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ABSTRACT: Biominerals, such as bones and teeth, are
typically natural organic—inorganic composites characterized by
hierarchically ordered structures and exceptional mechanical
properties. In contrast, synthetic organic—inorganic composites
exhibit inferior structural order, mechanical performance, and
bioactivity, ~which restricts their clinical applicability.
Researchers have been inspired to precisely regulate the
integration and spatial arrangement of organic matrix (e.g.,
collagen, chitosan) and inorganic units (e.g., calcium
phosphate) via mimicking the process of biomineralization to

fabricate bionic hierarchically ordered structured
organic—inorganic composites (BOICs). These BOICs
demonstrate  distinguished mechanical properties and

biocompatibility, and even perform novel functions, including
the bionic bone scaffolds for hard tissue regeneration, bionic
mandibular scaffolds for gradient repair, and even as
substitutes for tendons. Furthermore, BOICs offer opportunities
to study the structural ordering and mechanical properties of
artificially enhanced organic—inorganic composites and their
effects on biological behaviors of cells. This review
systematically summarizes the hierarchically ordered structures
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current BOICs construction strategies, and highlights their applications in tissue repair. Finally, the current challenges in the
development and clinical implementation of BOICs are discussed, with the aim of stimulating innovative ideas and
encouraging further developments in tissue regeneration engineering.
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1 Introduction

In nature, numerous living systems form biogenic minerals or
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biominerals, which are multifunctional hierarchically ordered
structured composites containing an organic matrix and inorganic
minerals, such as bones, teeth, pearls, and antlers [1-3]. From a
materials science perspective, organic molecules exhibit softness,
compliance, and fracture resistance, whereas inorganic crystals are
characterized by high hardness and brittleness. Strikingly,
biominerals synergize the advantages of different matrices to
achieve a combination of contradictory properties such as high
strength and toughness. The exceptional properties of natural
organic-inorganic composites inspire scientists to mimic biological
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structures and focus on fabricating bionic hierarchically ordered
structured organic-inorganic composites (BOICs) [4, 5]. Currently,
various tooth-like, bone-like, and shell-like bionic materials with
diverse structures have been synthesized, drawing on bionic
approaches based upon the well-established biomineralization
mechanisms [6, 7]. Among these, the unique biological tissue
structures of human bones and teeth have received significant
attention. Due to their excellent mechanical strength and biological
regulation functions, bone-like and tooth-like multifunctional
bioinspired materials have wide application prospects in tissue
regeneration engineering.

The organic-inorganic interactions at the molecular scale and
the oriented structures are two essential factors for the mechanical
properties and biological functions of BOICs [8, 9]. Natural
organic-inorganic composites usually form copolymers through
strong covalent bonds with building blocks that involve sub-
nanometer-sized protein fragments and hydroxyapatite (HAP)
crystals. For example, bone is composed of collagen fibers made up
of type I collagen molecules (300 nm long and 1.5 nm in diameter)
and HAP (Ca,(PO,)s(OH),) nanocrystals (plate-like, 50 nm x 25
nm in size and 1.5-4 nm in thickness) [10]. Inspired by in vivo
collagen mineralization, great advances have been made in
fabricating BOICs by using natural and synthetic polymers, such as
alginates, cellulose, and gelatin-methacryloyl (GelMA), to imitate
collagen as organic building blocks. Besides, various nanostructured
calcium phosphates (NCaPs) with different sizes and morphologies
were developed as inorganic building blocks for BOICs. However,
the mechanical properties and biological function of synthetic
organic-inorganic composites are significantly poorer than those of
biominerals. The susceptibility of synthetic HAP to aggregation
often results in an interphase boundary between organic and
inorganic phases in hybrid composites, which limits material
mechanical performance enhancement and structural organization.
It has been well-documented that decreasing the size of the
inorganic matrix and its aggregation in composites can effectively
enhance material  properties, especially for mechanical
characteristics [11]. Recently, “inorganic ionic polymerization”
synthesized calcium phosphate oligomer (CPO, size ~ 1 nm) has
been proposed to produce homogenous organic-inorganic
composites with marvelous structures and exceptional mechanical
properties [12, 13]. Meanwhile, various synthetic methods have
been developed for constructing BOICs, including self-assembly,
electrostatic ~ spinning,  directional ~ freezing,  mechanical
prestretching, and three-dimensional (3D) printing.

Due to their distinguished hierarchically ordered structures and
superior mechanical performance, BOICs play an important role in
tissue regeneration engineering, including large-scale hard tissue
repair (bone and tooth), soft tissue repair (ligament and tendon),
and simultaneous repair of hard and soft tissues (periodontal and
joint tissue) [14]. These materials typically serve as tissue substitutes
or extracellular matrix (ECM) mimics during the tissue-
regeneration process by providing suitable mechanical support for
host cell behavior, such as proliferation, migration, and
differentiation [15]. It has been demonstrated that excellent
biocompatibility and bionic characteristics endow BOICs with
diverse regenerative characteristics, thereby supporting cell
adhesion and growth. Additionally, these materials effectively
regulate the inflammatory microenvironment, osteogenic signaling
pathway, or energy metabolism, thus establishing an optimal
microenvironment that facilitates tissue regeneration [16]. Despite
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the fact that BOICs have shown excellent results in tissue
regeneration engineering, little is known about the fundamental
laws and underlying mechanisms by which the physicochemical
properties of BOICs regulate cell behavior and the biological
microenvironment. Hence, there are still some challenges in
fabricating and developing BOICs that have suitable mechanical
properties and biocompatibility. Furthermore, the complexity of
manufacturing processes and concerns about the long-term
biological safety and stability of bioinspired materials restrict the
translation of BOICs into clinical use. Conquering these challenges
and addressing these requirements are essential for the
advancement of BOIC:s in tissue regeneration engineering.

This review presents an overview of the concepts and recent
advances in the biologically inspired construction of
multifunctional BOICs utilizing artificial techniques, as well as for
applications in tissue regeneration engineering (Fig. 1). Firstly, a
brief section summarizes two typical biominerals with hierarchically
ordered structures (bones and teeth), the relationship between the
structure and composition, and the specific properties. Secondly, a
detailed description is given of constituent materials and various
approaches for constructing BOICs. Meanwhile, the applications of
BOIC:s in tissue regeneration engineering were summarized in this
article. Finally, a detailed discussion is presented about the key
lessons offered by BOICs preparation in attempts to implement
them in practical synthetic structures. The challenges and
development prospects presented provide additional insight into
the future development of BOICs, as well as expanding their
applications in tissue regeneration engineering.

2 Hierarchically ordered structures and
mechanical properties of natural bones and teeth

The biomineralization process brings inorganic minerals into the
organism, generating a wide range of biominerals with delicate
hierarchically ordered structures and excellent mechanical
properties, which are represented and optimized at each level [17].
Thus, accurately simulating the hierarchical structures of
biominerals and preparing BOICs with excellent properties are
mainstream in the biomineralization field. Next, we will elaborate
on biominerals with typical hierarchically ordered structures and
superior mechanical properties, namely bones and teeth.

2.1 Natural bones

Bones are naturally occurring organic—inorganic composites that
serve as the structural materials for the internal scaffolding of
vertebrates [18]. Bone has a highly hierarchical structure, mainly
composed of mineralized collagen fibril bundles, with 65%
inorganic substances (mainly HAP) and 25% organic substances
(mainly type I collagen fibrils). The precise organization of collagen
fibrils and HAP nanocrystals at the nanoscale brings about
nanomechanical heterogeneity, enabling high energy dissipation
and resistance to fracture. Collagen is responsible for shear modulus
and breaking strength, whereas HAP endows bone with marvelous
tensile modulus and hardness. The physiological functions and
mechanical properties of bones depend on their special
hierarchically ordered structures [19]. In the bone formation
process, osteoblasts enrich calcium and phosphorus ions in the
organic matrix to generate amorphous calcium phosphate (ACP)
nanoclusters, and then ACP infiltrates into collagen fibrils and
crystallizes to generate small-sized (about 1.5-4 nm thick,
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Figure1 Overview of the constituent materials and design strategies for fabricating the bioinspired BOICs and their applications in tissue regeneration engineering.

20-50 nm long) HAP with hexagonal crystal structure, which
ultimately generates bones with special hierarchically ordered
structures and superior functions [20]. Nair et al. classified bones
into six levels. The hierarchically ordered structures of bones
provide various interfaces from the microscopic to the macroscopic
level, following the order: nanophases (collagen molecules and
mineral particles), mineralized fibril (~ 100 nm), fiber bundle
(~ 0.5 um), lamella (~ 5 um), and osteon (~ 10-500 pum) (Fig. 2(a))
[21]. Furthermore, Weiner et al. classified the bone into seven
structural layers and divided the overall bone into cortical and
cancellous bone, with a dense outer layer of cortical bone encircling
an inner, highly porous marrow cavity formed by trabecular or
cancellous bone (Fig. 2(b)) [22]. These micro- and nanoscale
hierarchically ordered structures provide bones with high Young’s
modulus (10-20 GPa) and strong toughness (2-7 kJ-m™) (Fig. 2(c))
[23]. Meanwhile, the chemical composition and hierarchical
structures of natural bones have potential inspirations for designing
and synthesizing biomimetic materials with optimized functions,
which can effectively integrate with human tissues and enhance
bone regeneration and repair.

2.2 Natural teeth

Teeth are also typical organic-inorganic composites, primarily
composed of enamel and dentin. Tooth enamel is a highly ordered
prismatic structure of HAP, consisting of approximately 96%
inorganic material and only 1% organic substances (mainly
amelogenins) [24]. Due to its extremely high mineral content,
enamel is a very fragile tissue. Dentin is the main body of teeth and
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has a more complex structure that protects the pulp and supports
the overlying enamel. Dentin has a similar composition to that of
bone. The collagen structure of dentin is complex, with collagen
oriented in a helical structure forming tubules, but transforming to
radial in the plane perpendicular to the direction of the tubules
(Fig. 2(d)) [25]. Dentin has a two-layered structure, where hard
peritubular dentin containing dentin tubules is embedded in soft
intertubular dentin (Fig. 2(e)) [26]. Peritubular dentin is composed
of carbonate apatite and a very small amount of organic matrix,
whereas intertubular dentin is rich in reticulated mineralized
collagen fibrils, which are structurally similar to bone mineralized
collagen fibrils. Noncollagenous proteins and proteoglycans (e.g.,
acidic glycosaminoglycans) act as gluing molecules to hold the
mineralized collagen nanofibrils together and provide a mechanism
for energy dissipation in dentin. The mechanical properties of
dentin vary depending on the mineral content, with highly
mineralized peritubular dentin having a Young's modulus of
40-42 GPa, while weakly mineralized intertubular dentin has a
Young’s modulus of 17 GPa [27]. Dentin also has an excellent
flexural modulus, which decreases with an increase in tubule
density, ranging from approximately 15-20 GPa (Fig. 2(f)) [28].
The hierarchically ordered structure of dentin gives it sufficient
elasticity and strength to enable teeth to withstand immense
mechanical loads during gnawing and chewing. This property has
also become a primary focus of numerous bionic investigations.

3 Constituent materials with BOICs
Recently, the development of BOICs has drawn inspiration from
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Figure 2 Hierarchically ordered structures and mechanical properties of typical biominerals, namely bones and teeth. (a) Schematic illustration of the hierarchically
ordered structure of natural bones from the macro scale to the nano scale. (b) Scanning electron microscopy (SEM) image of a single osteon from human bone.
Reproduced with permission from Ref. [22], © TMS 2013. (c) Effect of mineral volume fraction on the mechanical properties of bones. Reproduced with permission from
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dentinal tubules. Reproduced with permission from Ref. [26], © Royal Society of Chemistry 2016. (f) Effect of tubule densities on the mechanical properties of teeth.

Reproduced with permission from Ref. [28], © Elsevier Ltd. 2005.

the hierarchically ordered structures found in organisms and has
garnered substantial interest from scientists. It is well known that
the biocompatibility and mechanical properties of BOICs are
largely influenced by their constituent materials. This section will
provide a brief overview of the composition materials. To classify
the constituent materials used in fabricating BOICs, we categorize
them into inorganic and organic raw materials. For inorganic
materials, calcium phosphate (CaP), as the main inorganic
component in fabricating BOICs, will be discussed. For organic
materials, we further categorize them into natural polymers and
synthetic polymers. Generally, the synthesis ratio between organic
and inorganic raw materials within BOICs is also a crucial factor
influencing their mechanical strength, bioactivity, and degradation
behavior [29]. Overall, the optimal ratio depends on the specific
application requirements and the chosen fabrication method, which
together determine the hierarchical structure and interfacial
compatibility of the resulting BOICs [30, 31]. Table 1 presents a
comprehensive overview of the compositional materials and their
organic/inorganic mass ratio (w/w), bioinspired organisms,
fabrication methods employed in constructing BOICs, and tissue
regeneration engineering applications as documented in the
literature.

3.1 Inorganic raw materials-CaP

CaP is the main inorganic component of vertebrate bones and teeth
with good biocompatibility, attracting particular attention from the
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scientific community focused on bone regeneration [32]. The
commonly utilized forms of CaP include HAP, dicalcium
phosphate, octacalcium phosphate, dicalcium phosphate dihydrate,
and ACP, which represents a precursor stage of bone formation
[31]. Among them, HAP is the main inorganic component in the
endoskeletons of many organisms. Jarcho M. independently
synthesized HAP, which began to be widely used in bone repair
surgery as a substitute material, marking one of the earliest
applications of bioactive ceramics in orthopedics [33]. However,
since. HAP materials have poor mechanical properties, high
brittleness, and weak osteoconductivity, researchers have continued
to optimize the materials by adding organics such as collagen,
cellulose, and alginate [34, 35]. Furthermore, organic-inorganic
composites for tissue regeneration engineering applications require
precise control of the material composition and structure, as well as
the size of the particles, since pore size and interconnectivity affect
the regeneration process. Stoehr et al. found that needle-like CaP
particles do more damage to cells than spherical particles [36]. In
addition, HAP surfaces with hierarchically ordered structures
showed high performance in protein adsorption, cell adhesion,
osteogenic differentiation, and angiogenesis-related gene expression
[37]. Abels et al. demonstrated that synthetic HAP particles within
the size of 0.5-2 mm elicited the lowest inflammatory response in
vivo compared to smaller ones [38]. Thus, optimization of the
properties (such as size and morphology) of CaP particles can lead
to BOICs with improved properties.

In recent years, NCaPs with different sizes and morphologies
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Table 1 BOICs prepared from natural and synthetic polymers and their applications (n-HAP, nano-hydroxyapatite)
Categorlﬁes of Prepared BOICs Orgamc/l'norgamc mass Bionic Preparation methods Applications Refs.
composites ratio (w/w) structures
Collagen/HAP 7:13 Bionic bone 3D printing Bone repair [85]
Bionic bone Mechanical . .
Cellulose/HAP 3.7 and tooth prestretching Hard tissue repair [86]
Amyloid fibrils/HAP 2:3 Bionic bone Flltratlor}-ln.duced Bone repair [87]
organization
. L Spin-coating/brushing- .
Alginate/HAP 40:1 Bionic bone Bone repair [88]
assembly
Natural polymers .
Poly BC/HAP 1:9 Bionic bone Mechamc.al Bone substitutes [89]
prestretching
CS/HAP 1:2 Bionic bone  Directional freezing Bone repair [90]
SE/HAP — Bionic bone 3D printing Bone repair [91]
Collagen/ACP 1.2:1 Bionic bone Bioskiving Bone repair [92]
CS/gelatin/HAP 7:3 Bionic narce  Directional freezing Bone repair [93]
Gelatin/HA/HAP 5:1 Bionic bone 3D printing Bone repair [94]
Bionic - .
PCL/HAP — osteochondral 3D printing Osteochondral repair [95]
PVA/PAA/CaP — Bionic tooth  Directional freezing Tooth repair [96]
PLA/HAP 7:3 Bionic bone 3D printing Bone repair [97]
PEKK/n-HAP — Bionic bone Self-assembly Bone repair [98]
Hyaluronic agigl ethacrylate/ 1:4 Bionic bone 3D printing Bone repair [99]
Synthetic polymers . .
GelMA/methacrylic anhydride . L L .
silk fibroin/HAP 7:1 Bionic bone 3D printing Bone repair [100]
GelMA/alginate . _— L Bone repair and organoid
methacrylate/HAP 26:1 Bionic bone 3D printing formation [101]
Piezoelectric polymer poly-L- - . - .
lactic acid/HAP — Bionic bone Piezoelectricity Bone repair [102]
Poly(y-benzyll_illg-f%lutamate)/n- 5:3 Bionic bone 3D printing Bone repair [103]
Collagen/PCL/n-HAP 2:1 Bionic Self-assembly Bone repair [104]
periosteum
Natural and synthetic Gelatrilrfg:ﬁ;PVA/ 7:1 Bionic bone  Directional freezing Bone repair [105]
polymers
PLA/polydopamine/
sodium alginate/ — Bionic bone 3D printing Bone repair [106]

carboxymethyl chitosan/n-HAP

have been synthesized and stabilized by various biomolecules, such
as nucleic acids and polymers. Capitalizing on the unique
properties of RNA, an RNA-ACP with an average hydrodynamic
diameter of 99.42 nm has been developed (Figs. 3(a) and 3(b)) [39].
In addition, polyethylene glycol-inositol 1,34,5,6-
pentakisphosphate stabilized NCaPs (diameter ~ 40 nm) were
prepared and can quickly turn into needle bundle-like crystals with
a size of about 80 nm in a few hours (Figs. 3(c) and 3(d)) [40].
Moreover, CaP complexes stabilized by poly (allylamine
hydrochloride) (PAH) were fabricated, with an average
hydrodynamic diameter of 17.9 nm (Figs. 3(e) and 3(f)) [41]. The
previous size of the synthetic CaP was generally above 20 nm, and
the resulting organic-inorganic composites had significant phase
separation, which greatly limited the performance of the prepared
composites. Researchers have achieved improvements in the
mechanical properties of composites by further reducing the size of
the inorganic units and increasing their dispersion within the
organic matrix. In 2019, Tang’s group fabricated a novel type of
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removable small organic molecule, namely triethylamine-stabilized
calcium phosphate ion clusters (CPICs), with an average diameter
of 1.5 + 0.3 nm (Figs. 3(g) and 3(h)) [5]. The prepared CPICs can
establish a bionic crystalline-amorphous mineralization frontier to
induce the epitaxial growth of enamel with the integrity of the
enamel mineral phase. Furthermore, they took a unique approach
to polymerization and cross-linking of inorganic ionic compounds
by using organic monomers as precursors through covalent
bonding [42]. That is, when the polymerization and cross-linking of
organic and inorganic materials occur simultaneously, the two can
be homogeneously compounded and the interfacial phase
eliminated, thus achieving polymerization on a molecular scale and
preparing novel organic-inorganic copolymer materials with high
optical transparency, excellent mechanical properties, and superior
stability [43]. Additionally, integration of inorganic HAP with the
organic monomer polyvinyl alcohol (PVA) can prepare spider silk-
like hybrid fibers with a hierarchical structure and exceptional
toughness (296 + 12 J-g™) [44].
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Reproduced with permission from Ref. [40], © American Chemical Society 2017. (e) Transmission electron microscopy (TEM) image of the PAH-stabilised CaP solution
and (f) the size distribution of PAH-stabilised CaP nanoparticles as determined by DLS. Reproduced with permission from Ref. [41], © Springer Nature Limited 2016. (g)
TEM image of the prepared CPICs and (h) the size distribution of CPICs as determined by DLS. Reproduced with permission from Ref. [5], © Shao, C. Y. et al., some
rights reserved; exclusive licensee American Association for the Advancement of Science 2019.

3.2 Organic raw materials

3.2.1 Natural polymers

Various natural polymers with multifunctionality, excellent
biocompatibility, and biodegradability are involved in the formation
of BOICs, such as collagen, alginate, cellulose, hyaluronic acid
(HA), chitosan (CS), and silk fibroin (SF). Collagen is the most
abundant protein in mammals and a major component of the
ECM. Among these, type I collagen, with a diameter of 80-100 nm,
is the most important component of the organic phase in bone [45].
Collagen has sites on its surface that promote osteoblast attachment
and mineral deposition, and a large body of evidence has
demonstrated the positive role of collagen in hard tissue
mineralization to date [46]. It can not only control the penetration
of ACP into collagen and induce HAP nucleation, but also control
the transformation of a crystal nucleus into a crystalline phase.
Alginate is an acidic straight-chain and water-soluble
polysaccharide, and is also the most abundant biopolymer in the
world [47]. It consists of 1,4-linked B-D-mannuronic acid (M) and
1,4 o-L-guluronic acid (G) residues, with only the carboxylate
group of the G residue capable of cross-linking with divalent
cations such as calcium ion (Ca*) to form composites. Accordingly,
alginates with a high G content form stiffer composites, whereas
those with a high M content produce softer elastic ones. Its mucosal
adhesion properties also extend its use in applications such as drug
delivery [48]. Cellulose, which is composed of hundreds to millions
of glucose units connected with p-1,4-glycosidic bonds, is also a
good choice for future materials [49]. Moreover, due to its
hierarchically ordered anisotropic structures, cellulose nanofiber is
an ideal candidate for guiding bionic mineralization with OH
groups to form strong hydrogen bonds with various molecules.
Among these, bacterial cellulose (BC) with superior mechanical
properties (Young’s modulus is 20 GPa for sheets and 130 GPa for
single fibers) and chemical properties, is frequently employed to
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synthesize BOICs for tissue regeneration engineering [50, 51]. HA
is a naturally occurring polysaccharide that is one of the main
components of the ECM of skin and cartilage [52]. The large
number of carboxyl and hydroxyl groups present in HA gives it a
highly hydrophilic character. Thus, it plays a vital role in various cell
biological behaviors such as migration, proliferation, and
differentiation [53]. Moreover, HA also has good gel-forming
properties and an easy-to-modify chemical structure that promotes
the biomineralization of CaP, which has great potential in tissue
regeneration engineering [54]. CS is a natural linear polysaccharide
and the second most abundant natural polymer [55]. It is non-
toxic, antibacterial, hemostatic, and has excellent mechanical
properties [56]. The properties of CS are mainly affected by the
degree of deacetylation and molecular weight; CS with higher
deacetylation and molecular weight is more attractive for tissue
regeneration engineering applications [57]. Furthermore, the
structure of CS is highly similar to glycosaminoglycans in the
human body, which is perfectly compatible with the alkaline
internal environment of the organism and is used as a bone scaffold
for cell attachment and proliferation in bone defect repair [58]. SF is
a naturally occurring protein-based biopolymer with tunable
mechanical properties and low inflammation to host tissues. SF has
various secondary structures, including a-helix, -sheet, and crossed
[-sheet. The high content of the p-folding structure gives it good
mechanical strength and resilience; the unique arginine-glycine-
aspartate sequence in the molecule promotes cell adhesion and
regulates cell behavior; the active amino acid side chains can
provide attachment sites for other compounds [59]. However,
natural polymers usually exhibit poor mechanical properties and
inadequate cellular interactions, limiting their direct applications in
tissue regeneration engineering. Integrating them with inorganic
minerals like CaP via bionic mineralization is a promising strategy
to achieve materials with better mechanical properties, which is of
great significance for tissue regeneration engineering [60, 61].
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3.2.2 Synthetic polymers

In contrast to natural polymers, synthetic polymers often exhibit
superior and adjustable mechanical properties, such as
polycaprolactone (PCL), PVA, polylactic acid (PLA), polyacrylic
acid (PAA), and polyaryletherketones (PAEK), are also frequently
used for preparing BOICs. PCL is an aliphatic polyester obtained by
ring-opening polymerization of e-caprolactone. It has favorable
characteristics such as strong hydrophobicity, semicrystallinity, and
a low melting point, which makes it widely used in tissue
regeneration engineering [62]. PVA with non-toxicity, water
solubility, and blood compatibility, is one of the most commonly
used synthetic polymers [63]. It can form polymeric networks
through freezing-thawing cycles that serve as scaffolds for tissue
regeneration engineering [64]. PLA is an aliphatic polyester
obtained from lactic acid [65]. It has high tensile strength and has
been widely researched in tissue regeneration engineering, such as
vascular stents and bone fixation. After implantation as bone
substitute materials, it can be naturally hydrolyzed into lactic acid
and converted into water and carbon dioxide, eventually discharged
from the body, thus causing no significant harm to the human
body. PAA is a water-soluble polymer synthesized by polymerizing
acrylic acid monomers in an aqueous solution using persulfate as
an initiator [66]. PAA has good capacity for dry adhesion and
hemostasis; thus, it has been widely applied in commercial wound
dressings [67]. Moreover, due to the presence of carboxyl groups,
pH-responsive nanogels can be prepared by chelating with metal
ions and adhering to bone tissue through chemical bonding and
non-covalent interactions [68]. PAEK are a class of ultra-high-
performance polymers consisting of a class of phenylene rings
linked by an oxygen bridge (ether bond) and a carbonyl group
(ketone). PAEK has excellent temperature and chemical resistance,
as well as excellent fluid stability. According to the molecular chain
in the ether bond, ketone group, and benzene ring connection
order and proportion of different types, it can form many other
polymers, such as polyether ether ketone, polyether ketone, and
polyether ketone cross polymer (PEKK) [69]. Nevertheless,
synthetic polymers also face several challenges, including poor
biocompatibility and degradation. Combining them with inorganic
materials, such as CaP, to form BOICs can effectively improve
bioactivity, the degradation performance, and mechanical
properties [70, 71]. In addition to conventional synthetic polymers,
multifunctional polyurethane (PU) has recently exemplified
significant progress in tissue regeneration engineering [72]. Owing
to its controllable biodegradability, excellent biocompatibility,
highly tunable chemical composition, and mechanical properties,
PU can be rationally engineered to match the mechanical
requirements of both soft and hard tissues. Moreover, by
integrating with inorganic materials such as CaP, it can further
enhance osteogenic bioactivity while maintaining favorable
mechanical resilience and processability, making it a viable
candidate for developing next-generation BOICs [73].

3.2.3 Ideal organic matrices: Integration of natural and synthetic
polymers

While natural and synthetic polymers each offer distinct advantages
for constructing BOICs, they also present inherent limitations, as
previously discussed. To address these challenges and pursue ideal
organic matrices that simultaneously fulfill biological and
mechanical requirements, researchers have focused on the
development of composite polymers [74, 75]. The construction
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strategies of composite polymers are diverse, including physical
blends, chemical conjugations, or the formation of interpenetrating
networks. For instance, collagen or CS, which provide cell
recognition sites and enhance bioactivity, can be blended or cross-
linked with synthetic polymers like PCL or PAA [76-78]. This
integration can improve the otherwise weak mechanical strength
and rapid degradation rate of the natural polymer, while endowing
the synthetic polymer with better cell adhesion and tissue
integration capabilities. Similarly, HA has been incorporated into
PVA networks to create hydrogels that not only possess the
desirable swelling and biocompatibility of HA but also exhibit
enhanced mechanical properties due to PVA [79]. Other natural
polymers with excellent biocompatibility, such as SF and BC, can
also be combined with various synthetic polymers to enhance
toughness, catering to complex tissue regeneration needs [80-82].
In the construction of BOICs, these composite polymers serve as
sophisticated organic raw materials for the bionic mineralization of
inorganic phases, notably CaP. The natural polymers can actively
guide and nucleate the growth of HAP nanocrystals, whereas the
synthetic polymers ensure the composites maintain structural
integrity throughout the mineralization process and subsequent
applications [83]. The integration of natural and synthetic polymers
is particularly promising for tissue regeneration engineering, as it
moves beyond the limitations of single-component materials
toward truly biomimetic and multifunctional materials. Therefore,
the exploration of natural and synthetic polymer composites
represents a pivotal direction in advancing the organic constituents
of BOICs, holding great potential for developing next-generation
biomaterials that more closely replicate the complex interplay of
biological functions and mechanical resilience in biominerals [84].

4 Fabrication strategies of BOICs

BOICs require not only optimized constituent materials but also
auxiliary structural engineering strategies to effectively mimic the
hierarchically ordered structures and multifunctional characteristics
of biominerals [107]. In recent years, diverse structural engineering
approaches have been developed for fabricating BOICs with
controlled microarchitectures [108]. This section briefly reviews key
fabrication methodologies, including self-assembly, electrospinning,
directional freezing, mechanical prestretching, and 3D printing.
Table 2 summarizes their advantages and disadvantages,
respectively. These advanced fabrication strategies provide versatile
foundations for developing next-generation BOICs with tailored
structure-property relationships.

4.1 Self-assembly

Self-assembly is a method in which molecular units or
nanoparticles are spontaneously organized into sequential
structures by non-covalent interactions [109]. It emphasizes the
spontaneity and reversibility of the inter-component interactions,
which is carried out under mild conditions [110]. By using
acrylamide and CPO as raw materials, a robust, lightweight, and
thermal insulating composite with a hierarchically ordered
structure was synthesized through self-assembly (Fig. 4(a)) [111].
Recently, a composite named “osteomimix” was also prepared by
self-assembly using sodium methacrylate-carboxymethyl cellulose-
stabilized amorphous magnesium calcium phosphate and
methacrylate-modified type I collagen as raw materials [112]. The
prepared osteomimix had an optimal bionic microenvironment
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Table2 Comparisons of the commonly used fabrication strategies. Summarized from Refs. [109—141]

Fabr1cat.10n Advantages Disadvantages
strategies
-Spontaneous organization under mild conditions -Structural defects and residual impurities are difficult to avoid
Self- . o o o . . N
assembly -High structural precision and controllability -Limited mechanical strength for load-bearing applications

-Suitable for creating hierarchically ordered bionic structures

-Preparing ECM-mimicking nanofibers with high specific surface

Electrostatic area, semi-permeability, and promotion of cell adhesion
spinning  -Versatile material compatibility

-Enabling fabrication of hierarchically ordered fibrous structures

-Mild and controllable processing conditions

-Versatile for anisotropic porous and lamellar structures
-Bidirectional freezing enables enhanced structural control for
complex, hierarchically ordered structures with improved
properties

Directional
freezing

-High structural controllability along the stretching direction
Mechanical -Exceptional tensile strength and toughness
prestretching -Great structural similarity to soft tissues
-Efficient for fabricating anisotropic, high-strength hydrogels

-High structural complexity and design flexibility
-Enabling multi-material, multi-scale, and multi-functional
fabrication

-Suitable for customized scaffolds

3D printing

-Requiring further validation for broad applicability

-High process complexity

-Fiber size strongly depends on material itself (e.g., molecular weight,
molecular weight distribution, and solubility) and solution properties
(e.g., viscoelasticity, concentration, and surface tension)

-Sensitive to electric field strength and equipment geometry

-Unidirectional freezing has limited structural complexity
-Bidirectional freezing requires complex equipment and precise control
-Mechanical properties are highly process-dependent

-Limited to viscoelastic materials
-Limited shape complexity
-Sensitive to the degree of prestretching and moisture control.

-Limited by the properties of biomaterial inks (e.g., viscosity, rheology,
post-printing stability)

-Potential cytotoxicity from some ink components (e.g., photoinitiators
in GelMA)

-Limited printing resolution, sample size, and productivity

and hierarchically ordered structure, and could be customized for
the repair of irregular bone defects using computer-aided
design/computer-aided manufacturing (CAD/CAM) technology.

Self-assembly is a promising fabrication strategy due to its precise
controllability and intrinsic ability to integrate hybrid materials
[113, 114]. Nevertheless, it faces critical challenges in minimizing
structural defects and residual impurities, especially when designing
mechanically demanding, hierarchically ordered architectures. It
requires systematic validation in a variety of biological systems and
functional prototypes to determine its versatility in creating
hierarchically ordered bionic structures.

4.2 Electrostatic spinning

Electrostatic spinning transforms solutions or melts (mainly
polymers) into continuous fibers with a micrometer to a nanometer
in diameter, utilizing high-voltage direct current electricity, similar
to collagen fibers in the ECM [115]. It can be applied to synthetic
and natural polymers, nanoparticle polymers, etc. The produced
fibers have a wide range of structures, from single fibers to ordered
arrangements of fibers, porous structures, and high specific surface
areas [116]. In addition, it allows the immobilization of non-fiber
forming substances such as zwitterions and inorganic metal salts,
and the preparation of BOICs. The DNA-HAP ordered composite
prepared by electrostatic spinning exhibits an ultrahigh Young's
modulus of ~ 25 GPa, which is comparable to natural HAP and
surpasses that of most artificial mineralized composites (Fig. 4(b))
[117]. Moreover, it was shown that the electrostatically spun
composites prepared based on PCL and HAP have good
biocompatibility, and 3D scaffolds made from the composites
enhance osteoblast attachment and proliferation, making them
ideal for bone regeneration and dental implants [118].

Electrostatic spinning allows the controlled synthesis of
composites with high specific surface area, semi-permeability, and
promotion of cell adhesion [119]. However, it has a high degree of
complexity, and the size of the fibers formed is influenced by the
properties of the polymer itself (e.g., molecular weight, molecular
weight distribution, and solubility) as well as the properties of the

Nano Research, 2026, 19, 94908420

94908420 (8 of 20)

polymer solution (e.g., viscoelasticity, concentration, and surface
tension). Moreover, the strength of the electric field and the
geometry also play a major role in fiber formation.

4.3 Directional freezing

Directional freezing is carried out under very mild conditions to
produce a solid material by non-destructively removing the ice
template by freeze drying and sublimation [120, 121]. It can
precisely control the structure of the synthetic materials by
changing the freezing temperature and the freezing rate. In the
classical unidirectional freezing process, a steep temperature
gradient is imposed by cooling from a single direction, leading to
pore channels and lamellar structures aligned along one dominant
orientation [122]. While this approach is effective for generating
anisotropic porous architectures, its structural complexity is
inherently limited, making it difficult to replicate the hierarchically
ordered structures commonly found in biomaterials. To address
these limitations, bidirectional freezing has been developed, in
which temperature gradients are simultaneously applied along two
orthogonal directions [123]. This configuration is achieved by
designing molds and cooling devices that allow two independently
controlled cold sources to create perpendicular temperature fields.
The interaction of these two temperature gradients induces
complex ice crystal growth, guiding the formation of
interconnected lamellar or channeled porous structures with
multiscale hierarchical ordering. Compared with unidirectional
freezing, it allows enhanced structural control and greater design
flexibility, enabling the fabrication of hierarchically ordered
structured materials with improved mechanical properties and
biological functionality. For instance, a hierarchically ordered
structured composite has been successfully prepared, incorporating
CS and HAP nanoparticles, demonstrating  excellent
biocompatibility and bioactivity, and can be used for bone
regeneration [90]. What's more, by using PVA and HAP as raw
materials, an enamel analog with a hierarchically ordered structure
was engineered through bidirectional freezing (Fig. 4(c)) [124]. The
prepared composite exhibited high stiffness, hardness, strength,
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Figure4 Typical conventional fabrication strategies of BOICs. (a) Schematic illustration of the fabrication route of self-assembly and the photograph of the product.
Reproduced with permission from Ref. [111], © Wiley-VCH GmbH 2024. (b) Schematic illustration of the fabrication route of electrostatic spinning and the photograph
of the product. Reproduced with permission from ref. [117], © Wiley-VCH GmbH 2022. (c) Schematic illustration of the fabrication route of directional freezing and the
photograph of the product. Reproduced with permission from Ref. [124], © Zhao, H. W. et al,, some rights reserved; exclusive licensee American Association for the
Advancement of Science 2022. (d) Schematic illustration of the fabrication route of mechanical prestretching and the photograph of the product. Reproduced with
permission from Ref. [44], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (e) Schematic illustration of the fabrication route of 3D printing and the
photograph of the product. Reproduced with permission from Ref. [135], © Wiley-VCH GmbH 2020.

viscoelasticity, and toughness, surpassing the properties of enamel
and previously prepared bioinspired materials. Despite these
advantages, bidirectional freezing presents greater technological
challenges than unidirectional freezing [125]. It requires precise

synchronization of temperature gradients and freezing rates, and
meticulous control over the interaction dynamics of ice crystal
growth to ensure reproducibility. The equipment and mold design
are also significantly more complex than unidirectional freezing,

coordination between multiple cooling sources, accurate increasing both cost and operational difficulty.
@ yitE f»iﬁ'ﬁﬁ | Sa.pen 94908420 (9 of 20) Nano Research, 2026, 19, 94908420
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Overall, directional freezing is a controllable and versatile
method for manufacturing hierarchically ordered structured
lamellar and porous materials [126]. Nevertheless, further
improvement of the mechanical properties of the bionic structures
remains challenging, with freezing temperature, sintering additive
content, and sintering temperature all influencing the
microstructure and compressive strength of the prepared materials.

44 Mechanical prestretching

Mechanical prestretching is an efficient strategy for preparing
anisotropic, ultrastrong hydrogels, which have great structural
similarities with the soft tissues of living organisms [127, 128]. It
involves repeatedly training the randomly distributed hydrogel
network structure to arrange in a hierarchically ordered structure
along the stress direction. The prepared hydrogels have pronounced
anisotropic properties, including oriented molecular fiber bundles
and extended grain sizes, which give the materials a full range of
mechanical properties [129]. Based on this, spider silk fibers-like
macrofibers with a hierarchically ordered structure were designed
by using HAP and PVA as raw materials (Fig. 4(d)) [44]. The
prepared macrofibers exhibited a exceptionally high tensile strength
of 949 + 38 MPa, a specific toughness of 296 + 12 J-g”, and a
stretchability of 80.6%, which are superior to most synthetic fibers,
and thus can be used as potential bioinspired materials in tissue
regeneration engineering, such as ligaments and tendons.

Mechanical prestretching is an effective method to construct
anisotropic hydrogels with excellent mechanical properties and
biocompatibility. Nevertheless, different degrees of prestretching
and moisture control affect the mechanical properties of the
composites; thus prestretching and moisture need to be controlled
to improve the strength of the bioinspired materials.

45 3D printing

3D printing is a powerful manufacturing technique to build
complex 3D architectures that mimic the hierarchically ordered
structures of natural tissues, such as replicating primitive tissues and
organs or providing appropriate cell-material interfaces [130]. It
prepares bioinspired materials with multi-scale, multi-material, and
multi-functionality by stacking the biomaterial inks layer by layer
under the precise control of the composition and spatial
distribution of cells and composites. Biomaterial inks, typically
composed of polymer matrices (e.g, collagen, alginate, HA,
GelMA), crosslinking agents, and cellular components, must exhibit
specific physical properties such as appropriate viscosity, shear-
thinning behavior, and rapid cross-linking capability to ensure
printability and structural integrity [131]. Furthermore, the
cytocompatibility of these inks is also crucial, thereby enabling
support for cell adhesion, proliferation, and differentiation.
However, the widely used GelMA presents toxicity concerns due to
the photoinitiator, which generates free radicals during light
exposure, potentially harming cells. Emerging studies are
commiitted to addressing this issue by involving the use of visible-
light photoinitiators, reducing photoinitiator concentrations, and
investigating alternative initiator systems like 2,4,6-trimethylbenzoyl-
diphenylphosphine oxide nanoparticles or the incorporation of
radical scavengers to mitigate oxidative stress [132, 133]. Notably,
many biomaterial inks developed from polymers often fail to meet
expectations in terms of mechanical strength, scaffold integrity, and
the stimulation of tissue formation, thus limiting their applications
[134]. Current studies are actively exploring strategies to optimize
biomaterial inks, such as the integration of nanoparticles (e.g.,
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nanocellulose, n-HAP) to enhance mechanical properties without
compromising biocompatibility. For instance, PLA and n-HAP
composite scaffolds were prepared via 3D printing [97]. The
printed PLA/n-HAP composite scaffolds have adjustable
mechanical strength, and their biocompatibility and osteoinductive
properties are better than those of the pure PLA scaffolds, and can
be used to repair large bone defects. Moreover, a 3D-printed
scaffold was designed with n-HAP gradients similar in structure to
osteochondral tissue, exhibiting enhanced mechanical strength,
controlled degradation, and superior osteoinductive bioactivity
(Fig. 4(e)) [135]. It consists of a cartilage layer (pure hydrogel), an
interfacial layer (40/60% (w/w) n-HAP/hydrogel), and a base layer
(70/30% (w/w) n-HAP/hydrogel), mimicking the structure of
cartilage, calcified cartilage, and subchondral bone, which can
significantly enhance cartilage-subchondral bone regeneration.

3D printing, with its high structural complexity and design
flexibility, can produce composites with complex 3D shapes that are
difficult to obtain by traditional methods [136]. However, it can be
limited by the physicochemical properties and cytocompatibility
required for biomaterial inks, including viscosity, rheological
behavior, and mechanical stability after printing. Inadequate
viscosity or poor rheological behavior can lead to nozzle clogging or
shape collapse, thus affecting the biological and mechanical
properties of the bioinspired materials. Ongoing studies aim to
improve biomaterial inks by developing novel ink compositions
and incorporating dynamic cross-linking mechanisms to enhance
rheological properties, mechanical strength, and biofunctionality
[137, 138]. This is exemplified by the design of visible-light-curable
HA or GelMA inks [139], n-HAP-enhanced alginate/gelatin inks
[140], and dynamic cross-linking HA inks relying on reversible
host-guest interactions (B-cyclodextrin/adamantane) [141]. It also
faces challenges in terms of sample size, productivity, and achieving
nanoscale precision.

5 Applications of BOICs in tissue regeneration
engineering

In comparison to synthetic materials, biological tissues exhibit
superior mechanical properties attributed to their highly organized
structural composition. This concept has catalyzed the
advancement of BOICs with more delicate structures and superior
mechanical strength, which have been accompanied by continuous
advances in materials technology. Thus, many high-strength BOICs
are poor in biocompatibility owing to the addition of synthetic
polymers to improve their mechanical properties, which greatly
limit their tissue regeneration engineering applications. As a result,
rationally designed BOICs can effectively promote cellular activity
and integrate into the in vivo microenvironment. In this section, we
will focus on various applications of BOICs in tissue regeneration
engineering, including hard tissue repair, soft tissue repair, and
simultaneous repair of hard and soft tissues.

5.1 Hard tissue repair (bone and tooth)

Hard tissue injuries are among the most prevalent human
conditions, including bone and tooth injuries [142]. The ability of
hard tissues in living organisms to self-repair is limited [143]. Thus,
the construction of artificial mineralized materials is important for
tissue regeneration engineering applications [144]. However, the
mechanical properties of natural mineralized materials are superior
to those of synthetic materials. One of the most important
problems is the poor interfacial fusion between the restorative
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material and the natural tissue, making it difficult to guarantee its
mechanical strength. In addition, synthetic bioinspired materials
lack bioactivity and degradability in contrast to natural biomaterials.
Thus, there is an urgent need to develop novel synthetic materials
with both good biocompatibility and excellent mechanical
properties by using bionic approaches, which could replicate the
structural and functional characteristics of natural hard tissues.

A variety of composites, including titanium alloys, bioceramics,
and hydrogels have been developed for bone defect repair.
However, most of them are simple structural or non-biological
sources that cannot fulfill the requirements of complex bone
regeneration. BOICs, which mimic the composition and
hierarchically ordered structure of bones, are considered an
effective option for developing composites with better bone repair
capabilities [145]. Inspired by the development of in vitro collagen
mineralization, numerous bionic mineralized collagen composites
with a bone-like hierarchically ordered structure have been
developed to repair bone defects [146]. The high concentration and
the ordered arrangement of collagen in BOICs provide an ideal
microenvironment for host cell migration and differentiation, and
thus have the ability to promote bone regeneration [147]. Other
natural organic materials, such as HA, alginate, and CS, as well as
synthetic organic materials like PAA, are also frequently combined
with CaP to construct BOICs for bone repair [148—150]. Currently,
organic polymer/CaP composites have become a research hotspot
in bone tissue regeneration engineering, and numerous studies have
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further shown that biochemical signal propagation and translation
play a guiding role in stem cell fate [151]. Mechanistically, stiffness
regulates  osteogenesis by activating mechanotransduction
mediators such as YAP/TAZ and Wnt signaling. Additionally,
nanomorphology facilitates osteogenesis by modulating multiple
signaling pathways, including the miR-193a-3p-MAP3K3 axis,
integrin-mediated focal adhesion formation, HIF-1a signaling, as
well as developmental pathways such as Wnt and Hedgehog
signaling. Moreover, viscoelasticity regulates osteogenesis by
activating mechanotransduction mediators such as HIF-1a and the
PI3K/Akt signaling pathways [152]. Importantly, surface curvature
of composites also plays a critical role in guiding cellular responses
through the activation of mechanosensitive signaling pathways.
Studies have shown that surface curvature modulates cell spreading,
cytoskeletal tension, and the spatial organization of focal adhesions,
thereby activating key signaling pathways such as YAP/TAZ and
integrin-mediated FAK signaling, which collectively regulate
mesenchymal stem cell migration and differentiation [153, 154].
These curvature-induced signaling pathways are also integrated
with biochemical cues, such as IFN-y/LPS-mediated inflammatory
signaling, to synergistically guide osteogenic commitment and bone
matrix deposition [155]. Combined with the previous research on
bioactive PAEK materials, a porous PEKK scaffold with bone-like
apatite coating was designed for spinal repair (Fig. 5(a)) [98, 156,
157]. The results confirmed that the scaffold could mediate
osteogenic differentiation of stem cells through activation of the

Mandible repair

Physiochemical & biological cues Micro-architecture cue
Angiogenesis  Osteogenesis  Neovascularized bone

0T eSS

S % A/v:‘m*ﬁ‘_ ‘]
>

Native Biomimetic
one  bone

=

L4

/ e
Simulation of entire fealing course

ot o a 53 )
:i;P—Z - & ja . c < jiceill] % High concentation
> Kea > . —) Functionalization

Eecrosatc & ¥ Cooanate P—— 5 -
rojection-bas { rrs

o oy .
o 3D printing Low concentration

Ink design

4 »
control of bone Revisc|
* (% (B *
\ - 4 ) %\ - ¥ \mplantation
TR Osteogeness M Angoveness e
. HAP
ol N
¥, e
Potymerization 2% /| Mineraiation
Y g
vl =
L\ Neoi
& e
.~ Stress-induced Defect
S5 amangement elimination
: T / e
: . Fusion e S0
Y N /ww /
& _ 7 e
s Aeld TR Multi-scale
s interfacial bonding
S 2SI
~ Stress-induced RS
I = crystallization = on "on U
] S T —_ P
© = SN ST

@ =us® BC nanofiber cro =g

Figure 5 Functional applications of BOICs in hard tissue repair. (a) Application of BOICs in spinal repair: (i) Schematic illustration of the bionic PEKK scaffold, (ii) in
vivo experiments, (iii) micro-computed tomography (Micro-CT) evaluation of new bone within the scaffold. Reproduced with permission from Ref. [157], © Yuan, B. et
al, some rights reserved; exclusive licensee American Association for the Advancement of Science 2022. (b) Schematic illustration of a hierarchical graft for mandible
repair. Reproduced with permission from Ref. [159], © Wiley-VCH GmbH 2023. (c) Application of BOICs in calvaria bone repair: (i) SEM image of synthetic collagen-
based materials, (i) schematic illustration of the plywood organization, (iii)-(v) schematic illustration of the rat calvaria defect model, (vi)-(viii) representative
microradiographies, (ix)-(xi) micro-CT scans, and (xii)-(xiv) toluidine-blue-stained histological of control or implanted groups. Reproduced with permission from Ref.
[160], © Robin, M. et al. 2024. (d) Application of BOICs in tooth repair: (i) SEM images of tooth enamel, showing an aligned assembly structure and (ii) schematic
overview for preparing the bionic organic-inorganic composite. Reproduced with permission from Ref. [163], © Wiley-VCH GmbH 2023.
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cAMP/PKA signaling pathway, attributed to the synergistic
stimulatory effect of the multistage porous structure and surface
bone-like apatite, thereby achieving in vivo ectopic induction of
new bone formation. This is the first discovery of ectopic induction
of osteogenesis in an inert polymer material in more than 50 years,
since. Winter et al. briefly reported on Poly(hydroxyethyl
methacrylate) sponges in Nature in 1969 [158]. It has been well-
documented that decreasing the size of CaP can effectively produce
BOICs with marvelous structures and exceptional mechanical
properties. Based on this, our group has successfully prepared CPO
(size ~ 1 nm) and intensively explored the use of CPO combined
with GelMA to fabricate a hierarchically ordered structured
scaffold. By incorporating bone morphogenetic protein (BMP-2)
and ultra-small CPO into GelMA precursors, the scaffold for
mandible repair, with a cortical layer containing the Haversian
system and an interconnected porous cancellous layer, was
constructed by 3D printing (Fig. 5(b)) [159]. It exhibits strong
osteogenic and angiogenic abilities in vitro, which is attributed to
the integrin al0/phosphatidylinositol 3 kinase/protein kinase B
signaling pathway. More importantly, the newly formed bone with
natural tissues induced by this layered grafting facilitates biological
function, resulting in a reduction of stresses concentrated around
the implant and an expansion of the load-sharing area. This study
provides new insights into the development of functionally oriented
3D grafts, which can help BOICs to produce better functional
results in bone tissue regeneration engineering. Recently, an
innovative 3D mineralized collagen with a “twisted plywood
structure” that highly mimics the microscopic structure of natural
bone has been developed for calvaria bone repair (Fig. 5(c)) [160].
The high concentration and ordered arrangement of collagens in
this mineralized collagen plywood provide an ideal
microenvironment for host cell migration and differentiation,
ultimately promoting bone maturation and mineralization. The
study confirms that the most structurally bionic materials have the
potential to stimulate bone growth, highlighting the pivotal role of
ECM microstructure in driving cellular behavior in bone.
Restoration of enamel and dentin has also been a difficult
challenge in tissue regeneration engineering, as it is often difficult to
obtain large restorative layers that are identical to the hierarchically
ordered structures of natural teeth and to replicate their properties.
The discovery of CaP ion clusters through bionic mineralization
strategies has made it possible to achieve tooth remineralization,
and organic matrices such as proteins or peptides play an inducing
role in the nucleation and growth of CaP minerals, which can be
complexed with CaP to obtain tooth-like substances. CaP
prenucleating  clusters (CaP-PNCs)/starch  complexes  that
enzymatically remove starch and release CaP-PNCs were prepared
by mimicking the mechanism by which protein-proteinases control
biomineralization in living organisms, thereby triggering
bionanomorphic mineralization with enamel structure to repair
dental hard tissue defects (both enamel and dentin) [161].
Moreover, our group has found that other organic matrices, such as
HA modification, can enhance Ca** binding capacity by reducing
the electronegativity of the collagen surface, thereby producing a
local higher supersaturation and significantly promoting
intrafibrillar collagen mineralization [162]. These findings offer a
physicochemical perspective of the regulatory effect of polymers in
BOICs and offer promising prospects for ideal materials for tooth
restoration. In recent years, a bionic organic-inorganic composite
has been produced for tooth repair by guiding the formation of
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CPO in BC nanofibers (Fig. 5(d)) [163]. The prepared composite
exhibits a tensile strength of up to 1168.1 + 10.2 MPa and a
toughness of 34.1 + 0.8 MJ-m™, and has potential application in
tooth repair. Moreover, a composite with structure and properties
similar to natural enamel was designed by using amorphous
interphase-coated HAP nanowires as the inorganic phase and PVA
as the binder, and is also expected to become a new generation of
restorative materials for teeth [124]. The prepared composite with
high stiffness (105 GPa), high hardness (5.9 GPa), high
viscoelasticity (5.5 GPa), high strength (143 MPa), and high
toughness (7.4 MPa-m™) is superior to previously reported enamel-
like composites such as tooth enamel, bone, and mother-of-pearl in
shells, which fully reflect the importance of material microstructure
design for the improvement of material properties.

Clinical translation of BOICs for hard tissue repair has already
been achieved in several cases. Bio-Oss® Collagen, a clinically
approved composite consisting of deproteinized bovine bone
mineral and collagen, is one of the most widely used BOICs in
periodontal regeneration and maxillofacial bone augmentation
[164]. Clinical studies have demonstrated its excellent
osteoconductivity, favorable biocompatibility, and stable clinical
outcomes in maxillary bone healing, alveolar ridge preservation,
and periodontal bone regeneration. For instance, it significantly
enhanced bone gap filling and mineralized bone formation after
LeFort I osteotomy, demonstrating a clear clinical benefit in
promoting reliable bone union compared with untreated sites.
However, its limitations include slow degradation, lack of intrinsic
osteoinductivity, and insufficient mechanical strength for load-
bearing applications, which restrict its use in large or highly stressed
bone defects. CaP/collagen bone cements represent another class of
clinically applied BOICs for bone defect repair [165]. These
materials exhibit good injectability, in situ hardening ability, and
satisfactory short-term bone defect stabilization. Radiological follow-
up demonstrated satisfactory bone consolidation and progressive
resorption of the cement over 6-12 months, with the new bone
tissue gradually replacing the cement [166]. Nevertheless, their
brittleness, limited tensile strength, and imperfect matching
between degradation rate and new bone formation remain major
challenges for long-term functional repair.

5.2 Soft tissue repair

Soft tissues such as cartilage, tendons, and ligaments have
anisotropic structural characteristics. Tendons and ligaments are
tough and firmly fixed to bones, but they cannot regenerate
spontaneously in vivo once injured. Tough scaffolds and hydrogels
developed in recent years are a promising alternative for soft tissues
[167]. By combining the features of the semi-permeability of the
scaffolds and hydrogels, the high osteoconductivity of HAP and the
dynamic nature of the bone tissues, the prepared BOICs have been
demonstrated to exhibit great potential in soft tissue repair.
Compared with hard tissue repair, the clinical translation of BOICs
for soft tissue regeneration is more limited, but several BOICs have
shown promising clinical relevance. A hierarchically ordered
scaffold prepared by combining HAP and polymers can be used for
ligament regeneration via enhanced expression of ligament-specific
proteins like tenomodulin and tenascin C (Fig. 6(b)) [168]. The
scaffold is composed of oppositely charged pectin and poly-D-
lysine polymers, and a HAP mineral gradient is strategically
introduced near both ends of the scaffold to enhance interface
integration. The synergistic combination of the bionic structure,
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Figure 6 Functional applications of BOICs in soft tissue repair. (a) Schematic overview for the process of bionic mineralized tendon slices fabrication and bone tunnel
implantation. Reproduced with permission from ref. [170], © Chen, Y. W. et al. 2023. (b) Application of BOICs in ligament repair: (i) schematic illustration and
fabrication process of the ligament-like scaffold, (ii) SEM image of the cross-section scaffold, highlighting the secondary fiber bundles with a dash line, (iii) SEM images of
the fibers observed at each collection step from fibers to fiber bundles. Reproduced with permission from Ref. [168], © Wiley-VCH GmbH 2024.

gradient mineralization, and excellent biomechanical behavior
positioned this ligamentous substitute as a highly attractive
candidate for ligament rupture repair. Other organic components,
such as collagen and PVA, are also frequently combined with CaP
to construct BOICs for soft tissue repair. A muscle-like composite
with high strength and high toughness mechanical properties
(strength of 17.84 MPa, fracture energy of 8.97 kJ-m™) prepared by
inducing the polymerization of CPO into the PVA molecular chain
network has provided a novel tactic for the design and manufacture
of soft tissue repair materials [169]. In recent years, a new
mineralized tendon implant with properties similar to those of
native bone by infiltrating ACP precursors into collagen fibrils was
synthesized (Fig. 6(a)) [170]. It leads to HAP deposition along the c-
axis, facilitating the integration of the tendon-bone interface and
generating a serrated interface in vivo, ultimately promoting tendon
repair.

5.3 Simultaneous repair of hard and soft tissues

In the above article, we described the applications of BOICs in hard
and soft tissue repair respectively, but it is sometimes unable to
meet certain clinical demands, such as periodontitis and traumatic
injuries, that require simultaneous repair of hard and soft tissues.
With the development of 3D printing technology in tissue
regeneration engineering, BOICs designed for the simultaneous
repair of hard and soft tissues have also been extensively reported
and investigated in preclinical studies. A periodontally-ordered
bilayer nanostructured scaffolding material was prepared for
periodontium repair (Fig. 7(a)) [171]. Porous intrafibrillar
mineralized collagen (IMC) scaffolds were fabricated from collagen
fibrils and n-HAP by the self-assembly technique, and further
constructed bionic ordered bilayer concentrated growth factor
(CGF)/IMC nano-scaffolding material by micro-embossing
technique, which could recruit and regulate the multidirectional
differentiation of autologous stem cells to achieve synergistic
regeneration of periodontal soft and hard tissues by activating the
transforming growth factor $1/Smad3 signaling pathway. Similarly,
another recent study has developed a hierarchical bilayer scaffold by
integrating a CS layer and an intrafibrillarly mineralized collagen
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layer via directional freezing and biomimetic mineralization [172].
The CS layer mimics the aligned fibers of the periodontal ligament
(PDL), providing the necessary topographical cues to direct the
differentiation of mesenchymal stem cells (MSCs) into PDL-like
cells that form oriented collagen fibers, while a mild zinc-ion-
mediated microenvironment was introduced to further support
PDL-oriented matrix formation. Meanwhile, the mineralized
collagen layer replicates the alveolar bone structure, promoting
osteogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs) and supporting bone regeneration. Overall, this bilayer
scaffold closely mimics the complex hierarchical architecture of the
periodontal tissues, thus exhibiting great promise for synchronized
periodontal hard and soft tissue regeneration. In addition, a “hard
tissue ink” consisting of collagen, CS, n-HAP, and MSCs was first
developed and found that it produced hard tissue by generating
pluripotent cells of bone, cartilage, and bone marrow fat in the bone
marrow at the same time. They then went on to use droplet 3D
printing to deposit collagen and fibrinogen to achieve the
simultaneous repair of skin and bone damage (Fig. 7(b)) [173]. The
construction of BOICs with biological functions and hierarchically
ordered structures of articular cartilage and subchondral bone is
also the key to achieving high-quality osteochondral defect repair. It
has been reported that the adherence capacity and osteogenic
differentiation of BMSCs are greatly enhanced in the presence of n-
HAP-coated scaffolds. Thus, organic materials with excellent
plasticity and biocompatibility, such as gelatin, CS, and alginate, are
often utilized to combine with HAP to fabricate BOICs for
engineering analogs of osteochondral tissues. A hierarchical
osteochondral scaffold that consisted of PCL and HAP was
constructed [95]. The scaffold exhibited an excellent
biocompatibility to support cell adhesion and proliferation in vitro,
and a superior mechanical performance (compression modulus and
compressive strength of 8.7 and 4.6 MPa, respectively) to provide
suitable mechanical support to avoid collapse of newly formed

tissues, while promoting the osteochondral regeneration.
Furthermore, by using N-acryloyl glycinamide, N-
[tristhydroxymethyl)methyl] ~ acrylamide, and  (-tricalcium

phosphate as raw materials, a novel scaffold was synthesized
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2018.

through 3D printing (Fig. 7(c)) [174]. The prepared scaffold
promoted the attachment, spreading, and chondrogenic and
osteogenic differentiation of human bone marrow mesenchymal
stem cells in vitro, thus can be used for osteochondral repair.
Recently, an n-HAP and liposomes-coated integral bilayer scaffold
with a porous architecture was also designed for osteochondral
repair [175]. The bilayer scaffold could regenerate a cartilage-bone
integrated tissue with seamless interfacial integration and offer new
therapeutic opportunities for osteochondral defects, but the
molecular regulatory mechanisms need to be further explored.

6 Summary and prospect

Biomineralization is a multifactorial process through which
organisms utilize biologically controlled mechanisms to form
hierarchically ordered structured organic-inorganic composites
with remarkable functions [7, 176]. In recent years, scientists have
investigated the induced effects of various organic matrices on
inorganic minerals and used bionic mineralization to construct
BOICs with excellent properties and hierarchically ordered
structures. Numerous BOICs prepared by bionic mineralization
strategies exhibited unparalleled advantages over traditional
synthetic composites and have been successfully applied in tissue
regeneration engineering with rapid development [177, 178].
Previous understandings of bionic organic-inorganic composites
primarily emphasized ingredient bionics. Currently, in addition to
mimicking the composition of natural minerals, researchers are
increasingly focusing on the construction of their bionic
hierarchically ordered structures, such as bionic bone synthesized
by 3D printing [103, 159].

Despite extensive scientific research on BOICs and their
integration into tissue regeneration engineering applications,
achieving an ideal replication of the pristine hierarchically ordered
structures and the inherent physical and chemical properties of
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biominerals, as well as their clinical translation and application,
remains fraught with significant challenges. The perspectives for
BOICs in tissue regeneration engineering are shown as follows:

(1) Design of hierarchically ordered structures: More stable
and functional ultra-small size inorganic units should be explored
to achieve precise control over the polymerization of organic and
inorganic molecules and ions so as to regulate the hierarchically
ordered structural assembly of BOICs. Additionally, a deeper
understanding of the complex hierarchically ordered structures and
interactions of BOICs should be focused. To further comprehend
these complex structures, future work should employ a suite of
advanced techniques. In situ spectroscopy and microscopy (e.g.
cryo-transmission electron microscopy) reveal dynamic structural
evolution; Multi-scale simulations, from quantum mechanics to
finite element analysis, decipher interactions and predict properties;
while synchrotron X-rays and neutron scattering probe buried
interfaces, providing a holistic view from molecular to macroscopic
scales.

(2) Integration of high mechanical strength with excellent
biocompatibility of BOICs: Combining biodegradability and
mechanical properties within one material is still challenging,
especially for biodegradable and biocompatible substrates, which
are usually polymers with excellent biocompatibility and relatively
weak mechanical strength. Traditional designs that often focus on a
single aspect, and are unable to simultaneously provide synergistic
benefits by simultaneously addressing mechanical support and
biological signaling requirements, which is the key to the medical
application of BOICs. On the one hand, more efficient strategies for
mineralizing natural organic chains should be explored to improve
mechanical strength, controlling the mineralization process by
adding additives. On the other hand, natural and synthetic organic
polymer composites or artificially synthesized organic raw materials
with biodegradability and compatibility are expected to be used in
fabricating BOICs. A prime example is the emerging PU, whose
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mechanical properties, degradation rates, and bioactivity can be
precisely tailored, making it a highly promising candidate as the
organic matrix for next-generation BOICs [73]. Importantly,
inorganic units with ultra-small size mentioned above are also
effective in enhancing the interfacial interactions of the two phases,
ultimately improving the strength and toughness properties of
BOICs [43].

(3) Focus on the molecular mechanisms of BOICs interacting
with cells in the biological microenvironment: The mechanism of
BOICs to promote tissue repair and regeneration in organisms is
ambiguous, which may be limited by the biological properties of the
bioinspired materials [152]. Consequently, advancements in the
investigation of relevant mechanisms and the exploration of
relevant methodologies can guide the optimization of the material
properties (e.g., structure, mechanical strength, degradation rate)
and significantly enhance the practical applications of BOICs.
Accordingly, researchers can utilize the existing single-cell
sequencing, RNA-seq, and other technical methods to obtain a
more in-depth and comprehensive understanding of the process
and mechanism of effect on cell behavior, thereby enabling the
fabrication of bioinspired materials that fully mimic natural ones.

(4) Preclinical translational applications: To date, several
BOICs have achieved clinical translation, including CaP/collagen
bone cements for bone repair and Bio-Oss® Collagen for bone and
dental repair [164, 165]. Clinically, these products have
demonstrated favorable outcomes in promoting osteoconduction,
providing structural support, and facilitating bone repair. However,
existing clinically-translated BOICs still exhibit limitations that
require improvement, including suboptimal degradation rates that
may not fully synchronize with new bone formation, limited
mechanical strength for load-bearing applications, long-term
biological safety, and the complexity and reproducibility in
manufacturing. To address these challenges, future initiatives
should focus on improving material stability, controlling
degradation kinetics, and optimizing composite formulations to
enhance both biological and mechanical performance. Moreover,
emphasizing practicality by streamlining the production process
and utilizing Food and Drug Administration-approved raw
materials will be crucial for ensuring safety and regulatory
compliance. Preclinical applications play a vital role in bridging
laboratory research and tissue regeneration engineering
applications. Additionally, researchers should prioritize the clinical
translation of their work by undertaking essential preclinical and
clinical trials. This requires rigorous testing of biocompatibility,
efficacy, and safety in large animal models to predict human
responses. This stage is vital for de-risking clinical trials, ensuring
patient safety, and securing regulatory approval.
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