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Tendon regeneration has been one of the most challenging issues in orthopedics.
Despite various surgical techniques and rehabilitation methods, tendon tears or
ruptures cannot wholly regenerate and gain the load-bearing capacity the tendon
tissue had before the injury. The enhancement of tendon regeneration mostly
requires grafting or an artificial tendon-like tissue to replace the damaged tendon.
Tendon tissue engineering offers promising regenerative effects with numerous
techniques in the additive manufacturing context. 3D bioprinting is a widely used
additive manufacturing method to produce tendon-like artificial tissues based on
biocompatible substitutes. There are multiple techniques and bio-inks for
fabricating innovative scaffolds for tendon applications. Nevertheless, there
are still many drawbacks to overcome for the successful regeneration of
injured tendon tissue. The most important target is to catch the highest
similarity to the tissue requirements such as anisotropy, porosity,
viscoelasticity, mechanical strength, and cell-compatible constructs. To
achieve the best-designed artificial tendon-like structure, novel Al-based
systems in the field of 3D bioprinting may unveil excellent final products to
re-establish tendon integrity and functionality. Al-driven optimization can
enhance bio-ink selection, scaffold architecture, and printing parameters,
ensuring better alignment with the biomechanical properties of native
tendons. Furthermore, Al algorithms facilitate real-time process monitoring
and adaptive adjustments, improving reproducibility and precision in scaffold
fabrication. Thus, in vitro biocompatibility and in vivo application-based
experimental processes will make it possible to accelerate tendon healing and
reach the required mechanical strength. Integrating Al-based predictive
modeling can further refine these experimental processes to evaluate scaffold
performance, cell viability, and mechanical durability, ultimately improving
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translation into clinical applications. Here in this review, 3D bioprinting approaches
and Al-based technology incorporation were given in addition to in vivo models.
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Introduction

Tendon tissue has a key role in muscle interconnection to the
bone while absorbing mechanical force and stress, thus avoiding
overload and injuries of bone and muscle (Wang C. et al.,, 2023).
Tendon injuries commonly correspond to acute rupture or chronic
overuse of the tendons. Surgical and medicinal treatment or
rehabilitation of tendon injuries have high costs and present an
economic burden on health companies affecting many people
worldwide. Most musculoskeletal cases include tendon injuries of
approximately 32 million people per year in the United States (Ellis
et al.,, 2022). It was reported that by the age of 45, especially runners,
face tendon injuries up to 50% of all musculoskeletal injuries. Despite
the various surgical and medicinal treatment strategies, there is not an
entirely effective method for the complete regeneration of injured
tendons and prevention of re-injuries (Bergamin et al., 2023).

Tendon injury pathophysiology

Following the rupture, the tendon structure becomes disabled to
regain its structural and load-bearing properties. Most cases at risk for
re-injury and require repeated surgical repair. The native tendon
repair after a rupture is comprised of three main healing stages:
inflammation, proliferation, and remodeling through tendon-specific
durations (Leong et al., 2020; Darrieutort-Laffite et al., 2024). The
inflammatory phase includes the release of cytokines and activation of
fibroblast and tenocyte proliferation in addition to angiogenesis. The
secondary phase stimulates the extracellular matrix (ECM) deposition
mostly type III collagen production. The end stage is remodeling
which may take months to years reflecting the type I collagen
deposition and maturation (Docheva et al, 2015 Thorpe and
Screen, 2016; Alhaskawi et al., 2024a). The main drawback of the
end stages involves scar tissue formation (Schulze-Tanzil et al., 2022).
The scarred tissue does not possess the biomechanical characteristics
of a healthy tendon which results in a weaker repaired tendon than an
uninjured tendon. Hence, it is of great importance for the tendon
research field to develop novel strategies that can augment tendon
tissue regeneration in the context of biomechanical properties,
mechanical strength, and load-bearing capacity (Fang et al., 2024;
Chen et al., 2025). Due to low cellularity and vascularity of the tendon
tissue, tendon injuries do not heal and gain load bearing effectively.
Thus, tendon healing is still a challenging issue for orthopedics to
facilitate and accelerate the healing process.

Tendon tissue engineering

Over the past decade, tissue engineering has offered a promising
development of biomaterial-based mimicking of tissue structure and
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biological features (Kim et al., 2019; Hou et al.,, 2021; Hosseini et al.,
2025). Additive manufacturing is a more recent technology that
aims to generate natively structured and even personalized artificial
tissues for the regeneration of organ injuries or loss by 3D
bioprinting approaches. Tendon tissue engineering is one of the
targets of additive manufacturing with multiple fabricating methods,
bio-inks, and various tunable structures for tenocyte adhesion,
proliferation, and microenvironmental mimicking of tendon
tissue (Lim et al., 2017; Rosset et al., 2024a).

Novel medical and surgical treatments cannot meet the
requirements of tendon regeneration. Grafting methods seem to
be the gold standard, but mechanical properties of the grafted
tendon tissue remain inadequate and do not lead to full
regeneration (Wu et al, 2017). Thanks to their development,
additive
technologies are aiming to overcome such drawbacks. There is

tendon tissue engineering and manufacturing
great attention among the material and biology sciences to obtain
increasingly more stable tendon-like complex smart devices.
Recently, in vitro and in vivo studies claimed to have fabricated
innovative scaffolds with tunable, biocompatible and personalized
artificial structures that are better matching with the natural tendon
tissue properties (Yan et al., 2018; Huff et al., 2024; Kapinski et al.,
2024). For that aim numerous studies were performed in the field of
biomaterial science and 3D bioprinting applications. The results
indicate a great hope for artificial 3D printed tendon-like structures
that can facilitate tendon regeneration without re-rupture. There are
multiple smart scaffolds with various cell density, growth factors
being loaded, ion-doped or polymer-based strategies for tendon
applications. Al-driven morphology learning has emerged as a novel
approach to optimizing both mechanical stiffness and cell growth,
leading to significant improvements in cell proliferation rates. By
analyzing morphological patterns and biomechanical properties, AT
models can fine-tune scaffold structures to better support of cellular
behavior and tissue integration (Wang and Zhu, 2025). Additionally,
Al algorithms enable the creation of patient-specific scaffold designs
by analyzing biological data, allowing for customized architectures
with improved cell distribution and integration with host tissues.
This
biocompatibility and effectiveness of engineered scaffolds in

personalized approach can improve the overall
regenerative medicine (Ahmed et al., 2024). Al-driven material

optimization enables the prediction of optimal polymer
combinations for scaffold fabrication, enhancing their biological
and mechanical properties. For instance, the development of PCL/
PEG electrospun scaffolds, guided by AI models, has demonstrated
improved wound healing capabilities by optimizing material
composition and structural features (Virijjevic et al, 2024)
Additionally, the integration of deep learning with generative
design facilitates the creation of complex, lightweight structures
that maximize material efficiency and structural integrity. This
approach has shown performance not

superior only in
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biomedical applications but also in fields like aerospace and
healthcare, where precision and adaptability are crucial (Huang,
2024). However, there are still challenges in obtaining an excellent
artificial final product and its application in vivo.

In this review, we summarized the most common in vivo models
and 3D bioprinting applications for tendon regeneration with the
contribution of Al regarding further improvement of biological and
biomechanical characteristics of artificial tendon tissue generation.

In vivo models

While the in vitro studies clarify the adhesive, cytotoxic and
proliferative properties of the final product, in vivo investigations
help in understanding the biocompatible, biomechanical and
functional abilities of the artificial tendon construct. To date, in
vivo animal experiments examining the regenerative effects of 3D
bioprinted materials in tendon injuries have mostly been performed
on rodents, rabbits, horses, sheep, goats, and dogs. To the best of our
knowledge there is no phase I clinical study that is based on an
additively manufactured product for tendon regeneration. Thus, the
in vivo experiments are indispensable for the elucidation of the
applicability or drawbacks of novel bioengineered tendon-
like scaffolds.

Optimal animal model choice in research

Selecting an appropriate animal model for tendon research
depends on the study’s hypothesis, desired outcomes, and
translational goals. Each model offers unique advantages and
faces distinct challenges, especially when replicating human
clinical scenarios.

Small animal models

Rodent models, especially mice and rats, are popular for

studying the biological mechanisms underlying tendon
development, aging and repair. Their small size, short lifespan,
cost-effectiveness, and easier handling allow for high-throughput
experiments. Additionally, the availability of sequenced genomes,
transgenic lines, and reporter models makes them ideal for genetic
studies related to tendon development, regeneration pathologies and
fibrosis (Warden, 2007a; Lander et al., 2001). However, rodents have
notable limitations, such as difficulty in replicating clinically relevant
tendon repair techniques and administering physical therapy due to
their small size. Despite their genetic homology (80%-90%) with
humans, they lack the genetic variability of human populations,
which can limit the generalizability of results (Soslowsky

et al., 1996).

Intermediate animal models

Rabbits serve as an intermediate model, balancing between small
rodents and large mammals. Their tendon size and structure closely
resemble human tendons, making them useful for studying surgical
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interventions, tendon healing, and pathologies like tendinosis.
Rabbits offer better access to surgery and specimen collection,
but their maintenance costs and vulnerability to injury are higher
than those of rodents (Warden, 2007b).

Large animal models

Large animals, such as horses, sheep, goats, dogs, and non-
human primates, provide a closer anatomical and functional match
to human tendons. They are especially valuable in studies focused on
surgical techniques, medical devices, and rehabilitation protocols,
often serving as preclinical models for potential FDA approval
(Little et al., 2023). For example, horses’ tendons resemble the
human Achilles tendon, while sheep and goats have tendons that
mimic the human shoulder’s supraspinatus and infraspinatus.
However, large animals come with significant challenges,
including higher costs, ethical considerations, and differences in
biomechanics due to quadrupedal locomotion. Despite these
drawbacks, their size allows for more clinically relevant surgical
and rehabilitation studies, especially using arthroscopic or
minimally invasive approaches (Yin et al., 2021).
offer the

physiological similarity to humans, making them the ideal model

Non-human primates most anatomical and
for studying complex tendon pathologies. However, their use is
limited by ethical issues, high costs, and management complexity
(Fransson et al., 2005).

Thus, it can be concluded that small models (rodents) excel at
uncovering basic biological mechanisms and are cost-effective but
lack clinical realism. Intermediate models (rabbits) provide a better
match to human tendon size and structure, serving as an effective
transition to surgical studies. Large models (horses, sheep, goats,
dogs, and non-human primates) approximate human tendon
conditions most closely, making them essential for advanced
preclinical testing, albeit at higher financial, ethical, and logistical
costs. Ultimately, the choice should align with the specific research
questions and long-term translational aims.

Injection-based models

Injection models are widely used in in vivo studies to induce
tendinopathy, offering precise control over dosage, progression, and
duration. These models utilize different agents to simulate
tendinopathic changes in various animal species, including
rodents, rabbits, and larger animals.

Collagenase injections are the most common method, primarily
applied to rats, but also generalized to mice, rabbits, and
sheep. Collagenase triggers an acute inflammatory response with
neutrophil recruitment within 24 h, progressing through phases of
reactive tendinopathy, dysrepair, and degenerative tendinopathy
over 3-4 weeks. High doses peak in damage at 3 days, while
lower doses show maximum damage at 15 days, with increased
fatty deposits and chondrogenic and osteogenic gene expression by
week 4 (Chen et al.,, 2019). In larger animals like sheep, injection
intervals are extended to 3-8 weeks, and repeated doses are needed
for longer studies, making continuous injection methods more
effective for prolonged investigations (Martinello et al., 2013).
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TGF-B injections are another approach to simulate
tendinopathy. In the TGF-B1 model, tested in mouse Achilles
tendons, increased cellularity and early tissue changes are
observed within 6 days, followed by cartilage formation and
9 and 25
(Martinello et al., 2013). When combined with treadmill exercise,

hyaluronan accumulation by in-between days
TGF-B1 injections enhance tendinopathic progression within
2-4 weeks, simulating the stages of tissue repair: proliferation,
consolidation, and maturation (Bell et al., 2013).

Prostaglandins (PGs) play a role in inflammation and are used to
induce tendinopathy through injections of PGEl or PGE2.
PGE1
reducing

injections, which show anti-inflammatory effects by
macrophage  infiltration,  induce  progressive
tendinopathy in rats over 1-5 weeks (Sullo et al., 2001) and in
rabbits over 4-12 weeks (Gunes et al., 2014), signaling early
degenerative changes. PGE2 promotes macrophage polarization
and stem cell differentiation into fat and bone cells, resulting in
collagen disorganization and fatty infiltration in rabbits.

Substance P (SP) injections mimic tendon injury by stimulating
nerve fiber growth and releasing neuropeptides, which activate
immune and stromal cells, driving inflammation and cytokine
release. In rat models, SP enhances tendon cell proliferation, with
low doses boosting tendon-specific gene expression and higher doses
increasing non-tendon-related genes. Combining SP injections with
treadmill exercise induces notable changes within 2 weeks, making it
a robust model for studying both biological responses and
mechanical load cross-talk (Oh et al., 2020).

Carrageenan injections, which activate Toll-like receptors
(TLRs), trigger an inflammatory response similar to infection or
injury. TLR activation leads to NF-kB and MAPK pathway
signaling, releasing cytokines like IL-1p and TNF-a. In
tendinopathy models, carrageenan injections initially cause
macrophage infiltration and later result in disorganized collagen
and fibrocartilage changes, with significant pathological alterations
within 3 weeks (Berkoff et al., 2016).

Briefly, injection models offer versatile approaches to simulate
aspects  of
degeneration, across multiple animal species. Each agent and

various tendinopathy, from inflammation to

dosage results in distinct pathological features, enabling
researchers to tailor the models according to the desired

tendinopathic phase or mechanism under investigation.

Trauma-/injury-based models

These models are used to simulate direct injuries and surgical
interventions in tendons, helping researchers to study the repair
mechanisms and treatment outcomes across various species.

Subacromial impingement models are exclusive to rodents due
to their anatomical suitability. In these models, a small incision near
the acromion is made, and implants like microvascular clips
that affect the
infraspinatus tendons (Croen et al., 2021). The progression of

simulate  conditions supraspinatus  and
tendon injury includes cellular infiltration, increased alarmin
expression, and reduced tendon strength and stiffness by week
12, effectively mimicking tendinopathic changes (Cong et al., 2018).

Needle puncture models are used in mice, rats, and rabbits to create

microtears in tendons, promoting cell proliferation. These models allow
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for controlled microinjuries, with larger needles inducing more damage.
They are useful for studying the early stages of tendon healing, while in
humans, similar techniques (e.g., acupuncture) have been applied to
enhance repair (McDevitt et al., 2020).

Longitudinal and transverse incisions serve as another method
of creating tendinopathy models. Longitudinal incisions in rabbits
initially increase blood vessel count, leading to chronic degeneration
by week 12 (Melrose et al., 2013). In sheep, multiple incisions result
in scar tissue formation, indicated by increased tendon cross-
sectional area (CSA) and reduced peak stress. Transverse
incisions simulate tendon ruptures, producing disorganized
collagen and ECM changes within 4-8 weeks (Mogbel et al., 2020).

Rotator cuff injury models involve rabbits, sheep, dogs, cattle, and
nonhuman primates, each selected for specific anatomical similarities
to humans. Rabbits are preferred for studying tendon healing and
treatments like application of platelet-rich plasma, while sheep are
used for surgical repair and biomaterial studies (Gurger et al., 2021).
Dog models replicate shoulder mechanics, making them useful for
examining surgical and rehabilitation outcomes. Nonhuman
primates, though anatomically closest to humans, face ethical and
cost barriers, making them less commonly used despite their accuracy
in replicating human pathology (Plate et al., 2013).

Patellar tendon models leverage the tendon’s accessibility and
large size, making them ideal for biomechanical studies. Rabbits,
sheep, and dogs are commonly used to study tendon fibrosis, repair
techniques, and mechanical properties. In rabbit models, healing
treatments are investigated, while sheep models focus on bridging
tendon defects with demineralized bone matrix or stem/progenitor
cells (Xu et al,, 2014). Dog models explore surgical materials and
suturing techniques (Gersoff et al., 2019), while cattle models offer
insights into tendon elasticity and tissue failure characteristics
(Kayser et al., 2019).

Achilles tendon models involve a range of species, from rodents,
and rabbits to cattle, due to the tendon’s size and exposure,
facilitating surgical and biomechanical studies. Rabbit models
commonly use transection to explore adhesion, formation, strain
ratios, and different repair methods. Sheep and goat models focus on
tendon-to-bone repair, while cattle aid in testing advanced suture
techniques. Pigs, used less frequently, help examine tendon structure
or serve as tissue sources for tendon repair material.

Flexor tendon models use rabbits, sheep, and horses to replicate
slow tendon healing as seen in humans. Rabbits offer cost-effective
models for studying cellular responses, adhesion prevention, and
advanced therapies (Zhang J. et al., 2021). Sheep models explore
flexor tendon transection, collagenase injection, and various
suturing techniques, often incorporating also stem cells
(Virchenko et al.,, 2008). Horse models study injury mechanisms
and age-related changes, reflecting the energy-storing function of
human tendons (Ribitsch et al., 2020).

Overall, injury models allow detailed examination of tendon
rupture, repair, and treatment across different species, each selected
based on anatomical relevance, cost, and specific research objectives.

Overuse and mechanical loading models

Mechanical loading models are essential for studying tendon
health, as they replicate the effects of both moderate and excessive
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loading on tendon tissue. These models help researchers understand
how tendons respond to varying stress levels, ranging from adaptive
growth to pathological changes.

Treadmill running models are the most commonly used method
for inducing tendinopathy in rodents. They simulate different
loading intensities, classified into moderate (MTR) and intensive
treadmill running (ITR) (Wang et al., 2021). MTR typically causes
minimal changes in tendons over 8 weeks, inducing only mild
reactive tendinopathy and potential adaptive responses. In
contrast, ITR promotes adipogenic, chondrogenic, and osteogenic
gene expression within 4 weeks, simulating the progression of
overuse tendinopathy. Uphill running often leads to increased
stiffness and failure stress in the Achilles tendon, suggesting
adaptive responses (Heinemeier et al, 2012), while downhill
running, which emphasizes eccentric loading, results in more
pronounced tendinopathic changes such as hypercellularity,
collagen disorganization, and decreased stiffness (Kaux et al,
2013). These models also extend to the supraspinatus tendon,
where downhill running induces pathological changes akin to
human supraspinatus tendinopathy.

Spontaneous models involve natural overuse observed in large
animals like horses and dogs. Horse forelimb tendons, which
function similarly to the human Achilles tendon, are prone to
repetitive stress injuries, making them suitable for modeling
tendon hypertrophy and overuse tendinopathy (Kasashima et al.,
2002). In dogs, the high-load supraspinatus tendon reflects the
vulnerability seen in human shoulder tendons. Spontaneous
models are valuable for replicating the natural progression of
tendinopathy but are time-consuming and resource-intensive
(Mistieri et al., 2012).

Direct tendon loading models, like electric muscle stimulation,
allow for precise control of loading frequency and magnitude
(Rezvani et al., 2021). These models have shown increased
collagen disorganization and cellularity in rat and rabbit Achilles
tendons. Muscle contractions (isometric, eccentric, or concentric)
produce different gene expression patterns, with eccentric
contractions boosting growth factors and type III collagen
production (Heinemeier et al., 2007). Despite such changes at the
gene level, some studies report no large-scale structural alterations,
highlighting that gene expression alterations may not always
translate into significant tendon tissue remodeling (Rezvani
et al., 2021).

Destabilization models simulate adjacent tendon failure to study
compensatory changes in the joint In rats, infraspinatus tendon
transection reduces supraspinatus mechanical strength within
4 weeks, while in sheep, transecting the superficial digital flexor
tendon increases type III collagen expression and other ECM-related
markers in adjacent tendons by 8 weeks (Tsang et al., 2019).

Repetitive task models involve voluntary, repetitive forepaw and
wrist movements in rats, mimicking occupational overuse injuries.
These models show increased inflammatory markers (e.g., IL-1p)
and macrophage infiltration, indicating a strong inflammatory
component in
et al., 2010).

Mechanical loading and overuse models offer a comprehensive

repetitive overuse tendinopathy (Fedorczyk

approach to studying tendinopathy, highlighting both adaptive and
degenerative changes. They reveal dynamic tendon responses, where
initial inflammation may lead to long-term adaptation or
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degeneration, depending on the load intensity and duration.
These models help in identifying critical markers like ECM
disorganization, hypercellularity, and altered gene expression,
providing insights essential for understanding tendon pathologies
and developing targeted treatments.

Reduced loading models

Underloading models simulate reduced mechanical stress on
tendons, helping researchers understand how disuse or inactivity
affects tendon structure and function. These models are particularly
relevant for studying conditions like immobilization, paralysis, and
muscle atrophy.

Limb casting models are commonly applied to mimic tendon
underloading, replicating human immobilization. In rabbit studies,
4 weeks of Achilles tendon casting led to a 64% reduction in stiffness
and a 14% decrease in peak load, without changes in CSA or collagen
alignment (Matsumoto et al., 2003a). Similar results were observed
in casting models of patellar (Harwood and Amiel, 1992) and tibialis
anterior tendons (Loitz et al., 1989), showing reduced stiffness and
strength, though changes in CSA or collagen structure were
not assessed.

Botox-induced muscle atrophy models simulate underloading
by reducing tendon load through localized botulinum toxin
injections. This approach, primarily tested in mice, leads to
decreased patellar tendon volume and reduced tenogenic
differentiation within 2 weeks, making it useful for studying
tendon atrophy (Brent et al., 2020).

Hindlimb suspension models simulate reduced loading akin to
spaceflight conditions, impacting tendons over 3-5 weeks. In Wistar
rats, 5 weeks of suspension decreased Achilles tendon collagen fiber
diameter by 23.1% (Nakagawa et al,, 1989a), while 3 weeks of
suspension resulted in significant reductions in stiffness (41.5%)
and maximum stress (37.4%), with no change in CSA (Lambertz
et al, 2000). These models emphasize the effects of prolonged
underloading, suggesting that tendon adaptation to disuse is
slower compared to bone, which changes within 20 days.

Like sciatic nerve transection, nerve injury models induce
This
significantly decreased tibialis anterior tendon stiffness (by 291%)

tendon unloading by mimicking paralysis. approach
in rats and led to pathological changes (Arruda et al, 2006),
including collagen disorganization and hypercellularity in the
Achilles tendon within 2 weeks (El-Habta et al., 2018). As
mentioned above, chemical denervation using Botox is another
minimally invasive method for immobilizing limbs in rodents.
However, the results vary based on species and tendon type. For
example, Botox increased Achilles tendon elastic modulus by 45%
and reduced hysteresis by 19% in rats (Khayyeri et al., 2017), but did
not affect CSA or tendon length (Eliasson et al., 2007). Conversely, it
reduced patellar tendon width in mice and decreased CSA (by 25%)
and yield stress (by 80%) at the supraspinatus tendon enthesis
(Schwartz et al, 2013). Avian models showed no significant
effects of Botox on tendon CSA, stiffness, or elastic modulus
(Katugam et al., 2020).

Studies indicate that short-term disuse generally does not alter
CSA, suggesting that prolonged disuse is necessary to induce major
structural changes (Nakagawa et al., 1989b). Mechanical deficits in
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FIGURE 1
Schematic representation of experimental tendinopathy models

underloaded tendons are primarily due to reduced collagen fiber
area and diameter, which compromise stiffness and strength
(Matsumoto et al., 2003b).

While these models help explore tendon adaptation to reduced
mechanical loading, they do not fully replicate human bedrest or
sedentary conditions. Wild mice, for example, are far more active
than lab mice, suggesting that regular cage activity in lab mice may
already simulate a degree of underloading (Meijer and Robbers,
2014). Responses to unloading also vary between tendons, making it
challenging to establish a universal strain rate for underloading.
Future research should focus on identifying optimal strain levels for
engineered tendon constructs and pinpointing molecular markers of
underload-induced tendinopathy to advance tendon tissue
engineering.

Taking everything into account, each tendinopathy model offers
unique advantages and limitations, making the choice highly
dependent on the specific research questions. All the models

mentioned above are summarized in Figure 1.

Challenges of translating Al-Driven 3D
bioprinting into animal models

Each animal model provides an attractive framework to
manipulate loading-induced tendinopathies in a controlled
manner. Animal models are also essential in examining the
regenerative effects of various biomaterials and 3D bioprinted
constructs in vivo. However, there are a bunch of drawbacks
which have not been elucidated yet. First, most of the lab
animals are quadrupeds that do not face a similar type of load
bearing as in humans. In addition, ECM remodeling differs partly
from humans, as well as animal and human tendon structures also
possess differences between the anatomic positions. Rats may serve
as a better model for human rotator cuff tendon structure, while
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larger animals have a more complex hierarchical structure, which
makes it difficult to study but at the same time is closer to that of
human tendon structure. In this context, 3D bioprinting
applications may not adequately fit to mimic all tendiopathy
models as in humans. At this point, Al-driven 3D bioprinting
techniques can help to map the native tissue structure and
hierarchy which overcomes the drawbacks of unfitted final
products. On the other hand, Al-driven methods may provide
valuable information on the load bearing capacities by comparing
tendon tissue from human to the preferred animal model and
support development of precision applications. Moreover, 3D
bioprinting techniques and use of specific bioinks may enhance
the repair of the native tendon since all human tendons have similar
structure but different load bearing capacities. During production,
optimized bioinks can augment the regeneration of the injured
tendon. The rest of the review will explain the contribution of
Al-driven methods to bioink preferences.

Artificial intelligence (Al)

Over the years despite the significant development of 3D
bioprinting approaches there is still insufficiency in building
micro-architectures and recapitulating complex structures of
tissues and organs. Empowering the 3D bioprinting technology
to reach the best artificial tissue match for adequate regenerative
activity,
vascularization, scientists explored Al-supported 3D bioprinting

effects via increased cellular conductivity, and
strategies to overcome current challenging issues. Al allows to

assess optimal biomechanical characteristics for the main
requirement of injured tissues and organ shortage or through the
identification of the best bio-ink choice for mimicking the tissue
ECM, enhancing printing process quality, and drug screening to

reach the optimum micro-macro architectural design of the artificial
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Al-driven 3D bioprinting approaches for developing artificial tendon constructs.

tissue. Recently, 3D bioprinting methods have begun to be
empowered and perfected by AI systems. The AI contributed
excellent final product suggestions to fabricate via handling
complex datasets, dynamic process optimizing, making complex
computations, and experience memorizing, which turns AI-3D
bioprinting into a collaboration attractive field for generating the
best match of artificial structure (Figure 2). The integration of
Artificial Intelligence (AI) with 3D bioprinting presents both
significant challenges and promising solutions. This convergence
aims to enhance the precision and efficiency of bioprinting
processes, yet it faces hurdles such as algorithm transparency,
data quality, and regulatory concerns. Below are key aspects of
these integration challenges and potential solutions. Compared to
conventional grafting and surgical techniques, Al-driven 3D
bioprinting offers the potential to design and fabricate patient-
scaffolds with  optimized biomechanical
properties. Al algorithms can enhance strategies for improving

specific  tendon
scaffold architecture, regulation of cell distribution, bio-ink
compositions as well as in addressing key limitations in tendon
repair. Al can also significantly contribute to optimizing mechanical
properties in tendon tissue engineering through various innovative
approaches. By leveraging machine learning and data-driven
methodologies, researchers can adjust scaffold characteristics to
improve biological integrity.
Moreover, Al-integrated bioprinting can provide real-time quality

performance and mechanical
control, ensuring better reproducibility and precision in tendon
tissue engineering. Topology optimization plays a crucial role in
scaffold design by enabling the creation of structures that closely
mimic natural tendon architecture. This approach can boost
mechanical properties while preserving biological functionality,
making scaffolds more effective for tendon regeneration.
Additionally, scaffolds designed through finite element analysis
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can adapt to physiological loads, ensuring improved mechanical
strength and durability. These load-adaptive architectures can
provide better structural stability, making them suitable for long-
term integration within the site of implantation (Rainer et al., 2012).

Al is a broad scientific field aiming at developing the ability of
computer systems to learn, solve problems, and make decisions in
ways similar to human intelligence (Petrovic, 2018; Xu et al., 2021).
A subfield of AI, machine learning (ML), enables systems to learn
automatically from experience and improve their performance over
time (Rao et al.,, 2021; Ali et al., 2023). This process relies on data
analysis, allowing systems to make decisions autonomously without
being explicitly programmed for specific tasks. Deep learning, a
more advanced stage of machine learning, is inspired by biological
neural networks (Aggarwal, 2018). Through multi-layered artificial
neural networks, deep learning algorithms possess the ability to
study from more complex data structures, achieving remarkable
success particularly in fields such as image recognition, natural
language processing, and biomedical applications (Cao et al,
2018). These methods have become one of the most important
elements of Al applications due to their capacity to extract
meaningful relationships from large datasets. AI has led to
in tissue and

groundbreaking advancements

regenerative medicine (Shiech and Vacanti, 2005). In this process,

engineering

Al plays a crucial role, particularly in 3D bioprinting techniques, by
optimizing tissue modeling and design parameters (Shin et al,
2022a). Many Al algorithms operate as “black boxes,” making it
difficult to understand their decision-making processes, which can
hinder trust in bioprinting applications (Qureshi et al., 2025; Wang
and Zhu, 2025). Additionally, the effectiveness of Al in bioprinting
relies heavily on the quality of data used for training models. Poor
data can lead to inaccurate predictions and suboptimal outcomes,
further complicating the integration of AI into bioprinting
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TABLE 1 An overview of various studies highlighting the role of Al and machine learning (ML) in advancing tissue engineering and 3D bioprinting.

Methodology Limitations Data types Sample size Conclusions
Ramesh et al. Data-driven optimization of Data processing challenges, = Bio-ink properties, Large datasets from AT and ML improve bio-ink
(2024) bioprinting parameters, real- | issues with system printing parameters, multiple facilities selection, defect detection,
time monitoring, and bio-ink | interoperability production data and scalability in bioprinting
selection processes
Chen etal. (2024b) | AI applications in medical Computational complexity, =~ Medical image Data focused on process Al enhances precision and
imaging, bio-ink selection,and  reliance on extensive reconstruction, bio-ink optimization experiments efficiency in bioprinting
printing processes datasets chemical data complex tissue models,
particularly for personalized
medicine and in vitro disease
models
D’Alessandro et al. | Integration of AI with 3D High costs, ethical Organ simulation data, Varied experimental AT assists in the design and
(2024) bioprinting for custom organ | concerns, needed for better = bio-ink composition datasets for organ optimization of bio-printed
transplants organ simulation models production and patient- organs, reducing transplant
specific customization rejection by customizing
structures to patient-specific
needs
Lee (2023) Al-enhanced bioprinting of Variability in Organoid composition, Several experimental Al improves the
organoids for in vitro disease | environmental conditions imaging data, cellular datasets across organoid  standardization of
modeling and drug testing and cell types, ethical characteristics types bioprinted organoids,
concerns enhancing quality for disease

Sun et al. (2022) ML algorithms for optimizing = Data complexity, limited

scaffold fabrication and scalability, challenges in
performance evaluation selecting materials
Christou and AI models applied for early High costs, cell sourcing
Tsoulfas (2022) hepatocellular carcinoma challenges, ethical and
detection and 3D bio-printed | regulatory concerns
liver models used for regarding Al and
preoperative planning bioprinting

Chen et al. (2022) | Artificial intelligence-assisted | Real-time monitoring
high-throughput printing- complexities, bio-ink
condition-screening system variability
(HTPCSS) for hydrogel
scaffold printing

modeling and drug testing

Mechanical properties of Varied datasets for ML facilitates the
biomaterials, scaffold different scaffold optimization of scaffold
performance metrics materials design by linking material

properties to the fabrication
process and performance

Clinical imaging (CT, Large datasets on liver AT improves diagnostic
MRI), patient clinical cancer patients, including  accuracy and supports
records, genetic data HCC models personalized treatment in

HCC management, while 3D
bioprinting enhances
surgical planning and

education
Image data, mechanical Extensive in vitro and in ~ AI-HTPCSS optimizes
properties, in vivo results vivo datasets printing parameters

enhancing the mechanical
performance of hydrogel
scaffolds, leading to
improved outcomes in
diabetic wound healing

An et al. (2021) Use of digital twins and Big Lack of large training Medical imaging data, Several models using Big  Digital twins improve
Data for creating precise organ | datasets, difficulty in real-  scaffold fabrication Data for organ replication = precision in 3D bioprinting,
models in bioprinting time applications parameters enhancing outcomes in

tissue engineering by
optimizing scaffold and
organ designs

Hunsberger et al. | Bioprinting techniques for Regulatory hurdles in Corneal tissue Datasets from Al integration optimizes

(2020) corneal regeneration, Al Europe, high costs, ethical =~ composition, 3D regenerative medicine bioprinting processes,
integration for process concerns bioprinting parameters studies on corneal reducing costs and
optimization diseases improving efficiency in

corneal tissue regeneration

Hunsberger et al. | Al-enabled automation in 3D | Data standardization Cell manufacturing data, Multiple datasets on cell Al supports automation in

(2020) bioprinting for regenerative challenges needed for bioprinting parameters therapies and bioprinting = bioprinting processes,
medicine, focuses on process | workforce training, standards improving scalability and
standardization scalability concerns patient outcomes in

regenerative medicine

workflows (Qureshi et al., 2025; Wang and Zhu, 2025). Moreover,
the application of AI in healthcare, including bioprinting, raises
significant regulatory concerns that must be addressed to ensure
safety, efficacy, and ethical compliance (Qureshi et al., 2025). Deep
learning algorithms simulate the complex structure of biological
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tissues, enabling the identification of optimal combinations of cells
and biomaterials used in bioprinting, thus yielding more successful
outcomes (Shin et al., 2022a; Guo et al., 2023). Furthermore, Al
assists in predicting the biomechanical and biological properties of
the biomaterials used in tissue engineering, enhancing the viability
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and functionality of printed tissues (Donmazov et al., 2024). Al-
supported simulations make it possible to predict how printed
tissues will behave in the real biological environment, thus
improving treatment processes (Rojek et al., 2020). Implementing
Al-powered systems for real-time quality monitoring can enhance
reproducibility in bioprinting, as demonstrated by convolutional
neural networks that dynamically correct extrusion errors (Kelly
et al,, 2024) Additionally, AI-driven generative design can optimize
material selection and printing parameters, leading to improved
efficiency and reduced costs (Chen et al., 2024a; Qureshi et al., 2025).
Furthermore, Al can create customizable training models for
healthcare, increasing accessibility and sustainability in medical
education (Ikhsan et al., 2025). Ultimately, AI not only enhances
the efficiency and precision of bioprinting processes but also
accelerates the transition of tissue engineering into clinical
Table 1
processes such as clinical diagnosis, tissue and organ modeling,

applications. demonstrates how AI can enhance
tissue production, and personalized treatment approaches.
Specifically, AI can contribute to improvements in early disease
detection, scaffold fabrication, and bioprinting parameter
optimization, which can lead to enhanced outcomes in tissue
engineering applications. Despite the significant advantages
offered by these technologies, such as improved precision and
efficiency, certain challenges remain. High costs, ethical concerns,
and complexities related to data processing and real-time
monitoring are key obstacles hindering broader adoption. AI
integration into 3D bioprinting workflows holds substantial
promise for improving the accuracy and scalability of clinical
applications, especially in the areas of personalized medicine and
regenerative therapies. As highlighted in Table 1, Al facilitates the
optimization of biomaterials for scaffold design, the customization
of bioprinted tissues and organs, and the standardization of disease
models. However, Table 1 also underscores the ongoing challenges,
such as regulatory barriers, computational complexities, and bio-ink
selection. In conclusion, while AI and ML can revolutionize
further

technological advancements are needed to overcome the current

bioprinting and tissue engineering, research and
limitations and thus unleash the full potential of these innovations in
clinical settings. At present, Al-based methods have been utilized
only for the diagnosis of tendon diseases, depending on the native
tendon structure complexity, Al-based 3D bioprinting application is
urgently required to develop artificial tendon constructs to achieve

enhanced regeneration.

A brief for 3D bioprinting approaches

Significant tears or complete tendon rupture mostly require
surgical repair to regain tissue integrity and maintain functionality.
In some cases, tendon ruptures need to be grafted to bind the severed
tendon sites or replaced to stimulate tendon regeneration. 3D
bioprinting technology offers the generation of promising
artificial structures mimicking tendon microenvironment and
able to bear loading and to possess robust mechanical strength.
This attractive approach can be further improved by incorporating
active biological agents to stimulate regenerative processes. The
main challenge of 3D bioprinting is constructing artificial tissue
that closely mimics native tendon in terms of biocompatibility, high
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porosity, anisotropy, increased mechanical and thermal stability,
and proper conductivity. The closer to natural the structure and
mechanical properties of the artificial tissue are, the more enhanced
the tissue regeneration will be achieved. Tendon tissue engineering
based upon 3D bioprinting process requires understanding of the
mechanical characterization of printed bioinks and 3D constructs.
The native tendon structure bears higher mechanical load, so the
artificial 3D printed product should provide almost similar
mechanical properties. The bioink preference is a critical step to
handle this target. process
characterization of 3D constructs with their rheological and

Post-bioprinting includes
mechanical optimization. One of the common ways to evaluate
the mechanical properties of the artificial tendon construct is
Young’s modulus or modulus of elasticity, which is defined as a
tensile modulus and is measured as a pressure unit (MPa) which
evaluates the deformation strength of the fabricated material. A
tensile strength indicates the maximum stress of the construct before
break or deformation (Sun et al., 2018).

In this context, there are numerous in vitro and in vivo
experimental studies that have been performed to clarify the best
properties
regeneration. The remaining part of this review summarizes the

of personalized artificial tissues for augmented
3D bioprinting approach for tendon tissue engineering for re-
establishing the ideal biomimetic chemical and mechanical
microenvironment via bio-inks, fabricating techniques, and
discusses the feasibility of the final products.

Bio-inks

The selection and design of bio-inks are essential to fabricating
artificial tissues or organs with proper biological functionality
through 3D bioprinting. Bio-ink selection gains importance in
exhibiting biocompatibility, non-immunogenicity, and stimulating
cell attachment, proliferation, and differentiation. In addition, the
preferred bio-inks should provide appropriate rheological properties
such as viscoelasticity, thermal and mechanical stability also greater
porosity and anisotropy.

Natural and synthetic polymers are widely used as bio-inks with
different contributions to the final product and application area.
Alginate, collagen, chitosan, fibrin, hyaluronic acid, and gelatin
compounds are the most preferable naturally derived polymers
for bio-ink design (Chen R. et al., 2024). These types of bio-inks
stimulate cell-matrix interactions and provide enhanced
biocompatibility. Natural polymer-based bio-inks promote the
mimicking of cell microenvironment as native tissue-like.
However, there are some drawbacks to these naturally derived
compounds. Due to their biologically active content, natural
polymers may provoke immune reactions and frequent times, do
not bear the mechanical loading to which native tissue is exposed. As
tendon healing requires a very long period, natural polymer-derived
bio-inks have rapid biodegradability, which cannot adequately meet
the tendon regeneration needs (Zhang et al,, 2023). On the other
hand, synthetic polymers offer enhanced mechanical properties and
dpending on the fabrication techniques they can offer better
biomimetic scaffold structure for tendon tissue engineering. Most
of the developed scaffolds for tendon repair consist of both natural

and synthetic polymer blends, but it is still a challenge to optimize
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the final product to achieve cellular activity, appropriate cell
that the
architecture and elastic modulus of natural tendon (Shiroud
Heidari et al., 2023).

arrangements and mechanical stiffness match

Natural polymeric bio-inks

Thanks to their excellent ECM-mimicking abilities, alginate-
based biomaterials are widely used in biomaterial applications.
However, unstable biodegradability and lower mechanical
strength of alginate-based scaffolds limit their regenerative effects.
Novel studies claimed that the maintenance of alginate-based
scaffolds with integration of hydrogels, chitosan, ions, or
synthetic polymeric materials may result in more robust printing
efficacy (Datta et al., 2020). In a previous report, alginate-based
scaffolds were filled with bioactive ceramic zinc silicate substitutes to
enhance mechanical strength. The scaffolds also exhibited improved
human umbilical vein endothelial cell viability, migration rate and
angiogenic performance as well as tenogenic differentiation of
tendon stem/progenitor cells when such were used. Regarding
mechanical stability, Young’s modulus and tensile stress of the
composite scaffolds were measured as 309.18 + 30.5 MPa and
1696 + 51 MPa (Wang Y. et al, 2023). Another study
characterised alginate-based chitosan hybrid polymer fibers and
this composite material supported much better the adhesion of
fibroblasts as well as type I collagen deposition. The Young’s moduli
of the scaffolds were 200 MPa, suggesting that alginate-chitosan
fibers could be a good candidate for further experimental
applications for tendon recovery (Majima et al., 2005). To reach
the mechanical properties of tough tissues, such as tendon, Aldana
et al. (2021) fabricated gelMA-alginate scaffolds at 8% w/v- 7% w/v,
which showed enhanced cell viability of more than 75% and
compressive strength at a rate of 90 kPA. The degradation rate
was also decreased with the increase in polymer concentration, the
highest gelMA content resulted in long degradation and also long
time swelling (Aldana et al., 2021). Ruiz-Alonso et al. (2024) aimed
to mimic tendon tissue with the development of a novel scaffold for
partial tendon repair by VEGF/PDGF loaded to a composite
biomaterial consisting of alginate (1%, w/v), hyaluronic acid
(0.36, w/v), fibrinogen (3.6, w/v), and gelatine (4.2, w/v). The
final bio-ink had increased water adsorption ability with a rate of
91.7% and the total protein content was also higher (scaffold:
84.06%; ECM: 82% max) than that of tendon tissue. The
researchers claimed in this study that the mechanical properties
of the scaffold were lower than those of tendon tissue. The
maximum compressive stress of the scaffolds was 64.6 kPa,
however the authors discussed that his might be sufficient for
partial tendon rupture healing (Ruiz-Alonso et al, 2024). In a
rotator cuff tendon repair study in mice, novel 3D printed
scaffolds fabricated collagen-fibrin  hydrogels
incorporated with PLGA and characterized in detail. It has been

were via
revealed that these natural-synthetic polymeric blend exhibited
increased force strength and elastic stiffness compared to PLGA
alone. The cell viability assay (7" day) and proliferation (14th day)
indicated that the final 3D product enhanced the cellular activity of
In
experiments were conducted in mouse skin wound model. The

human adipose-derived mesenchymal stem cells. vivo
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3D scaffolds were implanted subcutaneously and on the 14th day
analysed. According to the results, the scaffolds did not display any
enhanced biocompatibility. The
researchers concluded that cell laden-collagen-fibrin, PLGA-

inflammation and showed
incorporated hydrogels are a good candidate for promoting
rotator cuff enthesis regeneration (Jiang et al., 2020). Domingues
et al. (2016) used cellulose nanocrystals to reinforce the mechanical
strength of the PCL-chitosan scaffolds. The 3D printed fibrous
nanocomposite scaffolds showed favorable mechanical properties
with a Young’s modulus of ~40 MPa and elastic modulus of
~600 MPa.
significantly promising compared to the control (plastic). This
that PCL-chitosan
nanocomposite scaffolds could meet the tendon tissue mechanical
requirements, but the cell-supporting properties should be further

However, the cytocompatibility test was not

study  suggested nanocrystals  and

developed (Domingues et al., 2016).

As seen from previous studies natural polymers are good
candidates for 3D bioprinting as bio-inks and for application in
tendon tissue engineering. However, mechanical properties are
frequently low for load bearing and tendon-to-bone attachment.
Hence, utilizing natural polymers as bio-inks in 3D bioprinting
techniques requires incorporation of other components to match the
desired mechanical asset of the artificial tendon tissue.

Synthetic polymeric bio-inks

Synthetic polymers are widely used in tissue engineering
applications with their tunable properties. The main reason for
preference of synthetic polymers is their biocompatible and adaptive
composition, which enables reasonable architecture, mechanical
strength, cell interactions, and non-toxic end products (Shiroud
Heidari et al, 2022). Synthetic polymeric constructs provide
enhanced cell attachment and ECM-mimicking
microenvironment for most of the cell types and tissues. Since
synthetic polymers are good substitutes for 3D bioprinting
applications, they have been frequently used in many studies
focusing on tendon tissue engineering. However, the most
favorable synthetic polymeric blend still does not exist to wholly
repair or represent the native tendon structure (Ning et al.,, 2023).
PCL is one of the most preferred synthetic polymers due to its slow
degradability and toughness in tendon tissue engineering. Wang
et al. (2024) developed a 3D bioprinted magnesium-doped PCL
scaffold for tendon-to-bone repair and claimed that the product has
excellent cellular interaction and cytocompatibility. In a rotator cuff
full-thickness tear model in rabbits, the construct supported M2 type
macrophage polarization and inhibited inflammatory response. In
this study, the Mg-enriched PCL scaffolds were fabricated by fused
deposition modeling printing technique. The mechanical strength
increased in Mg (10%)-PCL scaffold to 16 N and Vickers hardness
was approximately 90 MPa (Wang et al., 2024). For chronic tendon
ruptures repair, Kempfert et al. (2022) coated PCL scaffolds with
fibronectin and type I collagen to enhance cell viability and stiffness.
According to mechanical tests, the 3D printed PCL scaffolds showed
better stiffness than electrospun PCL fibers with a maximum of
~12 N. Fibronectin and type I collagen additives to the M2-type PCL
resulted in augmented cell viability on the day 7 of culture. The

authors suggested that improved load bearing provides promising
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3D Dbioprinted constructs for tendon repair with further
modifications (Kempfert et al., 2022). In a recent study, tendon
ECM mimicking multiscale scaffold was developed to mimic the
macro, micro, and nanoscale of native tendon structure. This
multiscale biomimetic construct consisted of a shell and core
parts. For the shell structure, the printing procedure was
performed at three different angles (45°, 60°, 90°) to have optimal
degradation and fiber diameter with higher porosity for cell
attachment. The higher printing angle presented a large fiber
diameter and resulted in slow degradation and low porosity.
According to the data, the shell of the scaffold had a 45" angle
resulting in optimal tensile strength and modulus values of 5.4 +
0.7 MPa and 53.6 + 0.8 MPa, respectively. The scaffold core also
exhibited a tensile strength of 6.94 MPa as well as it was very
supportive for tenocyte adhesion and proliferation (Yao et al., 2024).
PLGA (lactic acid-LA and glycolic acid-GA) is another synthetic
type of polymer that regulates pH and ECM mimicking compared to
other polymers. In a rotator cuff repair model in rabbits, Chen et al.
(2020) developed bone marrow-derived mesenchymal cells
(BMSC:s) seeded on 3D bioprinted PLGA scaffolds and evaluated
the effects of this composite. The scaffolds were implanted and after
12 weeks, the researchers observed increased failure force and
ability of the
Moreover, the scaffolds sustained cell number infiltration at this

energy-absorbing harvested tendon tissues.
time point, suggesting that this approach may result in augmented
healing at the tendon-to-bone interface (Chen et al, 2020). An
in vitro study on 3D bioprinted human GDF5-loaded PLGA
nanocarriers indicated enhanced teno-activity. Moreover, the
nanocarriers’ tensile strength was at 1 MPa while the Young
modulus reached 2 MPa which is adequate for tendon loading
(Ciardulli et al., 2021). The above studies conclude that PLGA
has good printability and can serve as useful bio-ink candidate.
However, PLGA should be blended with though materials for more
robust mechanical strength. In addition, the LA to GA ratio could be
optimized for long-term degradation as well as to protect tenocytes
against acidity.

PLA is another aliphatic polyester widely used in biomedical
applications approved by the FDA. PLA has longer biodegradability
compared to PLGA, enhanced biocompatibility, and greater cell
adhesion ability compared to PCL. Therefore, as a bio-ink, PLA-
incorporated blends may provide mechanical robustness and
facilitate cellular activity (Xie et al, 2022). In a study, a 3D-
printed PLA blend collagen (75:25)
mechanical strength and cellular activity. In comparison to PLA/
Collagen (50:50), the PLA/Collagen (75:25) composite had a
significantly higher failure stress of 11.3-18.8 MPa. In vitro
studies also claimed that the high amount of PLA increased

showed satisfactory

cellular activity on day 21 whereby on day 7 both compositions
had similar cellular effect. The main cues are to solve the mechanical
toughness, facilitate cellular adhesion and maintain metabolic
activity over time (Sensini et al, 2018). Wu et al. (2020)
fabricated a 3D-printed microfiber yarn with thymosin beta
4 loaded PLGA/PLA. Thymosin beta 4 has a vital role during
repair in most of the tissues, including tendons. In this study,
PLGA (82:18) and PLA were implemented to enhance load-
bearing capacity and in particular, PLGA to provide an
appropriate cellular microenvironment. The mechanical strength
of PLGA/PLA yarns showed better failure load than PLA alone
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(27.7 vs. 253 MPa). In addition, human adipose-derived MSC
proliferation and activity were higher in the PLGA/PLA
than PLA. beta
4 incorporation increased gene expression of tenogenic markers

composite in Moreover, Thymosin
such as Scleraxis, tenascin-C, type I and III collagen and
tenomodulin in human adipose-derived MSCs (Wu et al., 2020).
In conclusion, incorporated blends can endow higher mechanical
toughness; however, cellular activities have to be maintained by
careful natural/synthetic polymers ratio as well as via integration of
selected molecular cues.

Polymeric blends seem to be beneficial bioinks to construct 3D
printed native-like tendon tissues, however, natural polymers provoke
immunogenicity such as hyaluronic acid when used as hydrogel and
polyethylene glycol (PEG), which is frequently used for optimization can
trigger immune system activation and cytokine release causing
inflammation. Therefore, before translating into the clinical use, these
blends should be approached carefuly. At this point, incorporation of
decellularized ECM with polymeric blends can be a good candidate to
overcome these issues. Decellularized ECM contains native ECM
components and promotes cellular activity, and can be utilized to
scaffolds ~ that the

and  support regeneration.

tendon
Due
tendon tissue engineering,

develop bioactive mimic native
to
3D

bioprinted constructs have to be well characterized and in vitro

microenvironment tissue

considerable  developments in
cellular activities should be fine-tuned before in vivo applications as
represented in Table 2. Minimizing cellular damage, preparation of
optimal blends, and Al-driven predictions for ensuring the 3D bioprinted

constructs quality are essential to paving the way into clinical use.

Bioprinting techniques

Natural or polymeric blends present promising hallmarks for 3D
bioprinting approaches. However, 3D bioprinting techniques must
be adapted for their morphological properties (Potyondy et al., 2021;
Rosset et al., 2024b). In recent years, additive manufacturing has
offered a wide range of bioprinting techniques which can be
Ink-jet-based,
extrusion-based, laser-based techniques are widely used for
3).
challenge in 3D bioprinting is combining the better properties of

preferred according to polymer structure.

fabricating polymeric compositions (Figure The main
bio-inks and appropriate techniques to foster the regenerative and
mechanical properties of the final product (Rosset et al., 2024b).
Inkjet-based bioprinting has emerged as a promising adaptable
technique for the fabrication of polymeric blends. The ink-jet
technique allows multi-material and substitute bioprinting and is
a relatively simple method. The high resolution of the ink-jet
method makes it possible for complex constructs to develop like
native tissues. Due to low cost and high printing speed, one of the
main challenges is incomplete cell homogenization and cellular
viability, which limits the advantages of inkjet technology. It was
suggested that the highest ambient degrees over 40 °C may be the
underlying border of the inkjet bioprinting to provide cellular
viability. The higher frequency of printing lowers the cell viability
because of decreased heat loss (Wang C. et al., 2023). Further, during
the inkjet process, bioinks are dispensed in droplets with an adjusted
volume and controlled flow speed but in some cases, the dispensing
process is disturbed depending on ink viscosity and air pressure,
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TABLE 2 The advantages and disadvantages of natural and polymeric bioinks in 3D bioprinting applications.

3D-biomaterials

Mechanical properties

Degradation rate

Cellular compatibility

Alginate (Majima et al., 2005;
Malektaj et al., 2023)

Collagen (Debnath et al., 2025)

Enhanced mechanical stiffness with
crosslinking other poylmers
Lack of adequate mechanical properties

Enhanced viscosity, elasticity, and yield stress
Require improvement of mechanical
properties with crosslinking

Fast degradation
Slower degradation rates when
crosslinked with hydrogel

Easy degradation
Tunable degradation rate when
crosslinked

Improved cellular viability
Low cell attachment and protein adsorption

Maintains cellular activity, cell adhesion,
proliferation, and expression by increased
collagen content

Silk Fibroin (Bari et al., 2023; Shi
et al., 2024)

Tunable mechanical properties
Low viscosity
Rheological properties should be optimized

Controllable degradation rates

Cytocompatible
Mimicking ECM
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which results droplets. These

malfunctions may be corrected by identifying the system, model

in abnormal morphological

prediction control, and access target thickness with Al-adapted
systems after model parameters are learned (Zhu et al, 2020).
The cellular viability may not be wholly achieved by AlI-driven
methods but serves as a promising way to overcome morphological
abnormalities.

Extrusion-based 3D bioprinting is another commonly used
technique for 3D bioprinting approaches. This method applies
mechanical or pneumatic pressure to the bioink reservoir to force
it out of the needle. Whereas this method is available for most of the
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blends like hydrogels, chitosan, hyaluronic acid, and synthetic
polymers, there is not a consensus among the studies about the
cell viability and good printability outcomes. During the extrusion-
based process, bioprinted filament diameter, nozzle geometry and
length, the viscosity of bioinks, print speed, and the shear stress are
the main factors to clarify the printability access (Krishna and
Sankar, 2023). The machine learning with Al-based simulations
may present accurate and rapid ink flow behaviour and avoid shear
stress inside the needle to enhance cell viability (Zhang et al., 2024).

Multimaterial processing methods are essential to create a native
like tendon structure besides the overall methods. The commonly
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used methods to construct multilayered and multimaterial blends
are the stereolithographic bioprinting technique (SLA). SLA is one
of the assisted printing technologies and uses laser lights to construct
and form polymer solutions into desired artificial structures. This
the light to blend
photopolymerizable polymers layer by layer (Shin et al., 2022b).

technique allow utilization of laser
A notable limitation of this technique is that it induces cellular
damage and decreases cell viability. To overcome this issue,
predicting the high accuracy of cell viability might be reached via
Al-based methods (Xu et al., 2022). The selection of bioinks may
affect the rheological and biological properties and Al-based analysis
on the laser density, cell viability, and mechanical properties can be
of valuable support, hence Al-optimized SLA method may give rise
to better mimicking and regeneration of tendon structures.

Since its inception, 3D bioprinting techniques and strategies
have reached multiple milestones, and the future seems to be bright.
In this review, a medium part of this huge concept was handled. In
addition, there are a bunch of review studies in this perspective, we
suggest that this technology has the potential to move forward step
by step through those know-hows.

Conclusion and future direction

Tendon tissue engineering targets the generation of multiple
tendon-like structures by additive manufacturing 3D bioprinting
techniques. Yet, there is a long way to go and overcome several
challenging issues.

Current drawbacks in 3D bioprinting remain higher printability,
lack of bioinks
advancements encourage tissue engineering to overcome such

homogeneity, and optimisation. Recent
drawbacks. However, a successful printable blend still does not
exist to translate into clinical applications. Although natural and
polymeric bioinks have already demonstrated enhanced tendon
tissue regeneration, the studies for optimized and smart blends
are still lacking before acceptable human use. Currently blends
are still far apart from producing enhanced mechanical,
rheological, and biological properties. Nearly all experimental
studies have suggested that alone natural and synthetic polymeric
blends cannot achieve the optimal tendon tissue regeneration.
Moreover, bioinks have several limitations such as high cost for
synthetic polymers and immunogenicity for natural polymers.
However, there are multifaceted factors that affected the final
product, namely, artificial tendon-like structure. For example,
while enhancing mechanical properties, this decreases viscosity
and elastic modulus, or the optimal technique preference will not
always produce cellular activity such as desired cell viability and
proliferation within the product. One of the indispensable
properties, which 3D bioprinted constructs for tendon tissue
repair should achieve is robust mechanical strength.

Polymeric blends offer promising advantages for cell viability,
however, bioprinting techniques may limit cellular organization and
activity. One of the clinical translation barriers of 3D constructs use
in tendon tissue regeneration is supporting long-term stability and
biological safety. Nearly all materials have different limitations
including load-bearing capacity, supporting cellular viability over
timed, or material degradation dynamics. Moreover, unexpected
toxic side effects and local inflammatory or tissue reactions caused
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by implanted materials generated by long-term retention in the area
of implantation limit the accurate and successful use in clinical
applications. Currently, no universally optimized 3D bio-printed
tendon scaffold exists in the clinical setting despite being a great
need. Machine learning techniques may identify and predict the key
features for the artificial shape, size, molecular requirements for
tendon regeneration enabling personalized treatments and
providing long-term stability and biological safety outcomes.

The optimal blend and technique have to be still achieved and
then the artificial structure has to be improved to develop truly
native tendon constructs. At this point, recent Al-supported 3D
bioprinting techniques have become very attractive. Most of the
main properties of the tendon architecture can be accessed by Al
Advancement in the personalized design, optimal porosity for
tenocyte adhesion, proliferation and arrangement, and the ideal
blend composition could be achieved. All these guarantee
appropriate viscoelasticity, elastic modulus, and mechanical
strength of the final product that may be leading in the future
towards strategies to augment tendon regeneration in modern
orthopedics.

The future of 3D bioprinting approaches for tendon tissue
and 3D

technologies, which offers promising outcomes to provide clinical

regeneration mostly depends on integrating Al
translation, therefore more qualitative studies are urgently needed to

foster the integrative use of both technologies, which may unlock
and go further in next-generation tendon tissue engineering.

Author contributions

DA: Methodology,
Supervision, Writing - original draft, Writing - review and

Conceptualization,  Investigation,
editing. BT: Investigation, Methodology, Writing — original draft.
MS: Investigation, Methodology, Writing - original draft. IT:
Investigation, Methodology, Writing - original draft. MU:
Methodology, draft. VS:
Conceptualization, Investigation, Writing - review and editing.

Investigation, Writing original

DD: Conceptualization, Investigation, Writing — review and editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. DA, VS, and DD acknowledge
the COST Action TENET grant (Proposal Nr. CA22170). All authors of
this work are TENET members. This study did not receive funding from
a company. Publication APC of this article was funded by the European
Union-NextGenerationEU, through the National Recovery and
Resilience Plan of the Republic of Bulgaria, project No BG-RRP-
2.004-0007-C01 of Musculoskeletal
Regeneration, Orthopaedic Hospital Konig-Ludwig-Haus, Julius-

and Department Tissue

Maximilians-University Wiirzburg, Wuerzburg, Germany equally.

Acknowledgments
All authors thank to the funders the European Union-
NextGenerationEU, through the National Recovery and

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1580490

Aykora et al.

Resilience Plan of the Republic of Bulgaria, project No BG-RRP-
2.004-0007-C01, and Department of Musculoskeletal Tissue
Regeneration, Orthopaedic Hospital Konig-Ludwig-Haus, Julius-

Maximilians-University =~ Wiirzburg, =~ Wuerzburg,  Germany,

Professor Denits Docheva and Professor Victoria Sarafian for
their unique contribution.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Ahmed, R. W, Syed, S. A,, and Raziq, M. (2024). Smart Biomaterials and Al-driven
approaches for the tissue engineering advancement. In 2024 Global Conference on
Wireless and Optical Technologies (GCWOT). IEEE. 1-7.

Aggarwal, C. C. (2018). Neural networks and deep learning. Neural Netw. Deep Learn.
doi:10.1007/978-3-319-94463-0

Aldana, A. A, Valente, F., Dilley, R,, and Doyle, B. (2021). Development of 3D
bioprinted GelMA-alginate hydrogels with tunable mechanical properties. Bioprinting
21, €00105. doi:10.1016/].BPRINT.2020.E00105

Alhaskawi, A., Zhou, H., Dong, Y., Zou, X, Ezzi, S. H. A,, Kota, V. G,, et al. (2024a).
Advancements in 3D-printed artificial tendon. J. Biomed. Mater Res. B Appl. Biomater.
112, e35364. doi:10.1002/JBM.B.35364

Alhaskawi, A., Zhou, H., Dong, Y., Zou, X., Ezzi, S. H. A,, Kota, V. G,, et al. (2024b).
Advancements in 3D-printed artificial tendon. J. Biomed. Mater Res. B Appl. Biomater.
112, e35364. doi:10.1002/JBM.B.35364

Ali, M., Dewan, A., Sahu, A. K., and Taye, M. M. (2023). Understanding of machine
learning with deep learning: architectures, workflow, applications and future directions.
Computers 12, 91-12. doi:10.3390/COMPUTERS12050091

An, J., Chua, C. K., and Mironov, V. (2021). Application of machine learning in 3D
bioprinting: focus on development of big data and digital twin. Int. J. Bioprinting 7 (1),
342. doi:10.18063/1JB.V711.342

Arruda, E. M,, Calve, S., Dennis, R. G., Mundy, K., and Baar, K. (2006). Regional
variation of tibialis anterior tendon mechanics is lost following denervation. J. Appl.
Physiol. 101, 1113-1117. doi:10.1152/japplphysiol.00612.2005

Bari, E., Di Gravina, G. M., Scocozza, F., Perteghella, S., Frongia, B., Tengattini, S.,
et al. (2023). Silk fibroin bioink for 3D printing in tissue regeneration: controlled release
of MSC extracellular  vesicles.  Pharmaceutics 15, 383.  doi:10.3390/
pharmaceutics15020383

Bell, R., Li, J., Gorski, D. J., Bartels, A. K., Shewman, E. F., Wysocki, R. W., et al. (2013).
Controlled treadmill exercise eliminates chondroid deposits and restores tensile
properties in a new murine tendinopathy model. J. Biomech. 46, 498-505. doi:10.
1016/j.jbiomech.2012.10.020

Bergamin, F., Civera, M., Reinoso, M. R., Burgio, V., Ruiz, O. G., and Surace, C.
(2023). Worldwide incidence and surgical costs of tendon injuries: a systematic review
and meta-analysis. Muscles Ligaments Tendons J. 13, 31-45. doi:10.32098/MLTJ.01.
2023.05

Berkoff, D. J., Kallianos, S. A., Eskildsen, S. M., and Weinhold, P. S. (2016). Use of an
IL1-receptor antagonist to prevent the progression of tendinopathy in a rat model.
J. Orthop. Res. 34, 616-622. doi:10.1002/jor.23057

Brent, M. B, Lodberg, A., Thomsen, J. S., and Briiel, A. (2020). Rodent model of
disuse-induced bone loss by hind limb injection with botulinum toxin A. MethodsX 7,
101079. doi:10.1016/j.mex.2020.101079

Cao, C, Liu, F,, Tan, H,, Song, D., Shu, W, Li, W., et al. (2018). Deep learning and its

applications in biomedicine. Genomics Proteomics Bioinforma. 16, 17-32. doi:10.1016/].
GPB.2017.07.003

Chen, B., Dong, J., Ruelas, M., Ye, X,, He, J., Yao, R, et al. (2022). Artificial
intelligence-assisted high-throughput screening of printing conditions of hydrogel
architectures for accelerated diabetic wound healing. Adv. Funct. Mater 32, 2201843.
doi:10.1002/ADFM.202201843

Chen, H., Zhang, B., and Huang, J. (2024a). Recent advances and applications of
artificial intelligence in 3D bioprinting. Biophys. Rev. 5, 031301. d0i:10.1063/5.0190208

Chen, H., Zhang, B., and Huang, J. (2024b). Recent advances and applications of
artificial intelligence in 3D bioprinting. Biophys. Rev. 5, 031301. d0i:10.1063/5.0190208

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2025.1580490

Generative Al statement

The author(s) declare that no Gen AI was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Chen, K, Liu, Z., Zhou, X., Zheng, W., Cao, H., Yang, Z., et al. (2025). Hierarchy
reproduction: multiphasic strategies for tendon/ligament-bone junction repair.
Biomater. Res. 29, 0132. doi:10.34133/BMR.0132

Chen, P,, Cui, L., Fu, S. C, Shen, L., Zhang, W., You, T, et al. (2020). The 3D-printed
PLGA scaffolds loaded with bone marrow-derived mesenchymal stem cells augment the
healing of rotator cuff repair in the rabbits. Cell. Transpl. 29, 096368972097364. doi:10.
1177/0963689720973647

Chen, R,, Chen, F., Chen, K, and Xu, J. (2024c). Advances in the application of
hydrogel-based scaffolds for tendon repair. Genes. Dis. 11, 101019. doi:10.1016/].
GENDIS.2023.04.039

Chen, Y., Xie, Y., Liu, M., Hu, J., Tang, C., Huang, J., et al. (2019). Controlled-release
curcumin attenuates progression of tendon ectopic calcification by regulating the
differentiation of tendon stem/progenitor cells. Mater. Sci. Eng. C 103, 109711.
doi:10.1016/j.msec.2019.04.090

Christou, C. D., and Tsoulfas, G. (2022). Role of three-dimensional printing and
artificial intelligence in the management of hepatocellular carcinoma: challenges and
opportunities. World J. Gastrointest. Oncol. 14,765-793. doi:10.4251/WJGO.V14.14.765

Ciardulli, M. C,, Lovecchio, J., Scala, P., Lamparelli, E. P., Dale, T. P., Giudice, V., et al.
(2021). 3d biomimetic scaffold for growth factor controlled delivery: an in-vitro study of
tenogenic events on wharton’s jelly mesenchymal stem cells. Pharmaceutics 13, 1448.
doi:10.3390/pharmaceutics13091448

Cong, G. T,, Lebaschi, A. H., Camp, C. L., Carballo, C. B., Nakagawa, Y., Wada, S.,
et al. (2018). Evaluating the role of subacromial impingement in rotator cuff
tendinopathy: development and analysis of a novel murine model. J. Orthop. Res.
36, 2780-2788. doi:10.1002/jor.24026

Croen, B. ], Carballo, C. B, Wada, S., Zhang, X,, Patel, S., Deng, X. H., et al. (2021).
Chronic subacromial impingement leads to supraspinatus muscle functional and
morphological changes: evaluation in a murine model. J. Orthop. Res. 39,
2243-2251. doi:10.1002/jor.24964

D’Alessandro, A. A. B., D’Alessandro, W. B., Herrera, S. D. S. C., Mendes, S. U. R,
Paiva, M. J. M. de, Barbosa Junior, O. G., et al. (2024). The use of Artificial Intelligence
and 3D bio-printing for organ transplants. Eyes Health Sci. V 02. doi:10.56238/
SEVENED2024.001-009

Darrieutort-Laffite, C., Blanchard, F., Soslowsky, L. J., and Le Goff, B. (2024). Biology and
physiology of tendon healing. Jt. Bone Spine 91, 105696. doi:10.1016/].JBSPIN.2024.105696

Datta, S., Barua, R, and Das, J. (2020). Importance of alginate bioink for 3D
bioprinting in tissue engineering and regenerative medicine. Alginates - Recent Uses
This Nat. Polym. doi:10.5772/INTECHOPEN.90426

Debnath, S., Agrawal, A., Jain, N., Chatterjee, K., and Player, D.J. (2025). Collagen as a
bio-ink for 3D printing: a critical review. J. Mater Chem. B 13, 1890-1919. doi:10.1039/
D4TB01060D

Ding, Y. W., Zhang, X. W., Mi, C. H., Qi, X. Y., Zhou, J., and Wei, D. X. (2023). Recent
advances in hyaluronic acid-based hydrogels for 3D bioprinting in tissue engineering
applications. Smart Mater Med. 4, 59-68. doi:10.1016/].SMAIM.2022.07.003

Docheva, D., Miiller, S. A., Majewski, M., and Evans, C. H. (2015). Biologics for
tendon repair. Adv. Drug Deliv. Rev. 84, 222-239. doi:10.1016/]. ADDR.2014.11.015

Domingues, R. M. A,, Chiera, S., Gershovich, P., Motta, A., Reis, R. L., and Gomes, M.
E. (2016). Enhancing the biomechanical performance of anisotropic nanofibrous
scaffolds in tendon tissue engineering: reinforcement with cellulose nanocrystals.
Adv. Healthc. Mater 5, 1364-1375. doi:10.1002/ADHM.201501048

Donmazov, S., Saruhan, E. N., Pekkan, K., and Piskin, S. (2024). Review of machine
learning techniques in soft tissue biomechanics and biomaterials. Cardiovasc Eng.
Technol. 15, 522-549. doi:10.1007/S13239-024-00737-Y

frontiersin.org


https://doi.org/10.1007/978-3-319-94463-0
https://doi.org/10.1016/J.BPRINT.2020.E00105
https://doi.org/10.1002/JBM.B.35364
https://doi.org/10.1002/JBM.B.35364
https://doi.org/10.3390/COMPUTERS12050091
https://doi.org/10.18063/IJB.V7I1.342
https://doi.org/10.1152/japplphysiol.00612.2005
https://doi.org/10.3390/pharmaceutics15020383
https://doi.org/10.3390/pharmaceutics15020383
https://doi.org/10.1016/j.jbiomech.2012.10.020
https://doi.org/10.1016/j.jbiomech.2012.10.020
https://doi.org/10.32098/MLTJ.01.2023.05
https://doi.org/10.32098/MLTJ.01.2023.05
https://doi.org/10.1002/jor.23057
https://doi.org/10.1016/j.mex.2020.101079
https://doi.org/10.1016/J.GPB.2017.07.003
https://doi.org/10.1016/J.GPB.2017.07.003
https://doi.org/10.1002/ADFM.202201843
https://doi.org/10.1063/5.0190208
https://doi.org/10.1063/5.0190208
https://doi.org/10.34133/BMR.0132
https://doi.org/10.1177/0963689720973647
https://doi.org/10.1177/0963689720973647
https://doi.org/10.1016/J.GENDIS.2023.04.039
https://doi.org/10.1016/J.GENDIS.2023.04.039
https://doi.org/10.1016/j.msec.2019.04.090
https://doi.org/10.4251/WJGO.V14.I4.765
https://doi.org/10.3390/pharmaceutics13091448
https://doi.org/10.1002/jor.24026
https://doi.org/10.1002/jor.24964
https://doi.org/10.56238/SEVENED2024.001-009
https://doi.org/10.56238/SEVENED2024.001-009
https://doi.org/10.1016/J.JBSPIN.2024.105696
https://doi.org/10.5772/INTECHOPEN.90426
https://doi.org/10.1039/D4TB01060D
https://doi.org/10.1039/D4TB01060D
https://doi.org/10.1016/J.SMAIM.2022.07.003
https://doi.org/10.1016/J.ADDR.2014.11.015
https://doi.org/10.1002/ADHM.201501048
https://doi.org/10.1007/S13239-024-00737-Y
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1580490

Aykora et al.

El-Habta, R,, Chen, J., Pingel, J., and Backman, L. J. (2018). Tendinosis-like changes in
denervated rat Achilles tendon. BMC Musculoskelet. Disord. 19, 426. doi:10.1186/
s12891-018-2353-7

Eliasson, P., Fahlgren, A., Pasternak, B., and Aspenberg, P. (2007). Unloaded rat
Achilles tendons continue to grow, but lose viscoelasticity. J. Appl. Physiol. 103,
459-463. doi:10.1152/japplphysiol.01333.2006

Ellis, . M., Schnabel, L. V., and Berglund, A. K. (2022). Defining the profile:
characterizing cytokines in tendon injury to improve clinical therapy. J. Immunol.
Regen. Med. 16, 100059. doi:10.1016/j.regen.2022.100059

Fang, L, Lin, X,, Xu, R, Liu, L., Zhang, Y., Tian, F,, et al. (2024). Advances in the
development of gradient scaffolds made of nano-micromaterials for musculoskeletal
tissue regeneration. Nano-Micro Lett. 2024 17 75-46. doi:10.1007/540820-024-01581-4

Fedorczyk, J. M., Barr, A. E., Rani, S., Gao, H. G, Amin, M., Amin, S,, et al. (2010).
Exposure-dependent increases in IL-1p, substance P, CTGF, and tendinosis in flexor
digitorum tendons with upper extremity repetitive strain injury. J. Orthop. Res. 28,
298-307. dOi:1041002/j0r.20984

Fransson, B. A., Gavin, P. R, and Lahmers, K. K. (2005). Supraspinatus tendinosis
associated with biceps brachii tendon displacement in a dog. . Am. Vet. Med. Assoc. 227,
1429-1433. doi:10.2460/javma.2005.227.1429

Gersoff, W., Bozynski, C., Cook, C., Pfeiffer, F., Kuroki, K., and Cook, J. (2019).
Evaluation of a novel degradable synthetic biomaterial patch for augmentation of
tendon healing in a large animal model. J. Knee Surg. 32, 434-440. doi:10.1055/s-0038-
1646930

Gunes, T., Bilgic, E., Erdem, M., Bostan, B., Koseoglu, R. D., Sahin, S. A,, et al.
(2014). Effect of radiofrequency microtenotomy on degeneration of tendons: an
experimental study on rabbits. Foot Ankle Surg. 20, 61-66. doi:10.1016/j.fas.2013.
11.003

Guo, J. L., Januszyk, M., and Longaker, M. T. (2023). Machine learning in tissue
engineering. Tissue Eng. Part A 29, 2-19. doi:10.1089/TEN.TEA.2022.0128

Gurger, M., Once, G., Yilmaz, E., Demir, S., Calik, I, Say, Y., et al. (2021). The effect of
the platelet-rich plasma and ozone therapy on tendon-to-bone healing in the rabbit
rotator cuff repair model. J. Orthop. Surg. Res. 16, 202. doi:10.1186/s13018-021-02320-w

Harwood, F. L., and Amiel, D. (1992). Differential metabolic responses of periarticular
ligaments and tendon to joint immobilization. J. Appl. Physiol. 72, 1687-1691. doi:10.
1152/jappl.1992.72.5.1687

Heinemeier, K. M., Olesen, J. L., Haddad, F., Langberg, H., Kjaer, M., Baldwin, K. M.,
etal. (2007). Expression of collagen and related growth factors in rat tendon and skeletal
muscle in response to specific contraction types. J. Physiol. 582, 1303-1316. doi:10.1113/
jphysiol.2007.127639

Heinemeier, K. M., Skovgaard, D., Bayer, M. L., Qvortrup, K., Kjaer, A., Kjaer, M.,
et al. (2012). Uphill running improves rat Achilles tendon tissue mechanical properties
and alters gene expression without inducing pathological changes. J. Appl. Physiol. 113,
827-836. doi:10.1152/japplphysiol.00401.2012

Hosseini, R., Rashidi, J., Mokhtariyan, M., and Landarani-Isfahani, A. (2025).
Fabrication and morphology of biomaterials based on the used synthesis methods.
ACS Symp. Ser., 89-140. doi:10.1021/BK-2025-1497.CH003

Hou, J.,, Yang, R., Vuong, I, Li, F., Kong, J., and Mao, H. Q. (2021). Biomaterials
strategies to balance inflammation and tenogenesis for tendon repair. Acta Biomater.
130, 1-16. doi:10.1016/J.ACTBIO.2021.05.043

Huang, L. (2024). Integrating deep learning with generative design and topology
optimization for efficient additive manufacturing. Appl. Comput. Eng. 116, 55-60.
doi:10.54254/2755-2721/116/20251723

Huff, R. D., Houghton, F., Earl, C. C., Ghajar-Rahimi, E., Dogra, L, Yu, D., et al.
(2024). Deep learning enables accurate soft tissue tendon deformation estimation in
vivo via ultrasound imaging. Sci. Rep. 2024 14 18401-18411. doi:10.1038/s41598-024-
68875-w

Hunsberger, J., Simon, C., Zylberberg, C., Ramamoorthy, P., Tubon, T., Bedi, R,, et al.
(2020). Improving patient outcomes with regenerative medicine: how the Regenerative
Medicine Manufacturing Society plans to move the needle forward in cell
manufacturing, standards, 3D bioprinting, artificial intelligence-enabled automation,
education, and training. Stem Cells Transl. Med. 9, 728-733. d0i:10.1002/SCTM.19-
0389

Ikhsan, R. Z., Rahayu, S., Arribathi, A. H., and Azizah, N. (2025). Integrating artificial
intelligence with 3D printing technology in healthcare: sustainable solutions for clinical
training optimization. ADI J. Recent Innovation 6, 99-107. doi:10.34306/AJRI.V6I2.
1126

Jackson, C. (2021). Polymeric scaffolds used as prosthetics for regenerating tendons, 5.
D.U.Quark. Available online at: https://dsc.duq.edu/duquark/vol5/iss2/7 (Accessed
March 11, 2025).

Jiang, X., W, S., Kuss, M., Kong, Y., Shi, W., Streubel, P. N, et al. (2020). 3D printing
of multilayered scaffolds for rotator cuff tendon regeneration. Bioact. Mater 5, 636-643.
doi:10.1016/].BIOACTMAT.2020.04.017

Kapinski, N., Jaskulski, K., Witkowska, J., Kozlowski, A., Adamczyk, P., Wysoczanski,
B., et al. (2024). Towards achilles tendon injury prevention in athletes with structural

mri biomarkers: a machine learning approach. Sports Med. Open 10, 118-212. doi:10.
1186/540798-024-00786-6

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2025.1580490

Kasashima, Y., Smith, R. K. W., Birch, H. L., Takahashi, T., Kusano, K., and Goodship,
A.E. (2002). Exercise-induced tendon hypertrophy: cross-sectional area changes during
growth are influenced by exercise. Equine Vet. J. 34, 264-268. doi:10.1111/j.2042-3306.
2002.tb05430.x

Katugam, K., Cox, S. M., Salzano, M. Q., De Boef, A., Hast, M. W., Neuberger, T., et al.
(2020). Altering the mechanical load environment during growth does not affect adult
achilles tendon properties in an avian bipedal model. Front. Bioeng. Biotechnol. 8, 994.
doi:10.3389/fbioe.2020.00994

Kaux, J., Drion, P, Libertiaux, V., Colige, A., Hoffmann, A., Nusgens, B., et al. (2013).
Eccentric training improves tendon biomechanical properties: a rat model.
J. Orthop. Res. 31, 119-124. doi:10.1002/jor.22202

Kayser, F., Hontoir, F., Clegg, P., Kirschvink, N., Dugdale, A., and Vandeweerd, J. M.
(2019). Ultrasound anatomy of the normal stifle in the sheep. Anat. Histol. Embryol. 48,
87-96. doi:10.1111/ahe.12414

Kelly, D., Sergis, V., Blanco, L. V., Mason, K., and Daly, A. C. (2024). Autonomous
control of extrusion bioprinting using convolutional neural networks. bioRxiv, 2024.
doi:10.1101/2024.12.07.627315

Kempfert, M., Willbold, E., Loewner, S., Blume, C,, Pitts, J., Menzel, H., et al. (2022).
Polycaprolactone-based 3D-printed scaffolds as potential implant materials for tendon-
defect repair. J. Funct. Biomaterials 13, Page 160-213. doi:10.3390/JFB13040160

Khayyeri, H., Blomgran, P., Hammerman, M., Turunen, M. J., Lowgren, A., Guizar-
Sicairos, M., et al. (2017). Achilles tendon compositional and structural properties are
altered after unloading by botox. Sci. Rep. 7, 13067. doi:10.1038/s41598-017-13107-7

Kim, S. E., Kim, J. G., and Park, K. (2019). Biomaterials for the treatment of tendon
injury. Tissue Eng. Regen. Med. 16, 467-477. doi:10.1007/s13770-019-00217-8

Krishna, D. V., and Sankar, M. R. (2023). Machine learning-assisted extrusion-based
3D bioprinting for tissue regeneration applications. Ann. 3D Print. Med. 12, 100132.
doi:10.1016/].STLM.2023.100132

Lambertz, D., Prot, C., Almeida-Silveira, M. L, and Goubel, F. (2000). Changes in
stiffness induced by hindlimb suspension in rat Achilles tendon. Eur. J. Appl. Physiol. 81,
252-257. doi:10.1007/s004210050039

Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C., Baldwin, J., et al.
(2001). Initial sequencing and analysis of the human genome. Nature 409, 860-921.
doi:10.1038/35057062

Lee, H. (2023). Engineering in vitro models: bioprinting of organoids with artificial
intelligence. Cyborg Bionic Syst. 4, 0018. doi:10.34133/CBSYSTEMS.0018

Leong, N. L,, Kator, J. L., Clemens, T. L., James, A., Enamoto-Iwamoto, M., and Jiang,
J. (2020). Tendon and ligament healing and current approaches to tendon and ligament
regeneration. J. Orthop. Research® 38, 7-12. doi:10.1002/JOR.24475

Lim, P. N., Wang, Z., Wang, D., Konishi, T., and Thian, E. S. (2017). Development in
additive printing for tissue-engineered bone and tendon regeneration. Curr. Opin.
Biomed. Eng. 2, 99-104. doi:10.1016/].COBME.2017.05.002

Little, D., Amadio, P. C., Awad, H. A,, Cone, S. G, Dyment, N. A,, Fisher, M. B,, et al.
(2023). Preclinical tendon and ligament models: beyond the 3Rs (replacement,
reduction, and refinement) to 5W1H (why, who, what, where, when, how).
J. Orthop. Res. 41, 2133-2162. doi:10.1002/jor.25678

Loitz, B.J., Zernicke, R. F,, Vailas, A. C,, Kody, M. H., and Meals, R. A. (1989). Effects
of short-term immobilization versus continuous passive motion on the biomechanical
and biochemical properties of the rabbit tendon. Clin. Orthop. Relat. Res. 244 (271),
265-271. doi:10.1097/00003086-198907000-00029

Majima, T., Funakosi, T., Iwasaki, N., Yamane, S. T., Harada, K., Nonaka, S., et al.
(2005). Alginate and chitosan polyion complex hybrid fibers for scaffolds in ligament
and tendon tissue engineering. J. Orthop. Sci. 10, 302-307. doi:10.1007/s00776-005-
0891-y

Malektaj, H., Drozdov, A. D., and deClaville Christiansen, J. (2023). Mechanical
properties of alginate hydrogels cross-linked with multivalent cations. Polymers 15.
doi:10.3390/POLYM15143012

Martinello, T., Bronzini, I, Perazzi, A., Testoni, S., De Benedictis, G. M., Negro, A.,
et al. (2013). Effects of in vivo applications of peripheral blood-derived mesenchymal
stromal cells (PB-MSCs) and platlet-rich plasma (PRP) on experimentally injured deep
digital flexor tendons of sheep. J. Orthop. Res. 31, 306-314. doi:10.1002/jor.22205

Matsumoto, F., Trudel, G., Uhthoff, H. K., and Backman, D. S. (2003a). Mechanical
effects of immobilization on the achilles’ tendon. Arch. Phys. Med. Rehabil. 84, 662-667.
doi:10.1016/S0003-9993(02)04834-7

Matsumoto, F., Trudel, G., Uhthoff, H. K., and Backman, D. S. (2003b). Mechanical
effects of immobilization on the achilles’ tendon. Arch. Phys. Med. Rehabil. 84, 662-667.
doi:10.1016/S0003-9993(02)04834-7

McDevitt, A. W., Snodgrass, S. J., Cleland, J. A, Leibold, M. B. R,, Krause, L. A., and
Mintken, P. E. (2020). Treatment of individuals with chronic bicipital tendinopathy
using dry needling, eccentric-concentric exercise and stretching; a case series.
Physiother. Theory Pract. 36, 397-407. doi:10.1080/09593985.2018.1488023

Meijer, J. H., and Robbers, Y. (2014). Wheel running in the wild. Proc. R. Soc. B Biol.
Sci. 281, 20140210. doi:10.1098/rspb.2014.0210

Melrose, J., Smith, M. M., Smith, S. M., Ravi, V., Young, A. A, Dart, A. ], et al. (2013).
Altered stress induced by partial transection of the infraspinatus tendon leads to

frontiersin.org


https://doi.org/10.1186/s12891-018-2353-7
https://doi.org/10.1186/s12891-018-2353-7
https://doi.org/10.1152/japplphysiol.01333.2006
https://doi.org/10.1016/j.regen.2022.100059
https://doi.org/10.1007/S40820-024-01581-4
https://doi.org/10.1002/jor.20984
https://doi.org/10.2460/javma.2005.227.1429
https://doi.org/10.1055/s-0038-1646930
https://doi.org/10.1055/s-0038-1646930
https://doi.org/10.1016/j.fas.2013.11.003
https://doi.org/10.1016/j.fas.2013.11.003
https://doi.org/10.1089/TEN.TEA.2022.0128
https://doi.org/10.1186/s13018-021-02320-w
https://doi.org/10.1152/jappl.1992.72.5.1687
https://doi.org/10.1152/jappl.1992.72.5.1687
https://doi.org/10.1113/jphysiol.2007.127639
https://doi.org/10.1113/jphysiol.2007.127639
https://doi.org/10.1152/japplphysiol.00401.2012
https://doi.org/10.1021/BK-2025-1497.CH003
https://doi.org/10.1016/J.ACTBIO.2021.05.043
https://doi.org/10.54254/2755-2721/116/20251723
https://doi.org/10.1038/s41598-024-68875-w
https://doi.org/10.1038/s41598-024-68875-w
https://doi.org/10.1002/SCTM.19-0389
https://doi.org/10.1002/SCTM.19-0389
https://doi.org/10.34306/AJRI.V6I2.1126
https://doi.org/10.34306/AJRI.V6I2.1126
https://dsc.duq.edu/duquark/vol5/iss2/7
https://doi.org/10.1016/J.BIOACTMAT.2020.04.017
https://doi.org/10.1186/s40798-024-00786-6
https://doi.org/10.1186/s40798-024-00786-6
https://doi.org/10.1111/j.2042-3306.2002.tb05430.x
https://doi.org/10.1111/j.2042-3306.2002.tb05430.x
https://doi.org/10.3389/fbioe.2020.00994
https://doi.org/10.1002/jor.22202
https://doi.org/10.1111/ahe.12414
https://doi.org/10.1101/2024.12.07.627315
https://doi.org/10.3390/JFB13040160
https://doi.org/10.1038/s41598-017-13107-7
https://doi.org/10.1007/s13770-019-00217-8
https://doi.org/10.1016/J.STLM.2023.100132
https://doi.org/10.1007/s004210050039
https://doi.org/10.1038/35057062
https://doi.org/10.34133/CBSYSTEMS.0018
https://doi.org/10.1002/JOR.24475
https://doi.org/10.1016/J.COBME.2017.05.002
https://doi.org/10.1002/jor.25678
https://doi.org/10.1097/00003086-198907000-00029
https://doi.org/10.1007/s00776-005-0891-y
https://doi.org/10.1007/s00776-005-0891-y
https://doi.org/10.3390/POLYM15143012
https://doi.org/10.1002/jor.22205
https://doi.org/10.1016/S0003-9993(02)04834-7
https://doi.org/10.1016/S0003-9993(02)04834-7
https://doi.org/10.1080/09593985.2018.1488023
https://doi.org/10.1098/rspb.2014.0210
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1580490

Aykora et al.

perlecan (HSPG2) accumulation in an ovine model of tendinopathy. Tissue Cell. 45,
77-82. doi:10.1016/j.tice.2012.10.001

Mistieri, M. L. A., Wigger, A., Canola, J. C, Filho, J. G. P., and Kramer, M. (2012).
Ultrasonographic evaluation of canine supraspinatus calcifying tendinosis. J. Am. Anim.
Hosp. Assoc. 48, 405-410. doi:10.5326/JAAHA-MS-5818

Mogbel, S. A. A, Xu, K., Chen, Z., Xu, L., He, Y., Wu, Z,, et al. (2020). Tectorigenin
alleviates inflammation, apoptosis, and ossification in rat tendon-derived stem cells via
modulating NF-kappa B and MAPK pathways. Front. Cell. Dev. Biol. 8, 568894. doi:10.
3389/fcell.2020.568894

Nagaraja, K., Bhattacharyya, A., Jung, M., Kim, D., Khatun, M. R., and Noh, L. (2024).
3D bioprintable self-healing hyaluronic acid hydrogel with cysteamine grafting for
tissue engineering. Gels 10, 780. doi:10.3390/gels10120780

Nakagawa, Y., Totsuka, M., Sato, T., Fukuda, Y., and Hirota, K. (1989a). Effect of
disuse on the ultrastructure of the achilles tendon in rats. Eur. J. Appl. Physiol.
Occup. Physiol. 59, 239-242. doi:10.1007/BF02386194

Nakagawa, Y., Totsuka, M., Sato, T., Fukuda, Y., and Hirota, K. (1989b). Effect of
disuse on the ultrastructure of the achilles tendon in rats. Eur. J. Appl. Physiol.
Occup. Physiol. 59, 239-242. doi:10.1007/BF02386194

Ning, C,, Li, P, Gao, C,, Fu, L, Liao, Z,, Tian, G., et al. (2023). Recent advances in
tendon tissue engineering strategy. Front. Bioeng. Biotechnol. 11, 1115312. doi:10.3389/
FBIOE.2023.1115312

Oh,S. Y, Kim, D. K., Han, S. H., Lee, H. H,, Jeong, Y., Baek, M., et al. (2020). Sustained
exposure of substance p causes tendinopathy. Int. J. Mol. Sci. 21, 8633-8713. doi:10.
3390/ijms21228633

Petrovic, V. M. (2018). Artificial intelligence and virtual worlds-toward human-level
Al agents. IEEE Access 6, 39976-39988. doi:10.1109/ACCESS.2018.2855970

Plate, J. F., Bates, C. M., Mannava, S., Smith, T. L., Jorgensen, M. J., Register, T. C.,
et al. (2013). Age-related degenerative functional, radiographic, and histological
changes of the shoulder in nonhuman primates. J. Shoulder Elb. Surg. 22,
1019-1029. doi:10.1016/j.jse.2012.11.004

Potyondy, T., Uquillas, J. A., Tebon, P.J., Byambaa, B., Hasan, A., Tavafoghi, M., et al.
(2021). Recent advances in 3D bioprinting of musculoskeletal tissues. Biofabrication 13,
022001. doi:10.1088/1758-5090/ABC8DE

Qureshi, I, Tarig, R., Habib, M., and Insha, S. (2025). Artificial intelligence in three-
dimensional (3D) printing. Artif. Intell. Food Industry Enhancing Qual. Saf., 206-218.
doi:10.1201/9781032633602-10

Rainer, A., Giannitelli, S. M., Accoto, D., De Porcellinis, S., Guglielmelli, E., and
Trombetta, M. (2012). Load-adaptive scaffold architecturing: a bioinspired approach to
the design of porous additively manufactured scaffolds with optimized mechanical
properties. Ann. Biomed. Eng. 40, 966-975. doi:10.1007/S10439-011-0465-4

Ramesh, S., Deep, A., Tamayol, A., Kamaraj, A., Mahajan, C., and Madihally, S.
(2024). Advancing 3D bioprinting through machine learning and artificial intelligence.
Bioprinting 38, €00331. doi:10.1016/]. BPRINT.2024.E00331

Rao, T. V. N.,, Gaddam, A., Kurni, M., and Saritha, K. (2021). Reliance on artificial
intelligence, machine learning and deep learning in the era of industry 4.0. Smart
Healthc. Syst. Des. Secur. Priv. Aspects, 281-299. d0i:10.1002/9781119792253.CH12

Rezvani, S. N, Nichols, A. E. C,, Grange, R. W, Dahlgren, L. A,, Brolinson, P. G., and
Wang, V. M. (2021). A novel murine muscle loading model to investigate Achilles
musculotendinous adaptation. J. Appl. Physiol. 130, 1043-1051. doi:10.1152/
japplphysiol.00638.2020

Ribitsch, 1., Gueltekin, S., Keith, M. F., Minichmair, K., Peham, C., Jenner, F., et al.
(2020). Age-related changes of tendon fibril micro-morphology and gene expression.
J. Anat. 236, 688-700. doi:10.1111/joa.13125

Rojek, I, Mikolajewski, D., Dostatni, E., and Macko, M. (2020). Al-optimized
technological aspects of the material used in 3D printing processes for selected
medical applications. Materials 13, 5437-5513. doi:10.3390/MA13235437

Rosset, J., Olaniyanu, E., Stein, K., Almeida, N. D., Franga, R,, Rosset, J., et al. (2024a).
Exploring the frontier of 3D bioprinting for tendon regeneration: a review. Eng 5,
1838-1849. doi:10.3390/ENG5030098

Rosset, J., Olaniyanu, E., Stein, K., Almeida, N. D., Franga, R., Rosset, ., et al. (2024b).
Exploring the frontier of 3D bioprinting for tendon regeneration: a review. Eng 5,
1838-1849. doi:10.3390/ENG5030098

Ruiz-Alonso, S., Ordoyo-Pascual, J., Lafuente-Merchan, M., Garcia-Villén, F., Sainz-
Ramos, M., Gallego, L, et al. (2024). Hydrogel bioink formulation for 3D bioprinting:
sustained delivery of PDGF-BB and VEGF in biomimetic scaffolds for tendon partial
rupture repair. Int. J. Bioprint 10, 2632-3467. doi:10.36922/ijb.2632

Schulze-Tanzil, G. G., Caceres, M. D., Stange, R., Wildemann, B., and Docheva, D.
(2022). Tendon healing: a concise review on cellular and molecular mechanisms with a
particular focus on the Achilles tendon. Bone Jt. Res. 11, 561-574. doi:10.1302/2046-
3758.118.BJR-2021-0576.R1

Schwartz, A. G., Lipner, J. H., Pasteris, J. D., Genin, G. M., and Thomopoulos, S.
(2013). Muscle loading is necessary for the formation of a functional tendon enthesis.
Bone 55, 44-51. doi:10.1016/j.bone.2013.03.010

Sensini, A., Gualandi, C., Zucchelli, A., Boyle, L. A,, Kao, A. P, Reilly, G. C, et al.
(2018). Tendon fascicle-inspired nanofibrous scaffold of polylactic acid/collagen with

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2025.1580490

enhanced 3D-structure and biomechanical properties. Sci. Rep. 8, 17167. doi:10.1038/
$41598-018-35536-8

Shi, W,, Zhang, J., Gao, Z,, Hu, F,, Kong, S., Hu, X,, et al. (2024). Three-Dimensional
printed silk fibroin/hyaluronic acid scaffold with functionalized modification results in
excellent mechanical strength and efficient endogenous cell recruitment for articular
cartilage regeneration. Int. J. Mol. Sci. 25, 10523. doi:10.3390/IJMS251910523

Shieh, S. J., and Vacanti, J. P. (2005). State-of-the-art tissue engineering: from tissue
engineering to organ building. Surgery 137, 1-7. doi:10.1016/j.surg.2004.04.002

Shin, J., Lee, Y., Li, Z,, Hu, J., Park, S. S., and Kim, K. (2022a). Optimized 3D
bioprinting technology based on machine learning: a review of recent trends and
advances. Micromachines 13, 363-413. doi:10.3390/MI13030363

Shin, J., Lee, Y., Li, Z., Hu, J., Park, S. S., and Kim, K. (2022b). Optimized 3D
bioprinting technology based on machine learning: a review of recent trends and
advances. Micromachines 13, 363-413. doi:10.3390/MI113030363

Shiroud Heidari, B., Ruan, R., Vahabli, E., Chen, P., De-Juan-Pardo, E. M., Zheng, M.,
et al. (2022). Natural, synthetic and commercially-available biopolymers used to
regenerate tendons and ligaments. Bioact. Mater 19, 179-197. doi:10.1016/].
BIOACTMAT.2022.04.003

Shiroud Heidari, B., Ruan, R., Vahabli, E., Chen, P., De-Juan-Pardo, E. M., Zheng, M.,
et al. (2023). Natural, synthetic and commercially-available biopolymers used to
regenerate tendons and ligaments. Bioact. Mater 19, 179-197. doi:10.1016/].
BIOACTMAT.2022.04.003

Silva, M., Gomes, S., Correia, C., Peixoto, D., Vinhas, A., Rodrigues, M. T., et al.
(2023). Biocompatible 3D-printed tendon/ligament scaffolds based on polylactic acid/
graphite nanoplatelet composites. Nanomaterials 13, 2518. doi:10.3390/nano13182518

Soslowsky, L. J., Carpenter, J. E., DeBano, C. M., Banerji, I, and Moalli, M. R. (1996).
Development and use of an animal model for investigations on rotator cuff disease.
J. Shoulder Elb. Surg. 5, 383-392. doi:10.1016/S1058-2746(96)80070-X

Sullo, A., Maffulli, N, Capasso, G., and Testa, V. (2001). The effects of prolonged
peritendinous administration of PGEI to the rat Achilles tendon: a possible animal model
of chronic Achilles tendinopathy. J. Orthop. Sci. 6, 349-357. doi:10.1007/s007760100031

Sun, J,, Yao, K, Huang, K, and Huang, D. (2022). Machine learning applications in scaffold
based bioprinting. Mater Today Proc. 70, 17-23. doi:10.1016/]. MATPR.2022.08.485

Sun, W.J., Kothari, S., and Sun, C. C. (2018). The relationship among tensile strength,
Young’s modulus, and indentation hardness of pharmaceutical compacts. Powder
Technol. 331, 1-6. doi:10.1016/].POWTEC.2018.02.051

Thorpe, C. T., and Screen, H. R. C. (2016). Tendon structure and composition. Adv.
Exp. Med. Biol. 920, 3-10. doi:10.1007/978-3-319-33943-6_1

Tsang, A. S., Dart, A. ], Biasutti, S. A., Jeffcott, L. B., Smith, M. M., and Little, C. B.
(2019). Effects of tendon injury on uninjured regional tendons in the distal limb: an in-
vivo study using an ovine tendinopathy model. PLoS One 14, €0215830. doi:10.1371/
journal.pone.0215830

Virchenko, O., Fahlgren, A., Rundgren, M., and Aspenberg, P. (2008). Early Achilles
tendon healing in sheep. Arch. Orthop. Trauma Surg. 128, 1001-1006. doi:10.1007/
500402-008-0691-x

Virijjevi¢, K., Zivanovié, M. N., Nikoli¢, D., Milivojevi¢, N., Pavi¢, J., Morid, 1, et al.
(2024). Al-driven optimization of PCL/PEG electrospun scaffolds for enhanced in vivo
wound healing. ACS Appl. Mater. Inter. 16 (18), 22989-23002.

Wang, C, Jiang, Z., Pang, R., Zhang, H., Li, H,, and Li, Z. (2023a). Global trends in
research of achilles tendon injury/rupture: a bibliometric analysis, 2000-2021. Front.
Surg. 10, 1051429. doi:10.3389/fsurg.2023.1051429

Wang, C., Zhang, Y., Zhang, G., Yu, W., and He, Y. (2021). Adipose stem cell-derived
exosomes ameliorate chronic rotator cuff tendinopathy by regulating macrophage
polarization: from a mouse model to a study in human tissue. Am. J. Sports Med.
49, 2321-2331. doi:10.1177/03635465211020010

Wang, L., and Zhu, Z. (2025). Applications and challenges of artificial intelligence-
driven 3D vision in biomedical engineering: a biomechanics perspective. Mol. and Cell.
Biomechanics 22, 1006. doi:10.62617/MCB1006

Wang, T., Yu, Z,, Lin, S., Chen, Z, Jin, H., Liang, L., et al. (2024). 3D-printed Mg-
incorporated PCL-based scaffolds improves rotator cuff tendon-bone healing through
regulating macrophage polarization. Front. Bioeng. Biotechnol. 12, 1407512. doi:10.
3389/fbioe.2024.1407512

Wang, Y., Jiao, Y., Zeng, Z., Chang, J., Yang, C., and Dong, Z. (2023b). Three-
dimensional printed Zn2SiO4/sodium alginate composite scaffold with multiple
biological functions for tendon-to-bone repair. MedComm - Biomaterials Appl. 2,
e61. doi:10.1002/MBA2.61

Warden, S.J. (2007a). Animal models for the study of tendinopathy. Br. J. Sports Med.
41, 232-240. doi:10.1136/bjsm.2006.032342

Warden, S.J. (2007b). Animal models for the study of tendinopathy. Br. J. Sports Med.
41, 232-240. doi:10.1136/bjsm.2006.032342

Wu, F., Nerlich, M., and Docheva, D. (2017). Tendon injuries: basic science and new
repair proposals. EFORT Open Rev. 2, 332-342. d0i:10.1302/2058-5241.2.160075

Wu, S., Zhou, R, Zhou, F,, Streubel, P. N., Chen, S., and Duan, B. (2020). Electrospun
thymosin Beta-4 loaded PLGA/PLA nanofiber/microfiber hybrid yarns for tendon

frontiersin.org


https://doi.org/10.1016/j.tice.2012.10.001
https://doi.org/10.5326/JAAHA-MS-5818
https://doi.org/10.3389/fcell.2020.568894
https://doi.org/10.3389/fcell.2020.568894
https://doi.org/10.3390/gels10120780
https://doi.org/10.1007/BF02386194
https://doi.org/10.1007/BF02386194
https://doi.org/10.3389/FBIOE.2023.1115312
https://doi.org/10.3389/FBIOE.2023.1115312
https://doi.org/10.3390/ijms21228633
https://doi.org/10.3390/ijms21228633
https://doi.org/10.1109/ACCESS.2018.2855970
https://doi.org/10.1016/j.jse.2012.11.004
https://doi.org/10.1088/1758-5090/ABC8DE
https://doi.org/10.1201/9781032633602-10
https://doi.org/10.1007/S10439-011-0465-4
https://doi.org/10.1016/J.BPRINT.2024.E00331
https://doi.org/10.1002/9781119792253.CH12
https://doi.org/10.1152/japplphysiol.00638.2020
https://doi.org/10.1152/japplphysiol.00638.2020
https://doi.org/10.1111/joa.13125
https://doi.org/10.3390/MA13235437
https://doi.org/10.3390/ENG5030098
https://doi.org/10.3390/ENG5030098
https://doi.org/10.36922/ijb.2632
https://doi.org/10.1302/2046-3758.118.BJR-2021-0576.R1
https://doi.org/10.1302/2046-3758.118.BJR-2021-0576.R1
https://doi.org/10.1016/j.bone.2013.03.010
https://doi.org/10.1038/S41598-018-35536-8
https://doi.org/10.1038/S41598-018-35536-8
https://doi.org/10.3390/IJMS251910523
https://doi.org/10.1016/j.surg.2004.04.002
https://doi.org/10.3390/MI13030363
https://doi.org/10.3390/MI13030363
https://doi.org/10.1016/J.BIOACTMAT.2022.04.003
https://doi.org/10.1016/J.BIOACTMAT.2022.04.003
https://doi.org/10.1016/J.BIOACTMAT.2022.04.003
https://doi.org/10.1016/J.BIOACTMAT.2022.04.003
https://doi.org/10.3390/nano13182518
https://doi.org/10.1016/S1058-2746(96)80070-X
https://doi.org/10.1007/s007760100031
https://doi.org/10.1016/J.MATPR.2022.08.485
https://doi.org/10.1016/J.POWTEC.2018.02.051
https://doi.org/10.1007/978-3-319-33943-6_1
https://doi.org/10.1371/journal.pone.0215830
https://doi.org/10.1371/journal.pone.0215830
https://doi.org/10.1007/s00402-008-0691-x
https://doi.org/10.1007/s00402-008-0691-x
https://doi.org/10.3389/fsurg.2023.1051429
https://doi.org/10.1177/03635465211020010
https://doi.org/10.62617/MCB1006
https://doi.org/10.3389/fbioe.2024.1407512
https://doi.org/10.3389/fbioe.2024.1407512
https://doi.org/10.1002/MBA2.61
https://doi.org/10.1136/bjsm.2006.032342
https://doi.org/10.1136/bjsm.2006.032342
https://doi.org/10.1302/2058-5241.2.160075
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1580490

Aykora et al.

tissue engineering application. Mater. Sci. Eng. C 106, 110268. doi:10.1016/].MSEC.
2019.110268

Xie, Y., Zhang, F., Akkus, O., and King, M. W. (2022). A collagen/PLA hybrid scaffold
supports tendon-derived cell growth for tendon repair and regeneration. J. Biomed.
Mater Res. B Appl. Biomater. 110, 2624-2635. doi:10.1002/JBM.B.35116

Xu, D., Zhang, T., Qu, J., Hu, J., and Lu, H. (2014). Enhanced patella—patellar tendon
healing using combined magnetic fields in a rabbit model. Am. J. Sports Med. 42,
2495-2501. doi:10.1177/0363546514541539

Xu, H, Liu, Q, Casillas, J., Mcanally, M., Mubtasim, N., Gollahon, L. S, et al. (2022).
Prediction of cell viability in dynamic optical projection stereolithography-based bioprinting
using machine learning. J. Intell. Manuf. 33, 995-1005. doi:10.1007/s10845-020-01708-5

Xu, Y, Liu, X,, Cao, X., Huang, C,, Liu, E., Qian, S,, et al. (2021). Artificial intelligence:
a powerful paradigm for scientific research. Innov. Camb. Mass. 2,100179. doi:10.1016/
J.XINN.2021.100179

Yan, Z,, Yin, H,, Nerlich, M, Pfeifer, C. G., and Docheva, D. (2018). Boosting tendon
repair: interplay of cells, growth factors and scaffold-free and gel-based carriers.
J. Exp. Orthop. 5, 1-13. doi:10.1186/s40634-017-0117-1

Yao, K, Lv, S., Zhang, X., Shen, K., Chen, Y., Ma, Z,, et al. (2024). 3D printing of
multiscale biomimetic scaffold for tendon regeneration. Adv. Funct. Mater 35, 2413970.
doi:10.1002/ADFM.202413970

Frontiers in Bioengineering and Biotechnology

17

10.3389/fbioe.2025.1580490

Yin, N. H., McCarthy, I, and Birch, H. L. (2021). An equine tendon model for
studying intra-tendinous shear in tendons that have more than one muscle
contribution. Acta Biomater. 127, 205-212. doi:10.1016/j.actbio.2021.03.072

Zhang, C., Chamara, K., Lakmal Elvitigala, M., Mubarok, W., Okano, Y., and Sakai, S.
(2024). Machine learning-based prediction and optimisation framework for as-
extruded cell viability in extrusion-based 3D bioprinting. Virtual Phys. Prototyp. 19,
€2400330. doi:10.1080/17452759.2024.2400330

Zhang, H., Pei, Z, Wang, C, Li, M, Zhang, H, and Qu, J. (202la).

Electrohydrodynamic 3D printing scaffolds for repair of achilles tendon defect in
rats. Tissue Eng. Part A 27, 1343-1354. doi:10.1089/TEN.TEA.2020.0290

Zhang, J., Li, F,, Williamson, K. M., Tan, S., Scott, D., Onishi, K., et al. (2021b).
Characterization of the structure, vascularity, and stem/progenitor cell populations in
porcine Achilles tendon (PAT). Cell. Tissue Res. 384, 367-387. d0i:10.1007/s00441-020-
03379-3

Zhang, Y., Xue, Y., Ren, Y., Li, X,, and Liu, Y. (2023). Biodegradable polymer
electrospinning for tendon repairment. Polymers 15, Page 1566-1615. doi:10.3390/
POLYM15061566

Zhu, Z., Ng, D. W. H,, Park, H. S., and McAlpine, M. C. (2020). 3D-printed
multifunctional materials enabled by artificial-intelligence-assisted fabrication
technologies. Nat. Rev. Mater. 6 (16), 27-47. doi:10.1038/s41578-020-00235-2

frontiersin.org


https://doi.org/10.1016/J.MSEC.2019.110268
https://doi.org/10.1016/J.MSEC.2019.110268
https://doi.org/10.1002/JBM.B.35116
https://doi.org/10.1177/0363546514541539
https://doi.org/10.1007/s10845-020-01708-5
https://doi.org/10.1016/J.XINN.2021.100179
https://doi.org/10.1016/J.XINN.2021.100179
https://doi.org/10.1186/s40634-017-0117-1
https://doi.org/10.1002/ADFM.202413970
https://doi.org/10.1016/j.actbio.2021.03.072
https://doi.org/10.1080/17452759.2024.2400330
https://doi.org/10.1089/TEN.TEA.2020.0290
https://doi.org/10.1007/s00441-020-03379-3
https://doi.org/10.1007/s00441-020-03379-3
https://doi.org/10.3390/POLYM15061566
https://doi.org/10.3390/POLYM15061566
https://doi.org/10.1038/s41578-020-00235-2
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1580490

	Tendon regeneration deserves better: focused review on In vivo models, artificial intelligence and 3D bioprinting approaches
	Introduction
	Tendon injury pathophysiology
	Tendon tissue engineering

	In vivo models
	Optimal animal model choice in research
	Small animal models
	Intermediate animal models
	Large animal models
	Injection-based models
	Trauma-/injury-based models
	Overuse and mechanical loading models
	Reduced loading models

	Challenges of translating AI-Driven 3D bioprinting into animal models
	Artificial intelligence (AI)
	A brief for 3D bioprinting approaches
	Bio-inks
	Natural polymeric bio-inks
	Synthetic polymeric bio-inks
	Bioprinting techniques

	Conclusion and future direction
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


