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Abstract: Currently, well-known surgical procedures for bone defects are classified into four types:
(1) autogenous bone graft transplantation, (2) allogeneic bone graft transplantation, (3) xenogeneic
bone graft transplantation, and (4) artificial bone graft transplantation. However, they are often
risky procedures and related to postoperative complications. As an alternative, tissue engineering
to regenerate new bone often involves the use of mesenchymal stem cells (MSCs), derived from
bone marrow, adipose tissues, and so on, which are cultured into three-dimensional (3D) scaffolds to
regenerate bone tissue by osteoinductive signaling. In this manuscript, we provide an overview of
recent treatment of bone defects and the studies on the creation of cell scaffolds for bone regeneration.
Bone regeneration from bone marrow-derived mesenchymal stem cells using silica nonwoven fabric
by the authors’ group were provided. Potential application and future direction of the present systems
were also described.

Keywords: tissue engineering; cell scaffold; mesenchymal stem cells; electrospun nanofiber; silica
nonwoven fabrics

1. Introduction

To date, clinical operations, including knee osteoarthritis, bone grafting, and fracture repair are
performed throughout the worldwide. A substantial percentage is occupied by the elderly, whose
numbers are expected to double in the next 25 years [1]. Fractures caused by osteoporosis smite roughly
one in three women and one in five men over the age of 50, and are principal reasons for suffering
in elderly populations [2]. Other percentages are caused by accident- or sports-related injuries and
treatment for bone tumors. If the defect site is small, it will recover spontaneously. When the defect
size is greater than the healing capacity of osteogenic tissues, treatment with bone substitute or bone
graft will be needed. Recently, bone regeneration using mesenchymal stem cells has received much
attention due to its high therapeutic effect and safety. In this manuscript, we provide an overview of
recent treatment of bone defects and the studies on the creation of cell scaffolds for bone regeneration.
Bone regeneration from bone marrow-derived mesenchymal stem cells using silica nonwoven fabric
by author groups were provided. Potential application and future direction of the present systems
were also described.

2. Structure of Natural Bone

Bones play important functional roles, such as providing mechanical support for locomotion,
protecting organs, and controlling mineral homeostasis. Furthermore, hematopoiesis mainly occurs
within bone marrow. Hierarchical structural organization of bones are shown in Figure 1. Bone tissue
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mainly consists of organic component, type I collagen, and inorganic component, hydroxyapatite (HAp),
and show excellent toughness and stiffness by complexing at the nanoscale [3,4]. These excellent natural
organic—inorganic composites at the nanoscale are formed by mineralization of HAp nanocrystals in a
gap region containing acidic amino acids between bundles of type I collagen [5-7]. Collagen fibers
with HAp are assembled into lamellae and form osteon with blood veins.
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Figure 1. Hierarchical structural organization of bone.

3. Treatment of Bone Defects

In the treatment of bone defects caused by various bone diseases, such as trauma, bone tumor,
and chronic joint disease, reconstruction/compensation of bone tissue is required. Current treatments
are mainly classified into three types: (1) autogenous bone graft transplantation [8], (2) allogeneic bone
graft transplantation [9], (3) xenogeneic bone graft transplantation [10], and (4) artificial bone graft
transplantation [11]. Autologous bone grafting is a procedure in which bone fragments collected from
the patient’s own iliac or fibula and are transplanted to the bone defect lesion. Since autologous bone
graft is derived from living bones, the graft containing osteogenic cells, such as osteoblasts has both
osteoinductivity and sufficient mechanical properties. However, adverse events related to the autograft
harvest cannot be ignored [12]. Allogeneic bone transplantation is to transplant a bone fragment from a
donor into a bone defect lesion. Since it uses the bone tissues of others, mostly from cadaver—ethical issues,
supply stability, and risk of infection remain [9]. Xenogeneic bone graft transplantation is to transplant a
processed bone that is taken from another species, such as bovine [10]. Although deproteinization is
an indispensable process to prevent immune dejection and infection, the processed xenograft exhibits
limited osteoinduction activity [13]. In artificial bone graft transplantation, various materials, such as
aluminum oxide (alumina) [14], calcium phosphate, including hydroxyapatite (HAp) [15], beta-tricalcium
phosphate (3-TCP) [16], carbonate apatite [17], and bioactive glass [18-20], have been developed and
examined. Among them, 3-TCP showed excellent biocompatibility and absorbability. Bioactive glass is a
silica-based material containing additives, such as sodium oxide, calcium, and phosphate. It has been
accepted as an implantable scaffold for bone regeneration due to its osteoconductive, osteoproductive,
and osteoinductive properties. Bioactive glass is used, not only as a single substance, but also as a
composite with other materials. For example, the osteoconductivity of polyethersulfone nanofibers
was reinforced by mixing with bioactive glass nanoparticles [21]. However, these artificial bones are
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not enough to fill a large defect. Furthermore, inorganic/organic composites as scaffold is discussed in
Section 5.

4. Bone Tissue Regeneration Using Mesenchymal Stem Cells (MSCs)

Bone tissue regeneration using mesenchymal stem cells (MSCs) has been attracting much attention [22].
MSCs are isolated from bone marrow [23], adipose tissue [24], umbilical cord [25], and dental pulp [26],
much less invasively than autologous bone tissue. Further, it can be relatively easily cultivated and
propagated in vitro before transplantation. In Table 1, the advantages and disadvantages associated
with cell sources [27]. Bone marrow-derived mesenchymal (BM)-MSC is mainly and intensively used
for bone tissue regeneration from MSC, and more studies are needed to test use of MSCs from other
sources in bone repair. MSCs can contribute regeneration of bone defect through direct and indirect
effects [22]. MSCs can differentiate into mesenchymal tissues including bone, cartilage, tendon, muscle,
and so on [28]. As a direct effect, MSCs develop to become bone forming cells, osteoblasts secreting
and mineralizing the bone matrix. MSCs from any of the above sources have been shown to be capable
of differentiating into osteoblasts [22-26]. MSCs may also contribute to bone regeneration through
indirect effects, by producing cytokines, growth factors, and regulating vascularization and modulating
inflammation [22]. It has been demonstrated that vascular endothelial growth factor (VEGF) secreted
from MSCs promoted bone regeneration with angiogenesis [29]. There are two methods for bone
regeneration using MSCs: a method of constructing bone tissue from MSCs in vitro and transplanting
it, and a method of transplanting MSCs to induce bone regeneration in vivo. In the former method,
MSCs are cultured in a bone differentiation-inducing medium containing dexamethasone, ascorbic
acid, and -glycerophosphate for a week to differentiate into osteoblasts, and formed bone tissue is
transplanted [30]. In the latter method, MSCs are transplanted and differentiated into osteoblast with
factors in the transplant site [31]. In any case, it is necessary to transplant MSCs with the cell scaffolds.

Table 1. Cell source of mesenchymal cells (MSCs) used for bone tissue regeneration [27].

Cell Source Advantage Disadvantage
Bone marrow-derived mesenchymal (i) High osteogenic potential (i) Low abundance
stem cells (BM-MSCs) (ii) Studied extensively (i) Highly invasive
Adipose-derived stem cells (ASCs) ) (i) High abundant. More st.udles are needed tF) test
(ii) Easy to harvest surgically their use in bone repair

(i) More studies are needed to test
Lowly invasive their use in bone repair
(ii) Limited time to harvest

Umbilical cord mesenchymal stem
cells (UC-MSCs)

More studies are needed to test

Dental pulp stem cells (DPSCs) Easy to harvest their use in bone repair

5. Cell Scaffolds for Bone Tissue Regeneration Using MSCs

Ceramics, synthetic polymers, biopolymers, and their composites have been developed as bone
regeneration scaffolds and have been used as framework for cultivation of MSCs. Representative
scaffolds are listed in Table 2.

Table 2. Representative scaffolds for bone tissue regeneration using MSCs.

Type Materials References
-Tricalcium phosphate (3-TCP) [32]
Hydroxyapatite (HAp) [33]
Ceramics Biphasic calcium phosphate (BCP) [34]
Bioactive glass [35]

Silica nonwoven fabrics (SNF) [36]
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Table 2. Cont.

Type Materials References
Poly(lactide-co-glycolide) (PLGA) [37]
Synthetic Polymers Poly(caprolactone) (PCL) [38]
PEG-based amphiphilic block copolymers [39]
Type I collagen [40,41]
Gelatin methacryloyl (GelMA) [42]
Biopolymers Silk fibroin [43]
Cellulose [44]
Chitosan [45]
Chondroitin sulfate [46]
HAp/PLGA [47]
HAp/Type I collagen [31]
Composites B-TCP/Gelatin [48]
-TCP/PCL [49]
Chitosan-Gelatin—-Chondroitin [50]

5.1. Ceramics-Based Scaffolds

Calcium phosphate, which is the major inorganic component of bone, is widely used as a scaffold
for bone differentiation from MSC. Promoted differentiation of MSC to osteoblast by calcium ions
and osteoconductivity themselves are expected. For example, when ASCs were transplanted with
granular 3-TCP into bone defects after osteogenic differentiation, and transplanted to a bone defect
site, successful integration of the cell-scaffold construct to the host skeleton was observed [32]. Porous
HAp were used as scaffold for bone regeneration using bone marrow derived MSCs [33]. Induction of
osteogenic differentiation using dexamethasone increased transplantation efficiency. Biphasic calcium
phosphates (BCP) composed of HAp and (-TCP were also promising scaffolds for bone regeneration
because of its controlled bioavailability and balance between resorption/solubilization [34].

5.2. Synthetic Polymers-Based Scaffolds

Synthetic polymers are also widely known as cell scaffolds for bone regeneration. One of the
characteristics of synthetic polymers is that their degradability and mechanical properties can be controlled.
Poly(lactide-co-glycolide) (PLGA) is biodegradable polymers and its scaffolds with high porosity
supported for mesenchymal stem cells to differentiate into osteogenic tissue [37]. Poly(caprolactone)
(PCL) is a polymeric material that degrades more slowly than PLGA and its scaffolds can support cells
for long periods of time [38]. PEG-based amphiphilic block copolymers are bone regeneration scaffolds
with precisely controlled structure [39]. Various kinds of amphiphilic domains, such as poly L-lactic
acid (PLLA) and PCA were combined with PEG. It was found that the conjugation of PEG results in
dramatic changes of the physical and biological properties, such as swelling, hydrolysis, mechanical
strength, and protein and cell adhesion of the scaffolds [39].

5.3. Collagen and Its Derivatives-Based Scaffolds

Collagen, which is a component of bone is one of strong candidates of scaffold for bone regeneration [40,41].
Using collagen as scaffold, MSCs distribute throughout the scaffold and differentiate, but its poor
mechanical stability may be a shortcoming for a future application in bone tissue engineering [40].
In order to solve this problem, gelatin methacryloyl (GeIMA) has been developed. GelMA is a monomer
to readily photo-crosslink; three-dimensional (3D) gel as scaffold can be obtained by UV light in the
presence of photoinitiator [42]. The crosslinked GeIMA with controllable viscoelastic and permeation
properties could meet the technological requirements for scaffolds.
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5.4. Inorganic/Organic Composites Scaffolds

Considering the composition and structure of natural bone (Figure 1), inorganic/organic composites
have great attention in the field of bone tissue engineering. Ceramics, such as HAp and (3-TCP were
combined with synthetic and natural polymers. Composite scaffolds were fabricated by solvent-casting [49]
electrospinning [47] and in situ gelation [31]. Incorporation of ceramics improve mechanical properties
and promote osteogenic differentiation of MSCs [48,49].

5.5. Electrospun Silica Nonwoven Fabrics

MSC differentiation into osteogenic tissue has been extensively investigated using scaffolds, such
as Hap [51], nonwoven nano, and microfibrous scaffolds of polymers [52-56], and their composites.
Factors affecting the osteogenic differentiation of MSCs are classified into two categories. The first one
is the interaction between cell and extracellular matrix(ECM). Because 3D nanofibrous structures of
Silica nonwoven fabrics (SNFs) have morphological similarities to collagen fibrils, the SNFs enable to
promote favorable biological responses for osteogenic differentiation. Furthermore, cultured cells in
SNF easily interact with the surrounding cells due to its high interconnectivity. Another factor affecting
the osteogenic differentiation of MSCs is the elasticity of substrates. The differentiation of MSCs was
strongly affected by the elastic properties of substrates and rigid matrices mimicking collagenous bone
prove osteogenic differentiation. Silica is a rigid and elastic substrate; therefore, it may also contribute
to promoting the osteogenic differentiation of MSCs.

The authors’ group has examined bone regeneration from MSC using three-dimensional (3D)
silica nonwoven fabric (SNF, Figure 2) [36]. The 3D SNFs were prepared by electrospinning through
the sol—gel process [57,58]. Cultured cells embedded in SNFs can migrate and grow in fiber matrix
with increasing culture period due to interconnected pores provided by the random fiber orientation.
Furthermore, higher mechanical strength prevents shrinkage to help proper cell proliferation, compared
with usual polymer nanofiber. Note that interconnected pores provide sufficient permeability for
oxygen and nutrients, leading to maintenance of cell viability and function. SNFs have tried to construct
coculture systems of fibroblast and hepatocyte [59,60]. To understand contributions of soluble factors
to functional enhancement in a hepatocyte-fibroblast coculture, we have constructed the physically
separated coculture system using a trans-well culture: rat primary hepatocytes were cultured on the
bottom compartment of the trans-well system. SNF cultured with NIH3T3 fibroblasts was placed in
the top insert. As a result, the amount of soluble factors secreted from fibroblast cultured in SNF was
drastically increased and resulted in the improvement of the functions of cocultured hepatocytes.

Figure 2. Macroscopic (a) and scanning electron microscopic (b) images of silica nonwoven fabrics.

As a representative result, MSCs cultured on the 3D SNF were characterized by the adhesion
and proliferation using a WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfopheny]l)-
2H-tetrazolium) assay, compared with those cultured on conventional 2D tissue culture-treated
polystyrene (TCPS) plates. In Figure 3a,b, MSCs cultured on the SNF strikingly grew, in comparison
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with those on the TCPS plates. The proliferation rate of MSCs describes exactly the difference in cell
growth, estimated from the ratio of cell number to those after 24 h of culture on SNF and TCPS plates
(Figure 3c,d). At a seeding density of 1 x 10* cells/well, MSCs on the TCPS plates decreased in cell
number from day 11 to day 14 due to higher proliferation rate (Figure 3b,d). In contrast, MSCs on the
SNF were properly proliferate even after 14 days of culture (Figure 3a,c). Considering these results,
the 3D SNF is highly useful for cell scaffold in tissue engineering applications. Confocal laser scanning
microscopy (CLSM) was used to show the morphologies of MSCs on SNF. As can be seen in Figure 4,
after 7 days of culture, MSCs proliferated at a depth of middle phase (36.96 um), but not at bottom
phase (66.87 um) (Figure 4b,c). After 14 days of culture, MSCs more proliferated at a middle phase
(36.96 um) than those at 7 days (Figure 4e), and the cells at bottom phase were even more important
than those at middle phase (Figure 4f). From these results, MSCs seem to migrate vertically and
proliferate in the SNF. This is due to its interconnected pores provided by the random fiber orientation.
These features contributed to efficient growth of collected MSCs in vitro are well suitable for bone
regeneration, because a large number of MSCs are needed for treatment of large bone defects. When
MSCs were cultured in osteogenic differentiation medium, MSCs on SNF showed superior osteogenic
differentiation than those on TCPS. As shown in Figure 5, the osteogenic potential of MSCs on SNF
was estimated by the alkaline phosphatase (ALP) activity, after culture in an osteogenic differentiation
medium for 14 days. MSCs on SNF maintained higher activity of ALP than on the TCPS plates
throughout the culture period. This is further suggested by the osteogenic differentiation marker gene,
RUNX2, by using quantitative polymerase chain reaction (PCR). The higher expression of RUNX2 on
SNF than on the TCPS plate was clearly pronounced in differentiation medium (Figure 6a). This trend is
also suggested by the expression of osteocalcin (OCN) (Figure 6b). Moreover, MSC on SNF dominantly
differentiated into chondrogenic cell, as compared with conventional spheroid and atelocollagen
gel culture [61]. These results suggested that 3D SNFs are potential scaffolds for tissue engineered
osteochondral construct, originated from highly porous and elastic SNF characters.
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Figure 3. Proliferation profile of human MSCs cultured on three-dimensional (3D) SNFs and tissue
culture-treated polystyrene (TCPS) plates with increasing day of culture. (a,b) cell number on the SNF
(a) and TCPS plates (b) at different seeding densities, 1 (e), 5 (W), and 10 (a) X 10* cells/well; (c,d) the
ratio of cell number to those after 24 h of culture on SNF (c) and TCPS plates (d) at different seeding
densities, 1 (¢), 5 (m), and 10 (a) x 10% cells/well. (S. E., n = 2). ACS Omega, lijima et al. [36].
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Figure 4. MSC proliferation on SNF was characterized by confocal laser scanning microscopy (CLSM)
images after 7 days (a—c) and 14 days (d—f) culture at a cell density of 1.5 x 10°. Single optical slices
are shown near to the SNF surface [1.76 um, (a,d)], middle [36.96 um, (b,e)], and bottom [66.87 um,
(c,f)]. Hoechst 33,342 (blue) and Alexa Fluor 594 phalloidin (red) were used to stain cellular nuclei and
skeletons, respectively. Scale bars: 20 um. ACS Omega, lijima et al. [36].
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Figure 5. Alkaline phosphatase (ALP) activity of MSCs cultured on SNFs and TCPS plates under the

normal medium (—) and the osteogenic differentiation medium (+). Data are shown as the mean + S. E.

(n = 4). * indicates significance (p < 0.05, Student’s t-test). ACS Omega, lijima et al. [36].



Bioengineering 2020, 7, 119 8of 11

(@) .00
= 1 BTCPS (-)
g 1 oTCPs (+)
< { mSNF ()
O 00015 + wsNF(4)
B ] :
£ b
° 1 —
0 p
2 o001 +
g 1
x 1
5 1
2 1
E 0.0005 +
& ]
4
1
0
4 8
D
(b) e
0.0014
1 oTCPs ()
0.0012 1 OTCPS (+)
] ®SNF(-)
0.001 T mSNF (+)

Relative expression to GAPDH

4 8
Days

Figure 6. Expression of RUNX2 (a) and osteocalcin OCN (b) in MSCs cultured on SNFs and TCPS plates

under the normal medium (—) and the osteogenic differentiation medium (+). The signal intensity was

normalized using that of a control housekeeping gene (human GAPDH gene). Data are shown as the

mean + S. E. (n = 2). * indicates significance (p < 0.05, Student’s t-test). ACS Omega, lijima et al. [36].

6. Future Prospects

Bone regeneration using MSCs is expected to become popular instead of high-risk autologous
bone transplantation. To achieve this, it is essential to develop excellent cell scaffolds that proliferate
mesenchymal stem cells and efficiently differentiate them into bone. The effects of cell sources and
patient age on the bone regeneration using MSCs have not been well analyzed. Development of cell
scaffolds optimized for MSCs with different cell sources and conditions is also expected.

Author Contributions: Writing—original draft preparation, K.I.; writing—review and editing, H.O. All authors
have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kretlow, ].D.; Mikos, A.G. Review: Mineralization of synthetic polymer scaffolds for bone tissue engineering.
Tissue Eng. 2007, 13, 927-938. [CrossRef]

2. Johnell, O.; Kanis, J.A. An estimate of the worldwide prevalence and disability associated with osteoporotic
fractures. Osteoporos. Int. 2006, 17, 1726-1733. [CrossRef]

3. Weiner, S.; Wagner, H.D. The material bone: Structure mechanical function relations. Annu. Rev. Mater. Sci.
1998, 28, 271-298. [CrossRef]


http://dx.doi.org/10.1089/ten.2006.0394
http://dx.doi.org/10.1007/s00198-006-0172-4
http://dx.doi.org/10.1146/annurev.matsci.28.1.271

Bioengineering 2020, 7, 119 9of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Fratzl, P; Gupta, H.S.; Paschalis, E.P.; Roschger, P. Structure and mechanical quality of the collagen-mineral
nano-composite in bone. J. Mater. Chem. 2004, 14, 2115-2123. [CrossRef]

Landis, W.J.; Hodgens, K.J.; Arena, J.; Song, M.].; McEwen, B.F. Structural relations between collagen and
mineral in none as determined by high voltage electron microscopic tomography. Microsc. Res. Tech. 1996,
33, 192-202. [CrossRef]

Olszta, ML].; Cheng, X.G,; Jee, S.S.; Kumar, R.; Kim, Y.Y,; Kaufman, M.J.; Douglas, E.P.; Gower, L.B. Bone
structure and formation: A new perspective. Mater. Sci. Eng. 2007, 58, 77-116. [CrossRef]

Cantaert, B.; Beniash, E.; Meldrum, F.C. Nanoscale confinement controls the crystallization of calcium
phosphate: Relevance to bone formation. Chem. Eur. J. 2013, 19, 14918-14924. [CrossRef]

Jakoi, A.M.; Iorio, ].A.; Cahill, PJ. Autologous bone graft harvesting: A review of grafts and surgical techniques.
Musculoskelet. Surg. 2015, 99, 171-178. [CrossRef]

Shegarfi, H.; Reikeras, O. Bone transplantation and immune response. J. Orthop. Surg. 2009, 17, 206-211.
[CrossRef]

Meyer, S.; Floerkemeier, T.; Windhagen, H. Histological osseointegration of Tutobone®: Wrst results in
human. Arch. Orthop. Trauma Surg. 2008, 128, 539-544. [CrossRef] [PubMed]

Fernandez de Grado, G.; Keller, L.; Idoux-Gillet, Y.; Wagner, Q.; Musset, A.M.; Benkirane-Jessel, N.; Bornert, E.;
Offner, D. Bone substitutes: A review of their characteristics, clinical use, and perspectives for large bone
defects management. J. Tissue Eng. 2018, 9, 2041731418776819. [CrossRef] [PubMed]

Calori, G.M.; Colombo, M.; Mazza, E.L.; Mazzola, S.; Malagoli, E.; Mineo, G.V. Incidence of donor site
morbidity following harvesting from iliac crest or RIA graft. Injury 2014, 45, 5116-5120. [CrossRef]

Lei, P; Sun, R.; Wang, L.; Zhou, J.; Wan, L.; Zhou, T.; Hu, Y. A new method for xenogeneic bone graft
deproteinization: Comparative study of radius defects in a rabbit model. PLoS ONE 2015, 10, e0146005.
[CrossRef]

Smith, L. Ceramic-plastic material as a bone substitute. Arch. Surg. 1963, 87, 653—661. [CrossRef]
Kattimani, V.S.; Kondaka, S.; Lingamaneni, K.P. Hydroxyapatite-past, present, and future in bone regeneration.
Bone Tissue Regen. Insights 2016, 7, 9-19. [CrossRef]

Horowitz, R.A.; Mazor, Z.; Foitzik, C.; Prasad, H.; Rohrer, M.; Palti, A. 3-Tricalcium phosphate as bone
substitute material: Properties and clinical applications. J. Osseointegration 2010, 2, 61-68. [CrossRef]
Ishikawa, K. Carbonate apatite bone replacement: Learn from the bone. J. Ceram. Soc. Jpn. 2019, 127, 595-601.
[CrossRef]

Sepulveda, P; Jones, J.R.; Hench, L.L. In vitro dissolution of melt-derived 45S5 and sol-gel derived 585
bioactive glasses. |. Biomed. Mater. Res. 2002, 61, 301-311. [CrossRef]

Jones, ].R.; Ehrenfried, L.M.; Hench, L.L. Optimising bioactive glass scaffolds for bone tissue engineering.
Biomaterials 2006, 27, 964-973. [CrossRef]

van Gestel, N.A; Geurts, J.; Hulsen, D.J.; van Rietbergen, B.; Hofmann, S.; Arts, J.J. Clinical applications of
S53P4 bioactive glass in bone healing and osteomyelitic treatment: A literature review. Biomed. Res. Int.
2015, 2015, 684826. [CrossRef]

Ardeshirylajimi, A.; Farhadian, S.; Jamshidi Adegani, F.; Mirzaei, S.; Soufi Zomorrod, M.; Langroudi, L.;
Doostmohammadi, A.; Seyedjafari, E.; Soleimani, M. Enhanced osteoconductivity of polyethersulphone
nanofibres loaded with bioactive glass nanoparticles in in vitro and in vivo models. Cell Prolif. 2015, 48,
455-464. [CrossRef] [PubMed]

Knight, M.N.; Hankenson, K.D. Mesenchymal stem cells in bone regeneration. Adv. Wound Care 2013, 2,
306-316. [CrossRef] [PubMed]

Charbord, P. Bone marrow mesenchymal stem cells: Historical overview and concepts. Hum. Gene Ther.
2010, 21, 1045-1056. [CrossRef] [PubMed]

Minteer, D.; Marra, K.G.; Rubin, J.P. Adipose-derived mesenchymal stem cells: Biology and potential
applications. Adv. Biochem. Eng. Biotechnol. 2013, 129, 59-71. [CrossRef]

Nagamura-Inoue, T.; He, H. Umbilical cord-derived mesenchymal stem cells: Their advantages and potential
clinical utility. World J. Stem Cells 2014, 6, 195-202. [CrossRef] [PubMed]

Ledesma-Martinez, E.; Mendoza-Nfiez, V.M.; Santiago-Osorio, E. Mesenchymal stem cells derived from
dental pulp: A review. Stem Cells Int. 2016, 2016, 4709572. [CrossRef]

Yousefi, A.-M.; James, P.F.; Akbarzadeh, R.; Subramanian, A.; Flavin, C.; Oudadesse, H. Prospect of stem
cells in bone tissue engineering: A review. Stem Cells Int. 2016, 2016, 6180487. [CrossRef]


http://dx.doi.org/10.1039/B402005G
http://dx.doi.org/10.1002/(SICI)1097-0029(19960201)33:2&lt;192::AID-JEMT9&gt;3.0.CO;2-V
http://dx.doi.org/10.1016/j.mser.2007.05.001
http://dx.doi.org/10.1002/chem.201302835
http://dx.doi.org/10.1007/s12306-015-0351-6
http://dx.doi.org/10.1177/230949900901700218
http://dx.doi.org/10.1007/s00402-007-0402-z
http://www.ncbi.nlm.nih.gov/pubmed/17661065
http://dx.doi.org/10.1177/2041731418776819
http://www.ncbi.nlm.nih.gov/pubmed/29899969
http://dx.doi.org/10.1016/j.injury.2014.10.034
http://dx.doi.org/10.1371/journal.pone.0146005
http://dx.doi.org/10.1001/archsurg.1963.01310160115023
http://dx.doi.org/10.4137/BTRI.S36138
http://dx.doi.org/10.23805/jo.2010.02.02.04
http://dx.doi.org/10.2109/jcersj2.19042
http://dx.doi.org/10.1002/jbm.10207
http://dx.doi.org/10.1016/j.biomaterials.2005.07.017
http://dx.doi.org/10.1155/2015/684826
http://dx.doi.org/10.1111/cpr.12198
http://www.ncbi.nlm.nih.gov/pubmed/26121911
http://dx.doi.org/10.1089/wound.2012.0420
http://www.ncbi.nlm.nih.gov/pubmed/24527352
http://dx.doi.org/10.1089/hum.2010.115
http://www.ncbi.nlm.nih.gov/pubmed/20565251
http://dx.doi.org/10.1007/10_2012_146
http://dx.doi.org/10.4252/wjsc.v6.i2.195
http://www.ncbi.nlm.nih.gov/pubmed/24772246
http://dx.doi.org/10.1155/2016/4709572
http://dx.doi.org/10.1155/2016/6180487

Bioengineering 2020, 7, 119 10 of 11

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Krampera, M.; Franchini, M.; Pizzolo, G.; Aprili, G. Mesenchymal stem cells: From biology to clinical use.
Blood Transfus. 2007, 5, 120-129. [CrossRef]

Katagiri, W.; Kawai, T.; Osugi, M.; Sugimura-Wakayama, Y.; Sakaguchi, K.; Kojima, T.; Kobayashi, T.
Angiogenesis in newly regenerated bone by secretomes of human mesenchymal stem cells. Maxillofac. Plast.
Reconstr. Surg. 2017, 39, 8. [CrossRef]

Sugimoto, T.; Yamazaki, Y.; Kumazawa, K.; Sone, Y.; Takeda, A.; Uchinuma, E. The significance of performing
osteogenic differentiation in human bone tissue-derived mesenchymal stromal cells. J. Oral. Tissue Engin.
2013, 11, 103-112. [CrossRef]

Calabrese, G.; Giuffrida, R.; Forte, S.; Fabbi, C.; Figallo, E.; Salvatorelli, L.; Memeo, L.; Parenti, R.; Gulisano, M.;
Gulino, R. Human adipose-derived mesenchymal stem cells seeded into a collagen-hydroxyapatite scaffold
promote bone augmentation after implantation in the mouse. Sci. Rep. 2017, 7, 7110. [CrossRef] [PubMed]
Sandor, G.K.; Numminen, J.; Wolff, J.; Thesleff, T.; Miettinen, A.; Tuovinen, V.J.; Mannerstrém, B.;
Patrikoski, M.; Seppénen, R.; Miettinen, S; et al. Adipose stem cells used to reconstruct 13 cases with cranio-
maxillofacial hard-tissue defects. Stem Cells Transl. Med. 2014, 3, 530-540. [CrossRef] [PubMed]

Anselme, K.; Noél, B.; Flautre, B.; Blary, M.C.; Delecourt, C.; Descamps, M.; Hardouin, P. Association of
porous hydroxyapatite and bone marrow cells for bone regeneration. Bone 1999, 25, 515-54S. [CrossRef]
Lobo, S.E.; Arinzeh, T.L. Biphasic calcium phosphate ceramics for bone regeneration and tissue engineering
applications. Materials 2010, 3, 815-826. [CrossRef]

Ohgushi, H.; Dohi, Y.; Yoshikawa, T.; Tamai, S.; Tabata, S.; Okunaga, K.; Shibuya, T. Osteogenic differentiation
of cultured marrow stromal stem cells on the surface of bioactive glass ceramics. |. Biomed. Mater. Res. 1996,
32, 341-348. [CrossRef]

lijima, K.; Ishikawa, S.; Sasaki, K.; Hashizume, M.; Kawabe, M.; Otsuka, H. Osteogenic differentiation of
bone marrow-derived mesenchymal stem cells in electrospun silica nonwoven fabrics. ACS Omega 2018, 3,
10180-10187. [CrossRef]

Casagrande, S.; Tiribuzi, R.; Cassetti, E.; Selmin, E.; Gervasi, G.L.; Barberini, L.; Freddolini, M.; Ricci, M.;
Schoubben, A.; Cerulli, G.G.; et al. Biodegradable composite porous poly(dl-lactide-co-glycolide) scaffold
supports mesenchymal stem cell differentiation and calcium phosphate deposition. Artif. Cell. Nanomed. B.
2018, 46, 219-229. [CrossRef]

Xue, R.; Qian, Y,; Li, L.; Yao, G.; Yang, L.; Sun, Y. Polycaprolactone nanofiber scaffold enhances the osteogenic
differentiation potency of various human tissue-derived mesenchymal stem cells. Stem Cell Res. 2017, 8, 148.
[CrossRef]

Kutikov, A.B.; Song, J. Biodegradable PEG-based amphiphilic block copolymers for tissue engineering
applications. ACS Biomater. Sci. Eng. 2015, 1, 463-480. [CrossRef]

Donzelli, E.; Salvade, A.; Mimo, P; Vigano, M.; Morrone, M.; Papagna, R.; Carini, F.; Zaopo, A.; Miloso, M.;
Baldoni, M.; et al. Mesenchymal stem cells cultured on a collagen scaffold: In vitro osteogenic differentiation.
Arch. Oral Biol. 2007, 52, 64-73. [CrossRef]

Schneider, R.K.; Puellen, A.; Kramann, R.; Raupach, K.; Bornemann, J.; Knuechel, R.; Pérez-Bouza, A.;
Neuss, S. The osteogenic differentiation of adult bone marrow and perinatal umbilical mesenchymal stem cells
and matrix remodelling in three-dimensional collagen scaffolds. Biomaterials 2010, 31, 467—480. [CrossRef]
[PubMed]

Dong, Z.; Yuan, Q.; Huang, K.; Xu, W,; Liu, G.; Gu, Z. Gelatin methacryloyl (GelMA)-based biomaterials for
bone regeneration. RSC Adv. 2019, 9, 17737-17744. [CrossRef]

Melke, J.; Midha, S.; Ghosh, S.; Ito, K.; Hofmann, S. Silk fibroin as biomaterial for bone tissue engineering.
Acta Biomater. 2016, 31, 1-16. [CrossRef] [PubMed]

Klemm, D.; Heublein, B.; Fink, H.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material.
Angew. Chem. Int. Ed. 2005, 44, 3358-3393. [CrossRef]

Saravanan, S.; Leena, R.S.; Selvamurugan, N. Chitosan based biocomposite scaffolds for bone tissue
engineering. Int. ]. Biol. Macromol. 2016, 93B, 1354-1365. [CrossRef] [PubMed]

Andrews, S.; Cheng, A.; Stevens, H.; Logun, M.T.; Webb, R.; Jordan, E.; Xia, B.; Karumbaiah, L.; Guldberg, R.E.;
Stice, S. Chondroitin sulfate glycosaminoglycan scaffolds for cell and recombinant protein-based bone
regeneration. Stem Cells Transl. Med. 2019, 8, 575-585. [CrossRef] [PubMed]


http://dx.doi.org/10.2450/2007.0029-07
http://dx.doi.org/10.1186/s40902-017-0106-4
http://dx.doi.org/10.11223/jarde.11.103
http://dx.doi.org/10.1038/s41598-017-07672-0
http://www.ncbi.nlm.nih.gov/pubmed/28769083
http://dx.doi.org/10.5966/sctm.2013-0173
http://www.ncbi.nlm.nih.gov/pubmed/24558162
http://dx.doi.org/10.1016/S8756-3282(99)00133-7
http://dx.doi.org/10.3390/ma3020815
http://dx.doi.org/10.1002/(SICI)1097-4636(199611)32:3&lt;341::AID-JBM6&gt;3.0.CO;2-S
http://dx.doi.org/10.1021/acsomega.8b01139
http://dx.doi.org/10.1080/21691401.2017.1417866
http://dx.doi.org/10.1186/s13287-017-0588-0
http://dx.doi.org/10.1021/acsbiomaterials.5b00122
http://dx.doi.org/10.1016/j.archoralbio.2006.07.007
http://dx.doi.org/10.1016/j.biomaterials.2009.09.059
http://www.ncbi.nlm.nih.gov/pubmed/19815272
http://dx.doi.org/10.1039/C9RA02695A
http://dx.doi.org/10.1016/j.actbio.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26360593
http://dx.doi.org/10.1002/anie.200460587
http://dx.doi.org/10.1016/j.ijbiomac.2016.01.112
http://www.ncbi.nlm.nih.gov/pubmed/26845481
http://dx.doi.org/10.1002/sctm.18-0141
http://www.ncbi.nlm.nih.gov/pubmed/30666821

Bioengineering 2020, 7, 119 11 of 11

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Cowan, C.M,; Shi, Y.Y.; Aalami, O.O.; Chou, Y.F; Mari, C.; Thomas, R.; Quarto, N.; Contag, C.H.; Wu, B.;
Longaker, M.T. Adipose-derived adult stromal cells heal critical-size mouse calvarial defects. Nat. Biotechnol.
2004, 22, 560-567. [CrossRef]

Zhang, X.; Meng, S.; Huang, Y,; Xu, M.; He, Y.; Lin, H.; Han, J.; Chai, Y.; Wei, Y.; Deng, X. Electrospun
gelatin/B-TCP composite nanofibers enhance osteogenic differentiation of BMSCs and in vivo bone formation
by activating Ca?*-sensing receptor signaling. Stem Cells Int. 2015, 2015, 507154. [CrossRef]

Liu, L,; Li, C,; Jiao, Y.; Jiang, G.; Mao, J.; Wang, F.; Wang, L. Homogeneous organic/inorganic hybrid scaffolds
with high osteoinductive activity for bone tissue engineering. Polym. Test. 2020, 91, 106798. [CrossRef]
Machado, C.B.; Ventura, ].M.G.; Lemos, A.F,; Ferreira, ]. M.E,; Leite, M.F.; Goes, A.M. 3D chitosan—gelatin—
chondroitin porous scaffold improves osteogenic differentiation of mesenchymal stem cells. Biomed. Mater.
2007, 2, 124-131. [CrossRef]

lijima, K.; Suzuki, R;; lizuka, A.; Ueno-Yokohata, H.; Kiyokawa, N.; Hashizume, M. Surface Functionalization
of Tissue Culture Polystyrene Plates with Hydroxyapatite Under Body Fluid Conditions and Its Effect
on Differentiation Behaviors of Mesenchymal Stem Cells. Colloids Surf. B 2016, 147, 351-359. [CrossRef]
[PubMed]

Li, W.-J; Tuli, R.; Huang, X.; Laquerriere, P.; Tuan, R.S. Multilineage Differentiation of Human Mesenchymal
Stem Cells in a Three-dimensional Nanofibrous Scaffold. Biomaterials 2005, 26, 5158-5166. [CrossRef] [PubMed]
Cao, Y,; Li, D.; Shang, C.; Yang, S.T.; Wang, ].; Wang, X. Three-Dimensional Culture of Human Mesenchymal
Stem Cells in a Polyethylene Terephthalate Matrix. Biomed. Mater. 2010, 5, 065013. [CrossRef] [PubMed]
Ardeshirylajimi, A.; Mossahebi-Mohammadi, M.; Vakilian, S.; Langroudi, L.; Seyedjafari, E.; Atashi, A.;
Soleimani, M. Comparison of Osteogenic Differentiation Potential of Human Adult Stem Cells Loaded on
Bioceramic-Coated Electrospun Poly (L-lactide) Nanofibres. Cell Prolif. 2015, 48, 47-58. [CrossRef] [PubMed]
Pournagqi, F; Ghiaee, A.; Vakilian, S.; Ardeshirylajimi, A. Improved Proliferation and Osteogenic Differentiation
of Mesenchymal Stem Cells on Polyaniline Composited by Polyethersulfone Nanofibers. Biologicals 2017, 45,
78-84. [CrossRef]

Yardimci, A.L; Baskan, O.; Yilmaz, S.; Mese, G.; Ozcivici, E.; Selamet, Y. Osteogenic differentiation of
mesenchymal stem cells on random and aligned PAN/PPy nanofibrous scaffolds. | Biomater. Appl. 2019, 34,
640-650. [CrossRef]

Yamaguchi, T.; Sakai, S.; Kawakami, K. Application of silicate electrospun nanofibers for cell culture. J. Sol-Gel
Sci. Technol. 2008, 48, 350-355. [CrossRef]

Yamaguchi, T.; Sakai, S.; Watanabe, R.; Tarao, T.; Kawakami, K. Heat treatment of electrospun silicate fiber
substrates enhances cellular adhesion and proliferation. J. Biosci. Bioengin. 2010, 109, 304-306. [CrossRef]
Otsuka, H.; Sasaki, K.; Okimura, S.; Nagamura, M.; Watanabe, R.; Kawabe, M. Contribution of fibroblasts
cultured on 3D silica nonwoven fabrics to cocultured hepatocytes function. Chem. Lett. 2014, 43, 343-345.
[CrossRef]

Ishikawa, S.; Iijima, K.; Sasaki, K.; Kawabe, M.; Osawa, S.; Otsuka, H. Silica-based nonwoven fiber fabricated
by electrospinning to promote fibroblast functions. Bull. Chem. Soc. Jpn. 2020, 93, 477-481. [CrossRef]
Ishikawa, S.; lijima, K.; Sasaki, K.; Hashizume, M.; Kawabe, M.; Otsuka, H. Cartilage differentiation of bone
marrow-derived mesenchymal stem cells in three-dimensional silica nonwoven fabrics. Appl. Sci. 2018,
8,1398. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nbt958
http://dx.doi.org/10.1155/2015/507154
http://dx.doi.org/10.1016/j.polymertesting.2020.106798
http://dx.doi.org/10.1088/1748-6041/2/2/010
http://dx.doi.org/10.1016/j.colsurfb.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27559995
http://dx.doi.org/10.1016/j.biomaterials.2005.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15792543
http://dx.doi.org/10.1088/1748-6041/5/6/065013
http://www.ncbi.nlm.nih.gov/pubmed/21079281
http://dx.doi.org/10.1111/cpr.12156
http://www.ncbi.nlm.nih.gov/pubmed/25495212
http://dx.doi.org/10.1016/j.biologicals.2016.09.010
http://dx.doi.org/10.1177/0885328219865068
http://dx.doi.org/10.1007/s10971-008-1822-0
http://dx.doi.org/10.1016/j.jbiosc.2009.08.482
http://dx.doi.org/10.1246/cl.130955
http://dx.doi.org/10.1246/bcsj.20190318
http://dx.doi.org/10.3390/app8081398
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure of Natural Bone 
	Treatment of Bone Defects 
	Bone Tissue Regeneration Using Mesenchymal Stem Cells (MSCs) 
	Cell Scaffolds for Bone Tissue Regeneration Using MSCs 
	Ceramics-Based Scaffolds 
	Synthetic Polymers-Based Scaffolds 
	Collagen and Its Derivatives-Based Scaffolds 
	Inorganic/Organic Composites Scaffolds 
	Electrospun Silica Nonwoven Fabrics 

	Future Prospects 
	References

