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Background: Osteochondral defects, involving both cartilage and
subchondral bone, remain clinically challenging due to the poor intrinsic
healing capacity of cartilage and the limited durability of traditional
treatments. This systematic review aims to evaluate current advancements
in nano-hydrogel formulations for osteochondral repair, focusing on their
composition, preparation methods, mechanical properties, biocompatibility,
and regenerative outcomes.

Methods: Following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines, a comprehensive literature search was
conducted across PubMed, Web of Science, and Scopus. Eligible studies were
screened based on predefined inclusion and exclusion criteria. The
methodological quality and risk of bias of included studies were assessed
using CAMARADES checklist, which considered factors such as randomization,
blinding, animal welfare compliance, outcome reporting, and study
reproducibility. Data synthesis was performed through structured tabulation
and subgroup stratification by scaffold structure (single-phase, bilayered,
trilayered, gradient), formulation type (injectable vs. preformed), and polymer
origin (natural, synthetic, hybrid).

Results: A total of 41 studies were included, encompassing both in vitro and in
vivo models, with participant numbers ranging from small animal models (e.g.,
rabbits, rats) to larger preclinical systems. Studies varied in scaffold design,
bioactive integration, and fabrication techniques. Most nano-hydrogels
demonstrated high biocompatibility, tunable degradation, and enhanced
tissue integration. However, heterogeneity in design parameters, lack of
standardized outcome measures, and variable reporting quality limited direct
comparisons.

Conclusion:Nano-hydrogels show strong potential as biomimetic scaffolds for
osteochondral repair, offering customizable mechanical and biological
properties. Nevertheless, the evidence base is limited by study
heterogeneity, moderate risk of bias, and lack of standardized protocols,
which complicates direct comparison and clinical extrapolation. Future
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work should focus on long-term validation, functional outcome measures, and
development of smart, adaptive materials to support clinical translation.
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1 Introduction

Osteochondral defects, characterized by damage to both
cartilage and the underlying bone, present a significant
clinical challenge due to the limited regenerative capacity of
cartilage tissue and the complex architecture of the
osteochondral unit (Mano and Reis, 2007; Dinoro et al., 2019;
Davis et al., 2021; Liu et al., 2021a). These defects are commonly
caused by trauma, osteoarthritis, and other degenerative
conditions, leading to pain, reduced mobility, and a decreased
quality of life (Verhagen et al., 2003; Martin et al., 2007; Liu et al.,
2020). Traditional treatments, such as microfracture surgery,
autologous chondrocyte implantation, and osteochondral
allografts, often fail to provide long-term solutions,
particularly for larger lesions, due to complications such as
donor site morbidity, limited graft availability, and
incomplete integration with host tissues (Hjelle et al., 2002;
Cavendish et al., 2019; Chahla et al., 2019). Consequently, there
is a critical need for innovative therapeutic strategies that can
effectively promote the regeneration of both cartilage and
subchondral bone in a coordinated manner (De Leon-Oliva
et al., 2023; Li et al., 2023b).

Recent advances in tissue engineering and regenerative
medicine have highlighted the potential of biomaterials to
overcome the limitations of conventional therapies (Lynch
et al., 2021; Zhang et al., 2021; Cao and Ding, 2022; Luo et al.,
2022). Among the various biomaterials explored, nano-hydrogel
systems have garnered significant attention due to their unique
physicochemical properties and versatility (Chander et al., 2021;
Ahmad et al., 2022; Sethi et al., 2023; Rana and De la Hoz Siegler,
2024). Nano-hydrogels are three-dimensional, water-swollen
polymeric networks that can be engineered to mimic the native
extracellular matrix (ECM) of osteochondral tissues (Liu and Hsu,
2018; Zengin et al., 2021; Hwang and Lee, 2024). Their nano-scale
features, high surface area, and tunable mechanical properties
make them ideal candidates for supporting cell adhesion,
proliferation, and differentiation (Quazi and Park, 2022; Hwang
and Lee, 2024). Additionally, nano-hydrogels can be easily
functionalized to deliver therapeutic agents, such as growth
factors, cytokines, and nanoparticles, in a controlled and
sustained manner, further enhancing their regenerative
potential (Lee, 2018; Soni et al., 2022).

The design and development of nano-hydrogels for
osteochondral repair involve several key considerations, including
mechanical strength, biodegradability, biocompatibility, and the
ability to support dual regeneration of cartilage and bone (Yue
et al., 2020; Xiang et al., 2022; Yao et al., 2023). Successful
regeneration requires a scaffold that not only mimics the
structural and functional properties of the native tissue but also
degrades at a rate that matches the pace of tissue formation, thereby
providing support throughout the healing process (Yue et al., 2020;

Hwang and Lee, 2024). Furthermore, the incorporation of bioactive
molecules that can modulate the local cellular environment is
essential for promoting chondrogenic and osteogenic
differentiation, ensuring effective integration of the scaffold with
host tissues (Yue et al., 2020; Xiang et al., 2022).

While numerous studies have reported the development of
nano-hydrogel systems for osteochondral repair, there remains a
lack of comprehensive understanding regarding the optimal design
parameters and functionalization strategies (Wang et al., 2022b).
Additionally, the variability in experimental models and evaluation
criteria across studies has made it challenging to compare outcomes
and draw definitive conclusions about the efficacy of different
approaches (Hwang and Lee, 2024). To address these gaps, this
systematic review aims to provide a detailed overview of the current
status of nano-hydrogel preparations for osteochondral repair, with
a focus on their composition, preparation methods, mechanical
properties, biocompatibility, and in vitro and in vivo efficacy.

This review analyzes and synthesizes findings from recent
literature, highlighting key advancements and identifying
existing challenges in the field. It offers insights into the
design principles that guided the development of next-
generation nano-hydrogel systems, ultimately contributing to
the advancement of more effective and reliable therapeutic
solutions for osteochondral defects.

2 Materials and methods

This systematic review was performed according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Moher et al., 2009; Moher et al.,
2015). A protocol was specified and registered on the database
International Prospective Register of Systematic Reviews
(PROSPERO) (registration number CRD42024586563) and is
available from: https://www.crd.york.ac.uk/prospero/#myprospero.

2.1 Search strategy

A comprehensive search was conducted across three English-
language databases: PubMed, Scopus, and Web of Science. The
search focused on identifying studies related to nano-hydrogel
systems for osteochondral repair. Search terms included
combinations of MeSH and free-text keywords: (“nanohydrogel”
OR “nanogel” OR “nano-hydrogel scaffold” OR “nanoscale
hydrogel” OR “nano-sized hydrogel” OR “nanocomposite
hydrogel”) AND (“osteochondral repair” OR “cartilage
regeneration” OR “cartilage repair” OR “osteochondral defect”).
Filters were applied to include only English-language publications. A
detailed list of search terms and strategies for each database is
provided in Supplementary Table S1.
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Additionally, reference lists of retrieved articles were
manually reviewed to identify any further relevant studies.
Two authors (AFA and LQ) independently screened titles and
abstracts to assess eligibility based on the inclusion criteria. Full-
text articles were further reviewed to exclude any
duplicates or studies that did not meet the criteria (Figure 1).
Discrepancies were resolved through discussion with a third
reviewer (JH). The last update search was conducted on
29 September 2024.

2.2 Focused question

This systematic review was performed to address the
following focused question: “What is the current status of
nano-hydrogel preparations in promoting osteochondral
repair, specifically regarding their composition, preparation
methods, mechanical properties, biocompatibility, and
therapeutic efficacy?”

2.3 Selection criteria

To ensure the inclusion of high-quality and relevant studies, specific
eligibility criteria were established prior to the screening process. Studies
were included if they were original research articles published in peer-
reviewed journals, written in English, and focused on the preparation
and application of nano-hydrogel systems specifically for osteochondral
or cartilage repair. Eligible studies were required to provide sufficient
detail on the hydrogel’s composition, crosslinking or functionalization
strategies, and report at least one form of biological or functional
evaluation, whether in vitro, ex vivo, or in vivo.

Studies were excluded if they were review articles, conference
abstracts, dissertations, clinical case reports, editorials, or other forms
of grey literature. Additionally, publications that did not focus on
osteochondral repair, or those that lacked essential data on hydrogel
characterization or biological performance, were omitted. There were
no restrictions on publication year; however, only articles published in
English were considered. These criteria were designed to ensure
methodological rigor and relevance to the focused research question.

FIGURE 1
Flow diagram of the study selection process.
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2.4 Screening methods and data extraction

Titles and abstracts were screened by two independent reviewers
(AFA and LQ), followed by full-text assessments for studies that met
the inclusion criteria. Disagreements on study eligibility were
resolved through consultation with a third reviewer (JH). The
extracting data were following PICO (P: sources, I: interventions,
C: control study, O: outcomes) standards.

The data extraction process focused on gathering information
about general study characteristics, including nano-hydrogel

composition, types of nanoparticles, preparation methods,
crosslinking strategies, and controlled release mechanisms. It also
covered mechanical and bioactivity properties, such as mechanical
strength, degradation rates, biocompatibility, swelling ratios, and
functionalization aspects. For in vitro studies, details on cell types,
culture conditions, cell viability, and proliferation were collected. In vivo
studies were evaluated based on animal models, group allocation,
implantation techniques, histological assessments, and outcomes
related to subchondral bone and cartilage regeneration, including
immunohistochemical findings, inflammation, infection, and
hydrogel degradation. Lastly, the extraction included identification of
research limitations and recommendations for future studies, ensuring a
comprehensive overview of each study’s approach and findings.

2.5 Quality assessment and analysis of
the data

The methodological quality of the included studies was evaluated
using a customized CAMARADES checklist, which I adapted to better
assess the relevance of each study (Macleod et al., 2004). The adapted
checklist incorporated 11 key criteria to assess study relevance: (1)
publication in a peer-reviewed journal, (2) random allocation to
treatment or control groups, (3) blinded outcome assessment, (4)
Control of the temperature in the animal facilities, (5) use of
appropriate controls, (6) adequate sample size, (7) clear description
of the animal model, (8) adherence to animal welfare guidelines, (9)
reproducibility and replication of findings, (10) thorough outcome
reporting, and (11) disclosure of any potential conflicts of interest.
Given the nature of the data, analysiswas conducted descriptively, as the
variability across studies precluded meta-analysis.

3 Results and discussion

3.1 Search outcomes

Following the removal of duplicates, a total of 1,126 unique
publications were identified through database screening. Title and
abstract screening narrowed these to 56 articles for full-text evaluation.
After applying the inclusion criteria, 11 studies were excluded.
Consequently, 41 studies were included in this systematic review
(Figure 1). Of these, 34 studies employed both in vitro and in vivo
methodologies, while seven were limited to in vitro experiments
(Adedoyin et al., 2015; Castro et al., 2015; Kosik-Kozioł et al., 2019;
Qin et al., 2020; Fan et al., 2021; Banihashemian et al., 2024; Brown et al.,
2024). The assessment of bias showed a spectrum from low to high risk,
and detailed findings on methodological quality are illustrated in
Figures 2,3, .

3.2 Nano-hydrogel composition and
preparation methods

The studies summarized in Table 1 highlight the structural and
compositional diversity of nano-hydrogel systems used for
osteochondral repair. These range from simple, single-phase
injectable formulations to more complex preformed multilayered

FIGURE 2
Quality assessment of included studies using a modified
CAMARADES checklist.
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scaffolds—each engineered to address distinct mechanical and
biological requirements. Scaffold configurations were stratified
into single-phase, bilayered, trilayered, and gradient systems.
Many bilayered and trilayered constructs were designed to
emulate the zonal architecture of osteochondral tissue, allowing
site-specific modulation of chondrogenesis and osteogenesis.

Integration of nanoparticles such as hydroxyapatite (HA),
chitosan montmorillonite, silica, and polydopamine (PDA) has
been shown to enhance the mechanical integrity,
osteoconductivity, and cellular interactions of hydrogels
(Shalumon et al., 2016; Gong et al., 2020; Korpayev et al., 2020;
Sheng et al., 2022; Hu et al., 2024; Jin et al., 2024). For instance, a
study by Cao et al. (2023) utilized Cu-based nanoparticles embedded
in a silk fibroin (SF) matrix via enzymatic crosslinking to create a
single-phase injectable hydrogel with antioxidative and
immunomodulatory properties Similarly, preformed bilayer
hydrogels composed of polyvinyl alcohol (PVA), biphasic
calcium phosphate (BCP), and carbon nanotubes (CNTs) were
fabricated through a freeze-thawing process to generate a
gradient interface, mimicking native cartilage–bone transition
zones (Lan et al., 2021). These examples illustrate how both
formulation type and nanoparticle selection directly influence the
functional performance of nano-hydrogels.

The choice of crosslinking strategy is another determinant of
scaffold performance, affecting mechanical stability, degradation
behavior, and cellular response. Studies included a wide array of
crosslinking approaches, enzymatic, photo-initiated, thermal,
chemical, ionic, and dual-crosslinking methods, each tailored to
the specific polymer systems and application needs (Adedoyin et al.,
2015; Xu et al., 2019; Zhang et al., 2022b; Cao et al., 2023; Wu et al.,
2023; Chen et al., 2024). For instance, photo-crosslinking has been
employed to allow spatially controlled gelation, ideal for
constructing gradient or multi-layered hydrogels (Zhang et al.,
2024). However as highlighted in multiple reports, optimization
is needed to reduce cytotoxicity from residual initiators, which may
impact cell viability and tissue integration (Berry et al., 2019; Hu
et al., 2019; Tomal and Ortyl, 2020). In terms of polymer origin,
systems were broadly classified as natural, synthetic, or hybrid.
Natural polymers like chitosan, gelatin (GelMA), alginate, and
hyaluronic acid offer favorable biocompatibility and degradation
profiles. Synthetic polymers such as PEGDA, PVA, and PLGA
provide enhanced mechanical tunability and process control.
Hybrid systems, which combine the strengths of both natural

and synthetic components, emerged as especially promising in
balancing bioactivity with structural integrity, several trilayered
and bilayered scaffolds utilized such combinations to achieve
distinct zone-specific functions.

Moreover, the application of advanced fabrication methods such
as 3D printing, electrospinning, microsphere sintering, and solvent
casting enabled precise spatial organization of materials. These
techniques facilitated the development of functionally graded
scaffolds, often incorporating nano-hydroxyapatite (nHA) or
exosome-loaded layers, to mimic the mechanical and biochemical
gradients of native osteochondral tissue (Zhang et al., 2022b; Brown
et al., 2024). Several preformed multilayered systems were
constructed with dual or triple layers, each designed with distinct
pore architectures, ion release kinetics, and biofunctional molecules
to modulate regeneration in a zone-specific manner.

Collectively, the reviewed studies demonstrate how scaffold
architecture (e.g., single-phase, bilayered, trilayered), formulation
type (injectable vs. preformed), polymer composition (natural,
synthetic, hybrid), nanoparticle inclusion, crosslinking strategy,
and fabrication technique can be tailored in concert to engineer
next-generation nano-hydrogels for osteochondral repair. This
multi-dimensional classification, as summarized in Table 1,
provides a comparative framework to inform rational scaffold
design and translational scaffold development.

3.3 Mechanical properties and
degradation behaviour

Mechanical properties are essential for nano-hydrogel systems,
particularly for osteochondral repair, where the scaffold must
withstand the mechanical stresses of both cartilage and
subchondral bone environments. As observed in Table 2, studies
report varied mechanical strengths, with compressive moduli
ranging from 0.4 MPa (Mpa) to over 73 MPa depending on the
hydrogel composition (Gong et al., 2020; Zhang et al., 2022b; Brown
et al., 2024; Hu et al., 2024; Kang et al., 2024). For instance,
polycaprolactone-hydroxyapatite (PCL-HA) scaffolds have
demonstrated compressive moduli as high as 73 ± 1 MPa, while
IL-4-loaded GelMA-PCL-HA composites exhibit lower values
around 4.7 ± 0.6 MPa (Gong et al., 2020). These scaffold values
are within the range of trabecular (cancellous) bone, which exhibits
compressive moduli typically between 10 and 200 MPa, depending

FIGURE 3
Overview of risk of bias assessment for included studies using a modified CAMARADES checklist.
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TABLE 1 General study information and methods.

Nano-hydrogel
composition

Nanoparticles
used

Formulation
type

Polymer
origin

Preparation
methods and
crosslinking
strategies

Controlled
release

References

Single-phase hydrogel:
CuTA@SF hydrogel

Cu nanoparticles Injectable Natural CuTA synthesized by
combining Cu
nanoparticles with TA;
incorporated into SF
hydrogel; enzymatically
crosslinked using HRP
and H2O2

TA release from CuTA@
SF hydrogel monitored
using BCA assay

Cao et al. (2023)

Bi-layer scaffold: PVA/Col-
II/CS (upper), PVA/BCP/
CNTs (lower)

BCP, CNTs Preformed Hybrid Freeze–thawing method
used to fabricate bi-layer
hydrogels, with physical
crosslinking

Not explicitly
mentioned

Lan et al. (2021)

Bi-layer scaffold: IL-4-loaded
GelMA (upper), PCL-HA
(lower)

HA Preformed Hybrid The bi-layer scaffold was
fabricated using two 3D
printing techniques:
DLP for GelMA and
FDM for PCL-HA;
physical crosslinking for
PCL-HA

IL-4 release from
GelMA scaffold
monitored over 168 h

Gong et al.
(2020)

Trilayered scaffold: GL-
HPKGN (upper), GL-GMA
(middle), GL-HP/GMAAT
(lower)

HA Preformed Natural Enzyme crosslinking for
upper layer (KGN-
Gelatin), photo-
crosslinking for middle
layer (GMA-Gelatin),
dual-crosslinking for
lower layer
(Atorvastatin-Gelatin)

KGN and AT grafted
into the hydrogels,
providing sustained
release

Chen et al.
(2024)

LiMn2O4 nanozyme-
functionalized bilayer
hydrogel scaffold

LiMn2O4

nanozyme, nHA
Preformed Hybrid Cartilage layer

crosslinked via UV light;
subchondral layer
crosslinked by Zn2+ and
UV light

LiMn2O4 nanozyme was
gradually released,
reaching 73.2% release
by Day 30

Hu et al. (2024)

Bilayered scaffold: top silk
fibroin layer; bottom silk-
nano (CaP) layer

NanoCaP Preformed Natural Silk-nanoCaP layer
prepared with 16 wt% SF
and CaP particles; the
scaffold was created by
salt-leaching and freeze-
drying techniques

Not explicitly
mentioned

Yan et al. (2015)

Tri-layer scaffold: Chi/Col I
+ II/nHA

nHA Preformed Natural Freeze-drying for bone
layer; thermal gelation
for calcified cartilage
and cartilage layers

Not explicitly
mentioned

Korpayev et al.
(2020)

Bi-layer scaffold: mPEG-b-
PLV thermogel

HA Preformed Hybrid mPEG-b-PLV
thermogel was prepared
via ring-opening
polymerization; PLGA/
HA scaffold was
prepared via salt-
leaching with HA
particles

Sustained release of
KGN from thermogel
and BMP-2 from PLGA/
HA scaffold

Zhang et al.
(2022b)

Single-phase hydrogel: p
(NiPAAm-co-GMA)/
PAMAM

Fe3O4 Injectable Synthetic Mixed p (NiPAAm-co-
GMA) and PAMAM;
dual gelation achieved
via thermal and
chemical crosslinking

Not explicitly
mentioned

Adedoyin et al.
(2015)

Hybrid scaffold: Zn-AlgMA
hydrogel coating DCPD-
coated porous Mg alloy

Zn2+ in the Zn-AlgMA Preformed Hybrid Zn-AlgMA hydrogel
prepared using zinc ion
crosslinking and UV
light crosslinking

Controlled release of
Mg2+ and Zn2+ from Zn-
AlgMA

Zhang et al.
(2024)

(Continued on following page)
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TABLE 1 (Continued) General study information and methods.

Nano-hydrogel
composition

Nanoparticles
used

Formulation
type

Polymer
origin

Preparation
methods and
crosslinking
strategies

Controlled
release

References

Bi-layer scaffold: DE-
incorporated GelMA

DE microparticles (Si
ions)

Preformed Hybrid GelMA and DE-
incorporated scaffolds
fabricated using 3D
printing technology; DE
microparticles filtered
and incorporated into
GelMA solution

Continuous release of Si
ions from DE
microparticles

Deng et al.
(2024)

Composite gel containing
PCL-chit-PEGb-
antiCD44 microparticles

PCL-CS microparticles Injectable Hybrid PCL-CS nanofibers
prepared by
electrospinning, then
cryogenically grinded
into microparticles,
followed by
modification with PEG
and anti-CD44 antibody

Not explicitly
mentioned

Filová et al.
(2020)

Single- and dual-layer
hydrogel–PCL composite
scaffold: Heparin-containing
PEGDA hydrogel

Heparin (sulfated
glycosaminoglycan)

Preformed Hybrid Hydrogel synthesized
with PEGDA,
dithiothreitol for
hydrolytic degradation;
scaffolds printed using
selective laser sintering

Sustained release of
heparin-bound small
molecules over 14 days

Brown et al.
(2024)

Bi-layer scaffold: Upper
(HLC-HA), Lower (HLC-
HA-HAP)

nHA Preformed Natural Liquid phase synthesis,
freeze-drying, and
chemical crosslinking
with EDC/NHS

Not explicitly
mentioned

Liu et al. (2021a)

Bi-layer-like: GTU-Fe
hydrogel film with spatial in
situ deposition of KGN@
PDA (top) and miRNA@CaP
(bottom)

KGN@PDA and
miRNA@CaP

Preformed Natural In situ deposition of
drug and gene
nanoparticles on the
supramolecular-
assembled UPy-GelMA
hydrogel

Controlled release of
KGN and miR-26a;
cumulative release over
7 days

Kang et al. (2024)

Bi-layer scaffold: ECM
hydrogel-coated ECM/PCL
(upper cartilage) + MgO@
PDA/PCL (lower bone)

MgO nanoparticles Preformed Hybrid 3D-printed PCL scaffold
incorporating MgO@
PDA for the
subchondral bone layer
and ECM hydrogel for
the cartilage layer

Sustained release of
Mg2+ from the
MgO@PDA

Li et al. (2023a)

Bi-layer scaffold: Alginate-
nHA with CS-hyaluronic acid

nHA Preformed Natural Alginate and nHA
scaffold for subchondral
phase; CS-HA scaffold
for chondral phase; both
layers assembled using
fibrin glue

Not explicitly
mentioned

Banihashemian
et al. (2024)

Triple-phase hydrogel: In situ
synthesized nHA/collagen/
alginate hydrogel

nHA Injectable Natural In situ synthesis of
nHAp in collagen gel
followed by addition of
alginate and
crosslinking with Ca2+

ions

Not explicitly
mentioned

Zheng et al.
(2014)

Single-phase: Nanosilicate-
reinforced silk fibroin (SF-
MMT) hydrogel

Montmorillonite
(MMT)

Injectable Natural Enzymatically
crosslinked SF-MMT
hydrogel prepared by
mixing SF with MMT
and crosslinking via
HRP and H2O2

Not explicitly
mentioned

Sheng et al.
(2022)

Single-phase: High-porosity
GelMA hydrogel with 5%
methacrylated n-HApMA
and ADSCs

nHA and nHAMA Injectable Natural Surface modification of
nHA using alkylation;
bio-inks prepared by
incorporating nHAMA
and adipose-derived
stem cells (ADSCs) into
high-porosity GelMA

Not explicitly
mentioned

Zheng et al.
(2023)

(Continued on following page)
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TABLE 1 (Continued) General study information and methods.

Nano-hydrogel
composition

Nanoparticles
used

Formulation
type

Polymer
origin

Preparation
methods and
crosslinking
strategies

Controlled
release

References

Single-phase: GelMA
hydrogel loaded with IGF-1
bioactive supramolecular
nanofibers (BSN-GelMA)

IGF-1 bioactive
supramolecular
nanofibers (IGF-1bsn)

Injectable Hybrid Supramolecular
nanofibers synthesized
via solid-phase peptide
synthesis; incorporated
into GelMA hydrogel
using photo-
initiator LAP

Sustained release of IGF-
1bsn from hydrogel for
enhanced regeneration

Wu et al. (2023)

Bi-layer scaffold: Double-
network hydrogel scaffold

hADSC-derived
exosomes

Preformed Hybrid 3D printing with dECM
bioinks (Hydrogel-
DCM and Hydrogel-
DBM) incorporating
exosomes; crosslinked
with GelMA and HA
derivatives

Sustained release of
exosomes from the
hydrogel scaffold over
24 days

Li et al. (2023b)

Multileveled hierarchical
hydrogel with continuous
nHA gradients

Superparamagnetic HA
(MagHA) nanorods

Preformed Hybrid Hydrogel matrix
fabricated using 3D
printing; MagHA
gradient formed under
magnetic force;
acrylated disodium
pamidronate (ADP)
used for covalent
bonding with GelMA
hydrogel

Not explicitly
mentioned

Zhang et al.
(2023a)

Bilayered hydrogel composed
of nHA, CS, and PEGDA

nHA Preformed Natural Hydrogels prepared via
Schiff-base reaction
(CEC + OHA) and
PEGDA
photocrosslinking for
osteochondral scaffold
construction

Not explicitly
mentioned

You et al. (2018)

Bi-layer scaffold: KGN-
loaded GelMA hydrogel

HA Preformed Natural GelMA hydrogels were
crosslinked with LAP
under UV light; PCL
scaffold was 3D printed
and coated with HA
using alternate soaking
technology

Sustained release of
KGN from GelMA
hydrogels

Zhang et al.
(2023b)

Gradient scaffold: Alginate/
PVA SIPN hydrogel formed
in situ

nHA and chondroitin
sulfate

Injectable Hybrid In situ semi-
interpenetrating
network (SIPN)
hydrogel with gradient
CS and nHA integration
via wet chemical
precipitation and
calcium crosslinking

Not explicitly
mentioned

Radhakrishnan
et al. (2018)

Gradient scaffold: 3D printed
gradient nHA hydrogel
scaffold

nHA Preformed Hybrid 3D bioprinting of SA/
AM (sodium alginate
and acrylamide)
hydrogels with CaCl2
crosslinking and
gradient nHA loading
via electronic spray
method

Not explicitly
mentioned

Zhang et al.
(2021)

Single-phase: Alginate-
GelMA hydrogel with 0.5% β-
TCP for modeling calcified
cartilage

β-Tricalcium
phosphate (TCP)

Preformed Hybrid Bioink formulation with
6% GelMA, 4% alginate,
and 0.5% TCP
microparticles;
bioprinted using
extrusion-based
printing with coaxial
needle

Not explicitly
mentioned

Kosik-Kozioł
et al. (2019)

(Continued on following page)
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TABLE 1 (Continued) General study information and methods.

Nano-hydrogel
composition

Nanoparticles
used

Formulation
type

Polymer
origin

Preparation
methods and
crosslinking
strategies

Controlled
release

References

Single-phase: HGM
supramolecular gelatin
hydrogel loaded with KGN
and/or TGF-β1

Not explicitly used Injectable Natural Hydrogels synthesized
using a host-guest
macromer approach,
with β-cyclodextrin (Ac-
β-CD) and GelMA

Sustained release of
TGF-β1 and KGN for up
to 28 days

Xu et al. (2019)

Bi-layer scaffold: Cartilage
layer (PLGA/CS hydrogel
with tubular pores), Bone
layer (nHA-g-PLGA/CS
porous scaffold)

Grafted nano-
hydroxyapatite (nHA-g-
PLGA)

Preformed Hybrid PLGA/CS hydrogel for
cartilage layer and nHA-
g-PLGA/CS scaffold for
subchondral bone
prepared using
electrostatic interaction
and crosslinking via
EDC/NHS

Not explicitly
mentioned

Qin et al. (2020)

Bi-layer scaffold: GC
hydrogel (CK2.1/β-GP/CS)
for cartilage and LL37@LDH/
CS for bone

Layered double
hydroxide (LDH)

Preformed Hybrid CK2.1 was incorporated
into the GC hydrogel;
LL37 was loaded into the
LDH/CS scaffold using
freeze-drying and
chemical modification
techniques

Sustained release of
CK2.1 from the GC
hydrogel

Liu et al. (2021b)

Tri-layer scaffold: CS/
Gel/nHA

nHA Preformed Hybrid Multilayer scaffold
prepared via iterative
layering with
crosslinking using
NHS/EDC

Not explicitly
mentioned

Hu et al. (2022)

Tri-layer gradient scaffold:
Gradient nHA hydrogel
scaffold

nHA Preformed Natural Fabrication of nHA/
GelMA scaffold through
3D printing; multi-layer
structure created using
sedimentation of nHA
and photocrosslinking

Not explicitly
mentioned

Li et al. (2022)

Biphasic hydrogel composed
of BRH and CRH

β-Cyclodextrin
nanoboxes

Injectable Natural CRH (HAMA-based)
and BRH (GelMA-
based) hydrogels
prepared via
photocrosslinking, with
drug nanoboxes for
phase-specific delivery

Sustained release of
KGN in the CRH and
MLT in the BRH

Liu et al. (2020)

Gradient mineralized double-
network (DN) hydrogel

HA Preformed Natural Hydrogels prepared
using a double-network
method, with gradient
mineralization achieved
through a segmented
soaking process

Not explicitly
mentioned

Fan et al. (2021)

Bi-layer scaffold: Composed
of γ-PGA, CMCS, and BC

nHA Preformed Hybrid Hydrogel prepared
using γ-PGA, CMCS,
and BC via chemical and
physical crosslinking;
bioactive ions (Mg2+ and
Cu2+) introduced to
cartilage and bone layers

Sustained release of
Mg2+ and Cu2+ for dual
regulatory functions

Luo et al. (2022)

Bi-layer scaffold: Mussel-
inspired tough hydrogel with
in situ nHA mineralization

HA Preformed Natural Bilayer hydrogel
prepared using a one-
pot method; PDA
facilitates in situ HA
mineralization for
subchondral bone repair

Sustained release of
BMP-2 and TGF-β3
from hydrogel layers

Gan et al. (2019)

(Continued on following page)
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on site and density. In contrast, the modulus of natural cortical bone
is substantially higher, with a longitudinal elastic modulus ranging
from 17.2 to 23.2 GPa and a transverse modulus ranging from
10.8 to 13.9 GPa, as demonstrated through multiscale modeling
validated by nanoindentation and ultrasound measurements
(Hamed et al., 2010). These comparisons highlight the potential
of HA-containing scaffolds to approximate native bone behavior in
osteochondral repair applications, particularly when enhanced with
structural reinforcements like hydroxyapatite.

Biomimetic designs incorporating GelMA and HA have shown
promise in enhancing mechanical stability and bioactivity for bone
regeneration applications. GelMA hydrogels, while beneficial for tissue
engineering, lack sufficient mechanical strength and osteogenic factors
(Wang et al., 2022a). Incorporating HA into GelMA hydrogels
improves their mechanical properties, biocompatibility, and
osteogenic potential (Suvarnapathaki et al., 2020). Mineralized HA
nanofibers further enhance the mechanical and bone regenerative
performances of GelMA composites (Wang et al., 2022a). GelMA-
based biomaterials can be tailored to overcome challenges in bone tissue
engineering, such as insufficient mechanical properties and
uncontrolled degradation (Dong et al., 2019). Advanced designs
combining GelMA with other materials, like methacrylated HA
nanoparticles and l-arginine-based unsaturated poly (ester amide),
can create periosteum-mimicking scaffolds with improved
mechanical strength, tissue adhesion, and osteogenic-angiogenic
coupling effects (Yang et al., 2021). Double-crosslinking and freeze-
drying methods have also been widely applied, producing physically
and chemically reinforced structures that retain mechanical properties

under physiological conditions (Yan et al., 2015; Filová et al., 2020;
Zheng et al., 2023).

Balancing degradation rates with tissue regeneration remains
another core challenge. An ideal scaffold degrades gradually,
transferring mechanical load to newly forming tissue to aid
integration (Hu et al., 2022; Li et al., 2022; Banihashemian et al.,
2024; Chen et al., 2024). Studies have shown that adjusting
crosslinking density and introducing bioactive molecules can
customize degradation profiles for specific applications
(Radhakrishnan et al., 2018; Zhang et al., 2023a; Zhang et al.,
2023b; Deng et al., 2024). For example, Chen et al. developed a
trilayered hydrogel with varied degradation rates across layers to
replicate the native tissue gradient from cartilage to bone, facilitating
sustained cell infiltration and extracellular matrix formation (Chen
et al., 2024). Recent research has focused on developing multilayered
hydrogel scaffolds to mimic the zonal organization of native
cartilage tissue. These scaffolds feature gradients in mechanical
properties, extracellular matrix composition, and bioactive factors
across layers to guide cell differentiation and tissue formation (Brady
et al., 2017; Qiao et al., 2021). Furthermore, a study demonstrated
that layer-specific biomaterial compositions could direct a single
stem cell population into zone-specific chondrocytes, resulting in
native-like cartilage with varying mechanical and biochemical
properties (Nguyen et al., 2011). In addition, a study further
showed that stiffness gradient hydrogels could induce zone-
specific responses in both chondrocytes and mesenchymal stem
cells, mimicking cartilage zonal organization (Zhu et al., 2018).
These approaches offer promising strategies for engineering

TABLE 1 (Continued) General study information and methods.

Nano-hydrogel
composition

Nanoparticles
used

Formulation
type

Polymer
origin

Preparation
methods and
crosslinking
strategies

Controlled
release

References

Bi-layer scaffold: PEG-DA
hydrogel matrix and nHA

nHA Preformed Synthetic 3D printing using fused
deposition modeling
(FDM) to create a
biphasic scaffold with
nHA in the osseous layer
and TGF-β1 in the
cartilage layer

Sustained release of
TGF-β1 in the cartilage
layer over 21 days

Castro et al.
(2015)

Bi-layer scaffold: PLGA
and nHA

nHA Preformed Synthetic PLGA and PLGA/nHA
microspheres were
prepared using the oil-
in-water emulsion/
solvent evaporation
method

Not explicitly
mentioned

Shalumon et al.
(2016)

Tri-layer scaffold: Injectable
and self-healing hydrogel
(Ta@gel)

TA and HA Preformed Hybrid Injectable and Ta@gel,
combined with 3D-
printed HA scaffold;
BMSCs encapsulated
within GelMA
microspheres were
loaded into Ta@gel

O2 consumption by TA
maintains a hypoxic
microenvironment for
20 days

Guo et al. (2024)

Single-phase hydrogel:
GelMA/Eu-HA
nanocomposite hydrogel

Eu-HA nanorods Injectable Natural Hydrothermal synthesis
of Eu-HA nanorods,
incorporated into
GelMA hydrogel via UV
crosslinking

Gradual release of Eu
ions from Eu-HA
nanorods

Jin et al. (2024)

BCP, biphasic calcium phosphate; CS, chitosan; DLP, digital light processing; EU-HA, Europium-doped Hydroxyapatite; GelMA, gelatin methacrylate; HRP, horseradish peroxidase; H2O2,

hydrogen peroxide; KGN, kartogenin; nHA, Nano-hydroxyapatite; PCL, polycaprolactone; PDA, polydopamine; PEG-DA, polyethylene glycol diacrylate; PLGA, Poly Lactic-co-Glycolic Acid;

hADSC, Human Adipose-derived Stem Cells.
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TABLE 2 Mechanical properties and physical characteristics.

Mechanical properties Degradation rate Degradation
condition (Temp/
Env’t)

Swelling ratio References

Stable mechanical properties; storage modulus
(G′) > loss modulus (G″); viscosity increased with
TA and CuTA

87.9% remained after 70 days in PBS In an incubator Swelling equilibrium
reached after 72 h

Cao et al. (2023)

Tensile modulus: 7.14 ± 3 MPa; compression
modulus: lower layer (0.081 MPa) > upper layer
(0.011 MPa)

Slower degradation; upper layer
degraded faster

In an incubator Upper layer: 586% ± 52%;
Lower layer: 151% ± 7.1%

Lan et al. (2021)

Compressive modulus: PCL-HA scaffold: 73 ±
1 MPa; IL-4-loaded GelMA-PCL-HA: 4.7 ±
0.6 MPa

GelMA hydrogels degraded with
23% mass retention by day 56

Body temperature Not reported Gong et al. (2020)

Shear modulus: Upper layer (54.4 ± 1.2 Pa),
Middle layer (700 ± Pa), Lower layer (1,500 ± Pa)

Upper layer degraded faster; both
biodegradable in collagenase

In an incubator Upper layer: 155.3% ±
12.1%; Lower layer:
123.6% ± 11.9%

Chen et al. (2024)

Compressive modulus of GH@LM + GA@HLM
hydrogel was 73.53 kPa

Nearly complete degradation by
day 30

In an incubator Swelling equilibrium
reached after 12 h

Hu et al. (2024)

Compressive modulus (wet state): 0.4 MPa;
storage modulus up to 0.8 MPa

27% degradation after 7 days in
protease XIV solution

In an incubator Not explicitly mentioned Yan et al. (2015)

Compressive modulus: Bone layer (42.95 ±
4.3 kPa), calcified cartilage (5.41 ± 0.6 kPa),
cartilage (1.49 ± 0.3 kPa)

Not explicitly mentioned In an incubator Not explicitly mentioned Korpayev et al.
(2020)

Compressive modulus of PLGA/HA scaffold:
73.53 kPa; pore size increased during degradation

mPEG-b-PLV thermogel showed
48.4% degradation after 30 days

In an incubator Not explicitly mentioned Zhang et al.
(2022b)

Young’s modulus via unconfined compression;
suitable for tissue regeneration

Not explicitly mentioned In an incubator Not explicitly mentioned Adedoyin et al.
(2015)

Elastic modulus of Mg scaffold: 0.9–8.8 MPa; Zn-
AlgMA improved mechanical stability

Gradual degradation in Hank’s
solution

In an incubator Not explicitly mentioned Zhang et al. (2024)

Elastic modulus increased from 493.3 Pa (GelMA)
to 1,010.2 Pa (20% DE); Young’s modulus
increased from 64.2 kPa to 122.7 kPa

Slower degradation with higher DE
concentration

In an incubator Not explicitly mentioned Deng et al. (2024)

Higher storage modulus with microparticles than
fibrin; loss modulus higher in fibrin

Not explicitly mentioned In an incubator Not explicitly mentioned Filová et al. (2020)

Compressive strength varies with porosity: 70%
(494 kPa), 80% (100 kPa), 90% (20 kPa)

Degraded within 4 weeks at 20mol%
DTT concentration

In an incubator Increased fold swelling
with higher DTT content

Brown et al. (2024)

Compressive strength: Bilayer (212.11 ±
13.49 kPa) vs. single layer (87.47 ± 13.29 kPa)

Not explicitly mentioned In an incubator Bilayer scaffold: 498.74%;
Single-layer: 789.08%

Liu et al. (2021a)

Compressive strength of GTU-Fe hydrogel:
2.59 MPa; excellent viscoelasticity

Gradual degradation; sustained
release of KGN and miR-26a

In an incubator Not explicitly mentioned Kang et al. (2024)

Compressive strength: ECM/PCL (0.58 ±
0.02 MPa) and MD/PCL (0.43 ± 0.01 MPa)

Gradual Mg2+ ion release over
12 weeks; rapid in first 4 weeks

In water bath Not explicitly mentioned Li et al. (2023a)

Compressive modulus of Alg-nHAP: 0.007 ±
0.0002 MPa; higher in Alg-nHAP/CS-HA

51.58% degradation over 15 weeks
in PBS

In an incubator 10.24-fold increase in
swelling over 10 h

Banihashemian
et al. (2024)

nHCA had highest tensile and compressive
modulus compared to others

Not explicitly mentioned In an incubator Not explicitly mentioned Zheng et al. (2014)

Compression modulus of SF-MMT: 24.78 ±
4.13 kPa; improved viscoelastic properties

Gradual degradation over 91 days
in PBS

In an incubator Higher swelling ratio than
SF alone

Sheng et al. (2022)

Compression modulus of nHAMA scaffolds was
three times higher than control

Not explicitly mentioned In an incubator Not explicitly mentioned Zheng et al. (2023)

Improved compressive strength of GelMA with
IGF-1bsn incorporation

Gradual degradation over 12 weeks
in vivo

In an incubator Not explicitly mentioned Wu et al. (2023)

Improved compressive strength with dual
crosslinking; stiffness increased

Slower degradation with DCM/
DBM; sustained exosome release
over 24 days

In an incubator Improved swelling with
DCM/DBM

Li et al. (2023b)

(Continued on following page)

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Amhare et al. 10.3389/fbioe.2025.1611522

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1611522


complex osteochondral tissues with spatially-varying properties that
more closely resemble native tissue structure and function.

Future advancements will likely focus on refining crosslinking
techniques, such as enzyme-catalyzed, thermal, and photo-
crosslinking, to develop materials that meet both mechanical and
degradation needs for effective tissue engineering.

3.4 Biocompatibility and functional
characteristics

Nano-hydrogel systems have consistently demonstrated
excellent biocompatibility and functional characteristics, making
them highly suitable for applications in tissue engineering,

TABLE 2 (Continued) Mechanical properties and physical characteristics.

Mechanical properties Degradation rate Degradation
condition (Temp/
Env’t)

Swelling ratio References

Compression modulus increased with HA
gradient; Young’s modulus correlated with
MagHA content

Gradual degradation; slower with
higher MagHA content

In an incubator Increased swelling with
MagHA; faster equilibrium

Zhang et al. (2023a)

Compressive modulus: SS (subchondral) ~
100.09 ± 5.46 kPa, SC (cartilage) ~ 50.2 ± 1.31 kPa

Not explicitly mentioned In an incubator SC hydrogel: 53.15%; SS
hydrogel: 47.85%

You et al. (2018)

Compressive modulus of PCL/HA scaffolds:
14.86 ± 1.81 MPa; enhanced mechanical strength

GelMA hydrogel degraded rapidly;
PCL/HA stable over 35 days

In an incubator GelMA hydrogels showed
rapid swelling

Zhang et al.
(2023b)

Compressive modulus at interfacial region: 930 Pa;
increased elastic modulus

Gradual degradation in vivo;
complete defect closure after 8 weeks

In an incubator Not explicitly mentioned Radhakrishnan
et al. (2018)

Compressive strength of gradient scaffold
(G-nHA) ~900 kPa; tensile strength improved

Gradual degradation over 28 days
in PBS

In an incubator Swelling equilibrium in
7 h; ratio of 6

Zhang et al. (2021)

Compression modulus decreased by 34.5% in
TCP-loaded scaffolds; stable viscoelastic
properties

Not explicitly mentioned In an incubator Swelling reduced by 18% in
TCP-loaded scaffolds

Kosik-Kozioł et al.
(2019)

Compression modulus enhanced by host-guest
interactions; resilient and injectable

Gradual degradation over 28 days In an incubator Higher swelling ratio than
GelMA hydrogels

Xu et al. (2019)

Compressive modulus: bone region: 1.95 ±
0.08 MPa; cartilage: 0.85 ± 0.11 MPa

Not explicitly mentioned In an incubator Cartilage region showed
high liquid uptake

Qin et al. (2020)

Compressive strength: LDH scaffolds: 0.43 MPa;
increased to 0.48 MPa with LL37 modification

Gradual degradation in vivo after
12 weeks

In an incubator Not explicitly mentioned Liu et al. (2021b)

Compressive modulus: 0.21–0.53 MPa; optimal
scaffolds similar to natural cartilage

Gradual degradation over 8 weeks in
lysozyme

In an incubator Water absorption varied
with composition

Hu et al. (2022)

Compressive modulus: 12 kPa (top layer) to
76 kPa (bottom layer)

Gradual degradation observed over
8 weeks

In an incubator Not explicitly mentioned Li et al. (2022)

Compressive modulus: CRH (62.7 kPa), BRH
(56.8 kPa); improved with β-CD integration

Gradual degradation over 36 days in
simulated joint environment

In an incubator Not explicitly mentioned Liu et al. (2020)

Compression strength increased with HA
concentration; 27 kPa (non-mineralized) to
380 kPa (highly mineralized)

Gradual degradation observed over
28 days

In an incubator Not explicitly mentioned Fan et al. (2021)

Compressive modulus increased from 0.15 MPa to
0.58 MPa with 5% MgSO4

Not explicitly mentioned In an incubator Swelling rate reduced from
155% to 75%

Luo et al. (2022)

Compressive strength: 0.70 MPa; enhanced
properties due to PDA and HA

GelMA-PDA/HA hydrogels
degraded in 19 days

In an incubator Low swelling ratio of 180%,
minimal distortion

Gan et al. (2019)

Compression modulus increased by 61% with
60 wt% nHA; ultimate strength increased by 87%

Gradual sustained degradation
allowing bioactive factor release over
21 days

In an incubator Not explicitly mentioned Castro et al. (2015)

Compressive strength: Virgin scaffolds (142 ±
14MPa), Composite (62 ± 6MPa), Osteochondral
(85 ± 5 MPa)

Not explicitly mentioned In an incubator Not explicitly mentioned Shalumon et al.
(2016)

Compressive strength of HAp@PLL scaffold;
mechanical strength sustained throughout
regeneration

Hydrogel maintained hypoxic
microenvironment for up to 20 days

In an incubator Not explicitly mentioned Guo et al. (2024)

Improved mechanical properties with Eu-HA
nanorods in GelMA hydrogel

Gradual degradation in Eu-HA
nanocomposite hydrogel

In an incubator Not explicitly mentioned Jin et al. (2024)

BRH, bone regenerating hydrogel; CRH, cartilage-regenerating hydrogel; EU-HA, Europium-doped Hydroxyapatite; PBS, Phosphate-Buffered Saline; PDA, polydopamine.
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TABLE 3 Biocompatibility and functional characteristics.

Cell types used Culture
conditions

Viability and
proliferation

Bioactivity Functionalization and
targeting

References

BMSCs, chondrocytes DMEM with 10% FBS,
1% Penicillin/
Streptomycin;
osteogenic and
inflammatory induction

>90% viability; enhanced
proliferation in CuTA@SF

Promoted osteogenesis
and chondrogenesis

Targeted osteochondral
regeneration, cartilage and bone
repair

Cao et al. (2023)

MC3T3-E1 cells, chondrocytes Media leached from
hydrogel layers over
7 days

>90% viability; enhanced
proliferation for both cell
types

Promoted osteogenesis
and chondrogenesis

Targeted osteochondral
regeneration

Lan et al. (2021)

L929 fibroblasts, C3H mouse
MSCs, mouse chondrocytes

DMEM/F12 with IL-4;
osteogenic induction
media for MSCs

>97% viability; no
significant difference in
growth

Promoted anti-
inflammatory effects,
and chondrogenesis

Targeted osteochondral
regeneration

Gong et al. (2020)

rBMSCs Cultured with KGN and
AT in induction media
for 14 days

>95% viability; good
proliferation confirmed

Enhanced
chondrogenesis and
osteogenesis

Targeted for osteochondral
regeneration

Chen et al. (2024)

Rat chondrocytes, BMSCs Treated with ROS
inducer H2O2

>95% viability; high
proliferation

Enhanced
chondrogenesis and
osteogenesis

Designed for osteochondral
repair

Hu et al. (2024)

rBMSCs Cultured in basal and
osteogenic media for up
to 14 days

>90% viability; increase in
proliferation over 14 days

Enhanced osteogenesis
in silk-nanoCaP layer

Targeted osteochondral repair
with distinct layers

Yan et al. (2015)

MC3T3-E1 preosteoblasts,
ATDC5 chondrocytes

Co-cultured in layers for
7 days, then 21 days

>85% viability; significant
increase in metabolic
activity

Enhanced
chondrogenesis (COL
II) and osteogenesis
(COL I, ALP)

Designed for osteochondral
repair

Korpayev et al.
(2020)

BMSCs Cultured in thermogel
layer with KGN

High viability maintained Enhanced
chondrogenesis and
osteogenesis

Full-thickness osteochondral
repair

Zhang et al.
(2022b)

WRN cells Encapsulated in
hydrogels with Fe3O4

nanoparticles for 48 h

High viability; no
cytotoxicity

Fe3O4 nanoparticles
exert physiological
forces on encapsulated
cells

Injectable scaffolds for
osteochondral regeneration

Adedoyin et al.
(2015)

BMSCs Cultured in osteogenic
and chondrogenic
media with immersion
liquid

>90% viability;
proliferation in Zn-
AlgMA hydrogel at 10−4 M
zinc ion

Enhanced osteogenesis
(Mg2+) and
chondrogenesis (Zn2+)

Targeted osteochondral repair Zhang et al. (2024)

rBMSCs and chondrocytes Cultured on GelMA and
DE-incorporated
scaffolds in induction
media

High cell viability
observed on 5%–20% DE
scaffolds

DE microparticles
significantly enhanced
chondrocyte
proliferation

Dual-layer scaffolds for cartilage
and bone regeneration

Deng et al. (2024)

Fibrochondrocytes,
chondrocytes

Cultured on PCL-
chitosan and anti-
CD44-modified
microparticles

High viability Anti-CD44
microparticles enhanced
osteogenic regeneration

Targeted osteochondral defects Filová et al. (2020)

Porcine chondrocytes Encapsulated in
PEGDA-DTT hydrogels
for 7 days

>95% viability Heparin promoted
sustained release and
enhanced differentiation

Craniofacial reconstruction,
supporting cartilage and bone

Brown et al. (2024)

hBMSCs Cultured in scaffolds
with DMEM and
supplements

High viability confirmed Enhanced
chondrogenesis and
osteogenesis

Targeted osteochondral defect
repair

Liu et al. (2021a)

MSCs and chondrocytes Cultured in hydrogel
scaffolds

High viability confirmed Enhanced
chondrogenesis and
osteogenesis

Targeted osteochondral
regeneration

Kang et al. (2024)

hBMSCs Cultured on ECM/PCL
and MD/PCL scaffolds

High viability confirmed ECM/PCL promoted
huBMSC proliferation

Targeted osteochondral defects Li et al. (2023a)

hCHCs and hAdMSCs Cultured in CS-HA and
Alg-nHAP scaffolds

High viability Significant proliferation
in both scaffold types

Targeted osteochondral repair Banihashemian
et al. (2024)

(Continued on following page)
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TABLE 3 (Continued) Biocompatibility and functional characteristics.

Cell types used Culture
conditions

Viability and
proliferation

Bioactivity Functionalization and
targeting

References

Chondrocytes from newborn
rabbit

Encapsulated in nHCA,
HCA, and nHC
hydrogels for 21 days

High viability nHCA showed highest
cell proliferation

Targeted osteochondral
regeneration

Zheng et al. (2014)

BMSCs and chondrocytes Cultured in SF-MMT
and SF with osteogenic
induction

>93% viability Increased proliferation
with no significant
difference

Targeted osteochondral
regeneration

Sheng et al. (2022)

ADSCs Cultured in nHAp and
nHApMA bio-inks

High viability confirmed Enhanced osteogenic
and chondrogenic
differentiation

Targeted osteochondral
regeneration

Zheng et al. (2023)

rBMSCs Cultured in GelMA and
GelMA/IGF-1bsn
hydrogels for 72 h

High viability confirmed BSN-GelMA
significantly enhanced
rBMSC proliferation

Osteochondral regeneration in
mosaicplasty

Wu et al. (2023)

rBMSCs Cultured in Hydrogel-
DCM and Hydrogel-
DBM for 14 days

High viability confirmed Exosome-loaded
scaffolds enhanced
proliferation

Targeted osteochondral repair Li et al. (2023b)

BMSCs Cultured in MagHA-
gradient hydrogel for
21 days

High viability confirmed Significant proliferation
in MagHA gradient
compared to control

Full-thickness osteochondral
regeneration

Zhang et al.
(2023a)

rBMSCs Encapsulated in SC and
SS hydrogels

>90% viability Significant proliferation
in both hydrogels

Designed for osteochondral
regeneration

You et al. (2018)

BMSCs Cultured in KGN-
loaded GelMA and HA-
coated PCL scaffolds

High viability confirmed Significant proliferation
in both cartilage and
bone regions

Targeted osteochondral repair Zhang et al.
(2023b)

Rat osteoblasts and caprine
chondrocytes

Co-cultured in gradient
hydrogel for 21 days

High viability confirmed Higher proliferation in
nHA-enriched
hydrogels

Designed for osteochondral
regeneration

Radhakrishnan
et al. (2018)

Goat TMJ disc cells Cultured in nHA-
gradient hydrogels;
assessed via MTT and
AO/EB staining

High viability confirmed Increased proliferation
in G-nHA scaffold
compared to controls

Targeting cartilage and
subchondral bone with gradient
layers

Zhang et al. (2021)

BM-hMSCs Cultured in
chondrogenic media for
21 days

High viability confirmed Increased proliferation
in TCP-loaded scaffolds

Designed for calcified cartilage
and subchondral bone
regeneration

Kosik-Kozioł et al.
(2019)

hBMSCs Encapsulated in HGM
and GelMA hydrogels
with TGF-β1 or KGN
for 14 days

>95% viability Significant proliferation
in HGM compared to
GelMA

Injectable for osteochondral
regeneration

Xu et al. (2019)

hASCs Seeded into bilayer
scaffold with BMP-2
and IGF-1 for 14 days

High viability observed Cells proliferated and
formed spheroids in
cartilage region

Sequential chondrogenesis and
osteogenesis mimicking natural
tissue

Qin et al. (2020)

MSCs and HUVECs Cultured in CK2.1/
LL37-loaded scaffolds
for 14 days

High viability observed Enhanced proliferation
in CK2.1/LL37 scaffolds

Targeting cartilage and
subchondral bone

Liu et al. (2021b)

ADSCs Cultured in multilayer
scaffolds in static and
dynamic environments

>90% viability Higher proliferation in
dynamic culture
compared to static

Layered design for cartilage and
subchondral bone targeting

Hu et al. (2022)

BMSCs Cultured in multi-layer
scaffold in osteogenic
and chondrogenic
media

>95% viability Significant proliferation
in both regions

Targeting cartilage and
subchondral bone in distinct
layers

Li et al. (2022)

hMSCs Encapsulated in CRH
and BRH hydrogels for
21 days

>90% viability Significant proliferation
with phase-specific
differentiation

Simultaneous regeneration of
cartilage and subchondral bone

Liu et al. (2020)
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Frontiers in Bioengineering and Biotechnology frontiersin.org14

Amhare et al. 10.3389/fbioe.2025.1611522

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1611522


particularly in osteochondral regeneration. Studies have reported
cell viability rates exceeding 90% and enhanced cell proliferation,
supporting the potential of these materials to promote tissue growth
and regeneration (Table 3). For example, a study showed that
LiMn2O4 nanozyme-functionalized hydrogels effectively
supported the proliferation of rat chondrocytes and bone
marrow-derived mesenchymal stem cells (BMSCs), promoting
cell adhesion and growth (Hu et al., 2024). In addition, in vitro
studies have highlighted that nano-hydrogels, such as GH@LM +
GA@HLM and Zn-AlgMA, significantly enhance the proliferation
of both chondrocytes and BMSCs, while maintaining high levels of
cell viability (Hu et al., 2024; Zhang et al., 2024). Similarly,
functionalized scaffolds, including those with CK2.1/LL37 and
SF-MMT, further promote the regenerative processes of BMSCs
and chondrocytes, reinforcing the critical role of scaffold
composition in optimizing cellular responses (Liu et al., 2021b;
Sheng et al., 2022).

Nano-hydrogels mimicking the extracellular matrix (ECM) have
emerged as promising scaffolds for tissue engineering and
regenerative medicine. These biomimetic materials create a three-
dimensional (3D) environment that closely resembles the native
ECM’s nanoscale architecture (Geckil et al., 2010; Gough et al., 2012;
Brown et al., 2024). By incorporating nanostructured components,
such as nanofibers or nanosilicates, these hydrogels can actively
modulate cellular responses, including attachment, proliferation,
and differentiation (Wei and Ma, 2008). For instance,
nanoengineered collagen-based hydrogels reinforced with disk-
shaped nanosilicates have been shown to enhance osteogenic
differentiation of human mesenchymal stem cells without the

need for exogenous growth factors (Paul et al., 2016). These
ECM-mimicking hydrogels not only provide structural support
but also create a regulatory milieu that guides tissue formation
and organization (Geckil et al., 2010). Furthermore, their
biocompatibility and ability to induce regenerative processes
make them promising candidates for various biomedical
applications, including bone tissue engineering and in vitro
disease modeling (Wei and Ma, 2008; Paul et al., 2016).

Furthermore, functionalization techniques are crucial for
enhancing the bioactivity of hydrogels in osteochondral tissue
engineering. By incorporating growth factors, bioactive molecules,
and nanoparticles, these hydrogels can promote both osteogenesis
and chondrogenesis. For example, research has shown that
embedding polydopamine-encapsulated kartogenin (KGN) and
calcium phosphate-encapsulated miRNA-26a within hydrogels
effectively promotes regeneration in both cartilage and bone
layers (Kang et al., 2024). Additionally, KGN has been grafted
onto ultrasmall superparamagnetic iron-oxide nanoparticles,
which are then integrated into hydrogels for cartilage repair
while enhancing MRI contrast (Yang et al., 2019). Another study
developed microscaffold-hydrogel composites containing KGN and
peptides to accelerate osteochondral repair through endochondral
ossification (Zhang et al., 2022a). Moreover, a versatile hydrogel
system using click chemistry has been created to provide tissue-
specific cues for either chondrogenesis or osteogenesis (You et al.,
2018; Guo et al., 2020; Liu et al., 2021a; Li et al., 2023a). These
approaches highlight the potential of functionalized hydrogels in
addressing the complex requirements of osteochondral tissue
regeneration.

TABLE 3 (Continued) Biocompatibility and functional characteristics.

Cell types used Culture
conditions

Viability and
proliferation

Bioactivity Functionalization and
targeting

References

BMSCs Cultured in gradient
mineralized hydrogels
for 21 days

>95% viability Good proliferation in
non-mineralized and
mineralized layers

Mimicking cartilage and
subchondral bone regions with
gradients

Fan et al. (2021)

BMSCs Cultured in Mg2+- and
Cu2+-regulated layers

High viability observed Enhanced proliferation
in regulated hydrogels

Designed for osteochondral
regeneration

Luo et al. (2022)

BMSCs and chondrocytes Cultured on GelMA,
GelMA-PDA, and
GelMA-PDA/HA

High viability confirmed Significant proliferation
in PDA-incorporated
hydrogels

Targeting cartilage and
subchondral bone in dual-layer
structure

Gan et al. (2019)

hMSCs Cultured on PEG-DA
scaffolds with nHA and
TGF-β1

High viability; significant
proliferation observed

93% and 53% increase
for 40 wt% and 60 wt
% nHA

Designed for osteochondral
regeneration

Castro et al. (2015)

BMSCs and chondrocytes BMSCs in osteogenic
medium, chondrocytes
in chondrogenic
medium

>90% viability Significant proliferation
in both parts

Designed for osteochondral
tissue engineering

Shalumon et al.
(2016)

BMSCs and chondrocytes Encapsulated in GelMA
microspheres in
induction media

>90% viability Significant proliferation;
enhanced differentiation
confirmed

Targeting cartilage and
subchondral bone for complex
regeneration

Guo et al. (2024)

Chondrocytes, BMSCs,
RAW264.7 macrophages

Cultured in DMEM/
F12, α-MEM, and
DMEM with 10% FBS

>90% viability Promotion of
chondrocyte
proliferation and BMSC
differentiation

Designed to facilitate
immunomodulation for
osteochondral regeneration

Jin et al. (2024)

BMSCs, BoneMarrowMesenchymal Stem Cells; hBMSCs, Human BoneMarrowMesenchymal Stem Cells; rBMSCs, rabbit BoneMarrowMesenchymal StemCells; BM-hMSCs, BoneMarrow-

Derived Human Mesenchymal Stem Cells; hMSCs, Human Mesenchymal Stem Cells; TMJ, temporomandibular joint; hCHCs, Human Chondrocyte-like Cells; hAdMSCs, Human Adipose-

derived Mesenchymal Stem Cells; WRN, wnt rspondin noggin cells; hASCs, Human adipose-derived stem cells.

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Amhare et al. 10.3389/fbioe.2025.1611522

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1611522


TABLE 4 Experimental models and methods in vivo studies.

Animal
model

Group allocation Implantation method Histological assessment References

Rabbits 5 groups: Control, SF, Cu@SF, TA@SF,
CuTA@SF

Pre-formed hydrogels implanted into
OCD site

CuTA@SF showed the best integration
and cartilage repair

Cao et al. (2023)

Rabbits 3 groups: Blank, PVA hydrogel, Bi-layer
hydrogel

Hydrogels implanted into defects created
in rabbit knees

Bi-layer group showed better cartilage
and bone repair

Lan et al. (2021)

Rabbits 3 groups: Nontreated, bi-layer scaffold,
and IL-4-loaded bi-layer scaffold; 8- and
16-week post-surgery observations

Bi-layer scaffold implanted into defects
created in rabbit knee joints

IL-4-loaded scaffold group showed
better cartilage repair

Gong et al. (2020)

Rabbits 3 groups: Untreated (blank), control,
experimental

Trilayered scaffolds implanted into
osteochondral defects

Experimental group showed better
cartilage and bone repair

Chen et al. (2024)

Sprague-Dawley
rats

4 groups: PBS, GH + GA (basic hydrogel),
GH + GA@H (with nanohydroxyapatite),
GH@LM + GA@HLM (with nanozyme)

Bilayer hydrogels implanted into femoral
condyle defects

GH@LM + GA@HLM showed the best
cartilage and subchondral bone repair

Hu et al. (2024)

Rabbits 2 groups: bilayered scaffold implantation
and defect control (no scaffold)

Bilayered scaffolds were press-fit into
osteochondral defects in rabbit knees

Scaffold showed cartilage and
subchondral bone regeneration

Yan et al. (2015)

BALB/c mice Specific details are not explicitly
mentioned

Multi-layered scaffolds were inserted into
subcutaneous pockets created in mice

Staining showed mild inflammatory
response with macrophage and
neutrophil infiltration

Korpayev et al.
(2020)

Rabbits 4 groups: control, Gel/Scaffold, Gel-MSCs/
Scaffold, GelKGN-MSCs/ScaffoldBMP-2

Bilayered scaffolds were implanted into
osteochondral defects in the femoral
condyle

Staining showed cartilage and
subchondral bone regeneration in the
GelKGN-MSCs/ScaffoldBMP-2 group

Zhang et al. (2022b)

Rabbits 4 groups: blank control, Zn-AlgMA,
DCPD-coated Mg, Zn-AlgMA@Mg
scaffold

Scaffolds implanted into osteochondral
defects in femoral condyles

Zn-AlgMA@Mg group showed best
osteochondral integration

Zhang et al. (2024)

Rabbits 4 groups: blank control, GelMA, 0–10 DE,
5–20 DE scaffolds

Scaffolds implanted in femoral condyle
defects

5–20 DE group showed best
osteochondral regeneration

Deng et al. (2024)

Rabbits 3 groups: scaffold #1 (PCL-chit-PEGb),
scaffold #2 (PCL-chit-PEGb-antiCD44),
control

Scaffolds implanted in femoral condyle
defects

PCL-chit-PEGb showed superior hyaline
cartilage regeneration, while anti-CD44
favored bone formation

Filová et al. (2020)

Rabbits 3 groups: Control, single-layer scaffold,
bilayer scaffold

Bilayer scaffolds implanted into knee
joint defects

Bilayer scaffold showed better cartilage
regeneration and bone formation

Liu et al. (2021a)

Rabbits 5 groups: Control, GTU-Fe, GTU-Fe/
KGN@PDA, GTU-Fe/miRNA@CaP,
GTU-Fe/KGN@PDA/miRNA@CaP

Cylindrical GTU-Fe scaffolds implanted
into knee defects

GTU-Fe/KGN@PDA/miRNA@CaP
showed better cartilage and bone
regeneration

Kang et al. (2024)

Rats 5 groups: Blank, PCL, ECM/PCL, MD/
PCL, Bilayer scaffold

Bilayer scaffolds implanted into knee
joint defects

Bilayer scaffold showed better cartilage
and bone regeneration

Li et al. (2023a)

Rabbits 3 groups: Control, SF hydrogel, SF-MMT
hydrogel

SF and SF-MMT hydrogels implanted
into osteochondral defects in rabbit knees

SF-MMT showed better cartilage and
bone regeneration

Sheng et al. (2022)

Rabbits 3 groups: Control, nHAp bio-ink,
nHApMA bio-ink

Scaffolds implanted into femoral condyle
defects in rabbit knees

nHApMA showed better cartilage and
bone regeneration

Zheng et al. (2023)

Rabbits 3 groups: Blank, GelMA hydrogel, BSN-
GelMA hydrogel

Mosaicplasty performed on rabbit knee
joints

BSN-GelMA showed better gap
integration and tissue regeneration

Wu et al. (2023)

Rats 4 groups: Blank, Hydrogel, Bi-Hydrogel,
Bi-Hydrogel-Exos

Bilayer scaffolds implanted into
osteochondral defects in rat knee joints

Bi-Hydrogel-Exos showed better
osteochondral regeneration

Li et al. (2023b)

Rabbits 5 groups: Control, DN hydrogel, bi-phasic
hydrogel, MagHA gradient hydrogel with
(Gra+) and without (Gra-) magnetic field
stimulation

Hydrogel scaffolds implanted into rabbit
knee joint defects

MagHA-gradient hydrogel showed
enhanced osteochondral regeneration,
especially in Gra+

Zhang et al. (2023a)

C57BL/6J mice Specific details are not explicitly
mentioned

SC and SS hydrogels implanted under
dorsal skin

Staining showed good integration of
hydrogels with surrounding tissue

You et al. (2018)

Rabbits 4 groups: Blank, PCL/GelMA, PCL/
GelMA@TA/E7, PCL/HA-GelMA/KGN@
TA/E7

Bilayer scaffolds implanted into knee
joint defects

PCL/HA-GelMA/KGN@TA/E7 group
showed better cartilage and subchondral
bone regeneration

Zhang et al. (2023b)

(Continued on following page)
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TABLE 4 (Continued) Experimental models and methods in vivo studies.

Animal
model

Group allocation Implantation method Histological assessment References

Rabbits 4 groups: Control, nHA scaffold, ChS
scaffold, Gradient (nHA + ChS) scaffold

Hydrogels injected into osteochondral
defects in rabbit knees

Gradient scaffold group showed
improved collagen and GAG deposition

Radhakrishnan et al.
(2018)

Rats 7 groups: Control, BMSCs only, 0% nHA
+ BMSCs, 40% nHA + BMSCs, 70% nHA
+ BMSCs, G-nHA only, G-nHA + BMSCs

Scaffolds implanted into rat knee defects G-nHA + BMSCs group showed better
osteochondral regeneration

Zhang et al. (2021)

Rats 4 groups: GelMA with KGN, GelMA with
TGF-β1, HGM (Injection) with KGN,
HGM (Injection) with TGF-β1

HGM hydrogels injected into defects in
rat knees

HGM groups showed better cartilage
and subchondral bone regeneration

Xu et al. (2019)

Rabbits 3 groups: Control, biphasic scaffold
without peptide (GC/LC), biphasic
scaffold with CK2.1/LL37 (CK2.1@GC/
LL37@LC)

Scaffolds implanted into osteochondral
defects

CK2.1/LL37 group showed better
cartilage and subchondral bone
regeneration

Liu et al. (2021b)

Rabbits 4 groups: Negative control, positive
control, static scaffold group, dynamic
scaffold group

Multilayer scaffolds implanted into knee
defects in rabbits

Dynamic scaffold showed better
osteochondral regeneration compared to
the static group

Hu et al. (2022)

Rabbits 3 groups: Control, GelMA scaffold, nHA-
GelMA scaffold

Scaffolds implanted into osteochondral
defects in rabbit knee joints

nHA-GelMA showed better
osteochondral regeneration

Li et al. (2022)

Rabbits 4 groups: Control, Drug-free BRH-CRH,
BRH-CRH (no MSCs), BRH-CRH [MSC-
encapsulated]

Bilayer BRH-CRH hydrogel scaffolds
injected osteochondral defect site

BRH-CRH [MSC-encapsulated] showed
better osteochondral integration and
cartilage regeneration

Liu et al. (2020)

Rabbits 3 groups: Control, DN material group,
DN-3Mg/Cu hydrogel group

Bilayer hydrogels implanted into
osteochondral defects in rabbits

DN-3Mg/Cu hydrogel showed better
osteochondral regeneration

Luo et al. (2022)

Rabbits 3 groups: Pure GelMA, bilayer GelMA-
PDA/HA, bilayer GelMA-PDA/HA with
BMP-2 and TGF-β3

Bilayer hydrogels implanted into
osteochondral defects in rabbit knee
joints

BMP-2/TGF-β3 showed well-organized
cartilage and subchondral bone
regeneration

Gan et al. (2019)

Nude mice 2 groups: Acellular scaffold and cell-seeded
scaffold (sample)

Cell-seeded scaffolds implanted
subcutaneously in nude mice

Staining confirmed tissue-specific
regeneration of bone and cartilage in
scaffolds

Shalumon et al.
(2016)

Rabbits 4 groups: HAp@PLL scaffold, Ta@gel +
GelMA@BMSCs, HAp@PLL + hydrogel +
GelMA@BMSCs, and HAp@PLL + Ta@
gel + GelMA@BMSCs

Composite scaffolds were implanted in
4 mm osteochondral defects in rabbit
knee joints

HAp@PLL + Ta@gel + GelMA@BMSCs
revealed better osteochondral
regeneration

Guo et al. (2024)

Rats 4 groups: Control, GelMA, GelMA/HAp,
and GelMA/Eu-HAp

GelMA/Eu-HAp hydrogel was injected
into osteochondral defects

GelMA/Eu-HAp showed better cartilage
and bone regeneration

Jin et al. (2024)

Immunohistochemistry Inflammation and
infection

Degradation of hydrogel References

Strong positive staining for COL I and AGG in both
cartilage and subchondral bone regions in CuTA@SF
group

No signs of infection CuTA@SF degraded almost completely by week
12 than other groups

Cao et al. (2023)

Positive staining for COL I and COL II in cartilage and
subchondral bone regions, indicating successful tissue
repair

No signs of infection Upper layer degraded faster than lower; neither
layer completely degraded after 12 weeks

Lan et al. (2021)

Positive COL2 staining in IL-4 scaffold group, indicating
cartilage regeneration

No signs of infection GelMA layer showed gradual degradation over
16 weeks

Gong et al. (2020)

COL2 and OCN staining showed significant matrix
deposition in cartilage and bone regions in the
experimental group

No signs of infection Gradual degradation of scaffolds over 12 weeks;
KGN and AT released during scaffold
degradation

Chen et al. (2024)

Strong COL II and Aggrecan in cartilage, COL I and Opn
in bone for GH@LM + GA@HLM group

No signs of infection GH@LM + GA@HLM hydrogel gradually
degraded over 12 weeks

Hu et al. (2024)

Positive staining for collagen II in cartilage and new bone
formation in the silk-nanoCaP layer

No signs of infection Scaffold maintained integrity with no significant
mass loss over 4 weeks

Yan et al. (2015)

Not reported Inflammation noted at the scaffold
interface

Not explicitly mentioned Korpayev et al. (2020)

(Continued on following page)
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TABLE 4 (Continued) Experimental models and methods in vivo studies.

Immunohistochemistry Inflammation and
infection

Degradation of hydrogel References

Positive staining for COL II in cartilage and COL I in
subchondral bone confirmed tissue regeneration

Minimal inflammation observed Scaffold and thermogel gradually degraded over
3–6 months

Zhang et al. (2022b)

Positive COL II staining in cartilage and COL I staining
in bone confirmed tissue regeneration

No signs of infection Gradual degradation of the Zn-AlgMA hydrogel
and Mg alloy over the course of the 10-week
study

Zhang et al. (2024)

Positive COL II and COL I staining confirmed cartilage
and bone tissue regeneration in 5–20 DE scaffolds

No signs of infection Slower degradation observed in DE-
incorporated scaffolds, with 5–20 DE showing
the slowest rate

Deng et al. (2024)

COL II and osteocalcin revealed scaffold #1 (PCL-chit-
PEGb) promoted cartilage, while scaffold #2 (anti-
CD44) favored bone formation

anti-CD44 exhibited more
inflammatory infiltration

Not explicitly mentioned Filová et al. (2020)

Positive staining for COL I and COL II confirmed
cartilage and bone tissue regeneration

No signs of infection Not explicitly mentioned Liu et al. (2021a)

Positive staining for COL II and COL I confirmed tissue
regeneration

No signs of infection Gradual degradation observed over 12 weeks
post-implantation

Kang et al. (2024)

Positive staining for COL II in cartilage and COL I in
subchondral bone confirmed tissue regeneration

No signs of infection Gradual degradation of the scaffold over
12 weeks, with sustained Mg2+ release

Li et al. (2023a)

Positive staining for Aggrecan and COL II confirmed
cartilage matrix formation in SF-MMT group

No signs of infection Gradual degradation of the SF-MMT hydrogel
over the course of the 12-week study

Sheng et al. (2022)

Positive staining for Runx2 and Sox9 confirmed
osteogenic and chondrogenic differentiation in
nHApMA scaffolds

No signs of infection Not explicitly mentioned Zheng et al. (2023)

Positive staining for collagen II confirmed enhanced
cartilage regeneration in BSN-GelMA group

No signs of infection Gradual degradation observed over 12 weeks Wu et al. (2023)

Positive staining for COL II in cartilage and COL I in
bone confirmed tissue regeneration

No significant inflammation observed
in any group

Gradual degradation over 12 weeks, with good
scaffold integration

Li et al. (2023b)

Positive staining for collagen II in cartilage and collagen I
in bone confirmed tissue regeneration in MagHA groups

No signs of infection Gradual degradation observed over 12 weeks;
slower in MagHA-rich regions

Zhang et al. (2023a)

Not applicable No signs of infection Not explicitly mentioned You et al. (2018)

Positive staining for COL II in cartilage and COL I in
bone confirmed tissue regeneration

No signs of infection Gradual degradation of GelMA observed over
12 weeks

Zhang et al. (2023b)

Not reported No signs of infection Gradual degradation observed over 8 weeks Radhakrishnan et al.
(2018)

Positive COL II staining confirmed cartilage
regeneration in G-nHA + BMSCs group

No signs of infection Gradual degradation of the scaffold over
12 weeks post-implantation

Zhang et al. (2021)

Positive staining for type II collagen confirmed
chondrogenesis in HGM groups

No signs of infection Gradual degradation of HGM hydrogels over
6 weeks

Xu et al. (2019)

Positive staining for COL I in subchondral bone and
COL II in cartilage confirmed tissue regeneration

No signs of infection Gradual degradation observed over 12 weeks
post-implantation

Liu et al. (2021b)

Positive staining for COL II confirmed cartilage matrix
formation in dynamic group

No signs of infection Gradual degradation of the scaffold observed
over 12 weeks

Hu et al. (2022)

Positive staining for COL II in cartilage and COL I in
subchondral bone confirmed tissue regeneration

No signs of infection Gradual degradation over 12 weeks Li et al. (2022)

Positive staining for COL II in cartilage and COL I in
bone confirmed phase-specific tissue regeneration

No signs of infection Gradual degradation observed over 12 weeks in
vivo

Liu et al. (2020)

Positive staining for type II collagen and GAG in
cartilage, and collagen type I in bone in DN-3Mg/Cu
group

No signs of infection Gradual degradation observed over 12 weeks Luo et al. (2022)

Not reported No signs of infection Gradual degradation over 12 weeks Gan et al. (2019)
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Recent studies demonstrate the effectiveness of functionalized
biomaterials in advancing osteochondral repair, primarily by
supporting both osteogenic and chondrogenic differentiation.
Composite hydrogels with anti-CD44-labeled microparticles have
shown to significantly improve osteogenic regeneration in animal
models of osteochondral defects (Filová et al., 2020). Likewise,
bilayer scaffolds that guide stem cell differentiation spatially have
been effective in directing cells into osteogenic and chondrogenic
lineages, enhancing repair outcome (Kang et al., 2024; Lowen et al.,
2024). Furthermore, microscaffold-hydrogel composites,
incorporating bioactive modifications like RGD peptides, have
demonstrated accelerated osteochondral repair through
endochondral ossification, achieved by controlled delivery of
bioactive molecules within the scaffold layers (Zhang et al.,
2022a; Brown et al., 2024; Deng et al., 2024). Other studies
reinforce these findings, with functionalized hydrogels designed
for dual osteogenic and chondrogenic applications showing
sustained, layer-specific release of growth factors and bioactive
ions, thus promoting cell proliferation and tissue integration
(Cao et al., 2023; Wu et al., 2023).

These findings underscore the potential of multi-functionalized
nano-hydrogels in tissue engineering, with customizable layers
enabling the spatially controlled release of bioactive agents that
foster site-specific tissue regeneration. Such approaches pave the
way for advanced therapies for osteochondral defects and other
complex tissue engineering applications (Wu et al., 2023; Brown
et al., 2024).

These findings suggest that nano-hydrogels are capable of
providing a supportive 3D microenvironment that mimics the
native ECM. However, achieving consistent differentiation and
integration remains challenging, particularly when translating
in vitro success to in vivo conditions. Variability in cell behavior
across studies suggests that more standardized protocols are needed
to optimize cell-scaffold interactions, ensuring predictable outcomes
in clinical settings.

3.5 In vivo efficacy and
regeneration outcomes

The in vivo studies summarized in Table 4 illustrate the
promising efficacy of nano-hydrogels in promoting osteochondral
repair, using diverse animal models such as rabbits, rats, and mice to
assess the regenerative potential of these systems. Significant

cartilage regeneration and subchondral bone repair were
observed in a rabbit model using a bi-layered GelMA-PCL-HA
scaffold, where histological analyses confirmed the formation of a
smooth cartilage surface and well-integrated bone layer (Gong et al.,
2020). Similarly, a bilayer hydrogel containing GH@LM + GA@
HLM demonstrated notable regeneration, with micro-CT and
histological assessments indicating smooth hyaline cartilage
formation and robust subchondral bone repair (Hu et al., 2024)
(Table 4). These advanced hydrogel systems have demonstrated
improvements in defect filling, cartilage thickness, and bone
regeneration compared to control groups (Gan et al., 2019; Guo
et al., 2021). However, a critical review of in vivo cartilage repair
studies highlights the need for standardized experimental designs
and careful interpretation of results (Vilela et al., 2015).

Histological assessments across various studies frequently
highlighted improved tissue integration. A GTU-Fe/KGN@PDA/
miRNA@CaP scaffold led to enhanced chondrogenic and osteogenic
marker expression, indicating successful differentiation and
maturation of regenerated tissue, with elevated
glycosaminoglycans (GAG) and collagen deposition contributing
to effective cartilage and bone regeneration (Table 4) (Kang et al.,
2024). Further corroborating these findings, a Zn-AlgMA@Mg
scaffold achieved significant osteochondral integration, facilitating
seamless cartilage repair and trabecular bone formation within
femoral condyle defects in rabbits (Zhang et al., 2024) (Table 4).
Despite these advancements, scaffold-cartilage integration remains a
significant challenge in tissue engineering. Recent strategies to
address this issue include manipulating cellular, material, and
biomolecular composition of engineered tissue (Jelodari et al.,
2022). These findings highlight the potential for improved
cartilage repair and integration using advanced scaffolds and
tissue engineering techniques.

Many studies achieved substantial subchondral bone
regeneration, suggesting that functionalization strategies including
the incorporation of miRNAs, bioactive molecules, and structurally
adaptive hydrogels play a crucial role in promoting dual
regeneration for osteochondral repair. For example, bi-layer
hydrogels and trilayered scaffolds demonstrated enhanced bone
volume and trabecular thickness, ultimately supporting
comprehensive osteochondral regeneration (Lan et al., 2021;
Chen et al., 2024). Moreover, these studies predominantly used
femoral condyle defect models, effectively showing that nano-
hydrogels, when tailored to recreate the native extracellular
environment, support robust tissue regeneration over extended

TABLE 4 (Continued) Experimental models and methods in vivo studies.

Immunohistochemistry Inflammation and
infection

Degradation of hydrogel References

Positive staining for type I collagen (bone) and type II
collagen (cartilage) confirmed osteochondral tissue
formation

No signs of infection Not explicitly mentioned Shalumon et al. (2016)

Positive staining for COL II, ACAN, and SOX9 in
cartilage, and COL I, OPN, and OCN in subchondral
bone

No signs of infection Gradual degradation of hydrogel observed,
supporting tissue regeneration

Guo et al. (2024)

Positive staining for CD206 and Arg1 indicated
M2 macrophage polarization in the GelMA/Eu-HAp
group

No signs of infection Gradual degradation of GelMA/Eu-HAp
hydrogel observed over time

Jin et al. (2024)
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TABLE 5 Summary of study limitations and proposed future directions.

Limitations Future directions References

No significant enhancement in mechanical properties; lack of long-term
studies

Optimize CuTA concentration; conduct long-term in vivo studies Cao et al. (2023)

Incomplete degradation after 12 weeks; mechanical properties do not match
natural tissue

Optimize hydrogel composition; explore long-term repair
outcomes

Lan et al. (2021)

Study limited to rabbits; need for investigation in larger animals or humans Study IL-4 mechanisms in osteochondral repair in larger models Gong et al. (2020)

Study limited to rabbits; larger animal models and longer-term studies needed Investigate drug release mechanisms; test in larger animals Chen et al. (2024)

Lack of biomechanical testing Expand to larger models and conduct biomechanical tests Hu et al. (2024)

Short-term study (4 weeks) Investigate long-term effects; optimize mechanical properties Yan et al. (2015)

Short-term in vivo study (14 days) Conduct longer-term studies on scaffold degradation Korpayev et al. (2020)

Short-term study Optimize materials for cartilage and bone regeneration rates Zhang et al. (2022b)

No in vivo testing conducted Focus on in vivo testing for osteochondral repair Adedoyin et al. (2015)

Short-term study (10 weeks) Conduct long-term studies on degradation and integration Zhang et al. (2024)

Short-term study (12 weeks) Investigate long-term effects; optimize scaffolds for human use Deng et al. (2024)

Short study duration; inflammatory response from scaffold #2 Assess long-term effects and optimize modifications to reduce
inflammation

Filová et al. (2020)

Short-term study; no in vivo testing Explore in vivo testing and growth factor delivery Brown et al. (2024)

Short-term study Focus on long-term integration and clinical translation Liu et al. (2021a)

Short-term study Optimize KGN and miRNA-26a delivery for clinical applications Kang et al. (2024)

Short-term study (12 weeks) Focus on long-term scaffold integration and degradation Li et al. (2023a)

Short-term study Investigate long-term integration of the bilayer scaffold Banihashemian et al.
(2024)

No long-term in vivo testing Focus on in vivo regeneration and long-term mechanical
performance

Zheng et al. (2014)

Long-term effects not assessed Study long-term regeneration and clinical testing Sheng et al. (2022)

Short-term study Investigate long-term degradation and regeneration applications Zheng et al. (2023)

Short-term study Explore clinical translation for osteochondral defects Wu et al. (2023)

Short-term study (12 weeks) Optimize exosome delivery and test in larger models Li et al. (2023b)

Short-term study; long-term effects not assessed Explore long-term integration and optimization of stimulation Zhang et al. (2023a)

No long-term in vivo testing; focused on subcutaneous models Conduct in vivo testing in osteochondral defect models You et al. (2018)

Short-term study Investigate long-term tissue integration and scaffold degradation Zhang et al. (2023b)

Short-term study Investigate long-term degradation and larger animal integration Radhakrishnan et al.
(2018)

Lack of complete tissue regeneration assessment Investigate long-term degradation and clinical translation Zhang et al. (2021)

No in vivo studies; long-term effects not assessed Focus on in vivo testing and scaffold optimization Kosik-Kozioł et al. (2019)

Short-term study; no long-term assessment Investigate long-term degradation and clinical translation Xu et al. (2019)

No in vivo studies performed Focus on in vivo testing and full integration for regeneration Qin et al. (2020)

Short-term study Focus on long-term integration and optimization for regeneration Liu et al. (2021b)

No long-term assessment of degradation Study long-term degradation and clinical applications Hu et al. (2022)

Short-term study; long-term effects not assessed Focus on long-term integration and optimization for clinical use Li et al. (2022)

Short-term study; no long-term assessment Investigate long-term integration and controlled release systems Liu et al. (2020)

No in vivo data Explore in vivo testing and clinical translation for repair Fan et al. (2021)

(Continued on following page)
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periods. Functionalization strategies, such as incorporating tissue-
specific peptides or drugs, have shown enhanced chondrogenesis
and osteogenesis both in vitro and in vivo (Guo et al., 2021; Chen
et al., 2024). These advanced scaffolds have demonstrated improved
bone volume, trabecular thickness, and overall defect filling in
femoral condyle defect models, supporting comprehensive
osteochondral regeneration (Cao et al., 2024; Chen et al., 2024;
Guo et al., 2024).

The variability in regenerative outcomes observed across studies,
characterized by differing degrees of bone density and cartilage
smoothness, highlights the necessity for a standardized approach to
evaluating scaffold performance. Future research should focus on
adopting consistent animal models, such as femoral defect models,
and harmonized assessment criteria, such as specific histological
markers and imaging techniques, to enable comparative evaluations
across various hydrogel systems. Such standardization could
accelerate the translation of nano-hydrogel-based technologies
into clinical settings, supporting more predictable outcomes and
broader applicability.

3.6 Key limitations in osteochondral repair
studies and prospective innovations

Recent advances in osteochondral tissue engineering have
focused on developing scaffolds that support cell growth and
tissue regeneration. Scaffold degradation plays a crucial role in
the repair process, with different degradation modalities and
speeds influencing outcomes (Tortorici et al., 2022). Despite
considerable advances in osteochondral repair, several critical
limitations remain across studies, as outlined in Table 5. One
major challenge involves inconsistent degradation rates in
scaffold materials. Achieving a uniform degradation timeline has
proven difficult, with some hydrogel systems degrading faster than
intended, reducing structural support for newly forming tissue,
while others degrade too slowly, limiting cell infiltration and
impeding tissue remodeling. For instance, study conducted by
Adedoyin et al. noted this inconsistency in their dual-gelation
scaffold, where uneven degradation impacted overall regenerative
outcomes (Adedoyin et al., 2015). To address this, further research
should investigate advanced crosslinking techniques to fine-tune
degradation kinetics, ensuring scaffold resorption aligns more
closely with native tissue growth.

Another prevalent issue is the variability in scaffold mechanical
strength, particularly when scaling up for larger defects. Achieving a

mechanical resilience that closely mimics native tissue properties
remains challenging. Li et al. reported that preserving compressive
strength in bilayer scaffolds was difficult over long-term in vivo
applications, highlighting a critical need for more durable
biomaterials (Li et al., 2023a). Novel scaffold compositions and
innovative crosslinked structures could offer the increased load-
bearing capacities necessary to provide robust support in
osteochondral applications, particularly those involving weight-
bearing joints.

Additionally, there is limited long-term in vivo data on the
efficacy and safety of these scaffolds. While short-term successes are
frequently observed, the potential for chronic inflammation or
complications related to scaffold degradation requires longer
follow-up. Studies highlight the necessity for prolonged trials to
thoroughly assess scaffold stability, biocompatibility, and
integration with native tissue structures, all critical for achieving
successful clinical translation (Brown et al., 2024; Hu et al., 2024).

To overcome these challenges, future research could focus on
innovative materials and scaffold designs. The use of in situ forming
hydrogels, which adapt to irregular defect sites during implantation,
may enhance scaffold integration (Zheng et al., 2014; Park and Park,
2018; Kang et al., 2024). Smart, stimuli-responsive hydrogels capable
of controlled therapeutic release could also support sustained
regeneration and more effective clinical outcomes. Additionally,
combining nano-hydrogels with synergistic regenerative approaches
such as gene therapy, bioelectronics, or cell-based treatments may
lead to multifunctional scaffolds that facilitate not only osteogenesis
and chondrogenesis but also angiogenesis (Kumar et al., 2022; Chen
et al., 2023). Together, these integrated approaches have the
potential to advance osteochondral repair, bringing the field
closer to scalable, reliable therapeutic solutions.

4 Conclusion

This systematic review underscores the diverse and evolving
strategies employed in nano-hydrogel-based scaffolds for
osteochondral repair. By systematically stratifying the included
studies according to formulation type (injectable vs. preformed),
structural design (single-phase, bilayered, trilayered, or gradient),
and polymer origin (natural, synthetic, hybrid), we identified key
trends linking scaffold architecture to biological performance.
Notably, bilayered and trilayered systems that emulate the native
osteochondral zonation more effectively support site-specific
chondrogenesis and osteogenesis. Similarly, hybrid scaffolds

TABLE 5 (Continued) Summary of study limitations and proposed future directions.

Limitations Future directions References

Short-term study Investigate long-term integration and clinical translation Luo et al. (2022)

Short-term study Focus on long-term integration and mechanical performance Gan et al. (2019)

No in vivo study Optimize scaffold for osteochondral repair with in vivo testing Castro et al. (2015)

No long-term studies conducted Focus on long-term degradation and larger model testing Shalumon et al. (2016)

Study limited to short-term evaluation Explore long-term integration and clinical translation Guo et al. (2024)

Short-term animal study Optimize hydrogel composition and test in larger models Jin et al. (2024)
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integrating natural and synthetic polymers often demonstrate
superior synergy between mechanical strength and bioactivity.

Despite promising preclinical outcomes, translational challenges
persist. The field is hindered by variability in fabrication methods,
inconsistencies in mechanical robustness and degradation profiles,
and a lack of long-term in vivo validation. Moreover, the absence of
standardized animal models and outcome measures limits direct
comparison across studies, thereby impeding regulatory progression
and clinical adoption.

To address these limitations, we propose a scaffold design
framework emphasizing biomimetic zoning, controlled delivery of
bioactive cues, stimuli-responsive behavior, and compliance with
good manufacturing practice (GMP) standards. Comparative
evaluations using unified scoring systems, load-bearing models,
and long-term functional assessments will be critical to bridge
the gap between laboratory innovation and clinical implementation.

In conclusion, while nano-hydrogels offer clear advantages in
mimicking the extracellular matrix and modulating the local
microenvironment, their future lies in rational design guided by
translational benchmarks. With sustained interdisciplinary
collaboration and regulatory foresight, these systems have the
potential to evolve into clinically viable, patient-specific therapies
for osteochondral regeneration.
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