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Abstract

Background: Bone regeneration research is currently ongoing in the scientific community. Materials approved for
clinical use, and applied to patients, have been developed and produced. However, rather than directly affecting
bone regeneration, these materials support bone induction, which regenerates bone. Therefore, the research com-
munity is still researching bone tissue regeneration. In the papers published so far, it is hard to find an improvement in
the theory of bone regeneration. This review discusses the relationship between the existing theories on hard tissue
growth and regeneration and the biomaterials developed so far for this purpose and future research directions.

Mainbody: Highly complex nucleation and crystallization in hard tissue involves the coordinated action of ions
and/or molecules that can produce different organic and inorganic composite biomaterials. In addition, the healing
of bone defects is also affected by the dynamic conditions of ions and nutrients in the bone regeneration process.
Inorganics in the human body, especially calcium- and/or phosphorus-based materials, play an important role in hard
tissues. Inorganic crystal growth is important for treating or remodeling the bone matrix. Biomaterials used in bone
tissue regeneration require expertise in various fields of the scientific community. Chemical knowledge is indispensa-
ble for interpreting the relationship between biological factors and their formation. In addition, sources of energy for
the nucleation and crystallization processes of such chemical bonds and minerals that make up the bone tissue must
be considered. However, the exact mechanism for this process has not yet been elucidated. Therefore, a convergence
of broader scientific fields such as chemistry, materials, and biology is urgently needed to induce a distinct bone tis-
sue regeneration mechanism.

Conclusion: This review provides an overview of calcium- and/or phosphorus-based inorganic properties and pro-
cesses combined with organics that can be regarded as matrices of these minerals, namely collagen molecules and
collagen fibrils. Furthermore, we discuss how this strategy can be applied to future bone tissue regenerative medicine
in combination with other academic perspectives.

Keywords: Biomineralization, Hierarchical structure, Bone growth, Bone regeneration, Nucleation and crystallization,
Collagen matrix

Background

Several studies on bone tissue regeneration are ongoing
in different disciplines. Recently, an approach to prob-
lem-solving, that cuts across many different disciplinary
- _ : : : boundaries, have attracted attention [1]. It combines
Department of Energy Science, Nature Inspired Materials Processing 1 led | d ind derived f lif
Research Center, Sungkyunkwan University, Suwon 16419, Republic of Korea Kknowledge, tools, and even mindsets derived from life,
Full list of author information is available at the end of the article medical, physical, chemical, and engineering sciences.

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

*Correspondence: hshin@skku.edu



http://orcid.org/0000-0003-1284-9098
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40824-022-00288-0&domain=pdf

Hong et al. Biomaterials Research (2022) 26:42

This can lead to a comprehensive framework for the sci-
entific and social challenges at the interfaces across bio-
logical and chemical/physical sciences [2]. The clinical
environment welcomes the rapidly growing bone regen-
eration technology.

From the perspective of bone tissue research, schol-
ars working in different fields with a single target have
different approaches to experimentation and analysis.
The control of biological and material functions of hard
tissues such as bones and teeth, through a combina-
tion of cells, materials, and biological factors has been
considered a promising approach. These technologies
regenerate and repair hard tissues. Although there are
numerous research papers and reviews of these studies,
there are only few examples of scientific interpretations
that include both clinical translation and practical appli-
cation. Their practical application in the field is not easy
[3]. For this reason, it is difficult to conclude form the
experimental results obtained through the analysis of dif-
ferent fields. For example, in the study of mineralization,
some scientists have analyzed the crystal structure at
each stage of nucleation, the physical and chemical envi-
ronment of the human body, and the materials required
for the mineralization process.

On the other hand, scientists in other fields want to
explain how osteoblasts, osteoclasts, and other periph-
eral biological factors affect bone tissue, which directly
affects bone growth and regeneration. This analytical
process and conclusions lead to jargon, which is difficult
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to understand in materials science. This eventually leads
to one goal: studying of bone growth and regeneration
mechanisms, in which experts in various fields are keenly
aware of the need for several collaborative studies and an
objective theorizing process to improve our understand-
ing of bone tissue. Heterogeneity can lead to conflicts due
to differences in approaches to research problems, and
diversity contributes to the competence to invent creative
solutions that can go beyond the common paradigm [2].

The explosive interest in bone tissue regeneration
using synthetic and/or fabricated biomaterials has
recently been shown in part by research papers and cita-
tions in a rapidly growing field (Fig. 1). The results of
the Web of Science search showed that articles on this
topic have been steadily published in the last five years
(15,943) (keywords: bone*tooth (theme) or materials or
mineralization).

This review seeks to address these questions from a
material science perspective. Biomineralization in the
human body is based on tissue regeneration when a dis-
ease occurs, how to replicate the properties of mineral-
ized tissue, and what technologies have been developed
to identify such repair processes. This is explained based
on the physical and chemical analysis techniques used
to review the selected biotechnology approaches. First,
the structure of bone tissue from a medical/biological
point of view will be briefly explained, along with the
main components of bone tissue, minerals, and collagen
that serve as a substrate or matrix for mineral gorwth.

7,139
Materials Science Multidisciplinary

6,382
Physics Applied

03-01)

Fig. 1 TreeMap Chart of publications for 15,943 results from Web of Science Core Collection between 2017 and 2021 (Data last updated: 2022—
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Before discussing calcium-based materials, and miner-
als that make up bone tissue, various synthetic meth-
ods for developing synthetic bone graft materials will
be briefly introduced. In the mineralization process, we
discuss the latest research on the crystallization process
by particle attachment after nucleation in materials and
briefly explain the theory derived from the convergence
of materials science and biology. Based on the knowl-
edge and techniques described above, we explain the
recent research on the biomineralization of bone tissue
with methods for biomimetic synthesis in an environ-
ment like the actual human body that has been recently
focused on. The results of the latest structural analytical
techniques for bone tissue growth and regeneration are
also reviewed, and the conclusion section describes the
research direction that should be concentrated in the
future.

Bone structure and need for regeneration

The skeletal tissue that exists in the body is composed
of inorganic [predominantly hydroxyapatite (HAp;
Ca;((PO,4)(OH),) crystals] and organic (osteoid) matter.
Type I collagen (Col-I) is a protein that consists mainly
of organic matter (80%) in bone tissue. Therefore, many
researchers have attempted to synthesize self-manipulat-
ing Col-I for bone regeneration and regeneration of other
tissues associated with Col-I [4—6]. However, no case has
yet been synthesized identical to actual Col-1. Generally,
collagen consists of twined amino acids that form triple-
helices of elongated fibrils. The process for the growth of
Col-I is as follows: initial collagen chains undergo sev-
eral post-translational modifications, including proline
and lysine residue hydroxylation, as well as glucose and
galactose bonds to the hydroxylysine residues [7]. Tran-
sient binding between the molecular protector and the
procollagen chain domain promotes the winding of a
triple helix from the carboxy terminus to the amino ter-
minus. After secretion, non-collagenous pro-peptides
are removed by procollagen amino and carboxy protein-
ases. The processed collagen molecules bind in parallel
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but a staggered fashion, generating a fibril with a band-
ing pattern that can be generally observed with an elec-
tron microscope. Although this is well known in theory,
the scientific reality is that Col-I synthesized by scientists
cannot have the same properties as natural Col-I owing
to minute structural differences [8]. In addition, the syn-
thesis process is time-consuming and economically inef-
ficient, and researchers usually choose extraction from
animals over Col-I artificial synthesis [9]. Table 1 summa-
rizes the advantages and disadvantages of different colla-
gen preparation methods [10].

The inorganic component of bone tissue is generally
known to be HAp; however, its structure and properties
are now well understood, and various studies are still
ongoing [11]. In addition to calcium and phosphate, min-
erals that can be called the minerals of bone contain sig-
nificant amounts of carbonate, magnesium, sodium, and
fluorine. Because of the chemical properties of each ele-
ment, minerals of different elemental compositions exist
as they are exchanged [12].

Among organic substances, non-collagenous proteins
are produced by osteoblasts and constitute approxi-
mately 10% of bone organic matter [13, 14]. The organ
matrix of bone tissue includes osteocalcin (OC), which
accounts for 10% of the non-collagenous, osteopon-
tin (OP), which inhibits mineralization, and bone sialo-
protein (BSP), which is required for HAp nucleation.
Although it accounts for a very small percentage, pro-
teoglycans of the bone matrix affect the initial stages of
bone growth. In particular, osteonectin (ON) and SPARC
(secreted protein, acidic, and rich in cysteine), phospho-
rus proteins that interact with Col-I and HAp, are pre-
sent in the matrix immediately adjacent to osteoblasts
and osteocytes [15, 16]. They play an important role in
the early stages of bone formation, in bone growth and
regeneration, affecting osteoblast and osteoclast func-
tions. In addition, the bone matrix is composed of vari-
ous growth factors (bone morphogenetic proteins,
fibroblast growth factors, platelet-derived growth factors,
insulin-like growth factors, and transforming growth

Table 1 Distinct advantages and disadvantages of different collagen preparation methods [10], © 2018 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim

Sources

Advantages

Disadvantages

Tissue extracted collagen High yield

Potential of disease transmission

No antigenic p-determinant

Cell synthesized collagen
Recombinantly produced collagen

Peptide synthesis produced collagen

Can be autologous
Low immune response

Exclusion of allogeneic/xenogeneic issues

Low yield

Low yield

Stability issues

Low yield
Assembly/registration issues
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factor-p) that greatly influence the differentiation of pre-
osteoblasts and stem cells into bone tissues [17, 18]. The
bone tissue composed of the organic and inorganic mate-
rials mentioned so far is summarized in Fig. 2 from the
atomic units to the macro-scale.

Calcium-based biomaterials for bone regeneration
Calcium-based materials

Calcium (Ca) is an essential nutrient for living organ-
isms. Most of the calcium ions are in existence by bind-
ing other ions in the form of biominerals [20]. Owing
to their excellent biocompatibility, bioactivity, and bio-
degradability, there has been a continuous research on
calcium-based materials in various biomedical appli-
cations leading to the development of synthetic meth-
ods. Among them, calcium phosphates (CaPs) are the
main inorganic components of hard tissues [13]. The
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major CaPs (Table 2), nanostructured amorphous cal-
cium phosphate (ACP), HAp, and calcium-deficient
hydroxyapatite (CDHA), are synthesized for biologi-
cal applications because they are stable under physi-
ological conditions and are easily synthesized and
prepared from aqueous solutions using relatively sim-
ple methods.

Similar to CaPs, calcium carbonate (CaCOs;) is an
omnipresent and important biomaterial in biological
systems and is widely used to study biomimetic pro-
cesses. CaCQOj is spontaneously generated in the unsta-
ble amorphous calcium carbonate (ACC) phase, with two
hydrated metastable forms and three anhydrous crystal-
line polymorphs in the order of their stability [22-24].
Calcium silicate (CaSi) is widely used as a bioceramic,
bioglass, and bone cement, especially in orthopedic and
oral-maxillofacial surgery. CaSi can completely transform
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Fig. 2 A scheme of hierarchical structure of bone tissue composed of organic and inorganic materials [19], Copyright © 2018, The American
Association for the Advancement of Science. The inorganics of the mineralized collagen fibrils themselves incorporate several nested structural
motifs, listed as follows in decreasing order of complexity: mineral aggregates — stacks of platelets — platelets — acicular crystals. Collagen fibrils

are composed of quasi-hexagonally packed microfibrils, each of which incorporates multiple staggered triple helices that in turn are formed from
repetitive chains of amino acids. Ordered and disordered motifs of bone consist of mineralized collagen fibrils that are about 120 nm thick and build
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Table 2 Properties of the major CaPs obtained from aqueous solutions [21]

Name Chemical formula Ca/P ratio Solubility at 25°C, Solubility at 25°C pH stability

-log(K,) (gL™ range at

25°C

MCPM Ca(H,PO,),-H,0 05 114 ~18 00-20

DCPD CaHPO,-2H,0 1.0 6.59 ~0.088 2.0-6.0

ocP Cag(HPO,),(PO,),-5H,0 133 9.6 ~0.0081 55-7.0

ACP Ca,H,(PO,),:nH,0, n=3-4.5;15-20% H,0 12-22 3 2 ~5-12

CDHA Cayg(HPO,), (PO, (OH), (0<x<1) 15-167 ~85 ~0.0094 6.5-9.5

HAp Cay(PO,)5(OH), 167 116.8 ~0.0003 9.5-12

FAp Cao(POLF, 1.67 120.0 ~0.0002 7-12

MCPM monocalcium phosphate monohydrate, DCPD (brushite) dicalcium phosphate dehydrate, OCP octacalcium phosphate, FAp fluorapatite

? Metastable, no exact value due to various variables

into CaPs after soaking in a phosphate-concentrated
solution because its K, is much higher than HAp [25].

To control the physicochemical properties of calcium-
based materials, it is important to develop new pro-
cesses that can precisely control the crystal structure
and chemical nature of the materials [26]. The synthesis
of nano sized inorganic compounds involves difficul-
ties in controlling their structure, size and size distribu-
tion, crystallinity, and stoichiometry. Each preparation
method significantly affects the formation of crystal-
line phases and structures in CaP biomaterials [26, 27].
Nanostructured CaPs with poor crystallinity are typically
synthesized using a precipitation method at room tem-
perature under mild conditions. Sonochemical, micro-
wave-assisted synthesis, and hydrothermal methods have
been continuously developed to increase crystallinity and
control the morphology and structure of CaPs. A com-
parison of the major methods used to synthesis CaP is
summarized in Table 3.

As mentioned earlier, CaPs are the main inorganic
components that constitute hard tissues. Among these,

HAp is the major mineral in vertebrate bones and
teeth. Hydroxyapatite, the most thermodynamically
stable crystalline phase of CaP in vertebrates, is the
mineral that organizes bone [29]. For decades, HAp
has become a subject of interest because of its excel-
lent biocompatibility, an affinity for bio-organics, and
high osteogenesis potential [30, 31]. It has been well
established that HAp can promote bone regeneration
through an osteogenic mechanism without causing
local or systemic toxicity, and inflammation of foreign
substances [32, 33].

Synthesis methods of calcium phosphates

In the early days, studies focused on the chemical
properties of synthesized HAp. In recent years, stud-
ies have been conducted on the actual HAp growth
mechanism that constitutes the human body. As we
shall see later, the inorganic CaPs in the actual bone
tissue are indeed placed in association with organic
matter in a unique crystalline state, not in a bulk state;
therefore, the study of the size and shape of the CaP

Table 3 A comparison of major methods for the synthesis of CaPs [20, 28]

Methods Advantages

Disadvantages

Precipitation - Simple setup

- Low operating temperature

- Convenient doping with other ions

- Uniform structures

- Poor crystallinity

- Irregularly formed

- Inhomogeneous in composition
- Calcium deficient

- High production yield of pure product

Hydrothermal - Good crystallinity
- Convenient doping with other ions
- Hierarchical structure

Sol-gel - High homogeneity

- High purity

- Lower processing temperature

- Energy consumption
- Low production yield of pure product

- Expensive raw materials

- Difficulty of hydrolysis rate control
- Long processing time

- Cycles depending on sol viscosity

There are some other synthesis methods including high gravity, methods high-temperature pyrolysis, mechanochemical, microwave-assisted synthesis, precursor

transformation, solution combustion, sonochemical synthesis, and spray pyrolysis
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crystals during growth is essential. Over the past few
decades, much effort has been made to control the size
and shape of CaP crystals, including developing new
strategies and modifying existing methods [26, 34].
Many synthetic methods mentioned above have
been applied in many strategies to control the size of
CaP crystals and agglomerates. The size of the CaPs
is related to the choice of the synthesis method. The
size and size distribution of CaP crystals, including the
ion concentration of the precursors, raw materials for
calcium and phosphorus, type and concentration of
organic and inorganic additives [35], reaction tempera-
ture, and initial and final pH values, play an important
role in regulation [36, 37]. The dry method, including
solid-state synthesis and mechanochemical methods,
is less expensive and capable of mass-producing highly
crystalline CaP than compared to the wet chemical
method. However, the crystal size in the dry method
is relatively large, the purity of the phase is low, and it
is difficult to control the crystal size, particle size, and
shape. Wet methods include chemical precipitation,
sol—gel, hydrothermal treatment, diffusion, hydrolysis,
emulsion, biomimetic strategies, and microwave and
ultrasonic chemistry methods, which depend on func-
tional additives. Wet methods can produce CaP crys-
tals with precise control of the size and shape of the
raw materials containing various types of calcium and
phosphate. In addition, it is said to be a fundamental
technique for deeply understanding the mineralization
method in the body and the nucleation, growth, phase
change, and self-assembly pathways of CaP crystals in
solution. However, it is difficult to synthesize pure CaP
crystals in large quantities with narrow size distribu-
tion and agglomeration by the wet methods, and there
is also the disadvantage that the process is complicated
and time-consuming. High-temperature methods such
as combustion, pyrolysis, molten salt synthesis, flux
technology, spray-drying, and flame-spray methods
are advantageous for synthesizing highly crystalline
CaP crystals. However, these methods have the disad-
vantage that it is difficult to precisely control the mor-
phologies of the CaP crystal because the secondary
aggregates and chemical phases are generally mixed
with the particles obtained at excessively high energy
consumption and temperatures. Lin et al. summarized
and compared various methods used to synthesize
CaPs of different sizes, but the exact values were not
directly addressed [27]. We refer to the table in refer-
ence and graphically show the relationship between
the synthesis methods of CaPs and the size and size
distribution of the synthesized powder (Fig. 3).
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Conventional synthesis methods of calcium phosphates

Precipitation method The precipitation technique is the
simplest method for HAp synthesis. The resulting parti-
cle size, phase, and structure can be easily controlled by
processing variables such as ion concentration, pH, sol-
vent species, time, and additives [26]. The precipitation
method is the main strategy for synthesizing CaP nano-
particles because of its convenience, flexibility, and sim-
plicity. HAp is the least soluble in aqueous solution at
room temperature and a pH of approximately 4.2 and is
generally the most stable phase of CaP [68, 69]. Figure 4a
shows a schematic process diagram of HAp precipitation
with the suggested parameters that influence the prop-
erties of the synthesized powder. However, the prepared
powders are generally nonstoichiometric and poorly
crystallized without a regular shape [70].

Hydrothermal method The hydrothermal method is
generally one of the most common synthetic methods for
HAp by reacting chemicals in an aqueous solution under
high-pressure and high-temperature autoclaves or pres-
sure vessels [26, 37]. Hydroxyapatite nanoparticles syn-
thesized under hydrothermal conditions have proven to
be relatively close to stoichiometry and highly crystalline
[71, 72]. In addition, the Ca/P ratio and phase purity of
HAp precipitates were notably improved as the hydro-
thermal temperature increased [73, 74].

HAp synthesized under hydrothermal conditions is
typically characterized by forming rod-shaped crystals.
Microcrystalline nuclei are formed in the supersatu-
rated solution (reaction of ions) and grow continuously
in their final shape and size (hydrothermal treatment)
[75]. Figure 4b schematically illustrates these two steps
[26]. The most prominent drawback of the hydrother-
mal method is the inability to control the shape and
size distribution of particles. Temperature and pH are
the most important factors influencing the structural
and morphological properties of HAp nanoparticles.
Mehdi et al. summarized recent results for synthesizing
HAp nanoparticles under different pH conditions [76].
According to their results, a high pH value results in
weak anisotropy (short nanorods) and, thus, in nearly
isotropic growth (spherical nanoparticles). However,
as the pH of the aqueous liquid decreases, anisotropic
growth progresses; crystallites grow into a platelet
morphology. In addition, more complex shapes, includ-
ing 3D feathery structures, micro cubes, and microfib-
ers, were obtained when the pH value dropped to 4, the
pH at which other CaP phases dominate [76].
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Nano Micro Dry methods
Solid-state method Wet chemical methods
CP, HAp)

High temperature methods

Mechanochemical method (HAp, mixed CaPs) HAp crystal size in real bone tissue

Precipitation method (MCPA, DCPD, DCPA, OCP, ACP, B-TCP, HAp, mixed CaPs)

Sol-gel method
(ACP, B-TCP, HAp, mixed CaPs)

Molecule direct crystallization method (OCP, ACP, HAp)
Hydrothermal method (DCPD, DCPA, OCP, B-TCP, HAp)
Hydrothermal decomposition of Ca-chelated complex method (OCP, HAp)
Biomineralization method (OCP, ACP, HAp)
Diffusion method (DCPD, ACP, HAp)
Gravity-assisted method (HAp)
Hydrolysis method (DCPA, OCP, HAp)

Microemulsion method (DCPA, ACP, HAp)

Hydrothermal microemulsion method
(HAp)

Sonochemistry assisted method
(MCPM, ACP, HAp)

Microwave assisted method (OCP, ACP, B-TCP, HAp, mixed CaPs)

Sonochemistry-assisted microwave
method (HAp)

Precursor transformation method (DCPA, OCP, HAp)
Combustion method (3-TCP, HAp, mixed CaPs)
Pyrolysis method (B-TCP, HAp, mixed CaPs)
Molten salt synthesis and flux technique method (HAp)

Spray-dying and flame-spray methods (B-TCP, HAp, mixed CaPs)

1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
(m)
Fig. 3 Summary and comparison of the size and size distribution of CaPs using various synthesis methods (solid-state method [27],
mechanochemical method [38], precipitation method [39], sol-gel method [40], molecule direct crystallization method [41-43], hydrothermal
method [44, 45], hydrothermal decomposition of Ca-chelated complex method [46, 47], biomineralization method [48-50], diffusion method
[51,52], gravity-assisted method [53], hydrolysis method [46], microemulsion method [54, 55], hydrothermal microemulsion method [55],
sonochemistry assisted method [56-58], microwave assisted method [59, 60], sonochemistry-assisted microwave method [57], precursor
transformation method [48-50, 61], combustion method [62, 63], pyrolysis method [64, 65], molten salt synthesis and flux technique method [66,

671, and spray-drying and flame-spray methods [64, 65].). TCP; tricalcium phosphate, DCPA; dicalcium phosphate anhydrous

Sol-gel method The sol-gel method was one of the first
proposed methods for the wet synthesis of HAp. Sol—gel
provides the advantage of molecular-level mixing of reac-
tants, which improves the chemical homogeneity of the
synthesized powder [77]. In the synthetic process, for-
mation and fusion at low temperatures are other nota-
ble advantages of the sol-gel method over wet synthesis
methods. According to in vitro studies, HAp synthesized
by the sol-gel method can control the particle size at the
nanometer-sized boundary, and the chemical structure
during sintering. These features are better accepted for
host bone tissue regeneration as they can also regulate
the rate of biodegradation [78]. The generation of a sec-
ondary phase (generally calcium oxide, CaO) is the main
shortcoming of the sol-gel method. The secondary CaO
phase has proven to be cytotoxic; therefore, there have

been attempts to wash the calcined powder using an acid
solution or to modify the main procedure to remove the
coexisting CaO phase [26, 79].

A typical sol-gel process involves mixing alkoxides
in aqueous or organic solutions, followed by aging at
room temperature, gelation, drying, and finally removing
organic residues at high temperature from the dried gel,
as shown in Fig. 4c. As with other wet methods, several
precursors can be developed using a typical sol-gel pro-
cess. In most cases, calcium diethoxide or calcium nitrate
reacts with triethyl phosphite or triethyl phosphate in an
aqueous or organic solution [80]. Hsieh et al. prepared
nanocrystalline HAp using a sol—gel process and stud-
ied the effect of the gelation rate. They reported that a
fast gelation rate for apatite formation leads to high CaO
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Fig. 4 Preparation of HAp nanoparticles via (a) conventional chemical precipitation, (b) hydrothermal condition, and (c) sol-gel process

generation, whereas slow gelation produces less CaO
that can be washed off with distilled water [79]. Recently,
a non-alkoxide sol—gel synthesis process for HAp was
developed without pH adjustment [78, 81]. The HAp
nanoparticles produced in this process were sintered at
600 °C to obtain a nanoscale, low crystallinity, and car-
bonate apatitic structure similar to the minerals present
in human bone tissue. These properties have shown the
effects of increased surface area and bioresorbability in
body fluids [78]. It has also been shown that HAp nano
particles of different sizes can be obtained depending on
the aging time [81]. It has been suggested that aging con-
tributes to particle growth and aggregation.

Biomineralization — mineralization in vertebrates
Mineralization mechanisms via classical and non-classical
theories

According to conventional nucleation theory, crystal
formation from the elements constituting a supersatu-
rated solution requires a local change in the interacting
ion concentration [82]. The favorable interaction of some

ions at critical concentrations stabilizes the ion clusters
such that the free energy obtained by ion dissociation is
less than the free energy obtained by adding more ions to
the clusters or nuclei for crystallization. This process can
be thermodynamically induced by the free energy differ-
ence between the crystalline and liquid phases; however,
it is dynamically controlled by the critical point of over-
coming the energy barrier, including the surface energy.
Crystallization in many systems can be induced by the
broader attachment of more complex species than simple
ions (Figs. 5 and 6) [83]. Many researchers have examined
the current understanding of crystallization by particle
attachment and have investigated the thermodynam-
ics and kinetics that lead to crystallization. It is impor-
tant to infer which of these pathways can occur in living
organisms with bone tissue on the preferential basis. In
particular, understanding the mechanism of biominerali-
zation in vertebrates has long been a requirement. More
than half of the biominerals from mineralization, such as
CaP, are calcium-containing. Calcium phosphate-con-
taining minerals make up the hard connective tissue of
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Fig. 5 aTransmission electron microscope (TEM) image of mineral particle aggregates (scale bars 200 nm) and (b) the corresponding SAED
patterns: (b1) particles enclosed in the circle indicate amorphous scattering of the diffusion ring. (b2) the marked rectangular area has poor
crystalline diffraction, and (b3) the particles in the area shown in the interpolated image produced a clear crystalline diffraction pattern [(002)

and second order (004) showing well defined reflections of apatite planes.] (b4) the encircled area taken after being stored at room temperature
for a week. The appearance of diffraction spots with (002) plane (arrowheads) spacing suggests a transition to the crystalline HAp phase [85]. ¢
Cryogenic-scanning electron microscope (Cryo-SEM) image of the same area (scale bar 100 nm). d The amorphous (encircled area) and crystalline
(rectangular area) portions of the electron selective backscatter (ESB) image shows no significant difference in signal strength (scale bar 100 nm)

vertebrates, whereas CaCOj is known to form the skele-
ton of invertebrates [84]. In practice, the theory of miner-
alization, as well as that in the normal vertebrate skeletal
system (bone, cementum, dentin, and tendon tissues),
simply mediating the pathological mineralization pro-
cess, has not been fully understood. The pathway from
amorphous to crystalline, when crystallized from ACP
to HAp, and/or another crystal structure, occurs in the
intermediate stage, which is theoretically the most reli-
able explanation.

Recently,as interest in collagen mineralization has
increased, research findings inwhich crystal growth
occurs in a specific orientation depending on the actual
collagenfibril morphology have been proventhrough ana-
lytical techniques. For example, bone growth in zebrafish
fins was characterized bydetermining the beginning and
end stages of the formation and analyzing theorientation
of the growing fins [85].Selected area electron diffrac-
tion (SAED) pattern analysis of the beginning,middle,
and end of the fingrowth proved a crystalline phase
with a specific growth direction through the amorphous
phase (Fig. 5),as shown in Fig. 6a (bottom part), during
the mineralization processes. The crystallinegrowth in a
specific direction, parallel to the collagen fibril direction,

was caused by the binding ofthe ‘nanocrystals’ and/
or ‘poorly crystalline nanoparticles’ as shown inFig. 6a
(upper part). The results for the crystalline growth in the
form of rods or needles can also beinferred. Organics
inducecrystallization, nucleation, and growth in an envi-
ronment substantially similarto the human body. Indeed,
for many organic [86] and inorganic [87, 88] crystals,
nucleation models, such as pre-nucleatedclusters, have
been proposed. However, owing to the relatively small
scale, ithas not been possible to reveal the details of the
cluster structure or themechanism by which they are
aggregated, and inherently hydrated. Inaddition, the
effects of these clusters on the energy barriers that ulti-
mately affect thepathway through the amorphous phase
have not been studied [89].

Figures 6b and ¢ schematically show the
mechanism,consisting of two steps of crystal formation
and a path to the free energychange AG according to
twofeasible models of the two-phase nucleation mecha-
nism [82]. Inorganics in the human body are composed
of specific ions; therefore, it isvery useful to deduce
the mechanism based on existing theory. Vekilov et al.
explained nuclei formation in a dense liquid phase, ass-
hown in Fig. 6b [82, 90, 91]. This mechanism involves
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Fig. 6 a Pathways to crystallization by particle attachment [83]. b The mechanism, consisting of two steps, shows the formation of crystal nuclei
inside them [82]. (i) The supersaturated solution. (ii) The dense liquid. (iii) The critical cluster at n,*. (iv) The nucleation cluster and ensuing growth
of the crystal. (v) the thoroughly formed crystal. ¢ The path to the free energy change AG according to the two feasible models of the two-phase
nucleation mechanism [82]

theformation of dense liquid clusters, and crystal nuclei
can form inside theseclusters. Figure 6¢ shows the top
curve when the dense liquid was unstable and AGp; °> Ggg
(AGp,°: standard free energy of theformation of the dense
liquid. Gss: free energy of the supersaturated solution). If
thedense liquid is stabilized by introducing an external

interfaceAGp, °< 0, alower curve can be applied. AG,* is a
barrier to forming dense liquid clusters and AG,* isa bar-
rier to crystalline nucleation inside the dense liquid. Wolf
et al. demonstratedthe mechanism of crystal nucleation
from a dense liquid precursor in aCaCO; system [92].
They showed floating CaCOssolution droplets between
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a piezoelectric vibrator that produced an acousticwave
and a concentrically adjusted sonic reflector. Calcium
carbonate ishomogeneously formed inan amorphous liq-
uid-like state at neutral pH without any stabilizing poly-
mer oradditive. This stability in an amorphousliquid-like
state at neutral pH can be closely related to the various
carbonategroups present in the process,such as carbon-
ates, bicarbonates, and non-dissociated carbonates. The
formation of an amorphous liquid-phase mineral precur-
sor wasconfirmed to be a hallmark of the true homogene-
ous formation of CaCOsitself, and the resulting primary
particles also confirmed that it actsin the second stage
as a template for the crystallization of calcite. Ultrasonic
trapping is an excellent methodfor the real-time analy-
sis of nucleation, crystal growth, and phase separation-
processes with minimal disruption and artifacts caused
by solid-phaseboundaries. These resultsconcluded that
acoustic levitation provides a reliable condition for stud-
yinguniform precipitation reactions.

Posneret al. suggested that biological apatite witham-
orphous constituents, Cay(PO,); and ionclusters of Ca
and PO, with 0.9—1.0 nm diameter can be stable as pre-
nucleation clusters [93, 94]. Recent studies have shown
that stable nuclei of CaP, as predicted,can be observed
in simulated body fluid (SBF) at physiologicaltempera-
ture [95, 96]. It is suggestedthat the presence of nucle-
isurfaces resulted in composition and structural changes
that allowed the densepacking of clusters and ensuing
fusions to form ACP and eventually HAp crystals(Fig. 7).
It was also confirmed that mineralization from SBF
transpiresexclusively via heterogeneous nucleation on
the monolayer surface. This observation also distinct-
lydemonstrates that HAp crystallization from SBF at
body temperature in thepresence of arachidic acid mon-
olayer proceeds through a multi-step processinvolving
the nucleation and aggregation of pre-nucleated clus-
ters, asshown in Fig. 7a and schematically in Fig. 6b. This
study makes it possible todiscriminate between the dif-
ferentstages before amorphous nucleation (before stage
4). In the first stage, pre-nucleatedclusters in the SBF
aggregate and form a stable, loosely connected free-float-
ingnetwork in the solution. In the second stage, the part
of the clusteraggregate that comes into contact with the
organic film begins to be densifiedby adjusting the adja-
centpacking of the cluster. In the third stage, this densi-
fication processcontinues, leading to defineddomains of
intimately related communities up to 50 nm in diameter
attached tothe monolayer and further fusion to form
monolayer-suspended ACPparticles. These nanoparticles
grow further and generate crystallinity,producing type B
apatitespherical crystals (Type B apatite will be described
in Section ConvergenceTheory from Biology and Mate-
rials Science.). Crystallization is induced by monolayers
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and alignment of thecrystallographic c-axis along thenu-
cleation surfaces after specific nucleation (110). Higher-
concentrations of carbonate affectspheroidal morphology
during the growth of carbonated hydroxyapatite(cHAp)
[97]. The typical plate-like morphology of the final HAp-
crystals can be explained by the gradual reduction of
carbonate ions in SBF by ion consumption and CO, gas
release [95].

Studies on nucleation and crystal growth under bio-
logical conditions, such as in the human body, are under
way. Many studies have been conducted to incorporate
specific proteins and/or biological factors into nucleation
and crystal growth, considering various body environ-
mental variables. Biomineralized crystals are archetyp-
ally formed into organic matrices, with precise control
of protein synthesis mechanisms. The primary amino
acid sequences of the proteins (BSP, ON, OP, and OC)
sometimes contain dense aspartic (Asp) and glutamic
acid (Glu) residues, which are known to have a high affin-
ity for Ca ions [98-101]. Yu et al. focused on amelotin,
which has been previously described as an enamel matrix
protein that plays an essential role in the biomineraliza-
tion of dental enamel [102, 103], characterized by in situ
analysis [104]. They demonstrated a phase transfer pro-
cess using amelotin and the potential serine phospho-
rylation motif Ser-Ser-Glu-Glu-Leu (SSEEL), a common
component of several proteins in the phosphoprotein
family that binds to secreted calcium [105]. They also
proposed a mechanism for rapid dissolution and recrys-
tallization/reorganization during the active SSEEL motif-
Ca®* complex phase transformation after the secondary
structural change of amelotin. Different steps affect the
HAp growth mechanism, depending on whether the
proteins are hydrophilic or hydrophobic. In hard tissue
with extracellular mineralization, hydrophobic molecules
generally produce a space-filling system, whereas hydro-
philic molecules are known as sites for nucleation and
thus mineralization [106, 107]. However, little is known
about the interactions between proteins in the final HAp
crystals.

Although recent works emphasize the importance of
non-classical crystallization pathways involving amor-
phous precursors, explicit proof of the actual mecha-
nism of CaP crystal growth through amorphous phases
is lacking, and research is steadily progressing in this area
[108]. Rodriguez-Navarro et al. reported crystal growth
in solutions at room temperature using in situ atomic
force microscopy (AFM) of calcite [108, 109]. The results
showed direct nanoscale proof that amorphous cal-
cite crystals can grow non-classically by a layer-by-layer
process involving the attachment of ACC nanoparticles
(Fig. 8) [108]. The formation and attachment of ACC
nanoparticles at high supersaturation is a realistically
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Fig. 7 Mineralization stages. a Two-dimensional projection images and (b) three-dimensional visualizations of tomograms. Stage 1 is in the
absence of a monolayer, and stages 2—4 are that the inset SAED pattern in (a) shows that the spherical particles on the monolayer are amorphous
phases. Finally, stage 5 is that the inset SAED pattern in (a) can be indexed as cHAp with a [110] zone axis. The yellow arrow in (b) indicates the
preferred nucleation plane (110). The red arrows indicate the markers, and the blue shows the Au beads. Scale bars, 50 nm. ¢ Surface-directed
mineralization stages of CaP from SBF at 37 °C. Stage 1 represents the loose aggregation of the prenucleation cluster in equilibrium with the ions
of the solution, and stage 2 shows that the nucleated cluster aggregates in the presence of a monolayer so that the loose aggregate still exists in
the solution. Stages 3 and 4 show cohesion leading to densification near the monolayer, indicating the nucleation of amorphous spherical particles
only on the monolayer surface, and the last 5 stage shows the development of crystallinity due to oriented nucleation directed by the monolayer

feasible classical crystal-growth mechanism for faceted
calcite crystals. This mechanism can challenge the cur-
rent understanding of crystal growth in solution and
the reflection of classical ionic-mediated crystal growth
on the nanometer scale [110, 111]. Previously, ACC
nanoparticle attachment that can form 2D islands and/
or macro spirals on the calcite surface by surface diffu-
sion and final incorporation with dehydration/restruc-
turing has already been observed. Calcite crystal growth
can proceed through classical pathways, such as ion

integration, and non-classical pathways, such as nanopar-
ticle adhesion, depending on supersaturation. In terms of
classical (ion incorporation) versus non-classical (nano-
particle attachment) mechanisms, both growth routes
follow the same helical and 2D nucleation processes,
despite the size difference between the building units.
The molecular forms of CaCO,; biominerals and their
commonly observed biomimetic counterparts can arise
from colloidal crystal growth through the attachment
of ACC nanoparticles to crystalline CaCOj, substrates.
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However, these nanometer-scale properties are preserved
only when they are converted to calcite in the presence
of organic molecules, such as polyacrylic acid (pAA).
ACC conversion to calcite can occur through an inter-
face-coupled dissolution—precipitation mechanism. This
mechanism typically results in a pseudomorphic feature.
If precipitation occurs after complete dissolution, retain-
ing the nano-granular properties of the ACC growth
layer, no morphological substitution of ACC by calcite
would have occurred. This pseudomorphism, which leads
to the nano-granule characteristics shown in their study,
is preserved only in the presence of pAA. In the absence
of pAA, calcite continued to grow even after conversion
from ACC to calcite and lost ACC nanogranular proper-
ties (Fig. 8b). These results can be interpreted in various

ways based on existing mechanisms; however, further
research is required.

Several studies have been performed to understand the
mechanism by taking advantage of advanced nanometer-
analysis methods [88, 112]. As previously mentioned,
vertebrate hard tissue is a hybrid nanocomposite com-
posed of collagen and HAp. Collagen macromolecules
strongly control the nucleation and growth of HAp, so
there is a close orientational relationship between them.
Hard tissues in the human body are mesocrystalline
materials, kinetically stabilized nano-structured crystals
that integrate crystallographically aligned nanocrystals’
properties. Mesocrystals are a fascinating class of nano-
structured crystals [83, 113, 114]. Strum et al. identified
six growth pathways for mesocrystals, schematically
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shown in Fig. 9a [113]. Among them, nanoparticle align-
ment is facilitated by an organic macromolecular matrix
in the human body’s hard tissue. Many unknown bio-
logical factors in the human body successfully generate
organic—inorganic nanocomposites in hard tissue, acting
as functional factors and exhibiting hierarchical struc-
tures [107]. As commonly known, the bone and dentin
hard tissues are composed of collagen and cHAp. The
c-axis in the HAp crystal structure is nearly parallel to
the long axis of the macromolecules that comprise col-
lagen and is known to be similar to the mesocrystalline
structure of biominerals at a hierarchical level [115, 116].
Biomineralization of collagen fibrils was accomplished by
the nucleation and crystallization of HAp nanoparticles
from modified SBF (m-SBF) containing polyaspartic acid
(pAsp) [117-119]. These studies showed that the nano-
composite structure has a strong relationship with the
structure of the bone tissue. Plate-like apatite nanocrys-
tals (2-5 nm in thickness, 15-55 nm in length, and
5-25 nm in width) represent a desirable crystallographic
orientation reflecting (c-axis of HAp is parallel to fibril
elongation) the mesocrystalline structure (Fig. 9b).
Another example of successful biomimetic mineraliza-
tion of analogs of materials is the FAp-gelatin nanocom-
posite system obtained by double diffusion [120]. This
study was performed based on atomistic simulations of
the design of crystallized FAp structures by binding the
corresponding ions to the triple helix of collagen mole-
cules [121, 122]. CasF-triangles are preferably oriented in
a plane perpendicular to the long axis of the triple-helical
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protein [121]. Fluorapatite nanoplatelets covered colla-
gen fibrils in a mosaic arrangement, where the crystallo-
graphic c-axis of FAp was parallel to the long axis of the
fibrils (Fig. 9¢), similar to the bone structure.

Collagen and non-collagenous proteins for mineralization
Fibrous proteins are abundant outside cells, forming an
extracellular matrix that helps cells bind and form tis-
sues. These proteins are secreted into the periphery by
cells and assembled into sheets or long fibrils. Collagen is
the richest fibrous extracellular protein in animal tissue.
The collagen molecule comprises three long polypeptide
chains containing the non-polar amino acid glycine at its
third position. This regular structure allows the chains to
wrap around each other, causing glycine to form a long,
regular triple helix in the core. Many of these collagen
molecules combine side by side and end-to-end to create
an overlapping arrangement called collagen fibrils, which
is very strong and helps to keep tissues together. Collagen
belongs to a diverse family of proteins. More than 40 dif-
ferent collagen genes in mammals encode a variety of col-
lagens that support the structure and function of various
tissues. Collagen is the main protein in bones, tendons,
and skin, making up 25% of the total protein mass in
mammals, and more than any other type of protein. Col-I
makes up 90% of the collagen in the body [124]. In bone
tissue, Col-I accounts for approximately 95% of the total
collagen content in bone and 80% of the total protein pre-
sent in bone [125]. It can be said that Col-I constitutes
the largest amount of bone tissue.

am (2) 3)

2

Fig. 9 a Mechanism of mesocrystals; (1) alignments by the organic matrix and (2) physical forces, (3) crystalline bridges by epitaxial growth and

(4) (5) (6)

2 R R Y v *

secondary nucleation, (4) alignments by spatial constraints, (5) oriented attachment, and (6) face selective molecules [113]. b Cryo-TEM (1) image
and (2) SAED pattern of the mineralized collagen fibril in the presence of pAsp [117]. ¢ (1) TEM image of mineralized triple-helix protein molecule,
(2) and (3) filtered and zoomed images of mineralized triple-helix protein molecules [123], Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim
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Among the cells in particular, differentiated osteo-
blasts produce and secrete proteins that constitute the
bone substrate [126]. The main protein secreted by dif-
ferentiated osteoblasts was Col-I. Initially, the protein
is secreted at the amino-terminal and carboxyl ends of
the molecule in the form of precursors containing pep-
tide extensions, and propeptides are removed by prote-
olysis. After this process, further extracellular treatment
results in the production of mature three-chained Col-I
molecules, individually assembled into collagen fibrils
and interconnected by forming pyridinoline crosslinks
unique to the bone [127].

The collagen fibers formed in this manner provide a
framework known as the extracellular matrix (ECM), in
which inorganic crystals nucleate and grow in bone tis-
sue. Although ECM influences the ultimate structure
and orientation of HAp crystals in bone tissue, it can-
not initiate HAp mineralization, even if the body fluid is
supersaturated for HAp. HAp nucleation is initiated pri-
marily by negatively charged phosphorylated non-colla-
genous proteins (NCPs; OP, BSP, dentin matrix protein
1 (DMP1) and dentin phosphophoryn (DPP)) associ-
ated with the ECM consisting of Col-1. These proteins
enhance local supersaturation to a level sufficient to form
critical-sized nuclei that can grow into HAp crystals by
attracting the major constituent ions of HAp, Ca®* and
PO,>, through the charged amino acid domain [128].
Among the amino acids, negatively charged amino acids
such as Asp, Glu, and phosphoserine (PSer) are abun-
dant in the acidic domain of NCPs, which are involved
in the mineralization of HAp in hard tissue. In addition,
Landis et al. showed that charged amino acids are in the
hole zone of collagen, where HAp forms nuclei in fibrils
[129]. These amino acids appear important for interac-
tion with Ca?* and PO,>” ions, which are required for
HAp precipitation.

Among the factors that have amino acids, studies
on negatively charged Asp, particularly and based on
this effect, are being conducted steadily. Krogstad et al
observed the structural evolution and kinetic mecha-
nisms of pAsp-induced CaP mineralization using pAsp,
calcium, and phosphate concentrations as variables
(Fig. 10a) [130]. Cryo-TEM demonstrated the follow-
ing steps for CaP mineralization: (1) the formation of
aggregates of pAsp-stabilized CaP spherical nanoparti-
cles, (2) crystallization of nanoparticles, (3) orientation
of nanoparticles to nanorods, and (4) crystallization of
nanorods. The intermediate aggregate size and reaction
kinetics were highly dependent on the pAsp concentra-
tion, but the particle size was not dependent on the pAsp
concentration. This study showed which stages of pAsp
affect the mechanism of CaP mineralization. Quan and
Sone studied the effect of pAsp chain length on HAp
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deposition in demineralized periodontal tissues to con-
firm the role of pAsp in collagen mineralization [131].
The results confirmed that pAsp chain length exerted the
effect of pAsp in mediating intrafibrillar mineralization.

Polyaspartic acid, which has amino acid domains,
and is particularly negatively charged, has been applied
in many other studies with objective confidence in
the generation of precursors, which is the first step in
the stable growth of inorganic crystals on the collagen
matrix. Niu et al. established a new model for mineral-
izing collagen fibers in the presence of pAsp and other
polyelectrolytes. Electrostatic attraction influences poly-
electrolyte-directed intrafibrillar mineralization using
polycation- and polyanion-directed intrafibrillar mineral-
ization (Fig. 10b) [132]. Xu et al. conducted a theoretical
calculation and simulation to improve the clarity reality
of the sub-nanoscale nucleation mechanism of CaP in
the collagen matrix in the mineralization of skeletal tis-
sue [133]. These studies also analyzed mineral deposition
and mineralization using pAsp and Glu in the compu-
tational process, providing atomic-level insight into the
nucleation mechanism of inorganic crystals in the colla-
gen matrix. Shao et al. experimentally demonstrated that
citric acid molecules significantly reduced the interfacial
energy between the collagen matrix and the CaP precur-
sor and enhanced the wetting effect in the initial mineral-
ization step, sequentially promoting the formation of CaP
in Col-I fibrils (Fig. 10c) [134]. This study also provided
results using pAsp as a basic additive in the CaP precur-
sor formation process, which is the initial stage of miner-
alization after Col-I self-assembly, and then using citric
acid as a variable.

Convergence theory from biology and materials science

In living organisms, many ions exist at different concen-
trations depending on the specific temperature and pH
range. Based on these findings, many different solutions
with different blood plasma concentrations have also
been prepared and used in research. As shown in Table 4,
ongoing studies control the specific ion concentrations in
the known blood plasma. Contrary to the reasons men-
tioned earlier for SBF (related to bioactivity) [135], recent
studies have been conducted to vary the concentration
of ions in these solutions to obtain the desired crystal-
line form and size for mineralization. There is also a great
deal of research using supersaturated SBF for the surface
modification of medical devices and other biomaterials,
such as dental implants, or for powder synthesis by pre-
cipitation [136, 137]. However, these studies may not be
adequate to determine the mechanism because there may
be sufficient interpretation differences to identify new
bone growth and regeneration mechanisms.
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Fig. 10 TEM images based on pAsp, is the most abundant amino acid group in NCPs and is used as a basic element in mineralization studies.

a Cryo-TEM images according to pAsp for ACP precursor and Ca?* concentration and time for crystal growth [130], Copyright © 2017, American
Chemical Society. b Uranyl acetate staining TEM image of ACP mineralized reconstituted Col-l fibrils made anionic by binding with pAsp [132].

(1) The large and electrodense particles condensed on the fibril surface are ACP coacervates due to the electrostatic interaction between the
polyvalent cation and the polyanionic electrolyte. (2) Adsorption of these electrodense particles slows the penetration of CaP. (3) In the maturation
stage, the surface coacervate transforms into extrafibrillar CaP crystals, while mineralization intrafibrillar results in the formation of less heavy
mineralized fibrils. ¢ Mineralization of collagen fibrils in the presence of pAsp [134], © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (1)
Partially mineralized collagen fibers. (2) Enlarged image of mineralized collagen fibrils. (3) The SAED pattern in panel (2) is consistent with HAp and
indicates oriented crystallization. (4) Elemental mapping of mineralized collagen fibrils

In an environment where various ions are present, most  react chemically with each other. In addition, ions enter
of the body is composed of carbon-based organic bonds.  the mineral synthesis stage at any moment. For this pro-
However, bone tissue is characterized by the growth cess, we also need to know the binding force between
of inorganic substances that bind to specific ions and the ions and how to maintain the concentration of the
structures. The ions present in our bodies continuously ions that cause the reaction. As shown in Tables 5 and 6,
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Table 4 lonic concentration (mM) of blood plasma and SBF studied to date

Formulation Na® K+ Mg+ Ca’t c- HCO,~ HPO,2~ 50,2~ Buffer
Blood plasma [138] 1420 50 15 25 103.0 270 10 05 -
Original SBF [33] 1420 50 15 25 1488 42 10 0 Tris
Corrected (c-SBF) [139] 142.0 50 1.5 2.5 147.8 42 1.0 0.5 Tris
Tas-SBF [140] 1420 50 15 25 1250 270 10 05 Tris
Bigi-SBF [138] 1415 50 15 25 1245 27.0 10 05 HEPES
Revised (r-SBF) [141] 1420 50 15 25 1030 270 10 05 HEPES
Modified (m-SBF) [141] 1420 50 15 25 103.0 100 10 05 HEPES
lonized (i-SBF) [141] 1420 50 10 16 1030 270 10 05 HEPES

Tris tris(hydroxymethyl)aminomethane, HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Table 5 Physical properties of representative hard tissues [142,

143]
Crystallographic
Lattice Crystallite Crystallinity Ignition
parameters size index, b products
(A) (nm, avg.) (800 °C)
a-axis c-axis
Bone 9418 6884 25x03 33-37 HAp
Dentin 9419 6830 2x04 33-37 HAp + B-TCMP
Enamel 9441 6880 33x3 33-37 HAp + B-TCMP

Lattice parameters (+0.003 A); in substance, the values vary with age
HAp: a-axis =9.422 A, c-axis =6.882 A, crystallinity index =100
TCMP magnesium substituted B-TCP

hard tissues in the human body, namely enamel, dentin,
and bone apatite, are known to have different crystal-
linities, mainly owing to the concentration of trace ions
(e.g., Mg, N, CO;, and HPO,) [42]. Since crystallinity also
affects the solubility of apatite, the synthesized CaP pow-
der used in the clinical field also emphasizes crystallinity.
There is a significant effect of incorporating CO; or Mg
ions on the size and morphology of apatite crystals, and
the degree of crystallinity [42]. Alternatively, proteins or
other elements (e.g., pyrophosphate and citrate) may also
inhibit the growth of biological apatite crystals [42, 97].

Table 6 Composition (wt%) of representative hard tissues [142, 159]

Several studies have reported the nature of COj; incor-
poration into biological apatites. The larger a-axis dimen-
sion of the phosphorus in the body compared to pure
HAp is due to the CO5-for-OH substitution (type A) in
these apatite [144]. Usually, this type of substitution is the
result of apatite synthesized at high temperatures, show-
ing extended a-axis and contracted c-axis dimensions
compared with pure HAp [145]. In contrast, studies on
apatite synthesized at low temperatures (RT —100 °C),
such as precipitation or hydrolysis methods, show partial
COs-for-PO, substitutions (type B) coupled with partial
Na-for-Ca substitutions [97, 146]. The results showed
a contracted a-axis and an expanded c-axis compared
with apatite and without CO;. Therefore, the study of
the effect on the crystallinity of HAp under actual body
temperature and other conditions, should be continually
studied, before the bio-mechanism can be identified.

Figure 11a shows a suggested model for biomineraliza-
tion, including mitochondrial granules, vesicles contain-
ing calcium and phosphorus and extracellular mineral
precipitation [147]. Considering the previous observa-
tions of minerals, collagen-based inorganic accumulation
in extracellular vesicles, observations of intracellular CaP,
and migration into the ECM are schematically shown.
The hypothesis is that (i) matrix vesicles accumulate
calcium and phosphate ions extracellularly before bud-
ding from the cell membrane and are associated with the

Composition (trace elements: Zn’*, Cu’T, Fe’t, Sr*t, etc)

Ca*t PO, Na*t Mg?*
Bone 348 15.6 0.9 0.72
Dentin 351 16.2 0.6 1.23
Enamel 36.5 17.7 0.5 0.34
Total inorganic (mineral) Total organic
Bone 65.0 255
Dentin 70.0 20.0

Enamel 97.0 1.5

K+ COy%" F- cr- P,0,*"
0.03 74 0.03 0.13 0.07
0.05 56 0.06 0.01 0.10
0.06 35 0.01 0.30 0.02

Absorbed H,0%

100

10.0

1.5
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a Matrix vesicles accumulate calcium and
phosphate ions extracellularly.
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collagenous ECM [147]; (ii) non-collagenous proteins
associated with the collagen cleft region mediate mineral
nucleation and promote collagen fibrils and their trans-
mission [118]; and (iii) ACP and calcium ions stored in

mitochondria are transported to the ECM via vesicles
and converted to crystalline apatite and proliferate in
dense foci. Other studies have induced the mechanism by
relating bone tissue and nerve cell signals (Fig. 11b) [148].
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The noradrenergic nerve terminal in the bone releases
norepinephrine and stimulates p2-adrenergic receptors
(ARs) near osteoblasts and osteocytes. This acts as a bar-
rier to bone formation and leads to increased expression
of the receptor activator of nuclear factor kappa-f ligand
(RANKL), which also increases bone resorption due to
osteoclast formation. This disrupts bone formation and
promotes bone resorption through adrenergic agonist
induced bone loss. The initial crystallization steps were
studied during the transformation of ACP to HAp and/
or other apatite groups using biomimetics and nanocom-
posites (Fig. 11c) [149]. Starting from (i), intracellular
matrix vesicles from osteoblasts transport ACP precur-
sors that are irregular and/or spherical granules into the
gap zone of the collagen matrix. (ii) ACP-containing vesi-
cles penetrated the collagen matrix and deposited ACP
granules in the gap region. (iii) The deformation of ACP
granules into bone apatite groups along the long axis of
collagen via a step-flow cluster/lysis-growth mechanism.
(iv) Fully transformed and mature mineralized collagen
matrix.

It has been clear for many years that hard tissue miner-
alization occurs in a structured matrix of Col-I, and that
the crystalline phase is composed of individual plate-like
nanocrystal agglomerates of HAp oriented and posi-
tioned by the collagen fibril structure. The mineralization
process itself can be considered from several different
perspectives [82], which are (1) crystallization in a min-
eral phase from a supersaturated solution; (2) the pres-
ence of protein polyions in the mineralization system and
how to interact with nanoclusters of free or calcium and
phosphate ions to control the mineralization process; (3)
the non-collagenous proteins of hard tissue and methods
that can be delivered in vivo to modulate mineralization
at specific sites, including the processes of nucleation,
crystal growth, morphology, and size control; and (4)
delivery of sequestered vesicular nanoclusters of calcium
and phosphate directly from the cell or mitochondria to
the mineralization front. Enormous amounts of biomin-
erals are produced from carbonates and silicates in plant
and animal systems, and in all cases, common mecha-
nisms can be applied.

For research and applications, mammalian skin and
tendon tissue are the main sources of Col-I. It should be
noted that most previous studies on collagen have been
performed using rat tail tendon because of their high
purity and easier extraction process than other sources
[10]. Besides all the developments in extraction and
purification processes, collagen is an animal extract that
causes problems with immunogenicity and interspecies
infection [150, 151]. The triple helical domains extracted
from bovine and porcine collagen are similar to human
collagen, but immunologically relevant differences in the
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telopeptide site can cause an immune response [152].
Peptide digestion cleaves non-helical termini, but their
immunogenic potential is not eliminated. Interest in het-
erologous biological materials lies in the transfer of infec-
tious agents. These concerns have stimulated research
into collagen-like synthetic peptides with the cellular
production of collagen, human recombinant collagen,
and cultural concerns [10].

In recent years, biomineralization of fibrillar collagen
directing agents on these collagen-based substrates has
allowed scientists to gain insights into their potential
mechanisms. A new model for collagen endothelial fibro-
sis was developed to establish the Gibbs-Donnan equilib-
rium in a polymer electrolyte directional mineralization
system, which complements the existing collagen miner-
alization mechanism by simultaneously balancing neu-
trality and osmotic equilibrium.

Charged macromolecules mimicking acidic non-col-
lagenous proteins [153] in bone or dentin, such as pAsp
[118], pAA [154], fetuin [119], and polyallylamine hydro-
chloride (pAH) [132], are essential for in vitro biominer-
alization of Col-I fibrin. The in vitro biomimetic model
has been proven to provide profound insights into col-
lagen mineralization, and various studies have been con-
ducted using this mechanism. As mentioned previously,
to ensure the perception of the mechanism of intrafibril-
lar mineralization, Sone et al. looked at the effect of pAsp
molecular weight on the remodeling of mineralization
and characterized the mineralization solution [131]. In
their study, pAsp inhibited crystallization in solution to
slow ACP growth by stabilizing this step rather than iso-
lating Ca* ions. Ultimately, these results suggest that the
Asp-rich protein sequence is essential for the crystalliza-
tion step and may also be useful for optimizing of syn-
thetic mineralized tissue replacement.

Advances in synthesis and analysis

Synthesis of calcium phosphates under biological condition
(Biomimicry)

Synthesis of CaPs under conditions similar to the body
is proceeding more actively than under the above-men-
tioned laboratory conditions. The minerals in bone tissue
are similar to HAp, but contain many other ions, as sum-
marized in Table 6. Each element mentioned in Table 6
plays a pivotal role in apatite biological behavior for bet-
ter biomass production [155]. Studies on the mechanism
of nucleation and crystal growth of bone tissue have been
conducted with many of these ions as variables. Mag-
nesium has important implications for calcification and
bone weakness and indirectly affects mineral metabo-
lism [156]. Although not part of the main fate of human
hard tissue, Sr is considered a bone-seeking element that
has a beneficial effect on bone growth and can reduce
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bone absorption and improve bone growth [157]. Zinc
is known to promote the proliferation and differentia-
tion of osteoblasts and is widely used in the fabrication
of biomaterials for bone tissue engineering [158]. Potas-
sium has a multipurpose nature in the control of bio-
chemical processes and plays an important role in the
nucleation of apatite minerals [159]. Sodium is known to
play a potential role in cell adhesion, bone metabolism,
and bone resorption and may also be added as a bioac-
tive glass component [31]. Chlorine can assist the acidic
environment on the bone surface to activate osteoclasts
in the bone resorption stage [160].

Synthesis techniques for the nucleation and growth of
apatite using solutions, such as SBF, similar to the chemi-
cal environment of the blood present in the human body,
have been used. Recently, studies on bone growth and
bone regeneration mechanisms have been conducted
with SBF or m-SBF; however, they have mainly been
applied for biomineralization or bioactivity verification
of developed materials or applications such as medical
device surface treatment [161, 162]. Thus, the surfaces
of metal implants modified with inorganics have been
developed very quickly and are known to be very helpful
for patient treatment. However, no implant has uniformly
formed a layer between the implant and real soft or hard
tissue. It is not yet clear how the apatite phase under-
goes nucleation and crystallization in SBE. To accurately
understand the mechanism of bone growth, many scien-
tists have challenged the synthesis of apatite in conditions
similar to those in the human body (i.e., temperature, pH,
chemical composition, and fluid velocity); however, it is
difficult to conclude that the morphology and stage of
growth coincide with the real bone [140, 163]. In synthe-
sizing HAp using SBE, selecting raw materials irrelevant
to the human body and obtaining amorphous precursors
is also a problem. The precursors have to be proved by
obtaining HAp or other CaPs through high-temperature
heat treatment (calcination), which makes it impossible
to confirm the mechanism of the actual growth direc-
tion control of HAp crystals [140]. Based on thermody-
namic theory, serum and SBF are supersaturated with
apatite crystals [164]. The initial state of this system
can be referred to as a metastable state, which relies on
the non-classical crystallization theory, but by form-
ing HAp crystals, it becomes thermodynamically stable
[165]. Eventually, when the HAp is formed from a clus-
ter immersed in serum or SBF, it can be interpreted that
the immersion time was longer than the induction time
[163]. According to the initial definition of SBE, bioac-
tive materials are substances that accelerate heterogene-
ous apatite crystallization in solutions supersaturated
with HAp [33, 135]. It can be said that to obtain specific
energy to induce apatite nucleation and crystal growth,
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there must be a substrate in the solution rather than a
simple precipitation concept. In recent years, synthesis
and analytical technologies at the nanometer scale have
been developed, and the nucleation and growth mecha-
nisms have been interpreted from various perspectives.
Research is also underway on organisms that regulate the
size and growth direction of HAp crystals and the spac-
ing between HAp crystals in the bone tissue.

Analysis of synthesized materials and bone tissue

Bones are categorized by the relative amount of solid
material, size, and number of spaces. There are two types
of bones: cortical (compact) and cancellous (spongy).
Among all bones, dense bones are thinly located at the
surface, and the deep bony bone and medullary cav-
ity are in the sponge bone area. Blood cells and platelets
are produced in the medullary cavity between spicules
in the adult medullary cavity. Yellow and red bone mar-
row (where blood cells and platelets are generated) are
observed between the spicules of the adult medullary
cavity.

The specific structure and ratio of compact to spongy
bones differ greatly from their functions. The dense bone
provides a force to support the weight. Long bones are
designed with attachment and firmness of muscles and
ligaments, and the amount of compact bone is highest
at the center of the shaft. In addition, the long bone acts
as a support to attach a large muscle to the raised part
(e.g., crest tubercle). Living bones exhibit elasticity, flex-
ibility, and strong rigidity (or hardness). The various and
excellent mechanical properties of bone tissue are due to
organic and inorganic materials. From another perspec-
tive, in bone, stiffness (290 GPa) coexists with toughness
(22 MPa m~'2) under the bone’s hierarchical organiza-
tion [166]. The basic structure of bone is a hybrid of
organic and inorganic materials based on hydrated min-
eralized Col-I fibrils [167].

The hierarchical assembly of organics and inorganics
in the bone tissue is implemented bottom-up through
interactions between cells and the ECM during growth,
development, and maintenance [19]. However, such a
hierarchical bone structure has been approached sub-
stantially top-down manner [168]. As expected, this
approach can be attributed to the scale of the analytical
methodology. Thus, with the development of analytical
techniques, it is possible to verify up to the atomic level;
simultaneously, it shows an excellent ability to analyze
the crystalline direction and shape. The radical develop-
ment of this analytical technique has led to surprising
results for bone structure, allowing researchers to study
bone growth mechanisms more objectively. Although
the mechanisms of organics (collagen cross-linking into
a continuous framework) and inorganics (crystallite
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aggregation) are different, the results of these studies
converge to provide continuity of organic and inorganic
components of bone tissue. Bone morphology has been
previously demonstrated by deproteinization or demin-
eralization in the hydrated state on several scales [169].

It is no exaggeration to mention that the development
of analytical technology has played a major role in the
analysis of hard tissue according to the scale (Fig. 12).
Hard tissue analysis can be confirmed by the develop-
ment of analytical techniques, as well as by the chemical
elements, structure, and patterns that constitute the hard
tissue. However, it is not a simple task to combine the
results obtained with existing methods because the exist-
ing analysis methods are not based on the actual require-
ments of the living organism. In recent years, research
on hard tissue has been actively conducted, as the tech-
nology for analyzing the environment as an actual living
organism has been confirmed by the modification and
improvement of existing methods.

Mechanical events in biological systems are a major
problem in bone tissues [171]. In general, whole-bone
testing involves stabilizing, loading, and measuring the
resulting deformation of the bone of interest. The disad-
vantage is that it is intrinsically destructive, and analy-
sis at this level can separate structural elements that
would affect structural properties. Bulk compact and
sponge bone tissues can be prepared in standard-sized
specimens and subjected to mechanical testing to deter-
mine the properties of the biomaterials for each tissue,
including apparent stiffness, strength, and toughness.
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While these tests have proven useful in explaining the
effects of drug therapy, disease, and aging [172-174],
the drawback of evaluating mechanical properties at
this level is the difficulty of uniformly processed speci-
men preparation procedures. Typical dimensions for
tissue-level mechanical testing are hundreds to thou-
sands of microns, and owing to the technical problems
of testing such small specimens, the microtensile or
microbeam bending test is preferred over the micro-
compression test. In addition, the estimation of the
properties of mechanical test specimens at the tissue
level from the structural properties of the whole bone
is cumbersome and requires several basic assumptions,
including material homogeneity and prismatic cross-
section [175]. Indentation (micro-indentation, RPI; ref-
erence point indentation, nano-indentation) tests can
be performed on multiple length scales to provide infor-
mation on the resistance of bone tissue to plasticity and
permanent deformation. Tissue hydration, tip shape,
surface roughness, loading rate, and specimen orienta-
tion must be considered in the indentation tests [176].
The properties of HAp-like minerals, Col-I, and body
fluids in bone tissue provide insights into the quality of
bone and contribute to the structural integrity of the
whole bone [177]. Nuclear magnetic resonance enables
determining the water content in bone tissue to deter-
mine the compact and trabecular bone mineral density
[178, 179]. This method allows the body to be scanned
without the organism being exposed to ionizing radia-
tion and can be repeated on a nondestructive, identical
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patient or sample. However, because of the low signal-
to-noise ratio (SNR) of isotopes other than 'H, the prob-
lem is that they are limited to samples with high water
content, such as biological tissues [180]. The molecular
bond vibration properties of materials-dependent infra-
red and Raman spectroscopy confirmed the chemical
properties of the sample. These methods can be used to
distinguish the molecular signals of the organic matrix
component from the signal generated from the HAp
component. The advantage of using SEM, which can be
rasterized across sample surfaces with an electron beam
to determine topographical and compositional informa-
tion at resolutions of tens of nanometers, is that the opti-
cal microscope eliminates the need for higher resolution
and thinner sections than standard histology [181]. In
addition to this common SEM, SEM imaging produces
backscattered electron signals that are used to generate
gqBEIL The number of backscattered electrons is propor-
tional to the atomic number Z of the atom with which it
collides, also known as the Z contrast. Among the bone
constituents, the Z number of calcium was the highest,
and calcium dominated the qBEI image contrast and
showed different stages of mineralization in the tissue. As
a result, qBEI is well-suited for bone mineral density dis-
tribution measurements that spatially detail the degree of
mineralization across the region of interest [182]. Ther-
mal gravimetric analysis monitors the weight change of a
sample as it changes the temperature to characterize the
mass of organic and inorganic components in the sample.
TGA is the gold standard for determining the fraction
of minerals in bone tissue but has the disadvantage of
having a destructive step that leaves only minerals after
combustion.

The composition and distribution of compact and tra-
becular bones vary with the entire skeleton and bone
function. Choosing the correct scale is important for
selecting techniques to characterize their geometry.
Magnetic resonance imaging (MRI) is a widely used non-
ionized clinical form used to image water in skeletal tis-
sue in the body. Specific propagation by MRI has a huge
advantage in images related to the tissue type (bone, fat,
and marrow). This method can efficiently identify the
structural information of the hard tissue to be measured
based on the structural dependence of the local field
induced near the bone and bone marrow boundaries
[183]. However, there are drawbacks to the low SNR and
high cost of trabecular bone analysis, which continue to
be studied [183]. Quantitative computed tomography can
measure 3D bone structure and volumetric bone mineral
density (VBMD) in the body. This analysis can distinguish
between the compact and trabecular compartments;
however, it is insufficient to characterize the microstruc-
ture of the individual struts of the trabecular bone.
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In contrast, HRpQCT has the advantage of enabling
in vivo measurement of vBMD and resolution of compact
and trabecular bone features. This analysis has excellent
resolution and is used in studies that show microstruc-
tural differences such as osteoporosis [184]. Micro-com-
puted tomography has been used to characterize the
microarchitecture of trabecular bone and the 3D bone
structure of biopsies, other excised tissues, or small ani-
mal skeletal areas in the body. In small animals, this ana-
lyzer can monitor skeletal morphology over time, and
the human biopsy process can determine the impact of
disease states on bone morphology [185, 186]. Solving
the problem of long scan times and radiation exposure
for high resolution is a practical analysis method. AFM
measures the deformation of forces that occur when a
cantilever beam with a sharp tip on an atomic surface is
scanned at the surface of the specimen, resulting in ter-
rain imagery at a subnanometer spatial resolution [187].
The analysis also has excellent applicability for manipu-
lating sample surfaces and measuring force. This technol-
ogy can be imaged and probed in saline or other liquids
compared to other imaging techniques, making it a key
advantage in analyzing near-biological conditions. For
ex vivo studies, XRD is a gold standard that character-
izes bone mineral structures. A century ago, HAp was
the first XRD analysis of bone-established minerals. Since
then, XRD analysis technology has steadily evolved, lead-
ing to significant insights into crystallinity and minerali-
zation as a function of tissue and animal age, the effects
of crystallization on mineral deformation, and impurity
substitution [188]. Small-angle X-ray scattering is a com-
plementary technology to XRD that does not require
sample homogenization. This analysis provides infor-
mation on the crystal shape, thickness, and orientation
[189]. The main advantage of this method is that it allows
imaging of amorphous specimens with minimal speci-
men preparation, thus providing detailed insight into the
structure of bone tissue at the nanoscale, changes in tis-
sue mineral density, and damage accumulation.

Biomimetic materials for bone regeneration (Overview) -
limitation of current methods

Research on bone growth and regeneration has been
ongoing for decades, and materials used in clinical trials
have also been steadily developed. In the early stages of
research on bone growth and regeneration, research was
conducted in basic science on the chemical composition
and structure of natural bones, focusing on the develop-
ment of metallic materials with a focus on mechanical
properties. Since then, research and development of CaP-
based materials constituting natural bone has been devel-
oped in the field of engineering, and numerous bone
grafts have been developed for clinical applications. Since
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the 1990s, as interest in polymer materials has increased,
new composite materials have been developed to com-
pensate for the disadvantages of CaP-based materials and
other ceramic materials. Research on collagen started
doing so, became interested in various major fields and
became alive again. The development of the analytical
technology mentioned above has also contributed to the
research and development of materials using chemicals
identical to natural bones that became active over time.
This section describes biomimetic materials for bone
regeneration, which are of recent interest, as well as
new synthetic processes, fusion analysis techniques, and
limitations.

Shao et al. used CaP ion clusters to induce epitaxial
crystal growth of tooth enamel apatite in hard tissue
[190]. The material obtained was proven to have the
same hierarchical structure and mechanical properties as
natural enamel. A promising strategy for the biomimetic
regeneration of substances with complex structures, such
as bone tissue, with epitaxial growth based on CaP phase
transformation, is also presented. Another study showed
evidence based on the structural role of water concern-
ing the direction and shape of crystal growth. In general,
it is known that organic molecules from the vertebrate
ECM of calcified tissues are essential for structuring apa-
tite minerals. Wang et al. demonstrated the structure and
bone tissue of crystalline and biomimetic apatite nano-
particles according to temperature variables using vari-
ous analytical techniques [191]. Their results showed that
water-oriented apatite crystals formed through an amor-
phous CaP-like layer coating the crystalline core of the
bone apatite. This disordered layer is reminiscent of what
was found around the crystal nuclei of calcified biomin-
erals through various parameters in vivo and provides an
extended local model of biomineralization.

In practice, it is still difficult to identify the differences
between natural bones and changes in material implanted
at the site of defects during bone tissue regeneration. To
solve these problems, Li et al. conducted a study that
compared HAp doped with terbium (Tb) as a bone graft
material with the surrounding natural bone apatite [192].
This study demonstrated the occurrence and gradual
decomposition of compositional and structural changes
in implanted materials during bone regeneration and
reconstruction, thereby revealing significant differences
from bone apatite crystals. Synthetic nano-HAp crys-
tals with high crystallinity implanted in the bone defect
site could be bone-fused with the bone tissue; however,
they were slowly degraded by being treated as foreign
matter at the implanted tissue site. These results suggest
that biomimetic bone-tissue regeneration materials can
be developed and applied. From another point of view,
it is an important factor in determining the results of
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bone tissue regeneration, and it is also applied based on
the theory of the host immune response to bone bioma-
terials. In this regard, Jin et al. conducted a bone regen-
eration study using immunomodulatory properties and
mesenchymal stem cell recruitment techniques during
endogenous bone regeneration [193]. This study induced
new bone formation using acquired hierarchical intra-
fibrillary mineralized collagen through CD68"CD163"
M2 (cluster of differentiation, M2; alternatively acti-
vated macrophages) macrophage polarization and
CD1467STRO-1*" (STRO-1, a gene for a protein marker
of mesenchymal stem cells) host mesenchymal stem cell
recruitment, and has also been shown to promote endog-
enous bone regeneration by promoting interleukin secre-
tion. This is not just proof of biological factors, but it
is also very interesting that it is based on a mineralized
collagen matrix in a biomimetic hierarchical fiber with a
hierarchical nano-interface.

In tissue engineering, continuous research and devel-
opment are focused on mimicking natural bone tissue by
integrating the structures and functions of the scaffolds.
In terms of the complexity of the hierarchical structure,
the requirements for mechanical properties, and the
diversity of cells residing in the bone tissue, it remains a
major challenge to build a biomimetic bone tissue engi-
neering scaffold. Various structures have been devel-
oped based on 3D printing technology, which has been
steadily concentrated for approximately 10 years. Based
on these technologies, Zhang et al. developed a scaffold
with a hierarchical Haversian bone structure that can act
as a capillary tube in the bone tissue [194]. Scaffolds with
these Haversian bone mimic structures induced bone tis-
sue formation, angiogenesis, and neurogenic differentia-
tion in vitro. This provides a new strategy for designing
structured and functional biomaterials that mimic the
natural complex bone tissue during bone tissue regen-
eration. However, additional experimental analyzes to
confirm the more objective and original mechanism
in the results of these tissue engineering studies could
have served as a more useful technology carrier. On the
mechanical side, CaP-based materials have the disadvan-
tages of typical brittle ceramic materials. To compensate
for these shortcomings, Yu et al. manufactured scaffolds
using the 3D stacking technology [195]. Previously, a
method for controlling the mechanical properties of a
scaffold through various materials and geometric motifs
has been studied, but recently, the theme of biomimet-
ics has emerged to avoid other artificial materials. To
improve the mechanical properties of the scaffold, they
applied a rotated plywood structure of bone tissue to 3D
printing scaffold manufacturing. The biomimetic rotated
layered plywood motif presented in this study demon-
strates that it can improve mechanical performance,
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suggesting that it can reduce fracture propagation, simi-
lar to bone tissue. However, these technologies are close
to the morphological viewpoint of macro-scales and are
composed of materials that do not exist in the human
body in terms of chemistry, so it is not enough to express
them as biomimetics when viewed from the microscopic
side.

Owing to their excellent biocompatibility and biodeg-
radability, studies related to biomimetic composites in
tissue engineering have been actively conducted in recent
year. Collagen and HAp are the most abundant proteins
and main constituents of vertebrate bone tissue. Based
on this knowledge, Yu et al. developed a lamellar micro-
structure and incorporated Fe and Mn ions, essential
trace elements in the human body, into an intrafibril-
lar mineral scaffold composed of apatite and collagen
to improve osteoinductivity [196]. The authors of this
report also mentioned that the scaffold developed in this
study provides a simple but practical strategy, judged
to be a very good method for identifying bone growth
and regenerative mechanisms in terms of basics. Quade
et al. loaded a biomimetic mineralized collagen scaffold
with a signaling cocktail from hypoxia-regulated human
mesenchymal stem cell secretion [197]. In a humid envi-
ronment, signaling factors are released by forming a
chemotactic gradient, leading to the direct migration of
cells into the scaffold. It was also co-cultured with human
reproductive venous endothelial cells to show the entire
structure of the blood vessels sprouting across intercon-
nected pores. The fusion of bioactive material systems
into collagen-apatite-based scaffolds, and the application
of oxygen and nutrients to attract cells in the body has
shown great potential for clinical translation. To solve the
clinical problems of existing scaffolds developed for hard
tissue regeneration, the technology to respond to bac-
terial infection and osteomyelitis is applied. This study
developed a drug-free inorganic biomaterial platform to
reveal biomimicry [198]. In addition, biocompatibility,
osteoconductivity, and biomineralization have been the
focus of developing bio-scaffolds for hard tissue regen-
eration, and research on scaffolds using natural polymers
that mimic the collagen fiber matrix of bone tissue is
ongoing [199, 200].

Summary

Successful biomineralization of synthesized materials,
achieved in the past decade, has been a significant step
toward the authentic biomimetic process of bone-like
hierarchical structures. As clearly stated in the previous
studies reviewed here, the developed materials closely
mimic some of the most significant features found in
bone tissue, such as mineral density, particle size, and
crystalline orientation. Nevertheless, it is still unclear
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how biomimetic materials are similar to natural bone
structures. For example, further analysis of the chemi-
cal properties of inorganics formed in the intrafibril-
lar structure is required, particularly analysis involving
ions around the mineralized site. This can provide more
insight into the mineralization mechanism of organic
phenomena, as some ions seem to affect the process.
Although ions are present in very small amounts in
natural bone mineral matter, the relevance of these ions
should not be neglected. Conversely, bioinorganic addi-
tives in minerals can improve the bone-regeneration
potential of biomimetic bone grafts.

These biomaterials need to be analyzed for their phys-
ical and chemical properties to confirm their material
properties, and biological experiments, such as in vitro
and in vivo tests, are evaluated to verify their biologi-
cal mechanisms. Finally, in the convergence study of
bone tissue growth and regeneration, it is important
to induce its mechanisms in different fields (materials,
biology, medicine, etc.). However, it is now necessary to
link the mechanics of one field with theories of another
to derive a more objective new mechanism.
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computed tomography; MRI: Magnetic resonance imaging; mRNA: Messenger
ribonucleic acid; m-SBF: Modified SBF; MSC: mesenchymal stem cell progenitor
of osteoblast; NAChR: nicotinic acetylcholine receptor; NE: norepinephrine; NET:
norepinephrine transporter; NMR: nuclear magnetic resonance; NPY: anxiolytic
neurotransmitter and cotransmitter; n-SBF: improved SBF; Ob: osteoblast; OC:
osteocalcin; Oc: osteoclast; OCP: octacalcium phosphate; ON: osteonectin; OP:
osteopontin; pAA: polyacrylic acid; pAH: polyallylamine hydrochloride; pAsp:
polyaspartic acid; pH: potential hydrogen; PICP: procollagen type | C propeptide;
PINP: procollagen type | N propeptide; PTH: parathyroid hormone; gBEl: quanti-
tative backscattered electron image; QCT: quantitative computed tomography;
RANKL: receptor activator of nuclear factor kappa-f ligand; RPI: reference point
indentation; r-SBF: revised SBF; SAED: selected area electron diffraction; SAXS:
small-angle X-ray scattering; SBF: simulated body fluid; SCI: science citation
index; SEM: scanning electron microscopy; Ser: serine; SNR: signal-to-noise; SS:
supersaturated solution; SSEEL: Ser-Ser-Glu-Glu-Leu; Tas-SBF: 27 mM HCO3—
TRIS-HCI buffered SBF (Tas is the author’s name.); TCMP: tricalcium phosphate
substituted by magnesium; TCP: tricalcium phosphate; TEM: transmission
electron microscopy; TGA: thermal gravimetric analysis; vBMD: volumetric bone
mineral density; XRD: X-ray diffraction; aAR: alpha-adrenergic receptor.
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