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Abstract

Chitosan scaffolds, derived from the exoskeletons of crustaceans, have become a foundational element in bone tissue engineering, cel-
ebrated for their exceptional biocompatibility, biodegradability, and inherent osteoconductive properties. This review provides a com-
prehensive analysis of the various forms of chitosan scaffolds, with a particular focus on their porosity and swelling behaviors, as well
as their biological and mechanical characteristics—key factors that underpin their therapeutic efficacy. The distinctive versatility of chi-
tosan scaffolds is highlighted by their expanding applications in dental regeneration, including dental pulp restoration, periodontal repair,
and alveolar ridge preservation following tooth extraction. Furthermore, the review underscores the critical role of chitosan scaffolds
in advancing bone tissue engineering, encompassing applications such as fracture healing, spinal fusion, joint reconstruction, and cran-
iofacial remodeling. Innovative strategies to enhance osteoblast activity and stimulate new bone formation are showcased, positioning
chitosan scaffolds as effective carriers for osteogenic growth factors and genetic material. By integrating current advancements with
future prospects, this review offers a thorough overview of the transformative potential of chitosan scaffolds in regenerative medicine,
illustrating a promising convergence of research and clinical application that is poised to revolutionize bone regeneration therapies.

Keywords: Chitosan scaffolds, bone tissue engineering, bone regeneration therapy, scaffolds features, scaffolds types.

*Address for correspondence: Z.G. Wang, Department of Nuclear Medicine, General Hospital of Northern Theater Command, 110016
Shenyang, Liaoning, China. E-mail: wangzhiguo5778@163.com; G.X. Zhang, Department of Nuclear Medicine, General Hospital of
Northern Theater Command, 110016 Shenyang, Liaoning, China. E-mail: zhangguoxu 502@]163.com.

Copyright policy: © 2025 The Author(s). Published by Forum Multimedia Publishing, LLC. This article is distributed in accordance
with Creative Commons Attribution Licence (http://creativecommons.org/licenses/by/4.0/).

Introduction tissue engineering. CS’s abilities to form porous structures,
enhance cell adhesion and growth, and degrade into non-
toxic oligosaccharides and glucosamine are pivotal advan-
tages that set it apart from other materials.

The impact of this review lies in its comprehensive
evaluation of CS scaffolds, offering insights into their per-
formance and applications compared to other scaffold ma-
terials. By exploring the differences between CS derived
from synthetic sources and those from animal origins, this
review provides a nuanced understanding of how these
variations affect biomedical applications. Animal-derived

In the rapidly evolving field of biomedical materials,
bone tissue engineering has emerged as a critical area of re-
search. Addressing the complexities of bone defect repair
and regeneration necessitates the development of materials
that not only provide structural support but also promote
bone cell proliferation and differentiation [1-3]. Among
various biomaterials, scaffold materials have shown im-
mense promise for bone regeneration, with chitosan (CS)
standing out due to its exceptional properties.

CS, a natural polysaccharide derived from the
deacetylation of chitin, is favored in biomedical applica-
tions for its superior biocompatibility, biodegradability, and
low immunogenicity [4]. This review focuses on why au-
thors select CS scaffolds over other materials by examining
its unique properties that make it an ideal candidate for bone
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CS is prevalent due to its abundant availability and cost-
effectiveness. However, differences in deacetylation de-
gree, molecular weight, and purity can influence its effec-
tiveness in bone regeneration.

This review aims to synthesize current research on
CS scaffolds in bone tissue engineering, comparing perfor-
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mance metrics such as retention and degradation rates, as
well as angiogenesis promotion. The structure of this re-
view is illustrated in Fig. 1. Furthermore, we examine the
application of CS scaffolds across various bone types, such
as skull and long bones, and assess the impact of particle or
mesh size on bone regeneration. By highlighting potential
defects and suggesting improvements, this review aspires
to provide a comprehensive resource for future research and
clinical applications in bone tissue engineering.

Principal Chitosan Scaffold Types

Advancements in bone-related medical research are
pivotal, with an emphasis on innovative strategies for
bone repair and regeneration. CS, a biocompatible and
biodegradable polymer sourced from the exoskeletons of
crustaceans, has emerged as a promising candidate for bone
tissue engineering applications [5,6]. CS sources are not
limited to animal-derived materials (such as crustacean ex-
oskeletons); they can also be produced through microbial
synthetic pathways. Although most commercial CS ma-
terials are derived from marine animal shells, recent stud-
ies have shown that synthetic CS offers a viable alternative
[7,8]. Comparatively, animal-derived CS involves a com-
plex production process and may contain allergens or im-
purities, whereas synthetic CS demonstrates advantages in
controlled purity and composition in specific applications.
However, the higher cost of synthetic CS could limit its
widespread use [9]. By comparing these two CS sources,
we gain clearer insights into their suitability for various
biomedical applications. Its versatility allows for fabrica-
tion into various scaffold architectures, including molded
macroporous scaffolds, fibrous scaffolds, injectable hy-
drogels, microspheres, and three-dimensional (3D)-printed
structures. These scaffolds are intricately designed to em-
ulate the natural porous matrix of osseous tissue, thereby
fostering osteoblast proliferation and differentiation [10].
The ensuing subsection will elucidate the characteristics
and potentialities of each scaffold type with an illustrative
overview provided in Fig. 2, delineating the structural nu-
ances of the respective stents [11-15].

Molded Macroporous Scaffolds

Macroporous scaffolds fabricated through molding
techniques have become a cornerstone in the realm of bone
tissue engineering, primarily due to their uniquely porous
architecture and superior mechanical attributes [16]. These
scaffolds, often referred to in the literature as foams or
sponges, are synthesized utilizing a specialized process en-
compassing phase separation and lyophilization. The end
result of this process is a scaffold characterized by an ex-
tensively interconnected pore network, which not only fa-
cilitates a substantial surface area conducive to cellular at-
tachment and proliferation but also ensures the efficient ex-
change of nutrients necessary for cell viability. The tailored
porosity of these constructs, modifiable during the produc-
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tion phase, renders them particularly amenable to applica-
tions in bone tissue engineering [17]. Moreover, the sim-
plicity and economic viability of the manufacturing process
further enhance the appeal of these scaffolds for widespread
clinical use.

The architecture of these scaffolds, which is inherently
porous, is among their most salient features for bone tissue
engineering applications. The interconnected pore network
is essential as it provides extensive surface area for cellu-
lar adherence and growth, as well as the exchange of critical
nutrients, all of which are vital for the successful infiltration
of cells and subsequent formation of new bone tissue. Dur-
ing the fabrication phase, the porosity can be manipulated
with precision by modulating the concentration of bioma-
terials like CS and altering the molding conditions, thereby
allowing customization of the pore size and distribution to
meet specific bone tissue requirements [18].

The manufacturing protocol for these molded macro-
porous scaffolds is notably straightforward and cost-
efficient, particularly when contrasted with alternative scaf-
fold types. The process involves the casting of a polymer
solution, such as CS, into a predetermined mold, succeeded
by a crosslinking step to fortify the scaffold’s structure.
This methodological approach is conducive to the mass pro-
duction of scaffolds, thereby making them suitable for ex-
tensive bone tissue engineering endeavors [19]. Addition-
ally, the mechanical properties of these scaffolds are com-
mendable; their structural support is provided by the inter-
connected pore system, while the material properties of CS
offer sufficient strength and rigidity appropriate for bone
tissue engineering. The mechanical resilience of the scaf-
fold is critical to endure the forces exerted by the surround-
ing bone tissue while preserving its structural integrity [20].

Expanding beyond the confines of bone tissue engi-
neering, these molded macroporous scaffolds also exhibit
significant potential for drug delivery applications, particu-
larly for diseases associated with bone. The scaffold’s ex-
tensive surface area and porous network facilitate a high
payload of therapeutic agents, and the controlled degrada-
tion of the scaffold matrix can regulate the drug release ki-
netics. This characteristic is particularly advantageous for
targeted drug delivery, necessitating a high drug concentra-
tion at a specific anatomical site [21]. Moreover, the effi-
cacy of these scaffolds in bone repair and regeneration has
been substantiated through extensive pre-clinical studies
[22]. Animal model research has demonstrated that these
scaffolds promote cellular proliferation and bone tissue re-
generation, with successful applications in bone repair sig-
naling their promise for future clinical translation [23].

Despite the myriad advantages presented by molded
macroporous scaffolds, challenges persist, particularly re-
garding the attainment of a uniform pore structure, which
is pivotal for optimal cell growth and bone tissue regener-
ation. The fabrication process parameters, such as the con-
centration of CS and the specific conditions of molding, can
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Fig. 1. The structure of this review. This image was created by PowerPoint. CS, chitosan.

significantly influence the pore size and distribution. As
such, meticulous control over these parameters is imper-
ative to ensure that the desired properties of the scaffold
are achieved. Another limitation pertains to the biodegra-
dation rate of the scaffold [24]; while the biodegradability
of materials like CS is generally viewed as beneficial, an
accelerated degradation rate could potentially compromise
the scaffold’s structural integrity prematurely, thereby im-
peding the process of bone tissue regeneration. Addressing
this concern may entail the integration of additional materi-
als or modification of the CS’s molecular structure to more
precisely control the rate of degradation [25].

Fiber-Based Scaffolds

In the burgeoning field of tissue engineering, electro-
spun CS fiber-based scaffolds have attracted considerable
interest for their potential to facilitate the growth and regen-
eration of various tissues, including bone. These advanced
three-dimensional constructs are generated from fine CS
fibers, which are produced using electrospinning—a tech-
nique that forms fibers from a CS solution by applying a
high voltage to create an electrically charged jet. The fibers
are subsequently collected and arranged in a layered fashion
to produce a scaffold [26].

Cpm
CELLR maczziaLy

The architecture of these scaffolds is characterized by
a highly porous network of interconnected fibers, provid-
ing an expansive surface area that supports cellular adhe-
sion and proliferation [27]. A critical advantage of these
scaffolds lies in their biomimetic properties; they closely re-
semble the extracellular matrix with fiber diameters ranging
from nanometers to micrometers, thus offering a conducive
environment for cell attachment, nutrient exchange, and ul-
timately, tissue regeneration [28].

The utility of fiber-based CS scaffolds extends across
diverse tissue engineering applications, including the re-
generation of bone, cartilage, and neural tissues. Their
structural design not only provides the necessary support for
cellular ingrowth but also emulates the intricate architecture
of natural tissues, thereby promoting effective tissue inte-
gration and function. Furthermore, the fabrication process
of these scaffolds offers meticulous control over scaffold
properties [29]. By fine-tuning electrospinning parameters
such as voltage, flow rate, and collector distance, the fiber
diameter, orientation, and overall scaffold porosity can be
customized. This adaptability is vital for engineering scaf-
folds that can replicate specific tissue characteristics, which
is paramount for enhanced cell growth and tissue regenera-
tion [30].
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Fig. 2. Schematic diagram of each type of chitosan scaffold

. (a) Molded macroporous scaffolds. (b) Fiber-based scaffolds. (c)

Injectable hydrogels. (d) Microspheres. (e) 3D-printed scaffolds. 3D, three-dimensional. This image was generated using an artificial

intelligence tool (Baidu Wenxin Yige).

Another notable attribute of fiber-based CS scaffolds
is their impressive mechanical robustness. The individ-
ual fibers exhibit remarkable strength and stiffness, equip-
ping the scaffolds to endure the mechanical stresses present
within the tissue environment. This mechanical integrity
is essential in tissue engineering applications, where scaf-
folds must withstand in vivo forces and provide a reliable
framework during the tissue formation process.

The high surface area and porous nature of these scaf-
folds also render them effective platforms for drug delivery
applications. They can be loaded with substantial quantities
of therapeutic agents, with the controlled degradation of the
scaffold matrix dictating the release kinetics of the drugs.
Such targeted drug delivery systems are particularly bene-
ficial in scenarios where high local concentrations of drugs
are required, as is often the case in bone-related pathologies
[31,32].

Despite these strengths, electrospun CS scaffolds are
not without their challenges. Achieving consistency in the
electrospinning process can be complex, which may lead
to variability in the scaffold’s structural features and per-
formance. Such inconsistencies can adversely impact the
scaffold’s ability to support cellular functions and tissue for-
mation [33]. Additionally, managing the degradation rate
of the scaffolds can pose difficulties, as it is influenced
by various factors, including fiber thickness and organi-
zation. An overly rapid degradation could undermine the
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structural integrity of the scaffold before adequate tissue
regeneration, thus impeding the healing process [34]. To
address these limitations, strategies such as the incorpora-
tion of additional materials or chemical modifications to the
CS polymer are employed. These approaches aim to refine
the degradation profile and improve the consistency of the
scaffold structure, thereby optimizing their performance for
tissue regeneration and drug delivery applications. As re-
search in this domain advances, the potential of electrospun
CS scaffolds to revolutionize the field of bone tissue engi-
neering and drug delivery continues to grow.

Injectable Hydrogels

Injectable hydrogels, particularly those synthesized
from CS, have emerged as a versatile solution in the realm
of tissue engineering, with a marked focus on the regener-
ation of bone tissue. These hydrogels are formulated by
crosslinking CS with biocompatible agents such as glyc-
erophosphate or genipin, resulting in a viscoelastic gel that
can be applied in a minimally invasive manner directly into
the injury site or defect [35]. A standout advantage of these
hydrogel systems is their injectability, which distinguishes
them from conventional scaffold-based approaches that of-
ten necessitate surgical implantation. The ability to admin-
ister these gels via syringe not only minimizes the invasive-
ness of the procedure but also substantially reduces the risk
of postoperative complications and enhances the precision
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of regenerative material placement. This property is par-
ticularly beneficial for areas that are challenging to access
surgically [36].

The porous architecture of injectable CS hydrogels,
characterized by an intricate network of interconnecting
pores, provides an extensive surface area conducive to
cellular adhesion and proliferation [37]. Moreover, the
porosity facilitates efficient nutrient and waste exchange,
which are critical processes in cell survival and prolifera-
tion, thereby supporting the ingrowth of new tissue. These
characteristics are highly desirable for bone tissue engineer-
ing, where scaffold-mediated support is essential for osteo-
genesis [38,39].

The versatility of injectable hydrogels is further under-
scored by the tunability of their properties. Through careful
manipulation of crosslinking parameters, one can modulate
the mechanical properties, degradation kinetics, and drug
release profiles of these hydrogels to align with the spe-
cific demands of bone tissue regeneration. Such precision
in design ensures that the scaffold provides the appropriate
mechanical support and biochemical cues to promote bone
healing and integration [40].

Despite typically possessing lower stiffness compared
to other scaffold materials, the mechanical properties of
injectable CS hydrogels can be engineered to mirror the
biomechanical characteristics of the surrounding bone tis-
sue. Such mechanical compatibility is critical to ensure
that the hydrogel scaffolds provide an adequate mechanical
framework to facilitate tissue regeneration, while also al-
lowing for harmonious integration with the host tissue. As
the hydrogel degrades, it gradually cedes space to newly
formed tissue, resulting in a natural and progressive tissue
restoration [41,42]. Nevertheless, the injectable nature of
these hydrogels presents certain challenges. The mechani-
cal resilience of the hydrogel must be sufficient to withstand
in vivo forces; otherwise, the scaffold may collapse under
physiological loads, thereby impeding the regeneration of
bone tissue. Therefore, the design of the hydrogel’s mate-
rial properties, particularly its stiffness, requires meticulous
optimization to strike a balance between injectability and
structural integrity [43].

Microspheres

CS microspheres, minute spherical particles fabri-
cated through the crosslinking of CS with biocompatible
agents such as glutaraldehyde or genipin, have become a fo-
cal point in the advancement of tissue engineering and drug
delivery systems, with a strong emphasis on bone regenera-
tion. The process of creating these scaffolds involves metic-
ulously shaping CS into uniform microspheres [44,45].

The appeal of CS microspheres in the domain of bone
tissue engineering lies in their exceptional surface area to
volume ratio. This attribute is critical as it significantly
enhances the available surface for cellular attachment and
proliferation, thereby accelerating tissue regeneration. The
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microspheres’ structure, defined by a network of intercon-
nected pores, not only supports cellular infiltration and vas-
cularization but also facilitates the formation of new bone
tissue through osteoconduction [46].

The precision with which these microspheres can be
tailored is paramount in their utility as scaffolds. Adjust-
ments in crosslinking agents and parameters enable the cus-
tomization of the microspheres’ size, stiffness, and degra-
dation rate. Such meticulous control ensures that the scaf-
folds meet the intricate requirements of bone tissue, sup-
porting both the initial cellular framework and subsequent
bone matrix deposition [47].

In the context of mechanical compatibility, CS micro-
spheres typically exhibit lower stiffness relative to other
CS-based scaffolds. This, however, is offset by their mi-
croscale size and the high surface area, which collectively
promote superior integration with the host bone tissue. The
integration is further enhanced as the material’s degrada-
tion rate can be synchronized with the rate of new bone for-
mation, ensuring that the scaffold provides a transient yet
supportive role in tissue regeneration [48,49].

Despite their considerable advantages, CS micro-
spheres are not without their challenges. Primarily, the
small size of the particles poses a challenge in achieving a
homogeneous distribution within the scaffold matrix, which
is essential for uniform cell growth and tissue regenera-
tion. Inhomogeneities could lead to inconsistent regen-
eration and weak points within the newly formed tissue.
Consequently, the design and fabrication process must be
finely tuned to ensure a consistent distribution of the mi-
crospheres. This involves a combination of advanced man-
ufacturing techniques and rigorous quality control measures
to achieve a scaffold that can reliably support the complex
process of bone regeneration [50].

3D-Printed Scaffolds

In the burgeoning field of bone tissue engineering,
3D-printed CS scaffolds represent a significant technolog-
ical advancement. These structures, crafted layer by layer
through advanced additive manufacturing techniques, uti-
lize CS-based bioinks to construct highly customizable and
complex three-dimensional matrices [51]. The flexibility
and precision of this technology are unparalleled, enabling
the production of scaffolds that closely emulate the intricate
architecture of natural bone [52].

The customizability of 3D-printed scaffolds is a
paramount advantage, allowing for the creation of struc-
tures tailored to the specific needs of bone tissue engineer-
ing. Using computer-aided design (CAD) software, engi-
neers and scientists can devise scaffolds that not only facil-
itate bone tissue in-growth but also mimic the biomechani-
cal properties of the target tissue. This intricacy in design is
vital for the formation of a conducive environment that pro-
motes osteogenesis and supports new bone formation [53].
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A distinctive feature of these printed scaffolds is their
highly porous architecture, which is essential for replicat-
ing the porosity found in natural bone. The interconnect-
ing pore network within the scaffold ensures a substantial
surface area for cellular attachment, proliferation, and dif-
ferentiation. Additionally, it facilitates critical nutrient and
waste exchange, which are essential for cell survival and the
generation of new tissue. The production process of 3D-
printed scaffolds allows for meticulous control over their
physical properties. Parameters such as layer thickness,
pore size, and infill density can be finely tuned to influence
the mechanical strength and degradation rate of the scaf-
fold, ensuring that it provides the optimal support for bone
regeneration and integrates seamlessly with the host tissue
[54].

Despite these advantages, the field of 3D bioprinting
is not without its challenges. The printing process can be
time-intensive, and the cost of materials and equipment may
be prohibitive. A significant consideration is the resolution
of the printed scaffold, which is critical for its structural
integrity and the scaffold’s functional performance in sup-
porting bone tissue regeneration. To overcome these limita-
tions, ongoing research and development are focused on op-
timizing the printing process. Innovations in printing tech-
nology aim to enhance the resolution and fidelity of printed
scaffolds, thereby improving their structural and functional
integration with the existing bone tissue. By addressing
these challenges, 3D-printed CS scaffolds continue to hold
great promise for the future of regenerative medicine and
the restoration of bone defects [55,56]. A summary of all
the different types of CS scaffolds mentioned above is given
in the Table 1 (Ref. [57-82]).

Key Chitosan Scaffold Features
Porosity

The pivotal role of CS scaffold porosity in tissue en-
gineering, particularly in applications pertaining to bone
regeneration and drug delivery systems, cannot be over-
stated. This porosity, carefully crafted within the scaffold’s
structure, is instrumental in mimicking the intricate extra-
cellular matrix (ECM) of natural tissues, thereby provid-
ing an environment conducive to cellular activities essen-
tial for tissue growth. High porosity, typically around 80—
90 %, is essential for facilitating cellular infiltration, nutri-
ent diffusion, and waste removal [83]. The interconnec-
tivity of pores within CS scaffolds is finely tuned to ac-
commodate the multifaceted needs of bone tissue engineer-
ing, where the transport of nutrients, oxygen, and cellular
waste is paramount to the survival and proliferation of cells
[84]. Specifically, pore sizes exceeding 100 pm are essen-
tial to facilitate nutrient diffusion and cell migration, while
smaller pores between 50—100 pm promote initial cell at-
tachment and proliferation [85,86].
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These interconnected pores enhance vascular infiltra-
tion, allowing regenerated tissue to access vital nutrients
and seamlessly integrate with the host’s circulatory system.
This vascularization process not only supplies critical nutri-
ents but also efficiently removes metabolic waste, prevent-
ing the accumulation of toxic byproducts that could impede
healing [87,88].

The customization of porosity is also significant for
mechanical integrity, particularly in bone tissue engineer-
ing, where the scaffold must withstand various stresses.
The stiffness of the scaffold, modulated by its porosity, bal-
ances the need for mechanical support with the necessity for
a biomimetic structure that promotes tissue in-growth. Gra-
dients of pore sizes, incorporating both smaller and larger
pores, have demonstrated superior outcomes by addressing
the diverse requirements of different cell types. For in-
stance, bone scaffolds require a particular pore size, often
exceeding 100 pm, to support cell infiltration and the for-
mation of mineralized matrices. Pore sizes in the range of
300-600 ym mimic cancellous bone structures, providing
optimal conditions for osteoconduction and osteoinduction,
processes imperative for bone healing and integration [89].

In the design of CS scaffolds, pore size plays a crucial
role in cell attachment and proliferation. Surface roughness
further enhances cell attachment by providing micro- and
nanoscale topographies that mimic the natural ECM [90].
These features increase the scaffold’s surface area and pro-
mote integrin-mediated focal adhesion formation, activat-
ing mechanotransduction pathways such as Wnt/3-catenin,
which are critical for osteogenesis. For example, scaffolds
with pore sizes around 400 pum are most beneficial for the
growth of chondrocytes and osteoblasts, while those with
pore sizes around 190 pm are more suitable for fibroblast
growth.

In addition to providing structural support, the porous
nature of CS scaffolds offers a versatile platform for drug
delivery, particularly beneficial for bone healing processes
that may require localized and sustained release of os-
teogenic factors or antibiotics. The pores act as micro-
reservoirs from which therapeutic agents can be steadily
released, enhancing the healing process while minimizing
systemic side effects. For example, scaffolds with a poros-
ity range of 88-97 % and pore sizes between 50-700 pym
have been shown to facilitate tissue regeneration by sup-
porting cellular activities while maintaining mechanical sta-
bility. Interconnected pores of 100-200 pm can enhance
the diffusion of bioactive molecules, while larger pores of
300—400 pum ensure prolonged vascularization and drug re-
tention [91,92].

The production of CS scaffolds with the desired poros-
ity is a complex procedure influenced by various factors, in-
cluding the source of the CS, the crosslinking agents used,
and the method of scaffold fabrication. These factors must
be carefully controlled to achieve the optimal porosity that
allows for mechanical stability, biocompatibility, and the
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Table 1. Summary of different types of chitosan scaffolds.

Scaffold type

Retention rate and degradation

Key features .
rate in bone

Mechanical properties

Animal model

Evaluation methods

Molded macroporous scaffolds

Fiber-based scaffolds

Injectable hydrogels

Microspheres

3D-printed scaffolds

- Highly porous structure
- Excellent mechanical properties
- Simple and cost-effective fabrication

. - Retention: high
- Allows for mass production [57],

- Degradation: moderate [59]

- Porosity can be easily controlled [58],
porosity easily controlled for large-scale

bone tissue engineering

- Mimic natural extracellular matrix

- Highly porous . .
. . - Retention: high
- Precise control over scaffold properties .
. - Degradation: slow
- Excellent mechanical strength [63]

- Versatile for tissue engineering [64]

- Minimally invasive

- Highly porous

- Lower stiffness for better integration - Retention: moderate

- Precise control over scaffold properties - Degradation: fast [71]
[67-69],

- Suitable for bone tissue engineering [70]

- High surface area

- Highly porous
- Precise control over scaffold properties - Retention: moderate
- Lower stiffness for enhanced cell - Degradation: adjustable

interaction [74]

- Suitable for bone engineering

- Highly customizable structures
- Mimics natural bone environment
- Highly porous

& . yP . - Retention: high
- Precise control over properties . .

o . . - Degradation: adjustable

- Fabrication can be time-consuming
and costly [76—79], resolution can affect

scaffold integrity [80]

- Excellent mechanical properties
- Adjustable pore sizes for

specific tissue needs [60]

- High tensile strength
- Customizable fiber alignment

for directional strength [65]

- Low stiffness
- Adaptable to different tissue

types

- Low stiffness
- Promotes specific cellular

interactions

- Moderate to high mechanical
strength (depending on material)
[81]

Rodent models [61]

Rats and rabbits [66]

Small mammal models
[72]

Mice and rats

Large animal models
(sheep and pigs) [82]

- Micro-CT
- Histological analysis
- Mechanical testing [62]

- SEM for porosity
- Mechanical strength testing

- Cell proliferation assays

- Rheological analysis
- In vivo imaging

- Degradation rate analysis [73]

- In vitro cell assays
- Surface area and porosity

measurements [75]

- Imaging techniques (CT/MRI)
- Mechanical testing

- Histological analysis [75]

3D, three-dimensional; CT, computed tomography; MRI, magnetic resonance imaging; SEM, scanning electron microscope.
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effective delivery of biological agents. For example, the
freezing and drying processes significantly impact the pore
structure. Slow freezing rates result in larger, more uni-
form pores suitable for vascular infiltration, while faster
rates produce smaller pores ideal for initial cell seeding.
Crosslinking treatments, critical for enhancing the mechan-
ical properties of CS scaffolds, must be judiciously ap-
plied to prevent the occlusion of pores, which could com-
promise the scaffold’s biofunctionality [93,94]. Intercon-
nectivity must also be optimized, as scaffolds with better
pore connectivity facilitate cellular migration and vascu-
lar infiltration, ensuring effective integration of the scaffold
with the host tissue while maintaining sufficient mechani-
cal integrity. Establishing the correct balance between the
crosslinking density and maintaining the requisite porosity
is paramount for ensuring the scaffold’s performance in the
dynamic and complex environment of bone tissue regener-
ation [95].

In summary, the porosity of CS scaffolds is a foun-
dational feature that underpins their utility in bone tissue
engineering and drug delivery. An optimal pore structure,
typically within 50-400 pm, enables effective diffusion of
nutrients and waste, supports cell adhesion and prolifera-
tion, allows for the controlled release of drugs, and pro-
vides the necessary mechanical support for bone regener-
ation. Incorporating regions with smaller pores for initial
cell seeding and larger pores for vascularization creates a
synergistic environment conducive to comprehensive bone
regeneration. The successful application of CS scaffolds in
clinical settings hinges on the precise manipulation of their
porosity, a task that necessitates a nuanced understanding of
the interplay between scaffold design, biological function,
and mechanical demands [96].

Swelling Capacity

CS scaffolds possess a unique swelling capacity, a
critical property that is integral to their performance in
bone repair and regeneration. The hydrophilic groups
present within the CS matrix—the -OH (hydroxyl) and -
NH2 (amine) functionalities—are primarily responsible for
this characteristic. These groups engage in hydrogen bond-
ing with water molecules, facilitating the absorption of flu-
ids into the matrix and thus contributing to the scaffold’s
swelling [97,98].

The degree to which these scaffolds expand upon hy-
dration is influenced by both intrinsic properties, such as
the degree of deacetylation, which correlates with the num-
ber of amine groups available for bonding, and molecular
weight, where lower weights may enhance solubility and
thus swelling. The internal crosslinking density also plays
a pivotal role; a denser crosslinking network may inhibit
swelling by restricting the polymer chains’ ability to absorb
water. Additionally, the pH sensitivity of CS is a double-
edged sword; it can either augment swelling in acidic con-
ditions by protonating amine groups or curtail it in basic
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environments due to deprotonation. Extrinsic factors are
equally influential. Ionic strength, for instance, can modu-
late the electrostatic interactions within the scaffold, while
the solvent composition dictates the scaffold’s affinity for
the liquid. Temperature, another external variable, can af-
fect the molecular mobility within the scaffold, thereby im-
pacting its ability to swell [99,100].

Understanding the swelling kinetics is essential for tai-
loring scaffold properties to specific applications. Models
like Fickian diffusion and Schott’s second-order kinetics of-
fer insight into the interplay between water diffusion and
polymer relaxation within the swelling process. For bone
applications, the swelling capacity of CS scaffolds is not
merely a matter of fluid uptake; it is a gateway to scaffold
functionality. It influences the absorption of body fluids,
nutrient transport, and cell infiltration, all of which are vital
for fostering an environment conducive to bone regenera-
tion [101].

Biological Properties—Biocompatibility, Biodegradability
and Osteoconductivity

CS, a biopolymer derived from the natural process of
deacetylation of chitin, holds a pivotal role in the realm
of bone tissue engineering due to its exceptional biologi-
cal properties. These properties encompass biocompatibil-
ity, biodegradability, and osteoconductivity—each a cor-
nerstone in the scaffold’s ability to support bone regener-
ation effectively.

At the heart of CS’s appeal is its biocompatibility; it
is remarkably well-tolerated by the body, causing minimal
inflammatory or adverse immune reactions upon implanta-
tion. This compatibility with biological systems is a critical
attribute, as it ensures that CS scaffolds can be introduced
into bone tissues without eliciting harmful responses. In-
stead, they facilitate a conducive environment where cells
can adhere, proliferate, and function optimally to kickstart
the healing and regenerative processes [102].

The biodegradability of CS is equally important in
bone tissue engineering applications. As CS scaffolds de-
grade, they generate non-toxic byproducts, which the body
can easily resorb or excrete. The degradation kinetics of CS
scaffolds can be meticulously controlled to coincide with
the timeline of bone healing, ensuring the scaffold serves
as a temporary framework that relinquishes its role as the
new bone matures and is capable of sustaining mechanical
loads independently.

Osteoconductivity is another intrinsic quality of CS
scaffolds, enabling the absorption and transport of essen-
tial nutrients and expulsion of metabolic wastes from the
bone tissue. This property, supplemented by the scaffold’s
positive charge, fosters the adhesion of proteins and cells,
which is integral to initiating and sustaining bone tissue de-
velopment. The utility of CS scaffolds in bone regeneration
is rooted in their ability to support and orchestrate critical
biological events such as cellular attraction, proliferation,
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differentiation, and extracellular matrix deposition. These
scaffolds provide a three-dimensional matrix that not only
encourages the growth of osteoblasts but also acts as a tem-
plate for the formation of new bone tissue [103]. The inter-
action between the scaffold and the host tissue is a dynamic
one, where the scaffold’s osteoconductive nature plays a
pivotal role in guiding bone tissue formation [104]. To en-
hance the osteoinductive capability of CS scaffolds, they
can be functionalized with bioactive molecules, such as
bone morphogenetic proteins (BMPs), to encourage the dif-
ferentiation of progenitor cells into osteoblasts. This func-
tionality can significantly bolster the body’s intrinsic bone-
healing mechanisms and lead to improved outcomes in bone
regeneration.

The overarching goal within bone tissue engineering
is to stimulate osteogenesis—the creation of new, healthy
bone. CS scaffolds are designed to offer an environment
that mimics natural bone extracellular matrix, promoting
the deposition of new bone matrix by osteoblasts and sup-
porting the complex process of bone formation. Seamless
integration with the host bone is a crucial determinant of
a scaffold’s success in bone tissue engineering [105]. CS
scaffolds are advantageous because they can be remodeled
by the body’s natural processes and gradually replaced by
new bone. This remodeling ensures that the scaffold inte-
grates effectively with the host bone tissue without leaving
any residual foreign materials that could potentially cause
complications. Vascularization is a vital aspect of bone
healing and regeneration. The successful integration of a
scaffold into the host tissue not only depends on osteocon-
duction and osteoinduction but also on the formation of
new blood vessels—a process known as angiogenesis. CS
scaffolds encourage this process, ensuring that the newly
formed tissue is well-nourished and oxygenated, which is
critical for the survival of bone cells and the overall healing
process [106].

In summary, the biological properties of CS
scaffolds—biocompatibility, biodegradability, and
osteoconductivity—are instrumental in their function
as aides in bone regeneration. These properties ensure that
CS scaffolds can support the complex cellular processes
necessary for bone repair, be broken down and removed
safely by the body, and facilitate the formation of new
bone, ultimately leading to successful integration with
the host tissue. The strategic design of CS scaffolds,
leveraging these biological properties, heralds a new era
in regenerative medicine, particularly in the restoration of
bone integrity and function.

Mechanical Strength

The mechanical integrity of CS scaffolds in bone tis-
sue engineering is a pivotal factor that is as critical as their
biological compatibility. When engineering scaffolds for
bone repair, one must consider the intrinsic mechanical de-
mands placed on bone and the need for the scaffold to with-

Cpm
CELLR maczziaLy

stand these forces without failure. Bone, by its nature, is a
composite material endowed with remarkable tensile and
compressive strengths, a result of its collagen fibers and
mineral content, predominantly hydroxyapatite [107]. A
scaffold intended for bone regeneration must meet several
mechanical prerequisites. It must be robust enough to sup-
port physiological loads during the bone healing period to
prevent structural collapse, provide a stable matrix for cel-
lular activities, and enable a gradual transfer of load to the
regenerating bone tissue as it acquires mechanical compe-
tence [108].

Enhancing the innate mechanical strength of CS scaf-
folds is achievable through various approaches. Crosslink-
ing with agents like glutaraldehyde or genipin can create ro-
bust interchain bonds, bolstering the scaffold’s structural in-
tegrity. Moreover, blending CS with inorganic constituents
such as bioactive glass, hydroxyapatite, or tricalcium phos-
phate can yield composite scaffolds that not only exhibit su-
perior mechanical properties but also closely resemble the
composition of natural bone. For example, high molecular
weight chitosan films exhibit superior mechanical strength
compared to low molecular weight chitosan films when
their degree of acetylation (DA) is similar [109]. The inte-
gration of nanostructured materials like carbon nanotubes,
graphene oxide, or nanocellulose can further augment the
mechanical robustness of CS scaffolds. These nanomateri-
als act as reinforcements within the scaffold structure, en-
hancing its load-bearing capacity while also providing a fa-
vorable microenvironment for cellular interactions critical
for bone tissue formation.

The elastic modulus of CS scaffolds significantly in-
fluences osteogenic cell behavior by modulating mechan-
otransduction pathways such as yes associated protein
(YAP)/transcriptional coactivator with a PDZ binding do-
main (TAZ), Wnt/3-catenin, and integrin-focal adhesion
kinase (FAK). Studies have shown that softer matrices,
with elastic moduli ranging from 0.6 MPa to 2.7 MPa, en-
hance the expression of osteogenic markers like collagen
type I (Col I), osteocalcin (OCN), and osteopontin (OPN)
[110,111]. Similarly, intermediate stiffness scaffolds mim-
icking natural bone collagen (25-40 kPa) promote mes-
enchymal stem cell (MSC) differentiation and upregulate
osteogenic genes more effectively than very soft matrices
(0.1-17 kPa). On the other hand, high stiffness substrates
(>100 kPa) activate the Integrin-FAK signaling pathway,
enhancing S-catenin accumulation and RUNX family tran-
scription factor 2 (RUNX2) expression, but may limit cellu-
lar infiltration and increase adverse inflammatory responses
[110]. These findings highlight the importance of optimiz-
ing scaffold stiffness to balance cellular proliferation, dif-
ferentiation, and tissue integration.

Fabrication techniques also play a significant role in
determining the mechanical properties of scaffolds. Meth-
ods like freeze-drying, electrospinning, and 3D printing
afford precise control over the scaffold’s porosity, inter-
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connectivity, and overall architecture—factors that are in-
timately linked to the scaffold’s mechanical behavior. For
example, high molecular weight chitosan has been observed
to form elongated pores, while medium and low molecu-
lar weight chitosan tends to form polygonal pores [112].
These structural differences directly influence mechanical
properties, as scaffolds with elongated pores tend to exhibit
higher tensile strength due to aligned polymer chains. Fur-
thermore, low DA chitosan scaffolds exhibit superior com-
pressive strength compared to high DA scaffolds, as low
acetylation allows for stronger intermolecular interactions
within the polymer network [112].

Specifically, scaffold stiffness influences key mechan-
otransduction pathways that drive osteogenesis. For ex-
ample, YAP/TAZ signaling is highly sensitive to substrate
stiffness, where stiffer scaffolds promote nuclear localiza-
tion of YAP/TAZ and enhance osteogenic differentiation by
upregulating RUNX?2. Similarly, the Wnt/3-catenin path-
way is activated on stiffer substrates, leading to increased
[-catenin translocation and further promoting bone matrix
formation [113]. In contrast, softer scaffolds may support
angiogenesis and cellular migration but require careful tun-
ing to avoid diminished osteogenic responses. Future scaf-
fold designs should focus on achieving stiffness ranges that
optimize these pathways for specific bone tissue engineer-
ing applications.

The mechanical strength of a CS scaffold is not just
a passive property but actively influences the bone regen-
eration process. Initially, it provides critical support and
protection to the healing site. The mechanical cues ema-
nating from the scaffold’s structure also play a role in dic-
tating cellular behavior—factors such as stiffness and elas-
ticity can guide cell differentiation, with certain mechanical
environments favoring the development of osteoblasts. For
example, scaffolds made from squid-derived chitosan with
a molecular weight of 10° Da and DA of 4-30 % demon-
strated uniform pore distribution and superior mechanical
performance compared to scaffolds with higher DA, which
exhibited heterogeneous pore distribution [112].

As the bone tissue begins to form and mature, the scaf-
fold must allow for a seamless transfer of load, avoiding
abrupt changes that could result in stress shielding or re-
injury. The scaffold’s mechanical properties should com-
plement the natural bone growth, gradually transferring the
load to the new tissue as the scaffold itself degrades in a
controlled manner. For instance, scaffolds with DA values
of 5-12 % have been reported to have smaller pores and
enhanced compressive strength compared to scaffolds with
DA values above 30 % [112]. These differences underscore
the critical role of molecular weight and DA in optimizing
the mechanical performance of CS scaffolds for bone tissue
engineering applications.

Ultimately, the scaffold’s degradation profile must be
synchronized with the development of the new bone tissue,
ensuring that mechanical support is provided for as long as
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needed until the regenerating bone can sustain the required
loads. This strategic balance between initial mechanical
support and eventual degradation to pass the baton to the
new bone underscores the sophistication required in design-
ing CS-based scaffolds for bone tissue engineering.

In summary, the mechanical strength of CS scaffolds
is a vital attribute that must be meticulously designed to en-
able the scaffold to meet the multifaceted demands of bone
tissue engineering. Through innovative crosslinking, the
creation of composites, nanostructuring, advanced fabrica-
tion techniques, and mechanical conditioning, CS scaffolds
can be tailored to provide the necessary support for bone
repair while simultaneously fostering an environment con-
ducive to osteogenesis and eventual integration with host
bone tissue. The overall properties of all chitosan scaffolds
mentioned above are summarized in Table 2 (Ref. [114—
118]).

Mainstream and New Trends of Chitosan
Scaffolds in Bone-Related Therapies

Wide Range of Applications in Dentistry

The realm of dentistry has been significantly enriched
by the advent of CS scaffolds, which have emerged as a ver-
satile tool in the quest for regenerative solutions. Their util-
ity extends across various sub-disciplines within dentistry,
with a notable impact on the treatment and regeneration of
dental pulp, periodontal therapy, and alveolar ridge preser-
vation post-tooth extraction.

In the specialized field of endodontics, CS scaffolds
have shown promise in dental pulp treatment and regenera-
tion. Their application in pulp capping procedures takes ad-
vantage of CS’s ability to encourage reparative dentin for-
mation, crucial for maintaining pulp vitality following den-
tal trauma or caries excavation [119]. This is of paramount
importance as it allows for the preservation of the tooth’s
natural vitality, preventing the need for more invasive treat-
ments such as root canals or extractions [120]. Moreover,
CS’s supportive nature in cell attachment and growth posi-
tions it as a favorable candidate for regenerative endodontic
procedures, which aim to revitalize the pulp-dentin com-
plex, restoring its normal function and integrity within the
tooth structure.

Beyond the confines of the tooth, CS scaffolds play a
pivotal role in the regeneration of periodontal tissues. Peri-
odontal disease often leads to the destruction of the support-
ing structures of teeth, including alveolar bone, periodon-
tal ligament, and cementum. The application of CS within
this context aims to not only halt disease progression but
to actively regenerate these lost structures, thus reinstating
the essential support teeth require. The scaffold provides
a three-dimensional matrix that can facilitate the repopula-
tion of periodontal cells and serve as a reservoir for regener-
ative molecules, ultimately leading to the re-establishment
of healthy periodontal tissue.
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Table 2. Summary of overall characteristics of chitosan scaffolds.

Characteristic Description

Highly porous 3D structure provides large surface area for cell attachment, nutrient diffusion and waste

Porosity

removal. Interconnected pores support angiogenesis.

Hydrophilic groups allow absorption of water molecules, enabling uptake of body fluids, nutrient transport

Swelling capacity

and cell infiltration. Depends on degree of deacetylation, crosslinking density, etc. [114].

Minimal inflammatory or immune response upon implantation, provides favorable environment for cell

Biocompatibility . . )
proliferation and function.

Degrades into non-toxic byproducts that can be easily eliminated by the body. Degradation rate can be

Biodegradability controlled [115]

Allows absorption and transport of nutrients, expulsion of wastes, and protein/cell adhesion. Supports

Osteoconductivity

osteoblast proliferation and bone matrix deposition [116].

Must withstand physiological loads during bone healing. Can be enhanced by crosslinking, composites

Mechanical strength

with inorganic particles, nanostructuring and controlled fabrication [117].

Promotes cell adhesion and proliferation , carries and releases osteoinductive molecules [118], supports

Other osteogenesis properties

angiogenesis through its porous structure, providing nutritional support and oxygen to new bone tissue,

thereby enhancing the osteogenesis process.

Following tooth extraction, the preservation of the
alveolar ridge is of critical concern, particularly in antici-
pation of future dental implants or other prosthetic restora-
tions. The loss of a tooth can lead to significant resorption
of the alveolar bone, compromising the quantity and quality
of bone available for future dental rehabilitative procedures
[121]. CS scaffolds can be employed effectively in these
scenarios to maintain or augment the alveolar ridge dimen-
sions. Their application helps to stabilize the blood clot,
support the ingrowth of new bone cells, and minimize the
resorption that typically follows tooth extraction, thereby
maintaining the ridge’s height and width. This application
is not only crucial for aesthetic considerations but also for
ensuring that patients have the option for dental implants,
which require a certain amount of bone for successful os-
seointegration and long-term stability.

The wide-ranging applications of CS scaffolds in den-
tistry underscore the material’s potential to revolutionize
dental tissue engineering and regenerative therapies. By
providing a conducive environment for tissue regeneration,
CS scaffolds have the potential to restore function and aes-
thetics, improving patient outcomes and advancing the field
of reconstructive dental medicine. Their adaptability and
efficacy in promoting healing and regeneration across vari-
ous dental tissues place CS scaffolds at the forefront of den-
tal biomaterials that are likely to become integral compo-
nents of future dental treatment protocols.
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Application in Bone Tissue Engineering

CS scaffolds have carved a niche in the domain of
bone tissue engineering with their versatile applications,
mirroring the natural extracellular matrix and offering a
propitious terrain for the growth and maturation of os-
teoblasts. As three-dimensional matrices, these scaffolds
not only provide the structural support requisite for the bur-
geoning bone tissue but also present an environment that is
congenial for the attachment, proliferation, and differenti-
ation of cells essential for osteogenesis. The biocompati-
bility, biodegradability, and modifiable surface properties
of CS enhance its appeal as a scaffold material, as it can
be engineered to degrade at a rate that coincides with the
regeneration of bone, thereby ensuring that the scaffold’s
role is transient yet pivotal during the critical phase of bone
healing [122].

The profound impact of CS scaffolds in bone tissue en-
gineering is exemplified in their application to fracture heal-
ing. Particularly in instances of large bone defects, where
the body’s innate healing mechanisms falter, these scaffolds
provide a critical interim support structure that can be colo-
nized by osteoprogenitor cells and in which new bone ma-
trix can be deposited. This accelerates the healing process,
bridging gaps that would otherwise impair skeletal integrity
and function [122].

In the intricate arena of spinal surgery, CS scaffolds
have emerged as valuable tools to facilitate spinal fusion.
Here, they serve to encourage the growth of new bone be-
tween spinal segments, a process indispensable for the sta-
bilization and unification of the spine following surgical in-
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Table 3. Research on the application of different types of chitosan scaffolds in skull and long bones.

Type Material Applications Reasons
Chitosan-graphene oxide 3D scaffolds as Enhanced mechanical properties, suitable
Chitosan-graphene oxide 3D scaffold promising tools for bone regeneration in porosity, structural features, cell proliferation,
critical-size mouse calvarial defects [128] and vitality
Skull
Effect of bone marrow mesenchymal stem . . .
o . . o . . Facilitate completely degrades during repair,
Hydroxyapatite-silk fibroin-chitosan 3D cells on hydroxyapatite/silk fibroin/chitosan
. . generates new bone, remodels scaffold,
scaffold regeneration composite 3D scaffold for rat skull defects Lo .
) distributed in trabecular bone structure
repair [129]
Evaluation of three-dimensional porous Supports mesenchymal stem cell growth,
Porous chitosan-alginate scaffold chitosan-alginate scaffolds in rat calvarial promotes spherical morphology, improves
defects for bone regeneration applications [130]  defect closure
Comparative study of porous hydroxyapatite/ . )
. . . . . . Large pore diameter (~ 105 pm) conducive to
Porous hydroxyapatite/chitosan scaffold  chitosan and whitlockite/chitosan scaffolds for L
L . cell settlement within the scaffold
bone regeneration in calvarial defects [131]
Comparative study of porous hydroxyapatite/ Promotes hBMSCs proliferation, enhances
Whitlockite/chitosan scaffold chitosan and whitlockite/chitosan scaffolds for osteoinductivity, significantly improves new
bone regeneration in calvarial defects [131] bone formation
. . . Use of collagen/chitosan sponges mineralized Improves osteogenic effects, but the process
Hydroxyapatite-mineralized collagen/ . ] . . i . .
. with hydroxyapatite for the repair of cranial is slow and insufficient for complete bone
chitosan sponge . .. .
defects in rats [132] regeneration in a short time
Nacre-mimetic cerium-doped nano- Provides strength and toughness, cerium ions
Nacre-mimetic cerium-doped layered hydroxyapatite/chitosan layered composite have anti-osteoclastogenic ability, promotes
nano-hydroxyapatite/chitosan scaffold scaffolds regulate bone regeneration via hBMSCs adhesion and proliferation, allows
Long bone OPG/RANKL signaling pathway [133] in-situ growth of new bone tissue

Chitosan-gelatin scaffold with

decellularized platelet-rich fibrin

Polyethyleneimine/BMP2 plasmid/

hydroxyapatite/chitosan microspheres

Multi-channel scaffold based on

porous hydroxyapatite

Chitosan-gelatin scaffolds incorporating
decellularized platelet-rich fibrin promote

bone regeneration [134]

A novel gene-activated matrix composed
of PEI/plasmid-BMP2 complexes and
hydroxyapatite/chitosan-microspheres

promotes bone regeneration [135]

Phosphonate-chitosan functionalization of
a multi-channel hydroxyapatite scaffold for

interfacial implant-bone tissue integration [136]

Appropriate biocompatibility and mechanical
properties, incorporation of platelet-rich fibrin

enhances bioactivity

Excellent biocompatibility, provides more cell
adhesion sites, controlled plasmid release,

effectively promotes bone regeneration

Used for segmental bone defects, specific
geometry and design, enhances new bone

formation, suitable for segmental defects

BMP, bone morphogenetic protein; hBMSCs, human bone marrow mesenchymal stem cells; OPG, osteoclastogenesis inhibitory factor; RANKL, receptor

activator of nuclear factor-~< B ligand; PEI, polyethyleneimine.

tervention. Their ability to be moulded to specific shapes
and to conform to complex anatomical geometries makes
them particularly suitable for such applications, where pre-
cision is paramount for successful outcomes [123,124].

Joint reconstruction surgeries also benefit from the ap-
plication of CS scaffolds. As the interface between an or-
thopaedic implant and native bone is a critical determinant

www.ecmjournal.org

of the long-term success of the procedure, CS scaffolds can
be employed to foster bone regeneration at this juncture. By
enhancing osseointegration, they contribute to a more sta-
ble and durable union between the implant and the skeletal
system, thereby improving patient outcomes and implant
longevity [125].
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Table 4. Summary of chitosan scaffold application scenarios.

Application field Specific application

Description

Dental pulp regeneration
Dentistry

Periodontal tissue regeneration

Help encourage reparative dentin formation to maintain pulp vitality after dental trauma
or caries removal [155]

Facilitate repopulation and regeneration of lost structures like alveolar bone, periodontal

ligament, etc. to treat periodontal disease [156]

Help maintain ridge dimensions after tooth extraction to allow future dental implant

Alveolar ridge preservation

placement [157]

Provide interim structural support and environment for osteoblast growth to heal large
bone defects [158]

Fracture healing

Bone tissue engineering . .
Spinal fusion
[159]

Joint reconstruction

Encourage bone growth between spinal segments to facilitate fusion after spinal surgery

Enhance osseointegration between implants and native bone for more stable and durable

joint reconstruction [160]

Craniofacial reconstruction

Aid complex bone regeneration for craniofacial defects from trauma, tumors, congenital

conditions, etc. [161]

Provide sustained localized release of BMPs to stimulate progenitor cell differentiation
into osteoblasts [162]

Deliver genes encoding osteogenic proteins to upregulate bone formation directly at

Growth factor delivery BMP delivery

Gene delivery Osteogenic gene delivery

injury site [163]

Bone formation Critical bone defect repair

Serve as osteoconductive template for ingrowth of new bone tissue to bridge critical-

sized defects [30]

Moreover, the realm of craniofacial reconstruction has
witnessed the integration of CS scaffolds into its therapeutic
arsenal. Given the complex geometry and the unique me-
chanical demands of craniofacial bones, CS’s adaptability
becomes particularly beneficial [126]. Its applications ex-
tend to the reconstruction of defects arising from trauma,
tumor resections, or congenital anomalies. In these sce-
narios, CS scaffolds not only provide the necessary sup-
port for bone regeneration but also contribute to the aes-
thetic restoration of the craniofacial contour, which is crit-
ical from a psychosocial perspective [127].

The efficacy of chitosan scaffolds varies across dif-
ferent bone regions. Table 3 (Ref. [128—136]) summarizes
research on various chitosan scaffold types used in the skull
and long bones. The findings demonstrate that chitosan
scaffolds, when combined with different materials, show
notable variations in biocompatibility, mechanical proper-
ties, and bone regeneration enhancement. For skull applica-
tions, composites of chitosan with oxidized graphene, hy-
droxyapatite, and silk fibroin exhibit excellent cell prolif-
eration and new bone formation capabilities. In the con-
text of long bones, combinations of chitosan with pearl lay-
ers, cerium-doped nano-hydroxyapatite, and gelatin display
superior mechanical properties and bone regeneration out-
comes. These studies emphasize the importance of select-
ing appropriate chitosan composite scaffolds to meet the
specific requirements of different bone regions.

The diverse applications of CS scaffolds in bone tissue
engineering reflect their potential to address a spectrum of
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clinical challenges. By aligning scaffold properties with the
physiological and mechanical requirements of bone regen-
eration, CS-based materials stand at the forefront of inno-
vations, poised to enhance and perhaps transform the stan-
dard of care in orthopaedic and maxillofacial surgery. The
ongoing research and development in this field are continu-
ously refining the properties of CS scaffolds, tailoring them
to meet specific clinical needs, and expanding their poten-
tial in aiding the natural regenerative processes of the hu-
man body [137].

Promotion of Osteoblast

One of the most powerful applications of CS scaffolds
is in the domain of growth factor delivery. By serving as
carriers for BMPs, these scaffolds provide a sustained re-
lease of key molecules directly at the site of bone damage
or defect [138]. BMPs are one of the most potent groups of
growth factors with a proven track record of stimulating the
proliferation and differentiation of progenitor cells into os-
teoblasts. When these proteins are intricately incorporated
into the CS scaffold, they create a localized and conducive
environment for bone tissue formation, thereby enhancing
the natural healing process [139].

The incorporation of BMPs into chitosan scaffolds ac-
tivates osteoblast-specific molecular pathways, such as the
Smad signaling pathway, which is crucial for osteogene-
sis. BMPs bind to their receptors on the osteoblast surface,
leading to the phosphorylation of Smad proteins. These
activated Smads translocate to the nucleus, where they
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Fig. 3. Bioactive chitosan scaffolds for enhanced bone regeneration. It was created by PowerPoint.

upregulate the expression of osteogenic markers, includ-
ing RUNX2, osteocalcin, and alkaline phosphatase (ALP).
This molecular cascade enhances both the proliferation and
differentiation of osteoblasts, ultimately promoting matrix
mineralization [140].

Furthermore, the versatility of CS scaffolds extends
into the realm of gene delivery. This innovative approach
involves the delivery of genes that are responsible for en-
coding osteogenic proteins directly to the injury site. CS’s
cationic nature allows for the efficient encapsulation and
protection of genetic material, which can then be introduced
to the target cells, leading to the upregulation of bone-
forming proteins. The presence of chitosan scaffolds has
been shown to upregulate the expression of key osteoblast-
specific genes, such as RUNX2, osteopontin, and collagen
type I [141]. RUNX2, a master transcription factor, plays
a central role in osteoblast differentiation by regulating the
transcription of genes essential for matrix production and
mineralization. This gene regulation mechanism is further
supported by the controlled and localized release of genetic
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material, ensuring a sustained osteogenic effect at the defect
site.

Such gene therapy techniques, combined with the bio-
compatibility of CS scaffolds, hold immense promise in
revolutionizing bone repair strategies. They offer a targeted
and controlled approach to healing, reducing the likelihood
of systemic side effects and concentrating the regenerative
efforts where they are most needed [142].

In addition to their role in delivering growth fac-
tors and genetic material, chitosan scaffolds also directly
support osteoblast proliferation through their nanofibrous
structure and bioactive surface properties. Nanofiber-based
CS scaffolds, which mimic the extracellular matrix, provide
a high surface area for cell attachment and growth. Studies
have shown that human osteoblasts cultured on these scaf-
folds exhibit increased ALP activity, osteocalcin secretion,
and calcium deposition over time, highlighting their role in
enhancing matrix mineralization [143,144].
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Moreover, the mechanical properties of CS scaffolds,
which can be tailored through the incorporation of hy-
droxyapatite or collagen, provide critical mechanical cues
to osteoblasts. These cues influence cell behavior via
mechanotransduction pathways, such as YAP/TAZ signal-
ing, which are activated in response to scaffold stiffness.
For instance, stiffer scaffolds promote osteoblast differenti-
ation by encouraging nuclear localization of YAP/TAZ, fur-
ther upregulating osteogenic gene expression.

Chitosan scaffolds also play a role in osteoblast re-
sponse to electrical stimulation. Due to their osteoconduc-
tive properties, these scaffolds enhance cellular behavior in
dynamic environments where electrical signals are present.
Electrical stimulation has been shown to increase the ex-
pression of ALP and other osteogenic markers, providing
an additional layer of functionality for chitosan scaffolds in
bone regeneration applications [145].

In summary, CS scaffolds actively influence os-
teoblast behavior not only by serving as delivery platforms
for growth factors and genes but also through their struc-
tural, mechanical, and bioactive properties. These scaffolds
enhance cellular proliferation, differentiation, and matrix
mineralization by modulating key molecular pathways and
providing an environment that mimics the natural ECM. Fu-
ture studies should focus on optimizing these cellular mech-
anisms to improve the clinical outcomes of CS-based scaf-
folds in bone tissue engineering.

New Bone Formation

CS scaffolds have emerged as a cornerstone in the
field of regenerative medicine, particularly in the realm of
new bone formation. These bio-inspired structures harness
the innate ability of CS, a naturally derived polymer, to fos-
ter osteogenesis, the process of bone growth. Mimicking
the extracellular matrix of bone tissue, CS scaffolds serve
as osteoconductive platforms. Additionally, molecular sig-
nals (such as growth factors) and mechanical signals (such
as stiffness and surface characteristics) play crucial roles in
regulating osteoblast behavior and bone regeneration. Stud-
ies have shown that the stiffness of CS scaffolds can influ-
ence osteoblast proliferation and differentiation, while the
optimization of surface properties aids in cell adhesion and
bone tissue formation [146,147]. Their unique structure and
composition create an ideal environment that not only sup-
ports but also guides the proliferation and differentiation of
osteoblasts, the cells responsible for bone formation. This
guidance is crucial in ensuring that new bone growth fol-
lows the intended pathways, thus maintaining the integrity
and functionality of the regenerated tissue [148].

In addition to their role in osteoblast differentiation,
CS scaffolds also actively modulate inflammation, which
is a critical factor in bone regeneration. Chitosan has been
shown to promote M2 macrophage polarization, shifting the
inflammatory response from a pro-inflammatory (M1) state
to an anti-inflammatory (M2) state. This transition, medi-
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ated by pro-resolution lipid mediators such as lipoxin A4
(LxA4) and resolvin D1 (RvD1), reduces inflammatory cy-
tokine levels (e.g., tumor necrosis factor-alpha (TNF-«r) and
interleukin-6 (IL-6)) and enhances tissue repair [ 149]. Such
modulation creates a favorable microenvironment for os-
teogenesis, supporting the recruitment and differentiation
of osteoblast precursors.

The significance of CS scaffolds is particularly pro-
nounced when addressing critical-sized bone defects—
those which the body cannot heal on its own. In such in-
stances, the scaffold provides a three-dimensional template
that facilitates the in-growth of new bone tissue, effectively
bridging the gap between separated bone ends [150]. Me-
chanical signals, in synergy with molecular signals, further
promote bone tissue regeneration. For example, appropri-
ate scaffold stiffness can mimic the mechanical environ-
ment of natural bone tissue, thereby enhancing osteoblast
function [151]. By doing so, it substantially accelerates
and improves the healing process. Moreover, CS’s biocom-
patibility ensures minimal inflammatory response, while its
biodegradability allows it to be gradually resorbed and re-
placed by the natural bone, leaving behind no foreign ma-
terial in the body [152].

Angiogenesis is another critical process supported by
chitosan scaffolds during bone regeneration. The porous
structure of CS scaffolds facilitates vascular infiltration, en-
suring the delivery of oxygen and nutrients to regenerating
tissues. Furthermore, the incorporation of bioactive agents,
such as hydroxyapatite or VEGF, into the scaffold enhances
angiogenesis by promoting endothelial cell migration and
capillary formation. These processes activate key signal-
ing pathways, including hypoxia-inducible factor 1 alpha
(HIF-1«) and vascular endothelial growth factor to vascular
endothelial growth factor receptor (VEGF-VEGFR), which
are essential for vascular network development and subse-
quent bone regeneration [153]. The synergy between an-
giogenesis and osteogenesis is pivotal for integrating newly
formed bone with the host tissue.

Fig. 3 illustrates the ability of chitosan scaffolds,
loaded with bioactive substances, to promote bone growth.
In addition to their osteogenic and angiogenic properties,
CS scaffolds also support the coordinated growth of soft
and hard tissues, a crucial factor in successful bone regener-
ation. By mimicking the extracellular matrix, CS scaffolds
provide a conducive environment for the attachment and
proliferation of both osteoblasts and fibroblasts [5]. Their
mechanical properties and degradation rates can be tuned to
ensure that scaffold support aligns with the growth rates of
both bone and surrounding soft tissues, facilitating seam-
less integration. This coordination is further enhanced by
the ability of CS scaffolds to modulate the Wnt/3-catenin
pathway, which regulates both osteoblast activity and tis-
sue remodeling. The adaptability of chitosan scaffolds lies
in their capacity to incorporate bioactive agents, such as
growth factors, which can further enhance osteogenesis.
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Simultaneously, the regulation of surface properties, such
as the introduction of nanostructures, can significantly im-
prove cell adhesion and the integration of bone tissue [154].
Moreover, their physical properties can be precisely tuned
to meet the specific requirements of different bone types
and defect sites. This versatility holds significant poten-
tial not only for bone repair but also for the development
of advanced implantable devices and bone tissue engineer-
ing strategies aimed at restoring skeletal integrity and func-
tion following injury, disease, or congenital defects. As re-
search in this field progresses, chitosan scaffolds continue
to affirm their role as a critical tool in the advancement of
effective bone regeneration therapies. All the above appli-
cation scenarios of CS scaffolds are summarized in Table 4
(Ref. [30,155-163]).

Conclusions

This review has comprehensively highlighted the sig-
nificant advantages and broad clinical potential of CS scaf-
folds in bone tissue engineering. CS scaffolds possess in-
herent qualities of biocompatibility, biodegradability, os-
teoconductivity, and adequate mechanical strength, mak-
ing them suitable candidates for bone regeneration appli-
cations. Various scaffold forms—including molded macro-
porous scaffolds, fiber-based scaffolds, injectable hydro-
gels, microspheres, and 3D-printed scaffolds—offer di-
verse structural features that meet distinct clinical require-
ments.

Considerable progress has been achieved in applying
CS scaffolds to dentistry, spinal fusion, joint reconstruction,
and craniofacial repair, demonstrating their transformative
capability across bone-related therapies. However, chal-
lenges persist in uniformly controlling pore architecture,
optimizing degradation rates, and achieving adequate me-
chanical performance, especially under load-bearing condi-
tions. Furthermore, production costs, manufacturing scala-
bility, and complex regulatory pathways remain significant
obstacles to widespread clinical adoption.

Looking forward, innovations such as incorpora-
tion of nanocomposite materials, personalized 3D printing
for patient-specific scaffolds, and integration of bioactive
molecules hold great promise for overcoming existing lim-
itations. Advances in automated fabrication and standard-
ized evaluation protocols will be critical to lowering costs
and accelerating regulatory approval. Interdisciplinary col-
laborations among materials scientists, engineers, biolo-
gists, and clinicians will be essential in driving these de-
velopments.

Ultimately, CS scaffolds represent a highly versatile
and effective platform for bone regeneration, with the po-
tential to significantly improve therapeutic outcomes and
quality of life for patients worldwide. Ongoing research and
technological advancement are expected to further enhance
their functional performance, facilitate clinical translation,
and expand their application in regenerative medicine.
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