for bone tissue engineering have been dem-
onstrated. For instance, Yoshimoto et al. [123] reported PCL nanofiber scaffold
fabricated by electrostatic fiber spinning technique; PCL have good biodegradabil-
ity, biocompatibility, and mechanical properties. Rat MSCs penetrated through the
nanofibers, and much ECM was found after 1-week culture. Furthermore, the
polymer fibers were covered by multiple layers of cells at 4 weeks, and mineraliza-
tion and type I collagen could be found, which suggested great potentials of PCL
nanofibers for bone regeneration. Other types of nanofiber scaffold also encourage
the application of electrospinning nanofibers in bone tissue engineering [124].

Nanofibers fabricated with mono-component materials may not totally satisfy the
requirement bone scaffold. Both natural materials and synthetic materials have some
disadvantages. For example, natural materials might have insufficient mechanical
strength, and synthetic polymer materials might lack bioactivity and
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biocompatibility. Therefore, composite materials are more commonly used for
electrospinning nanofiber design and fabrication. The combination of different
types of materials could optimize physicochemical properties of nanofiber scaffolds.
For instance, Yang et al. [125] incorporated chitosan into the PCL nanofibers; the
chitosan-containing PCL nanofibers significantly enhanced the cell adhesion of MC
3T3-E1 cells. This kind of incorporation not only solved the insufficient mechanical
properties of pure electrospun chitosan; it also changed the poor cell adhesion of
pure PCL nanofibers. Linh et al. [126] fabricated polyvinyl alcohol/gelatin
(PVA/GE) polymer composite nanofibers. PVA and GE are commonly used in
biomedical area due to their biodegradable and biocompatible properties, but the
PVA/GE scaffolds could be possibly dissolved in aqueous phases because of their
hydrophilic and solubility. But after two components were cross-linked by methanol,
the dissolution of the nanofibers in aqueous phases was significantly reduced.
Meanwhile, the biological biocompatibility of the scaffold was promoted via GE
incorporation.

Nanofiber scaffolds provided a good opportunity to optimize the scaffold design,
but challenges still exist for clinical application of nanofiber scaffold. Further
researches are required to manipulate the interactions between scaffolds and biolog-
ical system, the pore size, mechanical properties, toxicity, etc. Furthermore, more
researches and evidences are required to furtherly explore the clinical application.

1.5.5 Nanocomposites

Natural bone tissues themselves could be regarded as nanocomposite structures,
which are consisted of inorganic HA and organic collagen fiber matrix ranging from
nanoscale to microscale [127]. Single type of material couldn’t totally simulate the
biostructures and component of the biological bone. So nanocomposites could be
regarded as potential candidates, which could mimic the bone matrix environment
and biological properties [128]. As we discussed before, various types of materials
have been proved to have osteoinductive properties, but polymeric composite
materials are more extensively applied in bone tissue engineering because their
physicochemical properties are more similar with the hierarchical and nanostructures
of the natural bone [64].

Unlimited possibilities exist in the components for nanocomposite synthesis, but
more common combination way for nanocomposites for bone regeneration is bio-
compatible polymer and bioactive inorganic nanomaterials [129, 130]. The poly-
meric polymers have many advantages such as good biocompatibility, easy
modification, structural supporting, moldability, etc., which could play the role of
organic collagen fiber matrix of natural bone. The inorganic bioactive materials
could arise special bioactivity of the attached cells and optimize the biophysical and
biochemical reactions, such as HA, tricalcium phosphate (TCP), calcium carbonate,
and bioactive ceramic [128]. This kind of combination attracted much attention for
biomimetic synthesis of bone-like nanocomposites, which combine the strength,
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stiffness, and osteoconductive properties of inorganic components with the flexibil-
ities, toughness, and biodegradability of organic phases [131]. Xin et al. [132]
incorporated HA nanoparticles into the PMMA scaffolds to form HA/PMMA
nanocomposites and found that the adherence and proliferation of osteoblasts are
enhanced compared to single PMMA scaffolds. Similarly, Sharifi et al. [133]
prepared nanocomposites composed of polyhexamethylene carbonate fumarate
(PHMCF) and nano-sized HA; the addition of nano-sized HA improved the mechan-
ical property of the nanocomposites and enhanced cell proliferation. There are many
other studies that reported the HA-polymer nanocomposites, which changed the
biological activities of the nanocomposites. Besides HA nanocomposites, other
bioceramics such as TCP and calcium phosphates could also be incorporated in
nanocomposites as bioactive components to optimize the mechanical properties
[134, 135].

In all, nanocomposite scaffolds incorporate the advantages of different types of
materials and are helpful to synthesize biomimetic scaffolds with structural and
mechanical advantages similar with the real bone tissues. A wide range of combi-
nations provide great opportunities to simulate the structure and morphology of
native bones, but controllable bone regeneration and complex interactions between
nanocomposites and bone tissue still require further studies.

1.6 Growth Factors and Molecular Pathways Involved
in Osteogenic Differentiation and Bone Tissue
Engineering

Over the past decades, it has been proved that nanomaterials could regulate cell
response and facilitate cell migrations, proliferations, and differentiations. Besides
stem cells and nanomaterial-based scaffolds, growth factors are also crucial in
osteogenic differentiation induction of stem cells. As biological molecules, the
growth factor usually has short half-life in living system and could be easily
degraded. Meanwhile, the systematic application or sudden release of growth factors
would cause side effects including edema, ectopic bone formations, delayed bone
formations, or even carcinogenesis. Therefore, the scaffold achieves the sustained
releases of growth factors and effective regulation of stem cells. The underlying
molecular mechanism requires further exploration and understanding. The complete
osteogenic differentiation includes the following process: bone progenitor cells
differentiate into pre-osteoblasts and then form mature osteoblasts, and osteoblasts
are mineralized in the extracellular matrix and become mature osteoblasts. Osteo-
genic differentiations of stem cells could be affected by physical, chemical, and
biological factors and mediated by many regulatory factors and proteins. Therefore,
research on relevant signaling pathways is essential for the development of bone
regeneration scaffolds [27]. The participation of important signaling pathways in
bone development has been confirmed by various studies. The role of some
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important signaling pathways in osteogenic differentiation of stem cells and bone
regeneration, such as the Wnt/β-catenin pathway, Notch signaling pathway,
BMP/TGF-β pathway, and PI3K/Akt/mTOR pathway, which will be explained as
follows.

1.6.1 Bone Morphogenetic Protein (BMP)

BMPs are the most widely used osteogenic growth factors, which could regulate
stem cell proliferation and differentiation to osteoblast, thereby inducing new bone
formation. Furthermore, BMP is also the only growth factor with ectopic osteogen-
esis ability. It is also the main factor that induces bone and cartilage formation and is
expressed during body growth, endochondral ossification, and early repair of frac-
tures and is also crucial in embryo growth and regeneration of the skeletal system.
The two ways of bone formation, intra-membrane osteogenesis and endochondral
osteogenesis, are directly induced by BMP. More than 40 subtypes of BMP have
been identified and more commonly studied for bone regeneration which include
BMP-2, BMP-4, BMP-6, BMP-7, BMP-9, and BMP-15. But the most studied is
BMP-2, which has been approved by FDA for bone regeneration and has great
potential in bone regeneration [136]. The regulation effects of BMP rely on two
major signal pathways: Smad pathway and p38-MAPK pathway, which could
induce osteogenic differentiation alone but also could collaborate with other growth
factors to promote osteogenesis and bone formation. Take BMP-Smad signaling
pathway, for example; endogenous or exogenous BMP signals bind with BMP
receptor I and BMP-II on the cell membrane to induce phosphorylation of BMP-I
and then interact with BMPs-specific Smad proteins. Phosphorylation of Smad
proteins enter the nucleus and upregulate the expression of Runx2 and Osterix,
which are two key factors regulating the osteogenesis process, thereby inducing
bone formation [137].

BMP2 is currently the most studied and strongest osteogenic member of the BMP
family. It’s not only involved in osteogenesis but also in the key stages of embryo
development and differentiation. It could also promote MSC to differentiate into
osteoblast and has high osteogenic induction activity. BMP-2 also participate in
bone healing process, Vivianne et al. [138] found that BMP-2 was mainly located in
the periosteal layer and the endogenic expression of BMP-2 was essential for
promoting fracture healing. For osteogenesis ability, the target cells of BMP-2 are
undifferentiated mesenchymal cells and induce specific periosteum progenitor cells
such as mesenchymal cells in muscles and around blood vessels, to irreversibly
differentiate into cartilage and osteocytes. The application of BMP-2 in the therapy
of bone fracture, trauma, and defects has achieved encouraging results in experi-
mental research and clinical applications. The incorporation of BMP-2 into scaffolds
promise good bone regeneration results. For example, Sun et al. [139] developed
fibroin/nano-HA scaffold and conjugated BMP-2 into the scaffold through chemical
combination; the controlled release of BMP-2 obviously improved the attachment
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and osteogenic differentiations of BMSCs. Besides, it should be noticed that BMP-2
could also stimulate the proliferation of osteoclasts while promoting osteogenesis. In
the later stage of bone healing, BMP-2 regulates osteoclast to directly or indirectly
stimulate osteoclast differentiation and participate in the bone reconstruction
[140, 141].

BMP-9 was firstly identified in the cDNA library of mouse liver [142]. It’s
involved in regulating cell proliferation, differentiation, and apoptosis, which cannot
only regulate cell endothelial function and promote angiogenesis but also induce
bone formation. BMP-9 is considered as one of the BMPs with powerful
osteoinductive differentiation ability which is even better than BMP-2 [143–
145]. It was also a major regulator of angiogenesis and chondrogenesis
[146]. Since it has powerful osteogenic ability, BMP-9 could be used for bone
regeneration. Zhang et al. [147] developed nano-HA-collagen-MWCNT composite
scaffold carrying BMP-9 and found that BMP-9 scaffold could promote BMSCs to
differentiate into osteoblast in vitro and induce more bone in vivo formation. Studies
have revealed several regulatory pathways related to BMP-9 and osteoblast differ-
entiation such as the classic WNT signaling pathways, Notch signaling pathways,
mitogen-activated protein kinases (MAPKs) signaling pathways, the insulin growth
factor 2 (IGF2)/PI3K/AKT signaling pathway, etc. For example, Cao et al. [50]
suggested that Notch signal enhances early osteogenesis of MSCs induced by
BMP-9 both in vitro and in vivo. The enhancement of Notch signaling pathway
obviously enhanced the osteogenic differentiation induction ability of BMP-9
[148]. Tang et al. [149] investigated the roles of Wnt/β-catenin pathways in the
BMP-9-mediated osteogenic differentiations of MSCs; they reported that Wnt3A
and BMP-9 could significantly enhance the ALP activities in MSCs and they have
synergistic effects on each other to regulate the osteogenic differentiations of MSCs.
Downregulation of β-catenin expressions resulted in sharp decreases in osteocalcin
expression stimulated by BMP-9. Li et al. [150] investigated the interaction between
TGF-Smad and BMP-MAPK pathway; they found that BMP-9 induced osteogenic
differentiations of MSC differentiation through the MAKP pathway and enhanced
p38 and c-JNK. Besides these classical signaling pathways, other pathways also
contribute to the osteogenic differentiations of MSCs regulated by BMP-9, such as
insulin growth factor 2/PI3K/AKT signaling pathway and retinoid A (RAs) signal-
ing pathways.

Other subtypes of BMP family such as BMP-4, BMP-6, and BMP-7 also partic-
ipate in osteogenic differentiations of stem cells and bone formation. For example,
study has demonstrated that if BMP-4 signaling was inhibited, obvious osteoporosis
could occur, which suggested that BMP-4 signaling could be involved in regener-
ation and bone therapy [151]. The regulation effects of the BMP proteins incorporate
with each other to synergistically promote the osteogenesis and bone formation.
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1.6.2 Vascular Endothelial Growth Factor (VEGF)

VEGF is special in bone tissue engineering for their ability to induce
neovascularization/angiogenesis. It is a type mitotic regulator of vascular endothelial
cell, which participates in biological vascularization process, vascular permeability,
and tissue inflammation. Besides angiogenesis regulation, it also participates in bone
development, fracture repair, and promoting the proliferation and differentiation of
bone-derived osteoblast [152]. There are two VEGF receptors Fltl and Flk in
BMSCs; Fltl exists in the cytoplasm and nucleus, while Flkl is mainly found in the
nucleus. After the Flkl or Fltl gene is deleted, the number of osteoblasts can be
reduced, which indicated that both receptors are crucial for the differentiations of
osteoblasts [153]. It could increase the osteogenic activity of osteoblasts and reduce
osteoclast activity to promote bone formation and reconstruction. VEGF can directly
regulate osteoblasts and increase the expression of osteoblasts ALP activity and
promote their proliferation and differentiation and the formation of calcium
nodules [154].

It was proved that exogenous VEGF can effectively promote the expression of
early markers of osteoblasts [155]. After the BMSCs transfected with the VEGF
gene, the levels of ALP, collagen I, and osteocalcin and the number of new blood
vessels increased significantly [156]. It’s proved that if the receptor of VEGF was
blocked, the osteogenesis-related gene expressions and mineralization of MSCs
would be reduced [157]. Generally, VEGF play important roles in bone regeneration
at two aspects: (1) promote the angiogenesis and increase the microcirculation
number to provide better blood supply for the bone tissue and (2) regulate bio-
activities of BMSCs, osteoblast, and osteoclast to improve microstructures of
new bone.

1.6.3 Basic Fibroblast Growth Factor (bFGF)

FGF is a group of homologous polypeptide family, and more than 20 subtypes have
been discovered, which could be generally concluded into basic FGF and acid FGF,
in which bFGF is more commonly studied. bFGF belongs to the heparin-binding
growth factor family and could promote mitosis, cell growth, migrations, vascular-
ization, wound healings, and tissue repairs. bFGF could promote the capillary to
grow into bone grafts and accelerates the ossification of cartilage that requires blood
supply, thereby increasing osteogenesis. Meanwhile, bFGF could promote the bone
matrix synthesis of osteoblasts.

Zhang et al. [158] reported the acceleration of fracture healings by overexpression
of bFGF; the acceleration effect was a result of the increase of VEGF expression and
differentiation of MSCs to osteoblasts, which promoted angiogenesis and bone
matrix production. Similarly, bFGF could also be used for tissue engineering scaf-
folds to achieve better bone regeneration results. Nakamura et al. [159] incorporated
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bFGF into collagen scaffolds and applied the scaffold in the bone defect area; the
controlled releases of bFGF significantly increased the bone volume and mineral
content. However, the osteogenic effects of bFGF could act in time-dependent
manners. Qian et al. [160] reported the time-dependent mechanism of bFGF on
osteogenic differentiation of DPSCs; bFGF promoted osteogenic differentiation of
DPSCs at the first week and inhibited osteogenesis in vitro and in vivo when it came
to the second week. In recent years, the role of bFGF in osteogenesis and bone
regeneration has attracted more and more attention and has broad prospects in the
treatment of fractures and bone defects. But limitations also exist such as short half-
life, which is the common limitation for most of the growth factors.

1.6.4 Insulin-like Growth Factor-1 (IGF-1)

IGF-1 is one type of growth factor rich in skeletal system and able to induce the
osteogenic differentiation of MSCs [161]. It could also regulate bone growth through
endocrine, paracrine, and autocrine including mediation of growth hormone and
PTH-regulated skeletal activity. IGF-1 could regulate bone metabolism and stimu-
late osteoblasts to produce ECM proteins such as osteocalcin and collagen I, thereby
promoting the bone matrix production and fracture healing. Under pathological
conditions, MSCs expressing IGF-1 could promote the bone mineralization, thereby
promoting fracture healing and improving the mechanical strength of fracture
healing sites.

The loss of osteogenic potentials in the aging BMSCs was regarded as a critical
issue for the bone deficit. Chen et al. [162] treated the aging BMSCs with high dose
of IGF-1, and they found that the proliferation rates and osteogenic potentials of
these aging cells were enhanced. The results suggested that IGF-1 could largely
enhance osteogenic capability. Yuan et al. [163] investigated the gene expressions of
MC3T3-E1 osteoblasts after the induction of IGF-1, the results of osteogenesis-
related gene expressions (DMP1, PHEX, SOST, BMP2, RUNX2, OPN, and OCN)
were obviously upregulated, and IGF-1 enhanced organic matrix production and
bone mineralization. Several pathways are reported to participate in the IGF-1-
induced osteogenesis such as ERK, JNK, and MAPK pathways [164].

IGF-1 could also enhance the osteogenesis via cooperation with other growth
factors such as BMP. For example, Gustavo et al. [165] reported the synergistic
effect of IGF-1 and BMP; they found that IGF-1 significantly enhances
BMP-induced osteogenic differentiations of murine preosteoblasts and the ALP
activity is higher than that of BMP-after combining with BMP-6. Bruno et al.
[166] compared the osteoinductive potentials of IGF-1 and BMP-7 on MSCs; they
found that BMSCs are more sensitive to the induction of IGF-1 and suggested the
great potentials of IGF-1 to improve osteogenic differentiation of MSC.
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1.6.5 Other Growth Factors Related to Bone Regeneration

There are some other growth factors which could possibly participate in the bone
regeneration process such as transforming growth factor-β (TGF-β), platelet-derived
growth factor (PDGF), tumor necrosis factor-α (TNF-α), epidermal growth factor
(EGF), and so on. TGF-β family is involved in regulating embryonic development,
tissue regeneration, and immune system functions, which mainly consist of TGF-β1,
TGF-β2, and TGF-β3. After binding with receptors, TGF-β could regulate cell
growth, proliferation, differentiation, apoptosis, invasion, extracellular matrix syn-
thesis, angiogenesis, and other biological responses. In terms of bone formation,
TGF could accumulate MSCs to the bone resorption site and promote them to
differentiate into mature osteoblasts via activating MAPK and Smad signals. For
example, Yokota et al. [167] used TGF-β to induce MSCs and found that TGF-β
could obviously enhance the expression of ALP in MSCs and induce osteogenic
differentiations of MSCs in dosage-dependent manners. Manal et al. [168] studied
the osteogenesis capacity of TGF-β1 with chitosan scaffolds, as the increase of ALP
activities, mineralization, and osteogenesis gene expressions demonstrated that the
combination of TGF-β1 and scaffold exhibits their potentials in bone tissue
engineering.

PDGF could also contribute the bone formation and regeneration. It’s a peptide
found in platelets, which participate in neovascularization and stabilization. Cur-
rently, five subtypes have been found, among which PDGF-BB could enhance the
proliferations and differentiations of osteoblasts and inhibit that of osteoclasts. The
role of PDGF in osteogenic differentiation could be possibly controversial because it
was reported that the inhibition of the PDGF receptors didn’t significantly affect the
osteogenic differentiation of hMSCs [169]. But many studies still suggested the
positive effects of PDGF in the bone formation and regeneration. As an early
inflammatory factor, the role of TNF-α in bone regeneration is enhancing prolifer-
ations, chemotactic migrations, and differentiations and influences bone formation
[170]. As a type of co-growth factor, EGF could activate multiple downstream
signaling pathways, which could regulate the biological activities of chondrocytes,
osteoblasts, and osteoclasts [171].

The osteogenic differentiations of stem cell induced by various growth factors has
been gradually clarified, but due to difference between artificial delivery and bio-
logical regulation in living system, more researches are needed to mimic the
biological regulation effects of different growth factors, and much work are needed
to achieve the precise control of these growth factors in bone tissue engineering such
as time, concentration, the combination and ratio of different factors, and the order of
priority of the growth factors.
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