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Abstract

Osteochondral defects, which involve injury to both the articular cartilage and the
underlying subchondral bone, present a considerable therapeutic challenge due to
cartilage’s poor intrinsic capacity for regeneration and the intricate, gradient structure
of the osteochondral junction. Tissue engineering offers a promising strategy for
regenerating this biphasic tissue. Chitosan has attracted significant research interest
due to its favorable biocompatibility, controlled degradability, natural antibacterial
activity, and structural resemblance to endogenous glycosaminoglycans. Integrating
chitosan with 3D printing allows the production of scaffolds with customizable
structures, porosity, and mechanical properties tailored to patient needs. Moreover,
chitosan can easily be blended with various natural polymers to develop composite
bioinks that improve osteogenic and chondrogenic potential, thereby enhancing
the functional performance of scaffolds. This review examines research literature
spanning January 2020 to October 2025. Recent advances include the development
of functionalized chitosan derivatives for improved printability and crosslinking, as
well as the incorporation of cells and growth factors to create bioactive, cell-laden
constructs. This review provides an extensive overview of the physicochemical
and biological characteristics of chitosan pertinent to osteochondral regeneration,
discusses diverse 3D printing strategies utilized to construct chitosan-based
composite scaffolds, and emphasizes their demonstrated potential in improving
cellular responses, stimulating bone and cartilage formation, supporting
biomineralization, and achieving controlled delivery of bioactive agents. Finally, we
discuss current challenges, such as optimizing scaffold degradation kinetics and
vascularization, and future perspectives on the clinical translation of these innovative
constructs for effective osteochondral regeneration.
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1. Introduction

Osteochondral defects, a common challenge in
orthopedics, are often difficult to repair completely
due to the considerable heterogeneity in the structure,
composition, and mechanical properties of cartilage and
subchondral bone tissue."” Once osteochondral injuries
occur, failure to intervene promptly can easily lead to
joint dysfunction and even the onset and progression
of osteoarthritis.>* Traditional clinical treatments can
alleviate symptoms and promote tissue repair to some
extent; however, they generally suffer from limitations
such as inadequate mechanical properties of the repaired
tissues and a tendency for regenerated tissues to consist
predominantly of fibrocartilage. This makes it difficult
to achieve long-term, stable functional reconstruction.>®
The inherent heterogeneity of cartilage and subchondral
bone in their composition, mechanical properties,
and biological requirements makes designing a single
scaffold that supports the regeneration of both tissues
highly complicated.”®

In recent years, promising alternatives in tissue
engineering and regenerative medicine have emerged
through the integration of scaffolds, cells, and bioactive
molecules to replicate natural tissue environments.”!!
Among various scaffold materials, chitosan stands out
as an ideal osteochondral scaffold material due to its
excellent biocompatibility, degradability, and antimicrobial
properties.'> More importantly, its molecular structure
is highly similar to the glycosaminoglycans (GAGs) in
the extracellular matrix (ECM) of cartilage, facilitating
chondrocyte adhesion, proliferation, and cartilage-
specific matrix secretion.”” Meanwhile, with the rapid
advancement of 3D printing technologies, chitosan-based
tissue engineering scaffolds can now be fabricated with
enhanced precision and tailored to meet patient-specific
requirements.”*"> 3D printing not only enables the
construction of complex porous structures but also allows
the optimization of microenvironmental conditions such
as cell migration, nutrient transport, and angiogenesis by
adjusting pore size, interconnectivity, and hierarchical
distribution.'® Additionally, 3D printing can be combined
with bioactive factor loading to achieve spatially controlled,
multi-factor delivery, thereby regulating chondrogenic and
osteogenic differentiation simultaneously. This approach
more closely mimics the natural repair pattern of the
osteochondral interface.”” Based on these advantages,
3D-printed chitosan-based composite scaffolds exhibit
significant promise for osteochondral defect repair and

provide new insights and technical support for future
clinical translation.

Research on chitosan-based 3D-printed scaffolds
demonstrates  substantial  diversity in  material
formulations, reflecting the various strategies researchers
adopt to address repair requirements across different levels
of osteochondral tissue. Regarding printing techniques,
distinct 3D printing processes have been selected based
on the intended application. In addition, performance
evaluation approaches differ markedly. While most studies
include fundamental physicochemical characterization
alongside biological assessment, the scope of evaluation
varies considerably. Some investigations focus solely on
in vitro cell experiments, whereas others extend to in
vivo animal studies. Overall, the application of chitosan
3D-printed scaffolds in osteochondral tissue engineering
is rapidly advancing, characterized by multiple technical
developments, diverse application fields, and varying
evaluation criteria. However, this rapid development has
also led to notable fragmentation and inconsistencies
within the field. Differences in material formulations,
printing processes, crosslinking methods, structural
designs, and performance assessments create challenges
in directly comparing results and hinder the establishment
of consensus on optimal strategies. Therefore, a
comprehensive and systematic review is urgently needed
to help researchers more readily identify the strengths
and limitations of chitosan-based 3D-printed scaffolds. In
this context, we also discuss current challenges and future
directions for translating these innovative scaffold designs
from laboratory research to clinical applications.

This review followed a predefined search strategy
applied to PubMed and Web of Science. Searches spanned
January 1, 2020, to October 1, 2025, and were limited
to English-language publications. Keywords included
“chitosan,” “3D printing” and “cartilage/osteochondral
defect” After de-duplication, two authors independently
screened titles and abstracts against prespecified inclusion
and exclusion criteria, followed by full-text assessment
to ensure accuracy. In total, 116 studies were included.
Inclusion criteria encompassed studies investigating
chitosan-based 3D-printed scaffolds for osteochondral
repair, cartilage defect repair, or bone regeneration,
using either pure chitosan or chitosan-based composites.
Exclusion criteria were studies that did not involve
3D-printed chitosan scaffolds, were unrelated to the
topic, or addressed non-osteochondral tissue engineering
without reporting cartilage or bone repair outcomes.
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2. Advantages of 3D printing technology in
osteochondral tissue engineering

2.1.The complexity of osteochondral repair and its
traditional limitations

The osteochondral tissue structure exhibits a unique
gradient arrangement, progressing from superficial hyaline
cartilage to intermediate calcified cartilage and finally
to deep subchondral bone. Each layer of osteochondral
tissue demonstrates a continuous gradient change in
cellular morphology, ECM composition, and mechanical
properties  (e.g., stiffness, compressive  strength)
(Figure 1A)."®"° This complex anatomical structure severely
limits the self-repair capacity of osteochondral tissue
following injury. Traditional treatment methods such as
microfracture, autologous chondrocyte transplantation,
or osteochondral grafting, though widely used clinically
(Figure 1B), have significant limitations. First, the repaired
tissue is predominantly fibrocartilage rather than hyaline
cartilage, resulting in inadequate mechanical properties.
Additionally, these approaches face challenges, including
limited donor availability, secondary injury, and poor
interface integration.””* More importantly, the bonding
strength at the osteochondral interface is often insufficient,
leading to suboptimal repair outcomes.”” Consequently,
designing comprehensive repair strategies that replicate
the hierarchical architecture and functional gradients of
native osteochondral tissue has become a major challenge
in osteochondral tissue engineering.

2.2, High-precision bionic manufacturing using
3D printing technology

2.2.1. Precise construction of gradient structures
Three-dimensional printing techniques allow accurate
regulation of scaffold pore dimensions, overall porosity,

and spatial organization at both micro- and nanoscale
levels. This capability enables the precise fabrication of
architectures that replicate the mechanical and biological
gradient transitions between cartilage and subchondral
bone at the osteochondral interface (Figure 2A and
C).#* Specifically, 3D printing not only enables the
compartmentalized deposition of multiple materials
within a single scaffold but also supports the construction
of pore size, density, and composition gradients through
adjustable printing parameters. This facilitates the
formation of biomimetic structures that combine
mechanical stability with biological activity.”® Moreover,
this technology can integrate bioactive factors or cells to
achieve spatially targeted, multi-factor release, thereby
inducing bone marrow-derived mesenchymal stem cells
(BMSCs) to undergo region-specific differentiation
and promoting synergistic repair at the osteochondral
interface (Figure 2B).?** For example, one study utilized
hydroxypropyl chitosan and oxidized chondroitin sulfate
as base materials to fabricate a dual-layer scaffold via 3D
printing technology for osteochondral defect repair.”
The upper layer of chitosan and chondroitin sulfate
supports chondrocyte proliferation, while the lower layer
incorporates calcium phosphate to facilitate osteogenesis
and angiogenesis. This 3D-printed scaffold achieves a
compositional gradient between the bone and cartilage
layers, effectively promoting osteochondral repair.
3D-printed chitosan composite scaffolds combine the
printability, modifiability, and bioactivity of chitosan with
dual-layer and gradient structural designs. The upper layer
provides a cartilage-like hydrogel microenvironment, while
the lower layer incorporates composite materials enriched
with osteogenic factors to enhance osseointegration.”*%
Through 3D printing, continuous interlayer transitions
and personalized pore size and shape control are achieved,
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Figure 1. The structure of osteochondral tissue and treatment of osteochondral defects. (A) Schematic diagram of the structure of osteochondral
tissue (Created in BioRender. der, b. (2025) https://BioRender.com/qfyzeqi). (B) Clinical treatment strategies for osteochondral defects. Reprinted with

permission from Ref. ! Copyright © 2019, Springer Nature Limited.
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Figure 2. Structure, components, and parameters of 3D-printed osteochondral scaffolds. (A) Gradient structures with highly tunable pore size. Reprinted
from Ref.** Copyright © 2024, The Authors. (B) Schematic diagram of key components for tissue engineering of osteochondral scaffolds. Reprinted
with permission from Ref.** Copyright © 2024, Wiley-VCH GmbH. (C) Schematic diagram of the structure of a 3D-printed porous scaffold. Reprinted
with permission from Ref.?” Copyright © 2024, Wiley-VCH GmbH. (D) 3D design drawing of a bone scaffold incorporating Haversian canals and a
trabecular porous structure. Reprinted from Ref.** Copyright © 2025, The Authors. Abbreviations: Col II: Collagen type II; CS: Chitosan; Fe: Iron; HAp:
Hydroxyapatite; Mg: Magnesium; PCL: Polycaprolactone; PLA: Polylactic acid; SEM: Scanning electron microscopy; Zn: Zinc; p-TCP: Beta tricalcium
phosphate; u-CT: Micro-computed tomography.

ultimately delivering simultaneous benefits in three key microstructure modifications. The core mechanisms—
aspects: interfacial integration, mechanical matching, and structural orientation guidance, mechanical space
tissue-specific regeneration. maintenance, and bioactive microcrystals—offer a novel

solution for precise shaping and efficient osteogenesis in
2.2.2. Precise regulation of surface microstructure maxillofacial bone defect repair (Figure 2D). Tang et al.®
In osteochondral tissue engineering, scaffolds must not only designed a 3D chitosan scaffold loaded with zinc oxide
possess overall mechanical stability and a macro-gradient nanoparticles. Nanoparticle decoration enhanced the
structure butalso provideasurface-level microenvironment nanoscale topography and increased pore-wall roughness,
that mimics the natural ECM. Such microstructural thereby improving osteogenic potential. For chitosan-
precision allows for effective modulation of cellular based 3D-printed scaffolds, pore-wall roughness, micro-
behaviors, including adhesion, migration, proliferation, and nanoparticle distribution, surface roughness, and
and differentiation. Previous research has shown that the overall topography can be regu]ated by adjusting printing
pore size, surface roughness, surface topology, and the parameters (such as filament diameter, layer thickness,
spatial arrangement of scaffolds can significantly influence and nozzle speed), applying post-processing techniques
cellular morphological characteristics and signaling (including crosslinking, mineralization, and nanofiller
pathways, thereby determining the functional state of modification), and incorporating composite materials.
osteoblasts and chondrocytes.’*> Wang et al.** fabricated Integrating these design elements can significantly
a dual-bionic ceramic scaffold combining Haversian canals enhance the scaffold’s potential for functional repair in
and trabeculae via DLP 3D printing, incorporating surface osteochondral defects.
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2.2.3. Personalized adaptation and

surgical innovation

Three-dimensional printing technology offers personalized
solutions for osteochondral repair by customizing scaffolds
to match patient-specific shape, size, and internal structure
based on computed tomography/magnetic resonance
imaging data. This is particularly beneficial for irregular
articular surface reconstruction. Robotic-assisted in situ
printing systems can deposit bioink directly onto defect
sites, using intraoperative 3D scanning to dynamically
adjust printing paths for minimally invasive, precision
repair.** The integration of 3D bioprinting with robot-
assisted minimally invasive surgery provides a promising
approach for accurately repairing localized cartilage
lesions in the knee joint.” 3D-printed chitosan composite
scaffolds achieve tailored mechanical properties and
degradation profiles suitable for osteochondral defects
through material compositing and modification. Their
biomimetic structural designs ensure both anatomical
conformity and compatibility ~with the cellular
microenvironment, while optimized functional loading
supports the sequential demands of osteochondral repair.
This approach represents an ideal strategy for personalized
treatment of osteochondral defects. With ongoing
advancements in smart materials, artificial intelligence-
assisted design, and 3D printing technology, 3D-printed
chitosan-based composite scaffolds are expected to play
an increasingly important role in precision and minimally
invasive osteochondral tissue engineering.

3. Overview of chitosan

3.1. Structure

Chitosan is the only naturally occurring cationic
polysaccharide and is widely found in the cells of lower
plants, the cell walls of higher plants, and the shells of
crustaceans. Its structure consists of randomly distributed
N-acetylglucosamine and D-glucosamine units. The
molecular structure of chitosan resembles certain
polysaccharide repeating units found in articular cartilage,
giving it properties similar to hyaluronic acid and GAGs
within the ECM.’ Therefore, chitosan can partially mimic
the ECM of articular cartilage and promote cartilage tissue
formation. Furthermore, the numerous hydroxyl and
amino groups distributed along the chitosan molecular
chain confer excellent hydrophilicity, biocompatibility,
and chemical reactivity.'®*** These functional groups
also facilitate chemical modification, making chitosan
readily compatible with composite applications with
other materials. For example, Chen et al.*® grafted the
chondrogenic-promoting small-molecule drug kartogenin

(KGN) onto chitosan to construct a cartilage repair
hydrogel. In vitro and in vivo experiments confirmed that
the KGN-functionalized chitosan hydrogel effectively
promotes cartilage regeneration. In addition, the positive
charges inherent to chitosan support its interaction
with negatively charged cells and proteins. In summary,
chitosan is a promising natural biomaterial for repairing
cartilage defects.

3.2. Physicochemical properties

Chitosan exhibits poor solubility in water and alkaline
media but readily dissolves in dilute acidic environments.
Under acidic conditions, the amino groups in chitosan
bind with hydrogen ions from the acid, forming positively
charged ions that allow the chitosan molecules to dissolve.”
This pH-dependent solubility enables its processing
under mild conditions, creating opportunities for various
3D printing techniques.* Chitosan solutions display
pronounced viscosity, a rheological property that offers
unique advantages during 3D printing."! Compared with
commonly used natural polymers such as sodium alginate
and hyaluronic acid, hydrogen bonding and electrostatic
interactions between chitosan molecules generate stronger
cohesive forces. This enables chitosan to form continuous,
uniform, and stable filaments during extrusion printing,
reducing filament breakage and spreading. As a result,
printing precision and repeatability are significantly
enhanced.”” Meanwhile, chitosan solutions maintain their
designed morphology for a short period after deposition,
providing a sufficient operational window for subsequent
physical or chemical crosslinking. This characteristic is
particularly crucial for achieving regionalized printing of
cartilage and bone tissues.*

During 3D printing, the printability of the material
is a crucial factor determining dimensional accuracy
and structural stability."® An ideal bioink should possess
suitable rheological properties to ensure smooth flow
through the nozzle while rapidly maintaining its designed
shape after deposition.*"** Due to its distinctive molecular
configuration and favorable rheological behavior in
solution, chitosan demonstrates excellent suitability
for printing applications. On the one hand, chitosan
solutions exhibit moderate viscoelasticity within a specific
concentration range, enabling smooth extrusion under
shear forces and ensuring continuity and consistency
during the printing process.*>** On the other hand, their
excellent interlayer adhesion significantly enhances the
overall stability of printed structures, supporting the
successful construction of complex 3D porous and gradient
structures without collapse or deformation."!
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3.3. Biological function

3.3.1. Excellent biocompatibility

Chitosan-based composite scaffolds play a crucial role in
promoting cellular bioactivity due to their similarity to
the natural ECM, supporting cell adhesion, proliferation,
and differentiation.’”” They also demonstrate excellent
biocompatibility and biodegradability in osteochondral
tissue engineering."” Chitosan can be gradually degraded
by ECM enzymes after implantation and ultimately
absorbed or eliminated by the body, thus avoiding
immune or toxic reactions associated with long-term
implantation.” The incorporation of graphene into
chitosan scaffolds enhances both mechanical integrity and
biocompatibility. Studies have shown that 3D-bioprinted
composite scaffolds composed of chitosan, gelatin,
hyaluronic acid, and graphene effectively support the
adhesion, proliferation, and growth of BMSCs."” Chang
et al.*s prepared a methyl acrylate-glycol chitosan bioink
loaded with MG-63 cells and fabricated scaffolds using a
photopolymerization-based 3D printing system. As shown
in Figure 3A, in vitro experiments demonstrated that
cell viability exceeded 92%, while the proliferation rate
remained above 96%. These findings confirm the scaffold’s
excellent biocompatibility and highlight its strong potential
for bone tissue regeneration.

3.3.2. Antibacterial activity

Osteochondral tissue engineering often involves trauma
repair and implant surgery, where surgical sites are
susceptible to bacterial infection, potentially leading
to repair failure or delayed recovery.”” Chitosan, as a
natural antimicrobial material, therefore offers significant
advantages for osteochondral repair. Itsantibacterial activity
mainly originates from its protonated amino groups (-NH,),
which interact electrostatically with negatively charged
bacterial membranes, disrupting membrane integrity and
function.” Modifying chitosan’s molecular structure or
combining it with other antimicrobial agents can further
enhance its activity, especially against Gram-negative
bacteria.'"** One study fabricated chitosan scaffolds via 3D
printing and incorporated chitosan microspheres loaded
with vancomycin and diflunisal to achieve coordinated
control of bacterial infection for treating osteomyelitis
(Figure 3B).* To further improve antibacterial efficacy,
chitosan has been modified into quaternized chitosan
(QCS) and combined with tricalcium phosphate (TCP)
for 3D printing. When loaded with iron-doped barium
titanate, tricobalt oxide, curcumin, and engineered cell
membranes, this approach yields 3D-printed chitosan-
based scaffolds containing magneto-ultrasonic dual-
responsive nanoparticles (Figure 3C)." Both in vitro and
in vivo studies have shown that these scaffolds effectively

eradicate biofilms, exhibit immunoregulatory properties,
and promote bone regeneration, offering a promising
strategy for treating infected bone defects.

3.3.3. Cell proliferation and differentiation promotion
Chitosan facilitates the proliferation of osteoblasts and
chondrocytes while inducing the differentiation of BMSCs,
processes that are essential for effective osteochondral
tissue regeneration.”® Chitosan can bind to receptors on
cell membranes, enhancing the affinity between cells and
scaffolds.”® It can also trigger various cellular signaling
cascades by interacting with cell membrane receptors,
including pathways like mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt). These signaling pathways are essential
for regulating cellular processes such as proliferation,
survival, and growth.”> Polyethylene glycol diacrylate
(PEGDA), a commonly used 3D printing material, lacks
biocompatibility and osteogenic activity. However, by
incorporating chitosan into the bioink, the scaffold’s
biocompatibility was significantly enhanced, indicating that
it has the potential to promote cell proliferation.* Nguyen
and colleagues’ developed a 3D-printed bilayer scaffold
specifically engineered to meet the distinct functional needs
of cartilage and bone tissues. The cartilage component
consisted of N, O-carboxymethyl chitosan combined with
oxidized xanthan gum (OXG), designed to replicate the
characteristics of the native ECM. The subchondral bone
layer incorporated biphasic calcium phosphate (BCP) to
enhance osteoconductivity. This bilayer printing approach
achieved structural biomimicry, mechanical matching, and
synergistic bioactivity, thereby improving the efficiency
of osteochondral defect repair (Figure 3D).” Studies have
demonstrated that chitosan-based materials stimulate the
proliferation of bone marrow-derived osteoprogenitor cells
and promote their maturation into functional osteoblasts
through the upregulation of osteogenic gene expression.”
Furthermore, chitosan significantly promotes bone
formation by upregulating the expression of key genes,
including RUNX2, ALP, and osteocalcin, in osteoblasts.**
Chitosan also enhances the activity of the cartilage-
inducing growth factor transforming growth factor-beta
(TGF-p), thereby promoting cartilage formation.*

3.3.4. Loading of bioactive molecules

In osteochondral tissue engineering, scaffolds must not
only provide structural support but also facilitate cellular
proliferation, differentiation, and tissue regeneration.
In recent years, bioactive agents—including metal ions,
growth factors, and pharmacological compounds—have
attracted considerable research interest due to their pivotal
functions in regulating cell behavior and promoting tissue
repair and regeneration. Incorporating these bioactive
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components into scaffold systems can significantly
enhance cellular activity, thereby expediting the processes
of osteochondral healing and regeneration.”® Chitosan
scaffolds, known for their superior biocompatibility,
degradability, and adjustable structure, serve as an ideal
platform for delivering bioactive factors. Additionally,
3D printing technology provides innovative solutions
for the precise incorporation of these factors into the
scaffolds. A 3D-printed hydrogel was constructed using
recombinant collagen, chitosan, nano-clay, and KGN-
loaded nanoparticles through electrostatic interactions and
photopolymerization (Figure 3E). The controlled release
of KGN from the scaffold promoted the chondrogenic
differentiation of BMSCs, markedly increasing the
expression of collagen type II and GAGs."” In a related
study, a cartilage regeneration platform was developed
using a chitosan hydrogel combined with a 3D-printed
polycaprolactone (PCL) scaffold incorporating tetrahedral
framework nucleic acids (TFNAs) and mesenchymal stem
cells (MSCs). TFNAs, a class of DNA nanomaterials capable
of optimizing the regenerative microenvironment, were
introduced into MSCs to stimulate their proliferation and
chondrogenic differentiation, thereby enhancing cartilage
formation and improving the repair of cartilage lesions.”’

3.4. Advantages compared with other 3D

printing materials

In the field of osteochondral tissue engineering, 3D
printing has emerged as a versatile platform for fabricating
scaffolds or bioinks with customized architecture,
controlled porosity, and spatial distribution of cells and
biomolecules. The selection of the printing material is a
critical determinant of the scaffold’s mechanical properties,
degradation profile, biocompatibility, cell-adhesive
behavior, and ultimately regenerative outcome. Here, we
compare major classes of materials used in 3D printing for
osteochondral regeneration and then highlight the specific
advantages of chitosan-based systems.

Natural polymers include collagen, gelatin, alginates,
hyaluronic acid, chitosan, and others.”® Their advantages
lie in excellent biocompatibility, similarity to ECM
components, and typically good cell adhesion and
bioactivity.” However, they also share significant
limitations, such as generallylow mechanical strength, rapid
degradation, poor printability, and insufficient mechanical
stability for load-bearing bone applications. Synthetic
polymers include PCL, poly (lactic-co-glycolic acid),
polyethylene glycol (PEG), and polyetheretherketone.®
These materials typically offer good mechanical property
tunability, high structural strength, slower and controllable
degradation characteristics, and are widely used in 3D
printing.” However, they generallylack inherent bioactivity,

produce acidic degradation products that hinder tissue
repair, fail to mimic ECM signaling, and exhibit poor
cell infiltration or vascular integration. Bioceramic
composites include hydroxyapatite, f-TCP, and bioactive
glass. They exhibit excellent osteogenic properties, superior
bioactivity, suitability for bone regeneration, and typically
high mechanical strength.*® However, they are relatively
brittle with poor flexibility, which poses challenges when
printing complex geometries or gradient structures,
especially in softer cartilage regions.® Additionally, they
may degrade too slowly or fail to match the mechanical
modulus of cartilage.®

Recent studies indicate that chitosan-based 3D printed
composite scaffolds demonstrate significant potential in
osteochondral tissue engineering compared to other 3D
printing materials, primarily due to the following aspects.
First, chitosan can be readily modified or blended with
other polymers to form bioinks with tunable rheological
properties.”** Second, chitosan exerts beneficial effects on
both osteogenesis and chondrogenesis, making it highly
suitable for osteochondral scaffold design, particularly
undertheregenerativedemandsofthesedualtissuetypes.*
Chitosan readily forms covalent bonds with other bioactive
molecules and can be combined with other materials
to enhance its mechanical and biological properties.*
Unlike certain synthetic polymers that may degrade into
acidic byproducts, chitosan undergoes a mild degradation
process, yielding harmless products.®® This is particularly
important for tissue engineering. In cartilage regeneration,
chitosan’s ability to mimic the ECM and support GAG and
type II collagen production is paramount. Finally, due to
structural and functional differences between cartilage and
subchondral bone, osteochondral repair scaffolds often
require gradient compositions or zoned architectures.”'¢
Chitosanss flexibility and compatibility with blending other
materials make it well-suited for such designs. Therefore,
compared to existing biomaterials, chitosan emerges as a
highly promising 3D-printable material for osteochondral
regeneration strategies due to its biofunctionality,
adaptability, and suitability for gradient designs.

4. Mechanism of chitosan in promoting
osteochondral repair

Chitosan has been widely investigated for its potential in
promoting cartilage repair and bone tissue regeneration.
Its biological activity is not only reflected in its excellent
biocompatibility and degradability but also in its regulatory
effects on cells. Particularly during osteochondral repair,
chitosan can promote cartilage and bone regeneration
through multiple molecular mechanisms (Figure 4).
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Figure 3. Utilization of 3D-printed chitosan-based composite scaffolds in the field of osteochondral tissue engineering. (A) Schematic representation of
the fabrication process for 3D bioprinting using methyl acrylate-glycol chitosan (MeGC)-based bioink. Reprinted with permission from Ref. ¢l Copyright
© 2025, Elsevier. (B) The 3D-printed chitosan scaffold loaded with vancomycin-chitosan microspheres (VM) is used for the treatment of osteomyelitis.
Reprinted with permission from Ref. "/ Copyright © 2025, Elsevier. (C) Quaternized chitosan combined with dual-responsive nanoparticles for the
treatment of infected bone defects. Reprinted with permission from Ref. "1, Copyright © 2024, American Chemical Society. (D) 3D-printed chitosan
bilayer scaffolds for osteochondral defects. Reprinted from Ref. .. Copyright © 2025, Elsevier. (E) Chitosan hydrogels loaded with kartogenin (KGN)
at different nanoclay concentrations promote cartilage repair. Reprinted from Ref. 7. Copyright © 2024, The Authors. Abbreviations: BCP: Biphasic
calcium phosphate; BEFTO: Iron-doped barium titanate; BTO: Barium titanate; CF: Recombinant collagen CF-1552; Col II: Collagen type II; CM:
chitosan methacrylate (ChMA); CS: Chitosan; Cur: Curcumin; DM: Diflunisal-loaded chitosan microsphere; EMM: Engineered mesenchymal stem cell
membranes; GA: Glutaraldehyde; GAG: Glycosaminoglycans; hBMSCs: Human bone marrow-derived mesenchymal stem cells; LAP: Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate; NOCC: N, O-carboxymethyl chitosan; n-HA: Nano-hydroxyapatite; OXG: Oxidized xanthan gum; PLGA: Poly
(lactic-co-glycolic acid); QT: quaternized chitosan (QCS); S. aureus: Staphylococcus aureus; TCP: Tricalcium phosphate; UV: Ultraviolet.
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4.1. Molecular mechanisms promoting

cartilage repair

Chitosan enhances the adhesion of MSCs by facilitating
electrostatic interactions between its NH, groups and the
negatively charged components of the MSC membrane,
thereby improving the scaffold’s overall cell-binding
efficiency.®* By interacting with specific receptors on
the chondrocyte surface, chitosan can trigger various
signaling cascades, such as the PI3K/Akt and MAPK
pathways, thereby enhancing chondrocyte proliferation
and differentiation and promoting the regeneration of
injured cartilage tissue.*

Chitosan facilitates cellular adhesion and proliferation
through electrostatic interactions between its positively
charged functional groups and the GAGs present in the
ECM.’ The Wnt/p-catenin signaling pathway is pivotal in
regulating the lineage commitment of MSCs. When Wnt/
[-catenin activity is moderately stimulated, MSCs exhibit
elevated expression of pluripotency-associated genes such
as Oct4, Sox2, and Nanog, thereby enhancing their capacity
for chondrogenic differentiation.® In addition, chitosan
influences the Notch signaling cascade, which is essential
for preserving MSC stemness and preventing premature
differentiation.” Chitosan can also modulate the hypoxia-
inducible factor-1 alpha pathway, which enables MSCs
to maintain their stemness under hypoxic conditions
and enhances the chondrogenic differentiation capacity
of BMSCs.*® The structure of chitosan resembles that of
natural GAGs in cartilage tissue, providing chondrocytes
with a favorable microenvironment that helps maintain the
cartilage phenotype.®®

Chitosan is also instrumental in regulating macrophage
polarization, a key process in tissue repair. Chitosan
facilitates the transition of macrophages from the pro-
inflammatory M1 state to the regenerative M2 phenotype
by modulating receptor-mediated signaling and cytokine
secretion.” Interleukin (IL)-10, TGF-B, and insulin-like
growth factor 1 (IGF-1) released by M2 macrophages can
suppress excessive inflammatory responses and promote the
proliferation and differentiation of chondrocytes, thereby
contributing to cartilage regeneration.”” Additionally,
chitosan can promote chondrocyte proliferation and the
chondrogenic differentiation of MSCs by modulating the
M2 macrophage phenotype and activating the TGF-p
receptor signaling pathway.*

4.2, Molecular mechanisms promoting osteogenesis
Chitosan not only promotes cartilage repair by regulating
BMSCs and chondrocytes but also exerts regulatory effects
on bone-formation-related cells such as osteoblasts and
osteoclasts. These cells play crucial roles in osteochondral

regeneration, and chitosan can influence their functions
through multiple mechanisms.

4.2.1. Regulation of osteoblasts

Osteoblasts serve as the principal cells responsible for bone
formation and mineral deposition. Chitosan influences
osteoblast behavior by modulating their proliferation,
differentiation, and mineralization processes. It
enhances osteogenic differentiation by upregulating key
transcription factors, including Runx2 and Osterix, which
are essential for osteoblast maturation and function.” The
activation of these genes promotes osteoblast maturation
and enhances bone matrix synthesis. Chitosan can also
promote osteoblast differentiation through the Wnt/p-
catenin signaling pathway. This pathway is essential
for osteoblast development, and chitosan enhances the
mineralization capacity of osteoblasts via its activation.”
Chitosan enhances the expression of alkaline phosphatase
(ALP) and osteocalcin, which are hallmark molecules
involved in osteoblast mineralization.®* Furthermore,
when combined with bone-inducing materials such as
hydroxyapatite and calcium phosphate, chitosan can
further enhance bone mineralization.”"

4.2.2. Regulation of osteoclasts

Osteoclasts are essential for bone remodeling and
resorption. Chitosan modulates osteoclast function
through several mechanisms. It can inhibit osteoclast
differentiation and activity by promoting osteoblast
secretion of osteoprotegerin, which competitively binds
receptor activator of NF-kappaB ligand (RANKL) and
prevents its interaction with the RANK receptor on
osteoclast precursor cells.”” Because RANKL is a critical
regulator of osteoclast differentiation, its inhibition
reduces bone resorption and supports bone regeneration.
A composite scaffold integrating cerium-doped nano-
hydroxyapatite with chitosan demonstrates superior
osteoinductive potential. This hybrid structure enhances
MSC adhesion and proliferation, elevates the expression
of osteogenic markers such as Runx2 and osteopontin,
and concurrently suppresses osteoclast differentiation.”>”
Chitosan also reduces osteoclast activity and bone
resorption by inhibiting the secretion of inflammatory
cytokines. Inflammatory cytokines such as tumor necrosis
factor alpha and IL-6 typically activate osteoclasts by
enhancing RANKL expression, making chitosan’s anti-
inflammatory effects beneficial for bone repair.”

Chitosan promotes osteochondral regeneration
through multiple mechanisms, encompassing cartilage
repair, osteoblast differentiation, bone mineralization,
and immune regulation. In cartilage repair, chitosan
is essential for stimulating chondrocyte proliferation
and differentiation while enhancing cartilage matrix
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synthesis. Regarding the molecular mechanisms involving
osteoblasts, osteoclasts, and macrophages, chitosan
promotes bone tissue repair by regulating relevant gene
expression, inhibiting bone resorption, and modulating
immune responses. Future optimization of chitosan’s
biological activity, particularly through composite use
with other biomaterials, holds promising prospects for its
application in osteochondral tissue engineering.

5. Applications of modified chitosan
materials in 3D printing technology

To further optimize the performance of chitosan-based
3D-printed scaffolds in osteochondral tissue engineering,
various modification techniques are commonly employed
to enhance their mechanical properties, degradation
characteristics, and bioactivity. Modified chitosan materials
can better meet clinical demands, demonstrating particular
advantages in osteochondral tissue repair. The following
sections detail the applications of several commonly used
modified chitosan 3D-printed materials in osteochondral
tissue engineering.

5.1. Carboxymethyl chitosan

Carboxymethyl chitosan (CMCS) is synthesized through
the chemical modification of hydroxyl and amino
functional groups on the chitosan backbone using
carboxymethylation reagents. This material degrades
during tissue regeneration with low toxicity and minimal
inflammatory response, making it widely used in tissue
engineering.’® A study employed 3D printing to construct
a bilayer scaffold, incorporating a CMCS-OXG hydrogel
as the cartilage layer and BCP as the underlying bone layer.
This structure mimics natural osteochondral tissue and

promotes osteochondral regeneration (Figure 5A and 5B).”
Wang et al'? enhanced hydrogel cross-linking,
mineralization, and degradation rates tailored to the
osteogenic cycle by adjusting the CMCS concentration
in the hydrogel scaffold. This adjustment imparted a
bioactive, microscale porous architecture to the material.
In vitro experiments confirmed the scaffold’s osteogenic
potential, revealing that CMCS effectively enhances BMSC
adhesion, proliferation, and differentiation.'

5.2. Quaternized chitosan

Quaternized chitosan inhibits bacterial metabolic activity
by interfering with the tricarboxylic acid cycle, which
disrupts cell wall formation and increases cell membrane
permeability, thereby exerting strong antibacterial
effects.!®” Additionally, QCS stimulates macrophages
to secrete pro-inflammatory factors, inducing Ml
polarization and enhancing antibacterial efficacy, with
notable advantages in promoting bone regeneration in
infected bone defects.”” In one study, biologically active
iron-doped barium titanate nanoparticles were synthesized
and integrated into a composite of QCS and TCP, resulting
in a bioink designed for 3D printing of antibacterial bone
regeneration scaffolds. In vivo experiments demonstrated
that these scaffolds markedly improved the repair of
infected bone defects and highlighted macrophage-
targeted modulation as an effective approach for
simultaneously combating infection and enhancing bone
regeneration.'' Kang et al.” developed a composite scaffold
(dGQH) consisting of a decellularized ECM, gelatin, QCS,
and nano-hydroxyapatite. The dGQH20 scaffold exhibited
excellent antibacterial properties (94.90 + 2.44% inhibition
of Escherichia coli and 95.41 + 2.65% inhibition of
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Figure 4. The mechanisms through which chitosan biomaterials influence the function of mesenchymal stem cells and macrophages (Created in BioRender.
der, b. (2025) https://BioRender.com/qfyzeqi). Abbreviations: Arg-1: Arginase-1; BMSCs: Bone marrow-derived mesenchymal stem cells; IL: Interleukin;
iNOS: Inducible nitric oxide synthase; TGF-B: Transforming growth factor-beta; TNFa: Tumor necrosis factor alpha
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Ref. ). Copyright © 2023, IOP Publishing Ltd. (D) Antibacterial properties of QCS scaffolds. Reprinted with permission from Ref. /. Copyright © 2023,
IOP Publishing Ltd. (E) Schematic depicting the construction of a stratified hydrogel scaffold incorporating both therapeutic agents and living cells.
Reprinted from Ref. 7. Copyright © 2024, The Authors. (F) Physical images of 3D-printed hydrogels containing different components. Reprinted from
Ref. 7). Copyright © 2025, The Authors. (G) Biocompatibility of bioprinted cell-loaded scaffolds. Reprinted from Ref. ””. Copyright © 2025, The Authors.
Abbreviations: CSMA: Chitosan methacrylate; dGQ: 3D hybrid scaffold composed of dECM, Gel, and QCS; dGQH: 3D hybrid scaffold composed of
dECM, Gel, QCS, and nHAp; DOX: Doxorubicin; EDC: Ethyldimethylaminopropyl Carbodiimide; E. coli: Escherichia coli; GelMA: Gelatin methacrylate;
hADSCs: Human adipose derived stem cells; MC: Methylcellulose; NHS: N-Hydroxysuccinimide; rBMSC: Rat bone marrow mesenchymal stem cell; SD:
Sprague-Dawley; S. aureus: Staphylococcus aureus; UV: Ultraviolet.
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Staphylococcus aureus), while also significantly promoting
osteogenesis and angiogenesis at bone defect sites (Figure
5C and 5D).

5.3. Chitosan methacrylate

Chitosan methacrylate (CSMA) enhances crosslinking
and structural stability by introducing methacrylate
groups into the chitosan backbone. During 3D printing,
CSMA exhibits superior shape retention and mechanical
stability, making it suitable for fabricating osteochondral
repair scaffolds that require high strength and durability.”
Customized mechanical properties can be achieved
by adjusting the methacrylation degree, solution
concentration, and crosslinking conditions to meet the
mechanical demands of osteochondral structures.*
A study employed 3D printing to fabricate hydrogel
scaffolds composed of CSMA and methylcellulose. The
photopolymerized porous scaffolds exhibited excellent
biocompatibility and mechanical properties, along with
controllable drug release capabilities (Figure 5E-5G).”
Researchers have also modified CSMA by grafting KGN
to functionalize it. Hydrolysis of the amide bonds in the
hydrogel enables continuous KGN release, promoting
cartilage repair.”® Additional components can also be
incorporated into bioinks to achieve bone and cartilage
regeneration. Zhang et al.'” prepared photopolymerizable
bioink using CSMA loaded with KGN nanoparticles
to promote cartilage tissue regeneration. Additionally,
cells can be incorporated into 3D-printed hydrogels to
construct osteochondral scaffolds. Liu et al.”’ prepared
a bioink by blending gelatin methacrylate with CSMA
and encapsulating BMSCs to print a cartilage scaffold.
Cell viability within the scaffold reached 91.1%, and
the construct supported cartilage differentiation.
Transplantation of the bioprinted hydrogel loaded with
BMSC:s into cartilage defects resulted in effective hyaline
cartilage repair.”

Modified chitosan scaffolds demonstrate significant
advantages in 3D printing technology. By introducing
specific functional groups, the water solubility, antibacterial
properties, and mechanical strength of chitosan are
enhanced. Overall, these functional modifications improve
the comprehensive performance of the scaffolds, offering
a superior solution for osteochondral tissue engineering.

6. Limitations of chitosan
composite scaffolds

Although the properties of chitosan and its derivatives
have been described in detail, inherent limitations still
exist that impact clinical translation. First, chitosan
possesses several limitations in its physicochemical

properties. Native chitosan is virtually insoluble under
neutral and alkaline conditions, with its solubility and
protonation strongly dependent on pH.* This results
in restricted swelling, stability, and gelation windows
under physiological conditions. Additionally, variations
in source, degree of deacetylation, and molecular weight
distribution lead to batch-to-batch inconsistencies and
reproducibility issues.

Second, pure chitosan hydrogel scaffolds exhibit
insufficient compressive strength, fatigue resistance, and
shear resistance. Ionic crosslinking of chitosan provides
weak structural stability under mechanical load, whereas
photo-crosslinked derivatives such as CSMA require
photoinitiators and ultraviolet or visible light exposure,
which may introduce cytotoxic effects depending on dose
and exposure duration.” Consequently, achieving a balance
between printability, stability, and cytocompatibility
remains a major technical bottleneck.

Furthermore, chitosan is degraded primarily via
lysozyme-mediated enzymolysis and dissolution, resulting
in unpredictable degradation kinetics.®" Excessively rapid
degradation may lead to scaffold collapse before tissue
regeneration, whereas slow degradation can hinder new
matrix deposition. The degradation rate is highly sensitive
to the degree of deacetylation and polymer sequence, which
are difficult to precisely regulate during synthesis. Chitosan
is also highly susceptible to molecular degradation during
sterilization. y- or P-irradiation significantly reduces its
molecular weight, altering viscosity, color, and mechanical
strength, whereas ethylene oxide sterilization may leave
cytotoxic residues.®” These sensitivities complicate large-
scale manufacturing, quality assurance, and regulatory
compliance for clinical applications. Although layered
or gradient scaffolds have shown encouraging results
in vitro and in preclinical studies, complete integration
between bone and cartilage compartments remains a key
challenge.” Current constructs often exhibit inadequate
interfacial strength, insufficient lubrication, and suboptimal
fatigue resistance under cyclic joint loading. Long-term
performance comparable to native osteochondral tissue
has yet to be demonstrated.

Functional derivatives such as CMCS or QCS improve
solubility, processability, and antibacterial activity;
however, these modifications may reduce stiffness,
alter charge density, or induce undesired cellular stress
responses.®’ Similarly, photopolymerizable derivatives rely
on external initiators, raising potential concerns regarding
biocompatibility and reproducibility.

The current limitations and corresponding solutions
are summarized in Table 1.
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7. 3D printing technology based on
chitosan-based composite scaffolds

In the field of osteochondral repair, various 3D printing
technologies are employed to prepare scaffold materials,
each with its own advantages and disadvantages. This
section provides a comprehensive overview of the
advantages, disadvantages, and future directions of
different 3D printing methods combined with chitosan-
based composite bioinks (Table 2; Figure 6). Furthermore,
bioinks are crucial for the successful printing of tissue
structures. Different 3D printing technologies impose
distinct requirements on bioinks based on their underlying
principles. Therefore, we also summarize the application
scenarios for chitosan-based 3D bioinks.

7.1. Extrusion bioprinting

Extrusion-based bioprinting (EBP) employs a highly
regulated dispensing mechanism to sequentially deposit
bioinks, enabling the construction of complex 3D
architectures (Figure 6A and 6B). The key to this technology
lies in material extrusion, typically achieved by heating or
applying mechanical pressure to force the bioink—usually
composed of cells and biopolymers—through a nozzle,
depositing it at predetermined locations.”’ Compared to
other bioprinting techniques, EBP offers higher material
compatibility, a larger printing range, and lower costs.
Nguyen et al” prepared hydrogels of CMCS and OXG
using 3D printing technology to fabricate a bilayer
osteochondral hydrogel scaffold. A BCP layer was added to
the lower layer to induce osteogenesis. The cartilage layer

was printed at a thickness of 1 mm, while the subchondral
bone layer was printed at 2 mm. A porosity of 30% was
set, which was demonstrated to be conducive to cell
ingrowth and proliferation.” By modifying chitosan with
double bonds and combining it with recombinant collagen
and nano-clay to prepare a photopolymerizable bioink,
a small-molecule drug (KGN) was loaded to promote
cartilage differentiation. In vivo assessment revealed that
scaffolds engineered via EBP successfully supported the
regeneration of native cartilage tissues."”

However, EBP suffers from a narrow rheological
window, leading to shear-induced cell damage, nozzle
clogging, and limited resolution.* The ionic crosslinking
typically used in chitosan systems provides poor long-term
stability and nonuniform gelation, while weak interlayer
bonding and low wear resistance restrict mechanical
performance under joint loading.”” Additionally, native
chitosan exhibits pH-dependent solubility and limited cell
adhesion, necessitating blending or modification.”® Future
progress will rely on multimodal crosslinking, microgel-
reinforced formulations, and nanofiller incorporation to
enhance mechanical integrity and bioactivity. Coaxial
or microfluidic extrusion and 4D-printing strategies are
expected toimprove structural gradients, nutrient diffusion,
and dynamic tissue integration, advancing chitosan-based
bioinks toward functional osteochondral regeneration.

7.2, Stereolithography
Stereolithography (SLA) uses laser or ultraviolet light
to cure photopolymer resin layer by layer, forming 3D

Table 1. Summary of major limitations of chitosan-based composite scaffolds and derivatives for osteochondral repair and common

improvement strategies

Limitation Manifestations

Improvement strategy Ref.

pH-dependent
solubility; batch
variability

Difficult gelation/stability at physiological pH;

inconsistent printability and biological outcomes

Use of water-soluble derivatives (CMCS, QCS);
buffer optimization; control of MW

80

Insufficient mechanical

properties lubrication on cartilage surfaces

Low load-bearing capacity and poor boundary

Composite or double-network designs; layered
structures

83,84

Narrow crosslinking;
photoinitiator

. may induce cell stress/toxicity
cytotoxicity

Tonically crosslinked CS weak under load; photoinitiators

Visible-light initiators; optimized irradiation;
hybrid chemical-physical crosslinking

85,86

Degradation-rate

incompatibility outpaces new tissue formation

Rapid dissolution or enzyme-mediated degradation

Tuning MW; enzyme-responsive systems; mineral-
reinforced composites for bone layers

Sterilization sensitivit L . .
Y viscosity and mechanical stability

y-/B-irradiation lowers molecular weight (MW), altering

Validated irradiation doses; non-EtO sterilization;
post-sterilization quality control

82,88

Poor interface

integration matching under long-term cyclic loading

Weaker interface bonding; limited fatigue/lubrication

Gradient or bilayered scaffolds; tribological
validation under simulated joint

51,89

Trade-offs of charged/

soluble derivatives reduces stiffness or alters cell behavior

QCS or carboxymethyl CS improves solubility but

Control charge density; combine with inorganic
fillers; low-toxicity initiator systems

81,90

Abbreviations: CMCS: Carboxymethyl chitosan; CS: Chitosan; EtO: Ethylene oxide; QCS: Quaternized chitosan.
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objects. Compared to other 3D printing methods, SLA
offers significant advantages in resolution and precision,
enabling the creation of finer structures suitable for
biomedical applications.”® In osteochondral tissue
engineering, the high-precision forming capability of SLA
aids in reconstructing complex osteochondral structures
and intricate microenvironments, providing an ideal
scaffold for cell growth and differentiation. In this context,
SLA printing combined with chitosan-based composite
bioinks demonstrates distinct advantages in applications
requiring microscale precision and surface fidelity rather
than bulk mechanical strength. Its superior resolution
makes it particularly suitable for fabricating cartilage-like
zones, interfacial gradient layers, and microstructured
templates that replicate the hierarchical organization of
native cartilage. Conversely, SLA remains less suited for
load-bearing subchondral scaffolds, where EBP or fused

deposition modeling (FDM) techniques provide better
mechanical stability. One study utilized SLA technology
to construct a bilayer biomimetic periosteum. The upper
layer consisted of a high-mechanical-property fiber layer
made of PEGDA/chitosan/TCP, which prevented muscle
compression and soft tissue invasion. The lower layer
comprised a gelatin methacrylate/PEGDA/ammonium
molybdate cambium layer. When combined with 808 nm
near-infrared photothermal effects, this layer promoted
MC3T3-El cell proliferation and osteogenic differentiation.
This approach offers a novel strategy for bone defect repair
through the synergistic effects of physical barriers, chemical
induction, and physical stimulation.”” Risangud developed
a self-healing hydrogel fabricated through SLA technology,
composed of CMCS and oxidized dextran (ODex). By
tuning the concentration of CMCS and the oxidation level

Figure 6. 3D Printing technology based on chitosan hydrogels. (A) Schematic diagram of the most common 3D printing techniques (created in https://
BioRender.com). (B) Extrusion-based 3D printing technology. Reprinted with permission from Ref. *.. Copyright © 2025, Mary Ann Liebert, Inc. (C)
Fabrication of hydroxybutyl methacrylate chitosan microneedles using digital light processing (DLP) 3D printing. Reprinted with permission from Ref.
1931, Copyright © 2025, Elsevier. Abbreviations: HBCMA: Hydroxybutyl methacrylated chitosan; LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate;

PEGDMA: Polyethylene glycol dimethacrylate; UV: Ultraviolet.
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