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Abstract

Bioceramics play a pivotal role in the reconstruction of orthopedic and dental hard tissues due to their optimized
mechanical performance, chemical stability, and tunable biointeractivity. These materials are traditionally categorized
into three major classes: bioinert, bioactive, and bioresorbable, each exhibiting distinct functional characteristics
derived from their crystallographic structure and surface properties. Their clinical utility spans from enabling long-
term osseointegration to serving as temporary scaffolds that support tissue regeneration. Nevertheless, inherent
limitations, including structural brittleness, elastic modulus mismatch with native bone, and challenges in achieving
precise control over in vivo degradation kinetics, continue to constrain their performance. To overcome these
limitations, recent technological advancements have focused on developing mechanically enhanced nanocomposites,
implementing nanoscale surface engineering to improve cellular responses, designing stimuli-responsive “smart”
ceramics, and leveraging additive manufacturing (3D printing) to fabricate patient-specific implants with optimized
microarchitectures. Future research directions include creating multifunctional bioceramic systems, synchronizing
degradation profiles with host tissue regeneration dynamics, and integrating advanced Drug Delivery Systems (DDS)
within bioceramic matrices. The overarching goal is to engineer next-generation bioceramics that exhibit supetior
regenerative potential and highly predictable biological integration, ultimately improving their long-term clinical
efficacy.
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1| Introduction

Accelerated momentum in materials science mandates the genesis of biocompatible systems that effectively
coalesce optimized mechanical integrity with exacting biological functionality for skeletal and dental
restoration [1], [2]. Bioceramics assume a pivotal role, distinguished by their unique confluence of superlative
mechanical characteristics (hardness, tribological resistance, strength), remarkable chemical inertness, and the

capacity to elicit finely tuned physiological interactions. Their function transcends mere structural support,
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actively engaging in the modulation of cellular responses to promote tissue integration and remodeling [3],
[4]. Bioceramics are taxonomically stratified by their host tissue interaction:

1. Bioactive ceramics: exemplified by Calcium Hydroxyapatite (Ca;19(PO4)6(OH)3) and bioactive glasses, these
possess the intrinsic facility for stable chemical osteobonding, thus potentiating osseointegration and
osteoinductive processes.

II. Bioresorbable ceramics: primarily Calcium Phosphate-based, engineered for gradual in vivo dissolution and
concomitant replacement by nascent bone, serving as ephemeral, yet ideal, scaffolds.

III. Bioinert Ceramics: including Alumina (Al;O3) and Zirconia (ZrOy), these confer preeminent mechanical
robustness and long-term biopersistence for load-bearing prostheses, eliciting a negligible host response
(delimited by a thin fibrous interface).

Notwithstanding substantial progress, inherent material constraints such as intrinsic brittleness, low fracture
toughness, elastic modulus disparity (inducing stress shielding), restricted soft tissue engagement, and
formidable manufacturing costs continue to delimit optimal clinical performance [5]—[11].

Contemporary investigation addresses these impediments via innovative paradigms:

I. Nanocomposites: integrating bioceramics with polymeric or metallic phases to fortify fracture resistance and
augment biological efficacy concurrently [12].

II.  Advanced surface engineering: tailored nanoscale modification to optimize cellular adhesion, osteogenic

lineage commitment, and antimicrobial attributes [5].

III. ~ Smart bioceramics: stimuli-responsive materials capable of dynamically modulating microenvironments or
dispensing therapeutics in a controlled, localized manner [13].

The principal mandate of this review is to furnish a comprehensive, critical, and integrative synthesis of the
chemical, structural, and functional dimensions of bioceramics. Particular emphasis is accorded to clinical
deployment, extant limitations, and translational impedance. Furthermore, the review delineates prospective
research frontiers, focusing on the rational design of intelligent, biofunctional nanocomposites and emerging
applications in sophisticated drug delivery. The resulting insights constitute an authoritative compendium for
optimizing next-generation bioceramics that achieve a synergistic equipoise between mechanical aptitude and
salutary biological outcomes [14]—[19].

2| Classification and Advanced Chemistry of Bioceramics in
Biomedicine

Bioceramics used in biomedical applications are broadly categorized into three principal groups: bioinert,
bioactive, and bioresorbable, based on their surface-mediated biological responses and interaction
mechanisms with surrounding tissues [20]—[23]. This classification is fundamentally determined by their
chemical stoichiometry, crystallographic arrangement, and surface reaction kinetics, parameters that
collectively govern mechanical performance and their capacity for osseointegration or guided tissue
regeneration.

2.1| Bioinerts: Maximizing Structural Resilience

Bioinert ceramics are characterized by minimal biological interaction and are primarily employed to ensure
long-term mechanical stability. Its interface with tissue is generally limited to the formation of a thin, passive
fibrous capsule.

Structural chemistry and crystalline features

Al;O3, hexagonal corundum and stabilized ZrO,, metastable tetragonal phase) represent the most prominent

examples of bioinert ceramics. Al;O3 offers exceptional hardness and wear resistance, while ZrO benefits
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from stress-induced transformation toughening, significantly enhancing fracture toughness and providing
reliable performance under cyclic mechanical loading.

Biological behavior and clinical applications

Due to their chemical inertness and surface stability, bioinert ceramics evoke minimal immunogenic response.
Owing to their excellent fatigue resistance and durability, they are widely used in high-load clinical
applications, including femoral heads, dental abutments, and joint replacement components.

2.2 | Bioactives: Promoting Osteogenic Integration

Bioactive ceramics are distinguished by their ability to form a direct physiochemical bond with bone tissues,

thereby actively supporting osteoconduction and eatly osseointegration.
Phase chemistry and surface layer formation

Cay0(PO4)6(OH), hexagonal phase) and bioactive glasses such as 4555 (§i0,—Na;O—CaO—-P,Os) constitute
the core of this category. Their bioactivity originates from controlled ionic release, which induces the
formation of a Carbonated Hydroxyapatite (HCAp) surface layer, a critical mediator of osteoblast attachment
and mineralization.

Cellular interaction and clinical relevance

Bioactive surfaces modulate cell proliferation, differentiation, and extracellular matrix formation. These
materials are extensively used for coating metallic implants, filling bone defects, and designing porous
scaffolds for bone tissue engineering applications [9].

2.3 | Bioresorbables: Orchestrating Tissue Replacement

Bioresorbable ceramics are specifically engineered to degrade in vivo at a controlled rate, enabling progressive
substitution by newly formed bone.

Degradation chemistry and crystallographic considerations

This class includes Calcium Phosphate ceramics, such as 8-Tricalcium Phosphate (8-TCP; Caz(POs,)z). The
Ca/P molar ratio, degree of lattice imperfections, and porosity characteristics are critical determinants

governing the dissolution rate and bioresorption profile of these materials.
Mechanism of regeneration and therapeutic applications

Bioresorbable ceramics act as temporary osteoconductive templates, supporting vascular ingrowth, cellular
migration, and subsequent new bone formation. They are widely utilized in volumetric bone defect repair,
scaffold fabrication, and regenerative procedures where synchronous balance between degradation kinetics
and bone deposition is essential to maintain transient mechanical competence [25].

2.4 | Synthesis of Bioceramic Functional Responses

In summary, bioinert ceramics prioritize mechanical longevity and structural integrity; bioactive ceramics
promote direct chemical bonding and cellular activation; and bioresorbable ceramics enable complete implant
turnover through controlled in vivo degradation. A comprehensive understanding of the interplay between
chemical composition, crystallographic features, and surface reaction kinetics is essential for designing next-
generation smart bioceramics with tunable functionalities for advanced clinical implantology. A schematic
overview of the significant classes of bioceramics in biomedicine is presented in Fig.7. Also, Table 1 provides
a comparative overview of the most representative bioceramics currently used in orthopedic and dental
applications, highlighting their mechanical properties, bioactivity level, degradation behavior, and primary
clinical indications.
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Fig. 1. Schematic classification of bioceramics (Bioinert, e.g., Al;O3 and ZrO;; Bioactive, e.g.,

Ca;9(PO4)6(OH); and Bioactive Glasses; and Bioresorbable, e.g., Tricalcium Phosphate) based on
their structural chemistry, biological interaction, and clinical applications in tissue engineering.

Table 1. Comparative overview of representative bioceramics for orthopedic and dental applications.

Material Category Young’s Fracture Bioactivity Degradation Main
Modulus Toughness  Level Rate Applications
(GPa) (MPa-m'/?)

Al,O3 Bioinert 380—420 3-5 None Negligible Femoral heads,
acetabular cups,
dental abutments

Yttria- Bioinert 200-210 8-12 Very low Negligible Hip/knee

Stabilized prostheses, dental

ZrOy (Y-TZP) crowns, and
bridges

Hydroxyapatite ~ Bioactive 80-120 0.7-1.2 High Very slow Coatings on

(HA) (years) metallic implants,
bone grafts, and
scaffolds

4585 Bioglass Bioactive 30-50 0.5-1.0 Very high Months to Bone defect fillers,

years synthetic bone
grafts, coatings

S—TCP Bioresorbable 40-100 0.8-1.5 ngh 6—24 months Non-load-bearing
bone defects,
porous scaffolds

Calcium Bioactive 20-60 1.0-2.0 Very high Weeks to Endodontic repair,

silicate-based months pulp capping, root

(e.g., MTA, perforation

Biodentine)
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3 | Physicochemical and Mechanical Determinants of Bioceramic
Functionality

As summarized in Table 1, significant differences in mechanical properties and degradation behavior exist
among the three classes of bioceramics, which directly influence their clinical performance and limitations.
The performance of bioceramics depends on the combined influence of their mechanical properties and
surface physicochemical characteristics. Together, these factors determine both clinical durability and the
efficacy of biointegration. Optimal functionality requires a delicate balance among rigidity, surface reactivity,
and bulk stability [9].

3.1| Mechanical Integrity and Fracture Limitations

Bioceramics possess high hardness and compressive strength due to dense ionic and covalent networks.
However, their intrinsic brittleness and limited ability to resist crack propagation restrict their application in

high-stress tensile or shear environments.
Advanced mechanical performance of bioinerts

AlyOj3 serves as the benchmark for high-load components, offering exceptional hardness and wear resistance.
Yttria-Stabilized ZtO, (Y-TZP, ZrO,) utilizes martensitic phase transformation (transformation toughening)
to enhance fracture toughness. This mechanism provides robust resistance to cyclic fatigue, ensuring long-
term mechanical reliability [9].

Mechanical profile of bioactives and bioresorbables

Ca10(PO4)6(OH),, HA, and bioactive glasses (e.g., 45585, SiO,—Na;O—-CaO-P;0Os-based) exhibit lower
fracture toughness than bioinerts and are primarily used as bioactive coatings. Porous Calcium Phosphates
(Caz(POy)2) demonstrate limited structural strength, restricting their use to non-load-bearing defect filling
and scaffold applications.

3.2 | Interfacial Chemistry and Surface Reactivity

The surface thermodynamic and physicochemical properties of bioceramics govern initial molecular
adsorption and the subsequent biological cascade. These properties influence protein uptake, cell attachment
kinetics, and osteoconductive signaling [26].

Topography and pore architecture

Macropores (>100 um) facilitate cell infiltration and angiogenesis, accelerating bone ingrowth. Micropores
allow ion diffusion and metabolic exchange. An interconnected pore network is essential for guided tissue

regeneration [13].
Surface energy and ion release

Bioactive ceramics release stimulatory ions that promote the heterogeneous nucleation of the HCAp layer.
This layer establishes a direct chemical bond with bone and enhances cellular signaling [27].

Phase stability and degradation kinetics

Bioinert ceramics maintain long-term structural integrity due to high phase stability. Bioresorbable ceramics,
however, must achieve kinetic synchronization between their degradation rate and physiological osteogenesis.
A mismatch may lead to premature loss of mechanical competence or delayed tissue replacement [28].

3.3 | Integrated Influence on Biological Response

The synergistic integration of optimal mechanical properties (hardness, stiffness) and controlled pore
architecture ensures primary stability and tissue compatibility. Bioactive surfaces promote osteoblast
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differentiation, while optimized load transfer mitigates stress shielding, supporting durable functional
regeneration [8]—[10].

3.4| Engineering Functional Bioceramics

Clinical efficacy arises from the convergence of mechanical and physicochemical attributes. Engineering next-
generation bioceramics requires meticulous control over pore architecture, mechanical strength, surface
reactivity, and degradation kinetics. Such control paves the way for nanostructured and adaptive composites
tailored for advanced regenerative medicine [17].

4| Advanced Clinical Deployment of Bioceramics in Orthopedics and
Dentistry

Bioceramics, integrating superior mechanical performance with bioactivity, are central to modern restorative
and prosthetic interventions in orthopedics and dentistry. They function as key components in load-bearing
implants, joint surfaces, and active surface modifiers. Selection is guided by biomechanical requirements,
cellular response, and host tissue constraints [29].

4.1| Advanced Orthopedic Applications

Load-bearing implants and artificial joints

Bioinert ceramics (Al;Oz, Y-TZP) are widely used in high-load components due to their ultra-low wear and
enduring mechanical stability. Hybridization with metals or nanocomposites mitigates brittleness and extends
prosthetic life under high-stress conditions (Fig. 7) [16].

Bioinert Ceramics
(AL;O45, Y-TZP)

HIGH-LOAD
COMPONENTS ULTRA-LOAD

BRITTLENESS

Metal/Nanocomposite
Hybridization

EXTENDED
PROSTHETIC
LIFE CYCLE

MITIGATED BRITTLENESS

Titanium Alloy

Fig. 1. Advanced artificial joint structure, combining bioinert ceramics such as Al;O3 and Y,0O3-
stabilized ZtrO; (Y-TZP), along with hybrid metal/nanocomposite materials, for enhanced
durability, reduced wear, and high load-bearing performance.

Bioactive coatings for enhanced osseointegration

Bioactive and bioresorbable ceramics are applied as precision coatings on metallic implants (e.g., Ti). This
approach reinforces primary mechanical interlocking and significantly accelerates osseointegration kinetics.

For example, Ca19(PO4)6(OH); coatings on titanium implants enhance direct bone bonding [22].
Three-dimensional architectures for tissue engineering

Porous bioresorbables serve as sacrificial templates with controlled resorption profiles, creating a pro-
regenerative microenvironment that supports cell migration, angiogenesis, and mineralized matrix deposition.
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Ceramic polymer nanocomposites improve structural toughness, enabling advanced volumetric bone repair

[18].
4.2 | Specialized Dental Applications

High-strength dental fixtures

Bioinert ceramics (ZrOs, Al,Ogz) provide exceptional mechanical resilience against complex occlusal forces.
Bioactive coatings or bioresorbable fillers around the fixture accelerate peri-implant bone formation,

improving stability (Fig. 2).

Complex Occlusal Forces

Peri-implant
‘S Osteogenesis

ZRO, AL,03
Bioinert Ceramic

Bioactive Coating /.
Bioresorbable Filler

High-Strength Dental
Fixtures and Fixed
Prosthodontics

2 Peri-implant
Osteogenesis

Fig. 2. Schematic illustration of the ZrO, / Al,Oj5 fixture with bioactive

coating: high strength and rapid osseointegration.

Alveolar bone restoration and defect reconstruction

Bioactive ceramics function as osteoconductive graft substitutes, forming direct chemical bonds with host
bone while releasing Ca?* and PO4>” ions to promote osteoblast proliferation. Porous bioresorbable scaffolds
allow guided, incremental reconstruction of alveolar defects [22].

Role in endodontic restoration

Bioactive calcium silicates are essential due to intrinsic antibacterial properties, strong adhesion, and the ability
to induce pulp and peri-apical tissue repair. They are critical in root canal obturation and active tissue
regeneration [1], [2].

4.3 | Clinical Advantages and Limitations

Biological and functional advantages

Bioceramics enable direct chemical bonding with bone, promote cellular differentiation, provide long-term
persistence, and reduce the risk of immune rejection. These attributes make them ideal for complex skeletal

reconstructions.
Mechanical and operational limitations

Challenges include intrinsic brittleness, elastic modulus mismatch (which may cause stress shielding), high

manufacturing costs, and operational complexity in soft tissue environments [5].
4.4| Developmental Trajectories and Future Engineering

Nanocomposites and interface optimization

Research is focusing on reinforced nanocomposites and nanoscale surface engineering to enhance both

mechanical integrity and bioactive response, developing materials with superior functional performance [30].
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Smart bioceramics and targeted drug delivery

Emerging smart bioceramics can autonomously sense and respond to biological cues (e.g., pH, enzymes) to
deliver growth factors or therapeutics in a controlled, on-demand manner. This strategy enables advanced,
personalized regenerative solutions (F7g. 3) [16].

" TARGETED DRUG
RDELIVER y

GROWTH FACTORS

vLEASED

ENZYME-TRIGGERED
THERAPEUTICS

Fig. 3. Overview of Smart bioceramics enabling targeted drug
delivery and personalized regenerative solutions.

5| Core Challenges and Critical Constraints of Bioceramics in
Clinical Practice

Despite significant advances in materials engineering, the intrinsic limitations and technological bottlenecks
of bioceramics continue to impede their widespread adoption in advanced orthopedics and dentistry. These
barriers span mechanical, biological, and manufacturing domains, necessitating multi-scale optimization [19].

5.1| Structural and Mechanical Challenges

Intrinsic brittleness and limited fracture toughness

The ionic covalent architecture of bioceramics restricts plastic deformation. This results in pronounced
brittleness and sub-optimal fracture toughness, limiting their use in dynamically loaded or axial weight-bearing
applications [30].

Elastic modulus mismatch and stress shielding

The exceptionally high elastic modulus of bioinert ceramics disrupts physiological load transfer to adjacent
bone. This mechanical incongruence can promote disuse atrophy (osteopenia), jeopardizing long-term
functional stability and increasing the risk of aseptic loosening [24].

Limited load-bearing capacity of bioresorbables

Porous bioresorbable ceramics exhibit low flexural strength and may undergo premature degradation. It
prevents the exclusive use in high-stress regions, necessitating polymeric reinforcement or the development

of multiphase composites.
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5.2 | Biological Response and Biocompatibility Hurdles

Non-integrative response of bioinert ceramics

Bioinert ceramics lack active chemical bonding with bone, often leading to the formation of a thick, non-
functional fibrous capsule. This passive interlayer compromises biointegration and significantly reduces peri-
implant osteogenesis [14].

Resorption kinetics challenges

Precise synchronization of dissolution rate with physiological bone formation is critical. Accelerated
resorption may cause structural collapse, whereas slow resorption can impede tissue replacement, reducing
therapeutic predictability [14]-[16].

Degradation byproducts and localized inflammation

Hydrolytic degradation can cause rapid ionic release, elevating local concentrations and provoking
inflaimmatory responses. These effects interfere with normal osteogenesis and increase the risk of clinical

failure.
5.3 | Technical and Manufacturing Challenges

Mechanical instability and coating delamination

Thin HA coatings are highly susceptible to cracking and delamination under dynamic loading. It compromises
biofunctional performance and may release wear particles, triggering secondary inflammation [1], [2].

High production costs and commercialization barriers

Advanced bioceramics require high-capital equipment (e.g., ultra-high temperature sintering) and complex
protocols. These demands result in elevated production costs, limiting global accessibility and commercial
viability [3].

6| Advanced Trends and Emerging Horizons in Bioceramic
Engineering

Recent technological advancements have opened new horizons for enhancing the multifunctional
performance of bioceramics in orthopedic and dental applications. The development of nanocomposite
systems ,ceramic polymer, and ceramic metal through structural mechanical synergy has led to increased
fracture toughness, improved fatigue behavior, and enhanced bioactivity, significantly mitigating intrinsic
brittleness [3]. Smart bioceramics provide responsive functionality to physiological stimuli and enable
controlled release of drugs or growth factors. These materials can dynamically modulate surface properties in
response to local pH variations, temperature changes, or electromagnetic fields, optimizing implant
performance [28]. Nanoscale surface engineering with precisely defined nanostructures enhances cellular
adhesion, peri-implant osteoconduction, and stable molecular-level integration between implants and host
tissue [28]. Additive manufacturing technologies, including 3D printing and ceramic bioprinting, allow the
fabrication of complex, fully customized geometries with precise control over pore architecture. Structural
modifications of pore size and interconnectivity, combined with engineered drug release and intelligent
nanotechnology, provide advanced therapeutic strategies to induce osteogenesis and accelerate functional
tissue regeneration [5]—[7], [24].

7 | Future Research Trajectories in Bioceramic Development

Emerging research in bioceramics focuses on the holistic optimization of mechanical robustness and dynamic
biological responsiveness. This paradigm shift aims to create a next-generation class of high-performance

materials essential for advanced orthopedic and maxillofacial reconstruction [19].
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7.1| Smart and Reinforced Nanocomposites

The rational design of multiphase nanocomposites integrating ceramic phases with polymers or metals
enhances fracture toughness and fatigue resilience. These materials also provide adaptive responsiveness to
biological cues, such as pH variations, ensuring prolonged functional longevity [15]-[17].

7.2| Nanoscale Surface Modification and Active Bioceramics

Precision nanoscale surface engineering using controlled nanostructural arrays optimizes cellular adhesion,
osteogenic differentiation, and robust osteointegration at the molecular interface. Active bioceramics with
regulated pharmacological release provide a potent platform for personalized therapeutic intervention and

responsive tissue repair.
7.3 | Advanced Fabrication Technologies and Bioprinting

Sophisticated additive manufacturing techniques, including 3D printing and ceramic bioprinting, enable the
fabrication of complex, functionally graded porous architectures with precisely defined internal geometries.
These technologies allow the production of patient-specific scaffolds with optimal anatomical fidelity and
seamless structural integration [19].

7.4 | Optimization of Biological Kinetics and Resorption

Targeted structural refinements aim to harmonize resorption kinetics with natural tissue regeneration rates.
Controlled release of stimulatory ions enhances biofunctional activity, promotes efficient osteogenesis,

mitigates inflammation, and improves long-term implant success [26], [31].
7.5 | Standardization and Interdisciplinary Methodologies

Establishing rigorous synthesis protocols and standardized assessment methodologies, combined with
collaborative efforts across materials science, bioengineering, and clinical practice, is essential for developing
next-generation implants with superior performance and fully personalized therapeutic capabilities [3].

8| Conclusion

Bioceramics, as state-of-the-art biomaterials, exemplify the synergistic integration of superior mechanical
resilience and precisely controlled bioactivity. They occupy a central and transformative role in skeletal and
dental tissue reconstruction, offering unparalleled potential to enhance the clinical efficacy of both permanent
implants and regenerative scaffolds. The strategic categorization of bioceramics into bioinert, bioactive, and
bioresorbable classes provides a rational framework for the design and selection of constructs tailored to
specific therapeutic applications. Critical physicochemical and mechanical attributes, including phase
hardness, fracture toughness, controlled porosity, and surface reactivity, directly influence clinical outcomes.
Optimizing these parameters enables the development of next-generation bioceramics with enhanced
functional and regenerative performance. Clinical applications encompass critical load-bearing components,
bioactive surface functionalization of metallic implants, porous tissue-engineered scaffolds, and specialized
osseous restorations. Each application requires a careful balance between mechanical competence and cellular
biocompatibility. Persistent intrinsic challenges such as ceramic brittleness, elastic modulus mismatch (stress
shielding), resorption kinetics, and manufacturing-standardization constraints continue to limit full

translational adoption.

Nevertheless, recent innovations, including reinforced nanocomposites, stimulus-responsive smartt
bioceramics, nanoscale surface engineering, and three-dimensional additive manufacturing, provide effective
strategies to overcome these structural and functional limitations. Future research is expected to integrate
emerging technologies, interdisciplinary methodologies, and precision engineering approaches. The ultimate
goal is to develop the next generation of bioceramics that actively promote and optimize tissue regeneration,
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deliver personalized therapeutic functionalities, respond adaptively to biological cues, and ensure long-term

structural durability and consistent clinical performance of advanced implants and scaffolds.
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