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Abstract: Injectable bioadhesive hydrogels, known for their capacity to carry substances and adapt-
ability in processing, offer great potential across various biomedical applications. They are especially
promising in minimally invasive stem cell-based therapies for treating cartilage damage. This ap-
proach harnesses readily available mesenchymal stem cells (MSCs) to differentiate into chondrocytes
for cartilage regeneration. In this review, we investigate the relationship between bioadhesion and
MSC differentiation. We summarize the fundamental principles of bioadhesion and discuss recent
trends in bioadhesive hydrogels. Furthermore, we highlight their specific applications in conjunc-
tion with stem cells, particularly in the context of cartilage repair. The review also encompasses a
discussion on testing methods for bioadhesive hydrogels and direct techniques for differentiating
MSCs into hyaline cartilage chondrocytes. These approaches are explored within both clinical and
laboratory settings, including the use of genetic tools. While this review offers valuable insights into
the interconnected aspects of these topics, it underscores the need for further research to fully grasp
the complexities of their relationship.

Keywords: bioadhesive; injectable; hydrogel; stem cell; differentiation

1. Introduction

Hydrogels, which are 3D cross-linked natural or synthetic polymer networks with high
water-absorbing capacity and versatile fabrication characteristics, have wide-ranging appli-
cations, particularly in the fields of tissue engineering (TE) and regenerative medicine [1].

Injectable hydrogels specially offer potential advantages in minimally invasive local
drug delivery, precise and site-specific implantation, as well as targeted delivery to hard-
to-reach tissue sites and interface tissues. The phase transition in a polymer solution,
from liquid to solid at a critical point, is known as the sol–gel transition state. Injectable
hydrogels, including in situ forming and shear-thinning hydrogels, undergo a rapid sol–
gel phase transition, which allows the matrix an easy taking of the shape of the cavity,
providing a suitable fit and interface in tissues [2–4]. In this light, the adhesivity of applied
hydrogel is one of the crucial properties for hydrogels in biomedicine.

Bioadhesive hydrogels have emerged as pivotal materials in the realm of cell therapy
research, owing to their exceptional attributes. These attributes, including desired biocom-
patibility, biodegradability, tissue and cellular adhesion capabilities, as well as mechanical
properties conducive to the emulation of the extracellular matrix (ECM), play a pivotal
role in fostering critical cellular processes such as proliferation, wound healing, and tissue
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regeneration [5–7]. Drawing upon the information presented thus far and the observed
experimental outcomes, it can be cautiously inferred that hydrogels exhibit favorable at-
tributes as a potential material for biomedical applications, notably hinting at their potential
suitability as a conducive environment for the proliferation of stem cells [8,9].

In the current scientific landscape, it is notable that there is a lack of recent reviews
specifically focusing on the interplay between the bioadhesive properties of hydrogels and
their role in the induction of MSCs differentiation. This absence of literature motivates our
study for this significant correlation, which deserves attention. While the extant literature
does contain a number of reviews that discuss hydrogels in the context of stem cells [10,11],
none of them describes the relationship we explore in this review. We intend to examine
the existing knowledge regarding hydrogel bioadhesiveness and its correlation to MSC
differentiation, with a particular emphasis on elucidating the underlying mechanisms of
bioadhesion and MSC proliferation and differentiation. This work is the first in this field
due to its unique focus on revealing the multifaceted relationship between bioadhesiveness
in hydrogel materials and its implications for the induction of MSC proliferation.

2. Bioadhesion

By definition, bioadhesion is the phenomenon in which natural and synthetic ma-
terials adhere to biological surfaces. This may or may not be associated with the use of
adhesives to bond the material to the biological surface. Bioadhesion also refers to the
incorporation of a biomaterial into the body, manifested by the formation of a biofilm on
the biomaterial. Xiong at al. divided bioadhesion into three aspects: mucosal adhesion, cell
adhesion and bioadhesives [7]. Mucoadhesion is a specific type of bioadhesion in which
a layer of mucus gel forms on the surface of the biological surface during the adhesion
process [12]. Cell adhesion is a complex phenomenon where aside from morphology,
the chemical composition of the biomaterial surface interacts with surface molecules on
cells [13]. Bioadhesives derived either from synthetic or biological source are highly bio-
compatible and biodegradable polymers, which are used to join two surfaces where at least
one of them is a living tissue [14]. There are also other approaches to classify bioadhesion.
Chopra et al. proposed three types: Type 1: adhesion between two biological phases; Type
2: adhesion of a biological phase to an artificial substrate; Type 3: adhesion of an artificial
material to a biological substrate [15]. Overall, hydrogel adhesion involves a complex
interplay of chemistry, topology, and mechanics, as various types of bonds are introduced
(Table 1 or Figure 1). Hydrogels can manifest robust adhesion through the involvement of
both covalent and noncovalent bonds. Covalent bonds contribute their inherent strength
individually, while noncovalent bonds, through the synergistic interplay of polymer chains,
collectively impart substantial adhesive properties [7,16,17]. The nature of bonds present
within hydrogels significantly influences the process of cross-linking, which subsequently
impacts their adhesive properties. Notably, heightened cross-linking levels tend to diminish
the adhesive capacity of hydrogels. This reduction is attributed to the constrained mobility
resulting from increased cross-linking, thereby impeding functional groups along polymer
chains from accessing the hydrogel surface and establishing interactions with the substrate
for adhesion [18].

Table 1. Overview of representative chemistry bonds that link hydrogel to biological surfaces known
as bioadhesiveness [16].

Bond Types Representative Bonds

Permanent covalent bonds Carbon–carbon, Siloxane, Amide, Carbon–nitrogen

Dynamic covalent bonds Disulfide, Imine, Boronate ester complexations

Non-covalent bonds Ionic interactions, Hydrogen bonds, Hydrophobic
interaction, Dipole–dipole interaction, π–π interaction
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Figure 1. Elucidation of the mechanism of an injectable bioadhesive hydrogel with incorporated stem
cells, which effectively occupies the defect in the cartilage structure, provides a visual representation
of the different types of bonds involved in bioadhesion, namely Permanent covalent bonds, Dynamic
covalent bonds and Non-covalent bonds.

Generally, bioadhesives can be classified into three basic categories: I. Wound closure,
II. Sealing leakage, III. Immobilization [19]. An ideal bioadhesive polymer is characterized
by the following criteria [15]:

1. the polymer and its degradation products must be non-toxic, biodegradable and
non-absorbable;

2. it should have the ability to establish robust bonds with mucus or other biological
surfaces;

3. rapid and strong adhesion to surfaces should be achievable;
4. it should offer ease of formulation with drugs without impacting drug release patterns.

An overview of recent research developments in the realm of bioadhesive hydrogels
(Table 2) collectively offers insights into a variety of applications and material enhancements,
underscoring the ongoing progress in the field of bioadhesive hydrogel technology. Then,
a more narrowly focused overview of recent research in bioadhesive and bioadhesive
injectable hydrogels in cartilage applications is presented in Table 3.

Table 2. An overview in recent research developments in bioadhesive hydrogels.

Materials Adhesiveness Origins Application Ref.

Acrylic acid and -N,N′-methylenebisacrylamide (MBA) as a
cross-linking agent Phenol groups Acceleration of oral wound healing [20]

Vonoprazan fumarate (VF) and acidic fibroblast growth
factor (AFGF) Nano-silica Hydrogel for Stomach

Perforation Repair [21]

Thiolated γ-polyglutamic acid (PGA-Cys) Disulfide For local delivery of keratinocyte
growth factor (KGF) [22]

Poly(acrylic acid) grafted with N-hydroxysuccinimide ester
(PAAc-NHS ester) and gelatin -

Spherical hydrogel network inhalation
for enhanced lung defence (SHIELD)
against SARS-CoV-2

[23]

Tyramine-modified hyaluronic acid (HA-Tyr) Tyrosine-containing extracellular
matrix proteins Cartilage repair [24]

Ion-activated hydrogel (Natural corneal extracellular matrix and
peptide-modified alginate) - Corneal regeneration [25]

Polyvinyl alcohol (PVA), dextran (Dex) and borax Phenol groups Effectively activated wound healing [26]

Poloxamer and thiolated γ-PGA polymer Glycoproteins groups Diabetic wound healing [27]



Polymers 2023, 15, 4228 4 of 17

Table 2. Cont.

Materials Adhesiveness Origins Application Ref.

Nitrobenzene-modified hyaluronic acid (HA-NB) + methacrylated
polyvinyl alcohol (PVA-MA), with lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as
the photoinitiator

Aldehyde groups Repair of arterial bleeding [28]

The protocatechuic aldehyde hybridized collagen-based
all-natural hydrogel (FGMA/FG/PA) Protocatechuic aldehyde (PA) Promotes Angiogenesis and Diabetic

Wound Healing [29]

Cathechol-conjungated chitosan (CHI-C) Catechol groups Hemostasis and bone regeneration [30]

Catechol-grafted carbon-quantum-dot DA-CQD@Pd hydrogel Catechol groups Cancer immunotherapy [31]

Elastic protein-based hydrogel—grafted glycidyl methacrylate on
the gelatin backbone (GELGYM) - Ocular tissue engineering [5]

GTT-3 hydrogel: Tannic acid modified gelatin (Gel-TA) with
transglutaminase (TG)

Hydrogen bonding, imine linking,
and acyl-transfer reaction Tissue wound hemostasis [32]

Methacrylate-hybridizedpoly(3,4-
ethylenedioxythiophene)nanoparticle(dPEDOTNP)-incorporated
hydrogel

Catechol groups Brain–machine interference (BMI) [33]

Chondroitin sulfate (CS), a cartilage-derived sulfated
glycosaminoglycan (GAG) as the backbone + catechol moities
3,4-dihydroxyphenylalanine (DOPA)

Catechol groups Multi-functional bioadhesive [34]

Platelet-rich plasma (PRP)-laden GelMA hydrogel -
Hydrogel Contact Lens for the
Treatment of Ocular Surface
Chemical Injuries

[35]

Silk fibroin (SF) + Poly(ethylene glycol) (PEG) hydrogel Catechol groups Wound closure [36]

Methacryloylated gelatin (GelMA), Pluronic F127 diacrylate
(F127DA) & Aldehyded Pluronic F127 (AF127) co-assembled
bi-functional micelles and collagen type I (COL I) hydrogel

Aldehyde groups Corneal patch for in situ sutureless
corneal repair [37]

Cephalexin NT and chitosane hydrogel Positively charged groups Antibacterial drug delivery [38]

Hybrid double-network polydopamine–hyaluronic acid hydrogel - Disposable wound dressing [39]

Gelatin and glycerine-based hydrogel - Site-specific drug release [40]

Methacrylate gelatine + methacrylated silk fibroin + Pluronic
F127 diacrylate

Amine-MA and thiol-MA groups plus
intermolecular non-covalent bonds Bladder injury repair [41]

Table 3. An overview in recent research developments in bioadhesive and bioadhesive-injectable
hydrogels in cartilage repair.

Materials Adhesiveness Origins Ref.

poly(ethyleneglycol)(PEG)–basedhydrogel Sulfate and acrylate groups. [42]

Polydopamine–chondroitin sulfate–polyacrylamide
(PDA–CS–PAM) Catechol group [43]

Catechol-functionalized Chondoritin sulfate
(CS-CA) hydrogel Catechol group [44]

Polydopamine/gelatin-poly(acrylic acid) (PDA/Gel-PAA)
composite hydrogel Catechol groups [45]

Oxidized hyaluronic acid (OHA) and
N-(2-hydroxypropyl)-3-trimethylammonium chitosan
chloride (HTCC) methacrylate (HTCCMA) hydrogel

Aldehyde groups [46]

Hyaluronic acid-transglutaminase (HA-TG) hydrogel Covalent bonds [47]

Self-cross-linked oxidized alginate/gelatin hydrogel Aldehyde groups [48]

Doublle cross-linked Hyalourinoc acid hydrogel (Deial Alder
clic reaction ad phenyl-boronate ester bond) Catechol groups [49]

Tyramine-modified hyaluronic acid (HA-Tyr) hydrogel Adhesion to cartilage due to
hyaluronic acid [24]

Sulfhydryl chondroitin sulfate and polydopamine (CS-PDA) Catechol groups [50]

Gelatine–Methacryloyl(GelMA)–glycol chitosan hydrogel Protein and methacrylate groups [51]

Eznymytically cross-linked alginate—dopamine, chondroitin
sulfate, and regenerated silk fibroin (AD/CS/RSF) Aldehyde and dopamine groups [52]
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3. Testing of Bioadhesion

Adhesion represents a multifaceted phenomenon governed by intricate interactions
involving chemical, topological, and mechanical factors. The comprehensive evaluation
of adhesion typically encompasses four distinct mechanical assessments. Notably, within
this set of tests, the probe-pull and lap-shear methodologies serve to quantitatively assess
adhesion strength by specifically gauging the maximum force per unit area. Meanwhile,
the peel and bilayer-stretch tests are employed to assess adhesion toughness, quantifying
the energy necessary for separation per unit area. These four tests serve to investigate and
differentiate various facets of adhesion properties [16,53].

The majority of adhesion and bioadhesion tests are typically mechanical tests con-
ducted usually ex vivo. Peel tests are a type of mechanical tests used to assess the strength
of adhesive bonds, particularly for flexible adherents [54]. There are more variants based
on the peeling angle, and all are standardized protocols; e.g., Wei at al. followed standard
protocol for peeling adhesion test ASTM F2256-05 [55,56], sometimes minorly modified by
research teams; e.g., Jeon et al. utilized a 90◦ peel test with a porcine skin substrate [57].

One of the most commonly employed assessments for evaluating the adhesive prop-
erties of bioadhesive hydrogels involves the utilization of the lap-shear test, also referred
to as bulk adhesion testing. The test assesses shear strength, with cohesive failure occur-
ring within the adhesive, while the adhesive failure depends on the adherend’s interface
properties [58]. It is a standardized method (ASTM F2255:2005 [59]) that research teams
modify [60]; usually, the test undergoes ex vivo utilizing porcine skin [20,61], and the test
could be also performed in vitro [41].

The form of a bilayer stretch test methodology can be applied to assess extensional
adhesion, wherein the adhesion energy is quantified when the hydrogels are either in
their unextended or extended states [62]. Moreover, novel perspectives on adhesion
measurement are emerging; e.g., Dehene et al. recently introduced a straightforward and
replicable supplement method in viable tissues [63]. Ultimately, scientific teams frequently
quantify adhesion in a straightforward manner by using weights and increasing tensile
loading till adhesion failure [64,65].

In addition to mechanical tests, biocompatibility tests are an important part of hydrogel
bioadhesiveness tests. One such test is the ISO-10993-11 [66] medical device rules and
standards. Thanusha at al. evaluated biocompatibility for the developed hydrogel wound
dressing [67].

The evaluation of bioadhesive hydrogels also includes clinical trials. For instance,
as reported in the study by Øvrebø et al., the transition of hydrogels from laboratory
development to clinical application necessitates adherence to an extensive array of proto-
cols and regulatory standards, as well as the establishment of post-market surveillance
measures [68].

4. Application of Bioadhesive Injectable Hydrogels in Cartilage Regeneration

Bioadhesive injectable hydrogels have garnered substantial interest in recent years
due to their remarkable properties. The diverse applications of these hydrogels, ranging
from wound healing and tissue repair to cell adhesion and wearable sensors, are discussed,
underscoring their promising role in biomedicine and offering valuable insights for future
research [7]. As an illustration of the increasing prominence of bioadhesive injectable hydro-
gels in medicine, various studies stand out. These studies encompass adhesive hydrogels
for delivering mesenchymal stem cell-derived exosomes to treat spinal cord injuries [69],
an innovative approach using hypoxia-stimulated exosomes within a peptide-modified
adhesive hydrogel for spinal cord injury treatment [70], the GelMA–dopamine–EV hy-
drogel for enhanced MSC-EV function in diabetic wound healing [71], and an adhesive
hydrogel integrated with placental mesenchymal stem cell-conditioned medium (CM) to
prevent uterine adhesions and improve patient outcomes [72]. Additionally, a PEG-based
hydrogel shows potential for muscle regeneration [73], and Col/APG hydrogels incorpo-
rating umbilical cord stem cell factor (SCF) offer effective therapeutic treatment for diabetic
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wounds [12] as well as for diabetic ulcer treatment [74]. The bioadhesive injectable hydrogel
with a phenolic nanozyme (SAN) and a CpGODN adjuvant holds promise for localized
immunomodulation and catalytic immunotherapy in the tumor microenvironment [31].
Inspired by mussel adhesive proteins, a dopamine-modified poly(α,β-aspartic acid) deriva-
tive (PDAEA) forms an injectable bioadhesive hydrogel with strong adhesion and drug
delivery potential [75]. An innovative dynamic cross-linked photothermal hydrogel adhe-
sive exhibits photothermal effects and on-demand removability, suitable for wound closure
and healing, including MRSA-infected wounds [76]. A novel injectable acacia gum (AG)
hydrogel with rapid gelation, self-healing, and effective bioadhesion holds promise for
future biomedical applications as a wound-healing agent carrier [77]. Lastly, a composite
hydrogel designed for bladder injuries shows potential for tissue engineering and bladder
tissue regeneration [41], and a Tetra-PEG hydrogel bioadhesive (SS) offers sutureless repair
of GI defects with controlled inflammation and tissue regeneration [78].

Articular cartilage has limited regenerative capacity. MSC-based approaches have
emerged as a promising alternative in the treatment of cartilage defects and osteoarthri-
tis. MSCs are a promising source of therapeutically relevant cells for hyaline cartilage
regeneration due to their capacity to differentiate into the chondrogenic lineage. However,
experimental evidence suggests that after a while, intra-articularly injected MSCs tend to
differentiate into transient cartilage that is transformed into bone by the endochondral
ossification rather than hyaline articular cartilage. This process leads to decreased effec-
tiveness of the treatment. Similarly, the stratified ultrastructure and spatial organization
of native hyaline cartilage disappear [79]. At the same time, the most MSCs injected
intra-articularly fail to attach to the damaged cartilage layer, and it is possible that they
quickly spread into systemic circulation due to the rapid turnover of synovial capillaries
and lymphatic vessels [80]. Consequently, for the optimization of clinical strategies in the
domain of cell-based cartilage engineering, it becomes imperative to establish a conducive
3D microenvironment. This microenvironment should comprise a tailored amalgamation
of biomaterials and bioactive factors, aimed at further augmenting the differentiation of
MSCs into chondrocytes.

Mesenchymal stem cells (MSC) are a promising source of therapeutically relevant cells
for hyaline cartilage regeneration due to their capacity to differentiate into the chondrogenic
lineage. The aim of the targeted differentiation is to obtain an artificial cartilage tissue
with biomechanical properties similar to that of native hyaline cartilage (hyperelastic and
dissipative properties, smoothness, toughness, wear resistance, resistance to compressive,
tensile, and shear forces). In addition to the MSC differentiation into chondrocytes, the
enhancement of the synthesis of the proteins of the hyaline cartilage extracellular matrix
including fibronectin, collagens, glycosaminoglycans, proteoglycans, cytokines, and growth
factors involved in the functioning of cartilage [81,82] is necessary.

MSCs can be applied to a suitable scaffold without prior induction of differentiation.
Then, the so-called indirect method of differentiation is carried out, and its success depends
on the properties of the scaffold. Another method is the in vitro targeted direct differentia-
tion of MSCs into the chondrocytes that are subsequently applied to the scaffold (Figure 2).
Clinical trials with MSC therapies for the regeneration of hyaline cartilage are summarized
by Carneiro et al. [83]. Most experimental methods of hyaline cartilage regeneration, which
have already been introduced in clinical practice, use direct modification techniques.
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Figure 2. Methods of mesenchymal stem cell (MSC) differentiation into the hyaline cartilage´s
chondrocytes. MSCs are a source of the therapeutically relevant cells for cartilage regeneration. MSCs
can be harvested from various tissues (bone marrow, adipose tissue, muscle, neonatal tissues, dental
pulp and skin). MSCs can be injected directly into joint (a). Another approach is induction of MSC
differentiation into chondrocytes before microinjection into the joint. Induction of differentiation can
be direct (b) or indirect (c). Direct MSC differentiation can be induced by various physical, chemical
and genetical factors. In the case of indirect MSC differentiation, the MSCs are applied to a suitable
scaffold (like hydrogels) where the differentiation is induced with or without the presence of growth
factors or gene transfer. After that, hydrogel with attached cells is microinjected into the joint. Created
with BioRender.com.

5. The Clinically Used Direct Methods of the MSC Differentiation into the Hyaline
Cartilage’s Chondrocytes

Various physical and chemical factors can be used to induce differentiation of the
MSCs into the hyaline cartilage’s chondrocytes. The main physical factors affecting the
proliferation of chondrogenic cells are periodic mechanical stress, like cyclic strain or fluid
shear stress [84–86], hypoxia [87], and electromagnetic radiation, so-called photobiomodu-
lation [88–91]. Subsequent transformation of the physical signal into a biochemical signal is
mediated by integrins and focal adhesion [92]. The potential of feasible hydrostatic pressure
to effectively promote the proliferation and chondrogenic differentiation of mesenchymal
stem cells was demonstrated in vitro [93], and the effect of photobiomodulation was suc-
cessfully preclinically [94] as well as clinically [95] tested. Moreover, the combination of
the physical stimuli with a scaffold that mimics the native cartilage microenvironment has
been found to enhance chondrogenesis for cartilage repair [96].
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From the chemical factors, growth factors are an integral part of forming the real con-
ditions of the microenvironment and play a key role in the processes of cell development,
including chondrogenic differentiation. Modification of MSCs using recombinant growth
factors is one of the simplest, safest, and experimentally and clinically proven approaches
to induce differentiation and changes in cell proliferation. The most studied factors with
a direct influence on the chondrogenic differentiation of mesenchymal stem cells are fi-
broblast growth factors FGF-2 [97], insulin-like growth factor IGF-1 [98], hypoxia factors
HIFs, cytokines of the transforming growth factor superfamily TGF-β [99,100], and associ-
ated bone morphogenetic proteins BMP-2,4,6,7 [101], as well as the SOX9 transcription
factor [91,102,103]. A preclinical study on a rabbit cartilage injury model demonstrated the
ability of recombinant SOX9 protein to induce reparative tissue formation with features
of hyaline cartilage when administered at the site of microfracture [104]. The clinical
study focused on the safety and tolerability as well as the dose-limiting toxicity and the
maximally tolerated dose of intra-articular BMP-7 finished in 2010, and provided support
for the continued development for the treatment of osteoarthritis [105]. However, the
results from the phase II studies were not published, and no further studies have been
proposed. Currently, there are no BMP-2 products in clinical trials for the treatment of
osteoarthritis [106].

The application of platelet-rich plasma (PRP) is another therapeutic approach. Ac-
tivated platelets (by thrombin, calcium, or collagen) release growth factors that induce
chondrogenic differentiation of MSCs that leads to cartilage regeneration in rabbits [107].
Phase I and phase II clinical trials to assess the effectiveness of PRP in the treatment of
knee osteoarthritis are ongoing (ClinicalTrials.gov ID: NCT05579665, ClinicalTrials.gov
ID NCT02118519).

Small molecule drugs, such as kartogenin (KGN), curcumin, and resveratrol, show
promising advantages over frequently used growth factors. They are too small to induce
the immune response and are more affordable [108]. KGN is one of the most common small
molecules used as a chondrogenic factor, and it is also able to improve the production of
chondrogenesis-related proteins of MSCs, including collagen type II and aggrecan [109,110].

6. Genetic Tools Used for the Direct MSC Differentiation into the Hyaline Cartilage’s
Chondrocytes In Vivo and In Vitro

By genetic modification of cells, which includes transfection, transduction, and direct
editing of the genome, it is possible to control chondrogenic differentiation as well as
the production of ECM proteins. All three methods have been used to repair cartilage in
animals, but have not yet been used in clinical practice. For the application of genetic engi-
neering tools, it is necessary to know in detail the molecular mechanisms of chondrogenic
differentiation of MSCs. The topic of signalling pathways and cytokines in chondrogenic
differentiation of MSCs is summarized by Yang X et al. [111]. Transgenic growth factors
are used for induction of chondrogenic differentiation, transgenic transcription factors are
used for the regulation of differentiation, and oligonucleotide delivery can direct MSC
differentiation through post-transcriptional gene regulation. Unlike transgenic proteins
and RNA, DNA must be carried into the nucleus. From a number of existing methods,
those suitable for the modification of a larger population of cells should be selected. Similar
to chemical factors, genetic tools allow the use of direct and indirect methods of MSC
differentiation; therefore, it is necessary to decide whether the MSC differentiation should
take place prior to scaffold seeding, or whether scaffold containing plasmid DNA (pDNA)
should be used.

In the process of transduction adenoviruses, retroviruses, herpes simplex virus, adeno-
associated viruses, and lentiviruses have been used as vectors to induce chondrogenic
differentiation of MSCs [112]. Through transduction, genetic material (vector and transgene)
can be delivered directly into the joint (in vivo procedure) or into the explants of cells
taken from the joint (ex vivo procedure), whose safety is checked before redelivering into
the joint [113,114]. The scientific literature contains many successful examples of MSC
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transduction to enhance chondrogenesis by increasing the expression of genes responsible
for hyaline cartilage proliferation performed either in vitro or in vivo [115]. Although there
have been few successful clinical studies in terms of the using transduction for cartilage
regeneration [116–118], there have also been several clinical cases of the development of
tumorigenesis, namely leukemia, after transduction [119]. Therefore, other methods of
gene therapy for cartilage regeneration are being investigated for clinical practice.

Primary cell lines, including MSCs and chondrocytes, can be transfected by electropo-
ration [120], or nanocarrier materials, including lipofectamine [119,121–123]. The delivery
of nucleic acid directly into the nucleus is called nucleofection [124]. Nucleofection is possi-
ble by microinjection or by nanocarriers if a nuclear localization sequence is introduced
together [125]. Microinjection and nanocarriers are not suitable for large populations of
cells [126]. For the elimination of intracellular inflammation and transgene silencing, it has
been proven suitable to deliver the minicircle DNA (mcDNA) prepared from pDNA by
removing bacterial sequences [127].

The advantage of plasmids is simple preparation and chemical stability, the disadvan-
tage is the necessity of their transcription. In contrast, mRNA and oligonucleotide (small
interfering siRNA and micro miRNA) transfection does not require nuclear transport and
transcription [128,129]. Similar to DNA and mRNA, siRNA and miRNA can be delivered
via nanocarriers [128]. Preclinical and clinical studies on gene therapy for the repair of
articular cartilage are reviewed by Bellavia et al. [130].

Another approach of the gene modification of MSCs to enhance chondrogenesis is the
knockout of genes in combination with miRNAs that affect the expression of ECM genes;
namely, the overexpression of miR-140, miR-21 and miR-675 can stimulate chondrogenesis
in MSC cells [131]. New possibilities for the effective treatment of osteoarthritis and other
degenerative joint diseases are provided by the relatively new genome editing method
CRISPR/Cas [132–134]. Through knockout, the CRISPR/Cas technology ensures the
activation of a specific gene expression. This approach was successfully applied to the
production of ECM proteins in hADSC cells [135] and activation-mediated synthesis of
type II collagen and aggrecan in hMSC cells [136].

The use of viral transduction of MSCs for clinical use requires experience in working
with viruses and cell cultures and increases the cost of the technique. Transfection, although
allowing limited clinical application, leads to low efficiency and high cytotoxicity of MSCs.
The application of CRISPR/Cas-mediated gene therapy in clinical practice is limited,
in addition to ethical problems, by the possibility of introducing additional, unwanted
mutations into the genome. Aspects of genetic modification of MSCs for hyaline cartilage
repair are reviewed by Le H et al. [109].

Treatment approaches that incorporate MSCs (even genetically modified), growth
factors, and growth-promoting substrates into biocompatible scaffolds can help improve
cartilage regeneration [137]. MSCs (or other cells) and growth factors can be applied
to the defect site by inserting a three-dimensional (3D) scaffold that promotes growth
factor release, cell adhesion, proliferation, and differentiation [138,139]. There are even
several promising studies combining the effect of physical (hypoxia) and chemical (growing
factors) factors with genetic tools (RNA interference) on MSCs in a 3D scaffold [140,141].
The importance of appropriate stiffness and adhesion of the gene-activated scaffolds that
can enhance transfection and chondrogenesis of MSCs has also been confirmed [142].

In the context of employing bioadhesive hydrogels for cartilage injury treatment,
innovative approaches include a hybrid photo-cross-linkable (HPC) hydrogel, showcasing
fast gelation, robust strength, and tissue adhesion for arthroscopic cartilage repair, with
potential as an autologous chondrocyte implantation scaffold [143]. Another study ex-
plores an injectable, highly adhesive hydrogel with exosomes for early-stage osteoarthritis
cartilage defects, offering potential for minimal cartilage defect treatment and stem cell-
based repair [52]. Further research focuses on triple network (TN) hydrogels mimicking
cartilage properties, relevant for stem cell-based cartilage repair [144]. Additionally, a
mussel-inspired adhesive hydrogel (PDA/Gel-PAA) exhibits high mechanical strength,
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adhesion, and stem cell-friendly cartilage repair [45]. Lastly, a double cross-linked (DC)
hydrogel shows promise for enhancing stem cell-based cartilage repair with improved
mechanical properties and anti-degradation characteristics [49]. Building upon the infor-
mation provided in the preceding referenced studies and publications, it can be reasonably
postulated that bioadhesion plays a significant role in the application of hydrogels within
the realm of biomedical and stem cell-related research.

7. Correlation between Bioadhesion and Stem Cell Differentiation

Cells respond to mechanical cues provided by materials serving as scaffolds. For
instance, stiffer hydrogels promote faster growth of neural stem cells [145], while hydrogels
with weaker cross-linking facilitate cell migration, favoring regeneration. Adhesion in
such environments enhances the exchange of necessary molecules, ultimately improving
regeneration [146].

Also, pluripotent stem cell heterogeneity is influenced by mechanical factors related to
cell–cell and cell–matrix adhesion. Researchers have experimentally manipulated the spa-
tial polarization of cell–cell adhesion, identifying E-cadherin as one of as key regulators in
the differentiation process [147]. The above findings point to a mechanistic role of adhesive
materials and of hydrogels in controlling stem cell proliferation and differentiation.

Materials with functional groups can impact cell behavior and stem cell differentiation,
often associated with cell spreading. A study employed a unique surface patterning
technique to explore the effects of various functional groups (-CH3, -OH, -COOH, -NH2)
on mesenchymal stem cells during chondrogenic induction. It was observed that the type
of functional groups had an indirect influence on cell differentiation, primarily through
protein adsorption, non-specific cell adhesion, and subsequent cell spreading [148].

Surface chemistry of biomaterials has been widely recognized for its role in modulat-
ing human mesenchymal stem cell (hMSC) differentiation along specific lineages [149,150].
In an innovative approach, researchers introduced functional groups (acrylic acid and phos-
phates) onto silk surfaces to direct hMSC differentiation into chondrocytes and osteocytes.
Notably, this method does not rely on the addition of growth factors or external signals;
differentiation is initiated by the distinct surface functional groups [151].

In addition, controlling cell–polymer interactions is a crucial aspect of scaffold devel-
opment for tissue engineering. One study investigated the influence of adhesion ligand
spacer arm length, such as the RGD peptide coupled to alginate hydrogels, on stem cell
behavior. It was found that the spacer arm’s length played a key role in regulating stem cell
proliferation and differentiation within polymer scaffolds, holding significance for tissue
engineering applications [152]. These findings collectively underscore the complex mecha-
nisms by which adhesion/bioadhesion influence stem cell proliferation and differentiation
in tissue engineering contexts.

8. Future Perspective

By 2023, 15 randomized controlled clinical trials and 11 nonrandomized RCTs using
culture-expanded MSCs in the treatment of knee OA were finished [153]. A total of
179 are ongoing [154], and they suggest net positive effects of MSCs on mitigating pain
and symptoms and on cartilage protection and/or repair. In 2023, there are 14 finished
or ongoing clinical trials using hydrogels as potential therapies for the management of
OA [154]. Adhesive hydrogels improve therapeutic outcomes through offering stable
integration between tissue and implants. A total of 133 clinical studies are currently testing
effect of platelet-rich plasma and 24 explore the usage of gene therapy in the treatment of
OA. Application of hydrogel, MSCs or chemical factors can induce cartilage regeneration,
but only to some extent. Many deal with a short half-life and easy clearance from the
intended site, leading to low bioavailability. Hydrogels have been shown to influence cell
functionality in both chondrocytes and MSCs promoting chondrogenesis and the formation
of hyaline cartilage-like ECM. The addition of specific growth factors or gene transfer to
hydrogel-encapsulated MSCs may influence cell functionality in cartilage regeneration.
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Thus, the combination of adhesive hydrogels, MSC differentiation inductors (growth
factors, gene transfer) and MSCs may improve chondrogenic differentiation, maintain
chondrogenic phenotype and decrease hypertrophic differentiation in seeded cells while
providing optimal biocompatibility, stability, and biodegradability. The combination with
bioactive substances and MSCs may help to overcome the hurdle of rapid degradation in
natural hydrogels, which often takes place faster than hydrogels can be replaced by de
novo ECM [155]. To our knowledge, the combined effectiveness of MSC-laden hydrogels
with growth factors/gene transfer has been tested only on animal models (summarized
in [155]), but so far with promising outcomes in cartilage regenerations. Next essential
steps, as clinical trials, are much needed.

9. Conclusions

In conclusion, our comprehensive review underscores the potential correlation be-
tween bioadhesive injectable hydrogels and MSC differentiation in the context of cartilage
repair. The reviewed literature strongly suggests that these hydrogels hold promise as
a promising platform to enhance the regenerative capacity of MSCs for cartilage tissue
regeneration. However, further research and clinical studies are imperative to validate and
optimize this innovative approach for effective clinical applications.
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