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Abstract

Three-dimensional bioprinting has emerged as a transformative biofabrication
technology capable of engineering complex tissue constructs for regenerative
medicine. While considerable progress has been made in replicating soft tissues
using hydrogel-based bioprinting, the fabrication of mechanically robust bone-
mimicking constructs remains a significant challenge. The mechanical heterogeneity
of bone, including its anisotropic structure, varying mineral density, and intricate
extracellular matrix composition, complicates the development of bioinks that can
simultaneously achieve printability, structural integrity, and cellular viability. Recent
advancements have focused on optimizing the mechanical properties of bioinks
through composite hydrogels, osteoinductive nanomaterials, and bioactive moieties
that enhance cell adhesion and differentiation. This review examines the role of
mechanical cues in directing mesenchymal stem cell fate, the interplay between
material stiffness and osteogenesis, and strategies to enhance bioink performance.
We highlight limitations in mechanical compliance and propose novel biomaterial
designs, crosslinking strategies, and scaffold functionalization to overcome these
barriers. This review aims to bridge the gap between biomaterials science and clinical
translation, with the ultimate goal of advancing functional bone graft substitutes.

Keywords: 3D bioprinting; Bioinks; Bone tissue engineering; Extracellular matrix;
Mechanical compliance; Regenerative medicine

1. Introduction

Three-dimensional (3D) bioprinting is an impressive technology for artificial bone
production compared to other engineering approaches. This technology seeks to
biofabricate a scaffold in a 3D architecture and mimics the exact positioning of various
cell types under controlled 3D gradients of growth factors or biological molecules.
As the first ingredient in the process of 3D bioprinting, bioinks need to be adjusted
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by combination with growth factors, cells, and different
materials, making it a challenging process. Regardless
of the precise management of the nano- to macro-
scale transformations in the engineered bioinks, it still
encounters some difficulties that alter the final constructs
and are not thoroughly investigated yet. Achieving
mechanical compliance in bioprinted constructs that
closely mimic native bone tissue remains a significant
challenge in tissue engineering.

Recent advancements have focused on developing
composite hydrogels and hybrid scaffolds that integrate
multiple materials to replicate the complex mechanical
properties of bone. For instance, combining natural
polymers like gelatin methacrylate (GelMA) with inorganic
components such as hydroxyapatite has shown promise
in enhancing the mechanical strength and bioactivity of
bioprinted scaffolds. These composite materials not only
provide the necessary structural integrity but also support
cellular functions, promoting tissue regeneration."’
However, optimizing the composition and fabrication
techniques to achieve the desired mechanical properties
while maintaining biocompatibility requires further
research. Understanding the interplay between material
properties and cellular responses is crucial for the
successful application of these advanced biomaterials in
clinical settings.

Functional biofabrication has been hindered by various
biological and nonbiological challenges that include the
lack of control over cell shape, size, and orientation, inability
to create complex cellular structures, and the difficulty of
fabricating and controlling the mechanical properties of
the microenvironments surrounding the cells in vivo. The
mechanical properties of the extracellular matrix (ECM),
particularly its stiffness, play a pivotal role in directing
the fate of mesenchymal stem cells (MSCs). Studies have
demonstrated that MSCs cultured on substrates with
stiffness analogous to that of bone tissue (~40 kPa) tend
to undergo osteogenic differentiation, whereas those on
softer substrates resembling brain tissue (~0.1-1 kPa)
are inclined toward neurogenic pathways. Intermediate
stiffness levels, similar to muscle tissue (~10 kPa), have
been shown to promote myogenic differentiation.’ This
mechanotransduction involves the regulation of gene
expression and cellular functions, such as proliferation and
migration, mediated through pathways like RhoA/ROCK.*
Understanding these dynamics is crucial for developing
bioinks in 3D bioprinting that not only provide structural
integrity but also mimic native tissue stiffness to guide
desired cellular behaviors.

Many attempts have been made to optimize the
mechanical features of bioink. Utilization of composite

hydrogels and additive compounds, such as osteo-
promotive materials and active moieties, has transformed
hydrogels into advanced materials with improved
mechanical characteristics.”” It was found that silver
and platinum alloy nanoparticles, as well as zinc ions,
improve the biological and mechanical performance of
bioink and matrix deposition of MSCs.® The thiol-ene
or click chemistry makes active moieties an appropriate
agent to regulate biological and nonbiological properties
of biomaterials.’ Thiol-ene click chemistry is a robust
and efficient reaction between thiol groups and carbon-
carbon double bonds (alkenes), typically initiated by light
or radical initiators. This reaction proceeds rapidly under
mild conditions, making it highly suitable for biomedical
applications. One of the key advantages of thiol-ene
chemistry is its high specificity and yield, allowing for
the precise fabrication of hydrogels with controllable
crosslinking densities.!” This precision enables tuning
mechanical properties to match those of native tissues,
crucial in tissue engineering and regenerative medicine.
Additionally, the reaction’s insensitivity to oxygen and
its cytocompatibility make it ideal for in situ gelation,
facilitating the encapsulation of cells and bioactive
molecules without compromising their viability or
function. Recent studies have demonstrated the successful
application of thiol-ene click hydrogels in controlled
therapeutic delivery and tissue scaffolding, highlighting
their potential in advancing bioprinting technologies."
Additionally, the Janus-faced hydrogen bonding moieties
coupled to the supramolecular network provide excellent
network stability and improved mechanical strength."?
As a result, hydrogen bonds are more stable due to the
presence of active moieties, giving rise to stronger network
structures. In addition, thiol-ene click chemistry produces
a more efficient and cost-effective way of creating and
regulating these moieties, allowing for greater control
over the mechanical properties of the bioink.

Superior biofabrication approaches can develop
biocompatible and shear-thinning bioinks, which could
mimic bone mechanical strength while simultaneously
maintaining cell/stem cell viability. Shear-thinning and
thixotropic properties have hindered the development of
novel mechanically optimized bioinks. These properties
describe the nonlinear relationship between shear stress,
shear strain, and the time-dependent changes in the
viscosity of a fluid after applying force. Additives that
are added to bioink to improve its mechanical features
can interfere with bioink printability and counteract
these features. Viscose biomaterials, such as chitosan
and alginate, as well as nanoscale biomaterials, such as
clay and hydroxyapatite, increase viscosity excessively,
and disrupt printability.’*'* Therefore, in order to ensure
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the printability of bioink, it is important to choose
additives carefully and in moderation. For bioprinted
bone constructs to successfully integrate and remodel
into functional bone tissue, it is imperative that they
recapitulate this mechanical environment. Failure to
provide an appropriate mechanical environment have
significant consequences.” Scaffolds that are too stiff
may lead to stress shielding, where the implant carries
a disproportionate amount of the load, preventing the
surrounding native bone and the cells within the construct
from experiencing the mechanical stimuli necessary for
growth and remodeling. This can result in bone resorption
and implant loosening.'® Conversely, scaffolds that are
too weak will fail to provide the necessary support for cell
proliferation and differentiation and may collapse under
physiological loading. Therefore, the ideal bioprinted
bone construct should possess mechanical properties
that are not only compatible with the target anatomical
location but also tailored to promote a specific cellular
response.”” This concept of “mechano-mimicking” is a
central theme in modern bone tissue engineering, and a
key focus of this review.

This review explores the complexities of bone
bioprinting, focusing on the mechanical challenges in
replicating native bone structures. We discuss the factors
influencing bone mechanical strength, the influencing
factors of printability, the distinct requirements for
different bone bioprinting applications, and the potential
strategies to overcome current limitations in bioink design
(Figure 1).

2. Factors affecting mechanical properties
of bone constructs

2.1. Complexity and mechanical strength of bone

Bones, as connective tissues, provide a rigid framework
to support soft organs and help balance minerals, such as
calcium and phosphate.”® As a highly dynamic organ, a
bone undergoes the process of remodeling that supports
the minerals’ hemostasis and participates in preserving the
integrity of the skeleton through self-renewal.””* Cortical
and trabecular bones have been shown to perform these
functions accurately. The bone strength, mineral density
(BMD), and porosity of cortical and trabecular bone are
substantially different.”? These features are distinct in age,
gender, and ethnicity.* Specifically, BMD is lower in women
than men, decreasing almost linearly with age.** As
measured by finite element analysis (FEA), young women
have softer bones than young men, and both genders lose
bone strength with aging.?**” The bone complexity has also
extended to the microarchitecture of the different bone
tissues. Trabecular microarchitecture and conformation
vary by ethnicity and gender.”® This variety consists

of different ratios of plate-like and rod-like trabeculae
morphology, making bone tissue a heterogeneous organ in
terms of mechanical strengths (Figure 2A). The difference
between the structures of these two types of bones has
caused the variation in their mechanical strengths; as the
compressive strength of the trabecular bone is estimated
to fall in the range of 2-12 MPa with the elastic modulus
of 0.1-5 GPa, while this value raises to 100-150 MPa for
cortical bone with elastic modulus ranging from 7 to 20
GPa.?*® These properties vary between different types of
bones as the needed force to break down the femur is around
74131.83 N, which decreases to 5833.99 N, 4412.99 N, and
1882.88 N for the humerus, tibia and patella, respectively.*!
This mechanical and microstructural diversity has raised a
desire for a method that provides precise structural control
in three dimensions.

2.2. Heterogeneity of bone structure

and composition

A bone is a mineralized tissue that is a mixture of collagen
and noncollagenous proteins, water, minerals, and some
organics, whose mechanical strength can be determined
based on various factors.*? These factors include the type of
bone (primary, woven, or both), density, the arrangement
of collagen fibers, the amount and type of noncollagenous
proteins, and the quantity of minerals and water present
in the bone. All of these components work together to
provide a bone with its unique strength and flexibility.
Each bone is characterized by a randomized distribution
of cells, collagen fibers, and osteoids.”** Since lamellar
bones participate in fracture repair and embryonic
development, they show more rigidity compared to
primary bones in the adult skeleton.” Cortical bone
possesses greater density and resistance to stress, while
trabecular bone, with its honeycomb-like structure, is
the opposite. Trabecular bone’s elasticity increases and
its stress resistance decreases to 50 MPa,**® thereby
increasing elasticity and decreasing stress resistance. This
is because a lamellar bone has a larger quantity of collagen
fibers with higher tensile strength than a primary bone.
The increased stiffness of lamellar bones is attributed
to their greater mineral content, which increases their
density and strength. Cortical bone has a greater ratio of
mineral to organic matter, which increases its density and
resistance to stress. Trabecular bone hasa porous structure
and a much lower mineral to organic matter ratio, which
reduces its density and strength, but increases its elasticity
and decreases its stress resistance.” The degree and quality
of mineralization is another factor that could change
related mechanical properties, such as elasticity, plasticity,
and viscoelasticity, as low mineralization can lead to the
fragility of bones.® Several studies have delineated
that the mineralization pattern of bone plates and their
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Figure 1. Comprehensive framework for mechanical compliance in bone bioprinting. Top panel presents performance requirements across bone types and
clinical applications. Middle panel maps current technological solutions achieving bone mechanical properties. Bottom panel outlines future innovation
strategies. Bottom boxes highlight key challenges, innovation priorities, and expected outcomes.
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absolute degree of mineralization could determine the
mechanical strength.”” This is because mineralization
is important for the deposition of collagen and other
proteins, which are necessary for the strength of the
bone. As mineralization increases, the collagen is better
organized and the bones become stronger. This strength
is further enhanced by the formation of hydroxyapatite
crystals and other minerals, which add to the overall
mineralization of the bones. The other contributing factor
is porosity, defined by the distribution and magnitude
of pores in bones.*"** Trabecular and cortical bones are
recognized with a porosity varying from 50% to 90% and
5% to 10%, respectively. A slight change in the porosity
significantly affects the stiffness and tolerability of the
bones,*** because it affects the ability of the bone to
absorb energy, the rate of diffusion of substances through
the bone, and the strength of the bone. The interaction
and a perfect combination of these factors determine the
mechanical properties of bones and make the mechanical
strength of bones vary from 12.56 to 16.87 kg/mm?.*
Therefore, it is important to understand the correlation
between porosity and the mechanical properties of bones,
in order to achieve the desired strength and durability

(Figure 2B). Thus far, these unique physical properties of
bones have not been mimicked by any of the developed
scaffolds and these features have never been successfully
replicated with the use of any bioink technology. To this
end, further research is needed to accurately replicate the
structural composition of bones in order to effectively
replicate its mechanical properties in tissue engineering
scaffolds and bioinks.

2.3. Influence of substrate cues

For a long time, biochemical factors and signals were
believed to be the only compounds that affected cell
differentiation and determined cellular fate. However,
some research has demonstrated that biophysical forces
and mechanical stress derived from rigidity, elasticity,
and stiffness can also effectively alter proliferation rate,
survival, and differentiation and determine cellular fate
(Figure 2C).***In other words, once mechanical forces have
been sensed by the cells, during a mechanotransduction
process, a cascade of molecular changes and biochemical
signals regulate the response of the cells to the physical
stimuli.”” Biophysical stimuli are caused by factors such
as surface geometry, fluid shear stress, stain, rigidity,

A B

# 2l

Mechanical strength diversity

Non-uniform and complex
structure of bone

STiffl Soft

Mechanical stretch

Unpredictable effect of
substrate cues

Figure 2. Key barriers for developing mechanically optimized bone mimicking constructs. (A) Diversity in bone mechanical strength; (B) Inhomogeneous
and complex structure of bones; (C) Heterogeneity and complexity of substrate cues.
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stiffness, and matrix surface topography.*® The influence
of physical changes typically begins with the detection
of integrins. This eventually results in alteration of
cytoskeleton structure by polymerization or contraction
and downstream signaling reaching the nucleus.” These
changes in cytoskeleton structure and downstream
signaling can further lead to changes in gene expression,
which can alter the cell’s phenotypic response, such as cell
shape and motility. In a study, it was shown that MSCs
differentiate into neurogenic, chondrogenic, or osteogenic
lineages when exposed to a range of materials with
varying characteristics, from soft to rigid.”* Controlling
these substrate cues in the desired bioink is obviously
not straightforward. Thus, understanding how to control
the substrate cues to alter gene expression and drive
differentiation is a critical step toward achieving directed
differentiation of MSCs in bioinks.

A topological property of substrates may affect the
self-renewal properties of stem cells, as murine embryonic
stem cells (mESCs) cultured on stiff substances kept
expressing Nanog and Oct3/4, as well as preserving self-
renewal properties.’’ Furthermore, the expression of
Sox2, another stemness-related marker, was also higher
on stiff substrates compared to soft ones. This finding
indicates a potential role for mechanical forces in stem
cell differentiation. However, it is important to note that
culturing human mesenchymal stem cells (hMSCs) in a
3D hydrogel that has a stiffness over 1 kPa might have
a counterproductive effect, since their proliferation has
been shown to decrease.” This suggests that there is an
optimal stiffness that can be used to achieve the desired
cell differentiation while still allowing cells to proliferate
and function normally. Thus, the ideal mechanical
environment should be tailored to the specific cell type
in order to maximize their differentiation potential while
still allowing them to proliferate and function.

Nevertheless, in another study, hydrogels with low
stiffness and quasihexagonally arranged nanopatterns
stimulated mechanotransduction, which led to
osteogenic differentiation of MSCs.” It was also shown
that the mechanotransduction of the nanopatterned
hydrogels containing RGD (Arg-Gly-Asp) peptide was
able to induce the differentiation of MSCs into osteogenic
lineages. These results illustrate that cellular responses to
substrate cues are not explicit. It is clear that substrate
cues have unpredictable effects on stem cells, which
makes it challenging to mimic an ideal bioink. The
substrate cues can interact with the cells in complex ways
and can trigger a cascade of events that lead to different
cell responses.” This poses a challenge to predict cell
response to a given substrate, making it much difficult

to create an ideal bioink that will accurately provoke the
desired response.

3. Factors affecting the printability
of hydrogels

Printability is the main requirement of the bioprinting
process, which refers to the capability of a substance,
under specific circumstances of bioprinting, to form
a 3D object in a layer-by-layer manner.> It could be
challenging to control the properties of the hydrogel
like surface tension, rheological cues, gelation kinetics,
swelling properties, and finally the bioprinting process
itself. * This is because each of these properties affects
the printability of the hydrogel, and the ability to form
a 3D object depends on the balance between them
(Table 1). Additionally, the bioprinting technique
itself can be difficult to control, as it requires precise
control of the speed and pressure of the nozzle, as well
as the temperature and composition of the materials
used. Specifically, rheological behavior is crucial to the
formation of droplets in inkjet bioprinting.”” Therefore,
only materials with a viscosity range of 10 mPa-s are
considered suitable.”®** For instance, cell-laden hydrogels,
such as collagen or fibrin, are not suitable for inkjet
bioprinting, as their high viscosity (up to 10,000 mPa-s)
does not permit the formation of droplets. In contrast,
low-viscosity materials such as alginate- or polyethylene
glycol (PEG)-based hydrogels (1-2 mPa-s) can be used
in inkjet bioprinting, but they require the addition of
crosslinkers to increase the viscosity to the appropriate
range. Non-Newtonian fluids are most appropriate for
extrusion-based bioprinting. For example, thermally
sensitive and shear-thinning hydrogels such as alginate
can be extruded with high resolution and accuracy due
to their low viscosity at low shear rates.®® As a result,
bioink printability can sometimes be contrasted with
bioink formulations, and it is impossible to maintain its
printability parallel to mechanically optimized features.

The bioink must possess both thixotropic and
extrudability characteristics, which determine whether
it can be continuously squeezed out of the bioprinting
nozzles. These attributes become critical when extra force
is needed for hydrogel extrusion, which could diminish
cellular viability.®"%* For instance, to ensure the highest
viability of printed cells, the extrusion pressure must be
below the threshold value of 1.5 kPa. Additionally, current
bioprinters are primarily designed to dispense liquid,
or semiliquid materials, limiting the design of an ideal
bioink with thixotropic properties.”® Both thixotropic and
extrudability properties directly limit the formulation of
bioink and hinder the mechanical strength of the bioprinted
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construct. For example, the use of high concentrations of
hydrogel precursors, such as alginate, can result in a bioink
with high mechanical strength, but this bioink is not
extrudable due to its high viscosity.

Embedded cells in bioink influence its printability
and indirectly determine its physical properties. Cells
embedded in bioink reduce its viscosity, allowing it to
be extruded through a 3D printer.* However, when the
concentration of cells is too high, they can compromise
the mechanical strength of the bioink. Therefore, it is
critical to find a balance between cell concentration and
hydrogel precursors in order to produce a bioink with
both high mechanical strength and printability. As in a
previous experiment conducted to compare the impact of
the presence of hepatocarcinoma cells on the bioprinting
of methacrylamide-modified gelatin (Gel-MOD), the
rheological properties were modified, and the viscosity of
the bioink changed along with the incorporation of the
cells.®® Also, Diamantides et al.*® have investigated the
influence of cell density on the rheological and printability
properties of collagen bioink, illustrating that moderate
cell density could improve printability. Furthermore,
the capability to maintain the structural integrity of a
bioprinted construct with increasing cell density requires
an in-depth understanding of the material properties
of the bioinks. Thus, any agent that manipulates the
formulation of bioink could directly impact its printability
and restrict cellular viability. As such, the formulation of
bioink must be carefully designed to enable successful
bioprinting and ensure cell viability.

4, Application-specific requirements for
bone bioprinting

The clinical translation of bone bioprinting technology
requires  consideration  of  diverse  application
circumstances, each presenting unique mechanical,
biological, and structural requirements. Understanding
these demands is essential for designing appropriate
bioinks and fabrication strategies.”

Critical-sized bone defects represent the most
mechanically demanding application scenario. These
defects, typically beyond 2-3 c¢m in long bones, result
from trauma, tumor resection, osteomyelitis, or nonunion
fractures. Bioprinted constructs for these applications
must exhibit high compressive strength (100-200 MPa) to
bear immediate load-bearing requirements, incorporate
proangiogenic factors to support vascularization, and
demonstrate controlled degradation kinetics that match
new bone formation rates.”” Recent studies have shown
that composite scaffolds combining biodegradable
polymers with bioceramics can achieve the necessary
mechanical standards while supporting cell viability and
osteogenic differentiation.”

Craniofacial reconstruction applications, including
mandibular defects and calvarial reconstruction, focus on
precise anatomical replication and mechanical function.
These purposes typically require moderate mechanical
properties (50-150 MPa compressive strength) but demand
high geometric accuracy and smooth surface.”” Patient-
specific 3D-bioprinted constructs based on computed

Table 1. Main challenges to mechanically optimized hydrogels bioprinting

Limitation Description Ideal condition  Possible solution Acceptable range Refs.
for printing
Viscosity Hydrogels with high viscosity Low viscosity Use a printing nozzle with a larger ~ 100-10,000 Pa-s 67.68
are difficult to print because diameter or reduce the viscosity
they do not flow easily through of the hydrogel by adding diluents
the printer nozzle. or using lower-molecular-weight
polymers.
Shear stress Hydrogels with low shear stress ~ Low shear stress ~ Use a printing method with lower 0.1-10 Pa 69.70
tolerance tolerance are easily damaged shear stress, such as extrusion
when they are subjected to the printing or drop-on-demand
shear stress of printing. printing.
Gelation speed Hydrogels with fast gelation Slow gelation Use a hydrogel with a slower 1-60 min e
speeds may subject to very speed gelation speed or reduce the
rapid solidification during gelation speed by adjusting the
printing, which can lead to crosslinking conditions.
clogging of the printer nozzle.
Printability Hydrogels with low printability ~ High printability =~ Use a printing method with 50-500 pm e
resolution resolution cannot be used resolution high resolution, such as

to print constructs with fine
details.

stereolithography (SLA) or digital
light processing (DLP).
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tomography (CT) imaging have demonstrated superior
outcomes compared to conventional approaches by
enabling precise anatomical fit.”® Multimaterial bioprinting
creates gradient scaffolds with cortical-like regions
transitioning to trabecular-like zones, recapitulating bone’s
mechanical heterogeneity.”*

Osteochondral tissue engineering presents unique
challenges duetotheneed for gradient structures mimicking
the transition from articular cartilage to subchondral
bone. This application requires bioprinting of stratified
constructs with spatially varying mechanical properties®:
soft hydrogels (0.5-2 MPa)** for the cartilage layer,
hydrogels with intermediate stiffness (1-10 MPa)* for the
calcified cartilage zone, and stiffer substrate (10-20 MPa)*
for subchondral bone. Dynamic mixing during printing
creates seamless transitions, reducing delamination, and
improving interfacial integration in in vivo models.*
Organoid-integrated bioprinted constructs combine self-
organized tissue structures (diameter 200-500 um) with
hydrogel matrices. Bone organoids demonstrate enhanced
mineralization, elevated osteogenic markers and superior
performance in osteochondral defect models compared to
dissociated cell approaches.®

Osteoporotic fracture treatment requires bioprinted
constructs that can integrate with mechanically
compromised host bone which have reduced mineral
density and altered microarchitecture. These applications
benefit from bioinks incorporating osteo-promotive
factors, such as bone morphogenetic proteins, parathyroid
hormone (PTH) peptides, or bisphosphonates that
stimulate both construct integration and host bone
architecture  improvement.”” Mechanical properties
should match the weakened host bone (5-10 MPa) to
minimize stress shielding while providing adequate
structural support.*

Understanding these application-specific requirements
enables rational design of bioinks, scaffold architectures,
and fabrication strategies tailored to clinical needs,
ultimately advancing the translational potential of bone
bioprinting technology.

5. Strategies to overcome
mechanical challenges

Despite the variety of materials used in the production of
bioinks, it seems that without additives, their drawbacks
may still compromise their usage. As a result, developing
new scaffolds with improved mechanical strength can be
fulfilled by adding other materials and creating composite
constructs. Several studies have focused on developing
new composite scaffolds to promote mechanical properties
for bone tissue engineering. In this section, different

approaches for improving the mechanical properties of
3D-printed constructs will be discussed (Figure 3).

5.1. Developing composite constructs

5.1.1. Incorporation of bioceramic/polymer composite
A composite scaffold consisting of calcium phosphate and
collagen developed using low-temperature 3D printing
possesses desirable cytocompatibility, mechanical strength,
and bone regeneration in a critical-sized femoral defect. By
optimizing the concentration of phosphoric acid-based
binder solution and supplemented collagen solution,
appropriate cytocompatibility and mechanical strength
were achieved. The addition of collagen to the binder
solution increases the strength of the 3D-printed construct
in a linear fashion, with higher collagen concentrations
resulting in stronger constructs. By increasing the
concentration of collagen in the solution (0-2 wt%), the
maximum flexural strength could improve from 55 to
75 kPa. Implantation of such 3D-printed scaffold into a
critical-sized murine femoral defect resulted in a desirable
new bone formation.*” In another study, a composite
hydrogel containing alginate, polyvinyl alcohol (PVA) and
hydroxyapatite (HA) with optimal rheological properties
and appropriate osteoconductivity was designed for
reconstruction of bone defects. The addition of HA into
alginate-PVA solution enhanced the viscosity of hydrogel
and simultaneously promoted the osteoconductivity of the
printed scaffold. This optimized formulation represented
a storage modulus of 600-1200 Pa following gelation, as
depicted by rheological assessments. Moreover, the selected
hydrogel revealed the average compressive modulus of 10.3
kPa and this value was continually decreased to 2.4 kPa over
14 days of immersion in culture medium. Encapsulation
of mouse calvaria 3T3-E1 (MC3T3) cells within optimal
hydrogel exhibited well distribution and high viability
through the process of 3D printing.®

5.1.2. Addition of inorganic nanofillers

Nanosilicate (nSi) may also be considered as a promising
biomaterial, which can be used in composite formation
due to its biocompatibility and osteoinductivity features.
A biomimetic nanocomposite bioink consisting of
gelatin, alginate and nSi was developed for 3D bioprinting
of engineered bone constructs. Incorporation of nSi
considerably promoted the printability and mechanical
strength of the printed constructs and improved the
osteogenic differentiation of encapsulated rat bone marrow
MSCs without any exogenous osteoinductive factors.
Nanocomposite bioink with different concentrations of nSi
(0-3%) was evaluated through a uniaxial compression test.
Nanocomposites containing 2% and 3% nSi represented
significantly higher compressive modulus (101.41 + 3.11
kPa for 2% nSi and 123.59 + 2.10 kPa for 3% nSi) in
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Figure 3. Different approaches for overcoming mechanical challenges in 3D bioprinting. (A) Introducing novel composite hydrogel with improved
mechanical features; (B) Designing double-network hydrogel; (C) Developing an emerging technology for rapid prototyping of hydrogel.

comparison with 0% and 1% nSi (46.98 + 1.54 kPa for
0% nSi and 57.82 + 1.69 kPa for 1% nSi). The results of
rheological and mechanical analysis revealed that the
addition of nSi considerably improved the printability of
nanocomposite compared to gelatin-alginate alone, and
increasing the concentration of the nSi promoted the
mechanical strength of the constructs.” In an attempt to
create a 3D-printed osteogenic nanocomposite, an alginate
dialdehyde-gelatin  (ADA-GEL) hydrogel containing
mesoporous silica—calcia nanoparticles (MSNs) along
with icariin drug was developed. Incorporation of MSNs
promoted the mechanical stiffness of the constructs
as well as cell adhesion and proliferation, as a result of
inducing apatite layer formation following immersion
in simulated body fluid. The nanocomposite hydrogels
represented considerably higher stiffness compared to the
neat hydrogel (60 + 15 kPa for ADA-GEL/MSN vs. 25 +
10 kPa for ADA-GEL). The covalent interaction between
flexible hydrogel and stifft MSNs results in higher stiffness
of the hydrogel nanocomposite. Interestingly, the hydrogel
nanocomposites containing icariin depicted higher
compressive stiffness (160 + 40 kPa) compared to the neat
hydrogel. In these nanocomposites, numerous hydroxyl
groups of icariin provide hydrogen bonding with amine
groups of gelatin. Moreover, esterification may take place
due to the interactions of the hydroxyl groups from icariin
and carboxyl groups of gelatin and consequently result in
higher mechanical stiffness of icariin-containing hydrogel
nanocomposites. Furthermore, it has been shown that such
hydrogel nanocomposites improve osteoblast proliferation,
adhesion, and differentiation.”

Ina comparative experiment, osteogenic differentiation,
printability, and physiochemical features of common
alginate-based bioinks, including alginate-nanocellulose
(alg-ncel), alginate-CaCl, (alg-CaCl,), alginate-gelatin (alg-
gel), and alginate-CaSO, (alg-CaSO,) have been analyzed.

Among bioinks, alg-CaSO, and alg-ncel represented
higher storage modulus in comparison with alg-CaCl,
and alg-gel constructs (9.9 + 4.9 kPa for alg-CaSO,, 7.1 +
0.6 kPa for alg-ncel, 4.1 + 0.6 kPa for alg-CaCl,, and 2.6 +
1.1 kPa for alg-gel). After 7 days in culture, all hydrogels
showed declines in stiffness except for the alg-ncel group,
which preserved its stability. The reduction in stiffness in
the alg-CaCl, and alg-CaSO, constructs following 7 days
in culture may be attributed to the dissociation of calcium
crosslinks. Encapsulation of MSCs in alg-CaCl, constructs
during culture in the osteogenic medium revealed more
osteogenic differentiation compared to the other three
bioinks mentioned above.”

5.2. Developing double-network hydrogels
Double-network hydrogels represent an advanced
biomaterial design strategy wherein two interpenetrating
polymer networks with distinct crosslinking mechanisms
synergistically contribute to mechanical performance.
The mechanical superiority of double-network hydrogels
derives from their capacity to distribute stress across both
networks, with the sacrificial bonds in the first network
rupturing preferentially to absorb energy, while the second
network maintains overall structural continuity. Recent
innovations have focused on incorporating dynamic and
reversible crosslinks that enable stress relaxation while
maintaining mechanical robustness.”

A double-network hydrogel composed of alginate,
methacrylated gelatin (GelMA), and polyethylene glycol
diacrylate (PEGDA) was developed as a 3D-bioprinted
construct for bone reconstruction. Calcium-crosslinked
alginate and created a physical network while PEGDA/
GelMA formed a chemical network through covalent
crosslinking. This unique double network structure
provided stretchability in the bioink and enabled desirable
strength and stiffness for bone remodeling. The results of
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the compression test revealed that the double-network
bioink possesses a compressive modulus of 78.1 kPa,
strength of 60.4 kPa, strain at break of 33.9%, and toughness
of 71.35 kJ/m3.*

In another study, a double-network hydrogel composed
of polyurethane (PU) and gelatin with adjustable
mechanical features and degradation rates was prepared
as bioink. The two-stage double-network structure was
formed via Ca?* chelation and thermal gelation at 37°C.
The PU-gelatin double-network hydrogel possessed
desirable elasticity and mechanical strength and could
promote MSC proliferation. The biodegradable waterborne
PU was the major constituent of this bioink and provided
the essential elasticity, tunable mechanical characteristics,
as well as shear thinning feature. However, PU possessed
low viscosity, which hampered its printability. Therefore,
gelatin was incorporated to improve the viscosity of
bioink and provided the stability of printed construct.
At room temperature, the static compressive modulus
(1.5 + 0.2 kPa), strength (5.2 + 0.6 kPa), and deformation
(69.6 = 6.1%) of PU-gelatin hydrogel after the CaCl,
treatment was higher than hydrogel without CaCl,
treatment (static compressive modulus of 0.6 + 0.1 kPa,
strength of 1.3 + 0.2 kPa, and deformation of 62.3 + 4.2%).
At 37°C, however, the mentioned parameters were 2.6 + 0.3
kPa, 8.1 £ 1.1 kPa, and 68.8 + 8.3%, respectively. Moreover,
the static tensile modulus (14.7 = 1.3 kPa), strength
(7.3 £0.6 kPa), and elongation (105 + 10.8%) of PU-gelatin
hydrogels following 24 h of incubation were significantly
higher than the hydrogels before incubation (static tensile
modulus of 7.2 + 0.8 kPa, strength of 3.2 + 0.3 kPa, and
elongation of 94.1 + 10.3%).”

Bone-derived decellularized ECM (dECM) integrated
into alginate networks presents another promising double-
network strategy that combines mechanical enhancement
with biological functionality. An alginate-methacrylated
dECM (Alg/Ma-dECM) system demonstrated considerably
higher compressive modulus (90.4 + 14.9 kPa) compared
to alginate-CaCl, hydrogel alone (35.6 + 8.9 kPa). The
improvement in mechanical properties was attributed to
the presence of UV-crosslinked Ma-dECM constituent in
printed constructs, creating a hybrid physical-chemical
crosslinking network. Importantly, the dECM component
provided growth factors and ECM proteins that promoted
cell adhesion, proliferation, and osteogenic differentiation
beyond purely mechanical benefits.”

DNA-encoded dynamic hydrogels represent a cutting-
edge approach for organoid bioprinting, leveraging the
programmable and reversible nature of DNA base pairing
to create networks with precisely tunable mechanical
properties and stress relaxation kinetics. These systems

utilize complementary DNA sequences as dynamic
crosslinkers that can repeatedly associate and dissociate,
enabling cellular remodeling and mechanoadaptation. For
cartilage organoid bioprinting, DNA-silk fibroin (DNA-
SF) hydrogel sustained-release systems have achieved
remarkable success, supporting development of millimeter-
scale organoids with authentic cartilage phenotypes. The
programmability of DNA crosslinks enables rational design
of stress relaxation timescales matching cellular contractile
dynamics (seconds to minutes), facilitating cell spreading,
migration, and tissue organization.” The mechanical
properties, crosslinking mechanisms, and their limitations
characteristics of the double-network hydrogel systems
discussed in this section are summarized in Table 2.

5.3. Rapid prototyping technology

The various strategies were investigated to develop
3D-bioprinted constructs with desirable mechanical
properties for bone regeneration. The scaffolds derived
from natural polymers are mechanically weak; therefore,
incorporation of inorganic additives may improve
mechanical strength and also bioactivity. These materialsare
printed together with living cells, achieving simultaneous
cellular encapsulation and mechanical reinforcement.
The incorporation of nanohydroxyapatite (nHAp) and
bioactive glass nanoparticles (BGNp) into alginate/
gelatin bioinks operates through multiple reinforcement
mechanisms. First, the ceramic nanofillers provide direct
physical reinforcement through load-bearing interactions
within the hydrogel network. Second, nanoparticles serve
as nanoscale crosslinking sites, establishing electrostatic
interactions with polymer chains and increasing network
density. Third, the ceramic nanoparticles release bioactive
ions (Ca**, PO,*, Si**) that promote both ionic crosslinking
of the hydrogel matrix and osteogenic differentiation of
encapsulated cells.”®*”* When bioprinted using extrusion-
based bioprinting systems, these nanocomposite bioinks
achieve compressive moduli of 80-150 kPa (compared
to 5-10 kPa for unreinforced alginate/gelatin hydrogels),
sustained cell viability exceeding 85% postprinting,
and improved shape fidelity during and after printing.
The nanoparticles create hierarchical interactions with
polymer chains, enabling the bioink to maintain high
viscosity at low shear rates in the syringe before extrusion
while dramatically reducing apparent viscosity during
nozzle extrusion.'” This combination minimizes shear
stress experienced by cells while maintaining strand
integrity postextrusion.

To achieve both immediate structural stability critical
for handling complex printed geometries and long-term
mechanical integrity, recent bioprinting approaches
employ dual-crosslinking strategies that combine
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Table 2. Comparison of double-network hydrogel systems for bone bioprinting

Network components Crosslinking mechanisms Compressive modulus Limitations Refs.
Alginate (physical), PEGDA/ Tonic (Ca**), 78.1 kPa Moderate strength, potential ot
GelMA (chemical) photopolymerization phototoxicity

PU (chemical), gelatin Covalent, 7.3 +0.6 kPa (37°C) Lower stiffness, complex o
(physical) Ca®* chelation, thermal formulation

Alginate (physical), Ma-dECM  Ionic (Ca®), 90.4 + 14.9 kPa Batch variation, limited strength %
(chemical) photopolymerization

DNA crosslinks, silk fibroin Programmable base-pairing,

physical entanglement

Variable (tunable)

Cost, complexity, primarily for soft 7

tissues

Abbreviations: GelMA: Gelatin methacrylate; Ma-dECM: Methacrylated decellularized extracellular matrix; PEGDA: Polyethylene glycol diacrylate;

PU: Polyurethane.

chemical and ionic crosslinking. Representative dual-
crosslinked bioink compositions include alginate (2-3%
w/v) providing the backbone for ionic crosslinking,
GelMA (8-10% w/v) with methacrylate groups enabling
photochemical crosslinking, gellan gum (0.5-1% w/v)
enhancing shear-thinning properties, hydroxyapatite
nanoparticles (10-15% w/v) providing osteogenic
reinforcement, and cell suspensions of SaOS-2 osteoblasts
or hBMSCs at 2 x 10° cells/mL. Following 3D bioprinting
via extrusion bioprinting, constructs are immediately
exposed to ultraviolet (UV) irradiation to induce free-
radical polymerization of the methacrylate groups on
GelMA, forming covalent C-C bonds between polymer
chains and establishing a primary photochemical network.
Constructs are subsequently immersed in calcium
chloride solution, where Ca®* ions form ionic bridges
between guluronate and mannuronate blocks of the
alginate polymer and simultaneously crosslink gellan gum
polymer chains, establishing a secondary ionic network.
The dual-crosslinked networks create robust hydrogel
structures with compressive strength ranging from 200 to
400 kPa, featuring increased elasticity while maintaining
structural integrity despite cell-mediated extracellular
matrix remodeling during culture.'’"'”* Furthermore, these
dual-crosslinked networks exhibit enhanced stability in
physiological conditions demonstrating minimal scaffold
degradation, which is crucial for supporting long-term
cellular function and tissue development.

A paradigm-shifting approach addresses the critical
challenge of achieving bone-level mechanical strength
(>500 kPa) while maintaining cell viability during
bioprinting. The optimized gelatin methacryloyl/laponite
nanoclay/N-acryloyl glycinamide (GLN) bioink achieves
exceptional mechanical properties with compression
modulus of 989 + 49 kPa and compression strength of 1200
+ 78 kPa. This bioink enables one-step coaxial extrusion
bioprinting of hollow hydrogel-based scaffolds (HHS) with
tunable architecture (outer diameter 0.4-0.8 mm, inner

diameter 0.1-0.6 mm) that can be printed acellularly then
loaded postfabrication with 13-fold increased cell loading
efficiency, >85% cell viability and uniform cell distribution.
The hollow scaffold architecture allows precise spatial
segregation of multiple cell types: endothelial cells
(HUVECs) populate the hollow channels, forming
interconnected vascular networks with a mature endothelial
phenotype, while osteogenic cells (hBMSCs) seeded on the
solid walls undergo osteogenic differentiation. In critical-
sized segmental rat femoral defects (8 mm), HHS-loaded
hBMSCs accomplished complete bridging by 12 weeks with
2.1-fold higher new bone volume compared to acellular
scaffolds, while HHS-loaded with both hBMSCs and
HUVECs demonstrated 2.5-fold higher bone volume with
enhanced early vascularization preceding bone formation.
Also, in osteoporotic metaphyseal defects, HHS-loaded
with hBMSCs achieved robust bone regeneration despite
the osteoporotic host environment, demonstrating that
cell-laden constructs overcome both the mechanical
insufficiency of purely acellular scaffolds and the biological
insufficiency of osteoporotic host tissues.'”

6. Osteo-promotive materials
and their roles

Recent investigations have been focused on discovering
and utilizing osteo-promoting factors that facilitate the
new bone formation and can be used in the preparation
of mechanically enhanced scaffolds. In parallel with
bone formation, ECM components, dECM particles,
and nanoparticles may act as osteo-promoting agents
(Table 3). The ECM consists of a network of proteins and
polysaccharides that offer an appropriate binding site for
growth factors, cytokines, and other molecules involved
in bone formation. It allows cells to interact with one
another and with the surrounding environment, therefore
stimulating osteoblast differentiation. Components of
the ECM could also deliver a substrate and a physically
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supportive environment for new bone arrangements.
The ECM components have been shown to interact with
osteoblasts and enhance their survival, proliferation, and
differentiation.'* This leads to increased matrix deposition
and consequently reinforces the mechanical strength of
the resulting construct. The ECM component can be used
in combination with biomaterials to create mechanically
enhanced bioinks. For instance, the addition of collagen
to a nHAp-based bioink was demonstrated to improve
the interconnectivity of the formed construct and its
mechanical properties.

Decellularized human ECM could be a promising
osteo-promotive material because of its similarity to native
bone tissue. It was demonstrated that osteogenic MSC-
derived ECM could stimulate osteogenic differentiation
and mineralization.'” Moreover, a comparative experiment
between autogenous bone pieces, intramembranous
demineralized bone matrix (DBM), and HA was carried
out to investigate the mechanical strength of healed rat
calvarial defects, trephined into the parietal bones, and then
filled with the mentioned materials. The results showed
that the defects filled with DBM had better mechanical
strength than defects implanted with HA or bone pieces.!®
Although these results have validated the remarkable
characteristics of ECM-based biomaterials, batch-to-
batch variation hinders their therapeutic application.
To address this issue, recent studies have focused on
developing standardized decellularization protocols to
reduce variability. For example, an automated multitissue
decellularization method has been developed to produce
ECM biomaterials with reduced batch-to-batch variability,
enhancing reproducibility and clinical applicability.'"”
Additionally, the use of induced pluripotent stem cells
(iPSCs) as a source for cell-secreted ECM has been
proposed to offer scalability and potentially decrease batch-
to-batch variations that hinder the clinical translation of
ECM-based biomaterials. iPSCs can provide a consistent
and renewable source of ECM, which may lead to more
reproducible outcomes in tissue engineering application.'”®

Incorporating nanoscale materials to provide
mechanically enhanced bioinks has offered another
opportunity. The osteogenic efficacy and mechanical
properties of injectable platelet-rich fibrin (i-PRF) scaffolds
can be further enhanced through the addition of laponite,
a synthetic nanosilicate clay with disc-shaped morphology
(diameter ~25 nm, thickness ~1 nm). The compressive
modulus of i-PRF-alginate/gelatin scaffolds increases
from approximately 130 kPa to over 200 kPa with the
addition of 1% laponite. Also, laponite forms electrostatic
interactions with growth factors, enabling their controlled
release over extended periods (>14 days), and it releases

bioactive ions (Mg?, Si**) that directly stimulate
osteogenic differentiation.'” Deng et al.''® reported that
polydopamine nanoparticles (PDA NP) were incorporated
into fibrous membranes derived from polymerization of
dopamine mixed with polycaprolactone (PCL). PDA NP
in hybrid membranes, even without added growth factors,
promoted osteogenic differentiation and supported
MSC cytocompatibility, and successfully induced bone
regeneration in mouse models of calvarial critical-sized
defects."® Furthermore, PDA NP in hybrid membranes
has been demonstrated to possess superior osteogenic
activity compared to membranes without PDA NP. Metal
nanoparticles, such as alloyed silver-platinum nanoparticles
(AgPt NP), exhibit osteo-promotive properties, and cross-
sectional focused-ion beam analysis has shown that they
are internalized by hMSCs, exhibiting low cytotoxicity and
antimicrobial activity while simultaneously promoting
osteogenic differentiation.® Despite their osteopromotive
and antimicrobial properties, potential cytotoxic effects of
metal nanoparticles, such as silver-platinum nanoparticles
(AgPt NPs), at high doses and concentrations must be
considered. Studies have shown that AgPt NPs with a silver
content above 50 mol% can release silver ions, leading to
cytotoxicity in hMSCs. This cytotoxicity is attributed to the
dissolution of silver ions from nanoparticles, which can
induce oxidative stress and compromise cell viability.'!
Additionally, the cytotoxicity of bimetallic AgPt NPs has
been found to be higher than that of monometallic silver
nanoparticles. For instance, Ag70Pt30 and Ag50Pt50
nanoparticles exhibited significant cytotoxiceffectson HeLa
cells at concentrations around 50 pg/mL. This increased
toxicity is not solely due to silver ion release, suggesting
that the combined presence of silver and platinum in the
nanoparticle structure contributes to enhanced cytotoxic
effects.""” These AgPt NP were found to form a protective
monolayer on the surface of hMSCs, which then triggered
the secretion of osteogenic cytokines and proteins, such as
osteocalcin, alkaline phosphatase, and osteopontin. This
resulted in increased osteogenic differentiation of hMSCs,
enhancing the expression of osteogenic markers and
stimulating bone formation. Moreover, the use of nanoglass
paste can help with generating new bone in a recent
approach, where 200-nm-sized silicate-glass (with Ca, Cu)
particles successfully induced osteogenic differentiation
of MSCs and promoted angiogenesis.'”® This suggests
that nanoparticles can be used to positively influence the
osteogenic differentiation of hMSCs, ultimately leading
to the production of new bones. Furthermore, they could
augment osteoblast functionality and alkaline phosphatase
(ALP) activity, consequently increasing the mechanical
properties of the bioprinted constructs.
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Table 3. Osteo-promotive materials for bone-specific bioink optimization

Candidate material

Mechanism of action

Printability

Disadvantages

Refs.

Hydroxyapatite (HA)

A mineral scaffold that promotes
bone growth and mineralization,
but can clog the printer nozzle at
high concentrations

Printable using a variety of
methods, but requires careful
handling to prevent clogging

Sterilization challenging,

as HA can be damaged by
high temperatures and harsh
chemicals

114

Bone morphogenetic
proteins (BMPs)

Growth factors that promote the
growth and differentiation of bone
cells

Soluble BMPs can be easily
incorporated into bioinks

BMPs can be degraded by
enzymes in the body, limiting
their therapeutic potential

Collagen A natural scaffold that provides A challenging bioink ingredient ~ Collagen could be denatured by 1e
structure and support for bone to print with, as collagen is the shear stress of printing
cells highly viscous

Decellularized Contains all the essential A complex bioink ingredient Sterilization can be challenging, 104

extracellular matrix
(dECM)

proteins and molecules for bone
regeneration

that requires careful
optimization to print without
damaging the ECM

as dECM is sensitive to heat
and chemicals

Demineralized bone

A bioink ingredient that contains

A versatile bioink ingredient

DBM variability can make it

matrix (DBM) osteo-inductive factors that that can be printed using a difficult to produce consistent
promote bone growth and variety of methods, but requires  results with DBM bioinks
differentiation careful handling
Polydopamine Nanoparticles that deliver osteo- PDA NPs can be printed at high  PDA NPs can be cytotoxic to 18

nanoparticles (PDA
NPs)

inductive factors to bone cells and
create scaffolds that support bone
growth

resolutions, which is important
for creating complex bone-
shaped scaffolds

cells at high concentrations

Silver—platinum
nanoparticles (AgPt NPs)

Nanoparticles that kill bacteria
and promote bone growth

AgPt NPs can be incorporated
into bioinks at high
concentrations without clogging
the printer nozzle

AgPt NPs can be expensive to
produce at scale

119

Silicate-glass

Particles that deliver Ca and Cu
ions to bone cells, which are
essential for bone mineralization

Easily printable but requires
careful optimization to avoid
damaging the particles

Silicate-glass particles can
form aggregates, which can
lead to nozzle clogging of the

120

bioprinter

7. Conclusion and future perspectives

At present, experimental studies for developing the ideal
formulation for bone bioink are in progress. Over the past
few years, relevant research has focused on improving
different criteria of bioinks. However, significant
challenges remain, including achieving compressive
strength equivalent to natural bones, replicating complex
geometries, maintaining appropriate porosity without
compromising other features or properties, and promoting
vascularization to support cell survival.'”! To surmount
these challenges, various solutions have been attempted,
including developing composite hydrogels to fulfill the
goal of enforcing mechanical strength and printability, as
well as preserving the encapsulated cells in the bioprinting
process. Moreover, biodegradability of the constructs has
been achieved through the use and development of new
formulations.'? Printing methods and appliances, such
as nozzle-based or laser-based printers, with the help
of computer-aided design (CAD), have also played an
essential role in revolutionizing the production of artificial

scaffolds. Other challenges, such as bioink preparation,
cell viability and differentiation, and angiogenesis inside
the scaffolds require further investigation. Ultimately,
it is important to not only sort out the mentioned
limitations, but also to reduce the cost of final constructs.
Currently, angiogenesis within the scaffolds is stimulated
using approaches such as nonviral gene delivery and
nanoparticles'”; however, these strategies have raised
ongoing concerns regarding the potential activation of
proto-oncogenes and tumorigenesis.'* Overall, given the
increasing demand for 3D-bioprinted constructs driven by
high transplantation failure rates and limited availability
of donor organs and tissues, there is a pressing need to
develop new strategies to address these challenges.

The current review revolves around existing strategies
for addressing mechanical challenges, which are
primarily addressed by the development of composite
bioinks and the optimization of scaffold architecture.
While these approaches have shown promise, they are
often associated with a trade-off between mechanical
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strength and biocompatibility. The next generation of
bioprinted bone constructs is expected to embrace a
“dynamic mechanoregulation” paradigm, in which scaffold
mechanical properties are not static but can be adjusted in
situ to match the changing needs of regenerating tissue.
This will be achieved through the development of “smart”
bioinks that can respond to specific biological or physical
cues, and the use of advanced bioreactors that can apply
controlled mechanical stimuli to the developing construct.
Ultimately, the goal is to create a truly living implant that
can actively participate in the process of bone regeneration,
rather than simply acting as a passive scaffold.
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