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Abstract: Bone defects refer to the loss or damage of bone tissue, commonly occurring due to trauma, tumor resection,
infection, and non-union fractures. Clinically, bone defects not only affect the patient's function and quality of life but may also
lead to chronic pain, mobility impairment, and psychological issues. Repairing large bone defects remains challenging, and
traditional treatment methods such as autologous and allogeneic bone grafting face difficulties related to donor site morbidity,
postoperative complications, and poor bone healing. Therefore, the development of novel bone repair materials has become a
research focus. Nanomaterials, due to their unique physicochemical properties, such as high specific surface area, excellent
biocompatibility, and tunable mechanical properties, are increasingly being applied in the field of bone repair. Nanoparticles can
enhance the mechanical properties of matrix materials, improving the strength and toughness of bone repair constructs and
promoting the proliferation and differentiation of bone cells. Furthermore, nanomaterials can facilitate bone regeneration by
releasing bioactive factors or modulating the microenvironment. Consequently, the application of nanomaterials in bone repair
holds significant promise. This review aims to summarize the recent research on the application of nanomaterials in the field of

bone defect repair.
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1. Introduction

Bone defects refer to partial or complete loss of bone tissue
due to various causes, such as trauma, infection, tumors, and
bone diseases. Based on the nature and extent of the defect,
bone defects can be categorized into several types: acute bone
defects, chronic bone defects, and functional bone defects.[1]
[2] The size and location of bone defects can significantly
influence their healing capacity. Smaller bone defects
typically have the ability to heal spontaneously, while larger
or more complex defects may require surgical intervention
and repair. Bone defects have a substantial impact on patients'
quality of life and functionality, including aspects such as
functional impairment, risk of complications, psychological
effects, economic burden, and decreased quality of life.[3]
Bone defects are not only a medical issue but also involve the
overall health and well-being of patients. Therefore, it is
crucial to find effective methods for bone repair, especially
through the application of novel materials such as
nanomaterials. Improving the healing of bone defects can
effectively enhance patients' functional recovery, reduce the
occurrence of complications, and improve their quality of life.

Traditional bone repair materials face several limitations in
clinical applications, including poor biocompatibility,
inadequate mechanical properties, limited bioactivity, poor
absorbability, lack of adaptability, risk of infection, and cost
issues.[4] These limitations have prompted researchers to
explore new materials, particularly nanomaterials, in hopes of
achieving better outcomes in the field of bone repair.
Nanomaterials exhibit numerous advantages and potential in
bone repair, including enhanced biocompatibility, superior
mechanical properties,[S] promotion of bone regeneration,[6]
[7] controllable release characteristics,[8] high specific
surface area, customizable design, facilitation of
angiogenesis,[9] and antibacterial properties. The application
of nanomaterials in bone repair holds great promise,

effectively overcoming the limitations of traditional materials
and providing improved biological repair outcomes.

2. Classification of Nanomaterials

Nanomaterials can be classified based on their morphology
and structure into nanoparticles, nanofibers, and
nanocomposites.

2.1. Nanoparticles

Due to their small size, nanoparticles possess a large
specific surface area, which enhances their interaction with
biological systems and promotes cell adhesion and
proliferation.[10] Thomas et al [11] investigated the effects of
nanoparticle size and surface charge on cellular uptake and
cytotoxicity, finding that these factors facilitate cell adhesion
and proliferation. Additionally, nanoparticles exhibit
excellent biocompatibility, for instance, nano-hydroxyapatite
(n-HAp) resembles bone tissue and effectively promotes the
growth and mineralization of osteoblasts.[12] The tunable
physicochemical properties of nanoparticles are another
significant characteristic; by altering the size, shape, and
surface modifications of the particles, their bioactivity and
drug release characteristics can be adjusted. Ta et al [13]
discussed the modulation of the physical and chemical
properties of nanomaterials through various synthesis
methods and post-treatment techniques to enhance their
performance in catalysis. Qi et al [14] explored strategies to
alter the optical properties of nanomaterials by adjusting their
size and shape. Furthermore, nanoparticles can improve the
mechanical properties of matrix materials, enhancing the
strength and toughness of bone repair constructs. Ganesh et al
[15] examined the mechanical performance of nanoparticle-
reinforced composites and their applications in bone tissue
engineering.



2.2. Nanofibers

Nanofibers possess an extremely high specific surface area
and favorable porous structure, which facilitate cell
infiltration and growth.[16] Mao et al [17] discussed the role
of nanofiber scaffolds in promoting stem cell differentiation,
emphasizing the impact of their excellent porous structure on
cellular behaviors. Additionally, nanofibers exhibit
outstanding biocompatibility; materials such as polylactic
acid (PLA) and polycaprolactone (PCL) demonstrate good
compatibility within biological systems and can be gradually
absorbed by the body.[18] Furthermore, nanofiber materials
typically possess good mechanical properties, allowing them
to adapt to physiological loads while maintaining a certain
degree of flexibility. Rahmani et al [19] investigated the
potential of nanofibers with tunable mechanical properties in
biomedical applications, highlighting their adaptability and
flexibility under physiological loads. Moreover, various
fabrication methods, such as electrospinning, can be
employed to modify the diameter, alignment, and structure of
the fibers to meet diverse application requirements.[20] [21]

2.3. Nanocomposites

Nanocomposites leverage the properties of different
materials to achieve complementary advantages in
biocompatibility, mechanical performance, and bioactivity.
The composition and distribution of components in
nanocomposites can be adjusted to design materials that meet
specific requirements, such as enhanced antibacterial
properties, mechanical strength, and bioactivity.[22] [23]
Nanocomposites can simultaneously exhibit multiple
functionalities, including drug release, antibacterial activity,
and promotion of bone regeneration, making them suitable for
complex biological environments.[24] Mao et al [25]
explored a multifunctional nanocomposite that demonstrated
significant advantages in controlling drug release,
antibacterial properties, and promoting bone regeneration.
The incorporation of nanofillers typically leads to a
substantial enhancement in the mechanical properties of the
matrix material, making it more suitable for bone repair
applications.

The various classifications of nanomaterials each possess
distinct characteristics that can provide diverse solutions in
the field of bone repair. The combined application of
nanoparticles, nanofibers, and nanocomposites holds promise
for advancing the development of bone repair materials,
improving repair outcomes, and broadening clinical
applications.

3. Mechanisms of Nanomaterials in
Bone Repair

3.1. Promotion of Osteoblast Proliferation and
Differentiation

The microstructure and surface characteristics of
nanomaterials can significantly influence the proliferation
and differentiation of bone cells, such as osteoblasts and bone
marrow mesenchymal stem cells. The high specific surface
area and suitable surface chemistry of nanoparticles and
nanofibers facilitate enhanced cell adhesion and growth.
Ribeiro et al [26] demonstrated that nanohydroxyapatite
effectively promotes the proliferation and differentiation of
osteoblasts, exhibiting superior bioactivity compared to
conventional materials.

3.2. Regulation of the Osteogenic
Microenvironment

Nanomaterials can modulate the microenvironment of the
bone repair site, including anti-inflammatory effects and
promotion of angiogenesis. By releasing anti-inflammatory
factors or modulating cellular signaling pathways,
nanomaterials can alleviate inflammatory responses and
improve blood supply to the repair area by promoting
endogenous angiogenesis. Xue et al [27] found that certain
nanomaterials can exert anti-inflammatory effects by
regulating the polarization state of macrophages and
promoting the formation of new blood vessels, thereby
enhancing bone healing.

3.3. Release of Bioactive Molecules

Nanomaterials can serve as carriers for the release of
bioactive molecules, such as growth factors and drugs,
enabling localized drug delivery. This sustained release
characteristic can provide continuous bioactivity, thereby
facilitating bone healing and regeneration. Liu et al [28]
demonstrated that nanocomposites can effectively load drugs
and achieve sustained release of growth factors, significantly
enhancing the repair outcomes of bone defects.

4. Challenges and Future Directions

4.1. Long-term Biocompatibility Issues

The long-term biocompatibility of nanomaterials in bone
repair remains an unresolved issue. Although studies have
shown that nanomaterials possess good biocompatibility,
their prolonged presence in vivo may trigger immune
responses or cytotoxicity, particularly in the case of long-term
implants.[29] Existing research primarily focuses on short-
term biocompatibility assessments, lacking systematic studies
on long-term effects, which limits the clinical application of
nanomaterials [5][17][26].

4.2. Standardization and Scalability Issues

The production processes of nanomaterials are complex
and diverse, leading to a lack of unified standards and
regulations. This results in significant variations in properties
and performance between different batches, affecting their
reliability in clinical applications [30]. There is a need to
establish standardized production processes and quality
control systems to ensure the reproducibility and consistency
of nanomaterials. Furthermore, the development of scalable
production technologies is crucial for facilitating clinical
applications.

4.3. Development of Multifunctional
Nanomaterials

While multifunctional nanomaterials show promising
prospects in drug delivery and bone repair, their design and
synthesis processes are complex, potentially leading to
interactions between different functionalities [31]. The
development of multifunctional nanomaterials that integrate
drug delivery, antibacterial properties, and bone regeneration
capabilities can better meet clinical needs. This requires
interdisciplinary collaboration among fields such as materials
science, biomedical engineering, and pharmaceutical sciences.

5. Conclusion

The mechanisms by which nanomaterials contribute to



bone repair are diverse, and ongoing research in this area
provides a theoretical foundation and practical basis for
clinical applications. The application of nanomaterials in the
repair of bone defects primarily focuses on promoting bone
regeneration, drug delivery, antibacterial properties,
personalized treatment, long-term biocompatibility, and
mechanical properties. As research on nanomaterials
advances, their significance in the field of bone repair will
become increasingly prominent. In the future, nanomaterials
are expected to play a critical role in enhancing the safety and
efficacy of clinical applications, advancing personalized
medicine, and promoting the progress of regenerative
medicine. Their importance in the field of bone repair will
continue to grow.
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