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Advances in biomineralization-inspired materials for hard

tissue repair
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Biomineralization is the process by which organisms form mineralized tissues with hierarchical structures and excellent properties,
including the bones and teeth in vertebrates. The underlying mechanisms and pathways of biomineralization provide inspiration
for designing and constructing materials to repair hard tissues. In particular, the formation processes of minerals can be partly
replicated by utilizing bioinspired artificial materials to mimic the functions of biomolecules or stabilize intermediate mineral phases
involved in biomineralization. Here, we review recent advances in biomineralization-inspired materials developed for hard tissue
repair. Biomineralization-inspired materials are categorized into different types based on their specific applications, which include
bone repair, dentin remineralization, and enamel remineralization. Finally, the advantages and limitations of these materials are
summarized, and several perspectives on future directions are discussed.
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INTRODUCTION
In living organisms, biomineralization produces materials with
intricate structures and astonishing properties.' The bones and
teeth of vertebrates are hierarchically ordered at multiscale levels
and possess remarkable mechanical properties,® playing impor-
tant roles in protection, movement support, and food mastica-
tion.>* However, the hard tissues in human body (including bones,
dentin, and enamel) have finite self-repair capabilities, especially
when subjected to severe injuries and diseases such as large bone
defects and dental caries.>® In case of such health issues, various
types of synthetic materials (including metals, ceramics, polymers,
and composites) are used for clinical applications, although these
markedly differ from biogenic hard tissues in some facets, such as
composition, mechanical properties, bioactivities, and degradation
behaviors.”~® Despite native hard tissues inspire the development
of advanced materials for hard tissue repair,'® the structures and
functions of the native prototypes are too sophisticated to be
directly realized via artificial synthesis.>''™"3

An in-depth understanding of the processes and mechanisms
underlying biomineralization may provide novel approaches for
hard tissue repair.**"'* Biomineralization is defined as the forming
process of inorganic minerals by living organisms under strict
biological control.">'* Different from mineralization, the concept
of biomineralization emphasizes on the organisms’ regulation
effects on the formation of biominerals. Through evolution,
nature has established robust pathways and mechanisms to
produce precisely controlled biominerals, which are distinct from
minerals found in non-biological systems.'®"'® Biomineral forma-
tion is a complex process involving frequent participation of cells
and interactions between mineral forming crystals and various
biomolecules, as well as ions.”'”'9-2" Many organic matrices also
play crucial roles in regulating crystal nucleation, hierarchical
growth, and morphogenesis.”'#%? For example, the morphology
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of mineral crystals during enamel development is tightly
regulated by matrix proteins;?> during collagen mineralization
of dentin and bone, the negatively charged domains of non-
collagenous proteins (NCPs) stabilize crystal precursors, while the
self-assembled collagen fibrils act as templates to guide crystal
ar owth. 122425

Accumulating knowledge on biomineralization has facilitated
the designing of strategies and materials for hard tissue repair.
Notably, natural structure-forming processes can be partly realized
in vitro by following the identified underlying mechanisms of
biomineralization.”® Bioprocess-inspired fabrication strategies
provide operable alternatives to most conventional biomimetic
strategies, which only focus on directly mimicking the intricate
structures or remarkable properties of natural hard tissues through
artificial synthesis under harsh conditions.’** Since several
important proteins are intimately involved in the biomineraliza-
tion of hard tissues, the mechanisms of their interactions with
minerals and mineral precursors are widely studied. Using protein-
mediated processes as inspiration, organics with special functions
similar to those of the proteins have been artificially engineered to
induce bioinspired mineralization; such organics include recombi-
nant proteins, synthetic peptides, and polymers.'*'"%2% More
importantly, laboratory evidence of in vitro bioinspired systems
can contribute to the fundamental knowledge of biomineraliza-
tion, such as the identification of amorphous precursors in
vertebrate bones.'®

This review summarizes recent advances in the development of
biomineralization-inspired materials for hard tissue repair (Fig. 1).
To limit our focus, only existing studies on the mimicry of
biomineralization processes of major hard tissues are discussed in
this review. To this end, we start with a brief introduction to the
biomineralization of hard tissues in humans. Then, we propose the
key requirements for biomineralization-inspired materials for hard
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Fig. 1 Schematic of biomineralization-inspired materials for hard tissue repair. The formation processes and mechanisms of human hard
tissues, including bones and teeth, have inspired the design and construction of various materials for hard tissue repair. These materials
mainly include recombinant proteins, synthetic peptides, dendrimers, polyelectrolytes-stabilized mineral precursors, mineralized scaffolds,
and inorganic materials. The applications of these materials are categorized into three parts to be introduced in this review: bone repair,

dentin remineralization, and enamel remineralization

tissue repair. Subsequently, we highlight bioinspired materials
designed and utilized for bone repair, dentin remineralization, and
enamel remineralization, and categorize them based on material
types. Finally, we conclude the advantages and limitations of
these materials, and discuss several perspectives on future
research directions in the context of biomineralization.

BONE REPAIR

Bone is responsible for the maintenance of mineral homeostasis,
structural support, and protection of the human body.*° Its superb
mechanical properties are conferred through hierarchical organi-
zation, which ranges from nanoscale structures to macroscopic
physiological structures.>'*? The building blocks of bone are
mineralized collagen fibrils, which are known for the complicated
nanostructures.

Synthetic bone grafts with bone-like structures and properties
are difficult to prepare. Nevertheless, the biomineralization of
bone has provided inspirations for material design and construc-
tion. The review by Habibovic et al.’® systematically elaborates
bioinspired materials mimicking the extracellular matrix of bone,
and the authors focus on the discussion and comparison of
several important physiochemical properties of the materials, such
as the mineral content and the homogeneity of mineral
distribution, in scaffolds.

In contrast, the subject of our review focuses on the relationship
between the mechanisms of biomineralization and the design and
construction of materials for hard tissue repair. Therefore, this
section starts with the backgrounds of biomineralization of bone,
which involve frequently mentioned mechanisms and processes
during biomineralization. Then, several key requirements for
biomineralization-inspired materials for bone repair are presented
by analyzing advantages and disadvantages of conventional
materials, especially for mineralized collagen. Finally, we summar-
ize the advances in biomineralization-inspired materials for
bone repair, and some important information of representative
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materials, including construction approach, characteristics, and
biological performances, are listed in Table 1.

Biomineralization of bone

Biomineralization of bone is defined as the formation of mineral
crystals in the extracellular matrix of bone tissues. There are
several specialized reviews about biomineralization of bone.'®>33*
Differently, the focus of this section is to emphasize the
relationships between the design and construction of materials
for bone repair and several main processes and mechanisms
involved in biomineralization. The content includes collagen fibrils
and nanocrystals, amorphous precursor, and intrafibrillar miner-
alization. By analyzing and sorting out the underlying mechanisms
of these biological events, we hope to provide guiding principles
and suggestions for material design and construction.

Collagen fibrils and nanocrystals. In bone, there is an apparent
contrast between the minerals inside and outside the collagen
fibrils. The intrafibrillar minerals are plate-shaped nanocrystals
with their c-axes oriented along the longitudinal axes of the fibrils;
while the extrafibrillar minerals are crystal aggregates without
preferential orientation.>® Such differences derive from the spatial
confinement effect of assembled collagen fibrils on the growth of
intrafibrillar minerals. Before mineralization, the fully assembled
three-dimensional collagen fibrils possess a regular series of gaps
or channels due to the staggered arrangement of adjacent
collagen molecules.®® The mineral crystals initially nucleate in the
holes of these gap zones and then grow into plate-shaped
nanocrystals with typical dimensions of 50 x 25 x 3 nm.>3” The
ordered fibrillar structure and intrafibrillar nanocrystals contribute
prominently to the remarkable mechanical properties of bone.>®

Therefore, it is of crucial importance to replicate the fibrillar
template structure of the naturally assembled collagen molecules
when designing and constructing materials for bone repair;
besides, the regulation of mineral size and location should be
considered carefully.
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Amorphous precursor. The nucleation and growth of mineral
crystals in bone do not follow the classical crystallization
pathway of ion addition; instead, there is a transformation from
amorphous calcium phosphate (ACP) to the final crystalline
hydroxyapatite (HAP).3>"** Since mechanisms about initiation,
stabilization, and transformation of the amorphous precursor
have been well presented and discussed by several illuminative
reviews,>**~*¢ the focus here will be given to the features of
amorphous phase which can shed light on material design and
construction.

One question may be proposed at first: what are the
prominent advantages of the amorphous phase strategy taken
by numerous organisms during evolution. It can be answered
from three aspects. First, the highly hydrated amorphous phase
possesses liquid-like fluidity and moldability, which are believed
to be the foundations of structuring sophisticated minerals,
especially in extremely tiny compartments.*” Second, compared
with ion solutions, ACP is a concentrated phase of calcium and
phosphate, which is more efficient in mineralization and more
convenient in delivery.** Third, ACP is more soluble than HAP,
thus having more flexible and controllable properties in
reorganization and fusion.'**2

These advantages of distinct aspects can be transplanted
separately or as a whole, into materials, depending on the main
aims of material construction. More importantly, knowing the
significance of implementing the amorphous precursor
strategy in a specific material is necessary, rather than following
research hot spots blindly, since some studies with ambiguous
significances and unclear logics have been reported in
material field.

Intrafibrillar mineralization. Over the last decade, mechanisms on
the intrafibrillar mineralization of bone, especially the explana-
tions of how minerals enter the interstices of collagen fibrils, have
been continuously proposed. However, most of them are based
on in vitro models due to the limited applicability of truly
biological systems. In a landmark review, Tay et al.*’ critically
commented several well-known mechanisms, including capillary
forces, electrostatic interaction, size exclusion, and self-assembly
of collagen and apatite; later in 2016, they discovered a novel
mechanism on intrafibrillar mineralization from the perspective
of Gibbs-Donnan equilibrium.>® Very recently, With et al®'
thoroughly summarized various approaches of in vitro miner-
alization of collagen in their detailed review; besides, many
experimental parameters and effects of these approaches were
kindly listed in tables. These two reviews are highly recom-
mended to readers who expect a comprehensive overview of
intrafibrillar mineralization.

The realization methods of intrafibrillar mineralization are
constantly innovating. However, there are contradictory explana-
tions among the mechanisms these methods rely on, which may
cause confusion to researchers trying to develop novel miner-
alized collagen materials.>*>* Therefore, the essence underlying
diverse methods should be reminded; here, we will give a brief
analysis. All the methods can be roughly categorized into two
types. One is to form a transiently stable mineral precursor to
achieve its infiltration into collagen fibrils, and subsequently the
precursor transforms into the crystalline phase to complete
mineralization.*> Adding polyelectrolytes to stabilize ACP is the
most common method to form a mineral precursor. In the earliest
studies, anionic polyelectrolytes such as poly(aspartic acid) (PAsp)
were utilized to simulate the regulation capability of NCPs on
minerals.>*>® NCPs are rich in acidic residues of amino acid
exhibiting strong affinity towards calcium ion.>>” Later, cationic
polyelectrolyte, poly(allylamine) hydrochloride (PAH) was also
demonstrated to be able to stabilize ACP.°>*® In addition to
adding polyelectrolytes, the recently reported method of
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applying periodic fluid shear stress is also based on the principle
of forming and stabilizing ACP.>>®° Another type of method relies
on the simultaneous occurrence of apatite growth and assembly
of collagen molecules.’’~®* In fact, the common requirement for
using in vitro methods is the necessity for the mineral phase to
enter the assembled collagen fibrils before it grows too large and
sets in shape.'®

Researchers are better not to be limited to the guidance of
certain mechanism when designing mineralized collagen materi-
als, because the current mechanisms are not always perfect and
still under debate.*® Instead, researchers should follow the
essence of achieving intrafibrillar mineralization, carefully refer
to various mechanisms, and constantly pursue methodological
innovation and effect enhancement, which in turn will contribute
to the improvement of mechanisms.5*5°

Requirements for biomineralization-inspired materials for bone
repair

Bone grafts are usually utilized to treat bone defects or guide new
bone generation.’® Although natural bone autografts and
allografts are the gold-standard treatment, they are limited to
problems such as additional donor-site morbidity and disease
transmission.®®”° Synthetic grafts based on polymers, bioceramics,
metals, and carbon materials are also unsatisfactory in some
aspects, such as mechanical properties, degradation, and bioactiv-
ities.”! Advantages and disadvantages of these diverse materials
for bone tissue engineering are available in the review by Mikos
et al.” Here, we will focus on discussing mineralized collagen
scaffolds, which are closely related to the biomineralization
subject of this review.

Among a variety of synthetic bone grafts, mineralized collagen
scaffolds have the most similar composition with the extracellular
matrix of native bone.”” Two conventional methods are usually
applied to fabricate composite scaffolds of collagen and minerals.
The first is to directly blend minerals and collagen solution; the
second is to immerse preformed collagen scaffolds in the
solutions of mineral ions.”*””> However, these collagen scaffolds
are characterized by extrafibrillar mineral deposition and the lack
of intrafibrillar mineral, thus failing to replicate the nanostructure
of native bone*’%”7 Consequently, these scaffolds usually
provide insufficient mechanical strength, variable degradation
rates, and limited osteoinductivity.”*®° It is not sufficient to
simulate only the bone composition, since the structures of bone
count a lot 88

Biomineralization of vertebrates involves ingenious combina-
tions of collagen fibrils and apatite with fine geometry and
architecture, which inspires researchers to take similar miner-
alization methods to recapitulate bone structures in materials for
improved properties.'> However, the practicability of construction
methods depends on their feasibility and the overall properties of
the obtained materials. Therefore, there are several key require-
ments for biomineralization-inspired materials for bone repair
need to be considered. First, biocompatibility of the materials.
The fabrication process may involve chemical agents, whose fate
after the implantation of materials in bone defect site has an
impact on the overall biocompatibility.2*#> Biocompatible agents
are more preferable when constructing the materials. Second,
structural similarity. The materials should try to replicate the
structure of bone, in particular, the intrafibrillar mineralization.
The regulation on material structures is likely to change the
distribution and content of minerals, and their interactions with
scaffold matrix, thereby greatly influencing the final proper-
ties.3'*285 Characterizations on material structures should be
always conducted to determine their mineralization patterns.
Third, the construction method of recreating bone nanostructures
in materials should be easy, and the cost should be as low as
possible. Such method is very promising for the scalable
production of bone repair materials.
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Fig. 2 Schematics, characterizations, and in vivo effects of intrafibrillarly mineralized collagen scaffolds. Structural schematics of (a1) native
bone, (b1) HIMC, (c1) NIMC, and (d1) EMC, respectively. TEM images of (a2) native bone, (b2) HIMC, (c2) NIMC, and (d2) EMC, respectively. The
HIMC shows bone-like periodical nanoarchitectures, whereas the NIMC shows no periodicity. In the EMC, HAP clusters deposit randomly
outside collagen fibrils. @ Micro-CT images and bone volume of different scaffolds at 12 weeks post-transplantation in rat mandibles. The
HIMC shows similar bone repairing effects with the DCBM. f H&E and Masson stainings, and semiquantitative analysis of regenerated bones in
rat mandibles. The HIMC and the DCBM groups show abundant neo-bone formation and regeneration of osteoblasts and bone marrow, which
are more than those of the NIMC group. Reproduced with permission from ref. 7%, 2019 Wiley-VCH

Biomineralization-inspired materials for bone repair

Intrafibrillarly  mineralized ~collagen scaffolds. Since Gower
et al.”® first realized the intrafibrillar mineralization of calcium
carbonate in collagen sponges by using poly(acrylic acid) (PAA) in
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2003, the concept of utilizing anionic polyelectrolytes to simulate
the regulation of NCPs on minerals for collagen mineralization has
been widely developed. Later, in the same way, calcium
phosphate was demonstrated to achieve the intrafibrillar
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mineralization of collagen sponges, which indicates the invention
of a bone-like material that is similar to bone in both composition
and nanostructures.**®> Subsequently in 2008, Tay et al>®
reported the intrafibrillar remineralization of demineralized dentin,
which can be seen as a three-dimensional collagen network
scaffold. In brief, as the additive during mineralization process,
polyelectrolytes play the role of stabilizing amorphous mineral
precursors, which then are capable of penetrating into the gaps
inside collagen fibrils and transforming into nanocrystals.**5°

Until recently, biomineralization-inspired analogs of NCPs have
been utilized to construct intrafibrillarly mineralized collagen
scaffolds for bone repair. For instance, a hierarchical intrafibrillarly
mineralized collagen (HIMC) scaffold was prepared by precisely
controlling the molecular weight of added PAA; PAA was utilized
as the NCPs analog for facilitating intrafibrillar mineralization.”
HIMC had a staggered nanostructure with light- and dark-contrast
zones, as observed in transmission electron microscopy (TEM)
images, similar to those in native bone; however, such zones
could not be observed in non-hierarchical intrafibrillarly miner-
alized collagen (NIMC) and extrafibrillarly mineralized collagen
(EMQC) (Fig. 2a—-d). In vitro cell experiments showed that HIMC
scaffold established a suitable microenvironment for multidiffer-
entiation and cell-homing, similar to that in natural decellularized
bone matrix (DCBM) scaffold; this was not observed in case of
NIMC scaffold. Indeed, the bone-like staggered architecture and
the nanometer-scale topography of HIMC scaffold facilitated cell-
homing and multidifferentiation. Further, rat critical-sized man-
dibular bone defects were established as an in vivo model to
evaluate and compare the bone repair efficacies of HIMC, NIMC
and DCBM scaffolds (Fig. 2e, f). After 12 weeks of implantation,
bone defects were almost entirely repaired and neo-bone
formation and bone marrow regeneration were observed in
HIMC group, comparable to those in DCBM group. HIMC recruited
bone marrow mesenchymal stem cells (BMSCs), whose differ-
entiation may promote osteogenesis and angiogenesis of neo-
bone. A further study showed that the impact of the molecular
weight of PAA on the resulted mineralization patterns may be
related to the Gibbs free energy of the PAA-Ca®" intermediates.”®
However, this inference is merely based on theoretical calcula-
tions and more experimental data are required to support it. The
studies’®”? on HIMC scaffold provide an idea for finely tuning the
nanostructures of intrafibrillarly mineralized collagen scaffolds,
and demonstrate its treatment potential as a bone repair scaffold.
However, it should be noted that the preparation process of HIMC
scaffold requires a long time, which may be a hurdle to its
practical application.

In addition, multilayered collagen scaffolds can be prepared in
a similar way. Sone et al.?® introduced PAsp into the mineraliza-
tion medium to stabilize ACP and achieved intrafibrillar miner-
alization of bulk collagen gels. Based on a hypermineralized
collagen gel layer, a trilayered collagen scaffold was fabricated by
incorporating an unmineralized intermediate layer and a thin
mineralized top layer. The layers were interconnected, and the
degree of mineralization could be controlled by the mineraliza-
tion duration. The trilayered scaffold was intended to mimic the
complex architecture of the periodontium, which is composed of
bone, periodontal ligament, and cementum. Although this study
achieved layer-dependent intrafibrillar mineralization in an
integrate multilayered scaffold for the first time, further studies
are needed to evaluate the in vivo effects on periodontium
regeneration of this scaffold.

In addition to apatite, silica is an inorganic phase that can
infiltrate collagen fibrils. Tay et al. first reported the achievement
of intrafibrillar silicification of collagen.”™?* A precursor phase of
amorphous silica induced by PAH was highly similar to fluidic
liquids, facilitating the entry and filling of the interstices within
collagen fibrils. The cross-banding patterns and microfibrillar
architecture of native fibrillar collagen were well replicated in
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silicified collagen. Moreover, the mechanical strength of the
silicified collagen sponge was remarkably enhanced over
the highly compliant non-silicified sponge.’’ In recent years, the
strategy of intrafibrillar silicification has been harnessed to
prepare mineralized collagen scaffolds for bone regeneration.”*
7 For example, Tay et al. prepared an intrafibrillarly silicified
collagen scaffold that promoted osteogenesis and angiogenesis
through monocyte immunomodulation.”® The silicic acid released
from the silicified collagen scaffold was able to stimulate
monocytes differentiation to improve the expression of several
cytokines, thus promoting the homing of BMSCs and endothelial
progenitor cells. Studies on intrafibrillarly silicified collagen
scaffold indicate that calcium phosphate is not the only choice
of mineral phase, despite calcium phosphate is a main
component of bone. Intrafibrillar mineralization of calcium
carbonate®, biphasic silica/apatite®*®®, and yttria-stabilized
zirconia®®, towards collagen scaffolds has been reported, while
biological effects on bone repair of these scaffolds are generally
not studied. Owing to the different bioactivities derived from
different minerals,”®° the intrafibrillar mineralization of multiple
mixed minerals may be a future direction of realizing multi-
functional bone repair scaffolds; however, controls over the
distribution and content of diverse minerals inside collagen fibrils
remain huge challenges.

Another strategy to fabricate mineralized collagen scaffolds is
based on the collagen/apatite self-assembly.®'~63991%% |n brief,
increased pH initiates fibrillogenesis in acidic collagen solution,
which leads to crystal nucleation in the gap zones.' The self-
assembled collagen fibrils act as templates guiding the growth
and orientation of apatite crystals, resulting in nanosized bone-
like crystals that are uniformly embedded in collagen matrices.®?
Unlike the strategies described previously for intrafibrillar
mineralization, the method of collagen/apatite self-assembly
requires neither NCPs nor their polymeric analogs. Moreover,
this method allows the use of a much higher concentration of
collagen solution, making it suitable for preparing mineralized
scaffolds for bone tissue engineering.**" Cui et al. systematically
studied the physiochemical properties, biodegradability, biocom-
patibility, and clinical effects of the mineralized collagen scaffold,
prepared via the collagen/apatite self-assembly method.'®'~"%”
They found that the composition and microstructure of the
mineralized collagen scaffold were similar to those of the natural
bone matrix. Furthermore, they expanded the mineralized
collagen scaffold by incorporating it with polymers,'%'12
minerals,'"® growth factors''* or cells''® to improve its mechan-
ical properties or bioactivities. The excellent biocompatibility and
osteogenic ability of the mineralized collagen scaffold enabled its
outstanding clinical efficacy in the treatment of bone defects and
diseases caused by various factors.'®" 116118

Intrafibrillarly mineralized non-collagenous composites. Develop-
ing non-collagenous polymers that can serve as templates for
intrafibrillar-like mineralization is a potential strategy to obtain
novel bone graft substitutes.'® Using this approach, the
nanostructure and mechanical properties of native bone can
be partly replicated, meanwhile, the replacement of collagen
with certain polymers can avoid the immunogenicity of allogenic
and xenogenic collagen products as well as remarkably reduce
the cost.

Recently, several polymers””'"9122 have been developed with
the assistance of bioinspired mineralization methods to replicate
the nanoscale organic-inorganic component organization in
bone. For instance, Aparicio et al.'?® achieved intrafibrillar
mineralization of self-assembled elastin-like recombinamers
(ELRs) utilizing a bioinspired polymer-induced liquid precursor
(PILP) mineralization method. ELRs were disordered at low
temperatures, while self-assembled into nanofibrils when the
temperature exceeded the inverse transition point. Fluid-like

International Journal of Oral Science (2021)13:42



Advances in biomineralization-inspired materials for hard tissue repair
Tang et al.

Fig. 3 In vivo experiments of CaP-PILP on osteoporotic mouse. a Photographs of percutaneously injecting 30 pL of CaP-PILP into the
osteoporotic tibia of mouse showing its mini-invasively injectability. 2D, 3D micro-CT, and H&E staining of osteoporotic bone after the
injection of CaP-PILP at b, f, j 0 weeks, ¢, g, k 4 weeks, d, h, | 8 weeks, and e, i, m 12 weeks. The CaP-PILP-recovered bone shows a significant
new bone generation over time and it reaches the summit at 8 weeks. Scale bars: b—e 100 pm; f-i 300 pm; and j-m 200 pm. Reproduced from

ref. '3, 2019 Yao et al.

PAsp-stabilized ACP (PAsp-ACP) was able to infiltrate self-
assembled ELR fibrils, and transform into HAP nanocrystals with
highly oriented alignment guided by ELR fibrils, resembling that
in bone. Similarly, Tang et al.'** reported a biomineralization-
inspired technique for the synthesis of functional polyvinyl
alcohol/sodium alginate/hydroxyapatite (PVA/Alg/HAP) macro-
fiber. Ultrasmall amorphous CaP nanocluster precursors were
dispersed in the hybrid film of PVA and alginate, and then
transformed into HAP through oriented crystallization during the
process of uniaxial wet drawing. A hierarchical order was formed
owing to the adjusted orientation and configuration of the
polymer chains and HAP nanocrystals after adaptation to the
stretching stress. The bone-like structure of the PVA/Alg/HAP
macrofiber endowed it with spider silk-like super-toughness.

The studies on intrafibrillarly mineralized non-collagenous
composites indicate that fibrillar polymers have a template
function similar to collagen fibrils, and these fibrillar polymers
are capable of inducing in vitro mineralization to construct bone-
like materials. Follow the same method, other fibrillar polymers
and other minerals may also be able to form intrafibrillarly
mineralized composites, which can be a future pathway to
increase the diversity and functionality of bone scaffolds.
However, current studies mainly focus on the characterization
of materials and are lack of biological researches, especially on
the bone repair effects.

Polymer-induced liquid precursor of calcium phosphate. Unlike
large bone defects, osteoporosis is a chronic disease characteristic
of the shortage of minerals in bones. PILP of calcium phosphate is
injectable and contains mineral precursors, making it suitable for
directly mineralizing osteoporotic bone in vivo. Tang et al.'*
improved the conventional method of PILP by increasing the
concentration of mineral ions and polymeric additives, resulting in
a free-flowing calcium phosphate PILP material (CaP-PILP) that
was viscous and transparent on a large scale. Plenty of uniformly
sized ACP nanoclusters were observed in CaP-PILP. The good

International Journal of Oral Science (2021)13:42

fluidity of CaP-PILP and the tiny sizes and high contents of its
mineral precursors made it efficient in infiltrating and mineralizing
osteoporotic bone. In vivo experiments (Fig. 3) performed in
ovariectomized osteoporotic mouse tibia revealed that the bone
recovered by CaP-PILP exhibited satisfactory mechanical strength
comparable to that of healthy bone. In addition, the fluid-like
properties of CaP-PILP enable it to be injected in a minimally
invasive manner, thus avoiding surgical incision.

CaP-PILP provides a new concept for the treatment of
osteoporosis. However, when the volume of the osteoporotic site
is large, it is not clear whether CaP-PILP can penetrate the deep
interior is still unclear, and larger animal model is required to
demonstrate this point. Besides, whether the high concentrations
of polymeric additives will be toxic to bone tissue cells remains to
be determined.

DENTIN REMINERALIZATION

Human dentin is mainly composed of collagen and minerals. The
progression of caries lesions into dentin in pathological conditions
causes the mineral phase of dentin to be quickly dissolved by
acids.'®* After the mineral loss of dentin, collagen fibers are
exposed to and degraded by endogenous enzymes, which
remarkably impairs the mechanical properties of dentin.'?
According to their location, the minerals can be categorized as
intrafibrillar and extrafibrillar. Intrafibrillar mineralization determines
the mechanical properties of dentin at the nanoscale level 3826
Bioinspired materials have made breakthroughs in inducing
intrafibrillar mineralization of dentin by drawing lessons from
dentin biomineralization. Efforts have been made to mimic NCPs
that are intimately involved in the regulation of mineral formation
and precursor stabilization during biomineralization. In this section,
we describe the biomineralization of dentin, and the requirements
for biomineralization-materials for dentin remineralization are
proposed. Subsequently, we overview the bioinspired materials
utilized as analogs of NCPs for dentin remineralization, including
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protein-inspired peptides, poly(amidoamine) (PAMAM) dendrimers,
and amorphous precursors stabilized by polyelectrolytes. The
biological performances of some representative materials are listed
in Table 2.

Biomineralization of dentin

Dentin formation involves a series of sequentially synchronized
biological events, including odontoblast differentiation, formation
of mantle dentin, mineralization of primary dentin, and secretion
of secondary and tertiary dentin.'*” Odontoblasts are responsible
for the production and secretion of unmineralized collagen,
proteoglycans, and NCPs,'?® including dentin sialophosphopro-
tein, and dentin matrix protein 1 (DMP1).'%° Owing to the
abundant carboxylic acid and phosphate functional groups in
NCPs, they serve as preferential sites for mineral nucleation and
subsequent crystallization.'*® Although they account for less than
10% of the organic matrix of dentin, NCPs actively promote and
regulate intrafibrillar mineralization of collagen fibrils.'°

The toughness of dentin is attributed to its structure, which is
very similar to that of bone at the nanoscale and is characterized
by the highly organized arrangement of nanosized minerals within
collagen fibrils.*> Although the minerals in dentin can be
categorized as intrafibrillar and extrafibrillar according to their
location, it should be noted that the intrafibrillar minerals
contribute prominently to the mechanical properties of den-
tin.38"25 In addition, intrafibrillar mineralization protects collagen
molecules from external challenges.'?

The main components of dentin and bone are very similar, and
the biomineralization processes of them are similar, too.
Introduction and analyses of the main mechanisms of collagen
biomineralization can be referred to the previous content,
“Biomineralization of bone".

Requirements for biomineralization-inspired materials for dentin
remineralization

Remineralization of demineralized dentin is more complex and less
effective than that of enamel because of the limited availability of
residual crystal seeds, especially when considering completely
demineralized dentin.'**'®' Traditional remineralization methods
focus on the supplementation of calcium and phosphate ions to
deposit large crystals on the collagen surface, which are based on
the classical theory of ion-mediated crystallization.'>'2%12° How-
ever, these attempts neglect the crucial roles of NCPs during
biomineralization and fail to reproduce the deposition of intrafi-
brillar minerals within dentin collagen fibrils."”*® By contrast,
biomineralization-inspired strategies based on nonclassical crystal-
lization pathway have achieved great successes of inducing
intrafibrillar mineralization of demineralized dentin.** Many unpre-
cedented NCPs analogs and novel remineralization methods have
been developed. Therefore, in order to provide some suggestions
for subsequent related studies, several key requirements for
biomineralization-inspired materials for dentin remineralization
are proposed here. (1) Good biocompatibility. Many of these
materials are prepared via chemical syntheses, so their biocompat-
ibility needs to be strictly evaluated.'* (2) Realization of both
intrafibrillar and extrafibrillar mineralization. Since the mechanical
properties and anti-degradability of dentin mainly depends on the
degree and pattern of mineralization, remineralized dentin posses-
sing similar structures with native dentin is highly desired.>®'** (3)
Fast remineralization process in oral conditions.’**

Biomineralization-inspired materials for dentin remineralization

8DSS peptide: inspired by dentin phosphoprotein. Dentin phos-
phoprotein (DPP) accounts for more than 50% of the non-
collagenous extracellular matrix proteins found in dentin, and is
highly acidic due to the abundance of aspartic acid (40%) and
serine/phosphoserine (50%) residues in it.'*> The ability of DPP to
regulate the nucleation and growth of HAP is believed to be
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principally due to its numerous repetitive units of Asp-Ser-Ser
(DSS)."*¢ In 2010, Yarbrough et al."® firstly investigated the effects
of the length of DSS peptides on the binding affinity towards
defined HAP substrates and found that the affinity increased
proportionally to the length, until the number of repetitive units
reached up to 6 (18 amino acids); thereafter, the increase was very
little, despite further increasing the number to 8. Therefore, 8DSS
peptide was determined to be the most promising DPP peptide
for promoting mineralization.'?

In 2015, Li et al.'®' utilized 8DSS peptide to remineralize
completely demineralized dentin. 8DSS could bind firmly with
dentin collagen and induce mineral precipitation within the
dentinal tubules and on the surfaces. 8DSS treatment remarkably
enhanced the elastic modulus and hardness of demineralized
dentin. In contrast, few crystals and no promotion of the
mechanical properties were observed in the absence of 8DSS. In
a subsequent study,’>” 8DSS was found to effectively induce
strong dentinal tubule occlusion and the dentin permeability was
significantly reduced. Despite the great potential of 8DSS for
restoring dentin demineralization and alleviating dentin hyper-
sensitivity, intrafibrillar mineralization of collagen fibrils has not
yet been achieved by 8DSS. To demonstrate this possibility, the
stabilization effect of 8DSS on amorphous precursor of mineral
may need to be studied in the future.

Peptides inspired by dentin matrix protein 1. DMP1, an acidic
phosphoprotein found in dentin and bone,'*® plays an active role
in regulating HAP nucleation and growth during dentin and bone
biomineralization.'*® Owing to the difficulties in extracting and
purifying natural DMP1, several studies have resorted to the use of
small peptides inspired by DMP1 for dentin remineraliza-
tion."381491%2 | particular, the DSESSEEDR sequence is widely
reserved in these peptides, according to its strong collagen-
binding ability. For instance, George et al.'*® combined the
collagen-binding domain derived from the C-terminus of DMP1
with two unique calcium-binding domains found in endogenous
DMP1, obtaining two small peptides. The two synthetic peptides
were able to bind demineralized dentin and promote reminer-
alization of native and collagenase-challenged dentin matrices.

These studies indicate that the collagen-binding sequence
derived from DMP1 can be combined with different functional
peptide sequences, such as calcium-binding peptides. More
possible functional peptides can be introduced in such way to
expand the application range of DMP1-inspired peptides in
collagen mineralization.

Other peptides. Amelogenin and collagen are both present at the
dentin-enamel boundary, where the crystals’ growth and structural
alignment are regulated by the interactions between amelogenin
and collagen."”® An in vitro study'® has demonstrated that
collagen fibrils are capable of inducing amelogenin assembly, and
guiding oriented deposition of ACP particles. Based on these
findings, Moradian-Oldak et al."** utilized an amelogenin-inspired
peptide, P26, to stimulate the interactions between collagen fibrils
and amelogenin and restore demineralized dentin. P26 peptide
consists of two functional domains of amelogenin, and appeared
as spherical assemblies in the close vicinity of collagen fibrils (Fig. 4
(). More importantly, P26 promoted the penetration of ACP
nanoparticles into collagen fibrils. Compared with the control
group, the exposed collagen fibrils within the dentinal tubules
were remineralized via P26 treatment. In addition, the mineral
density, and mechanical properties of the remineralized dentin
were significantly improved by P26.

Cementum protein 1 (CEMP1) regulates the collagen mineraliza-
tion of cementum, mainly through its polar residues and
phosphoserine. Inspired by the polyelectrolyte nature of CEMPT,
Sun et al."* fabricated a novel amphiphilic oligopeptide consisting
of an alkane tail and a hydrophilic peptide inspired by CEMP1.
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Fig. 4 Schematics and characterizations of biomineralization-inspired materials for dentin demineralization. (I) a TEM image of P26-collagen
self-assembly. The assembled P26 peptides are dispersed nanospheres around the collagen fibril. b TEM image of collagen mineralization with
P26 shows intrafibrillar mineralization and the inserted selected-area electron diffraction (SAED) image indicates the presence of HAP. Cross-
sectional scanning electron microscopy (SEM) images of dentin after remineralization: ¢, d Control, and e, f with P26. By comparison, P26-
treated dentin shows more apparent remineralization inside the dentinal tubules, which is reflected by a distinct string-of-beads morphology
of the collagen fibrils. (Il) a-d TEM images of ACP on collagen fibrils pretreated with different concentrations of citrate; a 0. b 25x 107> ;.
¢ 50% 1073 . d 100 x 1073 ,,. These images indicate that citrate facilitates the infiltration of ACP into collagen fibrils. e Schematic of collagen
mineralization via citrate pretreatment. Citrate decreases the contact angle and improves the wetting of ACP on collagen fibrils, and further
promotes the degree of intrafibrillar mineralization. TEM images of remineralized dentin f without treatment and g with 100 x 1073 , citrate
treatment. By contrast, citrate significantly promotes dentin remineralization. Scale bars: 50 nm (a-d), and 1 um (f, g). (I) was reproduced with
permission from ref. '*°, 2020 American Chemical Society. (Il) was reproduced with permission from ref. *¥, 2018 Wiley-VCH

Calcium ions could trigger the self-assembly of the oligopeptide, ~ Poly(amidoamine) dendrimers. Dendrimers are a class of syn-
which then induces the formation of an amorphous precursor and  thetic, well-defined, and regularly branched macromolecules with
intrafibrillar mineralization of reconstituted collagen fibrils. In  mono-dispersity."*® The distinct molecular structure of dendrimers
addition, a 30 mm-thick remineralized layer and occlusion of deep ~ typically consists of three different domains: a central core,
dentinal tubules were observed after treatment with self-  branches, and terminal functional groups.'”’ Dendrimers have
assembled oligopeptide. been extensively studied because of their close resemblance to
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globular proteins.'*®'° PAMAM is the earliest dendrimer type
being synthesized, characterized, and commercialized."°

In the early 2000s, PAMAM dendrimers have been reported to
regulate the crystallization behavior of calcium carbonate
and calcium phosphate.”"'>? Over the last decade, PAMAM
dendrimers have been utilized to mimic the functions of natural
NCPs to induce bioinspired mineralization.'>*'>* Since PAMAM
dendrimers can be modified at their molecular peripheries,
PAMAM dendrimers with different terminal functional groups
have been synthesized to promote dentin remineralization;'**
these include PAMAM-COOH,'3*1%>1%¢  pPAMAM-PO;H,,"*"~"%°
PAMAM-NH,,'®®'%*  and PAMAM-OH.'®> For example, our
group'®? reported that in situ remineralization of human dentin
and intrafibrillar mineralization within collagen fibrils were
successfully achieved by the treatment of 4th generation
PAMAM-COOH, which integrated sequestration and templating
effects of dentin NCPs together. Furthermore, hydrophobic drugs
such as apigenin and triclosan can be loaded into the inner cavity
of PAMAM dendrimers to provide antibacterial activity besides
mineralization.'>> '8 Recently, nanoparticles of ACP,'°®"/2 HAP,'"3
and bioactive glass'’* have been combined with PAMAM
dendrimers to achieve synergistic effects on dentin remineraliza-
tion.'”® These studies demonstrate the great potentials of PAMAM
dendrimers in promoting dentin remineralization.

Despite the above-mentioned efforts, the interactions between
PAMAM dendrimers and collagen fibrils, and the regulation
behavior of the immobilized dendrimers on mineral nucleation
and growth in solution, are still poorly understood. Especially
considering that the generation and terminal functional groups of
PAMAM dendrimers can be changed, more systematic studies are
needed to illustrate the specific role of PAMAM dendrimers in
inducing dentin remineralization.

Amorphous calcium phosphate precursor stabilized by polyelectro-
lytes. Accumulating evidence indicates that ACP precursor is a
transient phase during the formation of mineralized collagen in
bone and dentin.** Without additives, ACP is unstable and quickly
turns into the more thermodynamically stable HAP. Although the
exact mechanism of ACP infiltration into collagen fibrils remains
largely unknown, several hypotheses based on in vitro models have
been proposed, including electrostatic interaction,'”® capillary
force,® and the balance between electroneutrality and osmotic
equilibrium>® models. These hypotheses emphasize the importance
of the ACP precursor in facilitating intrafibrillar mineralization.*’
Owing to their highly acidic nature, NCPs capture calcium ions and
prevent the premature crystallization of ACP.'® Therefore, anionic
and cationic polyelectrolytes capable of stabilizing ACP have been
studied as analogs of NCPs for inducing intrafibrillar mineralization.

Since many NCPs are enriched in acidic residues, particularly
aspartic acid and phosphoserine,*? anionic polyelectrolytes rich in
carboxylate groups are often employed as simple analogs of NCPs
to stabilize ACP precursors and promote collagen mineralization. In
2007, Gower et al.*? reported the achievement of in vitro
intrafibrillar mineralization of type-I collagen through the proposed
PILP process for the first time. They utilized PAsp to stabilize ACP,
and an amorphous liquid precursor was induced and absorbed into
the voids inside collagen fibrils through capillary force and
translated into HAP upon loss of water. Based on this pioneering
study, later studies have exploited the concept of ACP precursors
stabilized by anionic polyelectrolytes for remineralization of
dentin.'””"'8 The most frequently used anionic polyelectrolytes
are PAsp and PAA. For instance, Marshall et al.'”” applied the PILP
system induced by PAsp on partially demineralized dentin, and
recovered the mechanical properties with progressive intra- and
extra-fibrillar mineralization. These studies represent an important
step of the application of polyelectrolytes-stabilized ACP, from
in vitro model of collagen mineralization towards the remineraliza-
tion of truly demineralized tooth dentin.
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Over the last few years, mineralization systems based on ACP
precursors have been further expanded. To promote the effects of
dentin remineralization, several molecules, including -glutamic
acid,'®" aspartic acid,'® glutaraldehyde,'®® citrate,"**> chondroitin
sulfate'®* and polydopamine'®® have been introduced to accelerate
the crystallization kinetics or facilitate the intrafibrillar penetration
of the ACP precursor. For example, Tang et al."*® treated collagen
fibrils with citrate and enhanced the wetting effect of ACP precursor
towards collagen fibrils by remarkably reducing the interfacial
energy between them (Fig. 4(ll), a—e). The citrate treatment
efficiently promoted the remineralization of demineralized dentin,
as indicated by complete remineralization within 4 days (Fig. 4(ll),
9). This study realizes the promotion effects of biological molecules
on intrafibrillar mineralization through wetting management, which
is an innovative step forward toward the discovery of the functions
of other biomolecules. In addition to solution-based systems,
anionic polyelectrolyte-stabilized ACP can be loaded in mesoporous
silica'®'® or self-etch adhesive, %% fabricating carrier systems of
mineral precursors that can be delivered to induce intrafibrillar
mineralization.

Another strategy for intrafibrillar mineralization emphasizes dual
simulations of both calcium phosphate-binding (sequestration
motif: stabilizing ACP precursor) and collagen-binding (templating
motif: attractin% ACP precursor and initiating nucleation at specific
sites) of NCPs>%% Tay et al.>® reported the first dual-analogue
bioinspired system consisting of poly(vinylphosphonic acid) (PVPA)
and PAA for remineralization of partially demineralized dentin.
PVPA was used as an analogue of phosphoproteins, which could
bind specific sites of collagen and further recruit ACP precursor
stabilized by PAA into the collagen fibrils. Highly ordered alignment
of intrafibrillar apatite crystallites inside dentin collagen was
observed after remineralization for 8 weeks in the presence of
both PVPA and PAA. Although PAA alone was able to achieve
intrafibrillar mineralization, Tay et al®® demonstrated that such
mineralized collagen lacked the hierarchy of apatite assembly in
natural bone and dentin. The dual-analogue system of PVPA and
PAA has also been applied to remineralize demineralized resin-
bonded dentin in subsequent studies, demonstrating its potential
as an efficient delivery system in future clinical use.'”®'%* In
addition to PVPA, sodium trimetaphosphate,’®>™'” sodium tripoly-
phosphate’?® and phosphorylated chitosan (Pchi)'®® have also been
utilized as one of the dual analogues for templating the deposition
of intrafibrillar crystals.’” Despite many reports on using dual
simulations, the simultaneous requirement for two agents makes
the preparation procedure complicated. Therefore, it is worth trying
to develop novel molecules that combining the two functions in a
single molecule.

In addition to the widely used anionic polyelectrolytes in
bioinspired mineralization, PAH, a cationic polyelectrolyte, is also
capable of stabilizing crystallization precursor.?®® For the first time,
Tay et al.>® achieved the cationic polyelectrolyte-directed intrafi-
brillar mineralization of collagen using PAH-stabilized ACP (PAH-
ACP) and obtained identical results for collagen mineralization via
PAsp-ACP. Additional cationic and anionic collagen models have
been established to examine the mechanisms of intrafibrillar uptake
of polyelectrolyte-stabilized ACP. The traditional hypothesis based
on electrostatic interactions is inadequate for explaining
polyelectrolyte-directed intrafibrillar mineralization. Thus, a new
hypothesis of simultaneously balancing electroneutrality and
osmotic equilibrium to follow the Gibbs—Donnan equilibrium has
been proposed to supplement the existing mechanisms of
intrafibrillar mineralization of collagen. As a relatively new paradigm
of collagen mineralization, both PAH-ACP in solution®® or loaded in
mesoporous silica’®’ have shown promotive effects on dentin
remineralization. Moreover, further research is necessary to the
discovery of other cationic polyelectrolytes on the stabilization of
ACP, which may expand the application scope of cationic
polyelectrolytes-stabilized ACP.
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ENAMEL REMINERALIZATION

As the hardest tissue in the human body, enamel performs
important functions of food mastication in daily life. However,
mature enamel is unable to self-regenerate when subjected to
substantial mineral loss, such as dental caries and erosion. Despite
commercially available products and conventional methods for
enamel loss treatment, regenerating the natural structure of
enamel remains challenging. By learning from the pathways and
mechanisms of enamel biomineralization, some bioinspired
materials have achieved outstanding effects on remineralization
and structure regeneration of enamel. In this section, we firstly
provide an introduction to the biomineralization of enamel. Then,
several key requirements for biomineralization-inspired materials
for enamel remineralization are discussed. Finally, we focus on the
advances of biomineralization-inspired materials for enamel
remineralization, especially recombinant amelogenin, protein-
inspired synthetic peptides, PAMAM dendrimers, and inorganic
materials. The biological performances of some representative
materials are listed in Table 3.

Biomineralization of enamel

Biomineralization of tooth enamel or amelogenesis is a biologi-
cally programmed sequence of several consecutive stages,
including two major functional stages: secretory and matura-
tion.2°27%°* During the secretory stage, ameloblasts are mainly
responsible for producing enamel matrix proteins and proteinases,
which control the shape and arrangement of initially formed
enamel crystals.'” At the maturation stage, the thickness and
width of enamel crystals greatly expand, accompanied by a
decrease in protein abundance, and eventually form a highly
mineralized tissue consisting of ~96 wt.% of mineral and a small
amount of residual biomacromolecules and water.?>> Herein, we
introduce two key issues involved in the biomineralization of
enamel, which are important to the structure formation and
degree of mineralization of enamel.

Amelogenin and enamel formation. The excellent mechanical
properties of enamel mainly arise from its exquisite hierarchical
structures.’®® Among them, the most attractive structure is the
organized crystals of enamel rods.?°”°® The formation of enamel
rods with strict shapes is closely related to enamel matrix proteins,
especially amelogenin.'” Amelogenin is the most important and
abundant enamel matrix protein.>'® During enamel formation,
amelogenin is highly processed by enzymes upon its secretion by
ameloblasts,?® and its proteolytic products regulate apatite
mineralization.#2'°2'2 They form nanoribbons through self-
assembly, and these nanoribbon scaffolds template the oriented
growth of apatite fibers to form enamel rods.?*2>213-21>

Proteins removal and enamel maturation. At the maturation stage
of enamel, the cleavage and degradation of the proteinaceous matrix
via proteolytic processes are crucial for the formation of enamel with
a high degree of mineralization.?®*> A study by Moradian-Oldak
et al.*'® demonstrated that the occlusion of undegraded amelogenin
inside enamel crystals of mice occurred due to the lack of matrix
metalloprotease-20 (MMP-20) during amelogenesis. Due to amelo-
genin occlusion, the enamel crystals in MMP-20 null mice had
uncommon sizes, morphologies, and crystallinities.

Requirements for biomineralization-inspired materials for enamel
remineralization

Conventional substitutional materials of enamel include amal-
gams, resins and ceramics, which are significantly distinct from
native enamel in terms of chemical composition and crystal
microstructures.®?'7~2'° Therefore, the performance and appear-
ance of these materials are not as good as those of natural
enamel. Besides, secondary caries usually arise due to the
unsatisfactory fitting and poor adhesion to enamel of these filling
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materials.®?%° Furthermore, weakly bonded interface may lead to
the shedding of restorative materials, which means the failure of
restoration and requires a second surgery. In situ regeneration of
HAP on the etched enamel surface is a promising method due to
the formation of enamel-like crystals.??' Hitherto, several methods
have been applied for the regeneration of enamel, such as
electrolytic deposition, hydrothermal synthesis, and the use of
surfactants and hydrogen peroxide.??>2*® Unfortunately, these
methods are implemented under stringent conditions, which are
not suitable for clinical applications.?'” Despite extensive use in
clinics, excessive intake of fluoride causes dental fluorosis during
enamel development,?*® and enhancement of fluoride resistance
in microorganisms.

Current restoration materials and technologies are still far
away from the regeneration of natural enamel. To minimize this
gap, researchers resort to the biomineralization of enamel
for inspiration of the design and construction of materials
for enamel remineralization.*®® Despite numerous reports on
biomineralization-inspired materials, some important challenges
remain to be solved. Herein, we propose several key requirements
for these materials. (1) Good biocompatibility. Since these
materials contact with the oral cavity and may enter the digestive
system, amounts of toxic substances involved in these materials
should be controlled at a safe level?"#2 (2) The newly
regenerated enamel layer should be tightly bonded with the
original enamel without obvious boundaries, which avoids the
fracture at the repaired interfaces and repeated restoration
processes.??”233 (3) The newly regenerated enamel layer should
have similar structures with native enamel to ensure the
mechanical properties of the repaired enamel.***° (4) The
remineralization process should be completed in a short time in
physiological environments, avoiding harsh operating conditions
and excessive application time.?*®

Biomineralization-inspired materials for enamel remineralization
Amelogenin and amelogenin-inspired peptides. Amelogenin and
its cleavage products account for >90% of the extracellular
organic matrix of forming enamel.?*” Generally, amelogenin can
be divided into three major domains: a hydrophobic tyrosine-rich
N-terminus, a hydrophobic central proline-rich domain, and a
hydrophilic and negatively charged C-terminus.>2*¥23° Duye to the
sequence and nature of its compositional amino acids, amelo-
genin is intrinsically disordered'®#**?*! and hydrophobic on the
whole?”?*2 Therefore, amelogenin tends to construct an
environment-fitted structure.® Through intermolecular hydropho-
bic interactions, amelogenin self-assembles into assemblies with
various quaternary structures in vitro, including oligomers, nano-
spheres, nanochains, nanoribbons, and microribbons, under
different conditions (Fig. 5(1)).'>213214243-2%5 More importantly,
these supramolecular nanospheres of amelogenin are similar to
the self-assembled periodic structures observed in naturally
formed enamel,?*®?*” which are believed to be fundamental
block units of the developing enamel extracellular matrix**® that
play important roles in guiding apatite growth, along with their
further  assembled  structures.>>2'32'2%  |ndeed, several
mineralization-related traits of amelogenin have been confirmed
by in vitro studies, including the abilities to stabilize ACP, regulate
crystal polymorphism, and promote parallel crystal organiza-
tion'212,214,2507254

Since amelogenin is of pivotal importance to apatite crystal
formation during enamel development, its ability to regulate
apatite mineralization has been harnessed to fabricate biomaterials
with enamel-like nano- and micro- structures in many in vitro
studies.®>*'>??" One of the most facile strategies is to introduce
recombinant amelogenin into mineralization solutions, amid which
the recombinant amelogenin is able to modulate the growth of
apatite crystals on certain substrates.>>**® For example, Moradian-
Oldak et al.>*® synthesized an enamel-mimicking nanocomposite
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Fig. 5 Schematics and characterizations of amelogenin for enamel demineralization. (I) a Schematic of the formation of oligomer and
nanosphere at different pH values. With the increase of pH, the amelogenin residues with positive charges are gradually deprotonated, thus
the weak hydrophobic interactions lead to the formation of the nanospheres. b TEM images of the linear arrays of amelogenin nanospheres.
¢ SEM image of a mature amelogenin ribbon showing well-defined edges. (Il) a SEM images of native enamel, in which the arrows show the
enamel orientation. b—-d SEM images of newly formed crystal layer after the remineralization treatment with CS-AMEL hydrogel for 1 week.
b Red rectangles 1 and 2 in the inserted image are selected regions in b, c. White arrows exhibit the orientation of newly formed crystal layer.
¢ The new layer is closely combined to the enamel surface. d Red arrows show the typical bundle of parallelly aligned crystals inside the new
layer. The inserted image shows the homogenous surface of the new layer. (I) was reproduced with permissions from ref. 244, 2011 American
Society for Biochemistry and Molecular Biology, and ref. 2'%, 2005 American Association for the Advancement of Science. (Il) was reproduced

with permission from ref. 24, 2013 Elsevier

coating consisting of full-length recombinant porcine amelogenin
(rP172) and calcium phosphate on the surface of silicon wafers.
It was observed that rP172 could self-assemble into nanochains
with an increase in solution pH, resulting in the arrangement of
parallel bundles of calcium phosphate crystal. It was suggested
that the formation of parallel rod-like crystal bundles was
attributed to the supramolecular self-assembly of rP172 nano-
spheres into nanochains.

Another strategy to rebuild enamel-like structures is to fabricate
amelogenin-containing hydrogels,>*°%* which are able to reg-
ulate crystal growth by releasing amelogenin. A typical example®®®
is amelogenin-containing chitosan (CS-AMEL) hydrogel. CS-AMEL
hydrogel was used to cover etched enamel, and it was suggested
that the loaded amelogenin was capable of stabilizing CaP clusters
and organize them into chains through its supramolecular
assembly, eventually leading to enamel-like co-aligned crystals
fused with original enamel crystals. After mineralization with

SPRINGER NATURE

CS-AMEL hydrogel for 7 days, a tightly bound homogeneous new
layer was observed on the etched enamel surface (Fig. 5(1l)). The
new layer consisted of many parallel nanocrystals aligned
preferentially along the longitudinal direction. Moreover, the
needle-like crystals of the new layer were bundled together into
a basic organizational unit resembling the crystallites of natural
enamel. In addition, the CS-AMEL hydrogel efficiently inhibited
bacterial growth due to the presence of chitosan. However, the
newly grown layer had inferior mechanical properties than those of
healthy enamel, which was partly due to the occlusion of
undegraded organic materials inside the formed crystals.® Hence,
in order to fabricate biomaterials with composition and properties
that closely resemble the natural enamel, crystal growth modu-
lated by amelogenin can be coupled with the proteolytic cleavage
of amelogenin itself.2** For this purpose, MMP-20 was added into
CS-AMEL hydrogel to prevent amelogenin occlusion in formin

crystals during remineralization of etched enamel surface.®
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Amelogenin could be degraded by MMP-20, and MMP-20-
containing hydrogel-treated sample exhibited a higher degree of
orientation and crystallinity than the samples treated without
MMP-20. More importantly, the mechanical properties of the
induced HAP layer increased remarkably by introducing MMP-20.
This study provides a novel idea for improving the mechanical
properties of repaired enamel by removing the organic substances
involved during repairing process.

The unique ability of full-length amelogenin to self-assemble,
control crystal spacing, and bind to the crystal surface, as
well as its solubility are believed to stem from several separate
functional domains, including the hydrophobic N-terminus, the
central polg/proline repeating domain, and the hydrophilic
C-terminus.*'?%® This means that a single peptide fragment
of amelogenin may have the potential to realize partial
properties and functions of full-length amelogenin. Based on
this concept, peptides inspired by amelogenin have been used
as substitutes for native amelogenin to regulate enamel
remineralization in vitro. In practical operations, peptides offer
several advantages over amelogenin, such as reduced cost,
enhanced design flexibility, and easier penetration into the
enamel interior.?33-2¢7

Leucine-rich amelogenin peptide (LRAP) is the most abundant
alternative splicing product of amelogenin during enamel
development.?°??°® | RAP conserves the N-terminal and
C-terminal sequences of native amelogenin,>*'*%® which are
crucial to the enamel growth regulating effects of LRAP that
have been confirmed in mouse models.?’° A study by Norcy
et al.?®® demonstrated that LRAP succeeded in self-assembly
into nanospheres and regulated mineralization of calcium
phosphate, indicating significant similarities between LRAP
and full-length amelogenin. In addition, the C-terminus and
N-terminus of amelogenin in non-phosphorylated LRAP were
capable of inducing the transformation of ACP to aligned
bundles of needle-like crystals. Several bioinspired approaches
for enamel remineralization have been conducted by imple-
menting LRAP-mediated mineralization.2”2%%271272 For exam-
ple, Kwak et al.>”" achieved the remineralization of acid-etched
enamel using LRAP in the presence of pyrophosphate.
Moradian-Oldak et al.®” evaluated the enamel repair efficiency
of a CS-LRAP hydrogel and compared it with the previously
reported CS-AMEL hydrogel. The demineralized enamel treated
with CS-LRAP hydrogel showed much faster rates of crystal
nucleation and growth than the full-length counterpart,
probably due to the higher hydrophilicity of LRAP.

Another strategy to design and synthesize bioinspired alter-
natives of amelogenin is to construct appropriate functional
peptides by comparing, selecting and mimicking the specific
amino acid sequences of amelogenin. Sarikaya et al.?’® designed
a 15-amino acid peptide named shorten human amelogenin-
derived peptide 5 (shADP5), which was generated using a
bioinformatic scoring matrix. Both 7-AA and 12-AA long
segments of full-length amelogenin shared high-similarity scores
with experimentally selected 7-AA and 12-AA long HAP-binding
peptides. Then, the overlapping regions between the high-
similarity segments were determined as putative strong binding
regions, and subsequently sifted and refined to design shADP5.
shADPS5 resulted in the formation of a considerably thick (10 pm)
dense layer of HAP crystals on demineralized enamel after
mineralization for 1 h.

Using this strategy, novel peptides consisting of recombined
peptide domains of amelogenin can be achieved. For instance,
Moradian-Oldak et al.*® synthesized 26-residue and 32-residue
peptides, namely P26 and P32, respectively. P26 was composed
of the last twelve residues of C-terminus and the inner fourteen
residues of N-terminus, while P32 had two more polyproline
repeating regions (PVH/PMQ) from the intermediate hydropho-
bic core of native amelogenin. P26 and P32 self-assembled into
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nanospheres and regulate apatite nucleation in vitro. In addition
to the improved preferential orientation towards regenerated
HAP crystals, P26 and P32 were capable of inducing multilayered
aprismatic crystals after repeated treatment, forming seamless
interfaces with the underlying native enamel.

QP5, a 22-residue peptide composed of five tandem
glutamine-proline-X (GIn-Pro-X) repeating units followed by a
7-residue hydrophilic segment, is another amelogenin-inspired
peptide that was first reported by Lv et al.?”* The construction of
QP5 was based on the highly repetitive GIn-Pro-X sequence
identified in native amelogenin. QP5 exhibited promotive effects
on enamel caries remineralization. QP5 has been widely
developed and exhibits huge application potential for enamel
caries treatment.>’>~25°

Peptides inspired by salivary acquired pellicle. Salivary acquired
pellicle (SAP) is a permanently coated thin layer on the surface of
oral tissues, which consists of adsorbed proteins and glycopro-
teins.”®' Among the many proteins contained in SAP, phospho-
proteins such as statherin, histatin, and proline-rich proteins
exhibit a high affinity towards HAP and are among the first
proteins absorbed onto the HAP surface from glandular
saliva.%%%3 Statherin is a calcium-binding protein composed of
43 amino acid residues rich in acidic proline and tyrosine, and it is
able to prevent spontaneous precipitation in a saturated solution
of calcium phosphate.?®*?%> The highly charged N-terminal
fragment (the first 15 residues with a sequence of DpSpSEEKFLR-
RIGRFG, SN15) of statherin exhibited stronger adsorption affinity
toward HAP than whole statherin and its other fragments; in
addition, the replacement of phosphoserines (pS) with aspartic
acid (D) residues had no effect on its binding affinity and crystal
growth inhibition properties.?%

Inspired by this, several small peptides have been designed
and applied, including DDDDEEKFLRRIGRFG (SNa15),2%7-88
DpSPSEEKC,*®° DDDEEK,****°' and DDDEEKC.?*>%’ Although two
phosphorylated serine residues (pSpS) are replaced, it should be
noted that the latter two simpler peptides also possess strong
binding affinity towards HAP because of the conservation of the
first six highly charged residues. For example, our group®®
synthesized a peptide-7, DDDEEKC, which was intended to simulate
the six binding amino acids of the N-terminus of statherin. Peptide-
7 had a strong affinity towards HAP, as confirmed by the adsorption
experiments showing that most of peptide-7 remained on the HAP
surface after 7 days of desorption. Owing to this strong binding
affinity, peptide-7 induced the formation of a compact crystal layer
when applied to acid-etched enamel. More importantly, the
regenerated crystals induced by peptide-7 had similar properties
to those obtained by fluoride treatment. In vivo investigations in
rats demonstrated that the remineralization capability of peptide-7
was comparable to that of fluoride, indicating that peptide-7 may
be utilized as a non-fluoride mineralizing agent. In another study,
the cysteine of peptide-7 was utilized as a linkage to connect
oligomeric procyanidins, which have bacteriostatic effects.?’
Therefore, the whole material was able to simultaneously resist
bacteria and induce enamel remineralization. Based on the strong
binding affinity of SAP-inspired peptides towards HAP, future
studies may focus on combining this HAP-binding capability with
other functional properties, such as anti-fouling property, to expand
the application of SAP-inspired peptides.

Self-assembling peptides. Biomineralization is generally believed
to be related to the acidic proteins in the B-sheet conformation.
Based on this concept, some peptide assemblies with predefined
secondary structures have been utilized as crystallization tem-
plates for several inorganic minerals.?*® Furthermore, researchers
have exploited bioinspired peptides, capable of self-assembling
into scaffold-like structures mimicking the abilities of extracellular
matrix proteins to regulate HAP nucleation and growth.?®
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Amelogenin Amelogenin nanosphere
C-Ame
In vivo Mineralization
N-Ame
Lysozyme PTL/C-AMG film
C-AMG mimicking the C-Ame
% +TCEP
-
C-AMG Lysozyme oligomers mimicking the N-Ame

b Enamel specimen

PTL/C-AMG matrix mimicking the amelogenin matrix

Amelogenin matrix

ACP HAp

PTL/C-AMG matrix

Fig. 6 Schematic and in vivo experiments of PTL/C-AMG for enamel demineralization. a Schematic showing the similarity between
amelogenin and PTL/C-AMG matrix in regulating the transition of ACP into HAP on enamel. b Schematic and photographs showing the
process of fixing demineralized enamel slices in rat’s oral cavity. SEM images of ¢ the untreated demineralized enamel, d demineralized
enamel treated with fluoride, and e PTL/C-AMG film-treated demineralized enamel, after 2 weeks of remineralization in oral cavity. (c2), (d2),
and (e2) are the corresponding high-magnification images of (c1), (d1), and (e1), respectively. The untreated group shows only incompact and
irregular minerals. The fluoride group exhibits hollow cracks and irregular crystals. The PTL/C-AMG film group shows a “fish-scale” morphology
that is similar to native enamel, and the newly formed crystals are highly oriented. Reproduced with permission from ref. 237, 2020 Wiley-VCH

P11-4 is an extensively studied self-assembling small peptide.
P1;-4 in solution presents a pH-responsive self-assembly behavior,
mainly through intermolecular hydrogen bonds generated from
the peptide backbone3°%3°" Kirkham et al.>%? treated caries-like
lesions with P;;-4 solution, and the treated samples were
subjected to pH-cycling experiments, during which the exposure
to acid rapidly drove the self-assembly of P,;-4. After 5 days of
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remineralization, it was observed that P-4 treatment remarkably
increased the net mineral deposition on previous lesions because
of the dual functions of P-4 in promoting remineralization and
inhibiting demineralization. The mechanism by which self-
assembled P,;-4 had promotive effects on mineralization of
carious enamel was studied.>*" P;;-4 penetrated the subsurface
lesion and then self-assembled into aggregates inside the whole
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lesion, where the assembled P-4 acted as a scaffold to enhance
HAP nucleation de novo. Due to its proven efficiency in reversing
incipient occlusal and proximal carious lesions, P-4 has become
commercially available in the form of toothpaste.'2%393304

Another type of self-assembling peptide is peptide amphiphiles,
which are typically constructed by incorporating a hydrophobic
alkyl chain with a peptide. Peptide amphiphiles combine the
bioactive functions of peptides with the physiochemical traits of
surfactants.3®® The assembly of peptide amphiphiles is a
combination of several major energy contributions, which may
include hydrophobic interactions, hydrogen bonds and electro-
static interactions. The self-assembly mechanisms of peptide
amphiphiles have been described in a review by Cui et al.3®
Although self-assembled peptide amphiphile nanofibers have
been demonstrated to be capable of directing mineralization of
HAP,*% there are few reports on enamel remineralization utilizing
self-assembling peptide amphiphiles. Chu et al. group®®” designed
and synthesized an anionic self-assembling peptide amphiphile
composed of a stearic acid-derivative and a hydrophilic peptide
tail derived from the C-terminal amelogenin. The peptide
amphiphile successfully self-assembled into nanofibers with a
well-defined helical twist. ACP nanoparticles were found to be
located along the self-assembled nanofibers when alternatively
immersed in solutions of calcium ions and phosphate ions. When
applied for enamel remineralization, the presence of the peptide
amphiphile led to higher packing density of the newly formed
crystal layer.

Other proteins and peptides. Although DPP is not present in tooth
enamel, its ability to affect the nucleation and growth of HAP can
be utilized for enamel remineralization."*® The numerous aspartic
acid-serine-serine (DSS) repeating motifs present in DPP are
believed to have a remarkably strong binding affinity towards
calcium ions and HAP.'363%830% |nspired by this, peptides consist-
ing of multiple repetitive DSS segments have been designed to
inherit the functions of full-length DPP, and some of them have
been applied for enamel remineralization3'°3' Hsu et al3"
utilized 8DSS to promote mineral deposition for the remineraliza-
tion of acid-etched enamel for the first time. The surface
roughness, hardness, and elastic modulus of demineralized enamel
were all significantly improved compared with those of the
samples without 8DSS treatment. Two possible and simultaneous
roles during the remineralization process played by 8DSS has been
proposed: (1) the binding of 8DSS to demineralized enamel
prevents the loss of calcium and phosphate ions; (2) 8DSS recruits
free calcium and phosphate ions from simulated body fluid
proactively, facilitating mineral deposition on the enamel surface.
Recently, the effects of 8DSS peptide on the remineralization of
enamel caries have been evaluated in a rat model>'® and the
results indicated that 8DSS rescued enamel demineralization and
promoted enamel remineralization. This in vivo study on 8DSS
peptide has laid the foundation for its clinical applications in the
future. Another peptide, triplet repeats of asparagine-serine-serine
(3NSS), which is very similar to DSS peptides, is obtained by
replacing aspartic acid with asparagine'®*'” NSS peptides are
considered to be derivatives of DSS peptides because there is only
a minor difference between the functional groups of asparagine
(-CONH,) and aspartic acid (-COOH). Chung et al.3'® reported that
3NSS was able to promote the remineralization of acid-etched
enamel, which had the same working mechanisms with 8DSS.
These works suggest that short peptides with repetitive sequences
have significant promotive effects on mineralization, which is due
to the repetitive and consecutive arrangements of functional
residues, such as aspartic acid and serine. In this way, the
development and application of other similar short peptides with
repetitive sequences can be expected.

Yang et al.>'® reported that lysozyme was able to undergo a fast
transition into B-sheet-rich amyloid-like aggregates through the
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reduction induced by tris(2-carboxyethyl)phosphine. During the
reduction process, the a-helix structures in lysozyme were
unlocked and the unfolded lysozyme monomers aggregated into
oligomeric nanoparticles through B-sheet stacking, and eventually
phase-transited lysozyme (PTL) was established via oligomer
aggregates. PTL has been developed as a robust, multifunctional,
biocompatible, and colorless transparent coating.3'**?° Recently,
based on a previous study, Yang et al. recognized a similarity
between PTL and N-terminal amelogenin,?*® which is believed to
be indispensable for the self-assembly of amelogenin into amyloid-
like aggregation via B-sheet stacking3?'32* Furthermore, a
synthesized peptide, C-AMG, derived from amelogenin C-terminus,
was introduced to control HAP orientation. Thus, PTL/C-AMG, as a
single amelogenin-inspired matrix, was expected to fulfill the
functions of both the N-terminus and C-terminus of amelogenin in
facilitating the formation of enamel-like crystals (Fig. 6a). PTL/C-
AMG was capable of inducing regularly arranged enamel-like
crystals with identical orientations, successfully realizing the exact
texture of native enamel. In addition, the newly grown layer
formed by PTL/C-AMG showed excellent mechanical properties. In
vivo remineralization experiments in the oral cavity of rats
demonstrated that PTL/C-AMG had a better effect in regenerating
enamel-like crystals than that of fluoride (Fig. 6:b-e). This study
suggests the significance of amyloid-like protein in inducing
mineralization and proves a simple and potential approach for
treating dental caries.

Tuftelin is an acidic non-amelogenin protein found in tooth
enamel, which is believed to be involved in dental enamel
mineralization.3**> A common domain that provides binding sites
for calcium ions has been identified in the tuftelin proteins of
human and several other mammals3** Inspired by this, Ding
et al3*® synthesized a tuftelin-derived peptide (TDP), which
simulated the calcium-binding domain of tuftelin. TDP was
demonstrated to be capable of attracting calcium and phosphate
ions, and significantly promoting the remineralization of initial
carious lesions. Despite the initiative work of using tuftelin-inspired
peptide for enamel remineralization, the mechanism of promotion
of mineralization and the role of calcium-binding domain are not
fully understood, and further studies are required about these
issues.

Poly(amidoamine) ~ dendrimers. Studies have revealed that
PAMAM dendrimers can control the shape and size of HAP via
different surface groups, generations and concentrations.326733°
Subsequently, the self-assembly of PAMAM dendrimers or
dendrons was observed to be similar to that of amelogenin.'*®
In our previous work,'* a carboxyl-terminated PAMAM was found
to be prone to hierarchically self-assemble into nanospheres,
nanochains, microfibers, and macroscopic aggregates. In a
subsequent study by our group,®*' phosphorylated dendronized
PAMAM:s also demonstrated its self-assembly into ribbons or fibrils
and induction of the deposition of HAP. These studies offer a new
paradigm for simulating natural amelogenin from its structures
and self-assembly behaviors by using synthetic dendrimers.
Several studies have focused on the regeneration of enamel
facilitated by PAMAM-type dendrimers,?'82313327335 \whose intrin-
sic similarities with amelogenin are supposed to be the theoretical
foundation for mimicking the functions of amelogenin.'>® For
instance, our group®'® synthesized a carboxyl-terminated
PAMAM-alendronate conjugate (ALN-PAMAM-COOH) to specifi-
cally bind on HAP through the strong interaction between ALN
and the HAP surface. ALN-PAMAM-COOH could absorb tightly on
the enamel and facilitate nanorod-like crystals formation with high
uniformity on acid-etched enamel. The structure of the newly
grown crystals was analogous to native enamel; besides, the
microhardness was mostly recovered after mineralization. In
addition, in vivo experiments also indicated the excellent effects
of ALN-PAMAM-COOH on inducing enamel remineralization in
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the oral cavity of rats. In a subsequent study,”®' a phosphate-

terminated dendrimer (PAMAM-POsH,) was obtained by modify-
ing a fourth-generation PAMAM with dimethyl phosphate. After
mineralization, a fresh layer with a thickness of 11.23 um was
observed on acid-etched enamel treated by PAMAM-POsH,, in
contrast, the thickness of PAMAM-COOH treated sample was only
6.02 um. These studies suggest the great potentials of PAMAM
dendrimers in restoring acid-etched enamel, which can be
furtherly expanded via introducing novel chemical modifications
to the terminal functional groups in future researches.

Calcium phosphate-based systems. Calcium ions and phosphate
ions are the fundamental units of enamel crystals. Various forms of
calcium phosphate, including ACP, HAP, and CPICs, have been
designed and incorporated into different systems for bioinspired
regeneration of enamel.

ACP is believed to be an indispensable transient metastable
precursor in biomineralization.?’’ During enamel biomineraliza-
tion, acidic proteins can serve as nucleators or inhibitors to control
the formation, stabilization and transformation of ACP.3*¢ Based
on this, Zhang et al. 337338 ysed acidic macromolecules to stabilize
ACP, fabricating bioinspired composite systems dedicated to
enamel remineralization. For instance, Pchiwas synthesized and
utilized as an analogue of phosphorylated proteins to stabilize
ACP, leading to the formation of nanocomplexes of Pchi-ACP. The
obtained Pchi-ACP showed a significant promotive effect on
the remineralization of enamel subsurface lesions.>*® However, the
introduction of acidic macromolecules into repaired enamel may
be detrimental to its mechanical strength, since natural enamel is
a highly mineralized tissue with only tiny amounts of organic
substances. Alternative strategies can focus on utilizing degrad-
able macromolecules to stabilize ACP.

Because of its chemical similarities with native enamel, synthetic
HAP is a candidate for the repair of demineralized enamel.??333°
However, the actual structure of native enamel is too complex to
be replicated by synthetic HAP, which differs from enamel crystal
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in dimensions, morphologies, and orientations, leading to its
unsatisfactory effects as a repairing agent of enamel. Inspired by
the nanosized building blocks of enamel, Tang et al.>*° prepared
20 nm HAP as an analogue of the basic building blocks of enamel.
The structure of the acid-etched enamel was reinforced by the
20 nm HAP and the hardness remained almost unchanged. More
importantly, these promotive effects could not be observed when
applying conventional 100 nm HAP or ~20 nm ACP. In another
bioinspired approach, Tang et al>*' combined 20 nm HAP with
glutamic acid to regenerate enamel-like structures under physio-
logical conditions. Glutamic acid molecules were selectively
absorbed onto (001) faces, resulting in oriented growth of the
repaired layer. However, the size of HAP nanoparticles is
considerably larger than that of calcium and phosphate ions,
which may lead to apparent interfaces between the newly formed
crystal layer and the etched enamel surface, thus deteriorating the
mechanical strength of the repaired enamel.

Despite the achievements of ACP in bioinspired mineralization
of tooth enamel, two major deficiencies still exist when
attempting to thoroughly replicate the structure and mechanical
strength of native enamel. First, a foreign ACP phase is unable to
initiate epitaxial growth of enamel due to the oversized ACP
nanoparticles;**® Second, some irremovable polymeric additives
applied to stabilize ACP weaken the mechanical strength of the
repaired enamel. Evidence has shown some biological processes
of continuous epitaxial construction, during which the earlier-
formed crystalline phase is covered by amorphous phase,
resulting in an integrated crystalline-amorphous interface at the
growth frontier.393%43% |nspired by the crystalline-amorphous
frontier in native biomineralization, Tang et al.”** designed a novel
material based on calcium phosphate ion clusters (CPICs) utilized
to fabricate an amorphous layer for the induction of epitaxial
growth of enamel apatite crystals. They innovatively utilized a
small molecule, triethylamine (TEA) to stabilize CPICs in ethanol***,
forming ultrasmall clusters (Fig. 7a) that could remain stable for
2 days without aggregation or size change. After treating the HAP
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substrate with CPIC ethanol solution, a mimetic biomineralization
frontier composed of bulk ACP could be fabricated with ethanol
evaporation, during this process, TEA was removed and the
formation of ACP was initiated. Subsequently, the coated
continuous ACP layer transformed to HAP crystals in the way of
epitaxial growth due to the integration of the two phases (Fig. 7b).
In contrast, the lack of a structurally continuous interface and
epitaxial growth was observed when using ACP nanoparticles. The
CPIC material exhibited remarkable effects on repairing acid-
etched enamel, as indicated by the very similar morphological
texture and mechanical strength between the repaired layer and
native enamel (Fig. 7c—e). More importantly, compared with other
methods of remineralization in solutions, the CPIC significantly
shortens the time required for enamel repair because it contains a
large amount of calcium and phosphate sources. This bioinspired
tactic of creating a mineralization frontier for epitaxial growth
provides a new paradigm for the regeneration of hard tissues.

Amorphous zirconium dioxide ceramics. After enamel biominer-
alization, part of the amorphous phase is maintained as inter-
granular phase, rendering enamel with superior mechanical
properties and acid-resistance.?”’*?3% Inspired by the unique
structure of the remaining amorphous phase, which is characterized
by the absence of grain boundaries and dislocations, and isotropy,
Wei et al??” developed a method to grow amorphous zirconium
dioxide (ZrO,) ceramics in situ for enamel repair. Through sequential
nucleation, deposition and growth, a homogeneous layer of ZrO,
was fabricated on the acid-etched enamel. The repaired enamel
showed comparable mechanical properties to native enamel. In
addition, owing to its high hydrophilicity, the amorphous ZrO, layer
exhibited excellent antibacterial adhesion and proliferation cap-
ability. However, it should be pointed out that this in situ method of
growth of amorphous ZrO, requires a high temperature treatment
process (80°C, 12h), which largely limits its clinical application.
Nevertheless, this study demonstrates the possibility of restoring
enamel by amorphous ceramics, which may allow the
amorphous—crystalline interface design more applications.

CONCLUSIONS AND PERSPECTIVES

The hard tissues of vertebrates are biologically generated through
biomineralization. Studying the underlying pathways and
mechanisms of mineral formation during biomineralization will
contribute to the development of novel strategies and materials
for hard tissue repair. Researchers are inspired by the identified
phenomena and mechanisms of biomineralization, such as the
regulatory effects of biomacromolecules on minerals’ nucleation
and growth. A plethora of bioinspired materials have been
artificially engineered to simulate biomineralization processes for
hard tissue repair. We reviewed recent studies on
biomineralization-inspired ideas, as well as characteristics and
repair effects of these materials.

These advances have shown significant advantages by choosing
a bioinspired route. Many of these approaches or materials utilize
synthetic analogs to replace natural biomacromolecules, which
remarkably reduces the cost and increases the designability. In
addition, the achievements of hard tissue-like materials or the
promotion of in situ regeneration via bioprocess-inspired strategies
are green and feasible, avoiding the complex procedures and
harsh conditions required when directly mimicking the intricate
structures or properties of natural hard tissues. More importantly,
the development of novel materials and in vitro models may
supplement the current mechanisms of biomineralization.

It is worth mentioning that some of these bioinspired materials
have been commercialized and approved for clinical application
in hard tissue repair. For instance, mineralized collagen with a
bone-like nanostructure has been utilized in the treatment of
bone defects caused by traumatic injury, tumors, surgical
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wounds etc.'%'97347  Mineralized collagen exhibits several

functional advantages over traditional synthetic materials,
including better biomechanics, osteoconductive and osteoin-
ductive properties, and biodegradation. More importantly, the
clinical efficacy of mineralized collagen mixed with bone marrow
closely resembles autologous bone, which is currently the gold-
standard treatment for large bone defects.''®

Despite considerable advances of bioinspired materials for hard
tissue repair, most of these efforts are at the proof-of-concept
state.”’?> Several unmet needs that may be obstacles for further
scientific progress and clinical translation are listed here. (1) The
existing bioinspired materials are limited to simulating only the
nanostructure, which lacks the regulation of hierarchical structures
at larger scales.*%*’ (2) The evaluation of key biological properties
(e.g., cytotoxicity and biodegradability) of some bioinspired
materials and their repair effects (e.g., the mechanical properties
of newly formed tissues) is incomplete®'%'?° (3) The repaired
tissues are not as good as their natural counterparts (e.g. the
inferior binding force between new layer and original surface), and
the repair efficiency is low (e.g., long times required for enamel and
dentin remineralization)®'%'?° (4) The manner and environment in
which some bioinspired materials are utilized are not suitable for
clinical practice (e.g., the liquid environment required for enamel
and dentin remineralization in many experiments).'2%'%°

Several perspectives on future work in this field are suggested in
the following points. (1) Since numerous fundamental issues
regarding biomineralization are still poorly understood,®'” the
outcomes of the basic principles of biomineralization will be of
significant importance in conceiving new tactics and materials for
hard tissue repair. (2) Structural construction of mineralized tissues
goes through cascaded processes with the involvement of various
biomolecules and inorganic ions>’ Therefore, to reproduce the
structure and properties of native hard tissues at multiple scales, one
may not be limited to single materials or fabrication methods. (3)
The restoration of enamel and dentin in the oral cavity takes place in
the presence of bacteria. Thus, antibacterial functions of bioinspired
materials are required during  biomineralization-inspired
repair.'>8297348349 (4) The combined use of biomineralization-
inspired materials with growth factors, cells, or drugs can be
considered to achieve better repair effects (e.g., simultaneous
vascularization or nerve regeneration when repairing bone)3>%*'
(5) Developing novel intrafibrillar mineralization-feasible organic
matrices as collagen alternatives is a potential future direction to
avoid the immunogenicity caused by allogenic and xenogenic
collagen products.'®

In summary, learning from nature is an eternal theme. In the
coming decades, more knowledge about biomineralization will be
acquired with advances in nanoscience, molecular biology, and
mineral crystallography. Biomineralization-inspired materials will
contribute substantially to hard tissue repair in the future.
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