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Abstract: Nanotechnology has profoundly transformed medical science, with orthopedics experiencing significant advancements in
diagnostic techniques, drug delivery systems, and tissue regeneration. The complex nature of orthopedic tissues presents substantial
challenges for conventional therapeutic interventions, but the development of nanomaterials with specialized chemical, physical, and
biological properties has facilitated the creation of novel treatment modalities. Nanotechnology has significantly advanced orthopedic
care by enabling targeted drug delivery, enhanced implant performance, and improved diagnostic tools. This review uniquely
integrates recent breakthroughs in biocompatible nanomaterials, focusing on their clinical translation and regulatory challenges. It
highlights the complexity of orthopedic tissues and the limitations of conventional therapies, emphasizing how nanomaterials address
these through controlled drug release, and improved tissue regeneration. Key sections address advancements in drug delivery systems,
innovative implant technologies, toxicity issues, and biocompatibility considerations. It also explores the existing regulatory landscape,
challenges in clinical approval, and future directions for the successful translation of nanotechnologies in orthopedic care.
Keywords: orthopedics, nanomaterials, toxicity of nanomaterials, biocompatibility, orthopedic implants, drug delivery, diagnostics,
rheumatoid arthritis, osteoporosis, osteoarthritis

Introduction

Orthopedic disorders represent the second leading cause of disability worldwide, imposing a significant economic
burden. In the United States alone, these conditions account for an estimated $880 billion annually in healthcare
costs." Bone-related disorders have risen markedly in recent years, with osteoporosis now affecting over 50% of
Americans aged 50 and older.” In time diagnosis and management of bone-related disorders are critical to minimizing
both morbidity and, in certain cases, mortality. While these conditions are not always directly life-threatening, complica-
tions, particularly in older adults, can significantly increase health risks. For instance, osteoporotic fractures, especially of
the hip, are associated with high morbidity and a notable rise in mortality due to subsequent immobility and related
complications. Among the most prevalent musculoskeletal disorders are rheumatoid arthritis (RA), osteoarthritis (OA),
and osteoporosis (OSP), with a higher incidence observed in adult women. RA, an autoimmune condition, is character-
ized by chronic joint inflammation and often leads to progressive disability if left untreated.’ Osteoarthritis (OA) is the
most common degenerative joint disorder, characterized by alterations in chondrocyte morphology and a progressive
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decline in the extracellular matrix (ECM). This degeneration often leads to significant biomechanical dysfunction and
joint instability, contributing to impaired mobility and quality of life.*

In contrast, osteoporosis is the gradual and progressive degradation of bone microarchitecture and a reduction in bone
mineral density. This condition significantly elevates the risk of fractures, particularly in older adults.” Osteosarcoma
survival rates significantly decline from an initial 70-80% to approximately 20-30% once the disease progresses to
a metastatic stage.®’ The complex anatomical structure of orthopedic tissues presents considerable challenges for the
effective pharmacological treatment of related disorders.® In recent years, nanotechnology has emerged as a valuable tool
in the diagnosis and treatment of bone-related disorders, offering promising avenues for improved clinical outcomes.’
The active application of nanotechnology has resulted in significant advancements in drug delivery systems and
diagnosis, facilitating more targeted and efficient therapeutic intervention.'”

Nanomedicine leverages nanoparticles in the treatment of bone disorders, offering numerous advantages.'' These
include increased drug concentration at the specific site of action, reduction in unintended drug distribution, enhanced
transport of large drug quantities, improved solubility for hydrophobic compounds, and the ability to modify nanoparticle
surfaces for precise and controlled delivery.'? Achieving optimal therapeutic outcomes depends on the precise regulation
of growth factor levels within biomaterial scaffolds, especially at the interfaces with healthy tissue.'® Different
nanomaterial-based drug delivery systems, including metallic nanoparticles (AuNPs), quantum dots (QDs), carbon
nanotubes (CNTs), micelles, polymeric nanoparticles, liposomes, and dendrimers, have significantly advanced drug
delivery and healthcare applications.'*'® These delivery systems have been increasingly utilized to enhance the efficacy
and precision of conventional therapies for bone-related disorders. Nanomaterials and nanocomposites have found
extensive application in treating various bone conditions, including osteoarthritis, osteosarcoma, bone tumors, osteo-
porosis, autoimmune diseases, and bone regeneration and tissue repair.'”"'®

Despite notable advancements, persistent knowledge gaps significantly limit the clinical translation of nanotechnol-
ogy-based orthopedics. These include incomplete understanding of long-term biocompatibility, particularly immune
responses such as macrophage polarization and inflammasome activation, as well as the degradation behavior of
nanomaterials through hydrolytic and enzymatic pathways.'” Systemic toxicity, especially from metallic (titanium,
silver) and polymeric (PLGA, PCL) nanoparticles, also remains inadequately characterized, with emerging evidence of
off-target accumulation in secondary organs (liver, spleen) and potential epigenetic implications.”’ Addressing these gaps
requires robust, standardized toxicokinetic models capable of predicting in vivo behavior over extended periods.?'

To provide a comprehensive understanding of the field, this review is structured around different orthopedic
conditions where nanotechnology has demonstrated promising therapeutic potential. Subsequent sections explore recent
advancements in nano drug delivery systems, including condition-specific strategies summarized in tabular form. It
further discusses the application of nanomaterials in orthopedic implants and diagnostics, supported by illustrative
figures. Critical aspects such as nanoparticle toxicity mechanisms, biocompatibility evaluation, and standardized assess-
ment methods are discussed in detail. In addition, regulatory considerations, the advantages and limitations of nanoma-
terials, and current challenges with potential solutions are addressed to provide a translational perspective. Finally, it
concludes by summarizing key insights and future directions for safe and effective clinical integration of nanotechnology
in orthopedic care.

This review provides a comprehensive overview of recent innovations in nanotechnology-based drug delivery for
orthopedic disorders, with a focus on their clinical utility and therapeutic promise.

Osteoarthritis

Osteoarthritis is a prevalent joint disorder and a leading cause of disability worldwide, with an increasing global
prevalence.”” Osteoarthritis (OA) involves complex pathological changes within the synovial joint, including degenera-
tion of hyaline cartilage, subchondral bone remodeling, synovial tissue hypertrophy, increased angiogenesis, and
instability of tendons and ligaments. These alterations collectively impair joint function and drive disease
progression.”> Systemic osteoarthritis therapies face major limitations, including rapid clearance after intra-articular
injection, poor cartilage targeting, and significant side effects from repeated high-dose administration, gastrointestinal,
renal, and cardiovascular complications. Moreover, conventional drug delivery systems lack precision, often failing to
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reach inflamed or degraded tissue effectively, which compromises therapeutic outcomes. These challenges limit the long-
term efficacy of current treatments and highlight the need for more targeted and sustainable delivery strategies.”*

Nanotechnology-based drug delivery systems have been widely investigated to enhance the pharmacokinetics and
pharmacodynamics of osteoarthritis treatments. Biocompatible and biodegradable materials, such as hydrogels and
polymeric nanoparticles, enable effective therapy with minimal toxicity.>> This approach aims to deliver targeted and
sustained therapeutic effects, minimizing systemic side effects and offering long-term benefits. By improving delivery
precision, nanotechnology holds considerable promise in advancing osteoarthritis treatment.*®

A recent investigation aimed to develop kartogenin-loaded nanocrystal-polymer particles as a controlled release
system for the effective treatment of OA. These particles demonstrated a significant drug loading capacity and prolonged
release over an extended period, enhancing therapeutic efficacy. Kartogenin, a small heterocyclic compound, is known
for its potential in protecting and regenerating cartilage, making it a promising candidate for OA management. The
fabrication process involved encapsulating kartogenin nanocrystals within a biodegradable polymer matrix, ensuring both
stability and sustained release properties. Preclinical testing in a murine model of mechanistic OA revealed that the
kartogenin-loaded polymeric particles exhibited superior biological activity as compared to simple kartogenin solution,
resulting in improved therapeutic outcomes. These findings suggest that the development of this nanocrystal-polymer
particle system could significantly advance drug delivery techniques for osteoarthritis, offering more effective treatments.
Further investigation in vivo is warranted to fully evaluate the clinical potential and safety of this novel drug delivery
platform.?” He et al developed and documented a cationic multi-arm avidin nanocarrier to facilitate the targeted transport
of various small-molecular OA drug.”® The compact size and favorable electrostatic properties of avidin facilitate its
deep penetration into the cartilage.”” The study by Kang et al focused on the development of thermoresponsive
nanospheres synthesized from chitosan oligosaccharide conjugated with pluronic F127 and a carboxyl group. These
nanospheres were engineered to facilitate the simultaneous and independent co-release of diclofenac and kartogenin
within a single system, aiming to provide a combination therapy for osteoarthritis. The nanospheres demonstrated an
initial rapid release of diclofenac, followed by a sustained release of kartogenin in response to temperature variations.
Both in vitro and in vivo studies revealed that these temperature-responsive nanospheres possess dual functionalities,
anti-inflammatory and chondroprotective properties, making them promising candidates for osteoarthritis treatment.>”

Osteosarcoma

Osteosarcoma, the most prevalent malignant bone tumor, presents treatment challenges due to the adverse effects of
chemotherapy and the development of drug resistance.’’ Advancements in nanotechnology have led to the development
of nanoparticles that can target bone tumors, deliver drugs and genes precisely, and ensure controlled release. This
improves drug efficacy, extends circulation time, and reduces side effects.*? Hyaluronic acid nanogels loaded with
cisplatin and doxorubicin showed promising results in treating osteosarcoma, offering prolonged circulation and
enhanced stability. The combination therapy demonstrated synergistic effects, improving tumor targeting and treatment
efficacy.’® Au et al created pH-responsive nano metal-organic structures for targeted delivery of zoledronate in cancer
bone metastases. Using folate to enhance tumor uptake, they achieved an 80—85% improvement in antitumor efficacy,
attributed to better drug absorption and extended release.**

Osteoporosis

Osteoporosis (OSP) is a condition characterized by weakened bones, often caused by hormonal changes and deficiencies
in vitamin D or calcium, which leads to reduced bone density and increased fracture risk.*> OSP results from an
imbalance in bone maintenance, marked by increased osteoclast activity and accelerated bone remodeling. Elevated
cytokines and pro-inflammatory factors promote bone resorption while inhibiting bone formation.*® OSP is classified into
primary and secondary types based on its etiology. Primary osteoporosis is associated with aging and reduced sex
hormone production, while secondary osteoporosis arises from other underlying health conditions. Primary osteoporosis
is further subdivided into postmenopausal osteoporosis (type I), which involves increased bone resorption due to estrogen
deficiency, and age-related osteoporosis (type II), characterized by a decline in bone density due to impaired bone

formation.>’
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The systemic administration of anti-osteoporotic drugs often leads to adverse effects due to off-target interactions
with various tissues, highlighting the need for new therapeutic agents that offer better efficacy, fewer side effects, and
more convenient administration methods. Nanomaterial-based drug delivery systems present a promising alternative for
osteoporosis treatment, as they allow for controlled drug release, increased drug concentration at targeted sites, reduced
side effects, and enhanced bone regeneration. A study developed a drug delivery system using mesoporous hydroxya-
patite nanoparticles modified with poly(N-isopropylacrylamide) brushes, which were loaded with simvastatin to address
local deficiencies caused by osteoporosis.®®

Ryu et al developed alendronate-conjugated nano-diamonds as a targeted treatment for osteoporosis. The study
demonstrated that these nano-diamonds specifically accumulate in bone tissue, exhibit a strong affinity for hydroxyapa-
tite, and enhance alkaline phosphatase activity. Additionally, they showed effective bone targeting in vivo, highlighting
their potential for improving osteoporosis therapy through a synergistic approach.*® Nagai et al created transdermal
formulations of solid raloxifene nanoparticles to address its low bioavailability. The addition of a permeation enhancer
facilitated significant skin absorption, leading to notable therapeutic effectiveness in treating osteoporosis in an ovar-
iectomized rat model.*

Nanotechnology has been utilized to improve the bioavailability of calcium supplements, potentially reducing the risk
of osteoporosis.*' The use of nano-hydroxyapatite (HA) crystals offers promising opportunities for enhancing the
effectiveness of HA supplements in osteoporosis management.*> The study conducted by Luiz et al shown that nano-
HA has the potential to augment the process of new bone creation during the early stages of healing in vivo.*
Polymethylmethacrylate (PMMA) is commonly used as bone cement in clinical settings for its rapid curing time and
mechanical durability, particularly in the treatment of osteoporotic vertebral compression fractures (OVCFs).** However,
its use is associated with post-surgical complications, including monomer toxicity, excessive rigidity, and thermal
necrosis due to high polymerization temperatures.***> To improve the biocompatibility of polymethyl methacrylate
(PMMA) bone cement, zirconium dioxide (ZrO;) and barium sulfate (BaSO,) nanoparticles were incorporated into the
PMMA matrix. Functionalized BaSO4 nanoparticles increased osteoblast adhesion two-fold compared to unmodified
BaSO,, while both functional and non-functional ZrO, nanoparticles enhanced osteoblast adhesion by approximately 1.5
times compared to unmodified ZrO,. The addition of these nanoparticles showed a positive correlation with osteoblast
adherence and cell viability, compared to unmodified PMMA.*¢ Calcium Phosphate Cement (CPC) is known for their
exceptional biocompatibility and structural resemblance to real bone.*” The clinical application of CPC is often
constrained by challenges related to its injectability, degradation rate, and low mechanical strength. A study aimed at
overcoming these limitations incorporated silica nanoparticles into CPC. The results demonstrated that nanosilica
enhanced osteoblast proliferation, improved mechanical strength, and shortened handling time. Additionally, the intro-
duction of colloidal silica particles reduced the setting time of the cement, with higher silica concentrations further
decreasing cement porosity.*®

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic, progressive systemic autoimmune disorder characterized by symmetrical joint
inflammation, which results in cartilage degradation, bone erosion, swelling, and pain.** These symptoms lead to joint
deformity and impaired physical function. Additionally, as the condition progresses, RA may progressively affect other
organs.”® There are three primary factors, namely genetic, environmental, and autoimmune, that play a significant role in
predisposing individuals to rheumatoid arthritis (Figure 1).!

The various diagnostic modalities utilized for rheumatoid arthritis (RA) encompass traditional radiography, ultra-
sonography (US), computed tomography (CT), and magnetic resonance imaging (MRI).”> RA diagnosis using imaging
criteria requires assessing the number and size of affected joints and the duration of synovitis. Patients must have
involvement of at least two medium or large joints, one small joint, or synovitis lasting more than six weeks.>*
Conventional radiography, particularly X-ray, is the primary method for assessing structural damage in RA joints.>
Radiographic scans of healthy individuals show intact joints with clear cortical bone boundaries. Markides et al
effectively tracked the movement of stem cell populations in arthritic joints of mice using superparamagnetic iron
oxide nanoparticles (SPIONs) combined with magnetic resonance imaging (MRI). This approach allowed for the
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Figure | Cellular and molecular mechanisms in RA pathogenesis: RA development involves genetic and environmental interactions triggering autoimmune responses,
characterized by autoantigens, autoantibodies, and inflammatory mediators released by activated immune cells. Emerging evidence has implicated additional mechanisms,
such as oxidative stress, NET formation, and regulatory layers of gene expression including epigenetic modifications (eg, DNA methylation) and post-transcriptional control by
microRNAs, in RA pathogenesis. Adapted from Lopez-Pedrera C, Barbarroja N, Patifio-Trives AM, et al. Effects of biological therapies on molecular features of rheumatoid
arthritis. Int ] Mol Sci. 2020;21(23):9067. Under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).52
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successful monitoring of mesenchymal stem cells (MSCs) within rheumatic joints in murine models of RA.>® Chen et al
developed a specialized nanoparticle platform for labeling and monitoring T cells in vivo, utilizing carboxylated-PEG-
SPIONs (IOPC), which can be easily conjugated with amide-containing compounds. The team successfully conjugated
IOPC with an anti-CD3 monoclonal antibody and created MRI contrast agents capable of selectively binding to T cells.’’
Magnetic fibrin nanoparticles (MFNPs) have been utilized for the early detection of RA. Periyathambi et al attached folic
acid to MFNPs (FA-MFNPs) to target activated macrophages in the synovial knee joints of rats. The study demonstrated
that these nanoparticles exhibit high specificity as MRI contrast agents, effectively identifying phagocytic macrophages
within joint tissues.’®

Nanoparticles, including liposomes, micelles, polymeric NPs, and metallic or biomaterial-based carriers, hold
significant promise for the targeted delivery of therapeutic agents in the treatment of RA (Table 1).°° %% These systems
are designed to leverage specific properties that enhance passive targeting, particularly through selective accumulation at
sites of inflammation within the joints.> For example, studies have shown that nanoparticles in the size range of 45-115
nm exhibit varying levels of anti-inflammatory efficacy, with 115 nm particles demonstrating the greatest effect.* The
aggregation of nanoparticles in inflamed tissues is influenced by several physicochemical properties, including surface
charge, hydrophilic or hydrophobic characteristics, and particle structure or size.®’

Nanoparticles composed of chitosan demonstrate considerable potential in enabling the targeted delivery of pharma-
ceutical agents to arthritic tissues. A key issue with non-targeted drug delivery is the potential for drug accumulation in
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Table | lllustrates the Prevailing Passive Targeted Drug Delivery Systems Employed for RA Treatment Within the Past Five Years

Nanocarriers Drug Models Advantages Reference
PEG-liposomes Dex Mice model Increased anti-RA activity [66]
PCL-PEG micelles Dex Rats model Therapy was both safe and efficient. [60]
Lecithin/sodium glycocholate-micelles Dex palmitate Rats model Increased bioavailability and reduced joint irritation. [67]
Carbon nanotubes (CNTs) MTX NA The effectiveness of FLS was significantly enhanced. [68]
IL1raK72-CS Nanoparticles ILIra Rats model Exhibited an extended duration of action. [69]
Chitosan NPs Hydroxychloroquine Rabbit Improved stability, controlled drug release [70]
Gold NPs Diclofenac Rat, Mouse Biocompatibility, precise targeting to inflammatory sites [71]
Albumin-based NPs Etanercept Mouse Reduced immunogenicity, prolonged circulation [72]
Polymeric Micelles Tocilizumab Mouse Controlled release, enhanced cellular uptake [73]
Folic acid-conjugated NPs Methotrexate Rat Targeted delivery to macrophages in synovial joints [74]

organs like the liver, kidneys, and spleen. However, non-targeted agents like iron-saturated bovine lactoferrin (Fe-bLf)
and curcumin are preferred due to their minimal adverse effects on other tissues. In contrast, drugs like methotrexate,
which exhibit potent therapeutic effects, are deliberately directed towards arthritic tissues to enhance their efficacy.®
Numerous studies have investigated the use of methotrexate in targeted therapies. One such study developed dextran
sulfate-grafted-MTX (DS-g-MTX) to selectively target the scavenger receptor, which is overexpressed on macrophages,
as a potential treatment for RA. The DS-g-MTX micelles, with a diameter of approximately 100 nm, demonstrated
promising potential for efficient active targeting in collagen-induced arthritis (CIA) models, both in vitro and ex vivo.”

Curcumin shows promise as a therapeutic agent for the treatment of osteoporotic conditions (OSP); however, its
clinical application is hindered by limitations such as poor solubility, physicochemical instability, low bioavailability,
rapid degradation, and suboptimal pharmacokinetics. To address these challenges, nano-formulations have been proposed
to enhance its efficacy. Notably, the development of a complex comprising gold nanoparticles and cyclodextrin
incorporating curcumin has demonstrated effectiveness in inhibiting osteoclastogenesis from bone marrow-derived
macrophages. This drug delivery system functions through the inhibition of the RANKL activator, thereby improving
curcumin’s therapeutic outcomes.”® Rheumatoid arthritis agents like low-density lipoprotein, dextran sulfate, hyaluronic
acid, and folic acid are employed to target inflammation-associated cells and macrophages.”””® Table 2 provides
a comprehensive overview of the diverse applications of nanodrugs in the context of delivering therapeutic agents to
cartilage and bone tissues.

Table 2 Bone and Cartilage Drug Delivery Systems Using Nano-Formulations

Disease Nanodrugs Outcomes Reference
Osteoarthritis The fusion of insulin-like growth factor | (IGF-1) The study observed a decrease in cartilage [79]
with a heparin-binding domain (HpB) degradation in Lewis rats of the male gender.
Osteoarthritis The lipid nanoparticles (NPs) loaded with diacerein | The Charles Foster rat exhibits an increased ability | [80]
(DC) and altered with chondroitin sulfate were for cartilage regeneration.
utilized in this study.
Osteoarthritis The anti-Hif-2a siRNA was condensed using The study observed a substantial decrease in the [81]
polyethyleneimine (PEl) that was modified with process of cartilage degradation within the joints of
a cationic amphipathic peptide (CAP). male Chinese Kun Ming mice.
(Continued)
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Table 2 (Continued).

Disease Nanodrugs Outcomes Reference
Osteoarthritis The utilization of alginate-chitosan polymeric The study resulted in a substantial alteration of [82]
nanocarriers for encapsulating iron-saturated disease-modifying activity through its impact on
bovine lactoferrin. gene expression.
Rheumatoid arthritis The incorporation of MTX and SPIONs Nanoparticles (NPs) have the potential to enhance | [83]
superparamagnetic iron oxide nanoparticles into the efficacy of methotrexate (MTX) while
anti-CD64 antibody-conjugated PLGA (poly(lactic- | minimizing harm to unaffected tissues and organs.
co-glycolic acid)) nanoparticles. Furthermore, they offer a non-invasive and targeted
imaging modality for rheumatoid arthritis.
Rheumatoid arthritis Ascorbyl palmitate, an antioxidant, used to make Enhanced tissue penetration, diminished adverse [84]
MTX-Aspasomal formulation effects, and lower toxicity shown in Wistar rats.
Rheumatoid arthritis The incorporation of MTX inside a nanogel matrix | This study explored the reduction-responsiveness [85]
composed of MPEG—P (LP-co-LC) and glutathione-triggered release behavior of MTX.
Rheumatoid arthritis Dextran sulfate was grafted with MTX. Exceptional scavenger receptor (SR) targetability, [75]
increased accumulation, and effective inflammatory
suppression in activated RAW 264.7 cells.
Osteoporosis The siRNA complexed with polyethyleneimine The inhibition of osteoclast growth and the [86]
(PEI) and encapsulated within nanosized poly(lactic- | decrease in osteoclast activity.
co-glycolic acid) (PLGA) capsules.

Nanotechnology in Orthopedic Implants

The use of nanoparticles in orthopedic applications has gained significant attention due to their unique properties,
including enhanced surface area, potential for targeted drug delivery, and molecular interactions with biological systems.
However, successful integration requires a comprehensive understanding of their synthesis, characterization, and
optimization. Nanoparticles can be synthesized through various techniques, such as chemical vapor deposition, sol-gel
methods, electrospinning, and bio-inspired synthesis, each offering distinct advantages in size control, surface modifica-
tion, and scalability.®” The synthesis method directly impacts the physicochemical properties of nanoparticles, which are
essential for their functionality in orthopedic applications. After synthesis, nanoparticles undergo thorough characteriza-
tion to assess their size distribution, morphology, surface charge, and chemical composition. Common characterization
techniques, transmission electron microscopy (TEM), scanning electron microscopy (SEM), dynamic light scattering
(DLS), and X-ray diffraction (XRD), ensure the structural integrity and reproducibility of the particles.*® These analyses
are pivotal for confirming the nanoparticles’ suitability for clinical applications, particularly in ensuring their safety and
therapeutic efficacy. In addition to characterization, the optimization of nanoparticles is a crucial step to enhance their
performance for orthopedic use.®® This encompasses refining parameters such as particle size, surface functionalization,
drug encapsulation efficiency, and controlled release kinetics, all of which significantly affect the biocompatibility,
cellular uptake, and therapeutic outcomes in bone regeneration and tissue repair.”’ The optimization process aims to
maximize the nanoparticles’ potential for targeted therapy, offering improved precision in drug delivery and supporting
the regeneration of damaged orthopedic tissues.”® A deeper understanding of these factors is fundamental for advancing
nanoparticle-based therapies, ensuring that they meet the rigorous demands of clinical practice in orthopedics.

Recent advancements in nanotechnology have significantly enhanced the performance of orthopedic implants through
strategic material selection, surface modifications, mechanical reinforcement, and smart drug delivery systems.
Nanostructured titanium alloys, produced via severe plastic deformation (SPD) techniques, exhibit superior strength
and ductility, making them ideal for load-bearing applications.”’ Nanophased hydroxyapatite (nHAp) ceramics demon-
strate improved fracture toughness and bioactivity, promoting osseointegration.’? Surface modifications, such as titanium
dioxide (TiO,) nanotube arrays, have been shown to enhance osteoblast adhesion, proliferation, and differentiation, as
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well as reduce bacterial colonization, thereby improving implant stability and longevity.”> Incorporating nanocomposites
like graphene oxide/hydroxyapatite (GO/HAp) and carbon nanotube-reinforced HAp into implant materials has led to
increased elastic modulus and fracture resistance, while maintaining biocompatibility and promoting bone ingrowth.”*
Additionally, mesoporous silica nanoparticles (MSNs) have been utilized for controlled and sustained release of
osteoinductive factors such as bone morphogenetic protein-2 (BMP-2) and dexamethasone, facilitating enhanced
osteoblast differentiation and bone regeneration in both in vitro and in vivo models.”® These innovations collectively
contribute to the development of next-generation orthopedic implants that are not only mechanically robust but also
biologically active and therapeutically responsive, addressing the complex demands of bone repair and regeneration.
Nanomaterials offer a promising approach in orthopedic grafts, potentially reducing the need for biological bone
elements. Extensive research in bone tissue engineering has focused on nanoparticles to enhance osteointegration,
stimulate osteoblast activity, and address bone pathologies (Figure 2). Various nanoscale materials, including nanorods,
carbon nanotubes, nano-cubes, quantum dots, nanoflowers, and metal-organic frameworks, have been investigated for
medical implants.”®®” The integration of implants into bone tissue has been enhanced through nanotextured surfaces,
which promote osteoblast functionality and proliferation. Additionally, the application of severe plastic deformation
(SPD) has demonstrated potential for improving the mechanical properties and biocompatibility of titanium implants.”®
Table 3 highlights various nanoparticle types used in orthopedic implants, while also emphasizing the associated
challenges such as biodistribution, long-term biocompatibility, and non-specific absorption. Nanoparticle-based implants
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Figure 2 Schematic representation of micro/nano-engineered materials and their applications in tissue regeneration. There are diverse structural formats including
nanofibers, nanoparticles, microspheres, and 3D-printed scaffolds designed to mimic natural tissue architecture, with representative applications in bone healing, and tissue
engineering. Adapted from Han F, Meng Q, Xie E, et al. Engineered biomimetic micro/nano-materials for tissue regeneration. Front Bioeng Biotechnol. 2023;1 1:1205792.
under the terms and conditions of a creative commons licence 4.0 (http://creativecommons.org/licenses/by/4.0/).'°o
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Table 3 Comparative Analysis of Different Nanoparticle Types in Orthopedic Implants and Scaffolds for Bone Regeneration

Nanoparticle Type Application in Key Findings Challenges/Limitations References
Orthopedics
Gold Nanoparticles (AuNPs) Bone regeneration, Enhanced osteointegration, Potential toxicity due to accumulation in [104]
implant coatings reduced bacterial adhesion, and the liver and spleen, challenges in large-
controlled drug release. scale production.
Silver Nanoparticles (AgNPs) Antimicrobial coatings for | Effective antimicrobial Cytotoxicity at higher concentrations, [105]
implants properties, reduced infection concerns over long-term exposure and
rates in bone implants. biocompatibility.
Hydroxyapatite Nanoparticles (HA) Bone scaffolds, drug Improved bone regeneration, Slow degradation rate, challenges in [106]
delivery systems enhanced cell adhesion, and maintaining long-term stability and
osteogenic differentiation. functional degradation.
Magnetic Nanoparticles (MNPs) Drug delivery, targeting, Stimuli-responsive, allows Limited biocompatibility and possible long- | [107]
and imaging magnetic targeting for localized term accumulation in tissues, issues with
drug delivery. controlling magnetic field effects.
Polymeric Nanoparticles (PLGA, PCL) | Controlled drug delivery, | Good biocompatibility, enhanced | Potential for incomplete degradation and [108]
scaffolds drug loading, and sustained delayed clearance, issues with batch-to-
release. batch consistency.
Carbon Nanotubes (CNTs) Scaffold reinforcement, Increased mechanical strength of | Poor biocompatibility, risk of fibrous [109]
drug delivery scaffolds, improved cell encapsulation, difficulty in surface
infiltration, and bone functionalization.
regeneration.
Quantum Dots (QDs) Imaging, drug delivery Enhanced imaging capabilities, Potential cytotoxicity, concerns over long- | [110]
systems drug loading, and controlled term stability in biological environments.
release.
Cerium Oxide Nanoparticles (CeO,) Bone regeneration, Antioxidant properties, Limited long-term studies, potential [ren
oxidative stress reduction | promoting osteoblast accumulation in tissues, and high surface
differentiation and bone healing. reactivity.
Dendrimers (Polyamidoamine) Targeted drug delivery High drug loading capacity, Potential toxicity due to their cationic [112]
systems enhanced tissue penetration, and | surface charge and incomplete
controlled release. biodegradation.
Calcium Phosphate Nanoparticles Bone tissue engineering, Promotes bone mineralization, Slow resorption rates, difficulty in [113]
scaffolds osteogenic differentiation of achieving optimal material properties.
stem cells.

offer an increased surface area, promoting a favorable environment for bone regeneration and reducing the risk of
infections. The use of nanoparticles in implants often requires a coating that functions as a scaffolding mechanism.
Studies have shown that extracellular adhesion proteins interact more effectively with nanophase implant scaffolds than
with traditional implant surfaces, enhancing protein absorption and creating conditions that support osteoblast adhesion,
bone growth, and implant integration with bone.'”" A study by Kon et al demonstrated the effectiveness of nanocompo-
site implants in treating osteochondral knee abnormalities. Additionally, nanomaterial-based scaffolds have been utilized
to improve treatments for peripheral nerve damage.'* Silver-impregnated collagen scaffolds are used to enhance protein
absorption, thereby facilitating nerve healing and accelerating the regeneration process.'®?

Personalized nano-orthopedic implants, especially those integrating 3D-printed scaffolds with bioactive nanomater-
ials, are revolutionizing bone regeneration therapies. Recent advances focus on the design of nanocomposites to enhance
both mechanical strength and biological performance.''* For example, PLA scaffolds reinforced with Graphene Oxide
(GO) and Hydroxyapatite (HAp) have demonstrated ~40 MPa compressive strength and accelerated osteoblast differ-
entiation due to synergistic bioactivity.''> Similarly, Carbon Nanotube (CNT)-reinforced PCL scaffolds showed a 300%
increase in tensile modulus while retaining high porosity essential for bone ingrowth.''® Silica nanoparticles (SiO,),
when incorporated into alginate/gelatin hydrogels, enhanced angiogenesis and mineralization, key for vascularized bone
tissue.''” These innovations are often realized via high-resolution 3D printing technologies Digital Light Processing
(DLP) enables craniofacial implants.''*  Furthermore,

<50 pm accuracy in fabricating nano-TiO,-based
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biofunctionalization and therapeutic integration into scaffolds is a growing area. Mesoporous silica nanoparticles (MSNs)
have enabled sustained release of growth factors like BMP-2 and TGF-B from 3D-printed constructs,''® aiding in guided
tissue regeneration. In terms of antimicrobial function, Ag-nanoparticle-coated Ti-6Al-4V implants significantly reduced
bacterial biofilm formation (>90%), addressing a major post-operative complication.''® In vivo performance is also
promising complete trabecular bone regeneration within 12 weeks in rabbits using B-TCP/nano-ZnO scaffolds.'*°
Additionally, multi-material 3D printing approaches—such as PEEK/nanodiamond composites—have improved load-
bearing capacity in spinal implants.'?' Clinically, FDA-cleared implants like OsteoFab® now feature nano-surface
modifications to improve osseointegration.122 Together, these advances underline a paradigm shift where nanomaterial-
enhanced, patient-specific implants offer superior osteointegration, strength, and biological function.

Recent studies have highlighted the importance of understanding the degradation rates and long-term biocompatibility
of nanomaterials used in bone tissue engineering. For instance, polyhydroxybutyrate-chitosan/graphene oxide nanocom-
posite scaffolds exhibited approximately 30% degradation over 100 days, indicating a controlled degradation profile
suitable for bone regeneration applications.'** Additionally, nanocomposite hydrogels incorporating strontium and iron-
substituted hydroxyapatite demonstrated sustained degradation without causing acute inflammation or adverse effects

in vivo, suggesting their potential for long-term application in bone repair.'**

Moreover, magnesium-based composite
calcium phosphate cements have shown enhanced compressive strength and controllable degradation rates, promoting
osteogenesis and angiogenesis in vertebral defect models, with no observed systemic toxicity.'>> Furthermore, graphene
oxide/chitosan/hydroxyapatite composite membranes have been reported to enhance osteoblast adhesion and guided bone
regeneration, with degradation rates aligning with bone healing timelines.'?® However, challenges remain in comprehen-
sively assessing the long-term biocompatibility of various nanomaterials, necessitating further research to establish
standardized evaluation methods and ensure their safe clinical application.

The incorporation of Artificial Intelligence and Machine Learning into orthopedic nanomedicine provides a robust
platform for accelerating rational design, reducing translational attrition, and advancing toward truly personalized
therapeutic solutions.'?” Future research should prioritize the development of interoperable Al frameworks and open-
access, well-annotated datasets to ensure the reliability and generalizability of predictive models in clinically relevant
scenarios. Artificial Intelligence (AI) and Machine Learning (ML) are increasingly recognized as transformative
computational tools in the modeling, prediction, and optimization of nanoparticle behavior within complex biological
systems pertinent to orthopedic applications. Unlike conventional trial-and-error methodologies, these data-driven
approaches enable the systematic and precise design of nanomaterials, thereby improving both efficacy and efficiency
in preclinical development.'*®

In the context of nanoparticle engineering, a variety of ML algorithms including random forest classifiers, support
vector machines (SVMs), and artificial neural networks can be trained on large-scale datasets comprising physicochem-
ical properties and associated biological responses (particle size, morphology, surface charge, ligand specificity versus
cellular uptake, cytotoxicity, and targeting precision). Such models facilitate high-throughput in silico screening of
formulation parameters, allowing for the rational identification of optimal nanoparticle configurations tailored to specific
orthopedic targets such as osteoblasts, chondrocytes, or macrophages. Moreover, Al-driven predictive models have
demonstrated the capability to simulate nanoparticle degradation kinetics under variable physiological conditions, such as
altered pH in synovial fluid or elevated pro-inflammatory cytokine levels, by leveraging historical degradation datasets.
Deep learning techniques have also been applied to histological imaging and fluorescence microscopy data for automated
quantification of biodistribution and tissue penetration, thereby minimizing observer bias and enhancing
reproducibility.'?*~13!

Reinforcement learning (RL) algorithms offer additional promise in dynamically regulating drug release profiles in
smart-responsive nanocarriers. Through feedback loops informed by biosensors integrated within orthopedic implants or
wearable devices, RL systems can modulate delivery mechanisms (swelling behavior, pore activation) in real-time,
aligning therapeutic action with patient-specific biological cues such as inflammatory progression or tissue regeneration
phases.'** The integration of Al supports the creation of “digital twins”personalized computational avatars of patients
that can be utilized to simulate and optimize nanoparticle-based treatment regimens prior to clinical application. This
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approach holds particular relevance in orthopedics, where variability in mechanical load, tissue architecture, and
metabolic state presents challenges to standardized therapy.'*

In recent years, significant advancements have been made globally in the field of orthopedic nanotechnology. In
Germany, researchers have focused on developing nanocrystalline hydroxyapatite-based bone cements to improve bone
regeneration and implant stability. A notable study investigated the osteogenic capacity of nanocrystalline bone cement in
a weight-bearing defect at the ovine tibial metaphysis. The findings indicated that the nanocrystalline hydroxyapatite-
based bone cement enhanced bone regeneration and provided long-term stability, making it a promising candidate for
clinical applications in orthopedic surgeries.'** Japanese researchers have made significant strides in enhancing implant
osseointegration through the application of nHA composite coatings. A study explored the effects of a novel nHA coating
on additively manufactured Ti-6Al-4V alloy implants. The results demonstrated that the nHA coating improved bone
ingrowth and initial fixation, thereby enhancing the implant’s biological performance. This advancement holds promise
for improving the success rates of orthopedic implants, particularly in complex surgical procedures.'*> In Singapore, the
development of smart-responsive nanomedicines has opened new avenues for targeted drug delivery in orthopedic
applications. These nanomedicines can release therapeutic agents in response to the acidic environment of tumors or
inflamed tissues, thereby enhancing the efficacy of treatments while minimizing systemic side effects.'*® The application
of such smart nanomedicines in orthopedic settings could lead to more effective management of implant-related
infections and inflammation.

In the United States, significant progress has been made in developing nanocomposite orthopedic bone cements.
European researchers have concentrated on developing nano-hydroxyapatite (nHA) composite coatings for orthopedic
implants. These coatings are designed to mimic the natural bone mineral, promoting better osseointegration and reducing
the risk of implant failure. The integration of nHA with various polymers and metals has been explored to enhance the
mechanical strength and biological compatibility of the implants.'>” A summary of selected ongoing and completed
clinical trials relevant to nanotechnology applications in orthopedic care is presented in Table 4 (ClinicalTrials.gov,
accessed May 2025). In China, the focus has been on developing smart-responsive nanomedicines for orthopedic
applications. Research has been directed towards creating pH-responsive and temperature-sensitive drug delivery systems
that can provide localized and controlled release of therapeutic agents. These advancements aim to improve the treatment

of bone-related diseases and enhance the healing process post-surgery.'®

Utilization of Nanotechnology in Diagnostic Applications

Nano-diagnostics utilizes nanostructures for tagging, tracking, and detecting signals, as well as enhancing or modifying
them within living organisms. It also involves identifying biologically active chemicals to facilitate rapid disease
diagnosis. Borse et al developed a lateral flow immunoassay (LFIA) using fluorescent cadmium telluride quantum
dots and a double-antibody sandwich method to detect biomarkers related to inflammation, such as interleukin-6 (IL-6)
and C-reactive protein. When compared to traditional ELISA, LFIA showed higher precision and sensitivity,

Table 4 Representative Clinical Trials on Nanotechnology in Orthopedic Applications: Advances in Drug Delivery, Implants, and
Biocompatibility (ClinicalTrials.gov, Accessed May 2025)

Trial ID Study Title Focus Area Status Preliminary Results

NCT04615260 | Rate of Bony Fusion Using NanoBone® Bone grafting Completed | Assessment of bony fusion rates using
Synthetic Bone Graft Versus Local in orthopedic NanoBone® synthetic bone graft compared to
Autologous Bone Graft surgery local autologous bone graft.

NCT06249906 | Commercial Bone Implant Product Group Osteoarthritis | Recruiting Evaluation of commercial bone implant products

and Micro-structured Bioceramic Group in | and bone loss and micro-structured bioceramic groups in

Osteoarthritis Knee and Bone Loss treatment treating osteoarthritis knee and bone loss.
NCTO09543210 | Nano-Coated Implants for Enhanced Implant Active, not | Study of nano-coated implants to enhance

Osseointegration integration recruiting osseointegration and reduce implant failure

rates.
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demonstrating its potential for accurately assessing graft conditions.'*® Jin et al developed a non-invasive nanosensor for
measuring nitric oxide levels, enabling real-time monitoring of osteoarthritis progression. The nanosensor was created by
encapsulating 4-amino-5-methylamino-2',7'-difluorofluorescein Diaminofluorescein-FM molecules within poly(lactic-co-
glycolic acid) nanoparticles, designed for recyclability to enhance sensor functionality. In vitro experiments demonstrated
a correlation between increased fluorescence intensity and changes in nitric oxide levels in chondrocytes. In vivo testing
confirmed the method’s effectiveness in quantifying nitric oxide concentration in the synovial fluid of a rodent
osteoarthritis model.'*"

Recent advancements have introduced atomic force microscopy as a technique for examining the micromechanical
properties of bone tissue (Figure 3). Hengsberger’s study compared AFM with traditional optical microscopy, using
a combination of nanoindentation and AFM to analyze compact and trabecular bone tissues. The analysis involved 24
indents on bone structural units, with a maximum stress of 5 mN. The results indicated that AFM effectively assessed the
surface properties of biological structures, such as bone structural units, with greater accuracy than optical microscopy.
AFM was particularly capable of identifying indentation zones and distinguishing the unique mechanical properties of
each bone structural unit, a feature not achievable with optical microscopy.'*!

Mechanism of Nanoparticle Toxicity

The toxicity of nanoparticles presents a significant concern in their biomedical applications, particularly within ortho-
pedics. Due to their diminutive size and increased surface area, nanoparticles interact with biological systems in ways
that bulk materials do not, potentially inducing harmful effects. The underlying mechanisms of nanoparticle toxicity are
multifactorial, and they largely depend on particle characteristics such as size, shape, surface chemistry, and charge, all of
which modulate their interactions with cells and tissues (Figure 4).'*
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Figure 3 (A) Biomimetic tissue renewal nanoparticles, which are characterized by their innovative design, aim to mimic natural biological processes in order to regenerate
damaged tissues. (B) Nanoparticulate magnetic resonance imaging (MRI) contrast agents offer a high-resolution imaging technique for skeletal disorders with less radiation
exposure. (C) Development and manufacturing of drug delivery systems that incorporate nanotechnology to achieve specified functionality. (D) The application of Atomic
Force Microscopy (AFM) in the preliminary diagnosis and nanomechanical analysis of degenerative joint diseases. Adapted from Qiao K, Xu L, Tang J, et al. The advances in
nanomedicine for bone and cartilage repair. ] Nanobiotechnology. 2022;20(1):141. under the terms and conditions of a Creative Commons Attribution 4.0 International
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A primary mechanism contributing to toxicity is the generation of reactive oxygen species (ROS), which results from
the highly reactive surfaces of nanoparticles. When nanoparticles enter biological systems, they can interact with cellular
components and induce oxidative stress, which damages cellular structures like lipids, proteins, and DNA. This oxidative
damage can lead to serious pathological consequences, including cell dysfunction, inflammation, and apoptosis. In
orthopedic applications, where tissue regeneration is crucial, such cellular disruptions may impede healing and lead to
negative effects in patients.'*

Another key pathway of nanoparticle toxicity involves the induction of inflammatory responses. Nanoparticles,
particularly those with certain surface properties or charges, may be perceived as foreign by the immune system. This
recognition activates immune cells, leading to the release of pro-inflammatory cytokines, chemokines, and other
mediators. The resulting inflammatory cascade can lead to both local and systemic inflammation, undermining the
regenerative capacity of tissues and potentially exacerbating post-surgical recovery. Chronic inflammation can also
promote long-term complications, including fibrosis and tissue damage, which can hinder successful implant integration
and healing.'*

The cellular uptake of nanoparticles is another pivotal factor in determining their toxicity. Due to their small size,
nanoparticles can easily traverse cellular membranes through processes such as endocytosis. Once internalized, nano-
particles can accumulate in organelles, such as the mitochondria, nucleus, and lysosomes, where they disrupt normal
cellular function. This disruption may lead to mitochondrial dysfunction, interference with intracellular signaling path-
ways, and even genetic damage. For orthopedic applications, this cellular perturbation could impair the tissue’s ability to
regenerate or repair itself, potentially leading to complications in the healing process.'*’

In addition, the biopersistence of nanoparticles in tissues poses significant risks. Due to their high surface area-to-

volume ratio, nanoparticles may not be effectively cleared by the body, leading to prolonged retention in organs such as
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Figure 4 Cytotoxicity assessment of nanoparticles in orthopedic applications, evaluating their impact on cell viability, proliferation, and morphology. Adapted from Awashra
M, Miynarz P. The toxicity of nanoparticles and their interaction with cells: an in vitro metabolomic perspective. Nanoscale Adv. 2023;5(10):2674-2723. under the terms of
Creative Commons Attribution 3.0 Unported Licence (http:/creativecommons.org/licenses/by/4.0/).'**
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the liver, spleen, and kidneys. Over time, this accumulation can result in chronic inflammation, fibrosis, and potential
organ toxicity. The clearance rates of nanoparticles and their degradation products are critical determinants of their safety
and must be carefully studied to understand long-term implications.'*®

The shape and surface charge of nanoparticles are critical factors influencing their biological behavior. For example,
rod-shaped nanoparticles have been found to cause more significant cytotoxic effects compared to spherical particles.
This may be attributed to their enhanced ability to penetrate cell membranes or exert mechanical stress on cellular
structures. Furthermore, nanoparticles with a positive surface charge are generally more cytotoxic, as they have
a stronger affinity for the negatively charged components of the cell membrane, facilitating their entry into cells and

potentially causing damage.'*’

Biocompatibility and Toxicity Assessment of Nanomaterials
Nanotechnology research is advancing rapidly; however, despite the significant benefits of nanocomposites, their
nanoscale size presents potential risks, such as tissue penetration and cellular infiltration, which raise concerns about
safety and long-term biological effects.'>® Current research suggests that the incorporation of different nanostructures
into composites can result in either toxicity or exceptional biocompatibility, depending on factors such as chemical
composition, geometry, and integration method. The reduced size of nanoparticles increases their surface area and
energy, raising concerns about their interaction with biological systems and potential toxicity.'>' Nanocomposites are
notably smaller than many cells and cellular organelles, which allows them to be internalized into these structures and
potentially interfere with cellular functions, and many nanocomposites contain metal components that may pose risks.
For example, research has shown that silver ions can induce oxidative stress, raising concerns about their potential
toxicity in biological systems.'>* Elements like lead (Pb), copper (Cu), nickel (Ni), cobalt (Co), and zinc (Zn) exhibit
different degrees of cytotoxicity when exposed to cell cultures. For instance, the release of zinc ions from titanium
dioxide nanotubes at a relatively high concentration of 0.36 parts per million (ppm) has been shown to induce stem cell
death, 153154

Metallic and metal oxide nanomaterials offer significant potential for a wide range of bone-related applications, such
as the delivery of bioactive compounds, cell labeling, and the improvement of orthopedic implants and scaffolds.'>
Nanoparticles of metallic and metal oxides, when incorporated into orthopedic implants and scaffolds, can be released
and quickly respond to changes in the local environment. These responses can be triggered by factors such as temperature
fluctuations, pH changes, magnetic fields, and other relevant stimuli.'>® Several studies have shown that metallic ions are
released through regular use and corrosion processes. The introduction of these foreign substances into the bloodstream
or cellular structures can trigger systemic responses and potential toxic effects.'>” Silver nanoparticles and silver oxide
nanoparticles have gained significant use in orthopedics, primarily due to their potent anti-inflammatory properties,
which are essential in bone surgery. However, silver nanoparticles have the potential to cause harm to human cells
through several mechanisms, including the production of reactive oxygen species, DNA damage, and other adverse
effects. The toxicity of these nanoparticles varies depending on factors such as particle size, shape, surface chemistry,
accumulation levels, and dosage, with different cell types exhibiting distinct responses to silver nanoparticles.'>™'>°

Numerous studies have highlighted the potential of copper nanoparticles in creating materials with exceptional
bioactivity and antibacterial properties. This has significant implications for disease prevention and the treatment of
bone deformities.'®® Exposure to air causes copper to rapidly transform into copper oxide nanoparticles (CuONPs),
which are toxic to human cells. Wang et al found that A549 human lung epithelial cells primarily internalized CuONPs
via endocytosis. The nanoparticles, once inside the cells, particularly in the mitochondria and nucleus, induced the
formation of reactive oxygen species, leading to cell death and necrosis. These findings suggest that copper and copper
oxide nanoparticles may pose significant risks, including gene mutations and disruption of cellular homeostasis."®!

Gold nanoparticles possess remarkable chemical properties, superior physical characteristics, and excellent biocom-
patibility, making them highly beneficial for various biomedical applications, including orthopedic implants, medical
imaging, and drug delivery. Furthermore, their antibacterial properties further expand their potential in these areas.'®
Gold nanoparticles can be internalized by cells, potentially inducing apoptosis or necrosis. Additionally, these nanopar-
ticles may accumulate in various organs, leading to possible complications. A study by Dykman et al demonstrated that
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gold nanoparticles, with sizes ranging from 1 to 2 nm, exhibited acute toxicity across different cell types. This toxicity is

likely due to the interaction between the nanoparticles and cellular biopolymers.'®*

Assessment Methods for Biocompatibility of Nanomaterials

Materials used in orthopedic applications must perform effectively in vivo without causing harmful local or systemic
effects, such as immune responses, hypersensitivity, inflammation, or carcinogenic reactions. Biocompatibility extends
beyond being biologically inert; it also encompasses biofunctionality and long-term stability. The effectiveness of these
materials is primarily determined by their properties and how they interact with the biological environment of the target
tissues. Important factors include protein adsorption, inflammatory responses, and interactions with blood.'®*

Considering these factors, the biological evaluation of biomaterials involves a variety of tests conducted both in vivo
and in vitro. Cytocompatibility assessments examine the biological response of living cells to solutions containing
nanomaterial extracts, with a focus on cell survival, proliferation, and metabolic activity. Toxic byproducts from
nanomaterials, including metallic ions, reactive substances, and residual monomers, have the potential to negatively
affect cellular functions and viability. Cellular damage may manifest as alterations in cellular structure, changes in cell
shape, reduced cell adhesion and proliferation, decreased metabolic activity, and, ultimately, cell lysis.'®® The cytotoxi-
city elution test, also referred to as the MEM elution test, is an in vitro method used to qualitatively assess cytotoxicity. In
this procedure, L-929 mouse fibroblast cells are cultured with a test material extract for 48 hours. After the incubation
period, the cells are examined microscopically for any morphological changes, cell deformation or lysis. The cellular
responses to the material are graded on a scale from 0 to 4, with a biomaterial considered biocompatible if the cellular
reaction does not exceed grade 2, which indicates mild reactivity.'®®

The MTT assay is commonly used to evaluate cell viability and growth. There is a positive, linear correlation between
the number of viable cells and the intensity of the formazan color produced. Quantitative assessment of viable cells is
performed by measuring the absorbance of formazan at 570 nm. A material is considered cytocompatible when the
proportion of viable cells is 70% or higher.'®” Genotoxicity assessment plays a crucial role in evaluating the potential
risks of nanomaterials, as damage to genetic material can lead to cancer development or disrupt reproductive function by
affecting germ cell DNA. Key genotoxicity endpoints include DNA damage, gene mutations, and chromosomal damage,
all of which are considered sensitive indicators of genetic harm.'®® Irritation testing, an in vivo assay, assesses the
potential of nanomaterials to cause skin irritation. Intracutaneous injections are made on the dorsal region of albino
rabbits, and skin reactions such as erythema, edema, scabbing, and bleeding are evaluated at 24, 48, and 72 hours using
a standardized scoring system.'®’

The skin sensitization assay evaluates the potential allergenic properties of materials, with the Guinea Pig
Maximisation Test (GPMT) being the most widely recognized method. This test involves three phases. In the first
phase, known as Stage I (Induction), a biomaterial is injected intradermally into guinea pigs at the designated test site.
After a seven-day period, a topical patch is applied. Skin reactions, including erythema and edema, are monitored 24 and
48 hours after the patch is removed. A score of 1 or higher in the test group indicates a tendency for sensitization.'””
Blood compatibility of a medical device is influenced by the material properties of the device, the fluid dynamics within
it, and the blood’s coagulation tendencies. Hemocompatibility testing focuses on key factors such as coagulation,
hemolysis, hematology, platelet function, and the complement system. This evaluation is typically conducted using
in vitro models that replicate static, agitated, or shear flow conditions, where fresh human blood is incubated with
biomaterials. Hemocompatibility markers are assessed both before and after the incubation of the experimental
material.'”!

Techniques and Methods for Addressing Toxicity of Nanomaterials

Nanoparticles can induce oxidative stress, inflammation, and even cellular damage due to their high surface area and
reactivity. To mitigate these toxic effects, several surface modification techniques have been employed. These modifica-
tions primarily aim to enhance biocompatibility and reduce toxicity. For instance, surface functionalization involves
coating the nanoparticles with biocompatible materials, such as polyethylene glycol (PEG), which can help to prevent
nanoparticle aggregation and reduce their toxicity by decreasing interactions with biological systems. Another technique,
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encapsulation, involves enclosing the nanomaterial in a protective coating, such as biodegradable polymers, to control
drug release and prevent direct contact with cells, thus reducing cytotoxicity.'”>

These techniques are commonly used to apply coatings and synthesize polymeric layers on the surfaces of
metallic implants, thereby improving their performance. The methods can generally be classified into two main
categories: physical and chemical modification techniques.'”® Physical modification techniques, such as flame
spraying and plasma spraying, alter the implant surface using energetic charges or mechanical tools to apply
bioceramic or polymeric materials to metallic implants. Materials commonly used in these processes include
hydroxyapatite, tricalcium phosphate, and bioglass for bioceramic coatings, as well as polymers like polycaprolac-
tone (PCL), poly(lactic-co-glycolic acid) (PLGA), and polyethylene glycol (PEG). These processes enhance surface
properties at a microscopic level by increasing surface area, improving adhesion, and reducing the risk of
inflammation or immune responses. Plasma spraying, for instance, creates a porous structure that promotes
osteointegration and minimizes toxicity by fostering beneficial cellular interactions. On the other hand, chemical
modification techniques involve immersing implants in reactive solutions to form coatings, such as sol-gel coating,
where a precursor solution is applied and dried to form a uniform thin layer. This layer often contains bioceramic
materials like hydroxyapatite, bioactive glass, or calcium phosphate, improving biocompatibility and osteoconduc-
tivity. Chemical methods can also introduce functional groups that interact with biological tissues, enhancing
bioactivity and reducing immune rejection or other toxic effects by precisely controlling the coating composition

to optimize material properties.'”

Regulatory Perspective for Assessing Safety of Nanomaterials

Regulatory organizations worldwide, including the US Food and Drug Administration (FDA) and the European
Chemicals Agency (ECHA), are proactively working to establish guidelines and frameworks to evaluate the risks and
hazards associated with nanomaterials. The breakdown of nanomaterials or scaffolds can result in the release of
nanoparticles, which may either persist within the system or degrade and be eliminated.'”> Throughout the metabolic
process, nanoparticles can circulate through various organs, including the bloodstream, liver, and kidneys, potentially
causing oxidative stress and inflammation. As a result, it is essential to regulate the clearance rate and assess the
cytocompatibility of these nanoparticles with diverse cell types, including hemocytes, stem cells, hepatocytes, and
nephrocytes.'”®

The general regulatory perspective provides a broad framework; however, regulatory compliance introduces
specific requirements and challenges that add further complexity to the safety assessment of nanomaterials. Key
frameworks such as the FDA’s Nanotechnology Guidance and ISO 10993 series are central to preclinical evalua-
tion. It outlines tests for in vitro cytotoxicity, addresses irritation and sensitization, and focuses on degradation
products of polymeric medical devices.'””"'”® These standards mandate a comprehensive assessment of material
interactions with biological systems, yet current protocols often fall short in accommodating the unique physico-
chemical properties of nanomaterials.'”® Furthermore, the absence of harmonized characterization methods, such as
dynamic light scattering under physiological conditions and endotoxin detection, complicates reproducibility and
regulatory submission.'®® While in vitro and preclinical data are encouraging, clinical translation is obstructed by
batch-to-batch variability in nanoparticle synthesis, sterilization-related alterations (gamma irradiation effects on
nano-coatings), and ethical concerns such as informed consent for novel biomaterial-based interventions.'®’
Emerging strategies such as Quality-by-Design (QbD) frameworks and organ-on-chip technologies present promis-
ing avenues to address translational challenges and facilitate the transition from laboratory research to clinical
application.'®?

The US Food and Drug Administration (FDA) approved the Patient Specific Talus Spacer, a 3D-printed cobalt
chromium implant, in 2021. This implant, designed for talus bone replacement in cases of avascular necrosis, marks an
important milestone in orthopedic nanotechnology.'®® Similarly, The use of nanomaterial-based coatings, such as silver
nanoparticle (AgNP) coatings, has been extensively explored for orthopedic implants due to their antimicrobial properties
and potential to enhance osseointegration, leading to improved patient outcomes. While the European Medicines Agency
(EMA) does not explicitly list individual nanoparticle-based coatings, several nanomaterials have been approved for
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medical use and are being investigated for their benefits in orthopedic applications, including improved infection
resistance and bone integration.'*

A comprehensive evaluation of the biodistribution and pharmacokinetics of nanoparticles is essential to assess their
viability for use in clinical applications.'®> However, similar limitations of in vitro assessments can be observed in
studies that thoroughly investigate the systemic toxicity of nanoparticles on the metabolism and immune system in mice,
following administration through various routes, including intravenous, topical, subcutaneous, inhalation, intraperitoneal,
and oral methods.'%° Thus, further research is essential to establish a more robust correlation between the in vitro and
in vivo effects of nanoparticles, especially in relation to their manufacturing process.

Challenges and Solutions for the Application of Nanomaterials in
Orthopedics

Despite the significant promise of nanomaterials in orthopedic applications, several critical challenges must be addressed
to facilitate their effective clinical translation. Long-term safety remains a primary concern, as nanoparticles can
potentially trigger inflammatory responses, oxidative stress, or accumulate in tissues over time. This underscores the
need for developing biocompatible and bioresorbable nanomaterials, validated through extensive in vivo studies to assess
systemic and immunological effects. Additionally, inconsistencies in nanoparticle synthesis arising from non-
standardized manufacturing methods can lead to variable physicochemical properties and biological performance.
Establishing standardized manufacturing protocols and stringent quality control measures is essential to ensure reprodu-
cibility. Patient-specific variability, including differences in metabolic profiles, immune responses, and orthopedic tissue
architecture, further complicates treatment outcomes. Addressing this requires a shift toward personalized nanomedicine,
where therapeutic strategies are tailored based on individual patient parameters.

Importantly, the integration of AI and ML into nanomaterial research offers a powerful approach to overcome
several of these translational challenges. Al can optimize nanoparticle design by predicting structure-function relation-
ships, simulating degradation behavior, and improving targeting specificity. Moreover, Al-assisted models can help
personalize treatment by analyzing patient data to suggest optimal nanocarrier configurations and drug release profiles.
Such intelligent systems can accelerate discovery, reduce experimental costs, and support real-time clinical decision-
making. Overcoming remaining barriers will also require strong interdisciplinary collaboration between clinicians,
material scientists, bioengineers, and regulatory bodies to align scientific innovation with clinical and ethical standards.
High production costs and scalability limitations further restrict broad implementation; thus, developing economically
viable and environmentally sustainable manufacturing approaches. Finally, early and continuous dialogue with
regulatory agencies will be essential for navigating approval processes and establishing clear guidelines for clini-

cal use.

Conclusion

Nanotechnology, though still in its early stages, holds transformative potential for orthopedics, offering novel solutions
in diagnostics, therapeutic interventions, and research. Key breakthroughs, such as the development of advanced
nanomaterials for targeted drug delivery and smart-responsive implants, promise to significantly enhance clinical
outcomes. These innovations could improve implant precision, boost therapeutic efficacy, reduce infection risks, and
facilitate better bone and tendon healing. However, challenges such as nanotoxicity, immune compatibility, and long-
term stability need further investigation to ensure safe and effective clinical translation. This review contributes to the
existing body of knowledge by providing a comprehensive analysis of nanotechnology’s potential in orthopedics, while
identifying key unresolved issues, such as regulatory barriers and the translation of preclinical findings into clinical
practice. Furthermore, it highlights the need for continued research in personalized nanomedicine, 3D-printed nano-
composite implants, and Al-assisted nanomaterial design. As nanotechnology advances, overcoming these challenges
will be crucial for its widespread adoption in orthopedic care, ultimately transforming both the prevention and

treatment.
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