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Abstract

The regeneration of critical-sized bone defects remains a significant challenge in orthopedics and craniofacial surgery.
While autografts are the clinical gold standard, they are hampered by limitations such as donor site morbidity and
limited supply. Allografts and synthetic bone substitutes offer alternatives but often lack the bioactivity and hierarchical
structure of native bone. In response, bone tissue engineering (BTE) has emerged as a promising strategy. A pivotal
trend within BTE is the shift from passive, inert biomaterials to bioactive, biomimetic systems that can actively
orchestrate the healing process. Biomimetic mineralization, the process of mimicking the natural formation of bone
mineral (carbonated hydroxyapatite) within an organic matrix, stands at the forefront of this paradigm shift. This review
comprehensively explores the integration and application of advanced biomaterial systems engineered through the
principles of biomimetic mineralization for bone regeneration. We begin by elucidating the fundamental mechanisms of
biomineralization in nature, focusing on the critical role of non-collagenous proteins and collagen template.
Subsequently, we delve into the key strategies for biomimetic mineralization, including in situ precipitation, simulated
body fluid (SBF) incubation, and enzyme-assisted mineralization. The core of this article is dedicated to the discussion
of advanced biomaterial systems that serve as scaffolds for biomimetic mineralization, such as collagen-based matrices,
silk fibroin, synthetic polymers (e.g., PCL, PLGA), and decellularized extracellular matrices (dECM). We further
explore the functionalization of these systems with bioactive molecules (e.g., BMP-2, RGD peptides) and cells (e.g.,
mesenchymal stem cells) to create truly osteoinductive and osteoconductive constructs. The application of these
bioinspired systems in various forms—including 3D printed scaffolds, hydrogels, nanocomposites, and injectable
cements—is critically reviewed. Finally, we discuss the ongoing challenges, regulatory hurdles, and future perspectives,
emphasizing the potential of patient-specific, mechanically robust, and multi-functional "smart" scaffolds driven by
biomimetic mineralization to revolutionize bone regenerative medicine.
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1. Introduction

Bone possesses a remarkable innate capacity for regeneration and self-repair following injury. However, this capacity is
limited when confronting critical-sized defects resulting from trauma, tumor resection, congenital malformations, or
metabolic diseases. The global burden of bone disorders is substantial and is projected to rise with an aging population,
creating an urgent need for effective bone graft substitutes [1]. The current clinical gold standard, the autologous bone
graft, provides osteogenic cells, osteoinductive signals, and an osteoconductive scaffold—the three essential
components for successful bone regeneration. Nevertheless, its use is constrained by donor site morbidity, prolonged
operative time, and limited available volume.

Consequently, significant research efforts have been directed towards developing synthetic bone graft substitutes that
can mimic or surpass the performance of autografts. Traditional bioceramics, such as sintered hydroxyapatite (HA) and
B-tricalcium phosphate (B-TCP), provide excellent osteoconduction but are often brittle and lack the dynamic
bioactivity of living tissue [2]. The next generation of biomaterials aims to be not just biocompatible but also
bioinstructive, actively guiding cellular behavior and tissue formation.

Nature provides the ultimate blueprint for designing such materials. Native bone is a complex, hierarchically organized
nanocomposite, primarily consisting of collagen type I fibrils and nanocrystals of carbonated hydroxyapatite (cHA).
This organic-inorganic composite is not merely a physical mixture; it is formed through a highly regulated, cell-
mediated process known as biomineralization. This process occurs within a specific organic matrix template that
nucleates, grows, and organizes the mineral phase, resulting in a material with exceptional mechanical properties and
biological functionality [3].

Biomimetic mineralization seeks to replicate this natural process in vitro and in vivo. By incorporating the key
principles of natural biomineralization—such as the use of organic templates, acidic macromolecules, and controlled ion
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supersaturation—researchers can create biomaterials that closely resemble the composition, nanostructure, and
bioactivity of native bone tissue. This approach offers several distinct advantages: (1) the formation of bone-like,
nanocrystalline carbonated apatite with high solubility and bioresorbability; (2) the potential to incorporate bioactive
molecules (e.g., growth factors, peptides) during the mineralization process, protecting them and controlling their
release; and (3) the creation of a more physiologically relevant interface for cell attachment, proliferation, and
differentiation [4].

This review article aims to provide a comprehensive overview of the integration of biomimetic mineralization strategies
into advanced biomaterial systems and their subsequent application in bone regenerative medicine. We will explore the
scientific foundation of biomineralization, detail the various engineering strategies employed, and critically assess the
performance of different biomimetic systems in preclinical and, where available, clinical contexts. By synthesizing the
current state-of-the-art, this article seeks to highlight the transformative potential of this bioinspired approach and
outline the trajectory for future research and clinical translation.

2. The Biological Blueprint: Fundamentals of Natural Biomineralization

To effectively mimic a process, one must first understand its underlying mechanisms. Bone biomineralization is a cell-
directed, orchestrated event that takes place within a meticulously structured organic matrix. A schematic comparing the
natural biomineralization process with engineered biomimetic strategies is shown in Figure 1.
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Figure 1. Schematic of Natural vs. Biomimetic Bone Mineralization

Figure 1. Comparing the biological process of bone biomineralization (left) with engineered biomimetic mineralization
strategies (right). Key parallels include the role of acidic macromolecules (NCPs vs. PASP) in forming a liquid mineral
precursor (PILP) that infiltrates the organic matrix to achieve intrafibrillar mineralization.

2.1 The Extracellular Matrix (ECM) Template

The primary organic component of bone is collagen type I, which self-assembles into a fibrillar network with a
characteristic 67-nm periodicity (D-period). This collagen matrix provides more than just mechanical strength; it serves
as a structural scaffold that guides mineral deposition. The gaps (hole zones) within the collagen fibrils are considered
the primary sites for the initial nucleation of apatite crystals [5].

2.2 The Role of Non-Collagenous Proteins (NCPs)

While collagen provides the structural framework, non-collagenous proteins (NCPs) are the master regulators of the
mineralization process. These proteins, secreted by osteoblasts, include:

¢ Osteocalcin (OCN): Binds strongly to hydroxyapatite and is believed to regulate crystal growth.

e Osteopontin (OPN): An acidic phosphoprotein that inhibits mineralization, potentially preventing ectopic
calcification and controlling crystal size.

¢ Bone Sialoprotein (BSP): Contains acidic domains that can nucleate hydroxyapatite formation in vitro.

¢ Dentin Matrix Protein 1 (DMP1): Plays a crucial role in initiating mineralization by binding collagen and
precipitating apatite nanocrystals [6].
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A pivotal concept is the role of these acidic NCPs in creating a pre-nucleation cluster environment. They are often
intrinsically disordered and rich in acidic amino acids (aspartic and glutamic acid), which can sequester calcium and
phosphate ions, increasing the local supersaturation to a critical point that triggers the nucleation of the earliest mineral
phases, often thought to be amorphous calcium phosphate (ACP). This ACP subsequently transforms into crystalline
apatite within the confines of the collagen fibrils [7].

2.3 From Intrafibrillar to Interfibrillar Mineralization
The current paradigm, supported by extensive evidence, suggests a two-step process:

¢ Intrafibrillar Mineralization: The initial and most critical step where apatite nanocrystals nucleate and grow within
the collagen fibrils, specifically within the gap zones. This process is believed to be facilitated by the infiltration of
polymer-induced liquid precursors (PILP) of calcium phosphate, which are drawn into the fibrils by capillary action.
This intrafibrillar mineralization is essential for the bone's toughness and strength [8].

o Interfibrillar Mineralization: Subsequently, larger mineral crystals form between the collagen fibrils, contributing to
the overall stiffness and mineral content of the tissue.

This hierarchical organization, from the nano- to the macro-scale, is responsible for the unique combination of strength
and fracture toughness observed in bone. Biomimetic strategies aim to recapitulate this hierarchy, particularly the
crucial intrafibrillar component.

3. Engineering Biomimicry: Strategies for Biomimetic Mineralization

Several in vitro strategies have been developed to replicate the natural biomineralization process on synthetic
biomaterial scaffolds [9]. The four primary in vitro strategies for inducing biomimetic mineralization are summarized in
Figure 2.
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Figure 2. Strategies for Biomimetic Mineralization of Scaffolds

Figure 2. Overview of primary in vitro strategies for inducing biomimetic mineralization on synthetic scaffolds, each
offering different levels of control over mineral composition, distribution, and kinetics.

3.1 Simulated Body Fluid (SBF) Incubation

Pioneered by Kokubo et al., this method involves immersing a biomaterial in an acellular, metastable solution with ion
concentrations nearly equal to those of human blood plasma. The supersaturated SBF slowly precipitates bone-like
apatite onto the material's surface. The kinetics and morphology of the deposited mineral can be influenced by the SBF
concentration (e.g., 1.0x, 1.5x, 5x SBF), incubation time, temperature, and the surface chemistry of the substrate.
Materials with negative surface charges or functional groups (e.g., -COOH, -SO3H) mimic the role of acidic NCPs and
enhance apatite nucleation. While widely used due to its simplicity, a major limitation is the slow rate of mineralization
and the tendency to form only a surface layer of mineral, often lacking the intrafibrillar penetration seen in vivo [10].

3.2 In Situ Precipitation and Co-precipitation

This method involves creating conditions for rapid mineral precipitation directly within or on a scaffold, often by
mixing calcium and phosphate solutions in the presence of the material. This allows for a more uniform distribution of
mineral throughout a porous scaffold. A significant advancement is the co-precipitation method, where bioactive
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molecules (e.g., growth factors, enzymes) are added to the mineralizing solution and become physically entrapped
within the growing mineral phase. This can protect the molecules from denaturation and provide a sustained release
profile.

3.3 Enzyme-Assisted Biomimetic Mineralization

This is a highly promising strategy that closely mimics the physiological process. The enzyme alkaline phosphatase
(ALP) is used, which is naturally present on the surface of osteoblasts and cleaves phosphate groups from organic
substrates. In a typical setup, a scaffold is functionalized with or immersed in a solution containing ALP and a
phosphate donor molecule (e.g., B-glycerophosphate, B-GP) [11]. Upon implantation or in vitro culture, ALP hydrolyzes
B-GP, releasing phosphate ions locally. In the presence of calcium ions, this leads to a highly localized and controlled
supersaturation, resulting in the deposition of bone-like apatite directly at the site of enzymatic activity. This method
offers superior spatial control and can be integrated with cell-seeded constructs.

3.4 Use of Biomimetic Analogs: Poly(Aspartic Acid) and Others

To overcome the slow kinetics of SBF and achieve intrafibrillar mineralization, researchers use synthetic polymers that
mimic the function of NCPs. Poly(aspartic acid) (PASP) is the most widely studied analog. It acts as a process-directing
agent, stabilizing ACP precursors in the form of a PILP phase. These nanodroplets of liquid precursor are then able to
infiltrate the nano-scale compartments of collagen fibrils, leading to true intrafibrillar mineralization that dramatically
enhances the mechanical properties and bioactivity of the scaffold. Other analogs include poly(glutamic acid) and
phosphorylated polymers [12].

4. Advanced Biomaterial Systems as Platforms for Mineralization

The choice of the organic matrix is critical, as it dictates the scaffold's mechanical properties, degradation rate, and
ability to guide mineral deposition. A comparative overview of the key biomaterial platforms used in biomimetic
mineralization is provided in Table 1.

Table 1. Comparison of Biomaterial Platforms for Biomimetic Mineralization

lsi;(;:gilterlal Key Advantages Limitations Common Mineralization Strategies
Natlvq bpne matrix, e.xcellent. Poor mechanical strength, fast | PILP (PASP-assisted), SBF, Co-
Collagen bioactivity, supports intrafibrillar . N
. L0 degradation. precipitation.
mineralization.
o e High mechanical strength, tunable | Limited innate bioactivity, .
Silk Fibroin degradation, biocompatibility. requires functionalization. SBF, Enzyme-Assisted.
Synthetic Excellent mechanical properties, Lo
Polyesters controllable fabrication (e.g., 3D iy?lri?gs h;)llljrl;czl?l;z)lzieirf?cation SBF, Surface pre-treatment + SBF.
(PCL, PLGA) | printing). q :
Contains native biochemical and Risk of immunogenicity,
dECM architectural cues, highly batch-to-batch variability, In situ precipitation, SBF.
osteoinductive. complex processing.

Table 1 compares the advantages and disadvantages of different biomaterials as "biomimetic mineralization" platforms
and commonly used mineralization methods. Different biomaterials vary greatly in mechanical strength, bioactivity and
mineralization capacity. Therefore, it is necessary to select appropriate materials and mineralization strategies (PILP,
SBF, enzyme-assisted, co-precipitation, etc.) to achieve the best biomimetic bone formation effect.

4.1 Natural Polymers

e Collagen: As the native matrix of bone, collagen is the most logical and widely used substrate. Biomimetic
mineralization of collagen scaffolds, particularly using the PASP-assisted PILP process, results in composites that
closely mimic the composition and mechanical properties of bon.

o Silk Fibroin: Silk offers excellent mechanical strength, tunable biodegradability, and ease of processing. Mineralized
silk scaffolds, through SBF or enzyme-assisted methods, demonstrate enhanced osteoconductivity and bone formation
in animal models [13].

¢ Chitosan and Alginate: These polysaccharides are popular for their biocompatibility and gel-forming properties.
While they lack the innate ability to nucleate apatite like collagen, they can be modified with phosphate or carboxyl
groups or blended with other minerals to facilitate biomimetic mineralization.

4.2 Synthetic Polymers

¢ Polyesters (PCL, PLGA, PLA): These polymers provide excellent mechanical strength and controllable degradation
but are typically hydrophobic and bio-inert. To make them amenable to mineralization, they are often subjected to
surface treatments (e.g., plasma, hydrolysis) to introduce negative charges, or blended/co-polymerized with charged
groups. 3D-printed PCL scaffolds mineralized via SBF have shown promising results in load-bearing bone defect
models [14].
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¢ Poly(ethylene glycol) (PEG)-Based Hydrogels: Synthetic hydrogels are ideal for creating injectable systems and for
3D cell encapsulation. They can be functionalized with enzyme-cleavable sites, RGD peptides for cell adhesion, and
most importantly, with phosphate or calcium-chelating groups to initiate and control biomimetic mineralization from
within the gel network.

4.3 Decellularized Extracellular Matrix (dECM)

dECM, derived from bone or other tissues, represents the ultimate biomimetic scaffold as it retains the complex
composition and ultrastructure of the native ECM, including native NCPs. Decellularized bone matrix, when
remineralized, provides an ideal osteoinductive and osteoconductive environment, as it already possesses the native
architectural cues for cell homing and mineral deposition.

4.4 Functionalization and Integration for Enhanced Regeneration

To move beyond osteoconduction and achieve osteoinduction, biomimetically mineralized scaffolds are often integrated
with biological cues.

4.5 Incorporation of Bioactive Molecules

Growth factors like Bone Morphogenetic Proteins (BMP-2, BMP-7) are potent osteoinductive agents. A key advantage
of biomimetic mineralization is the ability to co-precipitate these factors within the mineral phase. This mineral coating
acts as a reservoir, protecting the protein from rapid degradation and providing a localized, sustained release, which can
reduce the high doses required in clinical applications and mitigate side effects. Similarly, smaller osteogenic peptides
(e.g., RGD, P15) can be conjugated to the scaffold or incorporated into the mineral layer [15].

4.6 Cell-Seeded Constructs

The ultimate goal is to create a living composite. Mesenchymal stem cells (MSCs) or osteoprogenitor cells can be
seeded onto pre-mineralized scaffolds or, more effectively, encapsulated within hydrogels that are designed to
mineralize in response to the cells' own ALP activity. This creates a dynamic, cell-instructive environment where the
cells actively participate in remodeling their microenvironment, leading to more robust bone formation.

5. Applications in Bone Regenerative Medicine
Biomimetically mineralized systems have been engineered into various formats for different clinical applications.
5.1 3D-Printed and Porous Scaffolds

3D printing (additive manufacturing) allows for the fabrication of scaffolds with patient-specific geometry and
controlled internal architecture (pore size, porosity, interconnectivity). Post-printing biomimetic mineralization can coat
the entire intricate structure with a bone-like apatite layer, significantly enhancing its bioactivity. This is particularly
promising for the repair of complex craniofacial and mandibular defects.

5.2 Injectable Hydrogels and Cements

For minimally invasive procedures, injectable systems are highly desirable. /n situ-gelling and mineralizing hydrogels
can be injected into irregularly shaped defects, where they solidify and form a mineralized matrix. Similarly, calcium
phosphate cements (CPCs) can be modified with biomimetic analogs to create a more nanocrystalline and resorbable
apatite phase, improving their integration with native bone.

5.3 Nanocomposite Materials

Nanoparticles of hydroxyapatite (nHA) or other calcium phosphates can be directly incorporated into polymer matrices
during scaffold fabrication. While not strictly "biomimetic mineralization" in process, the goal is the same: to create a
nano-composite that mimics bone's structure. The dispersion and interface between the nano-fillers and the polymer
matrix are critical for property enhancement.

5.4 Challenges, Clinical Translation, and Future Perspectives
Despite the significant progress, several challenges remain on the path to clinical adoption.

¢ Scalability and Reproducibility: Biomimetic processes like the PILP process can be sensitive to subtle changes in
pH, temperature, and ion concentration, making large-scale, reproducible manufacturing a hurdle.

e Mechanical Properties: While mineralized scaffolds show improved mechanics, matching the strength and toughness
of cortical bone, especially for load-bearing applications, is still difficult.

e Vascularization: A critical limitation of any large scaffold is the need for rapid vascularization to support cell survival
in the scaffold's core. Future designs must incorporate angiogenic factors or micro-channel architectures.

e Regulatory Pathway: The combination of a scaffold, a complex mineralization process, and potentially cells and/or
growth factors creates a regulatory challenge, falling under the "combination product" category, which requires rigorous
safety and efficacy testing.
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Future perspectives are exciting and point towards:

o Multi-functional "Smart" Scaffolds: Scaffolds that can respond to physiological stimuli (e.g., pH, enzyme activity)
to release drugs or modulate mineral growth.

o Spatio-temporal Control: Using advanced fabrication techniques to create gradients of minerals, growth factors, and
mechanical stiffness within a single scaffold to guide complex tissue morphogenesis.

¢ Personalized Medicine: Combining 3D printing with patient-specific dECM and cells to create truly personalized
bone grafts.

6. Conclusion

Biomimetic mineralization represents a powerful and versatile paradigm in bone regenerative medicine. By learning
from and emulating nature's blueprint, we are moving closer to engineering biomaterial systems that are not just
replacements for bone but are active participants in the regenerative process. The integration of this strategy with
advanced materials science, 3D printing, and cell biology has led to the development of sophisticated scaffolds that
recapitulate the composition, nanostructure, and bioactivity of native bone. While challenges in manufacturing,
mechanics, and vascularization persist, the continued convergence of these disciplines holds the promise of delivering
off-the-shelf, clinically effective bone graft substitutes that can restore form and function to patients with debilitating
bone defects.
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