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Abstract: Osteoarthritis (OA) is a prevalent global health concern, posing a significant and increasing public health challenge
worldwide. Recently, nanotechnology-boosted biomaterials have emerged as a highly promising strategy for OA therapy due to their
exceptional physicochemical properties and capacity to regulate pathological processes. However, there is an urgent need for a deeper
understanding of the potential therapeutic applications of these biomaterials in the clinical management of diseases, particularly in the
treatment of OA. In this comprehensive review, we present an extensive discussion of the current status and future prospects
concerning nanotechnology-boosted biomaterials for OA therapy. Initially, we discuss the pathophysiology of OA and the constraints
associated with existing treatment modalities. Subsequently, various types of nanomaterials utilized for OA therapy, including
nanoparticles, nanofibers, and nanocomposites, are thoroughly discussed and summarized, elucidating their respective advantages
and challenges. Furthermore, we analyze recent preclinical and clinical studies that highlight the potential of nanotechnology-boosted
biomaterials in OA therapy. Additionally, future research directions in this evolving field are highlighted. By establishing a link
between the structural properties of nanotechnology-boosted biomaterials and their therapeutic functions in OA treatment, we aim to
foster advances in designing sophisticated nanomaterials for OA, ultimately resulting in improved therapeutic efficacy of OA therapy
through translation into clinical setting in the near future.
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Introduction

Osteoarthritis (OA), one of the most common degenerative diseases in aging people, is estimated that more than 10% of
men and 18% of women over the age of 60 have symptomatic OA worldwide.' Of note, due to the high risk of working
disability, it also imposes an overwhelming economic burden on individuals, healthcare systems, and societies.” OA is
distinguished by the progressive deterioration of articular cartilage in the affected joints. The pathophysiology of OA is
multifactorial, involving intricate interactions among various elements, including cartilage breakdown, chronic inflam-
matory responses, alterations in subchondral bone structure, synovial inflammation, and aberrant joint mechanics.” The
cumulative effect of these processes manifests as pain, joint stiffness, and impaired joint mobility over time. Nonetheless,
the current therapeutic options for OA are not without their limitations. Pharmacological interventions, such as
nonsteroidal anti-inflammatory drugs (NSAIDs), serve to provide transient pain relief but lack the ability to modify
the disease trajectory.'” Additionally, a deficiency of efficacious disease-modifying therapies hampers the ability to
effectively slow down or halt the progressive nature of OA. In severe cases, surgical interventions, like joint replacement,
offer relief, however, they are characterized by invasiveness and inherent risks. Furthermore, achieving complete
restoration of damaged cartilage remains a challenge, with current approaches yielding limited success. Compounding
the complexity, the individualized presentation of OA further complicates the pursuit of universally effective
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treatments.*> Therefore, it is highly desirable to achieve more in-depth knowledge of OA and decipher advanced
therapeutic strategies to enhance clinical outcomes of OA therapy.

Emerging studies evidenced that there is an increasing demand for precise targeting in OA therapy, and biomaterial-
based precision medicine represents a promising strategy for improving the unsatisfactory outcomes of current OA
therapies (Figure 1).° Importantly, with the excellent stride of development in nanotechnology, nanotechnology-boosted
biomaterials have shown great potential in the field of OA therapy.”® The excellent physicochemical properties of
nanotechnology-boosted biomaterials, such as high surface area ratio, tunable mechanical properties, and improved
biocompatibility, have attracted accumulative interest of developing advanced biomaterials-based strategies for enhan-
cing bone and cartilage regeneration in OA.”'° Furthermore, by exploiting the unique properties of nanomaterials, such
as their large surface area-to-volume ratio and the ability to modulate their size and surface chemistry, nanotechnology-
boosted biomaterials can reinforced with controlled drug delivery manner, pro-regeneration activity, and immunomodu-
latory function.!' Despite extensive studies on nanotechnology-boosted biomaterials, according to our knowledge, the
use of these versatile vehicles for OA therapy has not been adequately explored.

Herein, in this review, we summarize the advanced strategies developed for enhancing OA therapy based on the
nanotechnology-boosted biomaterials. We conducted a comprehensive literature search using relevant databases such as
PubMed, Scopus, and Web of Science. The search was focused on peer-reviewed articles and research papers published
within the last ten years (from 2013 to 2023). We utilized specific keywords related to “nanotechnology-boosted
biomaterials”, “nanotechnology-boosted biomaterials” and “osteoarthritis therapy” to retrieve relevant studies. First,
we provide an overview of the pathophysiology of OA and the limitations of current treatment options. Second, we
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Figure | The application of nanotechnology-boosted biomaterials in OA therapy. Created with MedPeer (www.medpeer.cn).

4970 e International Journal of Nanomedicine 2023:18
Dove!


www.medpeer.cn
https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

explore the various types of nanotechnology-boosted biomaterials which have been used for OA therapy, including
nanoparticles, nanofibers, and nanocomposites. Third, we highlight the advantages and challenges associated with the use
of nanotechnology-boosted biomaterials in OA therapy, such as toxicity, biodegradation, and regulatory issues. Finally,
advanced biomaterials-based OA therapies with their potential for clinical translation and emerging nanotechnology-
boosted biomaterials directions for OA therapy are discussed.

Characteristics of Nanotechnology-Boosted Biomaterials

Nanotechnology-boosted biomaterials have attracted considerable attention in recent years as promising candidates for
revolutionizing the field of therapeutics.'*'* These materials combine the unique properties of nanotechnology with the
versatility and biocompatibility of biomaterials, offering numerous advantages over existing therapeutic approaches.
Nanotechnology enables the precise engineering of biomaterials at the nanoscale, allowing for the encapsulation and
controlled release of therapeutic agents, such as drugs and growth factors."*”'” This feature facilitates targeted and
sustained drug delivery to specific sites within the body, reducing systemic side effects and enhancing treatment efficacy.
In the context of OA, this targeted drug delivery can be utilized to deliver anti-inflammatory agents or disease-modifying
drugs directly to affected joint tissues, promoting tissue repair and alleviating symptoms. Furthermore, nanotechnology-
boosted biomaterials can be designed to mimic the native tissue environment, thereby enhancing their biocompatibility
and reducing the risk of adverse reactions or immune responses.'® This characteristic is crucial for successful integration
and long-term functionality of biomaterials in biomedical applications. Moreover, nanomaterials can facilitate tissue
regeneration by stimulating cellular responses and promoting tissue growth.'® In the context of OA, nanotechnology-
boosted biomaterials can assist in cartilage repair and regeneration, potentially slowing down disease progression and
improving joint function.? In addition, nanotechnology allows for the customization of biomaterials with a wide range of
physical, chemical, and biological properties.'* This flexibility enables the development of multifunctional biomaterials
that can simultaneously perform multiple tasks, such as drug delivery, imaging, and tissue regeneration. These advan-
tages collectively contribute to their potential as innovative solutions in addressing various biomedical challenges and
improving patient outcomes. In this section, we will discuss some of the key properties of nanotechnology-boosted
biomaterials and their impact on OA treatment.

First, the size, shape, and composition of nanotechnology-boosted biomaterials are critical determinants of their
biological activity. Nanoparticles with a size range of 1-100 nm have unique physical and chemical properties compared
to larger particles, such as increased surface area-to-volume ratio and enhanced cellular uptake.?’ The size of nanopar-
ticles can be controlled during their synthesis, and it is important to optimize the size for the specific application.'® For
example, nanoparticles with a size of 50-100 nm have been shown to accumulate in the inflamed joints of mice, making
them ideal for targeted delivery of bioactive molecules in OA treatment.” Similarly, the shape of nanoparticles also plays
a critical role in their biological activity. Nanoparticles with different shapes, such as spherical, cylindrical, and rod-like,
have different cellular uptake mechanisms and bio-distribution.?' For example, rod-shaped viral nanoparticles have been
shown to penetrate deeper into tissues than spherical nanoparticles, making them ideal for delivery to the deeper layers of
articular cartilage in OA treatment.”> Moreover, the composition of nanotechnology-boosted biomaterials is also critical
for their biological activity.> The choice of polymer, metal, or ceramic for the synthesis of nanoparticles can impact their
biocompatibility, stability, and release kinetics.**

Importantly, the surface of nanotechnology-boosted biomaterials can be modified or functionalized to achieve specific
biological activities, such as improved biocompatibility, targeted delivery, and enhanced cellular uptake.'? Surface
modification can be achieved by various techniques, such as covalent conjugation, physical adsorption, and electrostatic
interaction."® One of the most common surface modifications of nanoparticles is the attachment of polyethylene glycol
(PEG) to their surface. PEGylation can improve the stability and circulation time of nanoparticles in vivo by reducing
their recognition by the immune system and preventing clearance by the reticuloendothelial system (RES).*
Functionalization of the surface of nanotechnology-boosted biomaterials with ligands or peptides can also enhance
their targeting and uptake by specific cells or tissues. For example, a prior study introduced an empty self-assembled
hyaluronic acid (HA) nanoparticle as a promising therapeutic agent for OA therapy (Figure 2). Specifically, this low-
molecular-weight HA modified nanoparticles were demonstrated with long-term retention ability in knee joint, and the
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Figure 2 Schematic illustration of HA-NPs for treatment of OA. Reprinted from Biomaterials, 275, Kang L], Yoon |, Rho ]G et al. Self-assembled hyaluronic acid nanoparticles
for osteoarthritis treatment. 120,967, Copyright 2021, with permission from Elsevier.2

in vitro and in vivo results indicated that these functional nanoparticles can significantly enhance cartilage regeneration in
OA models, providing a potential alternative for OA therapy.”®

Targeted delivery of bioactive molecules to the site of injury is critical for the effective treatment of OA.
Nanotechnology-boosted biomaterials can be designed to target specific cells, tissues, or organs using various mechan-
isms, such as passive targeting, active targeting, and stimuli-responsive targeting.?’ Passive targeting involves the
accumulation of nanoparticles in the inflamed joints of OA due to the enhanced permeability and retention (EPR) effect.
The EPR effect is a passive mechanism that allows nanoparticles to accumulate in the leaky blood vessels of inflamed
tissues, resulting in enhanced uptake by target cells.”® Accordingly, active targeting involves the attachment of ligands or
peptides to the surface of nanoparticles that can recognize and bind to specific receptors on target cells.?’ Nanoparticles
functionalized with antibodies or peptides that recognize receptors on the surface of chondrocytes have been shown to
enhance their uptake and improve the efficacy of bioactive. In a previous study, a cartilage-targeting and ROS-responsive
theranostic nanoprobe was developed to enable effective bioimaging and therapy for OA.>° The fabrication of this
nanoprobe involved modifying PEG micelles with ROS-sensitive thioketal linkers (TK) and integrating a cartilage-
targeting peptide known as TKCP. Additionally, the nanoprobe was further engineered to encapsulate Dexamethasone
(DEX), resulting in the formation of TKCP@DEX nanoparticles. The in vitro and in vivo results demonstrated the
nanoprobe’s ability to facilitate sustained DEX release and leading to a notable reduction in cartilage damage within the
OA-affected joints (Figure 3).

Nanotechnology-boosted biomaterials represent a promising alternative to existing therapeutics, addressing critical
challenges in drug delivery, bioavailability, targeted therapy, and regenerative medicine. Their unique properties and
versatility open new avenues for improving treatment outcomes and enhancing therapies to individual patients. As the
field of nanotechnology continues to advance, further research and translation into clinical applications hold great
promise for transforming the landscape of medical treatments and patient care.

Fabrication and Modification of Nanotechnology-Boosted Biomaterials

The fabrication of these biomaterials is critical in determining their physical and chemical properties, and hence, their
therapeutic efficacy. In this section, we will discuss the various fabrication methods of nanotechnology-boosted
biomaterials for OA therapy.
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Figure 3 Schematic illustration of the self-assembly of cartilage-targeting nanoparticles for OA treatment. Reproduced from Shen C, Gao M, Chen H, Zhan Y, Lan Q, Li
Z et al. Reactive oxygen species (ROS)-responsive nanoprobe for bioimaging and targeting therapy of osteoarthritis. | Nanobiotechnology. 2021;19(1):395 under Creative
Commons CC BY License.®®

Generally, the bottom-up and top-down approaches are the two primary strategies for fabrication of nanotechnology-
boosted biomaterials. The bottom-up approach involves the assembly of individual atoms or molecules to form a larger
structure, while the top-down approach involves the breakdown of a larger structure into smaller components.>'~? In the
bottom-up approach, various methods such as self-assembly, molecular epitaxy, and biomimetic synthesis can be used to
fabricate nanotechnology-boosted biomaterials.®’ Self-assembly involves the spontaneous organization of molecules into
ordered structures, such as micelles and vesicles. For instance, Hu et al presented self-assembly approach utilizing silica
nanoparticles and DNA polymers to create hierarchically structured composite materials through clamped hybridization
chain reactions. By self-assembling these nanocomposite materials, they fabricated thin layers within water-in-oil
droplets generated microfluidically. This process enabled the production of mechanically stabilized hollow spheres
with uniform size distributions at high throughput rates. Notably, these microcontainers have the potential for cell
encapsulation, suggesting their utility in supramolecular bottom-up manufacturing and their application in the life
sciences.” For molecular epitaxy approach, it involves the growth of thin films by sequentially depositing individual
molecules on a substrate.** Accordingly, biomimetic synthesis involves the use of biological molecules, such as DNA
and proteins, to assemble nanotechnology-boosted biomaterials.*® In a recent study, Schroeder et al group designed
synthetic cells that produce recombinant growth factors to support angiogenesis and tissue regeneration.>® Interestingly,
the in vivo results indicated that local injection of the synthetic cells in mice triggered the formation of new-borne blood
vessels without recorded systemic immunogenicity. Therefore, these findings provide a potential therapeutic platform for
mediating physiological processes by autonomously producing biological drugs inside the body (Figure 4).
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Figure 4 (A) Schematic illustration of the protein-producing synthetic cells. (B) The endothelial cells were cultured with synthetic cells prepared with/without inclusion of
the TRX-bFGF DNA vector. (C) The examination of the formation of a three-dimensional vascular network in the different groups. Reprinted from Chen G, Levin R, Landau
S et al. Implanted synthetic cells trigger tissue angiogenesis through de novo production of recombinant growth factors. Proc Natl Acad Sci U S A. 2022;119(38):€2207525119.
Creative Commons.>®

In the top-down approach, various methods such as lithography, etching, and milling can be used for fabrication of
nanotechnology-boosted biomaterials.>” This approach can be applied toward the development of advanced therapies
owing to the beneficial interactions enhanced through the retention of complex antigenic information.*® Mechanistically,
lithography involves the use of a mask to pattern a substrate, etching involves the removal of material from a substrate
using a chemical or physical process, and milling involves the use of a milling tool to remove material from a substrate.
In a prior study, Fang et al focused on the biological functionalization of polymeric nanoparticles with a layer of
membrane coating derived from cancer cells. The core-shell nanostructures constructed by the top-down approach were
demonstrated to carry the full array of cancer cell membrane antigens, and offer a promising platform with potential

toward novel anti-cancer therapies.*®
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In addition to the two main approaches, self-assembly is an another powerful technique for the fabrication of
nanotechnology-boosted biomaterials, allowing for the spontaneous organization of molecules into ordered
structures.>® Self-assembly can be used to fabricate various types of nanotechnology-boosted biomaterials, such as
nanoparticles, nanofibers, and nanotubes. Nanofabrication is also a feasible technique for the fabrication of nanotechnol-
ogy-boosted biomaterials, involving the use of various methods such as electron beam lithography, focused ion beam
milling, and atomic force microscopy.*® Of note, nanofabrication can be used to create highly complex nanotechnology-
boosted biomaterials with precise control over their size, shape, and composition.*! For instance, Rogers et al group
recently provided a series of hierarchical assembly concepts that leverage multiple layers of prestretched elastomeric
substrates to produce 3D frameworks with complex, elaborate configurations.** One of the key features of this method is
the control over strains used in the fabrication process, which provides reversible access to multiple different 3D layouts
in a given structure. This means they can achieve different 3D geometries by controlling the applied strain during
fabrication.*?

Moreover, surface functionalization and coating are critical steps in the fabrication of nanotechnology-boosted
biomaterials, allowing for the modification of their surface properties and the attachment of bioactive molecules.
Surface functionalization can be achieved through various methods such as chemical modification, plasma treatment,
and physical adsorption. For example, Nie et al reported a novel functional modified-exosomes for anti-cancer therapy.*
Specifically, the azide-modified macrophage-derived exosomes were conjugated with dibenzocyclooctyne-modified
antibodies of CD47 and SIRPa, and the nano-bioconjugates can actively target tumors through the specific recognition
between aCD47 and CD47 on the tumor cell surface.*’ In methodology, chemical modification involves the covalent
attachment of functional groups to the surface of nanotechnology-boosted biomaterials, allowing for the precise control
over the surface chemistry. Plasma treatment involves the use of a plasma to modify the surface chemistry of
nanotechnology-boosted biomaterials, while physical adsorption involves the non-covalent attachment of molecules to
the surface of nanotechnology-boosted biomaterials.** Furthermore, coating is another technique for the surface mod-
ification of nanotechnology-boosted biomaterials, allowing for the attachment of bioactive molecules and the formation
of a biocompatible surface.** Electrospinning, layer-by-layer assembly, and physical vapor deposition are the main
approaches for coating nanotechnology. Specifically, electrospinning is commonly use in electric field to fabricate
nanofibers from a polymer solution, with the aim to achieve the precise control over the fiber diameter and
orientation.*> Accordingly, layer-by-layer assembly involves the sequential deposition of different layers of molecules
onto the surface of nanotechnology-boosted biomaterials, allowing for the creation of complex surface architectures.*®
For physical vapor deposition, it involves the deposition of a thin film onto the surface of nanotechnology-boosted
biomaterials, allowing for the precise control over the film thickness and composition.*”

Delivery Systems Based on Nanotechnology-Boosted Biomaterials
Nanotechnology-boosted biomaterials have provided precise and targeted delivery of therapeutic molecules to the site of
injury, improving the therapeutic efficacy and reducing the risk of side effects.** In this section, we will discuss the
various strategies for the delivery of bioactive agents and genes using nanotechnology-boosted biomaterials for OA
treatment.

Delivery of Bioactive Agents
Bioactive agents such as growth factors, cytokines, and anti-inflammatory agents play a critical role in promoting tissue
regeneration and reducing inflammation in OA. However, the systemic administration of these agents can lead to off-
target effects and reduced efficacy. Nanotechnology-boosted biomaterials can be used to deliver these agents locally to
the site of injury, improving their therapeutic efficacy and reducing the risk of side effects.*®

Nanoparticles are one of the most widely used nanotechnology-boosted biomaterials for the delivery of bioactive
agents.*’ These particles can be engineered to have a specific size, shape, and surface chemistry, allowing for the targeted
delivery of therapeutic molecules to the site of injury.”® Various types of nanoparticles such as liposomes, polymeric
nanoparticles, and dendrimers have been used for the delivery of bioactive agents for OA treatment.
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Liposomes are spherical nanoparticles composed of a phospholipid bilayer, allowing for the encapsulation of both
hydrophilic and hydrophobic therapeutic molecules. These nanoparticles can be modified to improve their stability and
targeting ability, such as the addition of PEG to reduce their clearance by the immune system.’' For a recent example,
Zhong et al reported an actively-loaded liposomal composites using meglumine to enhance aqueous solubility and
divalent metal (Ca®") solution to improve encapsulation efficiency. The in vitro and in vivo examination indicated that
this liposomal biomaterial was capable of significantly ameliorating chondrocytes apoptosis and extracellular matrix
degeneration via restoring the inflammatory microenvironment of OA joint (Figure 5). Thus, these findings provided
a promising nanomedicine for OA therapy by intra-articular injection.’”

Furthermore, polymeric nanoparticles are an another type of nanoparticle that can be used for the delivery of
bioactive agents. Polymeric nanoparticles are solid particles that can incorporate hydrophilic and hydrophobic drugs,
such as small molecules, proteins, and nucleic acids. They are extensively used in the field of nanomedicine due to their
structural versatility, facile synthesis, and higher stability when compared to other nanoparticle types.>® These particles
are composed of biocompatible and biodegradable polymers such as poly (lactic-co-glycolic acid) (PLGA) and can be
engineered to have a specific size and surface chemistry.”* For instance, the Qin et al group developed a novel cartilage
targeting therapy based on the polymeric nanoparticles.® In this study, the in vitro and in vivo results indicated that
polymeric micellar nanoparticles conjugated with a potent epidermal growth factor receptor (EGFR) ligand, were stable
and nontoxic and had long joint retention, high cartilage uptake, and penetration capabilities. More important, in the OA
mice model, intra-articular injection of these functional nanoparticles effectively attenuated cartilage degeneration,
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subchondral bone plate sclerosis, and joint pain. All these findings suggest the feasibility and safety of using nanotech-
nology to target EGFR signaling for OA therapy.’

In addition to nanoparticles, other types of nanotechnology-boosted biomaterials such as hydrogels and scaffolds can
also be used for the delivery of bioactive agents.””> >’ Hydrogels are three-dimensional networks of cross-linked polymers
that can absorb large amounts of water, allowing for the encapsulation and release of therapeutic molecules. These
biomaterials can be engineered to have a specific pore size and degradation rate, allowing for the controlled release of
therapeutic molecules.”® In a recent study, Huang et al group reported a novel drug-delivery hydrogel by incorporating
celecoxib-loaded liposomes within dynamic covalent bond-based HA. Functionally, the in vitro and in vivo examinations
suggested that this hydrogel acted as a stable drug delivery system for sustained release of celecoxib, and was able to
protect anabolic-catabolic balance, improve cartilage wear, and attenuate OA progression (Figure 6).%° Therefore, this
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of the extracellular matrix by modulating anabolic and catabolic processes. Reprinted from Lei Y, Wang X, Liao J, Shen J, Li Y, Cai Z et al. Shear-responsive boundary-
lubricated hydrogels attenuate osteoarthritis. Bioact Mater. 2022;16:472-484. Creative Commons.*®
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study shed beneficial sights on the therapeutic application of hydrogel-based drug delivery system in cartilage degen-
erative diseases like OA.

Delivery of Genes and Non-Coding RNAs

Gene therapy is an emerging approach for the treatment of OA, providing a mechanism for the delivery of therapeutic
genes to the site of injury. However, the delivery of genes to the target tissue is a significant challenge due to the
complexity of the extracellular matrix and the cellular barriers present in the joint. Nanotechnology-boosted biomaterials
can be used to deliver genes and non-coding RNAs locally to the joint, improving their therapeutic efficacy and reducing
the risk of off-target effects.®” Various types of nanotechnology-boosted biomaterials such as nanoparticles, liposomes,
and viral vectors have been used for the delivery of genes and non-coding RNAs for OA treatment.®' Nanoparticles can
be used to deliver plasmid DNA encoding therapeutic genes, allowing for the sustained expression of the therapeutic
protein in the target tissue.*> For example, Ding et al group recently introduced a novel nanoparticle encapsulated with
plasmid DNA (pDNA) encoding transforming growth factor-beta 1 (TGF-B1) to engineer mesenchymal stem cells
(MSCs) for promotion of cartilage regeneration in OA (Figure 7).%® Noticeably, they found that the nanoparticles were
able to enhance cell proliferation and present a higher pDNA transfection efficiency compared with lipofectamine 3000.
Furthermore, the in vitro and in vivo results all showed that the nanoparticles-engineered MSCs exhibited a better
therapeutic efficacy in promotion of cartilage repair compared with pure MSCs.®® Thus, these findings provides
a potential strategy for overcoming the limitation of current stem cell therapy in OA therapy through designing and
fabricating nano-engineered stem cells.

Viral vectors are another type of nanotechnology-boosted biomaterial that can be used for the delivery of genes and
non-coding RNAs. These vectors are derived from viruses and can be engineered to be non-pathogenic and target specific
cell types. Adeno-associated virus (AAV) vectors have shown promise for gene therapy in OA, as they can efficiently
transduce chondrocytes and have a low immunogenicity.”* However, the use of viral vectors for gene therapy can raise
safety concerns, such as the potential for integration into the host genome. In addition to genes, non-coding RNAs such
as microRNAs (miRNAs) and small interfering RNAs (siRNAs) have also emerged as potential therapeutic targets for
OA.% These non-coding RNAs regulate gene expression and can modulate pathways involved in OA pathology, such as
inflammation and matrix degradation.®® Nanoparticles, liposomes, and other nanotechnology-boosted biomaterials can be
used to deliver these non-coding RNAs to the target tissue, allowing for the modulation of gene expression and the
improvement of OA pathology.®” Overall, nanotechnology-boosted biomaterials provide a promising platform for the
delivery of bioactive agents and genes for the treatment of OA. These biomaterials can improve the targeted delivery of

therapeutic molecules, enhancing their therapeutic efficacy and reducing the risk of off-target effects.
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Figure 7 Schematic illustrations of the fabrication of nanoparticle-based gene therapy in OA treatment. Reprinted from Cai Y, Wu C, Ou Q, Zeng M, Xue S, Chen ] et al.
Enhanced osteoarthritis therapy by nanoengineered mesenchymal stem cells using biomimetic CuS nanoparticles loaded with plasmid DNA encoding TGF-betal. Bioact
Mater. 2023;19:444—457. Creative Commons.®?
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Green Nanomaterials for Cell and Mitochondria Targeting

The utilization of green nanomaterials for cell and mitochondria targeting represents an innovative and environmentally
friendly approach in nanomedicine.®® Green nanomaterials are derived from sustainable and biocompatible sources,
minimizing potential adverse effects on both human health and the environment.® Utilizing their unique physicochem-
ical properties, green nanomaterials have shown great potential for precise and efficient targeting of specific cells and
mitochondria, offering promising opportunities for advanced therapeutic interventions.

Green nanomaterials are typically derived from natural sources such as plant extracts, proteins, polysaccharides, and
lipids. These materials are renewable, cost-effective, and biocompatible, reducing concerns about toxicity and long-term
environmental impact.®® Furthermore, the surface of green nanomaterials can be easily functionalized to improve their
selectivity and affinity for specific cells or organelles. Ligands, antibodies, or peptides that recognize receptors or
biomarkers overexpressed on the target cells’ surface can be conjugated to the nanomaterials.”®’* This active targeting
allows the green nanomaterials to bind preferentially to the desired cells, increasing their accumulation and uptake while
minimizing interactions with non-targeted cells. Mitochondria play a pivotal role in cellular energy production and are
involved in various diseases, including neurodegenerative disorders, cancer, and metabolic diseases.®>’* Targeting
mitochondria is a promising therapeutic approach. Importantly, green nanomaterials can be engineered to deliver
therapeutic agents directly to the mitochondria. To achieve this, positively charged nanomaterials can be designed to
interact with the negatively charged mitochondrial membrane, facilitating their uptake into these organelles. Peptide-
based mitochondrial targeting sequences, such as mitochondria-penetrating peptides (MPPs), can also be incorporated
into the green nanomaterials to improve their mitochondrial delivery efficiency.’’

The utilization of green nanomaterials for cell and mitochondria targeting presents a promising avenue for developing
precision medicine and therapeutic strategies. Their sustainable nature, combined with the ability to actively and
selectively target specific cells and organelles, makes them an attractive alternative to conventional targeting approaches.
Continued research in this field holds great potential for developing safe and effective therapies for a wide range of
diseases, while contributing to sustainable and eco-friendly nanomedicine practices.

Challenges and Opportunities
Previous studies have extensively discussed the noteworthy nanotechnology-boosted biomaterials utilized in OA
therapy.”>’* For instance, the study conducted by the Vahedi et al group performed a thorough examination of diverse
optimization strategies applied to nanofibrous scaffolds, aiming to augment cartilage tissue engineering.”® Specifically,
their review analyzed the impact of nanoscaffold architecture on overall performance, and also provided a prospective
outlook to promote progress in this promising domain.”> However, despite these efforts, further investigations are
warranted to comprehensively compile the most recent advances of nanotechnology-boosted biomaterials in OA therapy.
Therefore, in this comprehensive review, we present an extensive survey of the current status and future prospects
concerning nanotechnology-boosted biomaterials for OA therapy. Although nanotechnology-boosted biomaterials have
exhibited huge potential for improved targeting, sustained release, and enhanced therapeutic efficacy for OA,” the
development and translation of these biomaterials face several challenges and limitations, which need to be addressed to
achieve successful clinical translation.

First of all, the development of nanotechnology-boosted biomaterials for OA treatment requires overcoming various
technical challenges and limitations, including:

(1) Synthesis and characterization of nanoparticles: The production of nanoparticles with the desired size, shape, and
surface properties for targeted OA therapy can be challenging. The characterization of nanoparticles is also
crucial for their successful use in vivo, as the properties of nanoparticles can change significantly in biological
environments.

(i1) Biocompatibility and toxicity: The safety and biocompatibility of nanoparticles are essential factors for clinical
translation. It is crucial to assess the potential toxicity and immunogenicity of nanoparticles, as well as their
interactions with biological systems, such as cells, tissues, and organs.
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(iii) Control of nanoparticle release: The controlled release of nanoparticles is crucial for achieving sustained
therapeutic effects. However, achieving this control can be challenging due to the complex interactions between
nanoparticles and the surrounding biological environment.

(iv) Targeting and penetration: Nanoparticles should be designed to target specific tissues and penetrate the extra-
cellular matrix to reach the desired site of action. However, the heterogeneity of the OA tissue and the presence
of various barriers can hinder effective targeting and penetration.

(v) The safety and regulatory issues associated with nanotechnology-boosted biomaterials are also significant
challenges that need to be addressed for successful clinical translation. The regulatory approval process for
nanotechnology-boosted products is rigorous, and it requires extensive safety and efficacy data. The safety
concerns associated with nanoparticles, such as their potential toxicity, immunogenicity, and long-term effects,
need to be addressed in preclinical studies before clinical trials can be conducted. The development of effective
strategies to evaluate the safety and efficacy of nanoparticles is crucial for their successful clinical translation.

Hence, to overcome the challenges and limitations of nanotechnology-boosted biomaterials for OA treatment, several
future directions and recommendations can be considered:

(i) Advanced characterization techniques: The development of advanced characterization techniques that can
provide more accurate and detailed information on the properties of nanoparticles are essential. Techniques
such as high-resolution microscopy and spectroscopy can provide valuable insights into the interaction of
nanoparticles with biological systems.

(i1) In vitro and in vivo toxicity assessment: Toxicity assessment of nanoparticles should be conducted using relevant
models to determine their safety and biocompatibility. These studies should consider the long-term effects of
nanoparticles and their potential to cause immunogenicity and other adverse effects.

(iii) Development of targeted delivery systems: Targeted delivery systems should be developed to improve the
targeting and penetration of nanoparticles in OA tissue. These delivery systems can include various targeting
ligands and surface modifications to enhance the binding and internalization of nanoparticles into OA cells.

(iv) Integration with other therapies: nanotechnology-boosted biomaterials can be integrated with other OA therapies,
such as cell and gene therapy, to enhance their therapeutic effects. Combination therapies can provide
a synergistic effect that can improve the overall efficacy of OA treatment.

In conclusion, nanotechnology-boosted biomaterials have shown great potential for OA treatment, offering beneficial
advantages such as improved drug delivery, enhanced tissue regeneration, and reduced inflammation. However, there are
still technical challenges that need to be addressed, including the limited availability of suitable biomaterials, the
complexity of the design and synthesis of nanoparticles, and the difficulty in achieving effective targeting of the affected
joint. Additionally, safety and regulatory issues need to be thoroughly considered and addressed to ensure the clinical
translation of these technologies.

The field of nanotechnology-boosted biomaterials for OA therapy holds significant potential for advancing treatment
options and improving patient outcomes. Several future research directions can further enhance the application of
nanotechnology in OA therapy, including advanced drug delivery systems, personalized nanomedicine, biomimetic
nanomaterials, combination therapies, and clinical trials and translational research. By focusing on these future research
directions, the field of nanotechnology-boosted biomaterials for OA therapy can make significant strides towards

revolutionizing treatment approaches, promoting cartilage regeneration, and improving the quality of life for OA patients.
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