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Abstract 

The main purpose of this review paper is to explore the recent advancements in cartilage regeneration techniques, focusing on stem cell therapy, platelet-rich 

plasma (PRP), gene therapy, and growth factor delivery. The research question addresses how these biological therapies can overcome the current limitations 
in cartilage repair and enhance clinical outcomes. 

The review conducted an extensive literature search using databases such as PubMed, Scopus, and Web of Science. The methodologies of the included studies 

were critically analyzed to assess their effectiveness and limitations. 
The findings indicate that stem cell therapy, particularly using mesenchymal stem cells, shows promise in enhancing cartilage repair through their 

differentiation potential and paracrine effects. PRP has been found to improve joint function and reduce pain, especially when combined with hyaluronic acid 

or stem cells. Gene therapy utilizing CRISPR/Cas9 technology presents a novel approach for precise gene modification, potentially improving cartilage repair 
mechanisms. Growth factor delivery systems, including hydrogels, have demonstrated the ability to enhance chondrogenesis and tissue regeneration. 
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1. Introduction 

Recent advancements in biological therapies have shown 

promising results in enhancing cartilage repair and 

regeneration. Stem cell therapy, particularly with 

mesenchymal stem cells (MSCs), has garnered significant 

attention due to their ability to differentiate into chondrocytes 

and modulate the inflammatory environment. MSCs can be 

isolated from various tissues, including bone marrow, 

adipose tissue, and synovium, and have shown potential in 

both preclinical and clinical studies for cartilage repair.1 

Platelet-rich plasma (PRP) therapy, which involves the use of 

autologous blood with concentrated platelets, has also been 

investigated for its ability to release growth factors that 

promote tissue healing and regeneration.2 Gene therapy 

represents another innovative approach, with recent 

advancements in gene editing technologies such as 

CRISPR/Cas9 offering new possibilities for targeted 

treatment. It aims to enhance cartilage repair by modulating 

gene expression to promote chondrocyte function and reduce 

inflammation.3 The use of growth factors and cytokines, such 

as transforming growth factor-beta (TGF-β) and bone 

morphogenetic proteins (BMPs), has also been explored for 

their potential to stimulate chondrocyte proliferation and 

matrix synthesis.4 Factors influencing the efficacy of these 

treatments include the source and quality of cells, the delivery 

method, and the patient's specific condition.5-6 3D bioprinting 

allows for the precise fabrication of scaffolds that mimic the 

native cartilage structure, providing an optimal environment 

for cell growth and tissue regeneration.6 

The objective of this review is to provide a 

comprehensive overview of recent advancements in cartilage 

regeneration, focusing on the various biological therapies that 

have been developed. The scope of the review encompasses 

both preclinical studies and clinical trials, highlighting the 

mechanisms, clinical applications, and outcomes of these 

therapies. Additionally, emerging trends and future directions 

in the field, such as the integration of gene therapy, 3D 
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bioprinting, and personalized medicine strategies, are 

discussed. The development of effective therapies for 

cartilage regeneration is crucial for improving the quality of 

life for patients suffering from cartilage injuries and 

degenerative diseases like osteoarthritis. 

2. Overview of Biological Therapies 

Biological and non-biological therapies for cartilage 

regeneration encompass a range of treatments that use 

biological agents to repair and regenerate damaged cartilage. 

These therapies have evolved significantly over the past few 

decades, with early research focusing on the use of 

autologous chondrocyte implantation (ACI) and progressing 

to more advanced techniques involving stem cells, PRP, gene 

therapy, and growth factors. (Figure 1Fig. 1 & Table 1) 

2.1. Stem cell therapy 

Stem cell therapy has emerged as a promising approach 

for cartilage regeneration, primarily focusing on the use of 

mesenchymal stem cells (MSCs) due to their ability to 

differentiate into chondrocytes, the cells responsible for 

cartilage formation. MSCs can be derived from various 

sources, including bone marrow, adipose tissue, and synovial 

fluid, each offering unique advantages (Figure 2Fig. 2). Bone 

marrow-derived MSCs are well-studied and have shown 

significant potential in cartilage repair due to their high 

chondrogenic capacity and ability to secrete bioactive 

molecules that modulate the immune response and reduce 

inflammation.1,7-9 Recent advancements have explored the 

use of biomaterials such as hydrogels and nanofibers that 

release growth factors like transforming growth factor-beta 

(TGF-β) and bone morphogenetic protein (BMP) in a 

controlled manner, further enhancing MSC 

chondrogenesis.10 Moreover, preconditioning MSCs with 

specific growth factors or mechanical stimuli before 

implantation can improve their differentiation potential and 

promote better integration with host tissues.11 

Clinical studies have demonstrated the potential of stem 

cell therapy in cartilage repair.12 Scaffold-based approaches, 

where stem cells are seeded onto biomaterial scaffolds, have 

shown enhanced cartilage regeneration in animal models and 

early clinical trials.13 Numerous studies have explored the 

efficacy of stem cell therapy for cartilage regeneration. A 

notable study by Wakitani et al.14 reported successful 

cartilage repair in patients with knee osteoarthritis following 

autologous MSC transplantation. Another study by 

Emadedin et al.15 demonstrated improved clinical outcomes 

in patients with knee osteoarthritis treated with intra-articular 

injection of autologous MSCs. These include the need for 

standardized protocols for cell isolation and expansion, 

optimizing delivery methods, and ensuring long-term safety 

and efficacy. Future research aims to address these issues and 

explore the use of combination therapies, such as stem cells 

with growth factors or gene therapy, to enhance therapeutic 

outcomes.16 

2.2. Platelet-rich plasma (PRP) 

Platelet-rich plasma (PRP) therapy is a regenerative medicine 

approach that leverages the body's natural healing processes. 

PRP is derived from the patient’s own blood, which is 

centrifuged to concentrate platelets and growth factors 

(Figure 3Fig. 3). These concentrated platelets are then 

injected into the damaged cartilage area, where they release a 

variety of growth factors such as platelet-derived growth 

factor (PDGF), transforming growth factor-beta (TGF-β), 

and vascular endothelial growth factor (VEGF), which are 

crucial for cell proliferation, angiogenesis, and tissue 

regeneration.5 

PRP therapy is particularly beneficial in treating 

degenerative conditions like osteoarthritis (OA), where it has 

been shown to reduce pain and improve joint function.2 PRP 

is often considered for patients who have not responded to 

conventional treatments and offers a minimally invasive 

option with a relatively low risk of adverse effects. The 

biological activity of PRP enhances the repair process by 

improving the function of chondrocytes and increasing the 

synthesis of cartilage matrix components.17 The clinical 

effectiveness of PRP can vary depending on the preparation 

method, platelet concentration, and the specific condition 

being treated. Studies have demonstrated that leukocyte-poor 

PRP might offer better outcomes for joint disorders as it 

reduces the inflammatory response typically associated with 

leukocyte-rich PRP.18 Research continues to refine PRP 

formulations and explore its combination with other 

regenerative therapies, such as stem cells and scaffold-based 

techniques, to maximize cartilage repair potential.19-21 

2.3. Gene therapy 

Gene therapy for cartilage regeneration involves the delivery 

of genes encoding therapeutic proteins to enhance tissue 

repair and regeneration.22 Gene therapy offers a cutting-edge 

approach to cartilage regeneration by targeting and 

modifying specific genes involved in cartilage degeneration 

and repair. Recent advances in gene editing technologies, 

such as CRISPR/Cas9, have enabled precise modification of 

specific genes involved in cartilage degradation, such as 

matrix metalloproteinases (MMPs). By knocking out or 

downregulating these genes, researchers aim to reduce the 

breakdown of cartilage matrix and promote tissue repair.4 

Furthermore, gene therapy can be used to deliver anti-

inflammatory cytokines, thereby reducing inflammation and 

slowing the progression of degenerative diseases like 

osteoarthritis.23 Although gene therapy holds great promise, 

there are challenges to be addressed, including ensuring 

efficient and targeted delivery of therapeutic genes, 

minimizing immune responses, and maintaining long-term 

gene expression. Ongoing research is focused on developing 

safer and more efficient vectors, as well as exploring 

combination therapies that integrate gene therapy with other 

regenerative techniques to enhance cartilage repair.24  
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nde et al.33 demonstrated the potential of growth factor 

therapy in treating cartilage lesions. The researchers reported 

that the use of TGF-β led to significant improvements in 

cartilage repair in a rabbit model. Another study by Orth et 

al.34 found that the use of BMP-2 enhanced cartilage 

regeneration in a rat model. Future research aims to develop 

advanced delivery systems, such as biomaterial scaffolds and 

nanoparticles, and explore the use of combination therapies 

to enhance efficacy.35 

2.5. Autologous chondrocyte implantation (ACI) 

Autologous chondrocyte implantation (ACI) is a well-

established technique used to treat cartilage defects, 

particularly in the knee. The procedure involves harvesting 

healthy chondrocytes from a non-weight-bearing area of the 

joint, expanding them in vitro, and implanting them into the 

damaged area (Figure 4Fig. 4). This approach aims to 

regenerate cartilage by utilizing the patient’s own cells, 

thereby minimizing the risk of immune rejection and adverse 

immune responses.36 The ACI procedure consists of two 

main stages. First, a small biopsy of healthy cartilage is taken 

from the patient. The chondrocytes are then isolated, 

cultured, and expanded over a period of weeks in a laboratory 

setting. In the second stage, the cultured chondrocytes are 

implanted into the defect, where they are expected to produce 

new cartilage matrix and integrate with the surrounding 

tissue.37 

Over the years, ACI has evolved with advancements 

such as matrix-assisted ACI (MACI), where the cells are 

embedded in a scaffold made of biodegradable materials 

before implantation. This scaffold supports the chondrocytes 

and enhances the distribution and retention of the cells within 

the defect.38-39 

2.6. Microfracture surgery 

However, the long-term success of microfracture is limited, 

as fibrocartilage lacks the mechanical properties and 

durability of native hyaline cartilage. Over time, the 

fibrocartilage can degenerate, leading to recurrent symptoms. 

Additionally, microfracture is generally less effective for 

larger defects or in older patients, where the regenerative 

capacity is diminished.40 Despite these limitations, 

microfracture remains a widely used procedure due to its 

cost-effectiveness and ability to provide temporary relief 

from symptoms (Figure 5Fig. 5). Recent research is focused 

on enhancing the outcomes of microfracture by combining it 

with other regenerative techniques, such as the application of 

scaffolds or biologics like platelet-rich plasma (PRP) to 

improve the quality of the repair tissue.41-42 

2.6. Osteochondral autograft transplantation (OAT) 

Osteochondral autograft transplantation (OAT) involves 

transferring healthy cartilage and subchondral bone from a 

non-weight-bearing area of the joint to the damaged area 

(Figure 6Fig. 6). This technique is particularly useful for 

treating focal cartilage defects, as it allows for the 

transplantation of mature hyaline cartilage, which closely 

resembles the native cartilage in its structure and function.43 

The OAT procedure involves harvesting one or more 

cylindrical plugs of healthy cartilage and bone from the donor 

site and implanting them into the defect. The plugs are 

typically harvested from the patient’s own joint, ensuring 

compatibility and reducing the risk of immune rejection. The 

transplanted cartilage provides an immediate restoration of 

the joint surface, while the underlying bone integrates with 

the surrounding tissue to provide structural support 

(Matsusue et al., 1993).44 

While OAT can be effective for small to medium-sized 

defects, its application is limited by the availability of donor 

tissue and potential morbidity at the harvest site. 

Additionally, there is a risk of graft failure or incomplete 

integration, particularly in larger defects or in patients with 

underlying joint pathology.45-46 

2.7. Osteochondral allograft transplantation 

Osteochondral allograft transplantation involves the use of 

donor tissue from a cadaver to repair large cartilage defects 

that cannot be adequately treated with autografts. This 

technique allows for the transplantation of mature hyaline 

cartilage along with the underlying bone, providing both 

structural support and immediate restoration of the joint 

surface.47 Allograft transplantation is particularly useful for 

treating large or complex defects, as it provides a larger 

amount of donor tissue without the morbidity associated with 

harvesting autografts. Additionally, allografts can be shaped 

to fit the defect precisely, allowing for a more anatomically 

accurate repair.48 The use of fresh or cryopreserved allografts 

can also facilitate the transplantation of viable chondrocytes, 

enhancing the regenerative potential of the graft.49 

Long-term outcomes of allograft transplantation can be 

variable, and research is ongoing to improve graft 

preservation techniques and to develop immunomodulatory 

strategies to enhance graft integration.50 

2.8. Tissue engineering and scaffold-based approaches 

Tissue engineering represents a promising frontier in 

cartilage regeneration, utilizing a combination of cells, 

biomaterials, and bioactive molecules to repair or replace 

damaged cartilage. This multidisciplinary approach aims to 

create functional tissue constructs that can integrate with the 

host tissue and restore normal joint function. Scaffold-based 

approaches are central to tissue engineering, providing a 

three-dimensional framework that supports cell attachment, 

proliferation, and differentiation.51 Scaffolds are typically 

made from biocompatible materials such as collagen, 

hyaluronic acid, or synthetic polymers like polylactic acid 

(PLA) and polyglycolic acid (PGA). These materials can be 

engineered to mimic the natural extracellular matrix of 

cartilage, promoting the development of new tissue with 

appropriate mechanical and biological properties. Scaffold 
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design can also incorporate growth factors and other 

bioactive molecules to enhance chondrogenesis and guide 

tissue development.52 

Advancements in scaffold fabrication techniques, such 

as 3D printing and electrospinning, allow for the creation of 

complex structures with tailored porosity and mechanical 

properties. This enables the design of scaffolds that can be  

customized to the specific needs of individual patients 

and defect geometries.53 Furthermore, scaffolds can be 

seeded with various cell types, including chondrocytes, 

mesenchymal stem cells, and induced pluripotent stem cells 

(iPSCs), to facilitate tissue formation.54-55 

   

 
Figure 1: List of techniques used in cartilage regeneration 

 

Figure 2: Schematic representation of cell therapy for cartilage based on stem cell implantation and growth factors.   
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Figure 3: Schematic representation of PRP therapy for 

cartilage injury 

 

Figure 4: Steps of autologous chondrocyte implantation 

(ACI) 

 

 

Figure 5: Micro fracture technique/Bone marrow 

stimulation technique 

 
Figure 6: Osteochondral autograft transplantation (OAT)/ 

mosaicplasty

Table 1: Recent study in cartilage regeneration techniques. 

Sr. 

no. 

Researchers  Technique Details Outcomes 

Mesenchymal Stem Cells (MSCs) 

1 Jo et al.12  Intra-articular 

injection of MSCs  

Reduced pain and improved function in 

osteoarthritis patients  

Improved clinical 

outcomes  

2 Wu et al.13  Scaffold-based MSC 

therapy  

Enhanced cartilage regeneration in animal 

models and early clinical trials  

Significant cartilage 

repair  

3 Jiang et al.8  Adipose-derived 

MSCs  

Noted for their abundance and ease of 

harvest, showing promise in clinical 

applications  

Positive clinical 

outcomes  

Platelet-Rich Plasma (PRP) 

1 Bennell et al.5  PRP injections  Demonstrated significant improvements in 

knee osteoarthritis patients  

Reduced pain and 

improved function  

2 Cerza et al.1  PRP vs. hyaluronic 

acid  

PRP more effective in reducing pain and 

improving function  

Superior efficacy of 

PRP  

3 Khoshbin et al. 18  Leukocyte-poor PRP  Found better outcomes for joint disorders 

compared to leukocyte-rich PRP  

Better clinical 

outcomes  

Gene Therapy 

1 Barry et al.4  CRISPR/Cas9 gene 

editing  

Targeted modification of genes involved 

in cartilage degradation  

Effective gene 

modification  

2 Liu et al.23  Anti-inflammatory 

cytokines  

Reducing inflammation and slowing 

osteoarthritis progression  

Reduced 

inflammation and 

disease progression  

3 Madry et al.24  Gene therapy with 

other regenerative 

techniques  

Explored combination therapies to 

enhance cartilage repair  

Enhanced cartilage 

regeneration  

4 Pagnotto et al.2  Gene editing with 

AAV vectors  

Improved cartilage repair by targeting 

specific genes  

Enhanced tissue 

regeneration and 

function  

Hydrogels 
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3 Eslahi et al.6  Smart hydrogels  Responded to environmental stimuli to 

enhance cartilage repair  

Dynamic response 

for better outcomes  

Tissue Engineering 

1 Daly et al.9  Bioprinting  Precise control over scaffold architecture 

for cartilage regeneration  

Improved cartilage 

formation  

Growth Factors 

1 Fortier et al.30  BMP-7 delivery  Positive outcomes in a goat model of 

cartilage injury  

Improved cartilage 

repair outcomes  

2 Madry et al.27  TGF-β gene delivery  Successful cartilage regeneration in rabbit 

model  

Enhanced cartilage 

repair  

3 Chen et al.35  Growth factor-loaded 

hydrogels  

Enhanced cartilage repair and regeneration 

in vitro and in vivo  

Significant 

improvement in 

cartilage quality  

Allograft Transplantation 

1 Assenmacher et 

al.48  

Osteochondral 

allograft 

transplantation  

Use of donor tissue to repair cartilage 

defects  

Effective for large 

and complex defects  

              

11. Biomimetic approaches 

Biomimetic approaches to cartilage regeneration aim to 

replicate the natural structure and function of cartilage by 

designing materials and systems that mimic the biological 

and mechanical properties of native tissue. These approaches 

draw inspiration from the natural cartilage matrix, which is 

composed of collagen fibers, proteoglycans, and a network of 

chondrocytes embedded within a hydrated gel-like matrix.56 

Biomimetic scaffolds are engineered to provide a supportive 

environment that encourages the growth and differentiation 

of chondrocytes or stem cells into cartilage tissue. These 

scaffolds often incorporate nanostructured materials and 

bioactive molecules that promote cell adhesion, proliferation, 

and matrix production.57 For example, scaffolds can be 

functionalized with peptides that mimic the natural binding 

sites of growth factors or extracellular matrix components, 

enhancing their ability to support tissue development.58 

The use of hydrogels in biomimetic cartilage 

regeneration has gained attention due to their high water 

content and ability to simulate the viscoelastic properties of 

cartilage. Hydrogels can be designed to release bioactive 

molecules in a controlled manner, providing sustained 

stimulation for tissue growth and repair.59 Moreover, 

advances in material science have led to the development of 

smart hydrogels that respond to environmental stimuli, such 

as temperature or pH changes, to enhance tissue 

regeneration.60 Researchers are exploring the use of multi-

functional materials and hybrid systems that combine the 

advantages of different biomaterials to create more effective 

and durable cartilage repair solutions. 

3. Future Perspectives 

Emerging trends in research include the development of 

combination therapies, the use of advanced biomaterials for 

controlled delivery of biological agents, and the exploration 

of gene editing technologies for precise and targeted 

treatment. These approaches hold promise for improving the 

efficacy and safety of biological therapies for cartilage 

regeneration. Personalized medicine approaches aim to tailor 

treatments to individual patients based on their genetic, 

molecular, and clinical profiles. This approach has the 

potential to enhance the effectiveness of biological therapies 

for cartilage repair and improve patient outcomes. Integration 

of multidisciplinary approaches, including tissue 

engineering, regenerative medicine, and biomedical 

engineering, is essential for advancing the field of cartilage 

regeneration. Collaborative efforts between researchers, 

clinicians, and industry partners can drive innovation and 

accelerate the translation of new therapies to clinical practice. 

4. Conclusion 

Biological therapies hold great promise for the regeneration 

of damaged cartilage and the treatment of various cartilage 

injuries. Advances in stem cell therapy, PRP, gene therapy, 

and growth factor delivery have shown promising results in 

preclinical and clinical studies. However, several challenges 

remain, including the need for standardized protocols, 

improved delivery methods, and addressing biological 

barriers. Future research should focus on overcoming these 

challenges, exploring combination therapies, and advancing 

personalized medicine approaches to improve patient 

outcomes. Continued collaboration between researchers, 

clinicians, and industry partners will be essential for the 

successful translation of biological therapies for cartilage 

regeneration to clinical practice. 
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