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Hierarchical Structures of Bone and Bioinspired Bone 
Tissue Engineering
   Yan      Liu      ,           Dan      Luo      ,           and           Tie      Wang    *               

 Bone, as a mineralized composite of inorganic (mostly 
carbonated hydroxyapatite) and organic (mainly type 
I collagen) phases, possesses a unique combination 
of remarkable strength and toughness. Its excellent 
mechanical properties are related to its hierarchical 
structures and precise organization of the inorganic 
and organic phases at the nanoscale: Nanometer-
sized hydroxyapatite crystals periodically deposit 
within the gap zones of collagen fi brils during bone 
biomineralization process. This hierarchical arrangement 
produces nanomechanical heterogeneities, which 
enable a mechanism for high energy dissipation and 
resistance to fracture. The excellent mechanical properties 
integrated with the hierarchical nanostructure of bone 
have inspired chemists and material scientists to develop 
biomimetic strategies for artifi cial bone grafts in tissue 
engineering (TE). This critical review provides a broad 
overview of the current mechanisms involved in bone 
biomineralization, and the relationship between bone 
hierarchical structures and the deformation mechanism. 
Our goal in this review is to inspire the application of 
these principles toward bone TE. 
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1. Introduction

Mineralized biological materials such as bone and sea sponge 
exoskeletons consist of inorganic and organic phases organ-
ized in complex hierarchical architectures, with characteristic 
dimensions spanning from the nano- to the macroscale.[1–3] 
The organic phase plays a crucial role in templating the hierar-
chical structures of mineralized tissues. The resulting materials 
often exhibit excellent physical and chemical performances 
that cannot be achieved by simple combination of their inor-
ganic and organic components. Understanding the complex 
integration of hard and soft phases involved in natural min-
eralized tissues is of great value to materials chemistry and 
provides some useful strategies to synthesize hybrid materials.

Bone consists of cells embedded in extracellular matrix 
(ECM), which is a hierarchical network made from two major 
nanophases: Collagen fibrils assembled from type I collagen 
molecules (ca. 300 nm in length and 1.5 nm in diameter) and 
hydroxyapatite (HA, Ca10(PO4)6(OH)2) nanocrystals (plate-
shaped, 1.5–4 nm in thickness) deposited along the collagen 
fibrils.[4] The self-assembly process of collagen molecules 
defines the framework and spatial constraints for HA nuclea-
tion and propagation.[5] The HA nanocrystals are principally 
arranged with their c-axes parallel to the collagen fibrils and 
organized in a periodic, staggered arrangement along the 
fibrils.[6–8] This biomineralization process of bone proceeds 
via a matrix vesicle-mediated mechanism, in which the matrix 
vesicles are secreted by the outer membranes of bone-forming 
osteoblasts. The enzyme alkaline phosphatase present in the 
matrix vesicles cleaves the phosphate esters and acts as the 
foci for calcium and phosphate deposition.[9] A large number 
of non-collagenous proteins (NCPs) are strongly involved in 
the matrix vesicle-mediated mineralization process.[9–11] The 
precise arrangement of the inorganic and organic phases 
at the nanoscale forms a light-weight, adaptive and multi-
functional biomaterial. Like many mineralized tissues, bone 
derives its fracture resistance from various deformation and 
toughening mechanisms operating from the nanoscale struc-
ture to the macroscopic physiological scale.[12]

As the primary mechanical support for musculoskeletal 
locomotion, bone actively remodels throughout the life of a 

mammalian organism to maintain skeletal tissue integrity. The 
study of mammalian bone in a biomineralization and biomi-
metic context is particularly interesting because the informa-
tion obtained could have a significant biomedical impact on 
therapies and strategies to repair or regenerate human min-
eralized tissues. Our goal in this review is to summarize the 
current mechanisms involved in the formation of mineralized 
collagen in natural bone, to reveal the relationship between 
bone hierarchical structures and the deformation mechanism, 
and to highlight naturally evolved applications of these princi-
ples as an inspiration for engineering. Knowledge acquired in 
this field may inspire chemists and material scientists to synthe-
size novel hybrid materials, especially calcium phosphate (CaP) 
nanocomposites for the regeneration of human bone tissues.

2. Hierarchical Structures of Bone

Natural bone is a heterogeneous and anisotropic nanocom-
posite, the principal components of which are organized 
hierarchically into several structural levels, from the macro to 
the nanometer scale[1] (Figures 1 and 2). The outer geometry 
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Figure 1. Scheme showing the hierarchical organization of bone from the macro- to the nanoscale. Reproduced with permission.[1] Copyright 2015, 
Nature Publishing Group.
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and inner architecture of compact/cortical bone and spongy/
trabecular represent the macro- and mesoscopic struc-
tural levels. Compact bones consist of Haversian canals and 
osteons. The lowest (nano) hierarchical level features collagen 
and mineral as the main constituents of the nanocomposite-
forming mineralized collagen fi brils, which further assemble 
into fi bers arranged in geometrical patterns in lamellae and 
osteons. Weiner and Wagner fi rst proposed seven hierar-
chical levels in the organization of lamellar bone. [ 6 ]  Consid-
ering the presence of the ordered and disordered materials, 
Reznikov et al. further divided lamellar bone into nine hier-
archical levels (Figure  2 ). [ 13 ]  Although bone structure varies 
greatly among different locations in the skeleton, the basic 
building block of bone consisting of mineralized collagen 
fi brils remains the same throughout. [ 6,13 ]  It is the nanostruc-
tural level of organization that provides natural bone with its 
remarkable mechanical properties and remodeling capabili-
ties. Here, we focus on the molecular (level I) and nanostruc-
tural (level II) components of bone (Figure  2 ). 

    2.1 .        The Molecular Components of Bone 

  2.1.1 .        Collagen Structure 

 The organic matrix of bone consists of collagen (ca. 90%) sta-
bilized by water and a series of NCPs and lipids. Type I collagen 
(97%), the most abundant protein present in bone ECM, is 
synthesized by bone-forming osteoblasts with a highly repeti-
tive amino acid sequence [Gly (glycine)–X–Y] n , where X and 
Y are frequently referred to as proline and hydroxyproline 
residues. [ 14,15 ]  This repetitive nature allows three polypeptide 
chains (two a1 chains and one a2 chain) to fold into unique 
triple-helical tropocollagen molecules that are ca. 300 nm in 
length and 1.5 nm in diameter. The tropocollagen molecule 
is packed into secretory vesicles in the Golgi apparatus and 
then released into the extracellular space, where the ther-
modynamic process of collagen fi brils self-assembly is initi-
ated. After the procollagen N-proteinase and the procollagen 
C-proteinase cleave the C-propeptides and N-propeptides, 
fi ve tropocollagen molecules self-assemble into a microfi bril 
with the help of inter-molecular hydrophobic and electrostatic 
forces in a quarter-staggered fashion forming a 67-nm perio-
dicity (D-period) along the molecular axis, a 40-nm gap or 
hole between the ends of the molecules and a 27-nm overlap 
region ( Figure    3  ). [ 16–19 ]  Figure  3  illustrates the location of a 
series of charged amino acids that comprise 12 bands of the 
collagen D-period. These bands are identifi ed and marked as 
a3, a2, a1, e2, e1, d and c3 (within the hole zone) and c2, c1, 
b2, b1 and a4 (within the overlap zone). [ 19,20 ]  The gap zones 
are aligned to form thin (ca. 1.5 nm thick) extended slots 
(called grooves) in which the intrafi brillar crystals appear to 
grow and nucleate. [ 21–23 ]  Microfi brils can aggregate both later-
ally and longitudinally with other microfi brils in turn to form 
fi brils whose diameters vary in bone (ca. 100 nm) and whose 
lengths are too long to determine. When collagen is stained 
with heavy metal salts, a pattern of alternating dark and light 
bands perpendicular to the fi bril axis could be observed by 
the transmission electron microscopy (TEM); these bands 
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correspond to the different negatively and positively charged 
domains. [ 24,25 ]  The charged amino acids are expected to play 
an important role in bone biomineralization. 

  Collagen, the richest protein in the body, provides 
mechanical toughness. The alteration of collagen substruc-
tural properties is a signifi cant factor contributing to the 
reduced mechanical properties of bone in ageing and dis-
ease. Mutations in the collagen molecular structure by the 
COL1A1 gene (encoding the a1(I) tropocollagen chain) are 
strongly correlated with osteoporosis-related fractures. [ 26–28 ]  
Furthermore, dysfunctional synthesis of three a1(I) chains 
in osteogenesis results in imperfections during formation of 
a homotrimer of a1 helices, instead of heterotrimers (two a1 
chains and one a2 chain), which leads to an altered collagen 
structure, impaired bone mechanical properties and a more 
disorganized distribution of mineral apatites. [ 28–30 ]   

  2.1.2 .        Mineral Phase 

 To mineralize bone, bone-forming osteoblasts secrete vesicles 
containing alkaline phosphatase, which cleaves the phosphate 
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groups and acts as the foci for calcium and phosphate pre-
cipitation.[9] Bone mineral is mainly composed of HA with a 
Ca/P ratio of less than 1.67 and contributes to bone stiffness. 
Natural HA contains impurities such as carbonate (4–6%), 
sodium (0.9%) and magnesium (0.5%) ions as replacement 
groups in phosphate and hydroxyl sites, resulting in poorly 

crystalline, calcium-deficient and carbonated HA.[31,32] 
During the entire process of biomineralization in vivo, the 
mineral content shows a pronounced local variation and 
increases from low to intermediate and full mineralization.[30] 
The mineral phase of bone, as the stiff and brittle reinforce-
ment of the collagen matrix, strongly influences the stiffness 
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Figure 2. Representative TEM images of the different hierarchical levels of bone. The borders of the images are color-coded: green for the ordered 
material, blue for the disordered material and a graded color scale where both materials are present. Reproduced with permission.[13] Copyright 
2014, Acta Materialia Inc. Published by Elsevier Ltd.
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and breaking strain of bone: A more highly-mineralized bone 
matrix is stiffer but breaks earlier. [ 33,34 ]  

 Regarding the morphology of bone HA crystals, there has 
been much debate on platelets  vs . needles. The majority of 
studies describe HA as plate-like, as evidenced by TEM [ 35,36 ]  
and small angle X-ray scattering (SAXS). [ 37–40 ]  One possible 
reason for the needle-like appearance is that the side-on view 
of the HA crystals has the strongest absorption contrast in 
the TEM. In bone, the size of HA crystals varies with thick-
ness ranging from 2–10 nm, length from 20–50 nm, and width 
from 15–30 nm. [ 11,29,32,41 ]  This is partly because of the location 
of the crystals within the collagen fi brils (smaller) or between 
collagen fi brils (larger), [ 42 ]  and the type of mineralized tissue 
(e.g., animal species or mature mineralized tissue). Bone min-
eral is dynamic and is continually being resorbed and built 
anew during bone remodeling. The small size and/or non-
stoichiometry of the HA crystals presumably offers the min-
eral phase with the solubility required for bone resorption by 
osteoclasts. [ 9 ]  Changes in the shape and size of the HA crys-
tals affect bone strength. [ 43 ]   

  2.1.3 .        NCPs 

 NCPs make up ca.10% of the organic matrix and appear 
to be critical for regulating mineral nucleation and growth 
in bone biomineralization. [ 44,45 ]  The primary amino acid 
sequence of NCPs often contains a high density of aspartic 
acid and glutamic acid residues, which have a high affi nity 
for calcium ions because of their charged carboxyl groups. [ 11 ]  
The NCPs comprise the small integrin-binding ligand N-gly-
cosylation (SIBLING) proteins and non-SIBLING proteins. 
The SIBLING proteins, the major group of NCPs, contain 
dentin matrix protein1 (DMP1, 37- and 57-kD fragments), 
osteopontin (OPN, 66 kD) and bone sialoprotein (BSP, 
75 kD). [ 46–48 ]  These proteins are acidic and highly phospho-
rylated, and play crucial roles in the mineralization of bone 
and other collagenous tissues. [ 22,44,49 ]  The non-SIBLING 

proteins contain osteocalcin (OC, 6 kD), which is one of the 
richest NCPs in bone and is secreted exclusively by osteo-
blasts; osteonectin (ON, 40 kD), which can interact with cal-
cium ions. [ 48 ]  

 NCPs exhibit multifunctional roles in bone that are cru-
cial for determining the structural hierarchy and mechanical 
properties of bone. [ 50–53 ]  The removal of NCPs, such as BSP, 
OC and ON, in knockout mouse models results in alteration 
of bone geometry and reduction of bone mass and subse-
quently damages the mechanical properties of bone. Recent 
evidence suggests that NCPs such as OPN, BSP and OC can 
serve as ‘‘glue’’ at the collagen-apatite interface to restrain 
the disassociation of the mineralized collagen and conse-
quently enhance the toughness and stiffness of bone, [ 51–53 ]  as 
well as synthetic nanocomposites. [ 54,55 ]   

  2.1.4 .        Water 

 Apart from the mineral (65 wt%) and organic (25 wt%) 
phases, water (10 wt%) is the third main constituent of 
bone. [ 32 ]  Liquid water is present in the collagen channels in 
both unmineralized and mineralized bone, and contributes 
to the structural and mechanical properties of bone. [ 56,57 ]  At 
level I, water molecules existing between the collagen mole-
cules are responsible for the decreased spacing of these mole-
cules after dehydration. The mineralized lamellae contract 
less in the orthogonal direction than in the direction perpen-
dicular to the lamellar boundary upon drying (Figure  2 ). [ 13 ]  
Dehydration decreases the spacing between collagen mole-
cules, increases the elastic modulus and strength of collagen, 
and consequently reduces bone toughness. Water molecules 
stabilize the collagen structure, bridging adjacent molecules 
through hydrogen bonds. There is also evidence showing 
hydrogen bonding with water molecules on the surfaces of 
the bone apatites. [ 58–60 ]  The presence of water within defect 
sites in the HA lattice [ 61 ]  might suggest the important role of 
hydration layers in mineral formation. [ 62 ]  Furthermore, water, 
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 Figure 3 .       Two-dimensional model of the microfi brillar packing pattern of collagen molecules. Five collagen molecules comprise a microfi bril with 
D-period equal to 67 nm. Twelve bands are identifi ed in the gap (a3, a2, a1, e2, e1, d and c3) and overlap (c2, c1, b2, b1 and a4) zones. Reproduced 
with permission. [ 29 ]  Copyright 2005, Royal Society of Chemistry. Reproduced with permission. [ 20 ]  Copyright 2014, Elsevier Ltd.



reviews
www.MaterialsViews.com

6 www.small-journal.com © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

as an interfacial agent between collagen and apatite, plays 
a structuring role in bone biomineralization. It could orient 
apatite crystals through an amorphous calcium phosphate 
(ACP)-like layer that coats the crystalline core of bone apa-
tites.[63] Recently, Xu et al. showed that water localized within 
the collagen might have a crucial importance on CaP nuclea-
tion in intrafibrillar mineralization.[20]

2.2. Nanostructural Components

The second hierarchical level of bone is formed by the min-
eralization of collagen fibrils. The mineralized collagen fibril 
of ca. 100 nm in diameter constitutes the basic building block 
of the bone biomaterial (Figure 2).[4,6] Gao et al. proposed a 
self-similar hierarchical composite material with multi-levels 
of self-similar structures mimicking the staggered nanostruc-
ture of bone.[64] In their model, every higher level of structure 
was similar to the nanoscale level of bone (i.e., mineralized 
collagen fibril). Bone is a platelet-reinforced fibril nanocom-
posite that contains parallel plate-like HA crystals with their 
c-axes aligned with the long axis of the fibril.[6–8] This orienta-
tion of mineral crystals results in higher strength and stiffness 
of bone along its longitudinal axis.[11,30] The nucleation and 
growth of mineral apatites starts in the gap zones and then 
partially extends into the overlap zones, forming aggregates 
of staggered plate-like motifs.[35,38,65] The mechanism of the 
formation of mineralized collagen is discussed in detail in 
Section 5.

3. Relationship of Hierarchical Structures 
and Deformation Mechanism of Bone

Structural hierarchy is a prevailing feature that can be 
observed in many biological systems such as bone. The 
hierarchical structures of bone provide various interfaces 
from the millimeter to the nanometer scale following the 
order: Osteon (ca. 100 μm), lamella (ca. 5 μm), fiber bundle 
(ca. 1 μm), mineralized fibril (ca. 100 nm) and nanophases 
(collagen molecules and mineral particles).[66] The propaga-
tion of cracks always leads to destruction of materials. How-
ever, the unique structural hierarchy of bone, dispersing 
the deformation energy, enables bone to avoid accumula-
tion of microcracks and prevent further failure. There is a 
close correlation between orientation for crack propaga-
tion and various types of interfaces. In the outer bone shell, 
cracks propagate along the longitudinal cement line, which 
is the interface between osteons.[66,67] The longitudinal and 
transverse modulus ratio can be expressed in a simplified 
formula[68]: 

1P
P

P
P

V VL

T

ip

op
m m( )= −

 
(1)

where Pip/Pop is the modulus ratio between the inorganic 
and organic phases and Vm is the volume fraction of mineral. 
The longitudinal modulus is much higher than the trans-
verse modulus; therefore, deformation occurs parallel to the 

longitudinal direction. The driving force for crack propaga-
tion in the transverse orientation is five-times higher than 
that in the longitudinal direction. The interfaces maintained 
by weak forces will be sacrificed and locally broken during 
tensile deformation to dissipate energy. The maximum stress 
sustained by materials with cracks can be calculated using the 
Griffith equation[68]: 
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E
a

YK
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where γs is the damage energy, E is the Young’s modulus, 
a is the length of the crack and Y is the geometric param-
eter. The fracture toughness (Klc), representing the ability to 
resist crack propagation, can be determined by the following 
equation: 

21K Y Elc sγ= −
 

(3)

Within the bone nanostructure, HA nanocrystals and 
mineralized collagen fibrils behave as reinforcements. More-
over, mineralized collagen fibrils, the basic building block 
of bone, play an important role in energy dissipation and 
fracture resistance. This behavior may be attributed to their 
nanoscale hierarchical structures that combine the tough 
inorganic HA crystals with the flexible collagen fibrils. The 
deformation mechanism involving the delicate deformation 
of mineralized fibrils can be studied by in situ tensile testing. 
Gupta et al. obtained quantitative data for hydrated bovine 
parallel-fibered bone through this technique, analyzing the 
SAXS pattern from high-brilliance synchrotron radiation.[52] 
The SAXS patterns were used to analyze the fibril strain 
under applied stress: the HA nanocrystals were uniformly 
distributed in the gap regions of the fibrils with a spacing of 
ca. 0.46D. The gap zone moved apart once the deformation 
occurred, which resulted in changes in distance that were 
reflected in the SAXS pattern. The fibril strains and the 
elastic/inelastic transition points were plotted based on this 
technique. Additionally, the SAXS data of five equidistant 
points with an interval spacing of 1 mm along the sample 
were obtained. These data proved that fibril strain was spa-
tially homogeneous within the sample. The author inferred 
from a nanometer-level model that the interfibrillar matrix 
played a crucial role; this matrix is composed of proteins 
and protein-polysaccharide complexes. The tensile strain 
is influenced by both tensile stretching of the mineralized 
fibrils and interfacial shear deformation of the interfibrillar 
matrix. Microcracks emerged once the bone stretched 
beyond the critical interfacial shear strength between the 
collagen fibril and the interfibrillar matrix. The later work 
of Gupta et al. further clarified the hierarchy of the defor-
mation mechanism at the nanoscale through in situ tensile 
testing of fibrolamellar bone using synchrotron radiation 
SAXS/wide-angle X-ray diffraction measurements.[69] A 
correlation was found between the strain and hierarchical 
levels of nanocomposites wherein the strains continuously 
declined at the tissue, fibril and mineral particle levels at 
the ratio of 12:5:2. The fracture load with HA nanoparticles 
(0.15–0.20%) was about double that for bulk HA (0.10%), 
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which was attributed to the insensitivity of the nanostruc-
tured materials to defects. The high strain ratio between stiff 
HA nanoparticles and ductile collagen fi bril translates to a 
huge difference in mechanical properties, which is benefi cial 
to load transferal at the HA/collagen and fi bril/interfi brillar 
matrix interface. 

 The mechanical characteristics of mineralized collagen 
fi brils at the molecular level have been further elaborated 
through theoretical and analytical models. Although various 
models have been proposed by different groups to calculate 
the tissue modulus, these models invariably correlated the 
modulus and the hierarchical levels of the materials. The lon-
gitudinal modulus can be calculated according to the Halpin–
Tsai model [ 70 ] : 

 
1
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 where  E m   means matrix modulus;  ∅  is the mineral volume 
fraction; ρ is the percentage of mineral,  E p   refers to mineral 
modulus. 

 According to Gao et al., the modulus can be estimated as 
followins [ 64 ] : 

 

1 4 1 1
2 2E G EP mgρ

( )=
− ∅

∅
+ ∅
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 where G p  is the shear modulus of collagen (0.03 GPa); ρ is 
the aspect ratio of mineral (ca. 30 for bone) and E mg  is min-
eral elastic-modulus (100 GPa). 

 The modulus can also be written in terms of strains: [ 71 ] 
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 wher e E M   and  E C   refers to tensile moduli of mineral and col-
lagen phases, respectively, in the mineralized fi bril; F

T

ε
ε  is the 

fi bril-to-tissue strain ratio, M

T

ε
ε

 is mineral to tissue strain ratio 

and  E  ef  is the tensile modulus of the interfi brillar matrix. 
 Buehler et al. used a molecular dynamics simulation in a 

simplifi ed two-dimensional model to analyze the molecular 
mechanisms of collagen and HA crystals under a large defor-
mation of mineralized collagen fi brils. [ 72 ]  Their results indi-
cated that mineralized collagen fi brils could tolerate several 
hundred micrometers of deformation without leading to mac-
roscopic failure of the tissue. Follow-up work provided details 
of the deformation mechanism from a three-dimensional, 
full-atomistic mineralized fi bril model, as well as experi-
mental results that compared collagen fi brils with different 
mineralization levels. [ 73 ]  The computer-simulated minerali-
zation process was based on a geometric argument, i.e., HA 
nucleation and growth in the voids between packed collagen 

molecules. The simulated dimension of HA nanoplatelets 
(15 × 3 × 1.6 nm 3 ) in the gap region of mineralized collagen 
fi bril with 40% mineral density was in good agreement with 
the experimental results. Compared with pure collagen fi brils, 
the presence of HA crystals altered the deformation mecha-
nism under the accumulation of external load: the overlap 
region exhibited more deformation than the gap region in 
mineralized fi brils, while deformation of the gap region was 
more pronounced in pure collagen. The hydrogen bonds 
and salt bridges between HA and collagen molecules in the 
gap region of mineralized fi brils benefi t load transferal. The 
stress and strain distributions in mineralized fi brils were fur-
ther estimated: The inorganic phase could accommodate four 
times as much stress as the organic collagen phase; neverthe-
less, the strain in the collagen was two orders of magnitude 
higher than that in the HA crystals. The complementary dis-
tribution of stress and strain between HA and collagen aids 
energy dissipation and fracture resistance in bone. Qin et al. 
further investigated the infl uence of the HA–collagen inter-
face on the deformation mechanism. [ 74 ]  The enhancement of 
the tensile modulus of mineralized fi bril was accompanied by 
increased thickness of HA nanocrystals until the critical size 
of HA (ca. 2 nm) was reached. The continual thickening of 
the HA did not increase the tensile modulus, but did increase 
the brittleness of the HA–collagen composites. The presence 
of water led to a more consistent relationship between the 
thickness and tensile modulus or tensile strength of HAs 
having different chemical surface compositions.  

  4 .        Bone Biomineralization 

 Bone formation occurs biologically by intramembranous 
ossifi cation and endochondral ossifi cation depending on the 
type of bone. Intramembranous ossifi cation is common in the 
development of the skull and other fl at bones. This process 
involves the direct differentiation of mesenchymal progenitor 
cells into bone-forming osteoblasts; while in endochondral 
ossifi cation (i.e., primary bone formation), the progenitor 
cells form an intermediate cartilaginous template that is 
later rapidly mineralized. [ 31,75 ]  The mineralization produces 
a disorganized “woven” bone microstructure, in which the 
collagen fi brils are too narrow (10–20 nm in diameter) for 
the mineral to precipitate within them, thereby resulting 
in extrafi brillar mineralization. [ 76,77 ]  During development 
or after a fracture, the primary woven bone is gradually 
replaced by slower-growing lamellar bone (i.e., secondary 
bone formation) with highly-ordered collagen fi brils (ca. 
100 nm in diameter). [ 77 ]  Direct organization of the mineral 
apatites within them results in intrafi brillar mineralization 
of collagen (IMC). [ 78,79 ]  The resulting structure is an ordered 
mineral–collagen composite with several levels of hierarchy 
(Figures  1  and  2 ). 

 Although bone structure is reasonably well defi ned, its 
mineralization remains an enigma. Numerous models have 
been proposed to describe the complex process of collagen 
mineralization, but none has completely captured all of 
the known information. Controversies among researchers 
still exist regarding the mechanism of mineralization, the 
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existence of amorphous precursors and the role of matrix 
proteins. These aspects are reviewed in the following 
section.

4.1. Transient Precursor Strategy in Bone Biomineralization

The mechanism of the initiation of bone biomineralization 
remains controversial.[80] The transient precursor strategy for 
the initiation of biological apatite formation has been gradu-
ally adopted in the biomineralization community because 
apatite formation does not proceed directly by the associa-
tion of ions from solution.[81] Amorphous calcium phosphate 
(ACP) and/or octacalcium phosphate (OCP) intermediate 
have been suggested as precursor pathways to biological apa-
tite formation.

The structure of OCP contains hydrogen phosphates and 
water layers within apatite-like layers, which may account 
for the observed plate-like crystals in natural bone.[82,83] 
Recently, OCP-like phosphate ions have been identified in 
early intramembranous bone mineral by Raman spectros-
copy.[84] These data might suggest that OCP is the precursor 
for biological apatite formation. However, the OCP-pre-
cursor theory is still not widely accepted because of a lack of 
compelling and irrefutable structural in vivo evidence.

Evidence is accumulating for the ACP-precursor theory 
in biological apatite formation. Using improved methods of 
imaging and structure determination such as high-resolution 
TEM and cryo-TEM, an abundant transient ACP phase 
has been identified in the formation of apatite crystals in 
newly formed bones and teeth (Figure 4).[85–87] Biominer-
alization of biogenic calcium carbonate in sea urchin spines 
and spicules also begins with the formation of transient 

amorphous precursors.[88–90] The ACP-precursor theory has 
been further confirmed by in vitro studies, which offered 
direct evidence of transformation of ACP into apatite crys-
tals.[32,91–94] The amorphous precursor formation in calcium-
based biominerals is thought to proceed through stable 
prenucleation clusters that are already present in solution 
before the development of oriented apatite crystals in both 
calcium carbonate[95,96] and CaP[97,98] (Figure 5). Habraken 
et al. recently revealed that CaP prenucleation clusters are 
calcium triphosphate complexes that can aggregate into 
branched three-dimensional polymeric structures from 
which nucleation of ACP takes place through the simulta-
neous binding of calcium to form ca. 1.2-nm postnucleation 
clusters and their aggregation and precipitation as spherical 
particles.[99]

4.2. Role of NCPs in Bone Biomineralization

A wide range of NCPs, identified at the mineralizing bounda-
ries of bone, are expected to play essential roles in the regu-
lation of bone biomineralization, such as by initiating ACP 
formation, apatite nucleation and crystal growth, as well as 
by inhibition.[11,44] The SIBLINGs are acidic phosphoproteins 
that show site-specific binding to collagen molecules and 
have a capacity to interact with or accumulate calcium ions 
in their vicinity.[44] He et al. found that the acidic domains 
of DMP1 initiated ACP nanoparticles and regulated the 
phase transition from calcium ACP to carbonated HA.[45,100] 
DMP1 also has been shown to serve as a template for apa-
tite nucleation and growth within the gap zones of collagen 
fibrils[44,100] (Figure 6). Acidic amino acids in OPN phospho-
peptides appear to contribute to HA-inhibiting activity by 
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Figure 4. a–c) TEM, high-resolution cryo-scanning electron microscopy (SEM) and energy-selective backscattered images of mineral particle 
aggregates. d) Corresponding selected area electron diffraction (SAED) pattern of the encircled particle in panel a), showing amorphous scatter 
of diffuse rings. e) Corresponding SAED pattern of the rectangle in panel a), showing poorly crystalline diffraction. f) Corresponding SAED pattern 
of the particle in the inset, showing a clearly crystalline diffraction pattern. g) Corresponding SAED pattern of the encircled area examined after 
storage for 1 week at room temperature. Scale bars = 100 nm. Reproduced with permission.[85] Copyright 2008, National Academy of Sciences, 
USA.
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producing an electrostatic repulsion of inorganic phosphate 
ions once the protein is adsorbed to the crystal surface. How-
ever, BSP facilitates HA nucleation when immobilized on 
the collagen fi brils. Furthermore, the mineralization effect of 
BSP is closely correlated with acidic, glutamate-rich peptide 
sequences. [ 101 ]  

  Functional motifs within the NCPs are particularly 
important for mineralization. Phosphatases such as enzyme 
alkaline phosphatase [ 9 ]  and PHOSPHO1, [ 102 ]  which is highly 
expressed within matrix vesicles, play a critical role in the ini-
tiation of mineral formation. [ 9,103 ]  Phosphorylation of NCPs 
is essential for apatite nucleation and growth within collagen 
fi brils. [ 100 ]  The phosphorylation level of OPN regulates the 
inhibition or nucleation of HA. [ 104,105 ]  A recent study com-
pared the effect of phosphorylated vs. non-phosphorylated 
DMP1 on collagen mineralization and showed that the 
former facilitated highly organized IMC ( Figure    7  ). Con-
versely, the use of non-phosphorylated DMP1 resulted in 
randomly oriented intrafi brillar crystallites, with no particular 
orientation of their crystallographic axes with the longitu-
dinal axis of the collagen fi brils. [ 49 ]  

     5 .        In Vitro Models to Explain the Mechanisms 
of Intrafi brillar Mineralization in Bone 

 Vertebrate mineralized connective tissues such as bones pos-
sess unique mechanical properties that are required to resist 
various stresses and forces. These properties derive from the 
precise collagen–mineral architecture, in which carbonated 
HA crystals preferentially deposit inside the gap zones of col-
lagen molecules during the early stages of mineralization and 
partially extend into the overlap zones of collagen molecules 
in the later stages of mineralization, forming cross-banding 
pattern. [ 36,106–109 ]  To understand the mechanisms underlying 
this intrafi brillar mineralzation, various in vitro models have 
been developed, including electrostatic interaction, capillary 
force and size-exclusion models. 

  5.1 .        Electrostatic Interactions 

 It is generally accepted that vertebrate mineralization occurs 
in extracellular compartments closely correlated with organic 
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 Figure 5 .       a) Two-dimensional cryo-TEM images of different stages of surface-induced apatite nucleation from simulated body fl uid. Scale bar = 50 nm. 
b) Computer-aided three-dimensional visualizations of tomograms. The inset SAED at stage 4 shows that the spherical particles attached to the 
monolayer are amorphous. The inset SAED at stage 5 can be indexed as carbonated hydroxyapatite (HA) with a [ 110 ]  zone axis. c) Scheme of the 
mineralization process in panel a). Reproduced with permission. [ 97 ]  Copyright 2010, Nature Publishing Group.
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matrix components. The multiple electro-
static interactions between charged side 
chains of associated proteins in ECM and 
free calcium or phosphate ions may pro-
mote nucleation of CaP minerals in verte-
brate mineralization.

The functional role of type I collagen 
in bone biomineralization remains con-
troversial, even after several decades of 
research. Early studies suggested that 
there is no direct interaction between 
collagen and mineral phase. Collagen 
itself could not initiate biominerali-
zation, but acted as a passive depot 
for resettlement of apatite crystallites 
through interactions with NCPs.[11,110] 
The acidic NCPs could specifically bind 
to the gap zones of collagen molecules 
inducing mineral nucleation inside the 
collagen fibrils.[111] Matrix phosphopro-
teins, as highly-phosphorylated poly-
anionic macromolecules, could attract 
calcium ions and serve as templates 
for nucleation and growth of apa-
tites within the gap zones of collagen 
fibrils.[44,91,92,100] During this process, the 
comparatively loose amorphous struc-
ture of ACPs is transformed into a more 
closely-packed crystalline structure.[112]

In contrast to the previous studies, 
type I collagen was recently proposed 
to take an active role in biomineraliza-
tion by serving as a template. The elec-
trostatic attractions between collagen 
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Figure 7. TEM images and corresponding diffraction patterns of crystallites formed in the presence of recombinant nonphosphorylated and 
phosphorylated DMP1 at different concentrations. Reproduced with permission.[49] Copyright 2011, American Chemical Society.

Figure 6. a) Structural analysis of DMP1 in the absence and presence of calcium by the ab initio 
program GASBOR. b) Proposed model for the dual functional role of DMP1: inhibition of spontaneous 
mineral precipitation and promotion of controlled mineral nucleation on a collagenous template. 
Reproduced with permission.[44] Copyright 2008, American Chemical Society.
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and calcium ions or ACP nanoparticles directly induce 
apatite deposition within the gap zones. Systematic anal-
ysis of the primary amino acid sequence of human type I 
collagen indicated that collagen molecule is a biomacro-
molecule rich in charged amino acids and these charged 
amino acids are thought to be oriented toward the gap 
zones of collagen molecules. [ 23,113 ]  Since the e1 and e2 
bands are the earliest mineralization sites in vivo, [ 23 ]  Xu 
et al. analyzed the e1 and e2 band structures around the 
gap zones using molecular dynamics simulations and found 
that most of these charged sidechains were concentrated 
at one or two positions along the collagen backbones of 
the e1 and e2 bands ( Figure    8  ). [ 20 ]  The charged groups 
in the e2 band were even more densely distributed than 
those in the e1 band. The charged sidechains in both bands 
can potentially sequester and bind calcium ions through 
electrostatic interactions; thereby templating nucleation 
of amorphous CaP clusters in the mineralization process. 
This study confirmed that CaP mineralization proceeds by 
means of amorphous prenucleation clusters. [ 97,98 ]  Based 
on these findings, type I collagen appears to provide a 
molecular framework for directing apatite formation 
without any intervention of other ECM components. In 
this regard, the in vitro simulated experiments also proved 
that purified collagen molecules promote nucleation of 
apatite in the absence of any other vertebrate ECM mole-
cules. [ 114–116 ]  Wang et al. further revealed that the collagen 
matrix affects the atomic-scale structural characteristics 
and controls the size and three-dimensional distribution 
of apatite. [ 116 ]  Moreover, Nudelman et al. enriched this 
theory that collagen could also attract negatively-charged 
polyanion-stabilized prenucleation clusters into positively 
charged regions of collagen fibrils, which further control 
the apatite nucleation. [ 94,98 ]  

    5.2 .        Capillary Force Theory 

 In contrast to other theories, this model suggests that HA 
crystals do not initially nucleate within the gap zones, but 
derive from a liquid-phase amorphous precursor, which can 
be drawn into the nanoscopic gaps and grooves of collagen 
fi brils by means of a capillary force. Once the precursor 
entering into the gap region, solidifi cation and crystallization 
upon loss of hydration waters subsequently occur to acquire 
thermodynamically stable phase, resulting in IMC. [ 32,117 ]  
This theory is based on the hypothesis that the initial min-
eral phase is transient ACP stabilized by acidic NCPs and 
the capillary action occurs within an aqueous mineralization 
solution. A highly specifi c, epitaxial-type interplay with acidic 
NCPs is not necessary to promote crystal nucleation and 
direct crystal orientation. [ 111 ]  Instead, collagen fi brils them-
selves actively regulate the nucleation of oriented crystals.  

  5.3 .        Size-Exclusion Theory 

 The size-exclusion theory proposes that the collagen fi bril 
not only provides the aqueous compartments for mineral 
grows, but also acts as a gatekeeper in bone biomineraliza-
tion: proteins with molecular weight smaller than 6 kDa 
can freely diffuse into the inner spaces of the collagen 
fi bril whereas molecules weight larger than 40 kDa pro-
tein are excluded from this water. [ 118 ]  In this regard, large-
size acidic NCPs inhibit mineralization outside the collagen 
fi bril because NCPs with large dimension are repelled out-
side the gap zones. Consequently, crystal growth is selec-
tively inhibited everywhere but within the collagen fi bril, 
resulting in initial mineral deposition in the gap zones of the 
fi bril. [ 119 ]  Most SIBLING proteins, such as BSP, appear too 
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 Figure 8 .       Confi gurations of charged sidechains around the e1 and e2 bands of the gap zone. a,d) View down the crystallographic  c -axis. Dashed 
black circles: gap zones. b,e) View parallel to the crystallographic  c -axis. Dashed blue ellipses: closely-interacted sidechains. The backbone of the 
molecules is shown in a yellow ribbon format. c,f) The fraction of charged sidechains pointing into the gap zone for each collagen molecule. The 
blue color represents positively charged groups; the red color represents negatively charged groups. Reproduced with permission. [ 20 ]  Copyright 
2014, Elsevier Ltd.
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large (Mw > 40 kDa) to enter into the collagen fibril and 
their phosphorylated conformations might extend into inter-
fibrillar spaces, attracting calcium and phosphate ions and 
leading to apatite nucleation.[22,120–122] Only single ions and 
molecules with Mw < 6 kDa, such as OC, are considered as 
small enough to diffuse into the gap regions.[122] Therefore, 
BSP and OC, would appear to regulate apatite nucleation 
and growth in the interfibrillar spaces in bone mineralization 
in vivo, which supports a recent hypothesis of collagen-medi-
ated mineralization.[22,23]

6. Synthesis Strategies of Bioinspired CaP 
Nanocomposites

6.1. Classical Ion-Mediated Crystallization Strategy for Bulk 
CaP Composites

Traditional in vitro collagen mineralization strategies often 
involve the use of metastable calcium and phosphate ion-con-
taining solutions and/or various forms of simulated body fluid 
as the reaction media.[123–126] The classical ion-mediated crys-
tallization theory considers nucleation formed by reaction 
between ions in metastable solution and subsequently grow 
into larger crystallites. This process starts from clusters gen-
erated by primary building blocks like atoms, ions or mole-
cules and grow further via ion-by-ion attachment and unit 
cell replication.[127–129] (Figure 9). The cited studies primarily 
reported extrafibrillar mineralization of collagen (EMC), 
where apatite crystals were randomly oriented on the surface 
of the collagen fibrils. During this process, the enrichment of 
calcium cations on the surface of collagen fibrils resulting in 
formation of spheric clusters and local supersaturation fol-
lowed by apatite nucleation.[14,130,131] Although CaP mineral 
dimension could be successfully controlled by the classical 
crystallization model, it is difficult to replicate the native 
bone hierarchical nanostructure generated from intrafibrillar 
mineralization.[132] The EMC is limited to its insufficient 
strength, which makes it not suitable for further application 
of bone TE.[133–135]

6.2. Polymer-Induced Liquid-Precursor (PILP) Pathway 
for Intrafibrillar Mineralization

The contemporary concept of biomineralization has been 
recently advanced by the identification of non-classical par-
ticle- and precursor-based crystallization mechanisms.[136] 
Different from the classical ion-mediated crystallization 
strategy, formation of amorphous precursor phases, instead of 
nucleation, is considered to be the fundamental step in min-
eralization.[88,89] Gower et al. initially proposed the concept 
of polymer-induced liquid precursor (PILP), which provides 
a general way for a broad range of crystalline materials to 
control phase transformation processes.[117,137] The plasticity 
of the PILP phase allows it to be portrayed as various non-
equilibrium crystalline structures (Figure 10).[117,138,139]

A fundamental breakthrough in simulating the native 
bone IMC has been developed using the PILP strategy. This 
strategy proposes that a liquid-phase mineral precursor is 
infiltrated into the gaps and grooves of the collagen fibrils 
by means of a capillary force.[32,117] The adjunction of acidic 
polymers (i.e., simple analogs of NCPs) to the supersaturated 
mineralization solution stabilizes a highly-hydrated amor-
phous precursor and simultaneously delays nucleation and 
growth of crystals to form a metastable solution.[32,140–143] The 
collagen fibrils themselves can actively regulate the nuclea-
tion of oriented HA crystals. Recently, OPN, one of the NCPs 
in bone ECM, was applied in the PILP process, which is 
similarly served as a process-directing agent for the IMC for-
mation. Moreover, the inclusion of OPN promotes the inter-
action between osteoclasts and PILP-remineralized bone. 
These findings suggest that the PILP process may allow for 
biomimetic bone graft substitutes with bioresorbable prop-
erty through the cellular processes of bone remodeling.[144] 
However, the HA crystals formed in the PILP process are 
uniformly distributed within the gap and overlap regions 
of the collagen fibrils, resulting in formation of continuous 
apatite strands throughout the entire D-period of type I col-
lagen.[32] Recreating the architecture of IMC from an amor-
phous precursor is an important step toward reproducing 
the hierarchical nanostructure of natural bone. This PILP 
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Figure 9. a) Schematic illustration of the classical crystallization theory. b) SEM image of EMC, showing apatite clusters around the collagen 
matrix. c) Unstained TEM image of EMC. Open arrow: unmineralized collagen. a) Reproduced with permission.[129] Copyright 2006, Royal Society 
of Chemistry. b,c) Reproduced with permission.[135] Copyright 2011, American Chemical Society.
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strategy, by using acidic polymers alone as an apatite nuclea-
tion inhibitor, challenges earlier fi ndings that the phospho-
rylated conformations of NCPs are strongly involved in the 
mineralization of collagenous tissues. [ 44,49,100 ]   

  6.3 .        Dual Biomimetic Analog-Based Bottom-Up Strategy 
for Hierarchical Intrafi brillar Mineralization 

 Inspired by the dual functional role of matrix phospho-
proteins in bone biomineralization, [ 145,146 ]  Tay et al. pioneered 

a dual biomimetic analog-based bottom-up strategy to 
reproduce the hierarchical organization of apatites in the 
native bone IMC ( Figure    11  ). [ 91,92,135,147,148 ]  Polycarboxylic 
acids such as polyacrylic acid (PAA) or polyaspartic acid 
were employed as biomimetic NCP analogs for binding and 
sequestering calcium ions to prevent aggregation of fl uidic 
ACP nanoparticles and auto-transformation of the ACP 
nanoparticles into apatite before they enter into the intrafi -
brillar water compartments of the collagen fi bril. Addition-
ally, polyphosphates including polyvinylphosphonic acid, 
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 Figure 10 .       a–c) Schematic illustration of the PILP process. a) Negatively-charged polymer stabilized ACPs (arrow) adsorb to the positively-charged 
C-propeptide of the collagen fi bril. b) ACP nanodroplets infi ltrate into the space through the fi bril. c) ACPs crystallize forming lamellar HA crystals. 
d) Bright-fi eld TEM image of a single mineralized fi bril mineralized by the PILP process. e) Corresponding SAED pattern of panel d) demonstrates 
that the mineral phase is HA. f) Dark-fi eld TEM image of the same fi bril, using the [002] refl ection, shows the prevalence of oriented crystallites 
within the fi bril. Reproduced with permission. [ 117 ]  Copyright 2008, American Chemical Society.

 Figure 11 .       Scheme of different mineralization processes using different combinations of sequestration and templating analogs. Reproduced with 
permission. [ 91 ]  Copyright 2010, Elsevier Ltd.
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sodium trimetaphosphate (STMP) and sodium tripolyphos-
phate (TPP) were used as another biomimetic NCP analog 
for templating deposition of intrafibrillar apatites. Because 
self-assembled purified collagen molecules do not comprise 
bound matrix proteins, a two-dimensional single layer of 
collagen fibrils was reconstituted and mineralized using this 
biomimetic bottom-up strategy.[91,92,135] After 24 h, the apa-
tites with poor crystallinity attached to the D-spacings of col-
lagen fibrils and mainly deposited in the gap zone templated 
by TPP (Figure 12a,b). The deposition of apatites along 
the gap zone became denser after 48 h, resulting in distinct 

cross-banding pattern (Figure 12c). After 72 h, the unstained 
nanocomposites were heavily mineralized with intrafibrillar 
HA nanoplatelets, which reproduced hierarchical nanostruc-
ture of the native bone IMC (Figure 12d–g).[135] Exploiting 
the basic processes of reconstituted collagen in the context 
of intrafibrillar mineralization could create opportunities 
for the design of TE materials for hard tissue repair and 
regeneration.

Previous studies have shown that IMC can be produced 
by using poly(aspartic acid) alone as a nucleation inhibitor 
to stabilize ACP, without the adjunctive use of polyphos-
phate analogs.[32,94,149,150] Although this biomimetic miner-
alization strategy can reduce preparation time of mineralized 
collagen scaffolds from a TE perspective, this simplified 
approach can not lead to universal success and ignores the 
widespread existence of highly phosphorylated NCPs in 
bone biomineralization. A recent study compared the effect 
of using single (sequestration) vs. dual (sequestration and 
templating) biomimetic analogs for mineralization of a two-
dimensional single layer of collagen fibrils.[91] The results 
showed that IMC with continuous apatite strands instead of 
cross-banding pattern was acquired by using PAA only as an 
apatite nucleation inhibitor. Conversely, the adjunctive use 
of STMP as a templating analog led to IMC with discrete 
apatite crystallites (Figure 13). One reasonable explanation 
for formation of continuous apatite strands might ascribe to 
the PILP process mentioned above: the PAA-stabilized ACP 
nanoparticles infiltrated into the interconnecting water-filled 
spaces within collagen fibrils and further transformed into 
continuous single crystalline throughout the gap and overlap 
regions. Such a crystallization mechanism creates IMC enti-
ties similar to the monolithic single-crystal structure of sea 
urchin spines and siliceous bio-skeletons.[151,152] Moreover, 
release of poly(anionic) acid into the intrafibrillar compart-
ments may lead to penetrated swelling and relaxation of the 
collagen microfibrillar arrangement, which promotes con-
tinuous apatite growth extending from the gap zones into 
overlap zones, and consequently forming continuous strands. 
Conversely, electrostatic binding of polyphosphates to col-
lagen fibrils may inhibit continuous apatite growth along the 
overlap zones, thereby confining apatite platelets within the 
gap zones.[91] Although the PILP mineralization mechanism 
is important in an amorphous precursor-based biominerali-
zation system, formation of a continuous single crystal is not 
what Nature has intended apatite to be precipitated within 
collagen fibrils in vertebrates for the purpose of bearing 
loads.[69]

6.4. Bioinspired Intrafibrillar Mineralization 
by Poly(amidoamine) Dendrimers

Intrafibrillar mineralization of collagen with bone-like 
hierarchy can be achieved by the dual analog-based stra
tegy,[91,92,135,147,148] which involves two different NCP ana-
logs in solution and multiple steps. Therefore, a more facile 
strategy based on one analog to fulfill dual functional role 
of NCPs in hierarchical, intrafibrillar mineralization is really 
desirable. Dendrimer is a kind of mono-dispersed polymer 
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Figure 12. a) Unstained TEM image of the initial stage of periodic 
apatite arrangement. Inset: SAED reveals poor crystallinity. b) Stained 
fibril mineralized for 24 h. c) Stained fibril mineralized for 48 h. 
Scale bar = 50 nm. d) Unstained fibrils mineralized for 72 h. e) High 
magnification of panel d), showing mineral platelets (arrow) arranged 
along the long axis of fibril (double arrowhead) resulting in a distinct 
cross-banding pattern (arrowheads). f) Corresponding SAED pattern of 
panel e), showing arc-shaped diffraction patterns. g) Fractured fibril 
indicating intrafibrillar apatite platelets (arrowheads). Reproduced with 
permission.[135] Copyright 2011, American Chemical Society.
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with highly-ordered/easily tailored architecture (i.e., control-
lable steric strucutre and functional group), which makes it 
as an ideal candidate for NCP analog. [ 153 ]  Poly(amido amine) 
(PAMAM) dendrimer has been widely applied to regulate 
the size and shape of HA in the biomineralizaiotn fi eld. [ 154,155 ]  
Yang et al. synthesized an amphiphilic PAMAM dendron 
with a self-assembly behavior similar to amelogenin, which 
initially aggregated to nanospheres and further translated 
to linear chains to induce HA mineralization in vitro. [ 156 ]  
However, free dendrimer in solution has low binding capa-
bility to HA and could not obtain in situ regeneration or 
remineralization. Therefore, Wu et al. conjugated PAMAM 
dendrimer with alendronate, which could easily adsorb on 
the surface of HA, and fi nally induced in situ remineraliza-
tion of tooth enamel. [ 157 ]  They further achieved intrafi brillar 
mineralization of reconstituted single layer of type I collagen 
fi brils by using carboxylated PAMAM dendrimer (PAMAM-
COOH) [ 158 ]  ( Figure    14  ). In that study, the PAMAM-COOH 
was immobilized on the collagen fi brils via electrostatic 
interaction and size-exclusion properties (Mw = 10.1 kDa), 
and ACP nanoparticles existed during the initial stage of the 
remineralization process. This strategy based on one analog 
to fulfi ll sequestration and templating functions of NCPs [ 159 ]  
was much simpler and could realize in situ collagen reminer-
alization. However, the cross-banding pattern of mineralized 
collagen is not obvious. This may be due to the structure of 
the reconstituted collagen fi brils, which did not show distinct 
periodicity (Figure  14 a). 

     7 .        Bioinspired Bone Tissue Engineering 

 Bone is a complex and dynamic form of mineralized col-
lagenous tissue that remodels throughout life to adapt to 
mechanical stress, and maintain ionic balance and skel-
etal tissue integrity. Bone loss frequently occurs in the fol-
lowing situations: the imbalance between bone formation 
and resorption that is associated with osteoporosis, large 
bone defi ciencies caused by severe trauma, congenital mal-
formations and surgical resections; therefore alternatives are 
required to reverse bone defects and regenerate bone. [ 160 ]  
The bone grafts from autologous (i.e., from a patient’s own 
body) or allogeneic (from another human) sources are widely 
applied in conventional strategies for bone repairing. How-
ever, complications such as donor-site morbidity, limited 
supply and dimensions, host immune rejection and disease 
transmission limit their further applications. [ 161–163 ]  Bone TE 
is a rapidly developing discipline to repair, replace or regen-
erate the lost bone. Investigation the chemical composition 
and hierarchical micro- and nanostructures of natural bone 
provide a favorable strategy to reproduce biomimetic artifi -
cial bone grafts. 

 Bioinspired fabrication of bone tissue involves applying 
principles identifi ed from both bone mineralization pro-
cesses and bone’s structural and mechanical properties. How-
ever, incorporating all characters presented in natural bone 
formation into bone TE is still challenging, since the bone 
tissue is inherently dynamic and complex. A general goal of 
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 Figure 13 .       a–c) Unstained TEM scopy images of collagen mineralized in the presence of sequestration and templating analogs. a) 24 h of 
mineralization, showing cross-banded collagen fi brils containing amorphous electron-dense minerals (inset). b,c) 72 h of mineralization, showing 
the hierarchical arrangement of overlapping nanoplatelets. Inset: SAED showing ring patterns. d–f) Unstained TEM microscopy images of collagen 
mineralized in the presence of sequestration analogs only. d) 24 h of mineralization, showing swollen, electron-dense fi brils with a smooth 
appearance. Inset: SAED showing amorphous mineral phase. e,f) 72 h of mineralization, showing continuity of the mineral strands and absence of 
cross-banding patterns. Inset: SAED showing ring patterns. Reproduced with permission. [ 91 ]  Copyright 2010, Elsevier Ltd.
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bioinspired bone TE is to generate bone grafts that: (1) mimic 
the chemical composition and nanostructure of the bone sur-
face because biocompatibility, surface properties and biodeg-
radation are important aspects of bone-grafting scaffolds;  
(2) simulate the structural and cell-interactive properties 
of the bone ECM; (3) provide sufficient initial mechanical 
strength and stiffness to substitute for lost bone, support pro-
liferation and differentiation of osteoblasts and the expres-
sion of bone ECM; and (4) possess a three-dimensional 
porous interconnected network with adequate mechanical 
strength for vascular tissue ingrowth.[164] Since bone ECM is 
a nanocomposite containing collagen and HA mineral, bio-
mimetic nanocomposites based on collagen and CaPs, and 
nanofibrous scaffolds with well-defined architectures are 
selected for discussion as follows.

7.1. Self-Assembly of Collagen Nanofibers

During bone biomineralization process, the self-assembly of 
collagen fibrils defines the framework and spatial constraints 
for HA growth. Therefore, the in vitro self-assembly and min-
eralization of collagen have drawn much attention in bone 
TE. Early studies to reproduce bone ECM focused on using 
a synchronous collagen biomineralization process, which 
was initiated by the precipitation of an ACP phase when the 
self-assembly of collagen fibril began.[165–167] The ACP phase 
was then is slowly transformed to nanocrystalline HA, which 
precipitated on the surface of collagen fibrils. The resultant 
homogenous collagen/CaP nanocomposite could be formed 
into membrane-like “tapes”, which could induce osteogenic 
differentiation of human marrow stromal cells[168,169] and 
showed degradation rate similar to bone matrix in vivo.[170] 

For the application in bone TE, three-dimensional porous 
collagen/CaP scaffold was further produced by a freeze-
drying process, which leads to interconnecting pores with 
diameters of approximately 200 μm suitable for homogenous 
cell seeding and new bone ingrowth (Figure 15).[171,172] How-
ever, this synchronous collagen biomineralization process 
neglects the important role of NCPs in HA biomineralization 
and could not reproduce the nanoscale architecture of native 
bone, which may result in low compressive strength.

To reproduce a functional, engineered bone tissue with 
consistency of structural and biological functions, the most 
important factor is to design scaffolds with nano- and micro-
sized architectures similar to those of native bone. Using a 
modified biomimetic mineralization approach, Liu et al. 
demonstrated the principle of hierarchical mineralization 
within a fibril at the molecular and nanoscale levels. The ACP 
nanodroplets promoted aggregation of microfibrils to form 
nanofibers; meanwhile, the microfibrils, in turn, templated 
hierarchical arrangement of nanodroplets in periodically-
spaced gap zones or intermolecular spaces.[93] According 
to atomic force microscopy (AFM) results, this hierarchical 
IMC exhibited better mechanical properties compared with 
pure collagen and EMC (Figure 16). This finding was similar 
to the behavior of natural bone, whose mechanical proper-
ties mainly arise from the intrafibrillar apatites within the 
gap zones of the fibrils.[7,69,173] Furthermore, the three-dimen-
sional fibrillar matrices of IMC provided excellent biological 
functions, including initial cell biocompatibility, further cell 
differentiation and mineralization (Figure 17).[93,174] It is sug-
gested that improved nanomechanics and biological func-
tions could be achieved through simulating a hierarchical 
architectures of natural bone, which may eventually result in 
novel biomaterials for bone grafting and TE applications.

Figure 14. a) Stained TEM image of reconstituted collagen fibrils. b) Unstained collagen fibrils immobilized with PAMAM-COOH and mineralized in 
artificial saliva for 3 days. c) Magnification of fibrils in panel b). d) Magnification of the coalesced nanoprecursors in panel b) (arrows). e) Unstained 
collagen fibrils immersed in artificial saliva for 7 days. f) Unstained collagen fibrils immobilized with PAMAM-COOH and mineralized in artificial 
saliva for 7 days. Inset: SAED of the fibril suggesting an amorphous mineral phase. g) PAMAM-COOH immobilized collagen fibrils mineralized for 
14 days. h) Magnification of panel g). Inset: SAED of the fibrils showing apatite mineral phase. Reproduced with permission.[158] Copyright 2013, 
Elsevier Ltd.
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     7.2 .        Dense Liquid Crystalline Collagen Scaffolds 

 Lamellar bone has a microstructural arrangement, in which 
adjacent lamellae of parallel fi bril arrays have offset direc-
tions. [ 175 ]  This mesoscale arrangement is due to the cho-
lesteric liquid crystalline order arising from concentrated 

collagen solutions. However, most of the current research 
on collagen self-assembly utilitizes dilute type-I collagen 
(< 3 mg/ml) from bovine and rat tail tendons, and calf-
skin. [ 176–178 ]  It has been shown that densifi cation of dilute 
tropocollagen solutions could produce various collagen 
scaffolds with controlled concentration, morphology and 
homogeneity. [ 179–181 ]  Giraud-Guille et al. generated liquid 
crystalline collagen (LCC) scaffolds by densifying tropoco-
llagen solutions (≈90 mg/ml) via ammonia vapor diffu-
sion. [ 179,181–183 ]  Considering the cytotoxicity of ammonia, 
a molecular crowding mechanism based on poly(ethylene 
glycol) mediated dialysis system is applied to produce bio-
mimetic LCC scaffolds with similar cholesteric order. [ 180,184 ]  
The nanostructure of LCC observed by TEM exhibited well-
aligned fi brils with characteristic D-period. Since mineral-
ized ECM is essential to provide structure and mechanical 
support for musculoskeletal locomotion, Wingender et al. 
further mineralized LCC scaffolds by the PILP process and 
generated a “lamellar” microstructure with chemical compo-
sitions and hierarchical organization similar to natural bone 
( Figure    18  ). [ 184 ]  Furthermore, the mineralized LCC showed a 
high degree of intrafi brillar mineralization with HA crystals 
co-aligned with the fi bril axis. Although previous one-step 
co-precipitation/fi brillogenesis strategy could produce a mac-
rostructured scaffold, it lacked bone-like hierarchical nano-
structure and the overall mineral content was low. [ 165–167,184 ]  
The successful reproduction of “lamellar” microstructure by 
mineralized LCC makes us much closer to achieve hierar-
chically-structured, collagen/CaP nanocomposites, which can 
serve as load-bearing, porous, biocompatible and biodegrad-
able bone substitutes in TE. 

 Figure 15 .       a) SEM image of porous scaffold fabricated by synchronous collagen biomineralization process. b) Post-mineralization of mineralized 
collagen scaffold in SBF. c) Magnifi cation of panel b). d) TEM image of thin section of three-dimensional mineralized scaffold. e) Magnifi cation of 
panel d). Reproduced with permission. [ 171 ]  Copyright 2008, Elsevier Ltd.

 Figure 16 .       a–c) AFM property maps of the Young’s modulus of collagen 
(a), EMC (b) and IMC (c). d) Box plot of the Young’s modulus of 
collagen (a), EMC (b) and IMC (c). Asterisk: mica base. Arrows: single 
fi bril. Different uppercase letters above each box denote signifi cant 
differences in the modulus distribution among the three groups. Scale 
bar = 1 μm. Reproduced with permission. [ 93 ] 
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7.3. Biomimetic Electrospun Collagen Nanofibres

Native bone ECM provides a web of intricate nanofibers to 
support bone-forming cells.[185] Synthetic scaffolds with nanofi-
brous structures would offer larger surface areas to absorb 
proteins and provide more binding sites for cell-membrane 
receptors (Figure 19).[185] Electrospinning is a ubiquitous tech-
nique and widely used in TE to fabricate polymeric nanofibers 
mimicking the ECM geometry. The desirable electrospun 
collagen nanofibers should be continuous and uniform, and 
have interconnected pore structure and suitable mechanical 
property. However, the characteristics of the nanofibers can 
be influenced by solution properties such as solvent volatility, 
solution viscosity and conductivity; and processing parameters 
such as flow rate and strength of electric field.[186] It has been 
shown that fluoroalcohols result in conformational change of 
native proteins,[187] and electrospun fibers lack typical 67nm 
cross-banding of native collagen.[187–190] Although collagenous 
bone grafts provide greater bioactivity and biocompatibility 
with bone tissue, thereby favoring tissue regeneration,[191,192] 
these biological functions depend on the unique ultrastructural 
axial periodicity of collagen.[188]

Electrospun collagen nanofibers present poor mechan-
ical properties and thermal stability, which result in collagen 
denature during the electrospinning process.[188,190] There-
fore, the incorporation of CaP minerals may improve the sta-
bility and mechanical properties of the nanofibers, and finally 
create more biomimetic constructions. It has been reported 
that co-spinning of collagen and HA could increase the diam-
eter and surface roughness of the nanofibrous composite.[189] 
There was positive correlation between the HA content and 

the modulus of the nanofibers. Liao et al. also reported min-
eralization of pre-fabricated electrospun collagen nanofibers, 
which lead to bone-like apatite formation over collagen sur-
face.[193] In vitro studies have shown that the electrospun 
collagen/HA nanofibers exhibit enhanced biocompatibility 
and osteogenic potential.[194,195] Electrospinning is an effec-
tive method to produce nanofibers with various parameters, 
and provides ideal niches for cell growth and differentiation. 
However, problems such as collagen denaturation and poor 
biomechanical properties of the fibers should be fully solved 
in future study.

8. Conclusions and Perspectives

Bone, as a mineralized biomaterial, mainly consists of 
collagen and HA nanophases arranged in complex hier-
archical architectures with characteristic dimensions 
spanning from the nano- to the macroscale. These com-
plex hierarchical structures possess excellent mechanical 
properties, combining stiffness and toughness. The pre-
cise organization of collagen fibrils and HA nanocrystals 
at the nanoscale brings nanomechanical heterogeneities, 
which enable a mechanism of high energy dissipation and 
resistance to fracture. Enormous progress has been made 
over the last few decades in understanding the process 
of bone biomineralization. Some knowledge has been 
acquired about the role of ACP precursors and organic 
proteins, such as collagen and NCPs, in achieving a mor-
phologically controlled deposition of mineral as opposed 
to precipitation of unstructured agglomerates of crystals. 

Figure 17. a) Cell viability. b) Alkaline phosphate activity. # = < 0.05 vs. control; $ = < 0.05 vs. collagen; & = < 0.05 vs. all other groups (ANOVA). 
c) Confocal microscopy images of cells cultured on different substrates. Green stands for actin filaments, red stands for cell adhesion and blue 
stands for cell nuclei. Scale bar = 20 μm. Reproduced with permission.[93]
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However, there is still a long way to get a full under-
standing of bone biomineralization. 

 Nature’s hierarchical design approach confers high 
strength, toughness and porosity. The excellent mechanical 
properties derived from a hierarchical nanostructure have 
inspired chemists and material scientists to develop biomi-
metic strategies for artifi cial bone grafts in TE. At the present 
time, the micro- and nanoscale hierarchical levels of bone 
(i.e., mineralized collagen) can be reproduced by the biomi-
metic bottom-up mineralization approach. The bioinspired 
mineralized collagen scaffolds exhibit enhanced mechan-
ical properties and biofunctions, which are important for a 
functional, engineered bone tissue. The effi cient processing of 

hierarchical structures at multiscale levels, and the realization 
in situ of hard tissue regeneration, remain future goals. It can 
be anticipated that bioinspired bone TE will dramatically 
benefi t from the multi-level hierarchical structures.  
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