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Abstract

Biominerals are naturally occurring composite materials formed through biomineralization, playing a vital role in structural support,
protection, and ion storage in biological systems. Their unique mechanical and functional properties have inspired the development of synthetic
biomaterials for regenerative medicine, particularly in bone and tissue engineering. Hydroxyapatite, calcium carbonates, and silica-based materials
have demonstrated significant potential in scaffolds, implants, and drug delivery systems due to their biocompatibility and bioactivity. However,
challenges such as optimizing mechanical properties, ensuring biodegradability, and addressing fabrication complexities limit their widespread
clinical application. Future research aims to overcome these barriers through advanced technologies like artificial intelligence, machine learning,
and 3D printing, enabling the precise design of biomineral-based composites with enhanced performance. By integrating bio-inspired strategies
and interdisciplinary collaboration, these next-generation biomaterials have the potential to revolutionize regenerative medicine and biomedical

engineering.
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Introduction

Biominerals are remarkable composite materials formed by
living organisms through the process of biomineralization, where
inorganic elements from the environment are integrated into
organic structures to create essential biological materials [1].
These biominerals, which include carbonates, phosphates, silicates,
and organic crystals, serve a wide range of critical functions,

@ @ This work is licensed under Creative Commons Attribution 4.0 License | 10JS.MS.ID.000518.

such as providing structural support, offering protection, and
facilitating ion storage [2]. Over 60 types of biominerals have
been identified, each exhibiting unique mechanical and functional
properties that often surpass those of their synthetically produced
counterparts [3]. For example, calcium carbonates are fundamental
to the skeletal structures of invertebrates like mollusks and
echinoderms, while hydroxyapatite (HAP) is a key component in
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the bones and teeth of vertebrates [4]. Silica, another prominent
biomineral, is widely found in protists, plants, and animals, where
it contributes to structural integrity and environmental adaptation
[5].- Understanding the mechanisms of biomineralization not only
provides insights into biological processes but also inspires the
development of advanced biomaterials with enhanced mechanical
and multifunctional properties.

The natural formation of biominerals is a complex and highly
regulated process influenced by both biological and environmental
factors [6]. For instance, calcium carbonate, one of the most
studied biominerals, exists in three primary polymorphs—calcite,
aragonite, and vaterite—with calcite and aragonite being the most
prevalent in biological systems [7]. The stabilization of amorphous
calcium carbonate (ACC), a precursor phase, is a critical step in the
mineralization process, often facilitated by acidic polypeptides and
proteins [8]. Similarly, the formation of hydroxyapatite in vertebrate
bones involves a sophisticated interplay between collagen and
Non-Collagenous Proteins (NCPs), which guide the nucleation
and growth of HAP crystals within the collagen matrix [9]. Silica
deposition in organisms like diatoms and sponges is another
fascinating example, where specialized proteins such as silaffins and
silicatein-a play pivotal roles in controlling silica polymerization
and structure formation [10]. These natural processes underscore
the intricate balance between organic and inorganic components
in biomineralization, offering valuable insights for the design of
synthetic biomaterials with tailored properties [11].

In the field of regenerative medicine, biominerals have
emerged as indispensable materials for bone and tissue repair due
to their biocompatibility, bioactivity, and ability to promote cell
differentiation [12]. Hydroxyapatite, calcium carbonates, and silica-
based materials are widely used in scaffolds and drug delivery
systems, providing essential ions like calcium, phosphate, and
silicon that are crucial for tissue regeneration [13]. For example,
Bioactive Glass (BG), composed of silica, calcium, and phosphate, has
been extensively utilized in bone repair due to its ability to release
beneficial ions and form a bonding layer with natural bone [14].
Similarly, silica-based materials are employed in scaffolds and drug
delivery systems, leveraging their ability to inhibit inflammation
and promote cell growth [15]. The design of biomimetic scaffolds
that replicate the hierarchical structures of natural biominerals has
opened new avenues in tissue engineering, enabling the creation of
materials that closely resemble the Extracellular Matrix (ECM) and
support tissue regeneration [16]. These advancements highlight
the potential of biominerals in addressing the complex demands of
regenerative medicine.

Despite their promise, the application of biomineral-based
composites in regenerative medicine faces several challenges [17].
Achieving the optimal balance of mechanical properties, such as
strength, flexibility, and load-bearing capacity, remains a significant
hurdle, as these properties are influenced by factors like material
choice, fabrication processes, and microstructure. Biocompatibility
and biodegradability are also critical considerations, as these
materials must integrate seamlessly with biological systems
without eliciting adverse immune responses and degrade at
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a rate that matches tissue regeneration [18]. Additionally, the
fabrication of biomineral composites often involves intricate
and time-consuming processes, which can hinder scalability and
reproducibility [19]. Environmental sustainability and regulatory
compliance further complicate their widespread adoption [20].
However, future research is poised to overcome these challenges
through the integration of advanced technologies such as Artificial
Intelligence (AI), Machine Learning (ML), and 3D printing
[21]. These tools enable the design and fabrication of complex,
hierarchical structures that mimic natural biominerals, paving
the way for next-generation biomaterials with transformative
applications in regenerative medicine [22].

Biominerals: Definition, and Natural

Formation

Types,

Biominerals are composite materials produced by living
organisms through the process of biomineralization, where
elements from the environment are incorporated to create essential
structures [23]. These materials, which include carbonates,
phosphates, silicates, and organic crystals, serve critical functions
such as structural support, protection, and ion storage. Over 60
types of biominerals have been identified, each exhibiting superior
mechanical and functional properties compared to their abiotically
formed counterparts [24]. For instance, calcium carbonates
are fundamental in the skeletal structures of invertebrates like
mollusks and echinoderms, while hydroxyapatite (HAP) is a key
component in vertebrate bones and teeth. Silica, on the other hand,
is widely found in protists, plants, and animals, playing a vital
role in structural integrity and environmental adaptation [25].
Understanding the mechanisms of biomineralization not only sheds
light on biological processes but also inspires the development
of advanced biomaterials with enhanced mechanical and
multifunctional properties. The natural formation of biominerals is
a complex process influenced by both biological and environmental
factors [26]. Calcium carbonate, for example, exists in three primary
polymorphs—calcite, aragonite, and vaterite—with calcite and
aragonite being the most prevalent in biological systems [27].

The stabilization of Amorphous Calcium Carbonate (ACC) is
a crucial step in the mineralization process, often facilitated by
acidic polypeptides and proteins [28]. Similarly, hydroxyapatite
formation in bones involves the interplay of collagen and Non-
Collagenous Proteins (NCPs), which guide the nucleation and
growth of HAP crystals within the collagen matrix [29]. Silica
deposition in diatoms and sponges is another fascinating example,
where proteins like silaffins and silicatein-a play pivotal roles in
controlling silica polymerization and structure formation [30].
These natural processes highlight the intricate balance between
organic and inorganic components in biomineralization, offering
valuable insights for designing synthetic biomaterials.

Biominerals in Regenerative Medicine and

Composite Materials

Biominerals play a significant role in regenerative medicine,
particularly in the development of biomaterials for bone and tissue
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repair (Figure 1). Hydroxyapatite, calcium carbonates, and silica-
based materials are widely used due to their biocompatibility,
bioactivity, and ability to promote cell differentiation [31]. These
minerals provide essential ions like calcium, phosphate, and silicon,
which are crucial for tissue regeneration [32 & 33]. For instance,
bioactive glass (BG), composed of silica, calcium, and phosphate,
has been extensively used in bone repair due to its ability to release
beneficial ions and form a bonding layer with natural bone [34].

Similarly, silica-based materials are employed in drug delivery
systemsand scaffolds, leveragingtheirability toinhibitinflammation
and promote cell growth [35]. The design of biomimetic scaffolds
that mimic the hierarchical structures of natural biominerals has
opened new avenues for tissue engineering, enabling the creation
of materials that closely resemble the Extracellular Matrix (ECM)
and support tissue regeneration [17].

Biocompatibility
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Figure 1: Triangular Characterization Graph of Biomaterials for Regenerative Medicine [35].

In composite materials, biominerals enhance mechanical
properties and biocompatibility, making them ideal for regenerative
medicine applications [36]. By mimicking the nano structuring
and organic-inorganic interactions found in natural biominerals,
researchers have developed composites with superior strength,
toughness, and biodegradability [21]. For example, Cellulose
Nanofibers (CNFs) stabilized with Amorphous Calcium Carbonate
(ACC) have demonstrated exceptional mechanical properties,
surpassing traditional synthetic composites [37]. Additionally, bio-
inspired porous architectures, such as those found in trabecular
bone and diatom skeletons, have been incorporated into composite
designs to improve stress distribution and energy dissipation
[19]. These advancements, coupled with additive manufacturing
techniques like 3D printing, have enabled the creation of complex,
hierarchical structures that combine low weight with high
mechanical strength [38]. Despite challenges related to production
complexity and long-term behavior, biomineral-based composites
hold immense potential for addressing the intricate demands of
tissue regeneration and repair.

Challenges in the Use of Biomineral Composite
Materials in Regenerative Medicine

The application of biomineral-based composites in regenerative
medicine holds immense promise, but it is not without significant
challenges [39]. One of the primary hurdles is achieving the optimal
balance of mechanical properties, such as strength, flexibility, and
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load-bearing capacity, which are critical for their performance
in tissue regeneration [40]. The mechanical behavior of these
composites is influenced by factors like material choice, fabrication
processes, and microstructure, making it difficult to replicate the
hierarchical structures found in natural tissues [41]. Additionally,
biocompatibility remains a major concern, as these materials
must not elicit adverse immune responses while promoting
tissue integration [42]. Biodegradability is another critical factor,
as the composite must degrade at a rate that matches tissue
regeneration, releasing beneficial ions or drugs to aid healing [43].
However, controlling degradation rates and ensuring consistent
quality during mass production are complex tasks. Furthermore,
the fabrication of biomineral composites often involves intricate
and time-consuming processes, which can hinder scalability and
reproducibility [44].

Environmental sustainability and regulatory compliance also
pose challenges, as these materials must be both eco-friendly and
meet stringent safety standards for clinical use [45]. Addressing
these issues requires interdisciplinary collaboration and innovative
approaches to material design and manufacturing.

Future Directions in Biomineral

Research

Composite

Future research in biomineral-based composites is poised
to leverage advanced technologies and bio-inspired strategies to
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overcome current limitations [46]. Bio-inspired mineralization
methods, which mimic natural processes, offer a sustainable and
efficient way to create composites with superior mechanical
properties and biocompatibility [47]. These methods operate under
mild conditions, reducing energy consumption and minimizing by-
products, making them environmentally friendly [48]. Additionally,
artificial intelligence (Al) and Machine Learning (ML) are emerging
as powerful tools to optimize material design and manufacturing
processes. Al-driven approaches can accelerate the discovery of
high-performing materials and enable the creation of complex,
hierarchical structures that mimic natural Biominerals [49]. For
instance, reinforcement learning and multi-objective optimization
have been used to design bio-inspired composites with tailored
mechanical properties [50].

Three-dimensional (3D) printing technologies, particularly
digital light processing (DLP), are revolutionizing the fabrication
of biomineral composites by enabling the production of intricate,
high-resolution structures at scale [33]. These advancements
facilitate precise control over mineral distribution and scaffold
architecture, enhancing their functionality in tissue regeneration.
However, challenges such as achieving high precision, resolving
material inhomogeneities, and optimizing manufacturing
conditions remain [41]. Addressing these issues through continued
innovation and interdisciplinary collaboration will pave the way for
the development of next-generation biomineral composites with

transformative applications in regenerative medicine.
Conclusion

Biominerals, formed through the intricate process of
biomineralization, play a crucial role in providing structural
support, protection, and ion storage in biological systems. Their
naturally optimized mechanical properties have inspired the
development of synthetic biomaterials for regenerative medicine,
particularly in bone and tissue engineering. Materials like
hydroxyapatite, calcium carbonates, and silica-based composites
exhibit excellent biocompatibility and bioactivity, making
them ideal candidates for scaffolds and drug delivery systems.
Additionally, biomimetic approaches have enhanced the design
of these materials, improving their integration with biological
tissues. However, several challenges persist, including achieving
an optimal balance of mechanical strength, biocompatibility, and
biodegradability. Fabrication complexities, scalability limitations,
and regulatory requirements further hinder their widespread
application and clinical adoption.

To overcome these challenges, future research must harness
cutting-edge technologies such as artificial intelligence, machine
learning, and 3D printing to refine material properties and
streamline production processes. Al-driven models can accelerate
the discovery of high-performance biomineral composites,
while bio-inspired mineralization techniques can enhance their
mechanical and functional attributes. Furthermore, 3D printing
allows precise control over scaffold architecture, improving
structural integrity and performance. Collaboration between
materials scientists, biotechnologists, and biomedical engineers will
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be essential in advancing these materials for medical applications.
By addressing current limitations, biomineral-based composites
have the potential to revolutionize regenerative medicine, offering
innovative and sustainable solutions for tissue engineering, drug
delivery, and biomedical research.
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