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Abstract: The regeneration of cartilage and bone remains a significant clinical challenge because of 

their limited self-healing ability. Injectable hydrogels have been identified as potential tissue 

engineering materials for use in minimally invasive procedures. This review provides a 

comprehensive overview of injectable hydrogels for cartilage and bone regeneration, encompassing 

material properties, delivery strategies, and clinical applications. First, we discuss the classification 

of natural hydrogels (e.g., polysaccharides such as alginate and hyaluronic acid, proteins such as 

collagen and gelatin) and synthetic (e.g., poly (ethylene glycol) (PEG), poly(vinyl alcohol) (PVA)) 

polymers, hybrid hydrogels, and the characteristics that make them ideal in tissue engineering, such 

as mechanical strength, biocompatibility, degradation profiles and injectability. The review then 

delves into delivery strategies for enhanced tissue regeneration, focusing on cell encapsulation, 

controlled release of growth factors (e.g., TGF-β, BMPs), incorporation of mineralizing agents, and 

drug delivery for infection control. We then explored the use of these injectable hydrogels for 

cartilage repair, osteoarthritis and focal cartilage defects, and bone regeneration, including fracture 

healing and periodontal reconstruction, based on the clinical results and selected clinical products. 

Finally, we address the current limitations and future directions, focusing on advanced materials, 

improved delivery strategies, personalized medicine approaches, combination therapies, and 

translational opportunities. This review underscores the potential of injectable hydrogels as versatile 

platforms for cartilage and bone regeneration and highlights the need for further research to optimize 

their therapeutic efficacy and clinical translation. 

Keywords: injected hydrogels; cartilage regeneration; bone regeneration; tissue engineering; 

biomaterials; material properties; delivery strategies; growth factors; cell therapy; clinical 

applications; biocompatibility; regenerative medicine 

 

1. Introduction 

Musculoskeletal diseases (MSDs) are a group of diseases affecting the skeletal system, muscles, 

joints and tissues and cause acute/chronic pain, impaired movement, and extensive health challenges. 

Reduced musculoskeletal health is recognized globally as having increased morbidity and mortality. 

The focus here is on the static nature of the musculoskeletal system. For example, bone and cartilage, 

the main tissues of the musculoskeletal system, have very limited intrinsic capacity for tissue 

regeneration, especially if the defect is large. Furthermore, this intrinsic repair capacity varies on the 

basis of individual factors such as age, metabolic condition, and disease severity [1]. The global 

burden of musculoskeletal disorders is immense, with an estimated 1.71 billion individuals affected, 

thereby underscoring the urgent and pervasive clinical need for effective and minimally invasive 

regenerative therapies to mitigate pain, restore mobility, and improve the quality of life of countless 

individuals [2].  
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The inherent complexity and avascular nature of cartilage and bone tissues present significant 

challenges to their self-repair mechanisms following injury or disease [3]. The age-related decline in 

tissue regenerative capacity is associated with degradation of tissue homeostasis, and the 

catastrophic outcome of tissue injury clearly identifies a significant unmet medical requirement for 

compelling regenerative solutions [4]. Current treatments, including autografts and allografts, often 

face limitations such as donor site morbidity, immune rejection, and a limited supply [5]. The use of 

biomaterials as scaffolds to facilitate and control tissue repair and regeneration is another approach. 

Biomaterials describe a broad category of materials or substances, including the kind, quality, 

structure and ability or characteristics of a material used with or in the human body. Some 

biomaterials, such as hydroxyapatite ceramics, bioactive glasses or modified carbon materials, can 

bond with tissues or induce their regeneration (Figure 1). 

 

Figure 1. Strategies for bone tissue engineering. 

Thus, the bioapplications of hydrogels have attracted much interest and have been investigated, 

among other biomaterials, for several reasons, such as their biocompatibility, mechanical properties 

and ability to replicate the extracellular matrix (ECM) [6]. Moreover, injectable hydrogels are another 

advantage because they allow minimally invasive interventions and more complex defect filling due 

to minimal surgical trauma [7]. This review specifically focuses on injectable hydrogels for cartilage 

and bone regeneration, explores the critical aspects of material properties, delivery strategies for 

bioactive molecules and cells, and current clinical applications. 

Diseases of bones and cartilage are major causes of disability in the human population, and there 

are no known cures for such diseases [8]. Osteochondral defects refer to a condition in which a piece 

of cartilage together with the underlying subchondral bone is damaged and are among the difficult 

problems faced by orthopedic surgeons in terms of lesion repair owing to the complexity of the 

interface between the bone and cartilage [9]. Tissue engineering is an exciting strategy for bone 

regeneration and has advantages over conventional grafting techniques since it enhances bone 

healing [10]. Bone tissue engineering (BTE), as an applied science or branch of knowledge that has 

received increased attention in the 21st century, is centered on the creation of suitable conditions to 

promote boned tissue growth. In cooperation with stem cells, biomaterial scaffolds and growth 

factors, BTE tends to create biological alternatives for the treatment of damaged bone tissue [11,12]. 

The development of BTE over the past few decades since the introduction of tissue engineering has 

highlighted the importance of scaffold materials. A wide variety of natural and synthetic biomaterials 
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have been investigated in this regard [13,14]. Advanced Materials: Hydrogels are three-dimensional 

structures with high water absorbing capacities made from natural or artificial polymers and are used 

extensively in the biomedical sector [15]. Their advantageous properties, including excellent 

biocompatibility, biodegradability, and tunability, make them ideal for in situ injection to fill 

irregular defects and precisely conform to lesion geometries. Hydrogels consist of physically or 

chemically cross-linked polymer networks [16]. As the supporting structure for tissue organization, 

they offer a proper scaffold for cell attachment, division, movement, and differentiation; hence, they 

have a wide range of applications in tissue engineering and bone repair [17,18]. 

Injection hydrogels, specifically, are smart materials that have attracted significant interest in 

literature because of their ability to be injected into the body via a minimally invasive procedure and 

be directly deployed at the site of action [19]. Owing to their viscoelastic and diffusive characteristics, 

they act as scaffolds that can also support tissue regeneration through mechanical stimulation, 

facilitate drug delivery and initiate host cell migration at the wound site for rapid repair of damaged 

tissue [20]. This has placed injectable, and especially self-healing, hydrogels on the list of novel 

platform strategies aimed at tissue repair and regeneration in various fields, including cartilage repair 

[21], cancer immunotherapy [22], antibacterial therapies [23], wound healing [24,25], and controlled 

drug release [26]. 

The use of injectable hydrogels is most ideal for enhancing osteochondral tissues, mainly 

because of their similarities with the ECM in terms of their properties. In particular, through their 

high-water absorption and retention capacity as well as the porous nature of the material, traditional 

hydrogels are capable of encapsulating cells and simultaneously promoting intracellular functions 

and delivering signals that induce cell differentiation [27,28]. In addition, clinical utility emerges from 

the use of minimally invasive administration procedures and the capacity for naturally modeling 

irregularly shaped bone defects [29]. This makes them excellent candidates for delivering 

therapeutics in a controlled manner, as illustrated in (Figure 2) Injectable hydrogel-based drug 

delivery system for cartilage regeneration. 

 

Figure 2. Schematic illustration of an injectable hydrogel system delivering therapeutic agents for cartilage 

regeneration [30]. 

This review aims to systematically summarize information on injectable hydrogels for cartilage 

and bone tissue engineering. The first section describes the basic physical and chemical characteristics 

of both natural and synthetic hydrogels for these uses. After this, an overview of different methods 
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for the delivery of growth factors and cells, which include the alteration, encapsulation and controlled 

release of hydrogels, is provided. Third, the present clinical use and results are briefly reviewed, with 

an emphasis on animal experiments and the clinic. Finally, we summarize and discuss the latter 

perspectives, further considerations, and remaining concerns, as well as the future of injectable 

hydrogel-based regenerative medicine for cartilage and bone regeneration. 

2. Material Properties of the Injectable Hydrogels 

Hydrogels, defined as three-dimensional networks of hydrophilic polymers capable of 

absorbing significant amounts of water, have garnered substantial attention in the biomedical field 

because of their biocompatibility, tunable mechanical properties, and ability to mimic the 

extracellular matrix (ECM) [31,32]. Their importance stems from their applications in drug delivery, 

tissue engineering, and wound healing [33]. The process of forming these networks can be 

crosslinked via chemical, physical, and enzymatic techniques. Chemical crosslinking involves the use 

of crosslinking agents that form covalent bonds to generate stable mechanically strong hydrogels 

[34]. Physical crosslinking involves the formation of crosslinks through weak interactions such as 

hydrogen bonding, ion interactions or hydrophobic interactions, which are generally reversible and 

dependent on the medium [35]. Enzymatic crosslinking offers a more biocompatible route, utilizing 

enzymes to catalyze the formation of covalent bonds under mild conditions [36]. Injectability 

versatility is essential for delivering hydrogels in minimally invasive procedures, as it enables 

localized therapy without many side effects and a short healing time in patients [37]. The 

characteristics of an injectable hydrogel include an increase in viscosity to allow the gel to be injected 

through a small-gauge needle and a short gelation time to ensure that the gel maintains the desired 

form and place after injection and is biocompatible [38]. Furthermore, the hydrogel should exhibit 

suitable mechanical properties and degradation rates to support the desired therapeutic outcome 

[39]. 

2.1. Specific Natural Polymer Types 

Bone and cartilage tissue regeneration via natural polymers is one of the most promising 

branches in the fields of tissue engineering and regenerative medicine. The integration of natural 

polymers into biomedical applications offers promising avenues for enhancing tissue repair and 

regeneration, yet significant knowledge gaps remain that warrant further investigation. Table 1 

provides a quick overview of the most relevant natural polymers being explored for cartilage and 

bone regeneration. 

Table 1. Natural Polymer Types for Cartilage and Bone Regeneration. 

Polymer 

Type 
Source 

Key 

Properties 

Applicati

ons 

(Cartilag

e) 

Applicati

ons 

(Bone) 

Pros Cons 

Ref 

Hyaluron

ic Acid 

(HA) 

ECM of 

Cartila

ge, etc. 

Hydrophilic, 

biocompatibl

e, 

biodegradabl

e, promotes 

cell 

Hydrogel

s, 

scaffolds, 

often 

combined 

with 

others 

- 

Excellent 

biocompati

bility, 

promotes 

cell growth, 

readily 

available 

Mechanic

ally weak 

on its 

own, 

requires 

crosslinki

ng or 

[40,41

] 
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migration & 

proliferation 

reinforce

ment 

Chitosan 

Crustac

ean 

shells, 

fungi 

Positively 

charged, 

antibacterial, 

biodegradabl

e, forms 

hydrogels/sc

affolds 

Scaffolds, 

combined 

with 

others 

Scaffolds, 

bone 

graft 

substitut

es 

Antibacteri

al, 

promotes 

cell 

adhesion, 

readily 

available 

Limited 

mechanic

al 

strength, 

variable 

quality, 

rapid 

degradati

on 

[42,43

] 

Collagen 

Connec

tive 

tissues 

Highly 

biocompatibl

e, promotes 

cell adhesion 

& ECM 

deposition, 

biodegradabl

e 

Scaffolds, 

membran

es, 

hydrogels 

Scaffolds, 

membran

es, 

coatings, 

combine

d with 

minerals 

Naturally, 

present in 

tissue, 

promotes 

cell 

attachment, 

high 

biocompati

bility 

Variable 

mechanic

al 

strength, 

source-

depende

nt 

propertie

s, can 

degrade 

rapidly 

[44–

46] 

Alginate 

Brown 

seawee

d 

Forms 

hydrogels, 

biocompatibl

e, readily 

available 

Cell 

encapsula

tion, 

5nherentl

y 

hydrogels

, scaffolds 

- 

Easily 

formed into 

hydrogels, 

versatile, 

biocompati

ble, low 

cost 

Limited 

mechanic

al 

strength, 

can 

degrade 

rapidly, 

less 

supporti

ve of cell 

attachme

nt 

without 

modificat

ion 

[44,47,

48] 
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Fibrin 
Blood 

plasma 

Biodegradabl

e matrix, 

promotes 

wound 

healing 

Injectable 

hydrogels

, tissue 

adhesives 

- 

Supports 

cell growth 

& 

proliferatio

n, 

biodegrada

ble, readily 

available 

Degradat

ion rate 

can be 

difficult 

to 

control, 

can be 

fragile 

[45,46

] 

Silk 

Fibroin 

Silkwor

m 

cocoon

s 

Biocompatibl

e, 

biodegradabl

e, high 

mechanical 

strength 

- 

Porous 

scaffolds, 

films, 

fibers 

Good 

mechanical 

strength, 

high 

biocompati

bility, 

biodegrada

ble, 

versatile 

Slower 

degradati

on 

compare

d to 

some, 

requires 

processin

g 

[49] 

Cellulose Plants 

Biocompatibl

e, readily 

available, 

porous 

structures 

- 

Scaffolds, 

reinforce

ment in 

composit

es 

Abundant, 

low cost, 

good 

mechanical 

strength 

Not 

6nherentl

y 

bioactive 

for bone, 

needs 

modificat

ions 

[50,51

] 

Decellula

rized 

Bone 

Matrix 

(DBM) 

Natural 

Bone 

Biocompatibl

e, 

osteoconduct

ive, retains 

some 

osteoinductiv

e potential 

- 

Bone 

graft 

substitut

es 

Retains 

natural 

structure & 

signals, 

promotes 

regeneratio

n 

Specializ

ed 

processin

g, 

potential 

for 

immune 

response 

[52,53

] 

In the context of bone regeneration, the natural polymers used include collagen, gelatin and silk 

fibroin. In particular, for type I collagen, an ideal environment for osteogenesis is created when it is 

a part of the bone tissue. Nevertheless, it must often be combined with calcium phosphates to 

improve the mechanical properties and diminish immunogenicity. Other promising materials are 

chitosan and alginate, through which bioactive molecules can be incorporated to increase their 

osteoinductivity [54,55]. 
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(Figure 3) Huang et al. focused on the fabrication and analysis of hydrogels and subsequently 

employed them for the culture and identification of bone marrow-derived mesenchymal stem cells 

(BMSCs). The mechanical properties of the composite hydrogels, specifically their stress‒strain 

relationships with various concentrations of cell-derived extracellular matrix (CECM) (0, 1, 1.5, and 

2% w/v), were assessed alongside their compressive strength. Macroscopic differences between three 

hydrogel types—gelatin methacryloyl (GelMA), gelatin-ECM (GE), and a GelMA/ECM-PFS 

composite—were documented, and scanning electron microscopy (SEM) revealed their 

microstructural morphology. Furthermore, pore characteristics, including porosity and pore size, 

were quantified for the three freeze-dried hydrogel types. The swelling capacity and biodegradation 

rates of these hydrogels were also evaluated. BMSCs were cultured, and their potential for 

differentiation into general, osteogenic (bone), adipogenic (fat), and chondrogenic (cartilage) lineages 

were assessed. Finally, flow cytometry analysis was used to determine the concentrations of several 

surface markers on the BMSC surface. The values are displayed as the means ± SDs, and significant 

differences were determined as *p < 0.05, while ‘ns’ represents no significance; all the experiments 

were conducted three times (n = 3). In the context of a given line, the proposed approach, which is 

based on the application of natural polymers for cartilage and bone tissue engineering, is promising 

because of the biocompatibility and bioactivity of the materials. In a recently published study, the 

authors explained how gelatin methacrylate (GelMA), a modified gelatin, was used in composites 

with a cartilage-derived extracellular matrix (ECM). Researchers have combined these peptides with 

a peptide sequence (PFS) to increase cell recruitment and chondrogenesis. This study highlights the 

utility of using natural polymers to create scaffolds for tissue engineering while highlighting 

hyaluronic acid as an important ECM component involved in cell recruitment [56]. 

The use of natural polymers is a widely developing approach for cartilage and bone tissue 

engineering applications because of their inherent biocompatibility and bioactivity. Among these, 

collagen, particularly type I collagen, is known to promote osteogenesis, often requiring 

reinforcement with calcium phosphates to improve mechanical properties and reduce 

immunogenicity. Similarly, the characteristics of chitosan and alginate are important, which implies 

the possibility of incorporating bioactive molecules, thereby increasing osteoinductivity. However, 

turning to cartilage repair in this new direction involves the use of natural polymers to create 

scaffolds for tissue engineering. One such example is a study employing gelatin methacrylate 

(GelMA), a modified gelatin, and an extracellular matrix (ECM) derived from cartilage, which is 

further enhanced with a peptide sequence (PFS) to promote cell recruitment and chondrogenesis, 

thus highlighting the crucial role of hyaluronic acid within the ECM. 

In a study by Huang et al., like the work performed in this investigation, the authors sought to 

investigate the possibility of applying hydrogels derived from natural polymers to culture BMSCs 

for the purpose of bone regeneration. In particular, they synthesized hydrogels from two types of 

gelatin: gelatin methacryloyl (GelMA), gelatin-ECM (GE), and the GelMA/ECM-PFS composite. With 

respect to the mechanical characteristics of these hydrogels, they studied the stress, strain and 

compression modulus relative to various CECM concentrations. Additionally, the nature of the 

hydrogels’ microstructure was described by scanning electron microscopy (SEM), pore parameters, 

water uptake and biodegradation. Finally, they assessed the potential of BMSCs to differentiate into 

different lineages after they were cultured on these scaffolds. Therefore, by systematically describing 

these hydrogels, this research contributes to the understanding of how the chemistry of natural 

polymer-based matrices can modulate the cell response to improve regenerative medicine 

applications [56]. 
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Figure 3. This study involved the synthesis and characterization of hydrogels and the subsequent use of the 

developed hydrogels for cell culture and characterization of BMSCs. The mechanical properties of the composite 

hydrogels, specifically their stress‒strain relationships with various concentrations of cell-derived extracellular 

matrix (CECM) (0, 1, 1.5, and 2% w/v), were assessed alongside their compressive strength. Macroscopic 

differences between three hydrogel types—gelatin methacryloyl (GelMA), gelatin-ECM (GE), and a 

GelMA/ECM-PFS composite—were documented, and scanning electron microscopy (SEM) revealed their 

microstructural morphology. Furthermore, pore characteristics, including porosity and pore size, were 

quantified for the three freeze-dried hydrogel types. The swelling capacity and biodegradation rates of these 

hydrogels were also tested. BMSCs were cultured, and their ability to differentiate into general, osteogenic 

(bone), adipogenic (fat), and chondrogenic (cartilage) lineages was measured. Finally, flow cytometry was used 

to quantify specific surface proteins on the BMSC surface. The data are presented as the means ± standard 
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deviations (SDs), with statistically significant differences indicated by *p < 0.05 and ‘ns’ indicating no significant 

difference; all the experiments were performed in triplicate (n=3) [56]. 

2.2. Synthetic Hydrogels 

Polymer hydrogels, especially PEG-based hydrogels, are significant for tissue engineering, 

especially for cartilage and bone tissue regeneration. PEG hydrogels are characterized by their 

biocompatibility, hydrophilicity, and tunable properties, making them suitable carriers for growth 

factors essential for tissue repair. Recent works have shown the compatibility of PEG-based systems 

in loading these growth factors and sustain their ability for therapeutic exploitation and longer half-

lives [57,58]. The application of synthetic injectable hydrogels for cartilage and bone tissue 

engineering has emerged as one of the most popular approaches in recent years, mainly because of 

the high ECM likeness and tissue-friendly environment provided by hydrogels. Hydrogels derived 

from natural polymers were described by Vlierberghe et al. (2011), who focused on their importance 

in tissue engineering applications. This body of research has been built upon subsequent studies that 

delve deeper into specific hydrogel formulations and their regenerative capabilities [59]. In a study 

published in 2022, Lee et al. reported that thermosensitive hydrogels can be designed for cartilage 

tissue engineering because of their ability to have desirable mechanical characteristics and high 

biocompatibility. These hydrogels can change to a gel form at physiological temperatures, so the 

application methods are minimally invasive [60]. Chen et al. (2023) further focused on the hydrogel 

composition and reported that a new injectable hydrogel prepared from gelatin and hyaluronic acid 

promoted chondrocyte proliferation and matrix synthesis in culture [61]. Furthermore, Liu et al. 

reported that these hydrogels can be used for delivering stem cells for cartilage repair; their outcomes 

were described as promising in animal studies [62]. However, several limitations remain, including 

information gaps concerning the sustained performance of these hydrogels after their implantation 

in model organisms. Subsequent studies could investigate other imaging modalities to assess 

hydrogel breakdown and tissue incorporation in real time. Furthermore, studies on the design of 

stimuli-responsive elements in hydrogels might improve their performance via the incorporation of 

stimuli-responsive drug delivery systems, which release active agents in response to external stimuli, 

according to Utech and Boccaccini (2015) [63]. 

2.3. Hybrid Hydrogels 

Natural and synthetic hydrogels have created a novel crossroad of hybrid systems for improving 

tissue engineering strategies, with a particular focus on bone and cartilage tissue repair. The growing 

appreciation of the need to replicate the physical and biological characteristics of native tissues has 

led to the enhancement of these advanced materials. The use of natural polymers, which are essential 

for cell compatibility and bioactivity, when combined with the superior mechanical properties of 

synthetic polymers increases the compatibility of the implant with the host tissue [55]. These 

characteristics make it easier for hybrid hydrogels to solve the multiple challenges posed in the field 

of tissue engineering and improve the rate of tissue regeneration. 

These novel hydrogels are fabricated by blending different materials and have unique 

characteristics, which allows further exploration of hydrogels for guided bone regeneration, since 

addressing the complexity of tissue repair is a great challenge. (Figure 4) illustrates a typical 

architecture of a bilayered hybrid hydrogel for guided bone regeneration, adapted from [64]. The 

system consists of two key components: an electrospun, fibrous membrane layer (typically made of 

PLGA) to act as a physical barrier preventing the infiltration of soft tissue and a self-healing hydrogel 

layer containing bioactive components. The self-healing hydrogel layer is fabricated to have dynamic 

and covalent bonds that are able to repair mechanical damage while delivering bioactive 

components, such as nHA, gradually to the bone defect site, promoting bone formation and 

integration. This synergistic combination of barrier function and bioactive delivery within a single 
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platform offers great potential for the development of advanced strategies for bone tissue 

engineering. 

 

Figure 4. Novel hybrid scaffold fabrication and application strategy: This system uses electrospinning to form a 

hydrophobic barrier followed by the use of cross-linked hydro gel matrices. The resulting composite, however, 

has adequate biomechanical efficiency because of its functional-property disposition, such as its ability to be a 

fibroblast barrier, self-healing coefficient, controlled release of calcium ions and osteoinductive endowment for 

bone regeneration [64]. Licensed under CC BY 4.0. No changes were made. 

One promising direction is the engineering of cartilage-like protein hydrogels through 

entanglement, which has shown potential in mimicking the native extracellular matrix, thereby 

enhancing cell adhesion and proliferation [57]. These hydrogels have the potential to accommodate 

the MSCs necessary for proper tissue engineering/regeneration. Furthermore, the development of 

living injectable porous hydrogel microspheres, which can enhance the paracrine ability of MSCs, 

has led to new developments. These hydrogels not only stimulate the native environment but also 

attract endogenous stem cells and increase the ability to stimulate tissue regeneration for the 

treatment of osteoarthrosis and other diseases associated with degenerative joint pathology [65]. 

These hydrogels may be useful for creating the right supportive culture media for mesenchymal stem 

cells (MSCs), which is pivotal in tissue engineering. In addition, the development of living injectable 

porous hydrogel microspheres has led to the enhanced paracrine efficiency of MSCs, which 

constitutes a major advancement. These hydrogels not only improve the local niche but also call 

native MSCs, which improve the regenerative potential for arthritis and other degenerative joint 

diseases [66]. Furthermore, studies have highlighted the versatility of polyethylene glycol (PEG)-

based hydrogels as drug delivery systems that support osteogenic substance delivery, thus 

promoting bone healing [67]. Self-healing hydrogels are also very smart-responsive hydrogels that 

operate in accordance with certain stimuli from the outside and are also extraordinary inventions in 

this field. These hydrogels can also self-assemble to regulate encapsulated and non-encapsulated 

therapeutic agents, alter the local immune status and increase osteogenesis, which could be useful 

for bone tissue engineering [68]. The incorporation of black phosphorus nanosheets in hydrogel 

formulations improves the therapeutic aspects of hydrogels, a common foundation for 

more advanced hydrogel combinations for bone defect treatment [65]. 

Hybrid hydrogels represent a promising avenue for advancing cartilage and bone regeneration. 

As research progresses, continued exploration of innovative materials, smart design strategies, and 

comprehensive evaluations of hydrogel performance will be essential to overcome existing 

challenges and optimize their therapeutic applications. 
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3. Desired Characteristics for Tissue Engineering 

Tissue engineering is a relatively new field with the goal of constructing new functional tissues 

or organs by using biologic three-dimensional matrices on which cells may grow and develop. Ideal 

properties considered important for the tissue engineering of cartilage and bone include mechanical 

properties, biocompatibility, degradation characteristics, and rheological properties such that the 

material can be easily injected. 

3.1. Mechanical Strength 

Mechanical strength is a critical factor in tissue engineering, particularly for applications 

involving load-bearing tissues such as bone. As suggested by Sheikh et al. (2015), there is a need for 

the development of new biodegradable materials or improvements in existing materials because all 

current biodegradable devices are appropriate merely for use in low-load-bearing applications. The 

physicochemical characteristics of the materials used, including the mechanical properties of the 

polymers, ceramics, and magnesium alloys, are essential for scaffold construction and should resist 

external forces acting in vivo [69]. Furthermore, advancements in hydrogel technology have 

demonstrated that supramolecular adhesive hydrogels can exhibit tunable mechanical strength, 

making them adaptable to the mechanical demands of various tissues [70]. These hydrogels not only 

provide structural support but also promote cell adhesion and proliferation, which are vital for 

successful tissue integration. Studies have shown that materials such as PEG-GelMA composites can 

be engineered to possess specific mechanical and biological properties, supporting cell adhesion and 

3D network formation [71]. 

3.2. Biocompatibility 

The compatibility of a scaffold is one of the most important factors that defines the success of 

tissue engineering scaffolds, as it describes the ability of a scaffold to integrate with host tissues. In 

their recent study, Naahidi et al. (2017) highlighted the importance of the interface formed at the 

material‒tissue interface [72]. Hydrogels derived from collagen and hyaluronic acid have 

demonstrated good results concerning cell proliferation and safe surgery via minimally invasive 

approaches [71]. The biocompatibility and mechanical properties of electrospun poly (vinyl alcohol) 

(PVA) scaffolds, with an emphasis on bone and cartilage applications, have been highlighted by Wei 

et al. (2022) [73]. Additionally, chitosan-gelatin-agarose hydrogels doped with halloysite nanotubes 

have exhibited improved biocompatibility and mechanical strength, showing their capacity to 

promote neovascularization, a critical aspect of tissue repair [74]. 

3.3. Degradation Profiles 

The degradation behavior of scaffolds is significant, as they should support tissues that are 

regenerating while assimilating into the body without negative effects. Several studies have shown 

that hydrogels such as oxidized alginate have shorter degradation times to enable successful 

interactions with localized tissue [75]. Additionally, the ability of the system to achieve enzymatic 

degradation in PEG-GelMA hydrogels to complement the properties mentioned in engineered tissue 

needs to guarantee that scaffolds can degrade as new tissues grow [71]. These results clearly highlight 

the need to design materials with predetermined degradation rates relevant to the healing process. 

3.4. Injectability 

Biocompatibility is a major requirement of scaffolds for cartilage and bone tissue engineering 

since their injectability enables minimally invasive surgical operations. The synthesis of stimuli-

responsive hydrogels has therefore highlighted the ability of a material not only to respond to the 

mechanical forces required for tissue formation but also to be biocompatible during injection. 
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Hydrogels that can be applied through injections, such as those made of biocompatible materials, can 

conform to irregular defect sites and enable site-specific deposition to promote tissue repair [76]. 

4. Delivery Strategies for Enhanced Tissue Regeneration 

Tissue regeneration is a highly complex process that requires complex approaches for delivering 

the growth factors and other agents necessary for tissue repair. Advanced hydrogel and 

nanotechnology materials science has significantly improved the bioavailability and therapeutic 

effect of these agents. 

4.1. Delivery Strategies Overview 

4.1.1. Cell Encapsulation 

Cell encapsulation is crucial in designing an environment that reflects native tissue and enhances 

the viability and functionality of cells. In this context, the application of hydrogels has been widely 

reviewed. New developments in hydrogel engineering have ranked porosity and microstructure as 

key factors in providing nutrients and cell response [77]. Adaptable hydrogels enabling 3D cell 

encapsulation to have also emerged as promising platforms, allowing for localized modifications that 

support complex cellular functions while maintaining structural integrity [78]. Furthermore, 

advancements in porous hydrogels indicate that the porous structure of hydrogels enhances nutrient 

diffusion and promotes cell growth to enhance the outcomes of tissue regeneration [79]. The 

incorporation of microfluidic technologies in the fabrication of micro- and nanostructures adds to the 

application of creating scaffolds that promote cell encapsulation and achieve the desired controlled 

release [80]. 

4.1.2. Controlled Release of Growth Factors 

The role of growth factors in tissue engineering and regenerative medicine is crucial given their 

therapeutic potential. However, their short half-lives and associated side effects present significant 

challenges. However, their half-life is short, and their use is characterized by various side effects that 

are very demanding. Current studies have investigated the application of hydrogels as a system of 

controlled release delivery where growth factors can be coaxed to be sequestered [81]. This approach 

addresses the issues of rapid proteolysis and burst release, significantly enhancing the overall 

effectiveness of tissue regeneration methods. 

Chitosan is a biocompatible biopolymer that forms structures that can also be used as carriers of 

growth factors and therapeutics [82]. The progressive release of therapeutics from chitosan-based 

biomaterials not only increases the effectiveness of biomaterials in stimulating tissue repair but also 

presents a suitable approach for the controlled delivery of growth factors in various tissues. 

Moreover, nanohydroxyapatite (n-HAp) has emerged as a promising material for bone tissue 

engineering because of its ability to mimic human bone minerals [83]. Through the coating of n-HAp 

composites with bioactive factors, various researchers have shown that enhanced bone defect healing 

is a sign of the prospect of including mineralizing agents in delivery systems. 

Zhang et al. (2023) reviewed the effectiveness of PAG/AG hydrogels incorporated with heparin 

for bFGF delivery in terms of their sustained release. Another finding of the study was that the release 

of bFGF was directly proportional to the concentration of heparin incorporated in the hydrogel-based 

system and that a higher concentration of heparin resulted in slower release rates. Specifically, the 

cumulative percentages of gel release factors after 3 weeks were 65.7% for 0.5% heparin, 61.1% for 

1.0% heparin and 58.9% for 2.0% heparin, indicating that heparin is very effective in controlling the 

release kinetics of GFs [84]. 

In another innovative approach, a study by Lee et al. (2019) utilized 3D printing technology to 

create geometrically complex hydrogel structures that encapsulated GFs. This method facilitated the 

means of controlling the release rates through the incorporation of various thicknesses of hydrogel 
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layers into the structure. The data obtained here showed that increasing the shell thickness 

considerably decreased the release rate of GF, allowing for the divergence of a delivery system 

controlled according to tissue engineering needs. This work also presented a mathematical model to 

determine the release rate of GF for hydrogel structure geometries, which expands the knowledge on 

how altering structures can affect drug delivery [85]. 

4.1.3. Incorporation of Mineralizing Agents 

The integration of mineralizing agents into scaffolding materials is critical for enhancing tissue 

regeneration, particularly in bone applications. New approaches to the immobilization of bioactive 

molecules with a scaffold can increase the growth factors needed for tissue regeneration [86]. These 

strategies stress the notion of controlled release systems, which are crucial for bone regeneration. 

Polyethylene glycol (PEG)-based hydrogels and drug delivery systems have also been reported as 

other remarkable processes of bone regeneration. Since PEG is hydrophilic and biocompatible, it may 

be functionalized via various approaches that can enhance it as a drug delivery system. This paper 

also discusses PEG-based systems to obtain information concerning enhanced delivery systems for 

increasing the regenerative impact on tissue [67]. 

4.1.4. Drug Delivery for Infection Control 

Managing infections during tissue regeneration is paramount, as infections can significantly 

impede healing processes. In the last few years, progress in the field of drug delivery systems, such 

as the use of DFO@ZIF-8 nanoparticles, has yielded positive results in terms of angiogenesis and 

osteogenesis, with the ability to control infection [87]. This approach also reinforces the importance 

of delivery systems in improving the quality of tissue regeneration. 

In addition, progress in intelligent biomaterials that control drug release has led to promising 

modalities for cartilage repair [88]. By tailoring the release of therapeutics, these materials can create 

a conducive environment for effective tissue regeneration, demonstrating the importance of 

sophisticated delivery strategies across various tissue types. 

5. Major Applications of Injectable Hydrogels 

Injectable hydrogels have become a vital component in various biomedical applications (Figure 

5) due to their unique properties, including biocompatibility, biodegradability, and the ability to form 

in situ. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1452.v2

https://doi.org/10.20944/preprints202501.1452.v2


 14 of 24 

 

 

 

Figure 5. Major Applications of Injectable Hydrogels. 

5.1. Major Applications of Injectable Hydrogels 

The following table (Table 2) presents a comparative analysis of the natural and synthetic 

hydrogel biomaterials commonly used in cartilage tissue engineering. It is useful for researchers, 

students and other professionals as it provides an overview of the main benefits and drawbacks of 

each type of material. This helps when choosing the right hydrogel for use in regeneration medicine 

due to its properties that enable sound decision making. As highlighted in recent literature, injectable 

hydrogels are particularly useful in tissue engineering where they can serve as sole supportive 

structures for tissue regeneration. Certain polymer-based hydrogels have shown promise in bone 

fracture and cartilage repair, mimicking the natural extracellular matrix (ECM) [67]. Specifically, 

chitosan-based nanoparticles incorporated into hydrogels have been shown to enhance localized 

drug delivery, promoting the regeneration of damaged tissues [89]. In addition, the preparation of 

PEG-based hydrogels has been highlighted as versatile for delivering osteogenic factors leading to 

enhanced bone healing [90]. However, several questions still arise, especially in the deeper 

understanding of these hydrogels’ biocompatibility and degradation rates as a function of time in 

vivo. The limitations of this study should be addressed in future research as follows: Long-term 

efficacy must be evaluated in terms of attenuation of hydrogel formulations and its biodistribution 

and interaction with surrounding tissues. 

Table 2. Natural and Synthetic Hydrogels for Cartilage Tissue Engineering. 

Classification Material Advantages Ref. 

Natural Collagen 

Biocompatible, biodegradable, 

promotes cell adhesion, intrinsic 

RGD sequences, readily available 

[91,92] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2025 doi:10.20944/preprints202501.1452.v2

https://doi.org/10.20944/preprints202501.1452.v2


 15 of 24 

 

 

 Hyaluronic Acid (HA) 

Biocompatible, biodegradable, 

promotes cell proliferation and 

migration, natural component of 

cartilage 

[93,94] 

 Agarose 
Inert, easily processable, good 

diffusion properties, low cost 
[95] 

 Alginate 

Biocompatible, relatively easy to 

process, mild gelation conditions, 

good diffusion properties 

[96] 

 Chitosan 

Biocompatible, biodegradable, 

promotes cell adhesion, antibacterial 

properties, natural component of 

ECM 

[97] 

 Fibrin 

Biocompatible, biodegradable, 

promotes cell adhesion, contains cell 

adhesion sites, fast gelation 

[98] 

Synthetic Polyethylene Glycol (PEG) 

Biocompatible, tunable degradation, 

easy to modify chemically, precisely 

controlled crosslinking 

[99] 

 Poly (vinyl alcohol) (PVA) 

Good mechanical properties, non-

toxic, relatively low cost, easy to 

process 

[100] 

 Poly (caprolactone) (PCL) based 

Biodegradable, tunable degradation 

rates, good mechanical properties, 

can be fabricated into various 

geometries 

[101] 

 Poly (methacrylic acid) (PMAA) 
High water content, pH sensitive, 

tunable mechanical properties 
[102] 

 Hyaluronic Acid (HA) 

Biocompatible, biodegradable, 

promotes cell proliferation and 

migration, natural component of 

cartilage 

[103] 

5.2. Drug Delivery Systems 

Hydrogels have been extensively studied for their role in wound healing, particularly due to 

their ability to maintain a moist environment and deliver therapeutic agents to promote healing 

[106,107]. Recent studies show the effectiveness of pH sensitive hydrogels with adhesion property as 

they provide the means to close the wound and fight against bacterial infection [108]. Bioactive 

hydrogels have also been shown to enhance skin regeneration post-injury, demonstrating their 

potential in treating chronic wounds [109]. Nevertheless, there is still a need for more research on the 

scalability of these hydrogels for clinical use. Future studies could explore the manufacturing 

processes and regulatory pathways required to bring these innovative wound dressings to market. 

5.3. 3D Bioprinting 

Hydrogels used in 3D bioprinting is a relatively new field of study. The literature of the present 

time shows that hydrogels can be modified for fabrication of complicated tissue architecture but there 

is a lack of detailed analysis of their mechanical and biological performance upon 3D bioprinting 

[90,110]. Further studies should be conducted to improve the hydrogel properties for applications in 

3D bioprinting with reference to the bonding between the bioink and printed structures to improve 

the cell survival and functionality. 

5.4. Ophthalmic Applications 
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The application of hydrogels in ophthalmic uses is an area that warrants further investigation. 

The biocompatibility and moisture-retaining properties of hydrogels suggest their potential in ocular 

drug delivery and corneal repair [111]. However, scientific literature does not include numerous 

comprehensive studies that illustrate the relationships between hydrogels as well as their impact on 

ocular tissues. In regard to future work the following needs to be established: The action of hydrogel 

formulations need to be investigated more widely for use in ocular therapeutics, specifically to 

discover formulations which allow controlled release of medication therefore decreasing 

inflammation or irritation of ocular tissues. 

5.5. Wound Healing Applications 

Hydrogels have been extensively studied for their role in wound healing, particularly due to 

their ability to maintain a moist environment and deliver therapeutic agents to promote healing 

[106,107]. Recent studies show the effectiveness of pH sensitive hydrogels with adhesion property as 

they provide the means to close the wound and fight against bacterial infection [108]. Bioactive 

hydrogels have also been shown to enhance skin regeneration post-injury, demonstrating their 

potential in treating chronic wounds [109]. Nevertheless, there is still a need for more research on the 

scalability of these hydrogels for clinical use. Future studies could explore the manufacturing 

processes and regulatory pathways required to bring these innovative wound dressings to market. 

6. Limitations and Future Directions 

One of the primary challenges in the development of injectable hydrogels is the effective delivery 

of growth factors, which are crucial for enhancing tissue regeneration. According to Shan and Wu 

(2023), although hydrogels enhance the delivery of growth factors through controlled release media, 

issues such as the complexity of optimizing multiple release profiles and ensuring the bioactivity of 

encapsulated factors persist [81]. However, substantial challenges remain in achieving the required 

mechanical properties for load-bearing structures in cartilage and bone applications. Future research 

should focus on developing hydrogels that can respond to physiological stimuli to enable the 

spatiotemporal release of growth factors and explore the incorporation of synergistic bioactive 

molecules. 

In the context of osteoarthritis treatment, Li et al. (2023) introduced a living injectable porous 

hydrogel microsphere that enhances the paracrine activity of mesenchymal stem cells (MSCs). 

Although such an approach shows some potential, additional improvement of the mechanical 

characteristics for withstanding the conditions within which cartilage and bone exist is yet to be 

achieved. The release and stability of the incorporated factors, particularly PDGF-BB, should be 

evaluated for the steady progression of therapy. Moreover, the applicability of the technique 

described for clinical applications and its possible integration with other regenerative approaches, 

such as gene therapy or three-dimensional bioprinting, remain to be investigated [65]. Thus, another 

promising line of research involves the synthesis of polyethylene glycol (PEG)-based hydrogels, 

which, although highly biocompatible, demonstrate lower bioactivity than natural hydrogels. The 

difficulty lies in achieving the maximum mechanical strength found in load-bearing applications. 

According to Li et al. (2023), the addition of PEG to natural polymers may improve their 

osteoconductivity and bioactivity [65]. However, incorporating the fabrication of smart hydrogels 

that are self-responsive to the records of the surroundings might enhance the regenerative 

functionalities of PEG-based systems in bone tissue engineering to a greater extent. 

Other versatile injectable hydrogels have also been developed on the basis of their 

immunomodulatory functions and photothermal activity in eradicating bacteria during bone 

regeneration. Nevertheless, according to Sun et al. (2023), for a better understanding of the 

consequences for bone healing and immune reactions, more in vivo research should be performed 

[67]. Further studies need to focus on enhancing the mechanical characteristics and bioactivity of 

hydrogels by adjusting their chemical properties and concentrations and testing the concept of 
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targeted medicine delivery via the use of hydrogels as carriers for personalized treatments. 

Furthermore, an overarching theme in literature is the need for a deeper understanding of the 

interactions between hydrogels and biological tissues. In the work of Ghandforoushan et al. (2023), 

the authors noted that guaranteeing the reliability of injectable hydrogels in clinical practice is the 

reproducibility of the results. Further advancements should encourage stronger cooperation with 

other fields to develop novel hydrogel formulations with oriented application and investigate the 

application of hydrogels as part of multimodal repair strategies [112]. Key challenges include 

optimizing mechanical properties, ensuring the bioactivity and stability of growth factors, and 

understanding interactions with biological tissues. Future studies should fill these gaps by creating 

new hydrogels that can respond to signals from the body, consider hybrids and study the effects of 

several hydrogels on improving the regenerative capabilities of injectable hydrogels in medical 

treatments. 

7. Conclusions 

Injectable hydrogels are promising and multifunctional systems that can successfully address 

important clinical issues associated with cartilage and bone repair. As this review has shown, these 

materials have several benefits: they can be implanted through minimally invasive procedures; their 

properties can be tailored to match those of the ECM; and they can also serve as carriers for cells, 

growth factors and mineralizing agents. The natural, synthetic and integrated characteristics of 

natural synthetic and hydrogel systems continue to be explored to explain the progress that has been 

made. From the viewpoint of improving the mechanical properties and biocompatibility of materials 

and carriers, such as collagen, alginate, and PEG-based polymers, to improve the design of hydrogels 

and their controlled release system, researchers are trying to innovate on these hydrogels. However, 

the advent of smart and stimuli-responsive hydrogels and the combination and incorporation of 

microfluidic and 3D printing technologies show potential and innovative development in this field. 

Considerable progress has been achieved, but many limitations and problems persist. Challenges 

such as maintaining the persistent biological activity of encapsulated growth factors, controlling the 

mechanical properties of load-bearing tissue, and understanding the relationship between hydrogels 

and surrounding tissues are considered core requirements for translation into practice. More 

investigations are needed to improve the material design, delivery methods, systems containing 

bioactive molecules, and application of individualized therapies through hydrogel systems. As a next 

step, efforts based on a multidisciplinary interdisciplinary approach involving material scientists, 

biologists and clinicians will be needed to unlock the full potential of injectable hydrogels. With such 

versatile materials, overcoming current difficulties and further developing new methods of cartilage 

and bone tissue regeneration that effectively enhance patients’ quality of life are possible. Further 

studies on the synthesis of new materials, the application of intelligent design thinking and 

comprehensive testing of injectable hydrogels clinically will provide the basis for the implementation 

of injectable hydrogels in routine clinical practice. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

MSDs: Musculoskeletal diseases 

ECM: Extracellular matrix 

PEG: Poly (ethylene glycol) 

PVA: Poly (vinyl alcohol) 

TGF-β: Transforming growth factor beta 

BMPs: Bone morphogenetic proteins 

BTE: Bone tissue engineering 

NFC: Nanofibrillated cellulose 

SF: Silk fibroin 

OA: Oxidized alginate 

HA: Hyaluronic acid 

GE: Gelatin-ECM 

GelMA: Gelatin methacryloyl 

PFS: Peptide sequence 

SEM: Scanning electron microscopy 

BMSCs: Bone marrow-derived mesenchymal stem cells 

CECM: Cell-derived extracellular matrix 

DBM: Decellurized Bone Matri 

PLGA: Poly (lactic-co-glycolic acid) 

nHAp: nanohydroxyapatite 

bFGF: basic fibroblast growth factor 

DFO: Deferoxamine 

ZIF-8: Zeolitic imidazolate framework-8 

PDGF-BB: Platelet-derived growth factor BB 

PAG/AG: Poly (acrylic acid-co-acrylamide)/agarose 
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