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A B S T R A C T   

Despite critical advances in regenerative medicine, the generation of definitive, reliable treatments for muscu
loskeletal diseases remains challenging. Gene therapy based on the delivery of therapeutic genetic sequences has 
strong value to offer effective, durable options to decisively manage such disorders. Furthermore, scaffold- 
mediated gene therapy provides powerful alternatives to overcome hurdles associated with classical gene 
therapy, allowing for the spatiotemporal delivery of candidate genes to sites of injury. Among the many scaffolds 
for musculoskeletal research, hydrogels raised increasing attention in addition to other potent systems (solid, 
hybrid scaffolds) due to their versatility and competence as drug and cell carriers in tissue engineering and 
wound dressing. Attractive functionalities of hydrogels for musculoskeletal therapy include their injectability, 
stimuli-responsiveness, self-healing, and nanocomposition that may further allow to upgrade of them as 
“intelligently” efficient and mechanically strong platforms, rather than as just inert vehicles. Such functionalized 
hydrogels may also be tuned to successfully transfer therapeutic genes in a minimally invasive manner in order to 
protect their cargos and allow for their long-term effects. In light of such features, this review focuses on 
functionalized hydrogels and demonstrates their competence for the treatment of musculoskeletal disorders 
using gene therapy procedures, from gene therapy principles to hydrogel functionalization methods and appli
cations of hydrogel-mediated gene therapy for musculoskeletal disorders, while remaining challenges are being 
discussed in the perspective of translation in patients. 
Statement of significance: Despite advances in regenerative medicine, the generation of definitive, reliable 
treatments for musculoskeletal diseases remains challenging. Gene therapy has strong value in offering effective, 
durable options to decisively manage such disorders. Scaffold-mediated gene therapy provides powerful alter
natives to overcome hurdles associated with classical gene therapy. Among many scaffolds for musculoskeletal 
research, hydrogels raised increasing attention. Functionalities including injectability, stimuli-responsiveness, 
and self-healing, tune them as “intelligently” efficient and mechanically strong platforms, rather than as just 
inert vehicles. This review introduces functionalized hydrogels for musculoskeletal disorder treatment using gene 
therapy procedures, from gene therapy principles to functionalized hydrogels and applications of hydrogel- 
mediated gene therapy for musculoskeletal disorders, while remaining challenges are discussed from the 
perspective of translation in patients.   

1. Introduction 

Disorders of the musculoskeletal system, i.e. the cartilage, bone, 
meniscus, ligaments, and tendons, affect millions of people worldwide 
annually [1–5] and the situation is getting more serious as the world 
population is aging. Of critical importance, none of the current clinical 

strategies has been able thus far to durably and reliably regenerate the 
injured tissues, neither in their native organization nor in their me
chanical functions [6–9]. Interestingly, treatments based on the delivery 
of therapeutic gene products in sites of musculoskeletal injury, referred 
to as gene therapy, have provided certain optimism to manage these 
disorders [10,11]. 
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Principally, in gene therapy, the aim is to smartly and locally deliver 
gene-based candidate sequences in various targets including cells, tis
sues, and live organisms [12,13]. In this way, compared with the direct 
application of the therapeutic product itself displaying a short half-life 
[14], gene therapy utilizes powerful tools called gene vehicles or vec
tors, including nonviral and viral vectors, to afford long-term thera
peutic effects of the gene products [12,15]. During a relatively long 
history, gene therapy experienced ups and downs and thus far, large 
efforts explored the clinical and laboratory potential of this procedure 
for the treatment of various disorders such as neurodegenerative dis
eases [16,17], autoimmune disorders [18,19], cancer [20,21], and also 
musculoskeletal diseases [22,23]. 

Classical gene therapy, consisting of direct (in vivo) delivery of gene 
vectors or indirect (ex vivo) delivery of genetically modified cells [24], 
has a number of physical and biological impediments like non-target- 
dissemination and toxic, immune, and inflammatory responses 
[14,25–27]. Although a plethora of approaches have been developed to 
overcome these obstacles such as alternative routes of vector adminis
tration, the use of permissive clinical components, e.g. hirudin, and of 
immunosuppressive agents, plasmapheresis, the manipulation of vector 
decoys and engineered vectors, there is still a serious need for versatile 
strategies to definitely tackle such challenges for clinical gene therapy 
[28–34]. Inspired by tissue engineering, scaffold-assisted gene therapy 
has attracted strong, recent attention, based on the administration of 
vectors/cells inserted in a bio-framework to allow for their controlled 
release while reducing the biological impediments noted when rather 
than delivering gene vectors or genetically modified cells into their 
targets. 

Scaffolds commonly employed in tissue engineering strategies are 
classified into solid (fibrous, porous), hydrogel, and hybrid systems 
fabricated from natural or synthetic biomaterials [35–39], all amenable 
to gene therapy [22,24], where each category has its own advantages 
and limitations. Considering any type of tissue engineering application, 
intended scaffolds possess common features including biodegradability, 
biocompatibility, nontoxicity, three-dimensional (3D) porous environ
ment, and target-tissue biomechanical consistency [40–43]. Still, 
important aspects to consider when generating adapted gene therapy- 
based treatments for musculoskeletal disorders include the question of 
injectability (solid - fibrous and porous - scaffolds are not adapted, in 
contrast to hydrogels that may be tailored as injectable systems for the 
minimally invasive delivery of gene vectors) and the issue of the me
chanical properties of the system (here, solid scaffolds are superior to 
hydrogels) [44]. Hydrogels exhibit further attractive features in partic
ular their ability to mimic musculoskeletal tissues and to self-heal and 
their ease of manipulation, tailoring, and production. 

The development of nanocomposite hydrogels, 3D physically- or 
chemically-crosslinked networks reinforced with nanomaterials, how
ever, introduced mechanically stronger frameworks which gained 
attention in diverse applications such as biomedicine [45–48], elec
tronics [49–52], and sensors [53–56]. Even though nanocomposite 
hydrogels have been extensively utilized in tissue engineering and drug 
delivery applications [57–61], this concept remains still new in the field 
of vector gene delivery. Different attractive features of nanomaterials 
such as mechanical properties, size, and shape in combination with 
elastic and high water-contained hydrogel networks may create func
tionalized structures for gene therapy applications. Furthermore, other 
advanced functionalities in hydrogels such as self-healing and shear- 
thinning abilities [62–65], exploited by tissue engineering and drug 
delivery, may also make more progress for the delivery of therapeutic 
gene vectors. These functionalities combine injectability (due to shear 
thinning) and strong structure (due to self-healing) in a hydrogel 
[66,67]. 

To date, while there are a number of studies and general reports on 
scaffold-mediated vector gene therapy [68–77], most of them focus on 
cellular and biological evaluations, e.g. transgene expression and activ
ities, without an insightful view of the value of functionalized scaffolds 

from a structural, chemical, and mechanical point of view specifically 
for viral gene delivery. Also, although some reviews described the value 
of scaffolds to mediate gene delivery [78–81], none thoroughly 
explained the importance and role of “smart” hydrogels and of incor
porating (multi)functionalities. In reality, a functionalized hydrogel is 
not only a physical substrate or coverage for vectors but it is purpose
fully engineered toward an intelligent and multifunction structure. 
Hence, this review aims to introduce functionalized hydrogels as 
promising novel platforms for gene therapy, focusing mostly on gene 
delivery systems. We first discuss the recent advances in hydrogel- 
mediated gene delivery for musculoskeletal regeneration. We then 
describe functionalized hydrogels with a concentration on injectability, 
nanocomposite, and self-healing hydrogels. Finally, we introduce func
tionalized hydrogels as a promising platform with great potential to 
address the current challenges in treating musculoskeletal disorders via 
gene therapy. This review may be of significant value to readers inves
tigating efficient gene delivery strategies for patients suffering from 
musculoskeletal diseases. 

2. Musculoskeletal tissues 

The stability and mobility of the body depend on the tissues that form 
the musculoskeletal system [82]. Musculoskeletal damages and related 
conditions are the global founding cause of physical disability [83]. 
Upon damage, musculoskeletal tissues exhibit diverse healing profiles 
and clinically applied methods lack a full ability to restore the func
tionality of injured tissues. 

Bone tissue, a hierarchically organized structure, consists of organic 
(type-I collagen fibers) and mineral (hydroxyapatite - HAp) phases, 
tolerates the body weight, and plays a decisive role in movement 
[84,85]. While the bone is intrinsically capable of healing, there are still 
critical issues impeding complete full bone regeneration with the 
occurrence of bulky lesions and subsequent consequences of trauma, 
cancer, or congenital diseases, even following accepted clinical ap
proaches based on autografts showing graft source restrictions and a risk 
of infection or on allografts resulting from insufficient tissue integration 
[86]. 

The articular cartilage is a strong, flexible connective tissue that 
protects the body’s joints and bones. This white gliding tissue, owing to 
its avascularity and lack of connection with the subchondral bone, does 
not adeptly host reparative cells, hence, upon injury, cartilage has a 
restricted ability for self-healing, potentially leading to osteoarthritis 
(OA) if left untreated [6,87,88]. Furthermore, in spite of classical sur
geries such as stimulation techniques and autologous chondrocyte im
plantation, these techniques may not be reliable for a durable treatment 
of cartilage lesions, rather resulting in the formation of an imperfect, 
mechanically weak, fibrocartilaginous tissue mainly composed of type-I 
collagen instead of mechanically strong, hyaline cartilage made of type- 
II collagen and proteoglycans [89]. 

Tendon and ligament injuries include approximately 30% of 
musculoskeletal disorders [90]. The tendons that join the muscles to the 
bones play a role in joint motion by transmitting forces from muscles to 
the bones [91–93]. The ligaments are also connective tissues that con
nect bones, providing joint stability [94,95]. Having similarities in their 
structure and extracellular matrix (ECM) contents, both tissues have 
moderate intrinsic capabilities of healing and the current clinical ap
proaches, e.g. autografts, allografts, xenografts, prostheses, and sutures, 
normally lead to non-standard tissues with high rates of re-rupture 
[95,96]. 

As another connective joint tissue, the meniscus plays essential roles 
in the knee in distributing loads, absorbing shocks, supporting stability, 
lubricating the cartilage, and facilitating cartilage nutrition [97–99]. In 
spite of such significant functions, the meniscus is prone to injuries and 
is unable to fully regenerate even upon clinical procedures such as 
meniscectomy, sutures, and grafting, with diverse restrictions that may 
lead to OA [100–103]. 
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In this scheme, the emergence of gene therapy demonstrated its 
potential as a powerful tool to enhance the regeneration of musculo
skeletal tissue damage via temporal and spatial delivery of therapeutic 
candidate gene sequences. 

3. Gene therapy 

3.1. Principles 

As a simple definition, gene therapy is classically the introduction of 
a gene in a cell via a vehicle as a means to transfer or express a selected 
therapeutic product (protein, nucleic acid) which is carried out through 
transcription and translation (protein) or may be directly used (nucleic 
acid: DNA or RNA) [104,105]. This concept has been explored for de
cades as a way to manage genetic diseases [106–108] (Fig. 1). 

Based on the type of disorder, e.g. inherited monogenic, cancer, 
infection, etc., the utilized gene therapy methods can vary including 
gene correction or replacement, gene augmentation or addition, gene 

alteration or silencing, gene marking, gene editing or reprogramming 
[12,109–113]. Besides genes involved in inherited disorders, the most 
regularly delivered sequences in human gene therapy experiments are 
tumor suppressors, suicide genes and enzymes, antigens, cytokines, si
lencers, and replication inhibitors to fight cancer, as well as growth 
factors/receptors and signaling molecules for regenerative medicine, 
depending on the specific aim/target that needs to be achieved 
[17,114,115]. From another perspective, gene therapy can be viewed as 
a drug delivery system, which enables the transfer of an agent at pre
determined sites in a controlled release manner. 

The transfer of gene vehicles (vectors) is classically divided into the 
direct delivery of gene sequences to the targets (in vivo gene therapy) 
and the indirect delivery of gene sequences to cells/tissues (adult 
differentiated cells such as articular chondrocytes, bone cells, tendon/ 
ligament fibroblasts, and meniscal fibrochondrocytes; adult progenitor 
mesenchymal stromal cells - MSCs, embryonic stem cells - ESCs, and 
induced pluripotent stem cells - iPSCs) prior to re-administration in the 
recipient (ex vivo gene therapy) [74] (Fig. 2). 

Fig. 1. History of gene therapy (created with Biorender).  

Fig. 2. Classical gene therapy. The application of gene vectors may be performed via indirect (ex vivo) delivery of genetically modified cells/tissues in the recipient 
(left) or via direct (in vivo) delivery of the gene vector to the target (right) (created with Biorender). 
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The techniques to transfer candidate genes mostly rely on the use of 
nonviral vectors (transfection) or viral vectors (transduction), each one 
with specific advantages and shortcomings [14,22] (Table 1). Upon 
transfer, foreign genes enter the cells to reach the nucleus and subse
quently either merge with the host genome or are maintained as an 
episome that supports the transient transgene expression [116]. 

3.2. Nonviral vectors 

Nonviral vectors are theoretically simple, yet complicated in prac
tice. These delivery systems have been developed to conveniently and 
safely transfer nucleic acids (small and large DNA, RNA) [117–119] in 
target locations using naked DNA, DNA-protein conjugation, physical 
procedures (needles, ballistic DNA, electroporation, sonoporation, 
photoporation, magnetofection, hydroporation, mechanical massage) 
[120–126], and chemical compounds (inorganic particles, calcium 
phosphate, silica, gold, synthetic/natural biodegradable materials 
including lipid nanoemulsions, solid lipid nanoparticles [127], peptide 
beads [128,129], and polymer-based vectors) [125,130–139] (Table 1). 

Nonviral vectors have several advantages regarding their safety such 
as a lack of replication competence and the absence of toxic and immune 
responses in the host following their administration [136,140]. In 

contrast, their major drawbacks include their low transfection rates 
(20–40%), short-term gene expression (only a few days), the necessity 
for target cell division, and an elevated risk of degradation during 
transport to the lysosomal compartment, restricting their effective 
application in vivo and making them better suited for ex vivo gene 
therapy [141]. 

3.3. Viral vectors 

Due to the natural aptitude of viruses to penetrate diverse cell pop
ulations, a variety of them have been manipulated to meet the re
quirements needed for gene therapy applications. The most well-known 
viral vectors derived from viruses include adenoviral vectors, herpes 
simplex viral (HSV) vectors, retroviral/lentiviral vectors, and recombi
nant adeno-associated virus (rAAV) vectors, each one again with specific 
advantages and shortcomings [14,142] (Table 1). The most significant 
concerns related to the use of viral vectors are associated with safety 
issues including the occurrence of toxic and immune responses in the 
host following their administration, their potential dissemination to 
non-target sites, and risk for insertional mutagenesis upon integration in 
the host genome [24,143,144]. 

Adenoviral vectors are highly immunogenic and, while highly 
effective (up to 100% transduction rates) in both dividing and nondi
viding cells for suitable in vivo gene therapy, they only support short- 
term gene expression (up to 14 days) as they are kept under unstable 
episomal forms [27,145,146], as reported with HSV vectors [146]. 

Retroviral vectors instead promote long-term gene expression 
(months to years) as a result of their stable integration in the host 
genome but therefore carry a risk for insertional mutagenesis while they 
have a limited tropism, requiring cell division for gene expression, 
making them also better suited for ex vivo gene therapy [27,147]. As an 
alternative, lentiviral vectors share the properties of retroviral vectors 
but they can target either dividing or nondividing cells, although they 
carry the further risk or introducing HIV-based material in the recipient 
[148]. 

To improve issues related to the immunogenicity and toxicity of the 

Table 1 
Nonviral and viral vectors in gene therapy.  

Vector 
Class 

Type Advantages Shortcomings 

nonviral 
vectors 

- naked DNA or 
RNA 
- DNA-protein 
conjugation 
- physical carriers 
- chemical 
carriers 

- no toxicity 
- no immunogenicity 
- large gene capacity 
- inexpensive, simple 
production 

- low transfer 
efficiency 
- dividing cells 
- short-term gene 
expression 
- high degradation 
rate 

viral 
vectors 

adenoviral 
vectors 

- large gene capacity 
- high transfer 
efficiency 
- dividing/nondividing 
cells 

- toxicity 
- immunogenicity 
- short-term gene 
expression 
- unstable episomes 

HSV 
vectors 

- large gene capacity 
- high transfer 
efficiency 
- dividing/nondividing 
cells 

- toxicity 
- relative 
immunogenicity 
- short-term gene 
expression 
- unstable episomes 

retroviral 
vectors 

- average gene capacity 
- long-term gene 
expression 
- stable integrants 

- relative toxicity 
- relative 
immunogenicity 
- limited transfer 
efficiency 
- limited tropism 
- dividing cells 
- insertional 
mutagenesis 

lentiviral 
vectors 

- average gene capacity 
- dividing/nondividing 
cells 
- long-term gene 
expression 
- stable integrants 

- relative toxicity 
- relative 
immunogenicity 
- limited transfer 
efficiency 
- limited tropism 
- insertional 
mutagenesis 
- HIV material  

rAAV 

vectors   

- high transfer 
efficiency 
- dividing/nondividing 
cells 
- long-term gene 
expression 
- stable episomes 

- relative toxicity 
- relative 
immunogenicity 
- limited gene 
capacity 

Abbreviations: HSV, herpes simplex virus; rAAV, recombinant adeno-associated 
virus; HIV, human immunodeficiency virus. Created with Biorender. 

Table 2 
Barriers to effective gene transfer in musculoskeletal tissues and current ap
proaches to overcome them.  

Barriers Approaches 

physical and biological barriers 

- alternative routes of vector 
administration 
- alternative clinical compounds 
- alternative vector serotypes 
- cloning of tissue-specific or disease- 
inducible promoters 

pre-existing host immune responses 

- reduced vector doses 
- alternative routes of vector 
administration 
- transient host immunosuppression 
- plasmapheresis, saline flushing 
- alternative vector serotypes 
- application of proteasome inhibitors 

cell-specific and cell-associated rate- 
limiting steps for efficient transgene 
expression 

- use of scAAV 
- use of hybrid vectors 
- introduction of nuclear localization 
signals 
- application of proteasome inhibitors 

specific features and potentially deleterious 
effects of the vectors and/or treatments 

- cloning of tissue-specific or disease- 
inducible promoters 
- use of trans-splicing vectors, hybrid 
vectors 
- use of non-infectious VLPs, 
replication-defective vectors 
- use of vexosomes or exosomes 
- use of chromatin insulators 
- use of artificial chromosomes, 
integration-deficient vectors 

Abbreviations: scAAV, self-complementary AAV; VLPs, virus-like particles. 
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abovementioned gene vehicles, rAAV vectors have been introduced to 
gene therapy, where the recombinant genome of AAV has been fully 
removed from its viral coding sequences [149,150]. rAAV vectors afford 
high transduction rates (up to 100%) in both dividing and nondividing 
cells, allowing for long-term gene expression (months to years) as they 
are kept under stable episomal forms and making them suitable for in 
vivo gene therapy. Yet, these vehicles have a relatively small gene 
packaging capacity (~ 4 kb), even though trans-splicing vectors have 
been created to further enhance the size of the gene being carried, and 
they may elicit humoral immune responses in the host by pre-existing 
neutralizing antibodies against the viral capsid proteins [149,150]. 
Nevertheless, rAAV vectors remain overall particularly competent sys
tems for musculoskeletal gene therapy [27,151,152]. 

3.4. Current challenges in gene therapy and options to address them 

Despite the availability of a variety of gene vectors, a number of 
critical barriers still preclude their effective use in clinical applications 
targeting musculoskeletal tissues, including the presence of physical and 
biological barriers (dense ECM, heparin, pH and enzymatic environ
ment, blood-binding factors, solid tumors, body fluids and secretions, 
stratified and tight target, and non-target tissues), host immune re
sponses, cell-specific and cell-associated rate-limiting steps (vector up
take, internalization, transport, and processing), and specific features 
and potentially deleterious effects of the vectors and/or treatments 
[153] (Table 2). 

While a number of approaches have been developed to tackle these 
hurdles, including the use of alternative routes of vector administration, 
of clinical compounds (hirudin), or of lower vector doses, transient host 
immunosuppression, plasmapheresis, or saline flushing, the application 
of proteasome inhibitors, and the manipulation of the vectors them
selves by engineering (alternative serotypes, replication-defective and 
non-infectious vectors, hybrid vectors, alternative promoters, and 
compartment-specific localization signals, insulators, artificial chromo
somes, integration-deficient constructs, (v)exosomes) (Table 2), such 
strategies remain very complex and/or time-consuming for translational 
gene therapy [32,33,154,155]. 

In this regard, the idea of exploiting biomaterials employed in tissue 
engineering procedures has raised increased attention to conveniently 
overcome such barriers, opening new avenues of research in musculo
skeletal gene therapy [22]. The following sections will most particularly 
focus on introducing the use of functionalized hydrogels for musculo
skeletal gene therapy among the many biomaterials currently available, 
due to their possible minimal invasive delivery, ability to fill hardly 
accessible and irregular target sites, high formulation capacity, hydro
philic nature, and their aptitude to physically mimic body tissues 
[156–159]. 

4. Functionalized hydrogels 

As a general definition, hydrogels are 3D polymeric networks 

capable of maintaining a large amount of water (even >90%) within 
their structure [160–162]. The 3D structure of hydrogels arises from 
crosslinks (physical, chemical, or both) formed between polymeric 
chains. Due to the aqueous medium and to their swellability, hydro
philicity, permeability, and potential for injectability and encapsulation, 
hydrogels well resemble the ECM of human tissues, particularly of soft 
tissues, and are also attractive candidates for delivery purposes 
[158,159,163,164]. 

Both synthetic and naturally occurring biopolymers and a combi
nation of both can be used to manufacture hydrogels. Synthetic bio
polymers are generally stronger and, upon precise control during the 
production process, they may exhibit predictable behaviors such as 
biodegradability and mechanical stability. On the other hand, natural 
biopolymers, due to their biological origins, while weaker in their me
chanical properties, often display better matrix-cell interactions, but 
may trigger host immune responses. Polyvinyl alcohol (PVA) 
[165–167], poly(ethylene) glycol (PEG) [168], poly(lactic acid) (PLA) 
[169], poly(lactic-co-glycolic acid) (PLGA) [170,171], and PEG-PPO- 
PEG copolymers [172] are typical examples of synthetic biopolymers 
used to prepare hydrogels. Regarding biopolymers of natural sources, 
hyaluronic acid (HA) [173], collagen [174,175], alginate [176], pep
tides [177], gelatin [178,179], and fibrin [180,181] are frequently 
employed in hydrogel fabrication. Special features such as the chemistry 
of the applied polymers, the type and density of crosslinks, the ease of 
modification, and the nature of the hydrogel (e.g. high water content and 
hydrophilicity) allow for the inclusion of various functionalities in the 
hydrogel to improve its performance including its mechanical proper
ties, loading capacity, release profiles, degradation rate, biocompati
bility, and environmental responsiveness. 

4.1. Injectable hydrogels 

Injectability is a functional feature that allows for the transfer of a 
hydrogel containing for example cells, drugs, or therapeutic factors to 
the tissue of interest in the patient’s body in a minimally invasive 
fashion, eliminating the difficulties associated with non-injectable 
hydrogels such as complex, arduous surgeries with high costs and 
long-term healing times [182–185]. Injectability allows the hydrogel to 
completely occupy a defect space and reach inaccessible injured sites. 
The injectable hydrogel has to be in a liquid form with appropriate 
viscosity in order to be injected using a tool like a syringe for conversion 
into a gel form in vivo (sol-gel transition) [167,186–188]. Injectability 
can arise from either low-viscosity fluids (solutions, suspensions) where 
the hydrogel precursor easily flows through the needle of a syringe upon 
pressure, or from the shear-thinning behavior of the hydrogel in which 
its viscosity, due to shear loads at injection e.g. in a needle, decreases to 
easily flow through the needle and, upon load removal, can restore its 
initial viscosity (the latter one being termed “thixotropy” from a rheo
logical perspective) [189,190] (Fig. 3). 

Upon injection in a site of tissue damage, it is necessary that the 
hydrogel undergoes a crosslinking process, i.e. gelation, to optimally 

Fig. 3. Hydrogel injectability. Injectability arises from (a) a low-viscosity solution (precursor) or from (b) a shear-thinning hydrogel (created with Biorender).  
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occur. The gelation kinetics (rate and time) is, therefore, one of the 
crucial features of injectable hydrogels since too slow gelation rates can 
lead to an uneven dispersion of the cargos and the rapid, undesirable loss 
of encapsulated materials, while too rapid gelation rates may clog the 
injection tool or prevent the hydrogel to sufficiently fill the target site 
[190]. It is also important that the crosslinking process does not lead to 
the generation of toxic by-products but rather provides a biocompatible, 
porous, and physiologically stable platform that allows for a timely 
release of the cargos upon safe degradation, resulting in the effective 
treatment of injured tissues or for the neoformation of new, adapted 
tissue [190,191]. 

The process of hydrogel crosslinking, mostly referred to as in situ gel 
formation occurs via intermolecular interactions (physical crosslinking) 
or upon covalent interactions (chemical crosslinking), where both may 
be influenced by diverse external stimuli such as temperature, pH, light, 
ultrasounds, electric/magnetic fields, and biomolecular compounds (e.g. 
enzymes) that may also have an impact on the release of the cargos 
[192–195] (Fig. 4). The stimulus-responsiveness of injectable hydrogels 
is a concept that may be used either for the formation of a hydrogel 
network (stimulus-induced hydrogelation) by hydrogel crosslinking 
upon external stimulation or for the controlled release of the hydrogel 
cargo upon such external stimulation that alters the structure and shape 
of the hydrogel [196,197]. 

During physical crosslinking, a series of weak bonds are formed 

among polymeric chains of the hydrogel due to various interactions, 
including electrostatic interactions (hydrogen and ionic bonds) 
[197,198], van der Waals forces (dipole-dipole interactions and London 
dispersion forces) [199,200], π-π stacking [201], host-guest [202–204], 
and hydrophobic interactions [205–207] prone to environmental 
changes and easily reversible upon stimuli such as temperature, pres
sure, pH, light, and enzymes [208]. Physically-crosslinked hydrogels are 
therefore relatively weak structures from a mechanical point of view, 
but cell- and tissue-friendly since no chemical crosslinking agents are 
used. Chemically-crosslinked hydrogels consist of a polymeric network 
of more durable covalent linkages with higher resistance to the physi
ological environment, arising from various reactions such as the Schiff 
base reaction [209], Michael addition [210], click chemistry [210,211], 
photopolymerization [212], and enzyme-assisted reactions [213,214]. 
Chemically-crosslinked hydrogels are thus stronger and more stable 
structures from a mechanical point of view, with a good resistance 
against physiological conditions making them adapted for in vitro and in 
vivo applications and with higher controlled release profiles and 
degradation rates, but they carry a risk for potential toxicity due to the 
presence of chemical crosslinking agents. It is noteworthy that dual- or 
multicrosslinking mechanisms, e.g. physical/physical, chemical/chemi
cal, or physical/chemical, may be more attractive to increase the 
hydrogel injectability, mechanical properties, release profiles, and 
degradation rates [215–218]. 

Fig. 4. Chemically- and physically-crosslinked injectable hydrogels and stimulus-responsive hydrogels with hydrogel formation and cargo release upon external 
stimuli (electric field, temperature, pressure, light, pH, enzyme, magnetic field) (central panel). Chemical crosslinking (top panel) includes click chemistry, Michael 
addition (reaction), photo-crosslinking, Schiff base reaction, and enzyme crosslinking while physical crosslinking (bottom panel) includes hydrophobic interactions, 
hydrogen and ionic bonds, host-guest interactions, and π-π stacking (created with Biorender). 
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4.1.1. Physically-crosslinked injectable hydrogels 
The injectability of physically-crosslinked injectable hydrogels 

formed by hydrogen bonding is facilitated through the dissociation of 
weak hydrogen bonds at injection time due to applied shear forces that 
may subsequently be reformed upon force removal [219]. The necessity 
for hydrogen bond formation is the existence of hydrogen atoms and 
electronegative atoms such as nitrogen, oxygen, and fluorine that may 
exist in pure polymers, the combination of polymers, polymer/additive, 
and modified polymers. Systems based on PVA [220], poly(N-acryloyl 
glycinamide) [221,222], methylcellulose/HA [223], gelatin/agar 
[224], starch/carboxymethyl cellulose [225], and ureidopyrimidone- 
modified PEG [226] are some examples of injectable hydrogels pre
pared through hydrogen bonding. 

Another type of electrostatic interaction that contributes to physical 
crosslinking is ionic linkages based on the electrostatic attraction be
tween two groups of opposite charges. The most frequently used poly
mer capable of forming injectable hydrogels via such interactions is 
alginate which crosslinks in the presence of cations such as Ca2+ [227]. 
In addition, combinations of polymers or polymer/nanomaterials with 
opposite charges termed polyelectrolyte complexes such as chitosan- 
based hydrogels [228–230], alginate/positively charge modified orga
nosilica [230], and HA/pectin/multivalent ions (Fe3+) have also been 
reported as injectable hydrogels crosslinked upon electrostatic in
teractions [231]. 

Hydrophobic interactions present in amphiphilic molecules have 
further been attributed to physically-crosslinked injectable hydrogels. 
Among them, temperature-induced hydrophobic associations have been 
reported where sol-gel transition may be achieved by altering the tem
perature of the medium. In this scenario, a hydrogel network (amphi
philic polymer) that is soluble (sol) below the lower critical solution 

temperature (LCST) may gel above this temperature [232,233]. Poly
meric systems such as poly (N-isopropyl acrylamide), poloxamers, poly 
(vinyl ether), poly (N-vinyl caprolactam), and modified chitosan have 
been described to behave in such a fashion [234,235]. 

This type of hydrogel can also be prepared by host-guest associa
tions, where one molecule containing a cavity acts as the host while the 
other molecule behaves as the guest. The size of both the host cavity and 
the guest, as well as hydrophobic interactions, are critical parameters for 
the effective formation of these particular bonds. Macromolecules like 
cyclodextrin and its derivatives are well-known hosts capable of inter
acting with guest molecules such as PEG, azobenzene, and adamantine 
[236–238]. 

4.1.2. Chemically-crosslinked injectable hydrogels 
The crucial key related to chemically-induced injectable hydrogels is 

that crosslinking has to occur after injection under physiological 
conditions. 

The Schiff base reaction is the most commonly used chemistry to 
generate injectable hydrogels by the formation of imine bonds between 
materials containing amine and carbonyl groups, ranging from small to 
macromolecules [238]. Systems generated via this reaction include 
glutaraldehyde/chitosan [239,240], gelatin/glutaraldehyde/chitosan 
[240], HA/tyramine [241], oxidized alginate/gelatin [242], oxidized 
alginate/carboxymethyl chitosan [243], and poly(oligo(ethylene glycol) 
methyl ether metacrylate)/cellulose nanocrystals [244]. 

The Michael addition that belongs to the larger class of conjugate 
additions is another extensively used chemistry to create a covalent 
network in hydrogels, occurring between materials containing electro
philic (e.g. amine or thiol) and nucleophilic (e.g. vinyl) groups 
[245,246]. Vinyl sulfone-modified dextran/thiolated PEG [247], and 

Fig. 5. Nanocomposite hydrogels and potential benefits. Incorporation of nanoscaled filler phase such as polymeric, metallic, mineral, and carbon-based nano
materials in the polymeric (natural, synthetic) matrix phase may lead to the formation of nanocomposite hydrogels with enhanced features beneficial to delivery 
applications (created with Biorender). 
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thiol-modified polymers [248] are examples of hydrogel systems 
crosslinked via such as reaction. 

Click chemistry is another approach to create covalent linkages in 
injectable hydrogels, with a number of advantages like a rapid reaction 
rate, simplicity, the almost lack of by-products, and a high chemo
selectivity efficiency [249], although the need for harmful chemicals 
such as azides and metal catalysts may restrict its biomedical applica
tions. The click-type Diels-Alder reaction, however, is a promising 
candidate for bioapplication as it may overcome such constraints 
[249,250]. 

Crosslinking via photopolymerization using ultraviolet (UV) or 
visible light is another strategy to generate injectable hydrogels in a 
rapid, easy, and cost-effective manner. The gelation process begins with 
light irradiation of the hydrogel containing photoinitiator molecules and 
photosensitive polymers followed by the formation of free radicals that 
subsequently attack the double bonds of the polymeric chains and by the 
completion of the chemical crosslinking of the hydrogel [251]. Still, this 
method has some drawbacks including the use of toxic photoinitiators, 
uneven crosslinks, and unreacted double bonds particularly when using 
UV light that does not diffuse well throughout the hydrogel. Aqueous 
mixtures of gelatin/gelatin methacryloyl (GelMA) [252], HA loaded 
with silicon (Si)-based nickel oxide (NiO) nanoflowers [253], and 
methacrylate modified O-acetyl-galactoglucomannan/thiolated cellu
lose nanocrystal [254] are the most recent examples of photo
crosslinkable injectable hydrogels. 

Crosslinking using enzyme-assisted reactions is a new approach to 
generate injectable hydrogels with a clear benefit for biomedical ap
plications due to mild reaction requirements (neutral pH, moderate 
temperature, aqueous medium) that reduce the cytotoxicity of the 
method. Enzymes that are most commonly used to catalyze the cross
linking process include transglutaminase, horseradish peroxidase 
(HRP), phosphopantetheinyl transferase, tyrosinase, and lysyl oxidases. 
For instance, an injectable hydrogel based on tyramine-modified gelatin 
was generated by crosslinking using a combination of HRP and 
hydrogen peroxide catalysis [255–257]. 

4.2. Nanocomposite hydrogels 

While hydrogels, as mentioned above, have many benefits, one of the 
most important drawbacks associated with their application in tissue 
engineering and delivery purposes, particularly in musculoskeletal tis
sues which play a role in body weight toleration and transforming loads 
into the muscles, is their weak mechanical properties (especially upon 
dehydration). This feature makes them difficult to handle and when 
inserted in body tissues, they may easily be degraded upon small stresses 
and may therefore not perform their defined aims. To prevail these re
strictions, combining hydrogels (matrix phase) with nanomaterials 
(filler or hard phase) as nanocomposite hydrogels (Fig. 5) led to the 
emergence of novel types of functional hydrogels with improved me
chanical properties [258–260]. This advantage arises from the extraor
dinarily small size of nanomaterials (1–100 nm) with large surface-to- 
volume and aspect ratios, which cause high matrix-filler interactions 
with enhanced mechanical strength [261]. Besides mechanical 
improvement, nanomaterials can add further value to hydrogels such as 
optical, electrically conductive, magnetic, and biological features 
depending on the type of nanomaterial and intended application 
[262,263]. 

From another perspective, nanocomposite hydrogels are hybrid 
(organic/inorganic) nanoscaled structures and include particles, lami
nates, fibers, etc. with an organic matrix (natural or synthetic polymers) 
capable of forming hydrogel via physical or chemical crosslinking, as 
discussed in the previous section. More interestingly, nanomaterials may 
participate in the hydrogel crosslinking process, either physically or 
chemically or both, provided that they possess appropriate functional 
groups on their surfaces naturally, for example, hydroxyl groups in 
nanosilica particles, or previously modified with suitable functional 
groups [264–267]. In this case, nanomaterials can be referred to as 
multi-purpose materials which not only enhance the quality of the 
hydrogel, e.g. mechanically or biologically, but also take part in the 
crosslinking process. The final properties of a nanocomposite hydrogel 
are a mixture of individual characteristics of a hydrogel and incorpo
rated nanofiller as well as synergies arising from interactions between 
these materials. One of the obstacles in delivering therapeutic factors 
using conventional hydrogels is the burst release of the encapsulated 

Fig. 6. Extrinsic and intrinsic self-healing. Extrinsic self-healing mechanisms (left panel) include the release of encapsulated healing agents from capsules and from 
vascular systems and the dissolution of the healing agents while intrinsic self-healing mechanisms (right panel) are based on dynamic chemical bonds (disulfide, 
Schiff base, Diels-Alder bonds) and on physical interactions (hydrogen bonds, electrostatic interactions, π-π stacking) (created with Biorender). 
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cargos. The possible interactions between incorporated nanoparticles 
and therapeutic factors may inhibit burst release [268]. Furthermore, 
due to the hydrophilic nature of the hydrogels, hydrophobic cargos can 
not be efficiently loaded in them and tend to be quickly released under 
biological conditions. Therefore, nanomaterial incorporation in a 
hydrogel can facilitate the encapsulation of hydrophobic agents and 
provide long-term delivery [269,270]. Compared with conventional 
hydrogels, nanomaterial incorporation may induce enhanced tunable 
behaviors such as swelling/deswelling, absorption/expulsion, diffusion, 
dissolution, and degradation in the hydrogel that can provide conditions 
for a controlled release of the encapsulated cargos [271–273]. The 
modification of nanomaterials with appropriate motifs can also lead to 
stimuli-responsive hydrogels, making them suitable choices for delivery 
purposes. It was also reported that the addition of a nanomaterial for 
instance bacterial cellulose [274] or of silicate nanoplatelets [275] can 
enhance the shear-thinning behavior of a hydrogel, hence allowing to 
simply produce injectable hydrogels. One of the other benefits of 
nanocomposite hydrogels, especially for tendon/ligament repair, may 
be their enhanced adhesion to tissue surfaces due to the nanocomposite 
surface roughness and irregularities due to the presence of the nano
material [276]. 

So far, nanomaterials incorporated into hydrogels were mostly based 
on mineral nanoparticles (HAp, silica, silicates, calcium phosphate), 
natural and synthetic polymeric nanoparticles (cellulose, polyesters, 
cyclodextrins), metallic nanoparticles (gold, silver, iron oxide), and 
carbon-based nanomaterials (carbon nanotubes - CNTs, graphene) 
[258,277–279] (Fig. 5). These combinations can create intelligent 
hydrogels with custom-made functionalities, tune their physical and 
mechanical properties, trigger the cargo release upon external stimuli, 
facilitate the embedding of hydrophobic cargos, and generate multi- 
responsive networks, effects that can be hardly found in a hydrogel 
alone [280]. Briefly, nanocomposite hydrogels may display a larger 
capacity for drug/vector encapsulation and transformation, durability, 
and delivery efficiency compared with unfilled hydrogels. 

4.3. Shear-thinning and self-healing hydrogels 

In tissue engineering and delivery systems (genes, drugs, etc.), the 
designed hydrogel has to ideally maintain its integrity and mechanical 
properties during regeneration of the damaged tissue, or else it may 
rapidly disintegrate, leading to a burst release of the embedded cargos. 
This issue is particularly important for hydrogels used in musculoskel
etal tissues that are continuously exposed to static and dynamic loads to 
retain their stability within a long-term treatment. Self-healing as a 
functionality may add benefits to hydrogels to avoid their rapid 
destruction, provide conditions for a long-term controlled delivery, and 
degrade at a rate consistent with the rate of ingrowing tissue to ensure 
adequate mechanical protection [189,281–283]. Self-healing, inspired 
by biological organisms, is a process defined as the ability of a material 
to restore its initial structure and mechanical properties upon damage. 
Traditionally, self-healing mechanisms are categorized into extrinsic 
and intrinsic self-healing [284–287] (Fig. 6). 

In extrinsic mechanisms, the healing agent is encapsulated in hollow 
structures (micro/nanocapsules, micro/nanofibers, tubes, etc.), released 
upon defect, and polymerized in the site of defect to repair the damage 
site through an irreversible, one-cycle chemical reaction. This type of 
self-healing mechanism may not lead to the restoration of the original 
material structure. Other limitations such as irreversibility (one-time 
healing cycle), the use of toxic solvents and healing agents, environ
mental sensitivity (e.g. moisture), high costs, and difficulties in the 
encapsulation process, restrict this mechanism for biomedical applica
tions [285,288,289]. 

Intrinsic self-healing instead does not involve the use of healing 
agents and relies on the nature of materials, for example, functional 
groups of polymer or additives. Here, the healing process can proceed 
rapidly at ambient temperature (autonomous self-healing) or may need 
external stimulation to induce healing (non-autonomous or stimulus 
self-healing) [179,290]. The advantages of this process include its 
rapidity, its ability to restore the original shape, the absence of external 

Table 3 
Hydrogel-mediated gene vector delivery to treat musculoskeletal disorders.  

Vector Class Type Gene Material Target Tissue Features, Study Systems, Duration of Effects Refs. 

nonviral vectors 

pDNA 
BMP-2 

RGD-alginate bone - in vitro release (MC3T3-E1 cells) 
- osteogenesis (78 days), ectopic bone (mouse) 

[308] 

alginate, 
alginate/CaP bone 

- in vitro release (MSCs) 
- osteogenesis (16 weeks), ectopic bone (goat) [309] 

BMP-2/TGF-β3 alginate/nHAp 
bone, 
cartilage 

- in vitro release (MSCs) 
- osteo− /chondrogenesis (28 days) [310] 

mRNA SOX9/MYOD fibrin cartilage - in vitro release (MSCs) 
- chondro− /myogenesis (3 weeks) 

[311] 

RNAi 

COX-1/− 2 miRNAs HA/PLGA tendon - in vitro (tenocytes)/in vivo (chicken) release 
- reduced adhesions (chicken) (6 weeks) 

[312] 

antimiR-221 fibrin/HA cartilage 
- in vitro (MSCs) and in vivo (mouse) release 
- ectopic cartilage (mouse) (4 weeks) [313] 

agomiR-29b-5p SAP cartilage 
- in vivo release (OA rat) 
- cartilage repair (10 weeks) [314] 

Wwp1 siRNA PEG/PLA bone - in vivo release (mouse) 
- bone repair (3 weeks) 

[315] 

noggin siRNA glycol 
chitosan/DBM 

bone - in vitro release (MSCs) 
- osteogenesis (2 weeks) 

[316] 

miRNA-20a/ 
noggin siRNA PEG bone 

- in vitro release (MSCs) 
- osteogenesis (3 weeks) [317,318] 

viral 
vectors 

rAAV 
vectors 

TGF-β1 fibrin cartilage 
- in vitro release (MSCs) 
- chondrogenesis (3 days) [318] 

SOX9 PEO-PPO-PEO cartilage - in vivo release (minipig) 
- cartilage repair (4 weeks) 

[172] 

IGF-I alginate cartilage - in vivo release (minipig) 
- cartilage repair, reduced OA (1 year) 

[319] 

Abbreviations: pDNA, plasmid DNA; mRNA, messenger RNA; RNAi, RNA interference; rAAV, recombinant adeno-associated virus; BMP-2, bone morphogenetic protein 
2; TGF-β, transforming growth factor beta; SOX9, sex-determining region Y-related high-mobility group 9; MYOD, myoblast determination; COX, cyclooxygenase; 
miRNA (miR), microRNA; Wwp1, WW domain-containing E3 ubiquitin protein ligase 1; siRNA, small interfering RNA; IGF–I, insulin-like growth factor I; RGD, Arg- 
Gly-Asp; CaP, calcium phosphate; nHAp, nanohydroxyapatite; HA, hyaluronic acid; PLGA, poly (lactic-co-glycolic acid); SAP, self-assembling peptide; PEG, poly 
(ethylene) glycol; PLA, poly(lactic acid); DBM, demineralized bone matrix; PEO, poly(ethylene oxide); PPO, poly(propylene oxide); MSCs, mesenchymal stromal cells; 
OA, osteoarthritis. 
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healing agents or catalysts, and multiple healing cycles (reversibility), 
making intrinsic self-healing an appropriate candidate for delivery sys
tems [190,285]. 

Similar to the crosslinking processes (physical or chemical) described 
previously to form hydrogel networks, self-healing may occur due to 
various chemistries including dynamic (reversible) non-covalent 
bonding (physical), dynamic (reversible) covalent bonding (chemical), 
or a combination of both. Although, from a chemical perspective, 
hydrogel network formation and self-healing seem to be the same, the 
former may be static and irreversible, and upon damage, the hydrogel 
may not restore its original structure and mechanical properties. How
ever, in the case of self-healing hydrogels, the key point is that the 
chemical or physical associations must be able to repeatedly reform after 
rupture. Hydrogen bonds [291,292], ionic associations [293], π-π 
stacking [294,295], guest-house interactions [296], metal-ligand coor
dination [297], electrostatics [298], and hydrophobicity [299,300] are 
frequent examples of non-covalent interactions applied in self-healing 
hydrogels. Chemistries mostly applied in the design of self-healing 
hydrogels include acylhydrazone bonds [301,302], Diels-Alder [303], 
Schiff base (imine bond) [304,305], and thiol-disulfide reactions 
[306,307]. In recent years, there has been also great attention given to 
the development of shear-thinning (injectable) and self-healing hydro
gels, proposed by Bertsch et al. as third-generation self-healing hydro
gels [190]. 

5. Hydrogel-mediated gene therapy for musculoskeletal 
disorders 

A variety of hydrogels have been manipulated for the innovative 
delivery of therapeutic gene vectors to repair musculoskeletal disorders, 

including nonviral and viral vectors (Table 3). 

5.1. Hydrogel-mediated delivery of nonviral vectors 

Hydrogels have been used as platforms to deliver nonviral vectors, 
including DNA (plasmid DNA - pDNA) [308–310] and RNA [80] such as 
messenger RNAs (mRNAs) [311] or interfering RNAs, a strategy to 
repair musculoskeletal disorders by knocking down disease-associated 
genes via microRNAs (miRNAs, miRs) and/or small interfering RNAs 
(siRNAs) [312,313,315,317,318,320]. 

5.1.1. Hydrogel-mediated delivery of plasmid DNA 
To address the limitations associated with the use of recombinant 

bone morphogenetic proteins (BMPs) for bone repair (e.g. costs, rapid in 
vivo protein degradation, difficulty in protein retention, side effects at 
high BMP-2 doses) [321], Krebs et al. [308] reported the benefits of the 
effective release of a pDNA coding for BMP-2 from a cost-effective 
injectable alginate hydrogel modified with adhesion ligands contain
ing the Arg-Gly-Asp (RGD) peptide sequence for cell attachment, 
allowing for the durable (78 days) osteogenic differentiation of pre
osteoblastic cells (MC3T3-E1) and for ectopic bone formation (2 weeks) 
in the back of injected mice (Fig. 7a). 

Wegman et al. [309] used a similar approach, showing the value of 
providing a pDNA for BMP-2 via controlled release using an injectable 
alginate nanocomposite (calcium phosphate ceramic) hydrogel for MSC 
osteogenesis and ectopic bone formation (16 weeks) in goats. Gonzales- 
Fernandez et al. [310] further demonstrated that co-delivery and release 
of pDNAs for BMP-2 and for the transforming growth factor beta 3 (TGF- 
β3) using an injectable alginate nanocomposite (nanoHAp - nHAp) 
promoted the sustained (28 days) osteo− /chondrogenic differentiation 

Fig. 7. Concept of hydrogel-mediated delivery of nonviral vectors. (a) Application of a plasmid DNA (pDNA) coding for BMP-2 via an injectable RGD-alginate 
hydrogel for bone formation [308]. (b) Administration of an mRNA coding for SOX9 via an injectable fibrin hydrogel to enhance the chondrogenic differentia
tion of MSCs [311]. (c) Delivery of COX-1 and COX-2 miRNAs via an injectable HA/PLGA nanocomposite hydrogel to reduce tendon adhesion [312]. (d) Transfer of 
an siRNA targeting noggin, a BMP antagonist, via an injectable glycol chitosan/DBM nanocomposite hydrogel to enhance the osteogenic differentiation of MSCs 
[316] (created with Biorender). 
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of MSCs (TGF-β3/BMP-2) in vitro. 

5.1.2. Hydrogel-mediated delivery of mRNAs 
An interesting approach was developed by Ledo et al. [311] who 

used the high gene transfer capacity and specificity of RNAs to create an 
injectable fibrin hydrogel carrying mRNAs coding for the cartilage- 
specific transcription factor sex-determining region Y-related high- 
mobility group 9 (SOX9) and for the muscle-specific transcription fac
tor myoblast determination (MYOD) (Fig. 7b). The authors reported the 
persistent (3 weeks) chondro− /myogenic differentiation of MSCs 
(SOX9/MYOD) in vitro upon therapeutic controlled release. 

5.1.3. Hydrogel-mediated delivery of interfering RNAs 
The RNA interference (RNAi) technology has been also successfully 

employed by different groups for a variety of musculoskeletal 
applications. 

The use of miRNAs has been reported for its ability to prevent 
deleterious effects of some disease-associated genes and agents in 
musculoskeletal disorders. To tackle the problem of pathological adhe
sions in injured tendons due to the local production of pro-inflammatory 
mediators (cyclooxygenases 1 and 2 - COX-1, COX-2), Zhou et al. [312] 
proposed an approach based on the controlled delivery of COX-1 and 
COX-2 miRNAs via an injectable HA nanocomposite (poly (lactic-co- 
glycolic acid)) (PLGA) hydrogel (Fig. 7c). The system, allowing for du
rable gene silencing in vitro (21 days in tenocytes) and in vivo, was 
capable of reducing adhesions in the tendons of chicken in vivo for 6 
weeks. Next, injectable fibrin/HA hydrogels were prepared by Lolli et al. 
[313] as carriers of antimiR-221, a locked nucleic acid miRNA inhibitor 
targeting the anti-chondrogenic miR-221. Subcutaneous implantation of 
osteochondral biopsies treated with such a controlled release hydrogel 
system in mice enhanced cartilage repair over a period of 4 weeks in 

vivo. Recently, Zhu et al. [320] applied injectable hydrogels generated 
from the self-assembling peptide (SAP) RADA4 to provide agomir-29b- 
5p, a cholesterol-modified miRNA mimic that alleviates cell senes
cence and attenuates OA progression, effectively regenerating chon
drocytes and repairing the cartilage in an in vivo OA model in rats for 10 
weeks. 

Similarly, siRNAs have been utilized to counteract the undesirable 
influence of a number of pathological processes involved in musculo
skeletal diseases. For instance, Wang et al. [315] created an injectable 
poly(ethylene) glycol (PEG) nanocomposite (poly(lactic acid) - PLA) 
hydrogel carrying an siRNA against the negative regulator of bone for
mation WW domain-containing E3 ubiquitin protein ligase 1 (Wwp1), 
enhancing bone formation in murine mid-diaphyseal femur fractures in 
vivo in a controlled manner for 3 weeks. In addition, an injectable glycol 
chitosan nanocomposite (demineralized bone matrix - DBM) hydrogel 
was proposed by Kim et al. [316] for the controlled delivery of an siRNA 
targeting noggin, a BMP antagonist, leading to increased osteogenic 
differentiation of MSCs for 3 weeks in vitro (Fig. 7d). 

Of further interest, the combined use of miRNAs and siRNAs has also 
been described by Huynh et al. [317,318] who generated injectable 
photodegradable PEG-based hydrogels for the active light-triggered 
controlled release of both an siRNA targeting noggin and the pro- 
osteogenic miRNA-20a, promoting the osteogenic differentiation of 
MSCs for 3 weeks in vitro. 

5.2. Hydrogel-mediated delivery of viral vectors 

Hydrogels have also been manipulated to formulate and release viral 
vectors as off-the-shelf, controlled treatments of musculoskeletal disor
ders, with a particular focus on the delivery of rAAV vectors 
[74,172,318,319]. In particular, Lee et al. [318] employed a fibrin 

Fig. 8. Concept of hydrogel-mediated delivery of viral vectors. Administration of an rAAV SOX9 vector via an injectable thermoresponsive PF127 hydrogel for 
cartilage repair in minipig full-thickness chondral defects over a period of 4 weeks in vivo. Macroscopic (a), histological (b), and immuno-histochemical analyses (c, 
d) of cartilage repair with heat maps (e, k), principal component analyses (f, l), repair scores (g, h: macroscopic scores; i, j, m-r: microscopic scores), and immuno- 
histomorphometric analyses (s: type-II collagen; t: SOX9) [172] (reproduced with permission from the Journal). 
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hydrogel to deliver an rAAV TGF-β1 vector in MSCs, reporting the 
effective upregulation of cartilage-specific gene expression in MSCs in 
vitro for 3 days. Our group also generated injectable hydrogels as 
controlled release carriers of rAAV vectors, including a thermores
ponsive PEO-PPO-PEO (PF127) hydrogel based on poly(ethylene oxide) 
(PEO) and poly(propylene oxide) (PPO) poloxamers for the delivery of 
an rAAV SOX9 construct [172] and an alginate (AlgPH155) hydrogel for 
that of an rAAV IGF-I vector [319]. Specifically, the PF127/rAAV SOX9 
in situ gelling system allowed for the safe improvement of cartilage 
repair in clinically relevant full-thickness chondral defects in minipigs 
for 4 weeks in vivo without any detrimental or immune responses via an 
effective controlled release of the vectors [172] (Fig. 8). Most strikingly, 
the AlgPH155/rAAV IGF-I system was capable of both safely promoting 
cartilage repair and reducing perifocal OA and inflammation in a similar 
large animal model for one year in vivo, again without any detrimental or 
immune responses [319], supporting the concept of injectable, mini
mally invasive hydrogel-guided controlled gene delivery for long-term 
cartilage repair and OA protection. 

6. Conclusions and perspectives 

Scaffold-mediated gene therapy based on the manipulation of 
various biocompatible materials (solid, hydrogel, or hybrid scaffolds of 
natural or synthetic origin) acting as gene-activated matrices has a 
strong potential to provide convenient and durable off-the-shelf, patient- 
independent treatments for widespread use to manage human muscu
loskeletal disorders [22,24,71,78,322–325]. Solid scaffolds have been 
reported to offer viable solutions for musculoskeletal gene therapy, 
including systems derived from collagen [326–338], gelatin [339], silk 
fibroin [340], HA [341], PEG [342], HAp [332,334,337,343], PLGA 
[344–346], poly(ε-caprolactone) (PCL) [69,347–350], and silicon [351] 
for the goal of bone formation and repair [326–340,342–347] and for 
cartilage resurfacing and osteochondral repair [69,341,348–351]. On 
the other hand, hydrogels display a number of attractive features for the 
goal of musculoskeletal therapy, including their ability to physically 
mimic musculoskeletal tissues and to be functionalized as “smart” (tis
sue- and disease-targeted) materials by adjusting (i) their injectability 
for a minimally invasive application, (ii) their stimulus responsiveness, 
and (iii) their self-healing ability to provide optimal conditions in 
translational approaches. Due to their versatility, hydrogels (as well as 
nanocomposite hydrogels) have long been employed to carry cells and 
drugs [9,36,40,44,46,157–159,164,174,175,186,193,227,270] but 
more creatively, they have now been reported as novel, highly potent 
gene delivery platforms to treat musculoskeletal disorders as demon
stated here [172,308–319]. Hydrogels with a mechanical strength 
compatible with the host tissue due to in situ crosslinking may shield the 
gene vectors being carried from injection-associated shear forces and 
protect them from aggregation/degradation in the ECM and from po
tential host immune responses, gradually and safely releasing them in a 
controlled and sustained manner over extended periods of time while 
enhancing the efficacy of target cell transduction and thus the levels and 
duration of gene expression in a specific site [22–24,27,71,74,78,79, 
117,143,144,151–153,227,322–325]. Overall, hydrogels are easy to 
manipulate and tailor and can be produced at reduced costs and in a 
scalable manner by advancing and leveraging synthesis techniques 
(including 3D printing and microfluidics) [77,352–355] and optimizing 
raw material selection for widespread use [356], with the least 
burdensome option for the patients. 

A number of hydrogels are already in clinical use as cost-effective 
options [357,358] to treat focal articular cartilage lesions and OA or 
to improve bone repair in patients as components alone (HA, chon
droitin sulfate/PEG, PVA) [359–361], in conjunction with cells (chon
drocytes, MSCs, whole blood) (HA derivatives, alginate, chitosan, 
collagen, fibrin) [357,358,360,362–372], or as carriers of recombinant 
agents (gelatin and HA for basic fibroblast growth factor, i.e. FGF-2, and 
triamcinolone acetonide) [366,373]. Still, while a significant number (>

1500) of clinical trials have involved gene therapy procedures for some 
decades [374], somewhat few of them aim at treating musculoskeletal 
disorders via scaffold-free (synovial fibroblasts modified with a 
retrovirus-interleukin 1 receptor antagonist, i.e. IL-1Ra, and an rAAV- 
tumor necrosis factor alpha antagonist vector for rheumatoid arthritis, 
irradiated chondrocytes modified with a retrovirus-TGF-β1 vector and 
an rAAV-IL-1Ra for OA) [22,374–388] or scaffold-guided procedures 
(collagen gel with an adenoviral-platelet-derived growth factor 
construct for diabetic food ulcer, hyaluronan hydrogel/HAp/beta tri
calcium phosphate with nonviral- or adenoviral-IL-10, -TGF-β, -BMP-2 
constructs and MSCs for bone and cartilage regeneration, collagen/HAp 
and octacalcium phosphate with a nonviral vascular endothelial growth 
factor construct for bone repair) [389–392]. This relative scarcity 
possibly reflects the elevated costs of preclinical and clinical in
vestigations, the introduction of novel drug treatments as alternatives, 
and the perception of the risk associated with gene therapy (musculo
skeletal disorders are non-lethal conditions) [22,374,382–384]. 

While data are still scarce for tendon, ligament, and meniscus 
research, hydrogel-guided nonviral and viral gene delivery has been 
innovatively developed and successfully reported in some experimental 
studies in vitro and in vivo as a means to enhance bone healing and 
cartilage repair [172,308–319]. Nevertheless, this concept remains in its 
infancy compared with the large body of literature available in other 
fields of biomedicine such as tissue engineering and drug delivery 
[9,36,40,44,46,47,82,157–159,164,175,186,193,196,207,211,227,241, 
251,252,270,272] and compared with other types of systems (solid 
scaffolds) [326–351]. This shows the critical, urgent need to thoroughly 
conduct additional, extensive preclinical work in vivo, including in large 
animal models relevant of the disorders, via a combination of gene 
therapy procedures and the use of hydrogels, precluding at this stage an 
immediate translation of the systems in patients. Additionally, significant 
efforts will have to be placed in the design of affordable and scalable, 
optimized hydrogels supporting both a safe and effective protection and 
delivery of the vectors, displaying (i) a gradual biodegradability that does 
not impact the long-term stability and release of the therapeutic genes, 
(ii) a controlled and on-demand cargo release, (iii) no detrimental in
flammatory/immunogenic effects, and (iv) sufficient mechanical strength 
consistent with the host tissue. This is also true regarding (i) the gene 
vectors themselves that will have to be carefully designed and manu
factured (vector class, dose, method of formulation, etc.; choice of genes: 
growth factors, transcription factors, signaling agents, anti- 
inflammatory/anti-oxidant compounds, etc.; choice of the control 
element/promoter: high level, tissue-specific, disease-regulatable, etc.) 
and (ii) the route of administration to avoid dissemination of the vectors 
to non-target locations. 

In conclusion, hydrogels have the potential to provide effective, safe, 
and long-term gene-based delivery, off-the-shelf (patient-independent) 
tunable compounds where multifunctionalities may be introduced for a 
minimally invasive (injectable) tissue- and/or disease-specific treatment 
of musculoskeletal disorders. Directions for future investigation include 
to optimize both the types and production steps of hydrogels and gene 
vectors and to investigate the combined systems obtained in relevant 
animal models in vivo for a workable translation in the clinics in patients 
in a near future. 
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[127] Limeres MJ, Suñé-Pou M, Prieto-Sánchez S, Moreno-Castro C, Nusblat AD, 
Hernández-Munain C, et al. Development and characterization of an improved 
formulation of cholesteryl oleate-loaded cationic solid-lipid nanoparticles as an 
efficient non-viral gene delivery system. Colloids Surf B Biointerfaces 2019;184: 
110533. 

[128] Seow WY, Yang YY. A class of cationic triblock amphiphilic oligopeptides as 
efficient gene-delivery vectors. Adv Mater 2009;21:86–90. 

[129] Feng X, Lv F, Liu L, Yang Q, Wang S, Bazan GC. A highly emissive conjugated 
polyelectrolyte vector for gene delivery and transfection. Adv Mater 2012;24: 
5428–32. 

[130] Olton D, Li J, Wilson ME, Rogers T, Close J, Huang L, et al. Nanostructured 
calcium phosphates (NanoCaPs) for non-viral gene delivery: Influence of the 
synthesis parameters on transfection efficiency. Biomaterials 2007;28:1267–79. 

[131] Ramamoorth M, Narvekar A. Non viral vectors in gene therapy-an overview. 
J Clin Diagn Res 2015;9:GE01. 

[132] Van Bruggen C, Hexum JK, Tan Z, Dalal RJ, Reineke TM. Nonviral gene delivery 
with cationic glycopolymers. Acc Chem Res 2019;52:1347–58. 

[133] Zhao J, Chen G, Pang X, Zhang P, Hou X, Chen P, et al. Calcium phosphate 
nanoneedle based gene delivery system for cancer genetic immunotherapy. 
Biomaterials 2020;250:120072. 

[134] Wahane A, Waghmode A, Kapphahn A, Dhuri K, Gupta A, Bahal R. Role of lipid- 
based and polymer-based non-viral vectors in nucleic acid delivery for next- 
generation gene therapy. Molecules 2020;25:2866. 

[135] McErlean EM, Ziminska M, McCrudden CM, McBride JW, Loughran SP, Cole G, 
et al. Rational design and characterisation of a linear cell penetrating peptide for 
non-viral gene delivery. J Control Release 2021;330:1288–99. 

[136] Zu H, Gao D. Non-viral vectors in gene therapy: Recent development, challenges, 
and prospects. AAPS J 2021;23:78. 

[137] Luiz MT, Tofani LB, Araújo VHS, Di Filippo LD, Duarte JL, Marchetti JM, et al. 
Gene therapy based on lipid nanoparticles as non-viral vectors for glioma 
treatment. Curr Gene Ther 2021;21:452–63. 
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[319] Maihöfer J, Madry H, Rey-Rico A, Venkatesan JK, Goebel L, Schmitt G, et al. 
Hydrogel-guided, rAAV-mediated IGF-I overexpression enables long-term 
cartilage repair and protection against perifocal osteoarthritis in a larges-animal 
full-thickness chondral defect model at one year in vivo. Adv Mater 2021;33: 
2008451. 

[320] Zhu J, Yang S, Qi Y, Gong Z, Zhang H, Liang K, et al. Stem cell-homing hydrogel- 
based miR-29b-5p delivery promotes cartilage regeneration by suppressing 
senescence in an osteoarthritis rat model. Sci Adv 2022;8:eabk0011. 

[321] James AW, LaChaud G, Shen J, Asatrian G, Nguyen V, Zhang X, et al. A review of 
the clinical side effects of bone morphogenetic protein-2. Tissue Eng Part B Rev 
2016;22:284–97. 

[322] Raftery RM, Walsh DP, Castaño IM, Heise A, Duffy GP, Cryan SA, et al. Delivering 
nucleic-acid based nanomedicines on biomaterial scaffolds for orthopedic tissue 
repair: Challenges, progress and future perspectives. Adv Mater 2016;28: 
5447–69. 

[323] Matsiko A, Levingstone TJ, O’Brien FJ. Advanced strategies for articular cartilage 
defect repair. Materials (Basel) 2013;6:637–68. 

[324] Kelly DC, Raftery RM, Curtin CM, O’Driscoll CM, O’Brien FJ. Scaffold-based 
delivery of nucleic acid therapeutics for enhanced bone and cartilage repair. 
J Orthop Res 2019;37:1671–80. 

[325] Lemoine M, Casey SM, O’Byrne JM, Kelly DJ, O’Brien FJ. The development of 
natural polymer scaffold-based therapeutics for osteochondral repair. Biochem 
Soc Trans 2020;48:1433–45. 

[326] Fang J, Zhu YY, Smiley E, Bonadio J, Rouleau JP, Goldstein SA, et al. Stimulation 
of new bone formation by direct transfer of osteogenic plasmid genes. In: 
Proceedings of the National Academy of Sciences U S A. 93; 1996. p. 5753–8. 

[327] Bonadio J, Smiley E, Patil P, Goldstein S. Localized, direct plasmid gene delivery 
in vivo: prolonged therapy results in reproducible tissue regeneration. Nat Med 
1999;5:753–9. 

[328] Geiger F, Bertram H, Berger I, Lorenz H, Wall O, Eckhardt C, et al. Vascular 
endothelial growth factor gene-activated matrix (VEGF165-GAM) enhances 

osteogenesis and angiogenesis in large segmental bone defects. J Bone Miner Res 
2005;20:2028–35. 

[329] Endo M, Kuroda S, Kondo H, Maruoka Y, Ohya K, Kasugai S. Bone regeneration by 
modified gene-activated matrix: effectiveness in segmental tibial defects in rats. 
Tissue Eng 2006;12:489–97. 

[330] Keeney M, van den Beucken JJ, van der Kraan PM, Jansen JA, Pandit A. The 
ability of a collagen/calcium phosphate scaffold to act as its own vector for gene 
delivery and to promote bone formation via transfection with VEGF(165). 
Biomaterials 2010;31:2893–902. 

[331] Elangovan S, D’Mello SR, Hong L, Ross RD, Allamargot C, Dawson DV, et al. The 
enhancement of bone regeneration by gene activated matrix encoding for platelet 
derived growth factor. Biomaterials 2014;35:737–47. 

[332] Curtin CM, Tierney EG, McSorley K, Cryan SA, Duffy GP, O’Brien FJ. 
Combinatorial gene therapy accelerates bone regeneration: non-viral dual 
delivery of VEGF and BMP2 in a collagen-nanohydroxyapatite scaffold. Adv 
Healthc Mater 2015;4:223–7. 

[333] D’Mello SR, Elangovan S, Hong L, Ross RD, Sumner DR, Salem AK. A pilot study 
evaluating combinatorial and simultaneous delivery of polyethylenimine-plasmid 
DNA complexes encoding for VEGF and PDGF for bone regeneration in calvarial 
bone defects. Curr Pharm Biotechnol 2015;16:655–60. 

[334] Raftery RM, Mencía-Castaño I, Sperger S, Chen G, Cavanagh B, Feichtinger GA, 
et al. Delivery of the improved BMP-2-Advanced plasmid DNA within a gene- 
activated scaffold accelerates mesenchymal stem cell osteogenesis and critical 
size defect repair. J Control Release 2018;283:20–31. 

[335] Zhang W, De La Vega RE, Coenen MJ, Müller SA, Peniche Silva CJ, Aneja MK, 
et al. An improved, chemically modified RNA encoding BMP-2 enhances 
osteogenesis in vitro and in vivo. Tissue Eng Part A 2019;25:131–44. 

[336] Khorsand B, Elangovan S, Hong L, Kormann MSD, Salem AK. A bioactive collagen 
membrane that enhances bone regeneration. J Biomed Mater Res B Appl Biomater 
2019;107:1824–32. 

[337] Raftery RM, Walsh DP, Blokpoel Ferreras L, Mencía Castaño I, Chen G, 
LeMoine M, et al. Highly versatile cell-penetrating peptide loaded scaffold for 
efficient and localised gene delivery to multiple cell types: From development to 
application in tissue engineering. Biomaterials 2019;216:119277. 

[338] Walsh DP, Raftery RM, Murphy R, Chen G, Heise A, O’Brien FJ, et al. Gene 
activated scaffolds incorporating star-shaped polypeptide-pDNA nanomedicines 
accelerate bone tissue regeneration in vivo. Biomater Sci 2021;9:4984–99. 

[339] Chew SA, Kretlow JD, Spicer PP, Edwards AW, Baggett LS, Tabata Y, et al. 
Delivery of plasmid DNA encoding bone morphogenetic protein-2 with a 
biodegradable branched polycationic polymer in a critical-size rat cranial defect 
model. Tissue Eng Part A 2011;17:751–63. 

[340] Zhang Y, Wu C, Luo T, Li S, Cheng X, Miron RJ. Synthesis and inflammatory 
response of a novel silk fibroin scaffold containing BMP7 adenovirus for bone 
regeneration. Bone 2012;51:704–13. 

[341] Needham CJ, Shah SR, Dahlin RL, Kinard LA, Lam J, Watson BM, et al. 
Osteochondral tissue regeneration through polymeric delivery of DNA encoding 
for the SOX trio and RUNX2. Acta Biomater 2014;10:4103–12. 

[342] Itaka K, Ohba S, Miyata K, Kawaguchi H, Nakamura K, Takato T, et al. Bone 
regeneration by regulated in vivo gene transfer using biocompatible polyplex 
nanomicelles. Mol Ther 2007;15:1655–62. 

[343] Ono I, Yamashita T, Jin HY, Ito Y, Hamada H, Akasaka Y, et al. Combination of 
porous hydroxyapatite and cationic liposomes as a vector for BMP-2 gene 
therapy. Biomaterials 2004;25:4709–18. 

[344] Huang YC, Simmons C, Kaigler D, Rice KG, Mooney DJ. Bone regeneration in a rat 
cranial defect with delivery of PEI-condensed plasmid DNA encoding for bone 
morphogenetic protein-4 (BMP-4). Gene Ther 2005;12:418–26. 

[345] Pan H, Zheng Q, Yang S, Guo X, Wu B, Zou Z, et al. A novel peptide-modified and 
gene-activated biomimetic bone matrix accelerating bone regeneration. J Biomed 
Mater Res A 2014;102:2864–74. 

[346] Keeney M, Chung MT, Zielins ER, Paik KJ, McArdle A, Morrison SD, et al. 
Scaffold-mediated BMP-2 minicircle DNA delivery accelerated bone repair in a 
mouse critical-size calvarial defect model. J Biomed Mater Res A 2016;104: 
2099–107. 

[347] Dupont KM, Boerckel JD, Stevens HY, Diab T, Kolambkar YM, Takahata M, et al. 
Synthetic scaffold coating with adeno-associated virus encoding BMP2 to promote 
endogenous bone repair. Cell Tissue Res 2012;347:575–88. 

[348] Glass KA, Link JM, Brunger JM, Moutos FT, Gersbach CA, Guilak F. Tissue- 
engineered cartilage with inducible and tunable immunomodulatory properties. 
Biomaterials 2014;35:5921–31. 

[349] Moutos FT, Glass KA, Compton SA, Ross AK, Gersbach CA, Guilak F, et al. 
Anatomically shaped tissue-engineered cartilage with tunable and inducible 
anticytokine delivery for biological joint resurfacing. In: Proceedings of the 
National Academy of Sciences U S A. 113; 2016. E4513–22. 

[350] Pferdehirt L, Ross AK, Brunger JM, Guilak F. A synthetic gene circuit for self- 
regulating delivery of biologic drugs in engineered tissues. Tissue Eng Part A 
2019;25:809–20. 

[351] Fletcher RB, Stokes LD, Kelly 3rd IB, Henderson KM, Vallecillo-Viejo IC, 
Colazo JM, et al. Nonviral in vivo delivery of CRISPR-Cas9 using protein-agnostic, 
high-loading porous silicon and polymer nanoparticles. ACS Nano 2023;17: 
16412–31. 

[352] Madrigal JL, Sharma SN, Campbell KT, Stilhano RS, Gijsbers R, Silva EA. 
Microgels produced using microfluidic on-chip polymer blending for controlled 
released of VEGF encoding lentivectors. Acta Biomater 2018;69:265–76. 

[353] Gonzalez-Fernandez T, Rathan S, Hobbs C, Pitacco P, Freeman FE, Cunniffe GM, 
et al. Pore-forming bioinks to enable spatio-temporally defined gene delivery in 
bioprinted tissues. J Control Release 2019;301:13–27. 

M. Enayati et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1510
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1510
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1510
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1515
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1515
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1515
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1515
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1520
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1520
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1520
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1525
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1525
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1525
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1530
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1530
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1530
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1535
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1535
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1535
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1540
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1540
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1540
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1545
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1545
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1545
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1550
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1550
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1550
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1550
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1555
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1555
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1555
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1560
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1560
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1560
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1565
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1565
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1565
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1570
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1570
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1570
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1575
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1575
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1575
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1580
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1580
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1580
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1580
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1585
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1585
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1585
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1590
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1590
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1590
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1590
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1595
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1595
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1595
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1595
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1595
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1600
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1600
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1600
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1605
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1605
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1605
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1610
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1610
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1610
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1610
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1615
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1615
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1620
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1620
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1620
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1625
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1625
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1625
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1630
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1630
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1630
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1635
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1635
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1635
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1640
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1640
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1640
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1640
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1645
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1645
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1645
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1650
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1650
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1650
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1650
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1655
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1655
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1655
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1660
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1660
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1660
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1660
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1665
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1665
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1665
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1665
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1670
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1670
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1670
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1670
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1675
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1675
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1675
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1680
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1680
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1680
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1685
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1685
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1685
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1685
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1690
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1690
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1690
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1695
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1695
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1695
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1695
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1700
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1700
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1700
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1705
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1705
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1705
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1710
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1710
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1710
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1715
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1715
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1715
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1720
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1720
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1720
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1725
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1725
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1725
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1730
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1730
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1730
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1730
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1735
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1735
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1735
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1740
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1740
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1740
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1745
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1745
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1745
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1745
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1750
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1750
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1750
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1755
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1755
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1755
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1755
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1760
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1760
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1760
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1765
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1765
http://refhub.elsevier.com/S0001-8686(24)00155-6/rf1765


Advances in Colloid and Interface Science 331 (2024) 103232

19

[354] Gottardi R. Load-induced osteoarthritis on a chip. Nat Biomed Eng 2019;3:502–3. 
[355] Jahangiri S, Rahimnejad M, Nasrollahi Boroujeni N, Ahmadi Z, Motamed Fath P, 

Ahmadi S, et al. Viral and non-viral gene therapy using 3D (bio)printing. J Gene 
Med 2022;24:e3458. 

[356] Annabi N, Tamayol A, Uquillas JA, Akbari M, Bertassoni LE, Cha C, et al. 25th 

anniversary article: Rational design and applications of hydrogels in regenerative 
medicine. Adv Mater 2014;26:85–123. 

[357] Papadopoulos G, Griffin S, Rathi H, Gupta A, Sharma B, van Bavel D. Cost- 
effectiveness analysis of arthroscopic injection of a bioadhesive hydrogel implant 
in conjunction with microfracture for the treatment of focal chondral defects of 
the knee - an Australian perspective. J Med Econ 2022;25:712–21. 

[358] Snow M, Mandalia V, Custers R, Emans PJ, Kon E, Niemeyer P, et al. Cost- 
effectiveness of a new ACI technique for the treatment of articular cartilage 
defects of the knee compared to regularly used ACI technique and microfracture. 
J Med Econ 2023;26:537–46. 

[359] de Queiroz AAB, Debieux P, Amaro J, Ferretti M, Cohen M. Hydrogel implant is as 
effective as osteochondral autologous transplantation for treating focal cartilage 
knee injury in 24 months. Knee Surg Sports Traumatol Arthrosc 2018;26: 
2934–41. 

[360] Sofu H, Camurcu Y, Ucpunar H, Ozcan S, Yurten H, Sahin V. Clinical and 
radiographic outcomes of chitosan-glycerol phosphate/blood implant are similar 
with hyaluronic acid-based cell-free scaffold in the treatment of focal 
osteochondral lesions of the knee joint. Knee Surg Sports Traumatol Arthrosc 
2019;27:773–81. 

[361] Wolf MT, Zhang H, Sharma B, Marcus NA, Pietzner U, Fickert S, et al. Two-year 
follow-up and remodeling kinetics of ChonDux hydrogel for full-thickness 
cartilage defect repair in the knee. Cartilage 2020;11:447–57. 

[362] Almqvist KF, Dhollander AA, Verdonk PC, Forsyth R, Verdonk R, Verbruggen G. 
Treatment of cartilage defects in the knee using alginate beads containing human 
mature allogenic chondrocytes. Am J Sports Med 2009;37:1920–9. 

[363] Schneider U, Rackwitz L, Andereya S, Siebenlist S, Fensky F, Reichert J, et al. 
A prospective multicenter study on the outcome of type I collagen hydrogel-based 
autologous chondrocyte implantation (CaReS) for the repair of articular cartilage 
defects in the knee. Am J Sports Med 2011;39:2558–65. 

[364] Rackwitz L, Schneider U, Andereya S, Siebenlist S, Reichert JC, Fensky F, et al. 
Reconstruction of osteochondral defects with a collagen I hydrogel. Results of a 
prospective multicenter study. Orthopade 2012;41:268–79. 

[365] Stanish WD, McCormack R, Forriol F, Mohtadi N, Pelet S, Desnoyers J, et al. Novel 
scaffold-based BST-CarGel treatment results in superior cartilage repair compared 
with microfracture in a randomized controlled trial. J Bone Joint Surg American 
Vol 2013;95:1640–50. 

[366] Petrella RJ, Emans PJ, Alleyne J, Dellaert F, Gill DP, Maroney M. Safety and 
performance of Hydros and Hydros-TA for knee osteoarthritis: a prospective, 
multicenter, randomized, double-blind feasibility trial. BMC Musculoskelet 
Disord 2015;16:57. 

[367] Shive MS, Stanish WD, McCormack R, Forriol F, Mohtadi N, Pelet S, et al. BST- 
CarGel® treatment maintains cartilage repair superiority over microfracture at 5 
years in a multicenter randomized controlled trial. Cartilage 2015;6:62–72. 

[368] Kim YS, Kwon OR, Choi YJ, Suh DS, Heo DB, Koh YG. Comparative matched-pair 
analysis of the injection versus implantation of mesenchymal stem cells for knee 
osteoarthritis. Am J Sports Med 2015;43:2738–46. 

[369] Benazzo F, Perticarini L, Padolino A, Castelli A, Gifuni P, Lovato M, et al. A multi- 
centre, open label, long-term follow-up study to evaluate the benefits of a new 
viscoelastic hydrogel (Hymovis®) in the treatment of knee osteoarthritis. Eur Rev 
Med Pharmacol Sci 2016;20:959–68. 

[370] Park YB, Ha CW, Lee CH, Yoon YC, Park YG. Cartilage regeneration in 
osteoarthritic patients by a composite of allogeneic umbilical cord blood-derived 
mesenchymal stem cells and hyaluronate hydrogel: Results from a clinical trial for 
safety and proof-of-concept with 7 years of extended follow-up. Stem Cells Transl 
Med 2017;6:613–21. 

[371] Thier S, Baumann F, Weiss C, Fickert S. Feasibility of arthroscopic autologous 
chondrocyte implantation in the hip using an injectable hydrogel. Hip Int 2018; 
28:442–9. 

[372] Niemeyer P, Hanus M, Belickas J, László T, Gudas R, Fiodorovas M, et al. 
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