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Abstract: Bioprinting is an advanced technology that allows for the precise placement of cells and biomaterials in a controlled
manner, making significant contributions in regenerative medicine. Notably, bioprinting-enabled biomaterials have found extensive
application as drug delivery systems (DDS) in the treatment of osteoarthritis (OA). Despite the widespread utilization of these
biomaterials, there has been limited comprehensive research summarizing the recent advances in this area. Therefore, this review aims
to explore the noteworthy developments and challenges associated with utilizing bioprinting-enabled biomaterials as effective DDS for
the treatment of OA. To begin, we provide an overview of the complex pathophysiology of OA, highlighting the shortcomings of
current treatment modalities. Following this, we conduct a detailed examination of various bioprinting technologies and discuss the
wide range of biomaterials employed in DDS applications for OA therapy. Finally, by placing emphasis on their transformative
potential, we discuss the incorporation of crucial cellular components such as chondrocytes and mesenchymal stem cells into
bioprinted constructs, which play a pivotal role in promoting tissue regeneration and repair.
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Introduction

Osteoarthritis (OA) is a chronic joint disease that primarily affects the elderly, often leading to disability and a substantial
decline in their quality of life during their later years." The existing treatment modalities for OA have marked limitations,
including their primarily symptomatic relief, systemic side effects, limited disease-modifying capabilities, invasive
procedures, lack of personalization, temporary relief, and sometimes prohibitive costs. Moreover, OA treatment options
face challenges in promoting effective tissue regeneration due to the limited regenerative capacity of damaged joint
tissues. In this context, bioprinting-enabled drug delivery systems (DDS) offer a promising alternative, with the potential
to provide precise, localized drug delivery, sustained release, tissue regeneration support, and personalized treatment
options, addressing many of these limitations and improving the overall management of OA.

Unlike conventional treatment options, which are often limited in their efficacy, bioprinting-enabled biomaterials offer
a transformative avenue for combating OA.> This innovative technology allows for the fabrication of intricate 3D structures
that closely mimic the complexity of native tissues. With precision and finesse, bioprinting enables the controlled deposition
of cells and biomaterials, resulting in the construction of structures that bear an eminent resemblance to the natural tissue
microenvironment.* By replicating the intricate architecture of the affected joint, bioprinting holds the potential to support
the regeneration of damaged tissue and even impede the relentless progression of the disease.

One of the most critical aspects of bioprinting is the ability to design treatment to the specific needs of individual
patients.” The ability of customizing bioprinting-enabled biomaterials according to the individual’s personal character-
istics, provides a paradigm shift in treatment outcomes. By considering factors such as the patient’s physiology, severity
of the condition, and other individual characteristics, bioprinting paves the way for personalized interventions that yield
improved outcomes.® Furthermore, bioprinting technology offers a multitude of advantages that transcend the limitations
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of traditional therapies. By reducing the necessity for invasive procedures, which are often accompanied by risks and
complications, bioprinting offers a safer and less intrusive route to recovery.’

OA primarily affects specific joints, and its chronic nature necessitates long-term therapy. Bioprinting offers precise
drug placement directly into the affected joint space, reducing systemic exposure and minimizing systemic side effects.®
Furthermore, bioprinted constructs can control drug release kinetics, providing sustained therapeutic agents over an
extended period, aligning with the chronicity of OA. Moreover, OA is characterized by the progressive loss of articular
cartilage, inflammation, and tissue degeneration. Bioprinting enables the incorporation of chondrocytes or mesenchymal
stem cells (MSCs) within scaffolds, promoting cartilage regeneration and tissue repair. By releasing anti-inflammatory
agents or biological agents locally, bioprinted constructs effectively manage the chronic joint inflammation associated
with OA.* Additionally, the ability to customize bioprinted constructs to match the unique needs of each patient ensures
personalized treatment, a crucial aspect in OA management.’

In this review, 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 “bioprinting-enabled biomaterials”, “3D biomaterials”,
“drug delivery system”, and “osteoarthritis therapy” to retrieve relevant studies. We aim to reveal the emerging
developments and the inevitable challenges that arise when harnessing the excellent function of bioprinting-enabled
biomaterials as an effective DDS for the treatment of OA. By closely linking the excellent advantages of bioprinting with
the regenerative potential of these biomaterials-based DDS, we provide a promising strategy towards novel therapies for
improving the therapeutic outcome of OA patients.
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Pathophysiology of OA

The intricacies of OA unveil a multifaceted landscape, characterized by a variety of factors that contribute to its onset,
advance, and severity. The earliest signs of OA pathology manifest on the surface of the articular cartilage, where focal
regions experiencing maximum load display the telltale signs of fibrillation.'® In response to the loss of the cartilage’s
supportive matrix, chondrocytes—the sole cell type present in cartilage—undergo a dramatic proliferation, striving to
compensate for the damage incurred.'” However, some chondrocytes undergo a phenotypic shift, transforming into
hypertrophic chondrocytes akin to those found in the hypertrophic zones of the growth plate.

With the relentless progression of OA, the matrix degradation and loss intensify, fueled by the continuous production of
proteases instigated by proinflammatory cytokines. These cytokines, acting in an autocrine and paracrine manner, stimulate
chondrocytes to produce even more cytokines and proteases, perpetuating a vicious cycle of destruction. The bone changes
that occur in OA are equally significant.!’ Subchondral sclerosis, characterized by an increase in collagen production, becomes
evident, heralding the progression of the disease. At more advanced stages, osteophytes make their presence known, emerging
as bone and cartilage outgrowths in the joint area. The growth pattern of osteophytes is sensitive to factors such as size and
local cartilage narrowing, although exceptions exist, such as the lateral tibia and medial patella.'' Biomechanical forces play
a pivotal role in facilitating osteophyte development, further entwining the intricate web of OA pathology.

Although synovial inflammation and hypertrophy are commonly observed in most patients with symptomatic OA, it is
crucial to note that synovitis inflammation does not serve as the initiating factor for primary OA.'* Instead, it contributes to
the progression of pain and disease, exacerbating the burdensome symptoms experienced by those afflicted with OA.

With the great stride in understanding the OA pathophysiology, it becomes increasingly apparent that a multitude of
factors intertwines in the development and progression of the disease. Inflammatory mediators, proteinases, cell prolifera-
tion, and an array of biochemical parameters have all emerged as crucial players within this complex narrative (Figure 1).
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Figure | The pathophysiology of OA. OA is a complex disease with multi-factors and causes, which affects not only the cartilage tissue but also the surrounding tissues. (A)
Pathological knee. (B) OA not only impacts cartilage but also exerts its effects on the surrounding tissues. This results in the modulation of the subchondral plate, synovial
tissue inflammation, and the development of erosion and osteophytes in the supporting bone. (C) The primary etiological event responsible for OA remains largely elusive.
Several risk factors have been proposed to augment susceptibility to OA, including aging, chronic mechanical overloading, traumatic injury, genetic predisposition, sex, and
hormonal variations. (D) Numerous regulatory pathways contribute to the initiation and progression of OA, although not all are necessarily involved in every disease
phenotype. (E) Cells within the affected tissues actively participate in the initiation and propagation of OA. (F) During the course of OA, these cells undergo phenotypic
changes, leading to altered transcriptome profiles that perpetuate an unending cycle of inflammation and tissue deterioration. Reproduced with permission from Foo |B, Looi
QH, How CW, et al. Mesenchymal Stem Cell-Derived Exosomes and MicroRNAs in Cartilage Regeneration: biogenesis, Efficacy, miRNA Enrichment and Delivery.
Pharmaceuticals. 2021;14(11):56."* Copyright 2021, MDPI. Creative Commons.
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By elucidating the multifaceted nature of OA, we pave the way for comprehensive approaches to treatment and manage-
ment, bringing in a new era of personalized and targeted interventions that hold the potential to alleviate the burden faced
by those affected by this debilitating condition.

Functional Properties of Bioprinting-Enabled Biomaterials

The inherent properties of bioprinting-enabled biomaterials form the foundation of their effectiveness as a promising
treatment option for OA. These properties not only define the structural integrity of the constructs but also enhance their
interaction with the surrounding biological environment, ultimately influencing their therapeutic efficacy.'* First,
bioprinting-enabled biomaterials exhibit exceptional biocompatibility, closely integrating with the host tissues. By
mimicking the native tissue microenvironment, these biomaterials provide a beneficial milieu for cellular growth and
proliferation, supporting the restoration of the damaged joint structures. Furthermore, the mechanical properties of
bioprinting-enabled biomaterials are functionally engineered to withstand the dynamic forces and stresses encountered
within the joint environment.'> By withstanding the rigors of daily joint activities, these biomaterials promote long-term
therapeutic success, offering relief to individuals suffering from OA. Moreover, these biomaterials can act as carriers,
capable of encapsulating a diverse range of pharmaceutical compounds, including anti-inflammatory agents, growth
factors, and even cells.'® This controlled release mechanism enables targeted and sustained delivery of therapeutic
payloads to the affected joint, optimizing treatment efficacy while reducing systemic side effects.

Specific Drugs and Materials Used in OA Therapy

OA treatment encompasses a range of drugs and pharmaceutical agents aimed at managing its symptoms and, more
recently, modifying disease progression.'” Nonsteroidal Anti-Inflammatory Drugs (NSAIDs), such as ibuprofen and
naproxen, are frequently employed to alleviate OA-related pain and inflammation by inhibiting enzymes involved in the
inflammatory process.'® However, long-term NSAID use can lead to gastrointestinal issues and cardiovascular concerns,
necessitating careful monitoring. Disease-Modifying Osteoarthritis Drugs (DMOADs) represent a promising avenue, as
they target the underlying processes contributing to cartilage degradation and joint inflammation."” Compounds like
sprifermin and strontium ranelate are under investigation for their potential to slow OA progression, offering hope for
disease modification rather than mere symptom relief.*%*'

Corticosteroid injections are another commonly utilized option, providing short-term relief by directly addressing
joint inflammation.”> However, their prolonged use may lead to joint deterioration, emphasizing the importance of
judicious administration. Hyaluronic acid injections, which mimic a natural joint component, aim to lubricate and
cushion the affected joint, reducing pain and enhancing joint function.”® Nonetheless, the effectiveness of this treatment
can vary among individuals. Emerging biologic therapies hold promise in OA management. These therapies harness
biological agents like monoclonal antibodies and growth factors to specifically target pathways contributing to OA.**

Moreover, in bioprinting-enabled DDS for OA, the choice of biomaterials plays a pivotal role in determining the
success of these therapeutic approaches.”>?® Natural materials such as collagen, chitosan, and hyaluronic acid have
gained prominence due to their inherent biocompatibility and resemblance to the extracellular matrix of joint tissues.
Collagen, being a ubiquitous protein in connective tissues, serves as an excellent scaffold and drug carrier, closely
mimicking the native tissue environment.?’” Chitosan, derived from chitin in crustacean shells, offers biodegradability and
can be tailored to control drug release rates, providing sustained therapeutic benefits.”® Hyaluronic acid, a vital
component of synovial fluid, is instrumental in lubricating and cushioning joints. In bioprinting applications, it fosters
the creation of drug-loaded hydrogels that mimic the joint’s natural milieu, ensuring improved drug retention and
diffusion within the target site.”” Synthetic polymers like poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol
(PEG) bring versatility to DDS design, allowing for fine-tuned control over drug release kinetics and mechanical
properties.**° PLGA, for example, can encapsulate drugs, enabling gradual, controlled release that reduces the necessity
for frequent injections.>® Composite materials that blend natural and synthetic components offer synergistic advantages,
such as enhanced structural integrity, controlled drug release, and biocompatibility.*' By harnessing the potential of these
biomaterials, bioprinting-enabled DDS for OA not only provides a precise platform for localized drug delivery,
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minimizing systemic side effects, but also fosters an environment conducive to tissue regeneration and pain relief,
ultimately advancing the therapeutic landscape for OA patients.

Biocompatibility and Degradability

Bioprinting techniques, while crucial for the precise deposition and spatial control of these materials, do not inherently
alter the fundamental biocompatibility and biodegradability characteristics of the biomaterials. Good biocompatibility
ensures that the biomaterial is well-tolerated by the body, facilitating a harmonious interaction between the construct and
the surrounding biological milieu.**** By promoting a favorable cellular response, biocompatible biomaterials provide
an environment beneficial to tissue regeneration and healing within the affected joint, effectively addressing the
challenges posed by OA.>*

Concomitantly, biodegradability plays a vital role in the context of OA treatment, which is crucial for the natural
healing and remodeling processes within the joint. As the bioprinting-enabled biomaterial gradually degrades, it paves
the way for the regeneration and integration of new-bone tissue, successfully replacing the damaged structures.>> The
controlled degradation of the biomaterial complies with the body’s own healing mechanisms, facilitating a beneficial
transition and minimizing the risk of complications.

The utilization of various biocompatible and biodegradable materials in bioprinting-enabled biomaterials for OA
treatment has attracted considerable attention.>**> Natural polymers, such as collagen, chitosan, hyaluronic acid, and
alginate, have been extensively explored for their excellent biocompatibility and ability to support cellular growth.*
These materials closely mimic the native extracellular matrix, providing a favorable microenvironment for chondrocyte
proliferation and differentiation. Additionally, their biodegradable nature ensures a gradual degradation over time,
complying with the healing process of the joint and promoting tissue regeneration.

Synthetic polymers, including polycaprolactone (PCL), PLGA, and PEG, have also demonstrated considerable
potential in OA treatment.”” These materials offer tunable properties, enabling precise control over their mechanical
strength, degradation rate, and release kinetics. Their biocompatibility, coupled with their controlled degradation
capability, enables customized interventions that align with the specific requirements of individual patients.’® By
leveraging these synthetic polymers, researchers can design constructs that provide mechanical support to the damaged
joint while facilitating the regeneration of functional tissue.

The exploration of biocompatible and biodegradable materials in OA treatment provides considerable possibilities for
enhancing therapeutic interventions. By combining these properties with the precision of bioprinting technology,
researchers can develop constructs that not only mimic the native tissue microenvironment but also actively promote
tissue regeneration and healing. With ongoing research and innovation in bioprinting technique, the landscape of OA
therapy is poised to witness transformative developments, where biocompatible and biodegradable bioprinting-enabled
biomaterials play a pivotal role in restoring joint function, alleviating pain, and enhancing the quality of life for
individuals living with OA.

Superior Mechanical and Structural Advantages

Mechanical and structural properties are critical for bioprinting-enabled biomaterials, which can mediate the performance
and stability of these biomaterials within the complex environment of the human body.>® These properties serve as
critical foundations for achieving optimal functionality and support, mimicking the eminent characteristics of natural
cartilage and addressing the unique challenges presented by OA.

The mechanical properties of bioprinting-enabled biomaterials play a pivotal role in their success as a viable OA
treatment option. These properties should closely mimic the intricate attributes of natural cartilage, including its stiffness,
elasticity, and load-bearing capacity.’® By utilizing the mechanical properties to match those of the native tissue, the
biomaterials can provide the joint with the necessary support and functionality to endure the dynamic forces and stresses
encountered during daily activities.*” This simulation of natural cartilage mechanics not only enhances the performance
of the biomaterial but also fosters an integration with the surrounding tissues, promoting long-term therapeutic success.

Similarly, the structural properties of bioprinting-enabled biomaterials are also crucial for their function, which
demand diligent design to mimic the complex architecture of native cartilage tissue.*' Natural cartilage possesses an
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intricate arrangement of collagen fibers and proteoglycans, conferring strength, resilience, and lubrication to the joint. By
mimicking this sophisticated structure, bioprinting-enabled biomaterials can closely integrate with the surrounding
tissues and facilitate the formation of functional cartilage-like tissue. The high reproduction of the structural properties
ensures optimal integration and enables the regenerated tissue to function effectively within the joint.*'

To obtain the desired mechanical and structural properties in bioprinting-enabled biomaterials, certain printing
parameters should be well-scheduled, including printing speed, nozzle diameter, and layer thickness. For instance,
techniques like photopolymerization harness light to solidify the biomaterial, enabling the fabrication of constructs
with high stiffness and strength that closely resemble natural cartilage properties.*? On the other hand, extrusion-based
approaches afford flexibility in adjusting the porosity and pore size of the constructs, allowing for the incorporation of
desired structural features that mimic the complexity of native cartilage tissue.*’

The utilization of various bioprinting techniques, such as photopolymerization, extrusion, and inkjet printing, further
broadens the repertoire of mechanical and structural possibilities.*> Each technique offers distinct advantages in
modulating the properties of the biomaterials. Photopolymerization, for instance, empowers the fabrication of biomater-
ials with exceptional stiffness and strength, providing precise control over their mechanical properties.*> Extrusion-based
methods, on the other hand, offer the versatility to tailor the porosity and pore size of the constructs, enabling the
incorporation of desired structural characteristics.**

Through manipulation of mechanical and structural properties, we can fabricate bioprinting-enabled biomaterials that
highly mimic the properties of natural cartilage. These biomaterials not only provide the required support, functionality,
and structural resemblance but also foster successful tissue regeneration and integration within the joint. As the field of
bioprinting continues to advance at a rapid pace, the ability to precisely tailor these properties provides huge potential for
the development of personalized and effective OA therapies.

Excellent Bioactivity and Functionality

Owing to the eminent ability to foster cell growth and efficiently deliver therapeutic agents, bioactivity and functionality
are crucial for bioprinting-enabled biomaterials.*® These properties play a pivotal role in OA treatment, as they determine
the biomaterials’ potential to induce cartilage regeneration and alleviate pain.

To enhance the bioactivity and functionality of bioprinting-enabled biomaterials for OA treatment, diverse strategies
have been employed. One such strategy involves the incorporation of growth factors and/or stem cells, like transforming
growth factor-beta (TGF-B) and MSCs into the biomaterials.** These growth factors act as catalysts, triggering cellular
growth and differentiation, thereby facilitating the regeneration of damaged cartilage (Figure 2).>> Moreover, the
encapsulation of therapeutic agents within the biomaterials offers an additional dimension of relief for OA patients.
By incorporating NSAIDs and corticosteroids, these biomaterials effectively suppress inflammation in the joints,
providing significant improvement from pain.*> The combination of therapeutic agents within the bioprinting-enabled
biomaterials offers a comprehensive approach to OA treatment, addressing both the regenerative and pain management
aspects. Currently, the ongoing developments in bioprinting technique have paved the way for innovative strategies in
OA treatment.

Fabrication Methods of Bioprinting-Enabled Biomaterials

During the past decades, a variety of bioprinting techniques have emerged as promising tools for fabricating biomaterials.
These cutting-edge developments offer a diverse range of fabrication methods, each with its own unique approach to
constructing bioprinting-enabled biomaterials.**** 3D printed constructs hold great potential in OA therapy due to their
unique capabilities. These constructs can be precisely tailored to match the specific anatomical and mechanical require-
ments of the affected joint, offering a personalized approach to treatment. They serve as a delivery platform for various
drugs and therapeutic agents, enabling controlled and localized release directly into the joint space, which can reduce
systemic side effects and improve drug efficacy. Additionally, 3D printed constructs can provide structural support to
damaged joint tissues, promoting tissue regeneration and repair. Their ability to incorporate key cellular components like
chondrocytes and mesenchymal stem cells further enhances their therapeutic potential, as these cells contribute to
cartilage restoration.
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Figure 2 Schematic illustration of bioprinting scaffold fabrication and scaffold treatment for osteochondral defects in OA. (A) The fabrication of 3D-bioprinted MSC-laden
biomimetic multiphasic scaffolds. (B) The designed scaffold was implanted into a severe joint injury rat model with osteochondral defects for evaluation. Reprinted from
Biomaterials, 279, Liu Y, Peng L, Li L, et al 3D-bioprinted BMSC-laden biomimetic multiphasic scaffolds for efficient repair of osteochondral defects in an osteoarthritic rat
model. 121216. Copyright 2021, with permission from Elsevier.”®

In this section, we summarize and discuss the intricacies of these fabrication methods, exploring the various
bioprinting techniques, and the subsequent post-processing and surface modification techniques. The integration of
different bioprinting techniques, appropriately selected materials, and feasible post-processing and surface modification
techniques shows the ingenuity and innovation driving the OA treatment.

Types of Bioprinting Techniques

Various bioprinting technologies offer distinct advantages and limitations in the context of DDS applications for OA
treatment. Inkjet bioprinting, known for its precision and high-speed capabilities, allows for the rapid deposition of cells
and biomaterials, making it suitable for high-throughput production. However, its layer-by-layer approach can limit the
complexity of 3D tissue constructs.*” ' Extrusion bioprinting, on the other hand, excels in versatility by accommodating
a wide range of biomaterials, including cell-laden bioinks, and produces constructs with favorable mechanical
properties.”> Nevertheless, achieving high-resolution printing may be challenging due to nozzle diameter restrictions,
and the shear forces involved can potentially affect cell viability.® Laser-based bioprinting stands out for its high
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precision and minimal cellular damage, making it ideal for intricate, highly detailed constructs.”* However, it can be
relatively slow and require specialized equipment, which may not be suitable for large, thick constructs needed in OA
therapy. Stereolithography (SLA) bioprinting, with its capacity to create detailed 3D structures, offers an advantage in
fine detail-oriented applications but may entail longer processing times, particularly when dealing with complex
constructs.” Electrospinning bioprinting, although primarily used for scaffold fabrication, provides nanofiber-based
scaffolds resembling the extracellular matrix, making it valuable in combination with other bioprinting techniques to
create hybrid structures.”® While these technologies address OA therapy challenges by enabling precise drug delivery,
sustained release, and personalized constructs, careful consideration of their limitations, including printing resolution,
speed, and material compatibility, is essential to selecting the most appropriate bioprinting approach for OA treatment.

Inkjet bioprinting, an effective technique, involves the deposition of minuscule droplets of bioink onto a substrate,
layering them to construct a 3D structure.’® The bioink utilized in this process typically comprises a combination of cells
and biomaterials that can be delicately crosslinked or cured, solidifying into a stable and coherent architecture.”’
Renowned for its speed and efficiency, inkjet bioprinting excels in producing small-scale structures with excellent
resolution, empowering researchers to explore the intricacies of tissue engineering with precision (Figure 3).*°

Another noteworthy technique, extrusion bioprinting, harnesses the controlled extrusion of bioink onto a substrate
using a syringe or nozzle.>> This method relies on a viscous polymer or hydrogel-based bioink that can be strategically
crosslinked or cured, ultimately yielding a robust and structurally sound construct. Notably, extrusion bioprinting offers
the advantage of creating large-scale structures with varying levels of complexity. This technique has captured the
attention of researchers seeking to fabricate biomaterials for diverse applications in tissue regeneration and organ
engineering.’”

Laser-assisted bioprinting represents another feasible technique, employing the precision of a laser to selectively
transfer bioink onto a substrate. Typically, a cell-laden hydrogel-based bioink is employed, which can be intricately
crosslinked or cured to solidify into a stable and well-defined structure.”* Laser-assisted bioprinting distinguishes itself
by its excellent precision and adaptability, enabling the fabrication of complex and intricate structures while maintaining
high cell viability.>

Materials Used for Bioprinting

The selection of materials for bioprinting-enabled biomaterials is crucial for tissue engineering applications. Among the
available options, natural polymers, synthetic polymers, and ceramics stand out as commonly utilized materials for
bioprinting, each possessing distinct properties that can be tailored to meet the specific requirements of the target tissue.

Natural polymers, derived from biological sources, offer an inherent biocompatibility in the biological environment.
Materials such as collagen, fibrin, and hyaluronic acid exhibit excellent biodegradability and bioactivity, promoting
cellular adhesion, proliferation, and tissue regeneration.’® These natural polymers mimic the extracellular matrix (ECM),
providing a supportive scaffold for cell growth and facilitating the restoration of damaged tissues.*' However, their
mechanical strength and stability may be comparatively lower, requiring reinforcement or combination with other
materials for optimal performance in OA treatment.

On the other hand, synthetic polymers, such as PLGA, PEG, and PCL, offer excellent mechanical properties and can
be utilized to meet specific requirements.”’ Synthetic polymers provide stability, structural integrity, and tunable
degradation rates, allowing researchers to design biomaterials with precise mechanical characteristics. Additionally, the
versatility of synthetic polymers enables the incorporation of bioactive molecules and controlled release of therapeutic
agents within the constructs, facilitating targeted tissue regeneration and pain relief.’® However, synthetic polymers may
lack the natural bioactivity and recognition by cells, necessitating additional modifications or the combination of different
materials to enhance cell-material interactions.

Ceramics, including hydroxyapatite and tricalcium phosphate, exhibit excellent biocompatibility and mimic the
mineral component of natural bone. These materials possess favorable osteoconductivity, promoting bone growth and
integration with the surrounding tissues.”® Ceramics provide structural support, stability, and longevity to the bioprinted
constructs, making them particularly suitable for OA treatment where the regeneration of damaged cartilage and bone is
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Figure 3 Schematic illustration of the main content of inkjet bioprinting. (A) Concise depiction of the cellular environment reveals the presence of cell-fate associated
biomolecules that are secreted by cells, existing in both liquid and solid phases within the living organism. (B) High resolution and overprinting strategy developed inkjet
bioprinting. (C) Concentration gradient, pattern, and molecular pattern alone or their combination can be printed by the inkjet printer. (D) Through the application of
printing technology, biomolecule patterns have been utilized in the study of cellular behavior and tissue regeneration. Reproduced with permission from Li X, Liu B, Pei B, et
al. Inkjet Bioprinting of Biomaterials. Chem Rev. 2020;120(19):10793-10833.*° Copyright 2020, American Chemical Society.

crucial.”’ However, the brittleness and limited versatility of ceramics may require their combination with other materials
to achieve the desired mechanical properties and functionality.

Post-Processing and Surface Modification

Post-processing and surface modification techniques offer valuable ways for enhancing the properties of bioprinting-
enabled biomaterials tailored for OA treatment. These techniques allow for modifying and optimizing the biomaterials to
improve their mechanical strength, porosity, degradation rate, cell adhesion, and tissue regeneration capabilities.*’
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A variety of methods have been employed to bolster the functional performance of bioprinted constructs.
Crosslinking, for instance, indicates instrumental in enhancing the mechanical strength and stability of the printed
structure by forming robust chemical bonds between the polymer chains. This process reinforces the biomaterial,
empowering it to withstand physiological forces and promoting long-term durability.®’ Similarly, annealing serves as
a valuable technique for ceramic-based biomaterials, enhancing their crystallinity and mechanical properties through
controlled heating and cooling. By optimizing the material’s structure, annealing contributes to improved functionality
and performance.®?

Furthermore, solvent removal presents an effective means of constructing porous structures within the biomaterials.®?
This controlled removal of solvents allows for the formation of interconnected pores, facilitating cell infiltration and
nutrient exchange. The resulting porous architecture promotes cellular adhesion, proliferation, and tissue ingrowth,
facilitating the regeneration process within the damaged joint. This technique is promising in augmenting the biomater-
ials’ capacity to promote tissue integration and functional restoration.

Surface modification techniques play a pivotal role in tailoring the biomaterials’ surface properties to optimize their
interaction with cells and the surrounding environment. Incorporating bioactive molecules onto the surface of the printed
structure offers a promising approach to stimulate specific cellular responses.®* Growth factors and ECM proteins, for
example, can be strategically introduced, promoting cell adhesion, differentiation, and tissue regeneration.®> These
bioactive molecules act as signals that guide cellular behavior, facilitating the formation of functional tissues and
accelerating the healing process.

Additional surface modification techniques include plasma treatment, which enhances the wettability and surface
energy of the printed structure. Plasma treatment alters the surface chemistry, promoting improved cell attachment and
spreading.®® Moreover, nanotopography is well-documented beneficial in facilitating cell adhesion and migration. The
incorporation of precise surface patterns or textures enhances the biomaterials’ capacity to interact with cells, providing
cues that promote favorable cellular responses and tissue integration.®”

By utilizing post-processing and surface modification techniques, bioprinting-enabled biomaterials can be optimized
for OA therapy. These techniques enable researchers to modulate the material’s properties, bolster mechanical strength,
fabricate porous structures for enhanced cellular infiltration, and customize the surface to elicit desired cellular responses.
Through the convergence of these techniques, the development of biomaterials that promote tissue regeneration, alleviate
pain, and restore function in OA joints becomes increasingly achievable.

The Applications of Bioprinting DDS in OA Therapy
The application of bioprinting in DDS has attracted considerable attention in OA therapy.®® By utilizing the capabilities
of bioprinting technology, researchers are exploring innovative approaches to develop targeted and efficient DDS for OA
treatment. Bioprinting enables the precise fabrication of complex 3D structures, allowing for the incorporation of
different compartments, channels, and reservoirs within the constructs. This versatility provides possibilities for design-
ing DDS that can be tailored to the specific needs of individual patients. By utilizing patient-specific data, such as joint
anatomy and disease severity, bioprinting can enable the fabrication of customized DDS that optimize the localization
and dosage of therapeutic agents.®

Bioprinting also allows for the encapsulation of drugs within biomaterial-based carriers, known as bioinks, which can be
precisely deposited and patterned.®® These bioinks can be formulated with biodegradable polymers, hydrogels, or nano-
particles, providing controlled release mechanisms for the drugs. This controlled release allows for sustained and targeted
delivery of therapeutic agents to the affected joint, minimizing systemic side effects and maximizing therapeutic efficacy.

Furthermore, bioprinting enables the incorporation of cells into the drug delivery systems.”® The incorporation of
chondrocytes and MSCs into bioprinted constructs represents a promising strategy for promoting tissue regeneration and
repair in OA treatment. Chondrocytes, being the native cells of articular cartilage, play a pivotal role in maintaining the
cartilage matrix. In OA, the loss of chondrocyte function is a hallmark, leading to cartilage degeneration. By incorporat-
ing chondrocytes into bioprinted constructs, a milieu resembling the natural cartilage environment is recreated, enabling
these cells to resume their critical function of producing extracellular matrix components.”’ This, in turn, promotes the
regeneration of damaged cartilage, restoring both its structural and functional integrity. On the other hand, MSCs bring
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their unique regenerative properties to the equation. Their ability to differentiate into chondrocytes within the construct
contributes directly to cartilage regeneration. Moreover, MSCs possess anti-inflammatory and immunomodulatory
properties, providing a favorable environment by mitigating local inflammation, supporting tissue healing, and stimulat-
ing the activity of endogenous chondrocytes.>® The synergistic use of chondrocytes and MSCs in bioprinted constructs
addresses OA’s multifaceted challenges, encompassing cartilage degradation and chronic inflammation, ultimately
offering a comprehensive and promising approach to rebuild damaged joint tissues and improve the long-term outcomes
of OA therapy.*®

Bioprinting Personalized DDS in OA Therapy

Bioprinting, a cutting-edge technology that combines three dimensional (3D) printing with biology, has revolutionized
various fields of medicine, including tissue engineering, regenerative medicine, and drug delivery. One promising
application of bioprinting is the development of personalized DDS for OA treatment. Personalized DDS aim to address
the limitations of conventional strategies by providing targeted and controlled drug release directly to the affected joint.”*
Bioprinting technique offers a unique approach to create such systems by using bioinks composed of living cells,
biomaterials, and therapeutic agents.’?

During the printing process, the therapeutic agents are integrated into the bioink in a spatially controlled manner,
allowing for the construction of complex drug release patterns.”> These patterns can be tailored to match the specific
needs of the patient, targeting areas of cartilage damage or inflammation. Additionally, the bioink can be designed to
mimic the mechanical properties of native cartilage, providing mechanical support and promoting tissue regeneration.””

Once the personalized DDS is printed, it can be implanted directly into the affected joint using minimally invasive
techniques. The system gradually releases the therapeutic agents over time, providing sustained and localized drug
delivery (Figure 4).”* This targeted approach minimizes systemic side effects and enhances the therapeutic efficacy
compared to oral medications or traditional injections.

Furthermore, bioprinting enables the fabrication of multifunctional DDS.” For example, the bioinks can be engi-
neered to respond to specific triggers, such as changes in pH or temperature, allowing for on-demand drug release in
response to the joint’s microenvironment.”® This responsiveness can further optimize the therapeutic outcomes and
minimize the need for repeated interventions.

Although bioprinting personalized DDS for OA therapy is still in the early stages of development, it has great
potential for the future of OA treatment. The ability to modulate drug release profiles, incorporate patient-specific factors,
and promote tissue regeneration has the potential to transform the management of OA, providing personalized and
targeted therapies that improve patient outcomes and quality of life.

Bioprinting personalized DDS in OA therapy represents a promising approach to address the limitations of current
treatment options. By combining advanced 3D printing technologies with biological materials and therapeutic agents,
bioprinting offers the potential for customized, targeted, and regenerative treatments that could significantly improve the
lives of individuals suffering from OA.

Bioinks-Based DDS for Promotion of Cartilage Regeneration in OA

Bioinks-based DDS have emerged as a promising approach for promoting cartilage regeneration in OA. These innovative
systems combine the principles of bioprinting and drug delivery to provide localized and controlled release of therapeutic
agents directly to the damaged cartilage, aiming to enhance tissue regeneration and alleviate OA symptoms.

The development of a bioink for cartilage regeneration involves the formulation of a biomaterial that serves as the
carrier for both the cells and the therapeutic agents.”” The bioink is functionally engineered to possess appropriate
mechanical properties, biocompatibility, and the ability to support cell growth and tissue formation. Typically, hydrogels
or other biocompatible polymers are used as the base material for the bioink.

Within the bioink, chondrocytes or MSCs are embedded to provide a cellular component for cartilage regeneration.
These cells have the potential to differentiate into chondrocyte-like cells, which are responsible for producing and
maintaining the cartilage ECM (Figure 5).”® The presence of these cells within the bioink helps to promote tissue
regeneration and enhance the efficacy of the therapy.
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In addition to the cells, the bioink is loaded with therapeutic agents that can facilitate cartilage regeneration and
alleviate OA symptoms.”’ These therapeutic agents may include growth factors, anti-inflammatory drugs, cytokines, or
other bioactive molecules. The choice of therapeutic agents depends on the specific goals of the treatment, such as
promoting cell proliferation, stimulating matrix synthesis, reducing inflammation, or modulating the immune response.

The bioprinting process enables precise spatial control over the deposition of the bioink within the damaged cartilage
region. Using a computer-aided design (CAD) model, the bioprinter deposits layers of the bioink onto the affected area,
formulating a structure that mimics the native cartilage tissue.”’ The incorporation of the therapeutic agents within the
bioink allows for controlled release kinetics, ensuring a sustained and localized delivery of the drugs to the targeted site.
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Figure 5 Schematic representation of the one-step DDS designed to facilitate osteochondral defect regeneration. The DDS involves stereolithography-based bioprinting of
ECM/gelatin methacryloyl/exosome construct, followed by implantation into the osteochondral defect. (A) Utilizing stereolithography, an ECM combined with Gelatin
Methacryloyl and exosome-based bioprinting is employed, followed by the implantation of the construct into the osteochondral defect. (B) Chondrocytes are observed
migrating to the regions of the defect. (C) The controlled administration of exosomes is achieved through the use of 3D printed scaffolds. (D) The scaffolds lead to
enhanced mitochondrial biogenesis in chondrocytes. Reproduced under the terms of a Creative Commons Attribution 4.0 International License from Chen P, Zheng L,
Wang Y, et al. Desktop-stereolithography 3D printing of a radially oriented extracellular matrix/mesenchymal stem cell exosome bioink for osteochondral defect
regeneration. Theranostics. 20I9;9(9):2439—2459,7B Copyright 2019, The Authors.

Once implanted into the affected joint, the bioinks-based DDS promotes cartilage regeneration through various mechan-
isms. The therapeutic agents stimulate the resident cells or the seeded cells within the bioink to proliferate, differentiate,
and produce cartilage-specific ECM components. This process helps to rebuild the damaged cartilage tissue, restore its
structural integrity, and improve joint function.

Furthermore, the localized and controlled release of therapeutic agents from the bioink minimizes systemic side
effects associated with conventional drug delivery methods. By delivering the drugs directly to the damaged site, the
bioinks-based DDS maximizes the therapeutic efficacy while minimizing the dosage required and reducing the risk of
adverse reactions. Although the field of bioinks-based DDS for cartilage regeneration in OA is still in its early stages, it
holds tremendous potential for improving the treatment outcomes of OA patients.*® Various bioink formulations, cell
sources, and therapeutic agents have been developed to optimize the effectiveness of these advanced DDS.

Bioprinting DDS-Based Cell Therapy in OA Joint

Bioprinting DDS for cell therapy in OA joints have emerged as a cutting-edge approach to enhance the efficacy of cell-
based treatments and promote cartilage regeneration.®' This innovative technique combines the principles of bioprinting,
drug delivery, and cell therapy to provide advanced targeted therapies for OA.

Cell therapy, which involves the transplantation of healthy cells into the damaged joint, provides promising direction
for regenerating cartilage and alleviating the progression of OA.*> However, the success of cell therapy depends on
various factors, including the survival and engraftment of the transplanted cells, their proper integration into the host
tissue, and the controlled release of bioactive molecules to support tissue regeneration.

Bioprinting DDS provide a solution to these challenges by enabling precise spatial distribution of cells and therapeutic
agents within the damaged joint. During the bioprinting process, the bioink is deposited layer by layer onto the damaged
joint area according to the 3D model. This precise deposition allows for the spatial distribution of cells and therapeutic
agents in a controlled manner, targeting specific regions of cartilage damage or inflammation (Figure 6).%*** The bioprinted
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Figure 6 An example for bioprinting cell therapy for Cartilage Repair. (A) 3D-bioprinted cartilage scaffold for implantation. (a) Schematic representation of the fabricated
scaffolds for cartilage repair in rabbit knee. (b) 3D computer-aided design (CAD) renderings of individual layers of the cartilage scaffold. (c-d) Dispensing path (outlined in
yellow box in b) for the aligned PCL (Polycaprolactone) and hydrogel (outlined in green box in c). The GDF5-conjugated BMSC-laden hydrogel was dispensed into the space
between PCL fibers. (e) Macroscopic view of GDF5-conjugated BMSC-laden hydrogel printed using OPUS. (f) Microscopic observation of the hydrogel under light
microscopy. (g) Macroscopic view of the cartilage scaffold incorporating GDF5-conjugated BMSC-laden hydrogel and PCL as the supporting structure. (h) Scanning electron
microscopy (SEM) images of GDF5-conjugated PLGA pS (Poly(lactic-co-glycolic acid) microspheres). (i) Implantation process of the cartilage scaffold into the defect site in
a rabbit knee. (j) High-resolution image of the implanted scaffold shown in (i). (k) Microscopic visualization of the alignment of PCL and hydrogel within the scaffold. (I) High-
resolution image of the area outlined in the blue box in (k). (m-p) Evaluation of minimal toxicity and distribution of PLGA pS within the BMSC-laden hydrogel in the scaffolds.
(B) Mechanical properties of different components and the cross-linked hydrogel measured at 17°C. (C) Dynamic thermal rheological observations of the cross-linkage of
GFHG. (D) Degradation rate of BMSC-laden hydrogel. E. Degradation rate of PCL in vitro and in vivo. Reproduced under the terms of a Creative Commons Attribution 4.0
International License from Sun Y, You Y, Jiang W, Zhai Z, Dai K. 3D-bioprinting a genetically inspired cartilage scaffold with GDF5-conjugated BMSC-laden hydrogel and
polymer for cartilage repair. Theranostics. 2019;9(23):6949-6961.5% Copyright 2019, The Authors.

construct serves as a scaffold that provides mechanical support, promotes cell attachment and proliferation, and facilitates
the integration of transplanted cells with the host tissue.®’

Bioprinting DDS-based cell therapy represents a promising strategy to address the challenges of cartilage regenera-
tion in OA. By combining bioprinting technology, cell therapy, and controlled drug delivery, this approach offers the
potential for personalized, targeted, and regenerative treatments that can significantly improve the outcomes for
individuals with OA.

Bioprinting-Enabled Imaging and Sensing Strategies in OA Therapy
Bioprinting-enabled imaging and sensing strategies in OA therapy combine the power of bioprinting technology with
advanced imaging and sensing techniques to enhance the diagnosis, treatment, and monitoring of OA. These strategies
offer innovative approaches to improve the accuracy, efficiency, and effectiveness of OA therapy.

Bioprinting-enabled imaging techniques, such as magnetic resonance imaging (MRI) and computed tomography
(CT), are used to obtain high-resolution images of the affected joints.*® These images provide detailed information about
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the cartilage structure, damage extent, and overall joint condition. By integrating bioprinting technology, these imaging
modalities can assist in creating patient-specific models or “blueprints” for the fabrication of customized tissue constructs
for OA treatment.”' The combination of bioprinting and imaging allows for the generation of personalized tissue
constructs tailored to the individual’s joint anatomy. By using imaging data to guide the bioprinting process, tissue
constructs can be designed to precisely match the patient’s joint geometry and cartilage defects. This personalized
approach improves the integration and functionality of the bioprinted constructs, enhancing the chances of successful
tissue regeneration.

Bioprinting-enabled sensing strategies play a vital role in monitoring the progress of tissue regeneration following
implantation. By incorporating sensors into the bioprinted constructs, various parameters can be monitored in real-time.®”
For instance, sensors can measure mechanical properties like strain, stress, and stiffness of the regenerating tissue. These
measurements provide valuable insights into the structural integrity and functionality of the engineered tissue, enabling
clinicians to evaluate the success of the therapy and make necessary adjustments if needed.®® Furthermore, the
incorporation of sensing capabilities into bioprinted constructs can also facilitate the monitoring of drug delivery for
OA therapy. By integrating sensors capable of measuring factors such as pH, oxygen levels, or the release of therapeutic
agents, clinicians can assess the effectiveness of drug treatments and adjust dosages as required.®® This real-time
monitoring ensures optimal drug delivery and enhances treatment outcomes.

Moreover, bioprinting-enabled imaging and sensing strategies enable longitudinal tracking of OA progression and
treatment outcomes.® By periodically imaging and monitoring the implanted bioprinted constructs, clinicians can assess
the evolution of the regenerating tissue over time. This longitudinal data helps in understanding the effectiveness of the
therapy, identifying potential issues, and optimizing treatment strategies based on individual responses.

Utilization of Green Nanomaterials for Enhancing DDS in OA Therapy

Green nanomaterials represent a promising avenue for enhancing DDS within the context of OA treatment, offering both
substantial advantages and notable environmental benefits.”® These materials, often derived from natural sources such as
cellulose, chitosan, or plant extracts, exhibit exceptional biocompatibility, a critical factor when designing DDS systems for
implantation or injection into the human body. Beyond their compatibility with biological systems, green nanomaterials
contribute to sustainability by being sourced from renewable resources, effectively replacing petroleum-based counterparts
and thereby mitigating the environmental impact associated with nanomaterial production.”’ Furthermore, the biodegrad-
ability of many green nanomaterials ensures their eventual natural decomposition, reducing the potential for long-term
environmental pollution—a key consideration when contemplating the disposal of medical devices and implants.”

In the specific context of OA treatment, the application of green nanomaterials within bioprinting-enabled DDS
systems provides exciting possibilities.”® These materials can act as carriers for drugs or growth factors that promote
cartilage regeneration, helping to address the fundamental challenge of cartilage degeneration in OA patients. Their
biocompatibility ensures that they do not provoke inflammation or tissue rejection, making them an excellent choice for
use within the human body. Moreover, green nanomaterials can facilitate controlled and sustained drug release,
optimizing therapeutic effects while reducing potential side effects—an especially crucial consideration in chronic
conditions like OA where long-term medication may be necessary.”’ Additionally, the advent of bioprinting technology
allows for the construction of customized implants that match a patient’s specific joint anatomy precisely.'® Integrating
green nanomaterials into the implant matrix not only enhances its structural integrity but also ensures it is biocompatible,
further enhancing its suitability for osteoarthritis treatment.

Challenges and Future Directions
Bioprinting is a rapidly developing field that has shown huge potential for the development of biomaterials for the
treatment of OA. Although this technology offers many benefits, there are also significant challenges that should be
addressed to fully realize its potential for clinical use.

One of the primary challenges in bioprinting is achieving precise control over the deposition of cells and biomaterials
in 3D environment. The printing process should be optimized to ensure that the printed structures are uniform,
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reproducible, and biologically functional. This requires developments in printing technologies, such as nozzle design,
printing speed, and resolution, to achieve high-precision printing of complex structures.

Furthermore, the mechanical properties of the printed structures should be carefully controlled. They need to be
compatible with the surrounding tissue and able to support the physiological loads placed on them. Achieving the right
balance of stiffness and elasticity is crucial for proper integration and functionality of the printed constructs within the joint.

Another technical challenge in bioprinting is the development of biomaterials suitable for printing. The biomaterials
used should be biocompatible, biodegradable, and able to support the growth and differentiation of cells. They should
possess appropriate mechanical properties, such as elasticity and strength, to withstand the mechanical demands of the
joint environment. Increasing studies are focusing on exploring various biomaterial formulations, including natural
polymers, synthetic polymers, and hybrid materials, to optimize their suitability for bioprinting in OA therapy.

Safety concerns are also significant in bioprinting. One primary concern is the potential for immune rejection. The
cells used in the printing process may be recognized as foreigners by the recipient’s immune system, leading to an
immune response that can cause tissue damage and rejection of the printed structures. To address this dilemma,
researchers are trying to utilize induced pluripotent stem cells (iPSCs) derived from the patient’s own cells, reducing
the risk of immune rejection.

In addition, regulatory approval from health authorities like the FDA or EMA is paramount, demanding comprehen-
sive safety, efficacy, and quality control assessments. Standardization of bioprinting processes, including cell sourcing,
bioink formulation, and quality assurance, is essential for consistency. Ensuring biocompatibility and safety, particularly
concerning biomaterials and cells, is critical to avoid adverse reactions. Scalability is crucial for transitioning from
research to clinical-scale production. Robust quality control measures are vital, as are rigorous clinical trials to validate
safety and efficacy in human patients. Ethical considerations, cost-effectiveness assessments, and infrastructure and
training requirements should also be addressed.

Despite the considerable challenges and limitations, the potential benefits of bioprinting for OA treatment are
attracting increasing interest. Developments in printing techniques are being explored to produce complex structures
with higher resolution and precision. Integration of advanced imaging technologies, such as MRI and CT, can help
generate detailed 3D models of the affected joint, improving the accuracy of the printed constructs. The therapeutic
potential of bioprinting-enabled DDS in the treatment of OA has shown significant promise, as evidenced by several key
findings from studies. Bioprinting facilitates enhanced drug delivery precision, allowing for localized and controlled drug
release within the affected joint, reducing systemic side effects. Importantly, it enables sustained drug release, ensuring
therapeutic levels persist within the joint over time, offering prolonged pain relief and potential disease-modifying
effects. Moreover, bioprinted constructs, often incorporating chondrocytes or MSCs, contribute to tissue regeneration and
repair, with studies demonstrating the formation of cartilage-like tissue within these constructs.”” Personalized
approaches, tailored to individual patients’ OA severity and joint geometry, have emerged as a hallmark of bioprinting
applications. Inflammatory responses, common in OA, have been addressed by incorporating anti-inflammatory agents
into bioprinted constructs, reducing pain and inflammation.?® Preclinical studies employing animal models and in vitro
experiments have consistently demonstrated the feasibility and therapeutic potential of bioprinting for OA treatment.**°
However, the transition to widespread clinical adoption will require further validation through well-designed clinical
trials, and ongoing advances in bioprinting continue to shape the evolving landscape of OA therapy.

Conclusion

In conclusion, the development of bioprinting-enabled biomaterials for OA treatment represents a promising direction for
providing advanced DDS for customized and patient-specific therapies. This technology offers huge potential to
revolutionize the current OA therapeutic options with limited efficacy. However, there are still several challenges and
technical limitations that need to be overcome to fully realize the potential of bioprinting in clinical applications. To
overcome these challenges, future research should focus on developing more sophisticated bioprinting technologies.
Multi-material and multi-cell printing approaches can enable the fabrication of complex tissue structures with multiple
cell types and biomaterials, closely resembling the native joint environment. Finally, with persistent effort in improving

6228 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

bioprinting technique, bioprinting DDS has considerable potential to revolutionize the treatment of OA and improve the

lives of individuals affected by this debilitating condition.
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