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Abstract: The clinical significance of bone defects is not well understood; these pathological conditions not only compromise 
patients’ quality of life but may also result in permanent functional impairment if inadequately addressed. Consequently, the 
development of effective therapeutic interventions for bone defect repair and regeneration is a critical medical challenge. Recent 
advancements in nanotechnology, particularly engineered nanoparticle systems, have introduced promising new strategies for bone 
tissue regeneration. However, it is important to note that most nanoparticle-based approaches remain at the preclinical or experimental 
stage, and their clinical translation is still limited. These sophisticated nanomaterials enhance critical biological processes including 
osteoconduction, osteoinduction, and osteogenesis which collectively facilitate optimal bone healing. Notably, certain nanoparticles 
possess intrinsic properties that enable modulation of the inflammatory microenvironment and immunological responses during bone 
repair. Furthermore, the integration of nanoparticles with complementary biomaterials yielded composite systems with superior 
therapeutic efficacy in addressing complex bone defects. This comprehensive review summarizes the pathophysiological mechanisms 
underlying bone repair, systematically examines the preclinical and experimental therapeutic applications of various nanoparticle 
formulations across different phases of the bone-healing cascade, highlights recent technological innovations in nanoparticle engineer
ing for enhanced bone regeneration, and critically discusses the existing limitations and challenges of clinical translation as well as 
promising future research directions in this rapidly evolving field. 
Keywords: bone regeneration, bone defects, nanoparticles, osteogenesis

Introduction
Bones constitute an essential component of the human skeletal system, providing critical mechanical support and vital 
protection to internal organs.1 However, bone integrity can be significantly compromised by various pathological 
conditions, including severe infections,2 neoplastic diseases,3 traumatic injuries,4 and metabolic bone disorders.5 These 
conditions can result in substantial bone loss, triggering a complex pathophysiological cascade of healing and repair 
processes. This intrinsic healing process typically involves sequential and overlapping phases: an initial inflammatory 
phase to clear debris, followed by a reparative phase characterized by the formation of a soft callus and its subsequent 
replacement by a hard callus through the recruitment and differentiation of mesenchymal stem cells (MSCs) and 
osteoblasts. Finally, a prolonged remodeling phase occurs in which the immature woven bone is gradually resorbed by 
osteoclasts and replaced by organized lamellar bone, restoring the original structure and mechanical strength of the 
bone.6 The efficacy of this natural healing response diminishes with increasing trauma severity, advanced age, and 
unfavorable metabolic status.7 Critical-sized bone defects, defined as osseous voids where spontaneous healing is 
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impaired and regeneration capabilities are limited to less than 10% of the original structure, manifest significant 
limitations in self-healing capacity and ultimately develop into persistent bone defects.8 Current therapeutic approaches 
for addressing bone defects include various modalities such as bone grafting procedures, gene-based interventions, and 
growth factor applications.9 Bone grafting is a fundamental treatment strategy characterized by diverse graft sources with 
excellent osteoconductive and osteoinductive properties.10 Furthermore, appropriate grafts demonstrate favorable tissue 
compatibility and minimize the risk of immune rejection and disease transmission concerns.11 Nevertheless, this 
approach has significant limitations: the procurement of suitable bone grafts remains restricted in quantity and surgical 
complexity,12 whereas some grafts exhibit suboptimal bioactivity, potentially resulting in postoperative complications, 
including infection,13 thrombosis,14 and avascular necrosis.15 Additionally, their effectiveness in restoring structural 
integrity in extensive bone defects requires further enhancement. Although gene therapy and growth factor-based 
treatments have demonstrated promising outcomes in experimental settings, concerns regarding biosafety profiles, 
prohibitive treatment costs, and adverse effects such as ectopic ossification have limited their clinical translation.16 

Although most established clinical strategies for bone regeneration have achieved relatively satisfactory results, they 
have inherent flaws that require careful consideration in clinical practice. With the continuous development of nanoma
terials in the medical field, a more comprehensive overview of the novel approaches using nanoparticles, along with the 
rationale for their development, is essential for effectively utilizing nanomaterials in new therapies to improve clinical 
outcomes in bone defect management.

What Do We Know About Bone Healing?
Bone healing is a complex17 dynamic process involving coordinated cellular activities and molecular signaling pathways. 
This section describes the normal pathophysiological process of bone healing, which consists of three overlapping 
phases: inflammation, repair, and remodeling.18

Despite the well-documented mechanisms of bone healing, current approaches often fail to address complex bone 
defects or accelerate bone regeneration. Next, we outline and enumerate the key factors involved in each stage and 
illustrate how pathological conditions at different stages influence the bone healing process (Figure 1).

Inflammatory Initiation and Resolution
The extent of bone injury healing is influenced by the initial inflammatory stage,19 and local and systemic responses 
regulate the reaction to injury through a cascade of cellular and molecular events.20 An inflammatory response occurs 
immediately after bone injury,21 with acute inflammation typically peaking within 24–48 h.

Within the first 24 h, a substantial influx of neutrophils to the site of bone injury initiates downstream healing 
responses.22 These neutrophils induce macrophage recruitment by producing factors such as CCL2 and interleukin (IL)- 
6.23 Both neutrophils and M1-polarized macrophages clear apoptotic cells and debris, creating an environment conducive 
to repair.

As inflammation is triggered and proinflammatory mediator synthesis decreases, immune cells gradually become 
cleared from the tissue.24 This process is crucial for maintaining a normal healing environment, preventing excessive 
inflammation, and continuously synthesizing proinflammatory mediators, thus helping to balance the repair cascade and 
promote the effective healing of bone injury.

However, vascular and neural damage due to bone defects can impair blood supply and reduce available nutrients and 
oxygen,25 which limits the transport of cytokines and growth factors necessary for inflammation resolution and 
progression to healing stages. These limitations highlight the need for nanomedicine interventions, such as nanoparticles, 
that can deliver anti-inflammatory agents directly to the site of injury, thereby improving healing outcomes. Alternatively, 
excessive release of inflammatory factors can lead to an exaggerated inflammatory response, further exacerbating tissue 
damage and delaying healing.22

During the mid-to late inflammatory phase, as acute stimuli diminish, the inflammatory response begins to wane. 
Neutrophils at the injury site undergo apoptosis and are phagocytosed by macrophages.26 Under the influence of anti- 
inflammatory cytokines such as IL-4, IL-10, and transforming growth factor-β (TGF-β), macrophages polarize from the 
M1 phenotype to the M2 phenotype.27 M2 macrophages play a significant role at this stage, secreting a large amount of 
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anti-inflammatory factors such as IL-10, TGF-β, and IL-1 receptor antagonist (IL-1Ra), thereby suppressing the 
inflammatory response and reducing tissue damage.23 They also secrete a range of important growth factors, such as 
vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF), which directly promote the formation and 
maturation of blood vessels, as well as stimulate the proliferation and migration of fibroblasts, leading to better synthesis 
and deposition of collagen.28 When there is an imbalance of cytokines or changes in the inflammatory microenvironment, 
leading to a disruption in the polarization balance between M1/M2 macrophages, overexpression of M1 macrophages can 
prolong the inflammatory response, leading to prolonged or chronic nonhealing of bone tissue;29,30 Persistent M1 
predominance may prolong inflammation, whereas excessive M2 activity might trigger fibrous tissue formation at the 
defect site, resulting in nonunion of bone.31 However, achieving this balance remains challenging in clinical settings, 
where nanomedicine approaches, such as exosome-based therapies, offer precision in modulating macrophage polariza
tion and delivering therapeutic cargo, thus addressing unmet needs in bone healing.

Repair Phase Dynamics
Once the factors causing inflammation are controlled, the repair phase begins. During this phase, the body initiates 
reconstruction of damaged tissues, thereby promoting healing.32 The onset of the repair phase typically indicates that the 
inflammatory process is near its end, although these phases typically overlap, rather than occur sequentially. During this 
transition, inflammatory cell activity decreases while osteoblast proliferation accelerates, facilitating tissue repair.33

The early inflammatory response creates a complex network of cellular interactions among immune, endothelial, and 
skeletal stem cells, promoting angiogenesis, neurogenesis, and skeletal stem cell migration, differentiation, and 

Figure 1 Brief pathophysiological process of bone healing and listing of some nanoparticles.
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proliferation.34 This process promotes the formation of blood vessels and nerves and the migration, differentiation, and 
proliferation of skeletal stem cells, thereby initiating bone injury repair.35 Subsequently, the repair phase, which partially 
overlaps with the inflammatory phase, is thought to involve the initial scab formation during repair, mainly by osteoblasts 
formed by the differentiation of skeletal stem cells from the periosteum through intramembranous osteogenesis. 
Sufficient oxygen and nutrients are delivered through circulation support neovascularization at the injury site.36

Bone regeneration occurs through intramembrane or endochondral ossification. Intramembranous ossification 
involves osteoblast proliferation in the periosteum to form a hard bone callus, whereas endochondral ossification involves 
MSC differentiation into chondrocytes followed by cartilage-to-bone conversion.37 However, the initial callus lacks the 
strength of the mature bone, and excessive mechanical stress can delay healing or cause secondary injuries. 
Nanomedicine strategies such as osteoinductive nanoparticles or stem cell–derived exosomes are being explored to 
enhance bone matrix formation and mechanical stability and address these limitations.38

An inappropriate microenvironment in the bone defect area may compromise the attraction of key cells, such as 
fibroblasts and bone progenitor cells, thereby limiting new bone formation. In the repair stage, although MSCs migrate to 
the fracture site and differentiate into osteoblasts to form woven bone, the initial callus lacks the strength and toughness 
of mature bone. Excessive physical stress during this period may lead to delayed healing or secondary injuries.39 Studies 
have demonstrated that tumor necrosis factor (TNF) plays a crucial role during the late healing phase, when cartilage 
transforms into woven bone. Both the level and timing of TNF expression are critical for successful bone regeneration,7 

with TNF- deficiency delaying tissue formation within cartilage and impeding repair.40 These findings highlight the need 
for targeted therapies such as nanomedicine that can modulate cytokine expression or deliver osteogenic factors to 
overcome healing delays in complex bone defects.41

Remodeling Phase Regulation
The remodeling phase represents the final stage of bone injury repair, in which the original bone callus is remodeled to 
form a more robust and biomechanically compliant bone.42 When injured bone is filled with newly generated bone, 
absorption of the periosteal bone callus marks the beginning of the bone-remodeling stage.43

Bone remodeling involves spatiotemporally arranged cellular activities—activation, resorption, reversal, formation, 
and termination—coordinated by osteoclasts and osteoblasts.44,45 The balance between resorption and formation ensures 
continuous bone replacement and adaptation to mechanical load. However, disruptions in this balance due to nutrient 
deficiencies or chronic conditions such as diabetes can lead to nonunions or osteoporosis.46 Nanomedicine approaches, 
such as sustained-release bone morphogenetic protein (BMP)-loaded nanoparticles or exosomes, are being investigated to 
restore this balance and accelerate remodeling in compromised patients.47

At this stage, cytokines promote the proliferation and differentiation of osteoblasts through various mechanisms and 
regulate osteoclast activity. Balance and regulation of activity are crucial for bone healing. Cytokines such as BMPs48 

and MSCs49 can directly stimulate the differentiation of stem cells into osteoblasts and enhance their proliferation and 
growth. A lack of negative regulatory signals or abnormal cytokine expression due to ischemia and hypoxia leads to 
excessive proliferation and differentiation of osteoblasts, which can result in the formation of abnormal bone tissues such 
as osteophytes or osteomas.50 Similarly, cytokines such as IL-1 and IL-6 activate osteoclast precursors and promote their 
differentiation into mature osteoclasts. Imbalances in signaling pathways, such as RANKL/RANK/OPG, can result in 
excessive osteoclast activity, affecting bone-healing outcomes.51,52 Research has also shown that osteoblast-derived 
VEGF regulates osteoclast maturation and differentiation during this stage, contributing to successful healing.53

Traditional treatment methods often fail to restore the complex balance between bone formation and resorption, 
particularly in patients with severe conditions. Nanomedicine offers new possibilities for the precise regulation of cellular 
activities and signaling pathways during the remodeling process. Integrating nanotechnology into bone healing models is 
expected to overcome the limitations of traditional methods and accelerate the recovery of bone function.

How Current Nanomedicines Treat Bone Healing and Regeneration ?
Nanoparticles are ultrafine particles with dimensions ranging from 1 to 100 nanometers.54 This nanoscale size confers 
unique physicochemical properties that are distinct from those of their bulk counterparts. Over recent decades, as the 
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scientific exploration of nanotechnology has intensified,55 researchers have uncovered numerous advantageous charac
teristics of nanoparticles that make them particularly valuable for biomedical applications.

The primary advantage of nanoparticles is their cellular internalization capacity, which is attributable to their 
extremely small dimensions. This property enables nanoparticles to function effectively as drug delivery vehicles, 
shielding therapeutic agents from premature immune clearance and hepatic metabolism, and thereby enhancing drug 
efficacy and bioavailability.56,57 Furthermore, through strategic surface modifications, nanoparticles can achieve targeted 
delivery to specific tissues or cells, concentrating therapeutic agents at desired sites while minimizing systemic exposure 
and associated adverse effects.58

Nanotechnology has catalyzed significant breakthroughs in orthopaedics. Researchers have successfully employed 
nanoparticles as carriers of bioactive molecules such as growth factors to enhance bone regeneration.59 Additionally, 
nanoparticles have also been integrated into bone repair materials to improve their mechanical and biological properties. 
Certain nanoparticles with distinctive optical properties have found applications in bioimaging, offering novel approaches 
for disease diagnosis and therapeutic monitoring.60 Advanced nanomedicine approaches facilitate the development of 
biomimetic constructs that emulate natural osteochondral tissue, potentially restoring both structure and function in 
patients with bone defects.61 The application of nanotechnology in bone repair not only enhances tissue regeneration 
quality but also enables earlier detection of compromised bone tissue through biomimetic strategies that replicate the 
natural bone hierarchy and extracellular matrix composition.62

Despite these promising advances, challenges remain in translating nanomedicine approaches from the laboratory to 
clinical practice, including concerns regarding long-term biocompatibility, optimal dosing regimens, and standardization 
of manufacturing processes. Additionally, the field continues to debate the most effective nanoparticle composition and 
functionalization strategies for specific bone-repair applications.

This review aims to provide a comprehensive analysis of nanoparticle applications in bone repair, addressing the 
critical need for a systematic evaluation of current approaches. We examine the development trajectory of nanoparticles 
in orthopedics, critically assess the advantages and limitations of existing nanoparticle systems, highlight strategies for 
overcoming current challenges, and discuss emerging trends that will likely shape future research in this rapidly evolving 
field.

Which Nanoparticles Revolutionize Bone Repair?
The physiological process of bone healing has been intensively studied to improve therapeutic effects. In this process, 
nanoparticles, a new type of biomaterial, have a unique advantage because of their nanoscale properties, which can 
mimic natural bone tissue architecture and interact with cellular components at the molecular level.63 In the following 
sections, we categorize and introduce the applications of various nanoparticles in bone repair, including their physico
chemical properties, biocompatibility, and potential toxicity.

Metal and Metal Oxide Nanoparticles
Owing to their unique physicochemical and mechanical properties, metal and metal oxide nanoparticles have a wide 
range of applications in bone repair. These nanoparticles can be incorporated into orthopedic implants and scaffolds via 
doping to enhance their antimicrobial properties, delivery of bioactive molecules, mechanical strength, osseointegration 
capabilities, cell labeling, and imaging capabilities.64 The physical properties of these nanoparticles, including size 
(typically 1–100 nm), shape (spherical, rod-like, or star-shaped), surface charge (positive, negative, or neutral), and 
surface modifications (polyethylene glycol (PEG), antibodies, or peptides), significantly influence their biological 
interactions and therapeutic efficacy.65

Gold Nanoparticles (AuNPs)
Gold nanoparticles (AuNPs) are notable for their straightforward fabrication, high stability, and precisely controllable 
size, typically ranging from 2 to 100 nm, with common morphologies including spherical, rod-, and star-shaped forms.66 

Their surfaces can easily be functionalized with various groups to improve their biocompatibility and targeting abilities. 
AuNPs have been shown to promote bone formation by modulating key cellular signaling pathways, such as Wnt/β- 
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catenin,67 and ERK/MAPK. Multiple studies have demonstrated that AuNPs significantly enhance the expression of 
essential osteogenic markers, including BMP-2, Runx-2, OCN, and Col-1, thereby supporting bone tissue regeneration.68

Yan et al69 elucidated the regulatory mechanism of noble metal nanoparticles in bone regeneration through a systematic 
investigation (Figure 2). Their findings demonstrated that gold nanostructures can modulate osteogenic differentiation via 
dual-directional regulation of autophagy-related proteins, specifically characterized by the upregulated expression of micro
tubule-associated protein light chain 3 coupled with the downregulation of chelator 1/p62. This molecular homeostatic 
mechanism provides novel theoretical insights into nanotechnology-mediated bone-tissue engineering. In addition, AuNPs 
modulated the immune response by inducing macrophage polarization from the proinflammatory M1 phenotype to the M2 
phenotype. This shift promotes the release of tissue repair factors such as IL-10 and TGF- and enhances neovascularization 
through the upregulation of VEGF, collectively contributing to increased new bone formation.66

Although AuNPs are generally considered biocompatible, their safety profile is influenced by factors such as particle 
size, shape, and surface coating. Smaller particles may exhibit higher cytotoxicity because of increased cellular uptake.70 

Surface modifications with biocompatible polymers such as PEG can help reduce potential toxicity and prolong 
circulation time in vivo.

Figure 2 Mechanistic illustration depicting the regulatory influence of gold nanoparticles on osteogenic differentiation pathways: (A) Scheme for the in vitro study. (B) 
Scheme for the in vivo study. (C) Fabrication of sheet-scaffold constructs. (D) The constructs were implanted into the dorsa of nude mice at 1week. 
Notes: Reproduced from Zhang Y, Wang P, Wang Y, et al. Gold nanoparticles promote the bone regeneration of periodontal ligament stem cell sheets through activation 
630 of autophagy. Int J Nanomed. 2021;16:61–73.69
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Silver Nanoparticles
Silver nanoparticles (AgNPs), typically ranging from 1 to 100 nm with spherical or rod-like morphology and negative 
surface charge,71 can promote osteogenic differentiation of bone marrow MSCs (BMSCs) by inducing/activating TGFβ/ 
BMP signaling.72 AgNPs can chemoattract MSCs from areas surrounding the injury site, thereby promoting the repair 
phase. Additionally, AgNPs reduce hypoxia-inducible factor (HIF)-1α, achieving anti-inflammatory effects.73

The antimicrobial activity of AgNPs is influenced by their size, shape, dosage, and stabilizer; it works by destroying 
bacterial cell walls, generating reactive oxygen species (ROS), and damaging DNA structures.74,75 However, the toxicity of 
AgNPs was dose-dependent, with potential cytotoxicity at higher concentrations due to silver ion release and oxidative stress 
induction. Surface coating with biocompatible polymers can mitigate these concerns, while maintaining therapeutic efficacy.

Zinc Oxide Nanoparticles 
Zinc oxide nanoparticles (ZnONPs), which typically range from 5 to 50 nm in size and often exhibit a hexagonal or 
hemispherical shape with a positive surface charge,76 demonstrate favorable biocompatibility and cytocompatibility when 
used at appropriate concentrations.77 Studies have shown that ZnONPs exert anti-inflammatory effects by inhibiting LPS- 
induced NF-κB activation through the upregulation of A20.78 In addition, the gradual release of zinc ions from these 
nanoparticles effectively promotes the proliferation and osteogenic differentiation of BMSCs, while simultaneously 
reducing bacterial contamination.79

The biological effects of the ZnONPs were dose-dependent. Lower concentrations of ZnONPs are generally 
considered safe for bone cells; however, higher concentrations may induce oxidative stress and cytotoxicity.80

For instance, as illustrated in Figure 3, a research team developed a ZnO nanorod-drug-PLGA system that effectively 
utilized the antimicrobial properties of ZnO nanorods. This system not only demonstrates strong antimicrobial activity 
but also promotes bone defect regeneration and provides localized immunomodulatory effects, supporting both infection 
control and osteogenesis.81

Cerium Oxide Nanoparticles 
Cerium oxide nanoparticles (CeO2-NPs), typically 10–200 nm in size with spherical or cubic shapes and a positive 
surface charge,82 are a class of inorganic nanoparticles known for their anti-inflammatory, anticancer, and pro-angiogenic 
properties.83 Recent studies have demonstrated that CeO2-NPs can promote the differentiation of BMSCs by activating 
the DHX15-p38 MAPK signaling pathway, thereby accelerating endochondral osteogenesis.84

In terms of biocompatibility, CeO2-NPs exhibit strong antioxidant capabilities, which help protect cells from 
oxidative stress. However, their safety profiles are concentration-dependent. Low to moderate concentrations are 
generally well tolerated; however, higher doses (greater than 100 µg/mL) may induce the generation of ROS and trigger 
inflammatory responses, potentially leading to cytotoxicity.85

Figure 3 Schematic representation of the ZnO nanorod-drug-PLGA composite system demonstrating its multifunctional therapeutic mechanisms. 
Notes: Reprinted from Acta Biomaterialia, Volume 189, Hybrid zinc oxide nanocoating on titanium implants: controlled drug release for enhanced antibacterial 
andosteogenic performance in infectious conditions, Page no 589–604, Copyright 2024, with permission from Elsevier.81
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Platinum Nanoparticles 
Platinum nanoparticles (PtNPs), which typically range from 5 to 50 nm in size and most commonly exhibit spherical or 
cubic shapes with a negative surface charge, possess distinctive physical, chemical, and optical properties attributable to 
their high surface-to-volume ratios.86 PtNPs have been shown to inhibit osteoclast formation by interfering with the 
RANKL signaling pathway. Additionally, their ability to catalyze the breakdown of hydrogen peroxide and superoxide 
anions reduces the levels of ROS levels, thereby supporting bone healing.87

PtNPs are generally regarded as highly biocompatible, largely because of their antioxidant properties. However, it is 
important to note that even at low concentrations, PtNPs may trigger various cellular stress responses.88

Calcium Phosphate Nanoparticles
Calcium phosphate nanoparticles, which typically range from 20 to 200 nm in size and exhibit spherical or rod-like 
morphologies with negative surface charges,89 have been extensively utilized in bone tissue engineering.90 This wide
spread application is largely due to its compositional similarity to natural bone minerals and its excellent biocompat
ibility. Hydroxyapatite, the principal inorganic constituent of human hard tissue, is notable for its ability to integrate 
directly with native bone without the formation of fibrous tissue.

Research by Zhang et al91 demonstrated that alkaline phosphatase activity was significantly higher in groups treated 
with nanohydroxyapatite (nHAp) scaffolds than in control groups, highlighting the strong osteoinductive potential of 
nHAp. Moreover, RNA-based therapies have shown promise for promoting bone regeneration. Therefore, the develop
ment of delivery vectors that effectively protect, release, and facilitate the intracellular expression of genetic material is 
of great importance. Calcium phosphate nanoparticles have attracted attention because of their high affinity for nucleic 
acids, making them effective carriers for RNA interference (RNAi) delivery in bone tissue regeneration applications.73

Silicate-Based Nanoparticles
Mesoporous silica nanoparticles (MSNs), typically ranging from 50 to 200 nm in diameter and characterized by 
a spherical shape, tunable pore sizes,92 and negative surface charge, are highly valued owing to their adjustable 
mesoporous architecture and large specific surface area. These features allow efficient encapsulation and delivery of 
therapeutic agents.93,94 MSNs are known for their favorable biocompatibility and can be safely excreted from the body.95 

Because of their excellent drug loading and controlled release capabilities, MSNs have been widely used in studies aimed 
at enhancing the delivery of osteogenic molecules and regulating the activity of cells involved in bone formation.96

The use of MSNs for intracellular delivery of small interfering RNAs (siRNAs) is particularly interesting. For 
example, MSNs have been used to deliver siRNAs targeting sclerostin to modulate the Wnt/β-catenin signaling pathway, 
thereby promoting bone regeneration.97

Although MSNs generally demonstrate good biocompatibility, their safety is influenced by variables, such as particle 
size, surface modifications, and degradation rate. Smaller MSNs are associated with hemolytic activity, but this risk can 
be reduced by surface functionalization with biocompatible polymers.98 Importantly, the primary degradation product of 
MSNs, silicic acid, is naturally excreted from the body, minimizing concerns regarding long-term toxicity.99

Polymer Nanoparticles
A wide range of synthetic and natural polymer nanoparticles, typically measuring between 1 and 1000 nm and exhibiting 
diverse shapes and surface charges,100 have been employed in antibiotic delivery systems. Early examples included 
nondegradable poly(methyl methacrylate) nanoparticles, which served as one of the first drug delivery carriers.101 In 
recent years, silk fibroin (SF) nanoparticles have gained increasing attention because of their favorable water solubility, 
biocompatibility, biodegradability, and nontoxicity.102 Incorporation of SF nanoparticles into polycaprolactone (PCL)/ 
hyaluronic acid/minocycline electrospun composites has been shown to improve hydrophilicity, support osteoblast 
attachment, and accelerate mineralization. Furthermore, SF-based biomaterials loaded with growth factors have demon
strated enhanced interactions with chondrocytes and osteoblasts, thereby promoting bone tissue regeneration.103 Shi 
et al104 developed a composite incorporating polydopamine nanoparticles that exhibited synergistic effects within the 
bone microenvironment and contributed to improved bone healing.
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Polymer nanoparticles exhibit varying biocompatibility profiles depending on their composition. Natural polymers 
(chitosan, alginate, and SF) generally exhibit excellent biocompatibility and biodegradability.105 Synthetic polymers may 
exhibit dose-dependent toxicity, with degradation products potentially causing inflammatory responses. Surface mod
ification with hydrophilic polymers or bioactive molecules can enhance biocompatibility while maintaining the ther
apeutic functionality.106

Magnetic Nanoparticles
Magnetic nanoparticles (MNPs), typically measuring 1–100 nm in diameter and featuring a spherical iron oxide core with 
a biocompatible coating,107 can promote both osteogenesis and angiogenesis.108 Research led by Wu et al109 showed that 
combining MNPs with BMSCs can significantly enhance bone formation and vascularization, resulting in improved bone 
regeneration.

Iron oxide-based MNPs are generally considered biocompatible at therapeutic concentrations. However, at elevated 
doses, the release of iron ions may lead to oxidative stress.110 To address this issue, surface modification with 
biocompatible polymers, such as dextran, PEG, and chitosan, is commonly employed.

Carbon-Based Nanoparticles
Carbon-based nanomaterials such as carbon nanotubes (CNTs), graphene, graphene oxide (GO), and carbon dots (CDs) 
have garnered significant attention in bone-regeneration research owing to their outstanding mechanical strength and 
electrical conductivity.111

CNTs, which typically range from 1 to 100 nm in diameter and can extend up to several micrometers in length, 
possess a tubular structure and a negative surface charge.112 They enhance the mechanical properties of bone scaffolds 
and support cellular adhesion and proliferation. Owing to their high aspect ratio, CNTs structurally resemble the collagen 
fibrils in native bone, providing a favorable environment for osteoblast growth.113 The functionalization of CNT surfaces 
with carboxyl or hydroxyl groups can improve their dispersibility and biocompatibility.114

CDs, a class of zero-dimensional carbon nanomaterials that are typically <10 nm in diameter, exhibit unique 
photoluminescence, high water solubility, and excellent biocompatibility.115 Nitrogen-doped carbon quantum dots 
(N-CQDs), a subclass of CDs, further improve bioactivity through nitrogen incorporation, enhancing surface charge 
distribution, and facilitating interactions with biomolecules.116 Their small size enables efficient cellular uptake and 
interaction with intracellular targets.117 N-CQDs have been shown to promote osteogenic differentiation by modulating 
cellular signaling pathways and regulating oxidative stress.118

Graphene and GO, which are generally 5–20 nm in thickness and exhibit a sheet-like morphology with a negative 
surface charge,119 have also demonstrated the ability to promote osteogenic differentiation by facilitating cell adhesion 
and proliferation.120 Their capacity to adsorb and deliver osteogenic growth factors and therapeutic agents makes them 
promising candidates for bone tissue engineering applications. The abundant oxygen-containing functional groups on GO 
enable straightforward functionalization with a variety of bioactive molecules.

In terms of biocompatibility, carbon-based nanomaterials display dose-dependent effects, with their toxicity influ
enced by factors such as size, shape, surface chemistry, and aggregation state. Although CNTs are associated with 
pulmonary inflammation and fibrosis upon inhalation, graphene-based materials generally exhibit better 
biocompatibility.121

Nitrogen-Based Nanoparticles
Nitrogen-based nanoparticles, such as nitric oxide (NO)-releasing nanoparticles, represent a rapidly developing class for 
bone regeneration applications.

NO-releasing nanoparticles, which are available in various sizes and compositions with tunable surface properties, are 
designed to deliver controlled amounts of NO, a key signaling molecule in bone metabolism. These systems stimulate 
angiogenesis, modulate inflammatory responses, and enhance osteoblast differentiation and proliferation, thereby sup
porting bone healing.122
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Nitrogen-based nanoparticles generally exhibit favorable biocompatibility because of their biodegradability and low 
inherent toxicity.123

Exosomes and Other Emerging Nanomaterials
Recent advances in nanotechnology have expanded the scope of bone-repair materials to include biologically derived 
nanovesicles and engineered hybrid systems. Among these, exosomes, which are natural extracellular vesicles (30–150 
nm) secreted by cells, have emerged as revolutionary tools owing to their inherent biocompatibility, targeted delivery 
capabilities, and ability to regulate bone regeneration through multiple mechanisms.124 Exosomes carry bioactive cargo 
such as miRNAs, cytokines, and growth factors (BMP-2 and VEGF), which directly modulate bone healing processes.125 

Owing to their small size and surface proteins such as CD9 and CD63, exosomes are readily taken up by cells and 
effectively reach bone injury sites, offering greater targeting precision than synthetic nanoparticles.126 In addition to 
exosomes, other innovative nanomaterials have also been developed. For example, nanoparticles coated with cell 
membranes, such as those wrapped in macrophage membranes, can inherit the targeting abilities of their source cells, 
thereby improving their homing efficiency to specific tissues.127 These advanced materials offer new possibilities for 
targeted and effective bone regeneration therapies.

Summary
Table 1 summarizes the characteristics, mechanisms of action, and biocompatibility profiles of various nanoparticles in 
bone healing.

How to Engineer Next-Generation Nanomedicines?
The exploration of nanotechnology in bone repair has advanced significantly, with various nanoparticles used to facilitate 
bone tissue repair and reconstruction in different defect environments.148 A critical foundation for these applications lies 
in the synthesis techniques that govern the physicochemical properties and biocompatibility of nanoparticles. Despite 
their promising potential, these nanoparticles face challenges that researchers are addressing by combining them with 
complementary materials to enhance their functional properties, as illustrated in Figure 4.

Precision Nanoparticle Synthesis
The effectiveness of nanoparticles in bone regeneration is closely linked to the methods used for their synthesis, because 
these approaches determine their physicochemical characteristics and interactions within biological systems.149 Chemical 
synthesis methods, such as chemical reduction and sol-gel processes, allow for the fine-tuned control of particle size, shape, 
and crystallinity by manipulating nucleation and growth dynamics. Physical techniques, including laser ablation and ball 
milling, are valued for producing nanoparticles of high purity with minimal chemical residues, although additional 
processing may be required to achieve a uniform particle distribution. Recently, biological synthesis strategies have gained 
attention, utilizing plant extracts, fungi, or bacterial cultures to create nanoparticles with natural biocompatibility, aided by 
biomolecule-driven capping and stabilization mechanisms.150 Selecting an appropriate synthesis technique requires careful 
consideration of its compatibility with bone tissue environments and the intended functional outcomes. These advanced 
synthetic strategies provide a versatile platform for developing next-generation nanoparticle systems.

Smart Surface Engineering
In addition to precise synthesis, surface engineering and functionalization are essential for enhancing the performance of 
nanoparticles in bone regeneration. Techniques such as coating nanoparticles with biocompatible polymers, such as PEG or 
chitosan, can improve their stability, prolong circulation time, reduce immune responses, and promote cellular uptake.151 

Functionalized nanoparticles with specific ligands, such as peptides or growth factors, enables targeted delivery to the bone 
tissue and supports cell adhesion and differentiation, further boosting osteogenic activity.152 Incorporating bioactive ions and 
adjusting the surface charge can stimulate bone formation and influence the interactions with the surrounding microenvironment. 
Moreover, designing nanoparticles to respond to local stimuli, such as pH or enzyme activity, allows for the controlled release of 
therapeutic agents at sites of bone injury or inflammation.153 Through these integrated surface modification strategies, the 
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biocompatibility, bioactivity, and therapeutic precision of nanoparticles can be significantly improved, leading to more effective 
bone regeneration and improved tissue integration.

Hydrogel Nanocomposite Systems
Nanoparticles alone often exhibit limited biocompatibility, potentially triggering immune rejection and inflammatory 
responses.154 In addition, their inherent properties prevent stable drug release profiles. Researchers have addressed these 
limitations by incorporating nanoparticles into hydrogel matrices, which modulate release kinetics and provide structural 
stability for nanoparticle immobilization.155

Advanced Gel Formulations
Common gel matrices, including gelatin, sodium alginate, and polyacrylate, serve as effective carriers for enhancing 
nanoparticle stability.156 On this basis, nanogels with slow-release effects can be prepared and applied in the field of bone 
repair to improve the therapeutic effects.

Table 1 Characteristics and Mechanisms of Nanoparticles in Bone Healing

Nanoparticle 
Type

Physical Properties (Size, Shape, 
Charge)

Main Action 
Stage

Signal 
Pathway

Function References

AuNPs 2-100 nm, spherical/rod/star, 

negative67

Remodeling 

stage67

Wnt/β- 

catenin67

Promotes osteogenic 

differentiation

[67]

AuNPs 5-150 nm, spherical/rod/star, 
negative68

Repair stage68 ERK/MAPK68 Promotes bone formation [68]

AuNPs 5-150 nm, spherical/rod/star, 

negative66

Inflammatory 

stage66

- Immunomodulation [66]

AgNPs 1-100 nm, spherical/rod, negative128 Repair stage72 TGFβ/BMP72 Promotes MSC differentiation [72]

AgNPs 1-100 nm, spherical/rod, negative128 Inflammatory 

stage73

(HIF) −1α73 Anti-inflammatory, 

antimicrobial

[73]

ZnONPs 5-50 nm, hexagonal/hemisphere, 

positive129

Inflammatory 

stage130

NF-κB130 Anti-inflammatory, 

antimicrobial

[130]

CeO2NPs 10-200 nm, spherical/cubic, 

positive131

Repair stage84 DHX15-p38 

MAPK84

Promotes BMSC differentiation [84]

PtNPs 5-50 nm, spherical/cubic, negative132 Remodeling 
stage133

NF-κB133 Inhibits osteoclast formation [133]

CaPNPs 20-200 nm, spherical/rod, negative134 Remodeling 

stage135

- Osteoinductive properties [135]

MSNPs 50-300 nm, spherical, negative136 Remodeling 

stage137

Wnt/β- 

catenin137

siRNA delivery, controlled 

release

[137]

SFNPs 50-200 nm, spherical, negative138 Repair stage102 - Drug delivery, scaffold 
enhancement

[102]

pNPs 100-500 nm, spherical, negative139 Remodeling 

stage104

NF-κB140 Modulates bone 

microenvironment

[104]

MNP 1-100 nm, spherical, iron oxide 

core141

Repair stage109 - Enhances osteogenesis and 

angiogenesis

[109]

MNP 1-100 nm, spherical, iron oxide 
core141

Remodeling 
stage142

Wnt/β- 
catenin142

Remote mechanical stimulation [142]

CNTs 1-100 nm diameter, tubular, 

negative143

Repair/ 

Remodeling144

- Enhances scaffold mechanical 

properties

[144]

Graphene/GO 5-20 nm thickness, sheet-like, 

negative145

Repair stage145 - Redox signaling [145]

N-CQDs 1-10 nm, spherical, positive146 Repair stage147 Redox 
signaling147

Promotes differentiation, low 
toxicity

[147]
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Liu et al157 investigated osteogenesis mechanisms in diabetic microenvironments and developed a metformin-loaded 
zeolite imidazole framework (Met@ZIF-8)-modified hydrogel. This system exploited the acidic nature of diabetic 
inflammatory environments and the pH sensitivity of ZIF-8 to create targeted responses. By incorporating these 
nanoparticles into gelatin methacrylate, they produced a multifunctional composite hydrogel that was adaptable to 
irregular defects while mimicking the natural extracellular matrix. Further, they demonstrated a significantly increased 
number of CD206-positive macrophages, indicating excellent immunomodulatory properties along with robust ROS- 
scavenging capabilities, which significantly enhanced bone defect repair in ex vivo models.

Ji et al158 developed a biocompatible hydrogel with mechanical adaptability by loading adipose stem cell exosomes 
into gelatin nanoparticles. This system effectively modulates the macrophage phenotype through miR-451a regulation, 
promoting improved bone-healing outcomes.

Figure 4 Nanoparticle-related derivative materials.
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Rinted Smart Scaffolds
Nanoparticles alone often fall short in effectively repairing bone defects of varying sizes and shapes, and conventional 
approaches such as autografts or metal implants also face limitations in achieving sustained therapeutic outcomes.159 3D 
printing technology emerges as a powerful solution, enabling the precise spatial distribution of nanoparticles within 
scaffolds to create hierarchical structures that mimic native bone. The integration of nanoparticles into 3D printed 
scaffolds is not merely additive; it is a strategic process to engineer composites that meet the multifaceted requirements 
of bone regeneration.160 For instance, the incorporation of nano-hydroxyapatite (nHA) or carbon nanotubes (CNTs) 
significantly enhances the compressive strength, modulus, and fracture toughness of the scaffold. nHA improves the 
biomineralization capacity, while CNTs, with their high aspect ratio and stiffness, efficiently transfer stress and inhibit 
crack propagation, leading to a scaffold with mechanical properties closer to those of natural bone.161 This addresses the 
critical need for a scaffold that is initially rigid enough to withstand physiological loads.

As demonstrated by Aisling Dunne et al, functionalized nHA within ECM scaffolds can directly influence cellular 
behavior, such as driving macrophage polarization from the pro-inflammatory M1 to the pro-regenerative M2 phenotype, 
which is crucial for modulating the inflammatory phase and transitioning to the repair phase.162 The high surface area of 
nanoparticles makes them ideal carriers for therapeutic agents (growth factors, antibiotics, miRNAs).163 When embedded 
in a 3D printed scaffold, they create a localized, sustained release system. This overcomes the limitations of systemic 
drug delivery and ensures a prolonged therapeutic effect at the defect site.

On the other hand, Binghong Luo’s group focused on replicating the unique three-dimensional microenvironment 
provided by the native bone ECM. They prepared chitosan whiskers via acid hydrolysis, which, after ultrasonic treatment 
in ionized water, exhibited a liquid crystal phase similar to that of collagen in bone ECM. These chitosan whiskers were 
then incorporated into hydrogels to mimic the viscoelastic properties and structural features of bone ECM. The 
integration of these hydrogels with 3D-printed poly(L-lactic acid) (PLLA) scaffolds, along with the addition of phytic 
acid to impart antimicrobial activity, resulted in a composite scaffold that supported cell proliferation, osteogenic 
differentiation, and angiogenesis. In vivo studies further demonstrated the scaffold’s ability to promote both vasculariza
tion and new bone formation, highlighting its potential for clinical bone regeneration applications.164

Signaling Pathway Nanodrugs
Nanotechnology offers unprecedented opportunities to modulate cellular behavior by precisely targeting the key signal
ing pathways involved in bone repair.165 Wang et al166 designed a 3D bioprinted scaffold incorporating BMSCs, 
RAW264.7, and MSNs loaded with BMP-4. This multifunctional scaffold exhibited excellent biocompatibility, and the 
sustained release of BMP-4 effectively triggered the osteogenic differentiation of BMSCs and osteoblasts through 
activation of the Smad signaling pathway, highlighting its therapeutic potential. Pan et al167 achieved controlled 
macrophage polarization by introducing IL-4-loaded calcium alginate-gelatin (Ca-GG) hydrogel microbeads. This 
strategy promoted the osteogenic differentiation of BMSCs via the TGF- 1/Smad pathway, further demonstrating the 
value of modulating the cellular microenvironment for bone regeneration.

With in-depth research in the field of genetic stem cells and exploration of nanoparticles, we have successfully 
realized the combination of nanoparticles with genetic stem cells, which has led to excellent results in the field of bone 
repair and is expected to bring new therapeutic approaches for bone healing.168 Addressing the challenge of hypoxia in 
bone defect sites, Sun et al62 developed an intelligent “bone microenvironment-regulating hydrogel” by encapsulating 
oxygen-carrying perfluorocarbons within oxygen-generating PLGA/PPS nanoparticles. This system reverses local 
hypoxic conditions, thereby upregulating BMAL1 expression in osteoblasts and enhancing osteogenic differentiation 
via the Nrf2-BMAL1 pathway. When combined with CPPL/GelMA hydrogels to further promote autophagy, these 
nanoparticles not only improved osteogenic outcomes, but also significantly accelerated bone tissue regeneration, 
offering a promising strategy for clinical bone repair.

At the level of genetic regulation, Cai et al169 introduced an innovative delivery platform for miR-29c using 
tetrahedral framework nucleic acids. This approach increases the bioavailability and efficacy of miR-29c, leading to 
enhanced activation of the Wnt signaling pathway and promotion of osteogenic activity in BMSCs. This has resulted in 
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a marked improvement in bone tissue regeneration, opening new avenues for research and applications in bone tissue 
engineering.

Theranostic Nanoplatforms
To address the limited bioactivity of conventional bone-substitute materials, Pan et al170 developed copper- and 
manganese-doped borosilicate nanoparticles with a dual network structure. These nanoparticles not only supported the 
self-regulation of stem cell osteogenic differentiation but also promoted vascular regeneration by enhancing the 
proliferation of BMSCs. Notably, the controlled release of Cu2+ and Mn3+ ions from these materials led to the generation 
of hydroxyl radicals, which induce apoptosis in tumor cells. This innovative approach thus provides dual therapeutic 
benefits, facilitating bone regeneration while offering potential anticancer effects. El-Kamel et al171 employed a green 
synthesis method using cranberry extract to produce stabilized AgNPs with tunable size and morphology. This plant- 
based approach enables scalable production without the complexity of traditional cell cultures. The resulting AgNPs 
exhibited potent antimicrobial activity by disrupting cellular respiratory chains and division processes as well as by 
releasing bactericidal silver ions. In infected wound models, particularly those involving Staphylococcus aureus, these 
nanoparticles demonstrate significant antimicrobial efficacy and promote healing in a rat full-thickness skin excision 
model, underscoring their promise for future clinical applications.

Lee et al172 developed a novel complex by conjugating AuNPs with alendronate. This composite exhibited enhanced 
adhesion to bone surfaces and effectively inhibited osteoclast formation in a dose-dependent manner. These properties 
highlight its potential as a promising therapeutic agent for managing bone diseases.

Summary and Outlook
Rapid progress in nanotechnology and nanomedicine has positioned a wide array of nanomaterials, especially nanopar
ticles, as highly promising tools for biomedical applications.173 Metal-based nanoparticles offer several unique advan
tages: they can be manipulated using electromagnetic fields, possess strong antimicrobial properties, efficiently deliver 
bioactive molecules, and exhibit notable mechanical strength. These features render them particularly valuable for 
imaging, sensing, and drug delivery.64 In contrast, polymer-based nanoparticles provide superior thermal stability 
compared with traditional delivery systems and can be chemically tailored to carry various therapeutic agents. This 
versatility supports enhanced cell proliferation, new bone tissue formation, and controlled scaffold biodegradation.174 

Although nanoparticles have shown great potential in several fields, their toxicity, stability issues, and production 
challenges limit their widespread use. Improvements are required to utilize this potential better. The following is an 
overview of the drawbacks, improvements, and future trends of existing nanomaterials.

Currently, the potential toxicity of nanoparticles or the adverse reactions they may cause limit their use in biomedical 
applications. In vivo or during storage, the stability of nanoparticles may suffer, which in turn may reduce their 
performance. The production of nanoparticles with consistent sizes and shapes is a challenging task essential for ensuring 
their functionality. In addition, the manufacture and application of nanoparticles may have a negative impact on the 
environment, especially in terms of waste disposal and recycling.

Future research should focus on the development of multifunctional composite nanoparticles that combine therapeutic 
and diagnostic functions on a single platform. These integrated systems hold great promise for advancements in cancer 
therapy, targeted drug delivery, and disease diagnostics. Furthermore, as our understanding of disease mechanisms and 
patient variability deepens, there is likely to be a shift towards designing personalized nanoparticles tailored to individual 
treatment needs. This personalized approach can significantly enhance therapeutic outcomes, while minimizing side 
effects.

The potential of nanoparticles for bone repair and regeneration is being increasingly recognized by the scientific 
community. By improving the functional performance and safety profiles of nanoparticles and adopting innovative 
manufacturing techniques and personalized therapeutic strategies, these materials are poised to have a transformative 
impact in bone repair, regenerative medicine, and related biomedical fields. Addressing fundamental issues such as 
toxicity, stability, and reproducibility is essential to facilitate the successful clinical translation of nanoparticle-based 
technologies and ultimately improve patient outcomes.
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