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Bone tissue engineering via nanostructured calcium

phosphate biomaterials and stem cells

Ping Wang1,2, Liang Zhao1,3, Jason Liu1, Michael D Weir1, Xuedong Zhou2 and Hockin H K Xu1,4,5

Tissue engineering is promising to meet the increasing need for bone regeneration. Nanostructured calcium
phosphate (CaP) biomaterials/scaffolds are of special interest as they share chemical/crystallographic
similarities to inorganic components of bone. Three applications of nano-CaP are discussed in this review:
nanostructured calcium phosphate cement (CPC); nano-CaP composites; and nano-CaP coatings. The
interactions between stem cells and nano-CaP are highlighted, including cell attachment, orientation/
morphology, differentiation and in vivo bone regeneration. Several trends can be seen: (i) nano-CaP
biomaterials support stem cell attachment/proliferation and induce osteogenic differentiation, in some cases
even without osteogenic supplements; (ii) the influence of nano-CaP surface patterns on cell alignment is not
prominent due to non-uniform distribution of nano-crystals; (iii) nano-CaP can achieve better bone
regeneration than conventional CaP biomaterials; (iv) combining stem cells with nano-CaP accelerates bone
regeneration, the effect of which can be further enhanced by growth factors; and (v) cell microencapsulation in
nano-CaP scaffolds is promising for bone tissue engineering. These understandings would help researchers to
further uncover the underlying mechanisms and interactions in nano-CaP stem cell constructs in vitro and in
vivo, tailor nano-CaP composite construct design and stem cell type selection to enhance cell function and bone
regeneration, and translate laboratory findings to clinical treatments.
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INTRODUCTION
Bone fracture is a substantial public health issue, and the

need for bone regeneration is increasing dramatically as

theworld population ages.1–3 Bone defects are one of the

leading causes of morbidity and disability in elderly

patients, leading to decreases in overall health and qual-

ity of life.1 In the United States, an estimated two million

people suffer from osteoporosis-related bone fractures

annually, which costs nearly $20 billion per year.2–3 There

is an urgent need for bone reconstruction, not only for

osteoporosis-related fractures, but also for trauma, con-

genital bone malformations, skeletal diseases and tumor

resections. Approximately 600 000 bone graft procedures

are performed each year in the United States, and about

2.2 million of such procedures are performed worldwide

annually.4 In the majority of these cases, either autografts

or allografts are currently used.4 However, although

autografting is regardedas thegold standard, it is accom-

panied with risks of donor site morbidity and limited avail-

ability.5 On the other hand, allografting is limited by

potential infection and a high nonunion rate with host

tissues.6 Therefore, bone tissue engineering is being

explored as a promising alternative, and an important

approach involves the use of nanostructured biomaterials

and stem cells.7–10

The use of nanostructured biomaterials in bone regen-

eration is inspired by the native bone architecture. Bone

possesses a complex organic–inorganic nanocomposite

structure. The organic phase is mainly composed of type

I collagen, which is arranged into nanofibers ranging from

50 to 500 nm in diameter.11 The inorganic phase consists of

non-stoichiometric hydroxyapatite (HA) crystals with

lengths of about 100 nm, widths of 20–30 nm and thick-

nesses of 3–6 nm, which are embedded between the
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collagen fibers.12–13 In 2011, the European Commission

adopted the following definition of a nanomaterial: ‘A

natural, incidental or manufactured material containing

particles, in an unbound state or as an aggregate and

where, for 50% or more of the particles in the number

size distribution, one or more external dimensions is in the

size range of 1 nm–100 nm’.14 Some literatures more

broadly use the prefix ‘nano-’ to also include structures

slightly exceeding 100 nm to a few hundred nan-

ometers. It is of great interest to develop biomimetic

nanostructured scaffolds to mimic native bone.

Calcium phosphate (CaP) biomaterials are of special

interest because they mimic the major inorganic com-

ponent of bone, are bioactive and can form intimate

and functional interfaces with neighboring bone.

Various forms of CaP are widely studied for bone regen-

eration research. Commonly used CaPs include mono-

calcium phosphate monohydrate, monocalcium

phosphate anhydrous, dicalcium phosphate dihydrate,

dicalcium phosphate anhydrous, octacalcium phos-

phate, a- and b-tricalcium phosphate (TCP), amorphous

CaP (ACP), calcium-deficient hydroxyapatite and HA.15

Using different synthetic methods, nano-CaP crystals

with diverse structures have been fabricated including

particles, spheres, rods/needles/wires/fibers/whiskers,

sheets/disks/flakes/platelets/strips and various 3D archi-

tectures.16 Importantly, several reports showed that

nano-CaP biomaterials exhibited physicochemical and

biological characteristics better than conventional-sized

CaPs, due to nano-CaPs being more similar to bone

nanocrystals.17–18 Thus, nano-CaPs have great potential

in bone repair and augmentation.

A number of recent reviews on nanomaterials cov-

ered topics on materials selection (metals, ceramics,

polymers and composites)19 and synthesis and proces-

sing techniques (e.g., blasting, etching and anodization

for metals; electrospinning, phase separation, self-

assembly and precipitation for ceramics/polymers/com-

posites; and lithography, laser ablation and nanoimprint-

ing for nanotopography).20–21Other reviews covered

nanotopography22 and its influence on cells.23 Others

reviewed nanopolymers (natural and synthetic poly-

mers)24 and nanocomposites (e.g., biopolymers, poly-

mer/ceramic, metal/ceramic).25 Still other reviews

focused on nanofibers,26 nanoparticles27 and multiple

applications in regenerative medicine (e.g., tissue engin-

eering, cell therapy, diagnosis, and drug and gene

delivery).28 To avoid repetition, the present review

focuses on nanostructured CaP biomaterials, highlight-

ing their interactions with stem cells including cell

attachment, orientation and morphology, osteogenic

differentiation, as well as cell encapsulation and delivery

for in vivo bone regeneration.

NANOSTRUCTURED CALCIUM
PHOSPHATE BIOMATERIALS
Nanostructured calcium phosphate cement (CPC)

CPCs are self-setting synthetic bone graft materials.29–34

The first CPC consisted of a mixture of tetracalcium phos-

phate (TTCP: Ca4(PO4)2O) and dicalcium phosphate

anhydrous (DCPA: CaHPO4) and was developed in 1986

(referred to as CPC).35 CPC was approved in 1996 by the

Food and Drug Administration for repairing craniofacial

defects.36 When mixed with an aqueous solution to form

a paste, CPC can self-harden to form HA in situ. CPC has

good biocompatibility, in situ hardening and molding

capabilities and injectability, enabling minimally invasive

applications.29–37 Recent studies enhanced the mech-

anical, physical and biological properties of CPC through

the introduction of absorbable fibers,38 chitosan,39 manni-

tol porogen,40 gas-foaming agents,41 alginate microbe-

ads42 and biofunctionalization.43–44 These approaches

improved mechanical strength, setting time, degradabil-

ity, macroporosity, cell attachment and delivery of cells

and growth factors. Scanning electron microscopy

revealed the formation of nano-sized elongated HA crys-

tals inCPC (Figure 1a). These nanocrystals hadadiameter

of about 100 nm.45–46 Osteoblasts, human bone marrow

mesenchymal stem cells (hBMSCs), human umbilical cord

MSCs (hUCMSCs) (Figure 1b), humanembryonic stemcell-

derived MSCs (hESC-MSCs) and human induced pluripo-

tent stem cell-derived MSCs (hiPSC-MSCs) (Figure 1c and

1d) all responded favorably when attaching to the nano-

apatite structureofCPC. The interactions betweenvarious

stem cells and nanostructured CPC are addressed in

another section of this review.

Another strategy to obtain a nanostructured CPC is to

reduce the starting particle size of CPC to the nanoscale

level. Brunneretal. useda flame-spray synthesismethod to

prepare amorphous TCP nanoparticles.47 Due to the

higher surface area, amorphous TCP nanoparticles signifi-

cantly accelerated the setting time and the conversion to

apatite during the self-hardening of CPC. The addition of

nanoparticulate amorphous TCP favored the nucleation

of smaller crystals and promoted the formation of nano-

apatite crystals (100–200 nm) in CPC.15,47

Nanostructured CaP composites

Composite approaches can be used to improve the

mechanical properties of nanostructured CaP in order to

satisfy clinical needs in load-bearing areas. Combining

natural or synthetic polymers with nanostructured CaP is a

promising strategy, since bone tissue itself is a nanocompo-

site of HA and collagen. Many degradable polymers have

been explored for this purpose, such as collagen fibers,48

silk fibrion,49 gelatin,50 chitosan,51 poly-L-lactide,52 poly-DL-

lactide-co-glycolide (PLGA)53 and poly(vinylalcohol).54 The
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compositions and properties of several recently-developed

nanostructured CaP composites are briefly reviewed in

Table 1. Each type of polymer has its own characteristics

to contribute to the property improvement of the compos-

ite. Collagen is the most abundant polymer in bone tissue.

By incorporating collagen into the composite, it provides

more cell recognition sites and accelerates biomaterial’s

degradation rate, thus allowing fast replacement by new

bone.48,55–56 However, the use of collagen is limited as it is

costly, and its potential of antigenicity and pathogen

transmission.48,55–56Gelatin is a denatured formof collagen,

which is free of immunogenic concerns. Gelatin contains

integrin binding sites which are important for cell adhe-

sion.50 Other natural polymers such as chitosan and silk

are especially known for their excellent mechanical prop-

erties.49,51 Synthetic polymers represent another category,

500 nm

E

Nano-apatite

500 mm

b

c dhiPS-MSC, 1 d hiPS-MSC, 14 d

500 nm

a

500 mm

Figure 1.Nanostructured CaP and cell interactions. (a) Nano-sizedHA crystals in CPC; (b) cytoplasmic extensions of hUCMSCs (red arrow) anchored
to the apatite nano-crystals (green arrow); (c, d) proliferation of hiPSC-MSCs on nano-apatite CPC as indicated by live/dead staining (adapted from
Refs. 45, 71 and 110, with permission).

Table 1. Nanostructured CaP composites for bone repairs

Materials Fabrication technique Dimension features Properties References

Gelatin nanospheres/CaP

nanocrystals colloidal

composite gels

CaP nanocrystals:

wet-chemical precipitation

Needle-shaped apatitic crystals with

an average length of 173652 nm

and a width of 3068 nm

Nano-CaP enhanced gel elasticity, shear-thinning,

self-healing behavior and gel stability; reduced the

degradation rate; fine-tuned the release of growth

factors; supported attachment, spreading and

proliferation of rat BMSCs

[50]

nHA/polyelectrolyte

(chitosan/hyaluronic acid)

complex

In situ crystallization

of HA precursors

Nanoparticles: from 54 to 147 nm The scaffold was excellent for hBMSC penetration,

growth and proliferation

[58]

PLLA/chitosan/nano-CaP Freeze casting Average crystallite size: 16.5 nm The addition of nano-CP and chitosan decreased

porosity, swelling ability and degradation of the

scaffold, increased the mechanical strength

[52]

Nanobiphasic CaP/PVA

scaffold

Emulsion foam

freeze–drying

Nano-CaP particles: an average width

of 50 nm and length of 100 nm

Good cytocompatibility, no negative effects on

hBMSC cell growth and proliferation

[54]

Silk/nano-CaP In situ synthesis and

salt leaching

Nano-CaP particles ,200 nm Nano-CaP improved mechanical performance and

induced higher amount of new bone formation

[49]

Abbreviations: PLLA, poly-L-lactide; PVA, poly(vinylalcohol).
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with themain advantage of avoiding immunogenicity and

disease transmission, and possessing flexibility in property

controls.52–54 In general, the composite approachcanyield

novel materials with improved mechanical properties and

better bioactivity which promotes cell adhesion ions and

enhances new bone formation. However, amain potential

downside of including polymers into nano-CaP biomater-

ials is the excessive aggregation of nanoparticles.57 Amajor

challenge in developing polymer/CaP nanocomposites is

how to homogeneously disperse nanoparticles in the poly-

mer matrix.57 Several approaches have been proposed to

overcome this problem, including hydroxyapatite nano-

particle modification and biomimetic process in synthesis.57

Nanostructured CaP coatings

Another important application of nanostructured CaP is

coating on metallic or other implants to enhance the

bioactivity and osteoconductivity of bioinert materials.

CaP can facilitate osteointegration with natural bone

through the formation of an apatite layer.21 In addition,

nanoscalemodification of implant surfaces has been sug-

gested to further increase its biomimicry and bioactivity.59

Nanostructured CaP coatings can be prepared by a bio-

mimetic coating method,60 sputter deposition,61 ectro-

chemical deposition62 and plasma-spraying methods.63

CaP coatings with different compositions (e.g., HA, brush-

ite or apatite),64–65 crystallinity (amorphous or crystalline)66

and surface features of the substrate (e.g., polished or

roughened)60 can all affect osseointegration in vivo.

Figure 2 shows schematically the biological response of

a nanostructured ACP (nACP)-coated titanium implant.66

In an aqueous medium, nACP can readily release Ca21

and PO4
32 ions. They can bind with serum proteins that

facilitate cell attachment and subsequent formation of

apatite on the implant surfaces.66 To decrease the unfa-

vorable effects of rapid dissolution of the nACP coating,

more stable CaP phases such as poorly-crystalline nano-

apatite or highly-crystalline nano-HA (nHA) canbeused.66

Poorly-crystalline nano-apatite showeda favorable effect

on the osteogenic differentiation of osteoblasts.66

STEM CELL INTERACTIONS WITH NANO-
CAP BIOMATERIALS
An ideal orthopedic repair material is more than just fillers

for bone defects. It also serves as a scaffold to provide

chemical, mechanical and topographical cues to regu-

late cell behavior. Many studies revealed that nanostruc-

tured biomaterials promoted the process of bone

regeneration by supporting cell adhesion, spreading, pro-

liferation and differentiation.23,67 Understanding the inter-

actions between stem cells and nanostructured materials

is of utmost importance in designing and fabricating novel

biomaterials that can guide cell behaviors in a desirable

way. The present review article focuses on recent studies

on the interactions between stem cells and nanostruc-

tured CaP scaffolds for bone tissue engineering both in

vitroand in vivo. For biomaterial interactionswith other cell

types (e.g., fibroblastic cells, endothelial cells, epithelial

cells and macrophage cells) and nanomaterials other

than CaP-based biomaterials, several review articles

already exist.23,67

Previous studies investigated the behavior of various

types of stem cells attaching to nanostructured CPCs with

different compositions. All the tested stem cells, including

rat68 and hBMSCs,62 hUCMSCs,63,69 hESC-MSCs64 and

hiPSC-MSCs,65 attached well to CPC scaffolds containing

apatite nanocrystals. Scanning electronmicroscopy exam-

ination showed that the cells anchored to nano-apatite

crystals via cytoplasmic processes and exhibited a healthy

spreadingpolygonalmorphology (Figure 1b). Thecytoplas-

mic extensions are crucial for cell adhesion, migration and

formation of cell–cell junctions. The nano-apatite surfaces

favorably supported proliferation of these MSCs. In another

study, a nanofiberous scaffold with gradients in amorphous

calcium phosphate nanoparticles (nACP) was fabricated

by a two-spinnerette electrospining.72 The adhesion and

proliferation of MC3T3-E1 murine pre-osteoblasts was

enhanced in the gradient regions, indicating that higher

nACP content yielded a better cell response.72 Therefore,

stemcells can have strong interactionswith nanostructured

CaP biomaterials, and nanostructures can be tailored to

guide and enhance cell function.

Another key aspect is cell orientation and morphology.

Nano-sized surface structures provide important cues to

regulate cell orientation and morphology.23,67 Among

the various two-dimensional topographical nanoscale

features (e.g., grooves, pits, wells, steps, pillars, pores,

ridges, etc.), nanogrooves appeared to provide the most

powerful and clear cues in regulating cell orientation and

morphology.23,67 Regardless of different substrates and cell

types, in most cases, cells aligned their shape and elonga-

tion in the long axis of the grooves, with the organization of

actin and other cytoskeletal proteins to be parallel to the

grooves.23 However, since nano-CaP is less maneuverable

in fabrication than polymers or metals, it is more challen-

ging to produce highly patterned nano-CaP surface fea-

tures. Irregular surface geometry due to the non-uniform

distribution of nHA may not promote cell orientation in a

polarized direction. Hence, there are few studies reporting

the particular alignment patterns of cells on nano-CaP

implants. However, the addition of fibers can help induce

directionality for the cells. For example, Jose et al.73 pro-

duced an aligned nanofibrous PLGA/collagen/nHA

scaffold with fiber diameters of 100–350 nm. hMSCs

assumed an aligned morphology along the direction

of the fiber orientation.73 Electrospinning is a versatile
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technique to produce aligned nanofibrous scaffolds. By

controlling the spinning conditions, parameters, and

compositions of the solution, oriented fibers with different

compositions anddiameters canbeobtained. Thealigned

nanostructures of the biomaterial can effectively induce

an aligned morphology for most types of seeded cells.74
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Figure 2. Schematic of biological response of a nACP-coated titanium implant (Ti implant). (a) Ti implant coatedwithACP nanoparticles; (b) release of
Ca21 and PO4

32 ions from ACP hydrolysis after implantation; (c) cell binding on the implant surface with the help of serum proteins and integrin
receptors; (d) cell proliferation on the implant surface; (e) formation of apatite on the implant surface (adapted from Ref. 66, with permission).

Table 2. Summary on the effects of nano-CaP biomaterials on cell differentiation

Materials Dimension features Stem cell types Effects on cell differentiation References

CPC–chitosan–RGD Nano-apatite crystals hESC-MSCs hESC-MSCs expressed high levels of osteogenic

markers (ALP, RUNX2, COLI and OCN), and

synthesized bone mineral in vitro

[70]

CPC Nano-apatite crystals hiPSC-MSCs hiPSC-MSCs differentiated into the osteogenic

lineage and synthesized bone minerals in vitro

[71]

A non-rigid CPC with

microbeads and fiber

Nano-apatite crystals hUCMSCs ALP, OCN and COL1 gene expressions of hUCMSCs

were greatly increased, and the cells synthesized

bone minerals in vitro

[94]

CaP coating on different

topographic surfaces of

metal discs

Nano-sized crystals: ,100 nm Ovine BMSCs Nano-CaP crystals and flatter topographies enhanced

MSC proliferation while rougher, microscale topographies

enhanced osteogenic differentiation of MSCs

[60]

Mineralized nanofibers:

collagen fibrils

containing CaP

Collagen fibril diameters of

7606240 nm, 2706120 nm and

120630 nm, respectively

hADMSCs Inclusion of CaP enhanced hADMSC proliferation.

Only the CaP containing groups exhibited a statistical

increase in ALP activity

[48]

Nanocrystalline

CaP/chitosan composite

Nanocrystalline CaP: 100 nm hBMSCs The proliferation of hBMSCs on nanocrystalline CaP/chitosan

film was higher than that on nano-amorphous and

microparticle CaP/chitosan films, whereas osteogenic

differentiation was highest on the scattered

microparticle CaP/chitosan film

[93]

nHA/PLGA Nanoparticles: an average

particle size of 36 nm

hMSCs nHA and nHA–PLGA composites promote osteogenic

differentiation of human MSCs, comparable with direct

injection of BMP-7-derived short peptide (DIF-7c) into

culture media

[80]

nHA/PCL nanofibrous scaffold

nTCP/PCL nanofibrous scaffold

HA nanocrystals average size: 20–70 nm

beta-TCP nanocrystals average size:

100 nm

hMSCs The incorporation of nano-sized HA or TCP into the PCL

nanofibers increased the activity of ALP and mRNA

expression levels of osteoblast-related genes in total

absence of osteogenic supplements

[81]

nHA-coated genipin-chitosan

conjugation scaffold (HGCCS)

3D interconnected nHA network with

150 nm pore diameter and 20 nm

wall thickness

Rat BMSCs nHA induced the highest mRNA expression of osteogenic

differentiation makers and mineralized ECM

[95]
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Nanostructuredmaterials also have significant effects on

cell differentiation. There is growing evidence indicating

that nanofeatures are a compelling determinant of stem

cell lineage commitment.75–78 With regard to the effects of

nano-CaP on cell differentiation, a summary of recent lit-

erature is presented in Table 2. In nearly all instances, the

incorporation of nano-CaP promoted or directed osteo-

genic differentiation of cells, manifested by the upregula-

tion of osteogenic gene expression, synthesis of minerals

and enhanced alkaline phosphatase (ALP) activity.

Several studies reported that nanotopography can stimu-

late MSC differentiation in the absence of osteogenic sup-

plements.79–81 Nanocomposites comprising of type I

collagen and nHA were especially efficient at inducing

rapid mineralization by cells, even in the absence of osteo-

genic supplements in culture medium.79 nHA and nHA–

PLGA composites successfully induced osteogenic differ-

entiation for hMSCs without the addition of osteogenic

factors, achieving osteogenic differentiation comparable

to that of directly adding BMP-7-derived short peptide (DIF-

7c) into the culture medium.80 This was consistent with

another study showing that the presence of TCP or HA

nanocrystals on a poly-caprolactone (PCL) nanofiber sur-

face positively affected hBMSC differentiation toward an

osteogenic commitment, achieving a high level of osteo-

genic differentiation, similar to that via osteogenic supple-

ments.81 Currently, the underlying mechanism of how

nano-CaP materials dictate the osteogenic differenti-

ation of MSCs is not fully understood. However, para-

meters such as the biomaterial’s chemical composition,

surface roughness, nanomaterial size and stiffness/elastic

modulus have been proposed to impact stem cells’ fate.

The following four factors of nano-CaP materials appear

to influence the osteogenic differentiation of MSCs. First,

nano-CaP materials serve as a calcium and phosphate

ion source.82 Ca21, PO4
32 and HPO4

22 ions, released into

the surrounding tissue, are able to regulate osteoblast

functions83 and create a local supersaturation of ions

which cause the reprecipitation of biological carbo-

nated apatite on the scaffold.82,84 Second, the large sur-

face area and nanostructure of the material can provide

more binding sites for cell receptors, and aid the adsorp-

tion and retention of circulating osteogenic factors such

as BMPs which contribute to osteogenesis.85–87 Third,

properties such as nanoscale roughness, nanotopogra-

phy and nanocrystallinity can induce changes in cell

membrane receptors and activate specific mechano-

transduction pathways that direct cell fate in favor of

osteogenesis.88–89 Fourth, the presence of CaP nanopar-

ticles in composites can enhance the mechanical prop-

erties of the scaffold. Cells can sense the increased

matrix stiffness and differentiate towards osteogenic lin-

eage.90–92 These factors and their combined effects on

the stem cells are highly complex, and require further

investigation.

Notably, hMSCs behaved differently in response to dif-

ferent scales ofCaPcrystals and topography. Inone study,

three types of chitosan/CaP films with different surface

features were fabricated by a solvent-casting method.93

The proliferation of hMSCs cultured on the nanocrystalline

CaP/chitosan film was higher than that on nano-amorph-

ous ormicroparticleCaP/chitosan films.Osteogenic differ-

entiation achieved the highest level on the scattered

microparticle CaP/chitosan film.93 Similar observations

were reported by Garcia-Gareta et al.,60 showing that

nano-sized CaP crystals and relatively flat topographies

enhanced MSCs proliferation, while rougher, microscale

topographies enhanced osteogenic differentiation of

MSCs. Both of these reports indicated that nano-sized

CaP features enhanced cell proliferation, while micro-

sized CaP composites enhanced the osteogenic differ-

entiation of the cells.60,93

IN VIVO BONE REGENERATION
Several in vivo studies have shown favorable bone regen-

eration via nanostructuredCaPbiomaterials. The effect of

a composite’s particle size on alveolar bone reconstruc-

tion was studied in a rat osteoporotic alveolar bone

model.53 Micro- and nanoparticulate CaP/PLGA compo-

sites were applied to restore bone defects (1.6 mm in dia-

meter and 1.8 mm deep). The new bone amount

generated by the nanoparticulate CaP/PLGA group was

more pronounced than the micro-particulate CaP/PLGA

group. Adding autologous plasma further promoted the

bone regeneration, with the best bone regeneration via

the nano-particulate CaP/PLGA/plasma composite.53

Fricain et al., compared the bone regeneration potential

of scaffolds composing of natural hydrophilic polysac-

charides pullulan anddextran, supplementedwith orwith-

out nHA in five animal models.87 This study included two

heterotopic implantations (subcutaneously in mice and

intramuscularly in goat), and three orthotopic models of

critical-size defects in three different bony sites (femoral

condyle of rat, a transversal mandibular defect and a ti-

bial osteotomy ingoats). The results indicated that only the

nHA-incorporated scaffold induced a biological apatite

layer and favored the formation of a dense mineralized

tissue subcutaneously in mice, as well as osteoid tissues

after intramuscular implantation in goats. The addition of

nHA induced early bone regeneration in all three orthoto-

pic models regardless of the site of implantation.87 These

phenomena clearly demonstrated that new bone forma-

tion via nano-sized CaP composites is superior to conven-

tional-sized counterparts in vivo.

Beneficial in vivo effects can be further obtained by

seeding stem cells to nanostructured CaP materials.
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When a nHA/collagen I nanocomposite was enriched

with hMSCs for subcutaneous implantation, the time it took

for the development of a bonematrix was shortened from

2 weeks to 1 week.79 In another study on ectopic implan-

tation, nHA/CS/PLGA scaffolds combined with pre-osteo-

genic hUCMSCs achieved the most bone regeneration.96

Chai et al. seeded human periosteum-derived cells onto

3D-functionalized porous nCaP–Ti6Al4V hybrids.97 These

hybrids induced ectopic bone formation, which was

highly dependent on the physicochemical properties of

the CaP coating in a cell density-dependent manner.

Only a small amount of new bone spicules was found

around the hybrids when one million cells were seeded,

while substantial bone formationwas observed throughout
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the whole hybrids when three million cells were seeded.97

Besides seeding stem cells, the co-application of growth

factors in nano-CaP scaffolds can further enhance bone

regeneration. For example, in a rabbit calvaria bone

defect model, the triple application of MSC/nHA/plate-

let-rich growth factor yielded 29.45% and 44.55% of new

bone area at 6 and 12 weeks, respectively.98 In contrast,

bone formation in nHA, nHA/platelet-rich growth factor

and nHA/MSC at 6 and 12 weeks were 11.35% and

32.53%, 29.10% and 39.74%, and 25.82% and 39.11%,

respectively.98

Therefore, combining stem cells with nano-CaP scaffolds

can greatly enhance bone regeneration. Regarding the

types of stem cells, hBMSCs are the gold standard in stem

cell-based bone regeneration and have been successfully

used in clinics.99 However, the use of hBMSCs is hampered

by an invasive procedure to harvest, limited availability,

donor site morbidity, and loss of potency of stem cells

obtained from seniors and patients with diseases and dis-

orders.100 Therefore, other stem cell sources are critically

needed for bone regeneration. Currently, there are three

broad types of stem cells: adult stem cells, ESCs and iPSCs.

Adult stem cells can be found in stem cell niches such as

bone marrow, adipose tissue, umbilical cord, placenta,

etc. They exhibit a lineage-restricted differentiation poten-

tial and exhibit multipotency.101 In contrast, ESCs and iPSCs

can give rise to cell types of all three germ layers, which is

known as pluripotency. This feature makes these stem cells

an extremely valuable and potent cell source. ESCs are

obtained from the inner cell mass of blastocysts, while

iPSCs are derived from reprogramming of somatic

differentiated cells.102 hESCs involve complex cell culture

procedures, risks of tumorigenicity and ethical concerns.

Patient-specific hiPSCs with similar proliferation and differ-

entiation ability to hESCs has the potential to overcome

some of these hurdles. Thus, iPSCs are potentially the new

frontier for cell-based regenerative medicine research.

Several studies focused on the comparison of various types

of stemcells in combinationwith nano-CaP biomaterials to

repair bone defects. Chen et al.103 compared the in vivo

bone regeneration efficiency of hUCMSCs and hBMSCs on

a nano-crystalline CPC–chitosan–RGD scaffold in a nude

rat cranial bone defectmodel. It was found that the bone-

forming ability of hUCMSC–CPC constructs matched that

of hBMSC–CPC constructs. 103 Our recent study revealed

that, when seeded onmacroporous CPC scaffolds, hiPSC-

MSCs had good osteogenic capability comparable to

hUCMSCs and the gold-standard hBMSCs (Figure 3). After

implanting stemcell–CPCconstructs in critical-sized cranial

defects in rats, the new bone area fraction at 12 weeks for

hiPSC-MSC–CPC constructs was (30.465.8)%, which was

2.8-fold the (11.066.3)% of CPC control without cell seed-

ing (P,0.05). No significant differences in new bone area

fraction were detected among hiPSC-MSCs, hUCMSCs

and hBMSCs groups (P.0.1). The new bone exhibited an

organized morphology which is typical of mature bone,

manifested by the appearance of bonematrix with osteo-

cytes and blood vessels, and with newly formed bone

being lined by osteoblasts (Figure 4). Thus, hiPSC-MSCs

and hUCMSCs may represent viable alternatives to

hBMSCs and hESCs for bone regeneration. Reddy et

al.104 compared MSCs from four different sources (human

Osteocytes

Residual
CPC 

100 mm 

New bone

O
steoblasts

Residual
CPC 

New Blood Vessels

Figure 4.Highmagnification of hiPSC-MSC-seeded nano-apatite CPC scaffold implanted in critical-sized cranial defect in nude rats. Osteoblasts were
found aroundnewbone.Osteocyteswere found inside newbone.Newbloodvesselswere foundbothwithin andaround the newbone area.Newbone
areaswere stained in pink red andmarkedwith arrows. Thewhite areawas due to slight detachment of the tissue or decalcification of CPC. The black,
dark purple and light purple areas were residual CPC material.
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placenta, umbilical cord, fetal bone marrow and adipose

tissue), cultured in the presence of nanosized biphasic

ceramics. Placental MSCs demonstrated the best osteo-

genic potential based on expression of osteogenic mar-

kers and complete regeneration of bone defect in the

femur of rats when seeded with nanoceramic with a Ca/

P ratio of 1.58. Therefore, constructs using stem cells and

nano-CaP scaffolds are highly promising for bone regen-

eration in vivo.

The above-mentioned studies only seeded cells onto

the surfaces of preformedCaP scaffolds. This type of static

cell seeding method has limitations of low seeding effi-

ciency andminimal cell penetration into scaffold, leading

to non-uniformdistribution of cells.105 To address thesepro-

blems, cell micro-encapsulation has been proposed as

another approach to deliver cells. Alginate is commonly

used for cell delivery owing to its gentle gelling ability, and

free of detrimental effects to encapsulated cells.

However, the degradation of alginate is undesirably slow

and uncontrollable.106 Therefore, fast degradable algin-

ate hydrogels were developed via partial oxidation, and

the addition of fibrin further accelerated the degradation

to as early as 4 days.107 Our recent study encapsulated

hiPSC-MSCs in the fast degradable alginate-fibrin

microbeads,mixedwith CPCpaste (whichwas reinforced

by 10% absorbable fibers), and then transplanted into

nude rats using a double cranial bone defect model. The

CPC paste contained 50% of alginate-fibrin microbeads

which encapsulated hiPSC-MSCs. The control group had

the same CPC compositions with the same alginate-fibrin

microbeads but without encapsulating cells. As shown in

Figure 5, the cell-encapsulated group generated signifi-

cantly more new bone than the counterpart without cell

encapsulation at 3 months. The average new bone area

fraction in the ‘CPC–10% fibers–50% beads with hiPSC-

MSCs’ group was (38.9618.4)%, more than twofold the

(15.6611.2)% of the control group (P,0.05) (Figure 5). In

other studies, alginatemicrospheres andchitosan-coated

alginatemicrospheres were used to encapsulate cells.108–

109 Then themicrospheres were dispersed in CPC paste for

injection, one for subcutaneous implantation in nude

mice,108 and the other for rabbit femoral condylar

defects.109 In vivo implantation showed that cell-encap-

sulated groups degraded faster than the cell-free groups

and exhibited higher mineralization and bone forming

ability.108–109 The encapsulated cells were still detectable

in the graft areas 8 weeks postoperatively.109 These in vivo

results indicated that the encapsulated cells can be

released from the microspheres and survived in vivo,

while concomitantly creating pores in the scaffolds.

These studies demonstrated that cell microencapsulation

in combinationwith nano-CaP scaffolds is a promising tool

for enhancing the bone tissue engineering efficacy.

CONCLUSIONS
Nanostructured CaP biomaterials and scaffolds mimic

natural bone, and have high surface-to-volume ratios,

improved wettability and mechanical properties, and

increased protein adsorption and other desirable prop-

erties, compared to conventional counterparts. Nano-

CaP biomaterials have emerged as a promising class of

biomimetic and bioactive scaffolds capable of directing
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cell behavior andcell fateandenhancing tissue formation

in vivo. In general, nano-CaP scaffolds can support stem

cell attachment and proliferation and induce osteogenic

differentiation, in some cases without osteogenic supple-

ments. The influence of nano-CaP on cell alignment is less

prominent than polymers and metals, due to the non-

uniform distribution of the nano-CaP crystals. Nano-CaP

biomaterials can achieve significantly better bone regen-

eration in vivo than conventional CaP biomaterials. The

combination of various types of stem cells with nano-

CaP scaffolds can further accelerate bone regeneration,

the effect of which can be even further promoted by

growth factor incorporation. Cell microencapsulation in

combination with nano-CaP scaffolds is a promising tool

for bone tissue engineering applications to distribute cells

throughout the interior of the scaffold. Further studies are

needed to compare various types of nano-CaP composi-

tions and nanostructures side-by-side in vivo, and com-

pare the various types of stem cells in bone regeneration

efficacy. Studies should also focus on understanding the

bone tissue regeneration mechanisms via nano-CaP con-

structs, and tailoring the nano-CaP biomaterials and stem

cells types to further enhance bone regeneration in vivo

for various craniofacial and orthopedic applications.
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